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Chapter 1  

 

Diarylethene photochromic 

switches for reversible control 

of functions 

 
In this chapter, efforts to apply diarylethene photochromic switches in the reversible 

control of different functions and properties of molecules and molecular systems are 

discussed. The chapter starts with a short introduction and characterization of molecular 

switches and a discussion on the diarylethene family of molecular switches in particular. 

Then the individual sections deal with the specific properties that can be altered by 

photochemical switching of diarylethenes, including fluorescence, chiroptical phenomena, 

magnetic interactions, complexation, and supramolecular interactions. The chapter closes 

with a brief outline of the rest of this thesis. 
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1.1 Photochromism 
 

 Photochromism
1

 can be defined as a “reversible change, induced by light 

irradiation, between two states of a molecule having different absorption spectra”
1a

 

(Scheme 1.1). Although the term “photochromism” indicates a change of colour as the most 

obvious effect detectable without any scientific tools, this difference in optical properties is 

always accompanied by an alteration in other physical and chemical properties. In this way 

the geometrical structure, oxidation/reduction potential, refractive index and dielectric 

constant can be manipulated. All these changes are the result of chemical transformations, 

which for the majority of the photochromic systems, are reversible unimolecular reactions. 

A B
h 1

h 2 or 
 

Scheme 1.1 Photochromism as a reversible transformation between two forms. 

 There are two main types of photochromic systems classified according to the 

thermal stability of the photochemically generated isomer. When the isomer obtained after 

irradiation is unstable, the back reaction occurs thermally and such chromophore is of the 

T-type (thermally reversible type). Most of the known photochromic compounds belong to 

this group. The other class of chromophores, indicated as the P-type (photochemically 

reversible type), contains structural units that can be converted to the original state 

photochemically but not thermally. 

Two of the most extensively studied families of the T-type photochromic switches 

are azobenzenes (Scheme 1.2a) and spiropyrans (Scheme 1.2b). Azobenzenes undergo a 

reversible photochemical trans-cis isomerization. This distinct geometry change is at the 

root of most of their applications
2
. The cis form of azobenzenes being energetically 

unfavourable is unstable and returns back to the trans form also by a thermal isomerization 

pathway. The light-induced change in spiropyrans
3
 is a result of the electrocyclic ring 

opening of the pyran ring. Due to the subsequent rearomatization of the phenyl ring, a 

charge is generated at the indoline nitrogen and phenolic oxygen atoms. Indeed the 

extensive change in the polarity due to this zwitterionic merocyanine form generated by the 

UV irradiation is the most prominent feature of this family of switches. 

 Although for some applications the thermal instability of the switch forms might 

not be a drawback, thermochromism is often seen as a disadvantage. Therefore, the 

thermally stable P-type switches are considered the most promising candidates for practical 

applications. Two groups of P-type photochromic switches are known, the furylfulgides
4
 

(Scheme 1.2c) and diarylethenes
5
 (Scheme 1.2d). The photochromic reaction of both of 

these classes of compounds is based on the electrocyclic reaction initiated by UV light 

irradiation. The closed-ring isomer is stable and the reversible ring-opening process is 

possible only by irradiation with visible light. Due to their synthetic availability and 

possibility of introducing many different substituents, diarylethenes are the most promising 

candidates for future applications. 



Diarylethene photochromic switches for reversible control of functions 

 3 

N O NO2
N+

-O

NO2

N N

N N
h

h 2, 

a)

b)

O

O

O

O

O

O

O

O

S S
S S

c)

d)

h 2, 

h

h

h

h

h

 

Scheme 1.2 Examples of photochromic compounds of the T-type a) azobenzenes, b) 

spiropyrans and the P-type c) furylfulgides and d) diarylethenes. 

 Photochromic compounds can find various applications in photonic devices, such 

as erasable optical memory and photophysical switch components
6
. Although at present 

mainly inorganic materials are used in photochromic lenses and optical memories, new 

organic materials with improved performance and fatigue resistance are starting to replace 

them. The very successful and widely used recordable and rewritable CD and DVD disks 

use organic dyes as the writing medium
7
. 

1.2 Diarylethenes 
 

 The best known diarylethene, stilbene or 1,2-diphenylethene 1.1 (Scheme 1.3),  

undergoes two photochemical processes
8

 i.e. cis – trans isomerization
9

 and 

photocyclization
10

. Although in the presence of air or other oxidants the product of the 

second process, the dihydrophenanthrene 1.2, converts irreversibly to the phenanthrene 1.3, 

in the absence of oxygen compound 1.2 photochemically or thermally returns to the initial 

stilbene. 
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Scheme 1.3 The cis-trans isomerization, photocyclization and subsequent oxidation of 

stilbene. 

  To avoid the unwanted oxidation, substituents, typically methyl groups, at the 2- 

and 6- positions of the phenyl rings are introduced thus making the system stable even 

under oxidizing conditions
11

. To address the problem of the thermal back reaction 

diarylethenes with various aryl groups were investigated in order to prepare a P-type 

chromophore. The most successful switches proved to be the ones based on the five-

membered heterocycles especially the dithienylethenes
5,12

 (Scheme 1.4). Both the open- and 

closed-ring isomers are thermally stable and photochemical ring-opening/ring-closing 

cycles can be repeated many times without loss of photochromic performance. To prohibit 

the competitive photochemical cis – trans isomerization, the central ethene bond is usually 

constrained in the cyclic system. 

S SR R

F6/H6

S SR R

F6/H6

313 nm

> 420 nm

1.4o 1.4c  

Scheme 1.4 The basic switching unit of most common dithienylethenes. 

 The open form 1.4o is usually colourless while the closed form 1.4c, obtained after 

irradiation with UV light, is coloured. The difference in colour is caused by the difference 

in the geometry and electronic properties of the molecule. In the open form 1.4o, the two 

thiophene moieties can freely rotate and their electron systems are separated in a cross-

conjugated manner. The nearly planar structure of the closed form 1.4c, and the conjugation 

that extends through the whole molecule, are the reasons for the shift of absorbance to 

longer wavelengths. Further shift of absorbance can be achieved by substitution of the 

thiophene rings. Substituents that allow extension of the conjugated system or create a 

donor-acceptor pattern are present in the switches with absorbance of the closed form at 

wavelengths over 800 nm
13

. 

 Most of the early studies focused on the development of the photochromic 

switches as a basis for optical data storage devices. Such systems need to fulfill several 

criteria such as the thermal stability of both forms which is inevitable for effective memory, 

fatigue resistance that guarantees many read/write cycles, high quantum yield, fast response 

and non-destructive readout.  

 Thermal stability depends mostly on the nature of the aryl groups. While 

dithienylethenes are in general stable in both the open and the closed state (no change 

observed after several hours  at 80°C), replacement of the thiophene for pyrole
14

 or phenyl
15
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rings destabilizes the closed form which in some cases returns back to the open form within 

minutes at room temperature. A similar destabilizing effect was observed for some 

dithienylethenes bearing strong electron-withdrawing groups
13

. 

Fatigue resistance is a more complex phenomenon and depends on the structure of 

the switch and its ability to give photochemical side reactions
16

, as well as on the 

environment of the switch molecules. The best results so far were obtained by incorporating 

the switch into a polystyrene film in the presence of singlet oxygen quenchers. Under these 

conditions, the switching cycle can be repeated 7 x 10
4
 times

5c
.  

The quantum yield of the cyclization reaction is for most diarylethenes in the 

range of 0.1 – 0.5, while the quantum yields for the cycloreversion vary considerably from 

0.1 to 10
-5

. The main factor influencing the quantum yield is the substitution pattern. The 

substituents, which extend the conjugated system, also lower the cycloreversion quantum 

yield
17

. For the ring-closing reaction there is another important factor, which limits the 

maximal quantum yield to about 0.5. Due to its higher flexibility, the open form exists in 

two conformations, the parallel and the anti-parallel conformational isomers (Scheme 1.5)
18

. 

The photochemical ring-closing reaction is an electrocyclization involving 6π electrons, 

which, according to the Woodward-Hoffmann rules, can proceed only in a conrotary 

manner
19

. This process is possible only if the switch is in the anti-parallel conformation, 

leaving the parallel conformation unreactive. For most diarylethenes there is no preference 

for one of the conformations, which results in a 1 : 1 mixture of the conformers in the 

solution. Thus, only one half of the molecules in the anti-parallel conformation is available 

for the ring-closing reaction and the maximal quantum yield is 0.5. For the majority of 

diarylethenes the parallel and antiparallel conformations are at equilibrium, with low 

energy barrier for their mutual interconversion. Due to their fast equilibration, the ring-

closing photoreaction can result in quantitative conversion of the switch to the closed form, 

despite the fact that the open form is a 1 : 1 mixture of the parallel and antiparallel 

conformers. The amount of the anti-parallel conformation can be increased under certain 

circumstances, such as through confinement in the cavity of cyclodextrine
20

. It is also 

possible to increase the amount of the parallel conformation up to the point where the ring-

closing reaction is no longer observed. This is called gated switching and occurs when the 

substituents on the thiophene rings (Scheme 1.5) interact with each other, or with other 

molecules or ions (see parts 1.7 and 1.9). 

S
R

S

R
parallel 

conformation
anti-parallel

conformation

S SR R

UV

vis X
UV

vis

S

R

S

R

 

Scheme 1.5 Two possible conformations of diarylethene and their photoreactivity. 

The perfection of the non-destructive readout, i.e. the ability to detect the state of 

the switch without disturbing it, appears to be quite challenging. The most straightforward 

approach, detection by optical techniques requires additional irradiation, which usually 
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results in the change of the switch state and a loss of information. The most successful 

approach appeared to be coupling the switching event to some other property than depends 

on the state of the switch and can be effectively detected without the danger of inducing the 

reverse switching process. Adding another function to the switching unit provides a way of 

controlling a diversity of properties and forms the basis for approaches to some advanced 

switching systems such as gated switches, switches with more than two states, switches 

dependent on supramolecular interactions or supramolecular interactions dependent on state 

of the switch. All those added functions make molecular switches an invaluable tool for 

nanotechnology and construction of molecular devices. 

 The remaining of this chapter will be devoted to the exploration of the potential of 

switches with added functionality. The chapter is divided into several parts, each dealing 

with a specific function that can be modulated using the diarylethene photochromic 

switches. 

1.3 Switching of fluorescence 
 

 Fluorescence is the most widely studied phenomenon in combination with 

photochromic switching
21,22

. Due to the high sensitivity of detection, fluorescence has been 

proposed as a suitable non-destructive readout method with a minimal damage to stored 

information. The first reported diarylethene with modulation of fluorescence accompanying 

the photochemical reaction, was compound 1.5
21a,21b

 (Scheme 1.6 and Figure 1.1).  The 

open form 1.5o shows strong emission at 589 nm when excited in the 400 – 500 nm region; 

while for the closed form 1.5c, the intensity of the emission drops to about 3% when 

compared to 1.5o. Moreover, the absorption band of 1.5o with a maximum at 459 nm, 

which is used for the excitation, does not interfere with the ring-closing and ring-opening 

processes. 

S S

Hex

Hex

F6

S

S

SS

S

S
N N

F6

S

S

SS

S

S
N N

S S

Hex

Hex

330-365 nm >600 nm 1.5o fluorescent

1.5c non-fluorescent  

Scheme 1.6 Fluorescence modulation with the diarylethene. 
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Figure 1.1 Photomodulation of fluorescence a) UV-vis spectra of the open form 1.5o and 

the closed form 1.5c of the switch b) fluorescence spectra of the open form 1.5o and the 

closed form 1.5c of the switch (adopted from ref.21a). 

A large number of diarylethenes with different fluorescent properties in the open 

and closed state have been reported since then. These studies are also testimony of the 

frequent occurrence of fluorescence in this type of molecules. Many structurally rather 

simple dithienylethene photochromic switches show intrinsic fluorescent behaviour 

(Scheme 1.7)
21o,21u,21w

. 

S S

F6

S S

F6

S

SS

S
S S

F6

O O O O

1.6 1.7 1.8

 

Scheme 1.7 Diarylethene switches which show photomodulation of fluorescence. 

 The easiest way to rationally design a switch that exhibits modulation of 

fluorescence, is appending a fluorophore to the switching unit. Scheme 1.8 shows two 

examples of this approach. Both are based on the dithienylperfluorocyclopentene switching 

moiety with triphenylimidazole as fluorophore in 1.9
21i

 and 4,4-difluoro-4-bora-3a,4a-

diaza-s-indacene in 1.10
21v

. These fluorophores were selected due to their high fluorescence 

quantum yield, which enhances the sensitivity of the readout. This approach is based on a 

common mechanism of fluorescence quenching. In the open form, the fluorophore 

behaviour is only weakly or not at all influenced by the switch since the light it absorbs is 

usually of lower energy than that of the switching moiety. However, after ring closure the 

HOMO-LUMO gap of the switch becomes narrower, as reflected also by the appearance of 

absorption in the visible region, and energy transfer from the fluorophore to the switch can 

occur. Thus, the closed-ring switch moiety effectively quenches the fluorescence of the 

fluorophore. 
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Scheme 1.8 Examples of switches with appended fluorophore. 

 Nevertheless, there is one problem that has to be overcome when designing this 

type of fluorescent switches. Energy transfer can also take place in the opposite direction 

and switching of the open form to the closed form may not proceed if there is fast energy 

transfer from the excited state of the switching moiety to the fluorophore. This indeed is the 

case when switches with attached porphyrine based fluorophores are used (Scheme 1.9). 

When attached directly or through a short linker, as in the compound 1.11
23 a

, energy 

transfer is much faster than cyclization and no photochromism can be observed. This 

problem can be solved by tuning the length of a linker demonstrated for compounds 1.12 

and 1.13
23a

 or by choosing a different mode for the fluorophore attachment, as shown in 

compound 1.14
23b,23c

. 

S S
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HNN

NH

C6H13C6H13
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Ar Ar
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N
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 Scheme 1.9 Porphyrines as a fluorophores attached to dithienylethenes. 
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 Less frequently reported are switches that show fluorescence enhancement upon 

ring-closure (Figure 1.2)
21c

. However, these compounds have one major potential 

advantage. If the fluorescent intensity decreases upon ring-closure as in the case of 1.5 – 

1.14, the photostationary state must contain a high portion of the closed form in order to 

achieve sufficient fluorescence change, because the remaining open form still shows 

fluorescence. Thus if the ratio of the open and closed form in the photostationary state is 

1:1, the switching causes only 50% drop in fluorescence. On the other hand, if the 

fluorescent intensity increases after ring-closure, ideally the open-ring isomer has no 

fluorescence, much higher modulation of fluorescence can be achieved independent of the 

photostationary state. 

 

Figure 1.2 An example of a switch with enhanced fluorescence in the closed form a) 

switching process b) fluorescence spectra of the open and closed form upon excitation at 

240 nm (adapted from ref. 21c) c) excitation wavelength dependent fluorescence 

modulation. 

 The concept that is closest to a single-molecule based memory was demonstrated 

using fluorescence confocal microscopy to observe and induce switching of fluorescence in 

photochromic compound 1.16 (Figure 1.3) at the single molecule level
24

. The sample was 

prepared by spin-coating diluted toluene solution of 1.16 (2x10
-11

M) on a polymer film 

(amorphous polyolefin, brand name Zeonex) to obtain low surface coverage necessary to 

distinguish single molecules. As most of the fluorescent diarylethenes, it shows 

fluorescence in the open state while the closed state is almost nonfluorescent with a 99.9% 

efficient energy transfer from the fluorophore to the closed diarylethene moiety. However, 
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in the case of a single molecule, the switching is digital, i.e. the detected signal has only 

two values corresponding to the open or closed form and does not depend on the 

photostationary state as the signal of the ensemble of the molecules. The molecules of the 

open form of the switch can be observed as bright fluorescent spots upon excitation with 

488 nm light. Irradiation of the sample with 325 nm UV light resulted in the ring-closing 

reaction and the disappearance of the bright spots. However, after irradiation with visible 

light, the ring-opened molecules could be observed again. The fact that a single molecule 

can act as an information carrier is the highlight but also a drawback of this system, since 

the information stored depends on the stability and state of one molecule and thus could be 

easily lost.  

 

Figure 1.3 Single molecule switching; a) photoreactions of a diarylethene switch used for 

single-molecule fluorescence switching b) fluorescence images of single-molecule 

fluorescence switching. (adapted from ref 24a) 

1.4 Switching chirality 
 

Measuring changes in optical rotation presents a promising method for the 

nondestructive readout of information stored by photochromic compounds
1a,25

. Detection 

can often be performed outside the photoactive spectral region. To take advantage of this 

method, the molecular switch has to fulfil one important criterion. Its chiroptical properties 

must change as a result of the photoreaction. The diarylethenes are very promising 

candidates, because the ring-closing reaction produces two new stereogenic centers that 

result in two stereoisomers (Scheme 1.10). In the absence of any chiral influence, those 

isomers are created in a one-to-one ratio. 
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Scheme 1.10 The formation of the two isomers upon switching. 

In the first reports focused on achieving stereoselectivity in the photoreaction, 

chiral moieties were attached to a photochromic compound (Scheme 1.11). For both 

compounds, 1.17 with the menthyl group as a chiral auxiliary
26a

 and 1.18 with two 1-

phenylethylamine moieties
26b

, the highest stereoselectivity was obtained only under very 

strict conditions. A diastereomeric excess (d.e.) of 86.6% was achieved after the irradiation 

of the toluene solution of compound 1.17 at -40°C, while no stereoselectivity was observed 

in n-hexane solution
26a

. The best d.e. of 36% was only obtained irradiating the solution of 

1.18 in n-hexane/THF/methanol (4/1/0.1) mixture at -40°C
26b

. In both cases the 

stereoselectivity was strongly dependent on the polarity of the solvent and the temperature. 

Although the exact d.e. values were determined using chiral HPLC
26a

 or 
1
H NMR in the 

presence of chiral chemical shift reagent
26b

, the change of the chiroptical properties of the 

molecules can be conveniently detected by CD spectroscopy
26a

. 

N

S S

O O

CN

MenthylO
S S

F6

N N

1.17 1.18  

Scheme 1.11 Switches with attached chiral auxiliary. 

As expected, very high stereoselectivity was obtained upon switching of 

diarylethenes with appended chiral groups in the crystalline state
27,28

. The tight packing in 

the chiral arrangement induced in the crystals is responsible for almost complete control of 

the stereoselectivity. Recently, even a stereoselective switching of an achiral switch was 

achieved, based on the fact that it crystallized creating a mixture of enantiomorphic crystals 

in which the open form of diarylethene was locked in either P- or M-helical conformation
29

. 

Irradiation of the individual crystals thus resulted in creation of single enantiomers of the 

closed form, while upon irradiation of the mixture of crystals or a solution of diarylethene, 

a racemic mixture of the ring-closed product was obtained. However the use of the single 
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crystals in practical applications is difficult and the photoconversion is generally very low, 

ocuring only in the top layer of the crystal. 

An interesting concept was developed by the group of Branda
30

, based on the 

chiral oxazoline 1.19, which creates with copper(I) single stereoisomers of helical bis Cu(I) 

complex (Scheme 1.12). Both dithienylcyclopentene moieties in such complex are forced to 

adopt chiral conformations and after ring closure only single diastereoisomer is obtained. 

This is an excellent example of the translation of the molecular chirality into a 

supramolecular chirality of the complex which in turn dictates the selectivity during 

reaction at the molecular level. 
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Scheme 1.12 The chiral complex of an oxazoline substituted diarylethene 1.19 with Cu
+
 

and its stereoselective photochromic switching reaction. 

Compounds with large optical rotatory power are helicenes
31

. The use of these 

compounds might enhance the sensitivity of the readout method. Switching of a compound 

with two helical arms 1.20 (Scheme 1.13a) was found to be stereoselective
32a

. Only two out 

of four possible isomers of the helical ring closed compound 1.20c (two diastereoisomers 

based on the chirality of carbons taking part in the cyclization reaction (Scheme 1.10) 

combined with a two helical arrangements of the thianaphthalene moieties) were isolated. 

This observation indicates that the overall helicity is dictated by the chirality of the two 

reacting carbons and no racemization is taking place after ring closing. Based on this 

observation, a new switch 1.21o was synthesized, containing β-pinene moiety as a chiral 
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structural moiety (Scheme 1.13b)
32b

. Only one isomer of the helicene 1.21c with M helicity 

and large optical rotation ([α]422 = 5725°) was obtained after irradiation with UV light. The 

ring closing reaction for switch 1.21o is completely stereoselective, and although the 

photostationary state contains only 40% of the ring-closed isomer 1.21c, the large optical 

rotation compensates for this drawback. 
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Scheme 1.13 Photoswitchable helicenes a) helicene without chiral moiety b) helicene 

containing β-pinene as a chiral structural moiety. 

 When studying the stereoselectivity of the ring closing reaction, it was found that 

for some switches bearing a chiral auxiliary, the closed form showed a CD effect in the 

visible region, even when the ring-closing reaction was not stereoselective and both 

diastereoisomers were created in nearly equal amounts
33

. This can be explained by the 

presence of an induced CD effect. The chiral auxiliary, which has no absorption in the 

visible region, induces a CD effect in the diarylethene chromophore absorbing in the visible 

region. The absorption band in the visible region thus becomes CD active. In some cases 

the induced CD is even stronger than the CD signal due to the chiral diarylethene 

backbone
34

as can be seen in Figure 1.4. Both diastereoisomers with RR and SS 

configuration at the central cyclohexadiene ring, respectively, show a positive CD signal in 

the visible region, although their CD signals in the UV region are opposite in sign. 
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Figure 1.4 Switching of the diarylethene 1.22 with chiral substituents and CD spectra of 

isomers 1.22c-SS (- - -) 1.22c-RR (
……

) and their 1:1 mixture (
_____

). 

1.5 Switching magnetic interactions 
 

Molecular magnetism is based on the spin of unpaired electrons
35,36

. If there is no 

interaction between the spins of the individual unpaired electrons, all of them behave 

independently creating a paramagnetic material. If the interaction exists, the electron spins 

align either parallel (ferromagnetic exchange interaction) or antiparallel (antiferromagnetic 

exchange interaction). Although typical magnetic materials are based on transition metals, 

organic radicals also contain unpaired electron and can exhibit interesting magnetic 

properties
35

. 

The magnetic interactions in molecules containing more than one unpaired 

electron depend on the distance and connection between them. Generally, modification of 

the connecting bridge is expected to influence their interaction. Diarylethenes with the 

ability to modulate the electronic communication through the molecule are ideal candidates 

for the development of photoresponsive magnetic systems
37

. Thus, in the open form of the 

switch the interaction between spins is weak. The strong antiferromagnetic interaction will 

occur only after ring closure, which results in the conjugated system extending electronic 

communication through the whole molecule. 

The first system synthesized to explore this property was based on bis(2-

methylbenzothiophen-3-yl)perfluorocyclopentene, which is known to have excellent 

switching properties, high fatigue resistance and is thermally stable in both forms. To this 

switching moiety, two nitronyl nitroxide substituents, each bearing an unpaired electron, 

were attached. The resulting compound 1.23
37a-d

 shows typical photochemical behaviour 

and can be reversibly switched between the open 1.23o and the closed 1.23c form by 

irradiation with UV and visible light, respectively (Scheme 1.14). The light absorbance of 
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radicals therefore does not compromise the photochromism of the switch, although it 

affects the quantum yields of the photoprocesses as well as the photostationary state. While 

the quantum yield is decreased for both the ring-closing as well as the ring-opening 

photochemical reaction, the decrease for the ring-opening reaction is more pronounced, 

resulting in a photostationary state with a higher amount of the closed form
37n

. 
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Scheme 1.14 The spin coupling photochromic system. 

As expected, while the open form 1.23o shows only weak antiferromagnetic 

coupling with exchange interaction 2J/kB=-2.2 K, the closed form 1.23c shows, due to the 

conjugated patway connecting the two spin systems, a much stronger antiferromagnetic 

coupling with exchange interaction 2J/kB=-11.6 K. However, the ESR spectra of both forms 

are almost identical containing 9 lines each, which means that the exchange interaction is 

much stronger than the hyperfine coupling constant for both isomers. The isolated nitronyl 

nitroxide radical has an ESR spectrum containing 5 lines, while the biradical composed of 

two coupled nitronyl nitroxides has an ESR spectrum containing 9 lines. In order to 

distinguish between the open and closed form by ESR spectroscopy, new systems with 

weaker exchange interaction were synthesized, designed to better isolate the radicals in the 

open form. The distance between nitronyl nitroxide moieties was increased by introduction 

of phenyl bridges (Scheme 1.15)
37e,f

. 
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Scheme 1.15 Diarylethene switches with weaker interaction between unpaired electrons. 

 For both diarylethenes, 1.24 and 1.25, the photochemical ring closing and opening 

reactions are accompanied with the change in the magnetic properties. While the ESR 

spectrum of the open form of 1.24 are complex and shows 15 lines, which means that the 

exchange interaction between the two radicals is comparable to the hyperfine coupling 

constant, the ESR spectrum of the closed form of 1.24 shows 9 lines resulting from the 
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stronger exchange interaction. The open form of 1.25 has only 5 lines in the ESR spectra, 

suggesting that a quite long spacer is necessary to completely isolate the two radicals. The 

ESR spectrum of 1.25, after irradiation with UV light, shows 9 distorted lines which means 

that in the closed form of the switch the exchange interaction is just a little higher than the 

hyperfine coupling constant. For this compound the modulation of the coupling between 

the spins of the two radicals was exceptionally high; the exchange interaction for the closed 

form being about 30 times higher than for the open form. 

 It has been shown that the spacer between the diarylethene core and the nitronyl 

nitroxide can be based also on thiophenes. The more efficient -conjugation along the 

thiophene spacer compared to the phenyl spacer resulted in even higher modulation of the 

coupling with a more than 150 fold increase in the exchange interaction upon the ring 

closure
37g,h

. 

 To demonstrate cooperation between two photochromic moieties, the diarylethene 

dimer 1.26 was used as a three-state switching unit
37j

. The three possible states are with 

both switches in the open form 1.26oo, one switch in the closed and one in the open form 

1.26co and both switches in the closed form 1.26cc (Scheme 1.16). The nitronyl nitroxide 

radicals are connected by fully conjugated pathway only in the last case. Indeed, while the 

ESR spectra of 1.26oo and 1.26co show only 5 lines indicating independent radicals, the 

ESR spectra of 1.26cc consist of 9 lines due to the coupling between the spins of the two 

nitronyl nitroxide radical functionalized switches
37j

. 
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Scheme 1.16 Switching the magnetic interaction in a diarylethene dimer. 

 Recently, a system with reversed switching of the magnetic interaction was 

reported
37o,p

. In the compound 1.27o the spins of the two nitronyl nitroxides are coupled 

while the diarylethene switching moiety is in the open form. The ESR spectra show 9 lines 

due to the strong exchange interaction. Upon irradiation with the UV light, closing of the 

switch breaks up the conjugated pathway between the radicals resulting in a 5 line ESR 

spectra for the 1.27c. 
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Scheme 1.17 Diarylethene with magnetic coupling in the open form. 

 The magnetic properties of inorganic layered compounds with intercalated 

diarylethenes were also affected by the state of the switch. Two such organic-inorganic 

hybrid materials were prepared. One based on the cationic diarylethene intercalated in 

layered copper pervoskite
38

 and the other based on anionic diarylethene intercalated in 

cobalt layered double hydroxides
39

. In both systems some magnetic properties changed 

upon photochemical reaction of the diarylethene, however the changes are difficult to 

rationalize and no general conclusions that might lead to designed switchable magnetic 

materials can be drawn.  

1.6 Switching a crystal surface 
 

The ability of numerous diarylethene photochromic switches to undergo a reversible 

photochemical reaction in the crystalline state is quite unique
40

. Although photochromic 

crystals based on various photochromic compounds have been reported, they usually suffer 

from thermochromism
41

. The ability of a diarylethene to form the closed-ring isomer 

depends on its conformation within the crystal lattice. For the antiparallel conformation of 

the diarylethene, only minor structural changes are required to switch from the open to the 

closed form
42

, thus making the photoreaction possible also in the confined environment of 

the crystal. The parallel conformation, unreactive in a solution, is also inert in a crystal. 

The switching in a crystal can result, besides in the typical colour change, also in a 

change of the crystal surface morphology
43

. Upon irradiation with UV light, a crystal of 

1.28o (Figure 1.5) changed colour to blue and changes on the surface of the crystal could be 

observed by AFM. On the (100) surface steps with a hight of 1 nm appeared after 

irradiation, while on the (010) surface creation of valleys as deep as 10 – 50 nm were 

observed (Figure 1.5b-d). Both surface features disappeared almost completely after 

subsequent irradiation with visible light, proving this phenomenon to be reversible. These 

surface changes are directly related to the changes in the shape and volume of the switching 

molecule. The distance between the two reactive carbon atoms in 1.28 becomes shorter 

after a singe bond is created between them upon ring-closure. Due to this shortening, also 

the distance between the phenyl substituents, and the length of the whole molecule 

decreases. Although the changes are subtle, in the order of hundredths of nanometers, they 

occur in every layer in the crystal and accumulate resulting in the described changes of the 

crystal surface morphology.  
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Figure 1.5 Crystal surface morphology change induced by a photochromic reaction; a) 

photochemical reactions of diarylethene in the crystal; b) – d) AFM images of (010) crystal 

surface b) before irradiation c) after irradiation with 366 nm UV light d) after subsequent 

irradiation with >500 nm visible light (adapted from ref. 43). 

 Another example of a compound capable to change crystal surface morphology is 

the trimethylsilyl substituted dithienylethene 1.29 (Figure 1.6)
44

. In this case the change of 

the crystal surface is more pronounced and also the mechanism responsible for this change 

is different. The crystal of 1.29o upon irradiation with 254 nm UV light changed colour to 

blue, due to formation of the closed form 1.29c, and no morphological change was 

observed. However, 5 min later, small fibrils started to appear on the surface of the crystal. 

After storing the crystal in the dark for 24 h, the fibrils reached the size of several 

micrometers and covered the whole surface (Figure 1.6c). Subsequent irradiation with 

visible light followed by storage for 24 h in the dark resulted in the disappearance of the 

fibrils (Figure 1.6d). 

 It is known that surfaces with micrometer scale roughness show superhydrophobic 

properties
45

. A photoswitchable superhydrophobic surface was constructed using 

photoinduced fibril growth
44

. The microcrystalline film of 1.29o shows a water contact 

angle of 120° (Figure 1.6b). Irradiation of the film with UV light resulted in generation of 

the closed form of the switch 1.29c. The surface was then kept for 24 h in the dark in order 

to develop the fibrils, and the contact angle measurement was repeated. The new value of 

the water droplet contact angle was 163° (Figure 1.6c), which means that the surface 

became superhydrophobic (i.e. contact angle exceeds 150°). After irradiation of this 

superhydrophobic surface with visible light, followed by storage for 24 h in the dark, the 

original value of 120° for the contact angle was obtained (Figure 1.6d). 
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Figure 1.6 Crystal surface changes induced by a photochromic reaction; a) photochromic 

reactivity of the diarylethene in the crystal; b) – d) SEM images of the crystal surface and 

changes of hydrophobicity of the surface determined by the contact angle measurements. b) 

before irradiation c) 24 h after irradiation with 254 nm UV light d) 24 h after subsequent 

irradiation with >500 nm visible light (adapted from ref. 4443). 

 The dramatic changes in morphology of the crystals of 1.29 cannot be explained 

on the basis of accumulation of small changes at the molecular level. Indeed, it was 

observed that the process of fibril growth was prohibited when the crystals were stored 

below 0°C after irradiation. Upon irradiation of the crystals with UV light, the closed form 

1.29c started to accumulate, causing the melting point of the crystals to decrease. The 

minimal melting point of 30°C was reached for the 24:76 ratio of the open to the closed 

form. This observation together with the fact that the fibrils contained only the closed form 

1.29c, even when the crystal contains less than 50% of the closed form, suggest that the 

mechanism of fibril growth includes a phase change, i.e. the melting and recrystallization of 

1.29c in the form of fibrils. 

1.7 Switching complexation 
 

 Binding of metal ions by organic molecules is widely applied concept in 

supramolecular chemistry, especially in the context of ion sensing. Molecules that can bind 

and release metal ions reversibly as a response to light can be used as metal ion sensors or 

metal transport systems
46

. 

 Adding the complexating ability to a photochromic switch introduces two features. 

Binding metal to the switch alters the electron density and possibly the conformation of the 

switch, thus changing its spectral properties and photochemical reactivity. Changing the 

state of the switch by irradiation, on the other hand, can lead to a different electron 
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distribution and a different shape, resulting in a different coordination strength or different 

selectivity for various metal ions. 

 In the first reports, diarylethenes with complexating properties were based on 

crown ethers as the metal binding sites. Four articles
47

 from two groups appeared within 

one year describing the complexation and switching behaviour of similar compounds, 

depicted in Scheme 1.18. Their function was based mainly on the conformational change of 

the diarylethene backbone after binding the metal ion. 
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Scheme 1.18 Various diarylethene switches with appended crown ether moieties as metal 

ion binding sites. 

 Due to free rotation around the bond that connects the thiophene with the central 

cyclopentane ring, diarylethenes can exist in two conformations. As noted before, the 

antiparallel conformation, in which the substituents on the thiophenes are far apart, can 

undergo photochemical ring closure. The parallel conformation that brings substituents 

close to each other is photochemically inactive. When a bulky metal ion is complexated by 

the switch, both crown ether substituents participate in binding, thus being an example of 

the biscrown effect (Scheme 1.19). This is possible only if the switch adopts the unreactive 

parallel conformation. This was shown for the compound 1.31
47a

. The 
1
H NMR spectrum of 

uncomplexed compound shows two sets of signals for the parallel and antiparallel form in 

the ratio of 1 : 1. After addition of Rb
+
, the ratio changed to 6 : 1. As expected the 

complexation also affected the quantum yield for the photochemical ring closure that 

dropped from 0.21 for the free switch to 0.02 when K
+
 or Rb

+
 was added. Addition of 18-

crown-6 ether to the solution of the complex of the biscrown switch 1.31 with K
+
 resulted, 

due to stronger complexation of K
+
 by the crown ether, in shift of the equilibrium between 

parallel and antiparallel forms causing the quantum yield to increase to 0.17. 
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Scheme 1.19 The structure of biscrown diarylethene and the effect of metal-ion binding on 

switching behaviour. 

 There is also an effect of switching on the complexation. From the Scheme 1.19 it 

is clear that after ring closure it is not possible to bind the metal ion by both crown ether 

substituents anymore, and as a result the binding strength should decrease. This was shown 

using the two phase extraction of Rb picrate
47c

. The amount of Rb
+
 extracted by the closed 

form was approximately five times lower that the amount extracted by the open form. 

 The properties of the other switches in Scheme 1.18 are similar, the main 

difference being the ion selectivity. While compound 1.30 with the 12-crown-4 ether 

moiety shows the highest selectivity for Na
+
 and Rb

+
, switch 1.31 with the 15-crown-5 

moiety is selective for K
+
 and Rb

+
, and 1.32 with 18-crown-6 substituents is selective for 

K
+
, Rb

+
 and Cs

+
. However, for 1.32 the difference in the binding strength between open and 

closed forms can be observed only for Cs
+
 ions, suggesting that K

+
 and Rb

+
 are 

complexated by the single crown ether substituent and their binding is not dependent on the 

conformation of the switch. 

 A distinct feature of diarylethene switches is the change of the conjugation 

between the substituents present at the thiophene rings, upon switching. In the closed form, 

the substituents are effectively electronically coupled while in the open form no such 

interaction occurs. This was explored in the diarylethenes that use the change in the 

electron density of the complexating site as a response to the switching. Two such systems 

were reported ( Scheme 1.20), both bearing the complexating moiety as a substituent on 

one of the thiophenes and electron withdrawing moiety on the other.  
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Scheme 1.20 Diarylethenes in which the electron desity of the complexating site alters as a 

response to switching. 
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 In compound 1.36, the phenylaza-15-crown-5 acts as an ionophore and the formyl 

group as an electron withdrawing moiety
48a

. The binding of cations by the open form of the 

switch is comparable to binding by the phenylaza-15-crown-5 substituted with an electron 

donating substituent. Upon ring closure, the formyl group exerts its electron withdrawing 

effect on the thiophenes, and as a consequence on the nitrogen of the azacrown moiety 

causing the stability constants for the complexes with metal ions to decrease. The 

explanation that the change is due to reduced charge density on the nitrogen, is supported 

by the observation that, while the decrease of the stability constants for the monocharged 

metal ions (Na
+
 and Ag

+
) is within one order of magnitude, the stability constants for the 

Ca
2+

 bearing two positive charges drops almost four orders of magnitude. 

 A different ionophore, pyridine, was used as a metal binding site in 1.37 in order 

to coordinate a ruthenium porphyrin. The electron deficient-substituent in this case is the 

pyridinium cation. Modulation of the Lewis basicity of the pyridine nitrogen and 

subsequently of the stability of the complex was monitored by 
1
H NMR

48b
. Although the 

change of the ratio of complex to free switch changed only slightly, from 52 : 48 for the 

open form of the switch to 42 : 58 for the closed form, apparently also in this case the 

closed form is a less effective ligand. 

 There are numerous other reports describing metal complexes containing 

diarylethene photochromic switches as ligands
49

. In these cases the coordination of ligand 

functionalized diarylethenes was used as a tool to create organometallic species and not to 

study the complexation event itself. 

1.8 Switching liquid crystals 
 

 Doping liquid crystals with photochromic compounds is an effective way to 

amplify the effect of the switching and several diarylethenes were synthesised and studied 

as dopants in liquid crystalline films
33,50

. The most common approach was to use the 

diarylethene containing a chiral moiety and observe the change in the helical twisting 

power of the switch upon ring-closing and ring-opening processes. The first report 

describes the change of the cholesteric phase, created by doping the nematic liquid crystal 

with the chiral dithienylethene, to the nematic phase upon ring-closing reaction of the 

switch, induced by the irradiation with UV light
33

. The opposite effect, i.e. change of the 

nematic phase to the cholesteric phase upon ring-closing of the diarylethene dopant was 

observed as well
50c

. 

Another approach involves the design and synthesis of diarylethenes that display 

liquid-crystalline behaviour themselves. Several systems in which the mesogenic unit is 

attached to the photochromic diarylethene core were reported recently
51

. The usual 

approach to this type of liquid crystalline switches is modular. The mesogenic unit and the 

diarylethene moiety are connected through a rather long linker that ensures that the 

switching properties are not affected by the mesogen and, on the other hand, the interaction 

between the mesogenic units is not restricted by the diarylethene moiety (Scheme 1.21). 
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Scheme 1.21 Diarylethene with attached mesogenic units. 

 Compounds 1.38 – 1.40
51a,e

 differ only in the position of the mesogenic 

substituents at the benzothiophene unit. Except for 1.40, which shows liquid crystalline 

behaviour only on cooling and melts to an isotropic liquid, open forms of both 1.38 and 

1.39 melt to give the tilted lamellar smectic C phase, which upon further heating changes to 

the nematic phase. In the photostationary state, achieved after UV irradiation (313 nm), the 

compounds show different behaviour. All the transition temperatures are decreased or 

unchanged. Moreover, in the case of 1.38 the smectic C phase changes to an unidentified 

smectic phase, while for the 1.39 no nematic phase can be observed. 

 Switch 1.41
51f

 (Scheme 1.22) is a system with mesogenic units attached to the 

carbon atoms on the benzothiophene rings, which are reaction centres during the 

photochemical process. The open form of this switch melts at 140.1°C and upon cooling 

exhibits a nematic phase at 96.1°C. In the photostationary state, that contains 62% of the 

closed form, all the phases are less stable. Melting occurs at 122.2°C and the nematic phase 

can be observed at 62.1°C. 
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Scheme 1.22 Various attachments of the mesogenic units. 



Chapter 1  

 24 

 All the switches with liquid crystalline behaviour 1.38 – 1.41 contain 

cyanobiphenyl as a mesogenic unit. It was shown
51c

 that this mesogen participates in the 

photochromic process through a fluorescence resonance energy transfer. To avoid this 

effect switch 1.42 (Scheme 1.22), containing a different mesogenic unit, was synthesized
51f

. 

The disiloxane group found in the spacer was introduced for synthetic convenience. The 

effect of switching on the liquid crystalline behaviour of this compound is very small. 

While the open form melts at 2.6°C to give the nematic phase, which clears to an isotropic 

liquid at 54.3°C; at the photostationary state the melting occurs at 7.4°C and the nematic 

phase disappears at 51.3°C. However, the photostationary state contains only 24% of the 

closed form, which might explain the small difference in behaviour.   
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Scheme 1.23 Compounds that behave as a photoresponsive, glassy liquid crystals. 

 Another approach was focused on the preparation of photoresponsive glassy liquid 

crystals that form a monodomain thin film. Three compounds 1.43 – 1.45 (Scheme 1.23) 

with a different number and type of mesogenic units were synthesized and studied
51b

. 

Switch 1.43 is a stable amorphous glass that melts into an isotropic liquid while 1.44 shows 

a very complex behaviour, creating glassy and crystalline state along with nematic and 

smectic mesophase, depending on the temperature and direction of the temperature change. 

The most suitable compound for the desired application is 1.45, which shows only one 

nematic mesophase between 102°C and 219°C. The thin glassy nematic film of 1.45 was 

prepared by shearing the nematic mesophase at 210°C to induce alignment followed by 

slow cooling to room temperature. This 14 m thick film shows absorption dichroism, the 

refractive indices for the ordinary and extraordinary beam (780 nm) are no=1.5534 and 

ne=1.6562. Irradiation with 366 nm UV light changed the properties of the film. Although 

only 12% of the molecules switched to the closed form, the refractive indices changed to 

no=1.5563 and ne=1.7155. After irradiation with 577 nm visible light the refractive indices 

regained the original values.  

 The first examples of compounds that avoid this modular approach and combine 

the diarylethene switching moiety with the mesogen in a rigid molecular framework are 

1.46 and 1.47 (Scheme 1.24)
51d

. They have increased volume density of the switchable 

group in the condensed phase and are potentially more efficient. Both compounds exhibit a 

monotropic nematic phase on cooling; 1.46 between 99.8°C and 84.2°C and 1.47 between 

91.6°C and 29.8°C. Upon irradiation with UV light, high conversion to the closed form can 

be achieved i.e. 99% for 1.46 and 63% for 1.47, accompanied with the change in the 

transition temperatures. For 1.46 the melting as well as the clearing temperature decreases 

to 95.5°C and 74.1°C, respectively, suggesting the destabilization of the system upon ring 

closure. On the contrary for 1.47 the melting temperature increases slightly to 92.6°C and 

clearing temperature decreases to 25.8°C. 
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Scheme 1.24 Switches with mesogens coupled directly to the diarylethene core. 

 The control of the properties of liquid-crystalline phases by light using 

diarylethene photochromic switches is very promising approach to new materials with 

potential use in optical components. Several systems presented here, show modulation of 

transition temperatures or even appearance and disappearance of specific liquid crystalline 

phase upon irradiation. However, the changes in liquid crystalline phases are, for most of 

the systems, only minor and the topic requires a lot of further research. 

1.9 Switching other supramolecular interactions 
 

 The first example of the introduction of a hydrogen bonding motif into 

diarylethene switches was based on the switches 1.48 - 1.50 (Scheme 1.25), which show 

gated switching
52

. The principle of gating is analogous to switches with crown-ether 

moieties described in section 1.6. In nonpolar solvents the unreactive parallel conformation 

is preferred due to hydrogen bonds created between the carboxylic acid residues. As a result, 

switch 1.48 undergoes a photochromic ring closing reaction in ethanol but is totally 

photochemically inactive in cyclohexane. Adding small amount of ethanol or other 

hydrogen-bond breaking compounds to the cyclohexane solution restores the 

photochemical reactivity of the switch. The temperature also helps in breaking the 

hydrogen bonding. When the switching was studied at higher temperatures in decalin, the 

quantum yield rose dramatically between 100°C and 150°C. 
1
H NMR spectroscopic 

analysis also confirmed the presence of only the parallel conformation of the switch in 

cyclohexane solution, while both conformations, parallel and antiparallel, were present in 

ethanol solution. Similar effects were observed also for 1.49 although the shorter spacers 

between quite rigid diarylethene moiety and carboxyl groups resulted in the weaker 

hydrogen bonding. Switch 1.49 thus showed a photochromic reaction also in cyclohexane 

but the quantum yield was considerably reduced compared to that in ethanol solution. 

Compound 1.50 with carboxyl groups attached directly to benzothiophene moiety did not 

show any effect of hydrogen bonding on its photochemical behaviour. 
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Scheme 1.25 Diarylethene exhibiting gated switching. 

 The photoresponsive saccharide receptor 1.51 (Scheme 1.26) is based on the same 

principle of blocking the switch in the unreactive parallel conformation
53

. The open form of 

the diarylethene switch can adopt a parallel conformation, in which both boronic acid units 

can cooperatively bind the saccharide molecule and create a relatively stable complex as 

evidenced by the lack of photochemical reactivity. The complex can be easily detected by  

CD spectroscopy and CD titration was used to determine the stability constant, which is 

171 M
-1

 for the complex with D-glucose. From the complexation study at the 

photostationary state that contains 60% of the closed form of 1.51, it was concluded that the 

decrease of the CD signal to 40% indicated reduced binding affinity of the closed form. 

S S

F6

N N
BB

OH
HO

HO
OH

1.51  

Scheme 1.26 Diarylethene as a switchable receptor for saccharides. 

 Identification of the binding event by microcalorimetry was used in the study of 

the host-guest interaction between the switchable cyclodextrin dimer 1.52 (Scheme 1.27) as 

a host and tetrakis-sulfonatophenyl porphyrin as a guest
54

. This system enables the release 

of the encapsulated guest molecule as a result of irradiation. The open form of the 

diarylethene bearing two cyclodextrin moieties is more flexible and thus can better adopt to 

binding of the porphyrine guest, with the stability constant being 3.3x10
6
 M

-1
. Unlike the 

previously described switch 1.51, binding the guest molecule by diarylethene 1.52 does not 

prohibit the photochromic reaction of the diarylethene core. Upon irradiation of the 

complex with 313 nm UV light, 70% of the diarylethene converts to the closed form which, 

due to higher rigidity, shows weaker binding of the guest porphyrin with a stability constant 

9.7x10
4
 M

-1
. Since the stability constant for the complex of the porphyrin with the closed 

form of the diarylethene host is approximately 35 times lower than that for the open form of 

the diarylethene host, the result of the photochromic reaction is the release of the guest 
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molecule. Upon irradiation with visible light, the diarylethene is converted back to its open 

form causing an uptake of the porphyrine guest molecule. 
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Scheme 1.27 The photoswitchable cyclodextrine dimer and its guest molecule. 

1.10  Switching self-assembly 

 
 One of the most fruitful concepts in the bottom-up approach in building molecular 

scale devices is self-assembly. The spontaneous organization of molecules into more 

complex systems has obvious advantage in creating structures with dimensions ranging 

from nanometers to micrometers without additional effort
55

. The self-assembled systems 

are dynamic and thus sensitive to external stimuli such as temperature and chemical 

composition of their environment. Through intended introduction of stimuli sensitive 

moieties the properties of the system can be changed on demand, resulting in so called 

smart material. A particularly attractive stimulus in this respect is light
56

. 

 Combining the diarylethene moiety with ureidopyrimidinone substituents, results 

in a photosensitive supramolecular polymer 1.53 (Scheme 1.28)
57

. If two ureido-

pyrimidinone moieties, that tend to self-aggregate due to formation of four hydrogen bonds, 

are connected through a linker, long polymeric fibres can be created. The self-assembling 

process is strongly dependent on the nature of the linker. When the solution of the open 

form of 1.53 in chloroform was irradiated with UV light the accumulating closed form 

started to precipitate. This suggests higher aggregation of the monomers in the closed form 

compared to open form. The precipitation was further studied by dynamic light scattering. 

The solution of the open form (1.22 x 10
-4

 M in chloroform:ethanol = 97:3) showed no 

particles larger than 10 nm (limit of the DLS instrument). After irradiation with UV light, 

particles started to appear with the size gradually increasing up to 650 nm. The process of 

the aggregate formation took about 3h at 25°C, after that time no change in the particle size 

was observed. Upon irradiation of this suspension with visible light the closed form 

switched back to the open form and the size of the particles decreased to 400 nm. This 

metastable state of the aggregated open form can be driven back to the thermodynamically 

stable solution of the open form by heating it to 60°C for 30 min. The NMR spectra of the 

open form does not show concentration dependent proton shifts in the range 1.10
-2

 to 1.10
-3

 

M suggesting the aggregation takes place also in the open form. Based on the observation 

that only the antiparallel conformation of the switch is observed by NMR spectroscopy, the 

authors hypothesize that the parallel isomer, present in the amount below the NMR 
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detecting limit, acts as a stopper for the polymer chain formation, shortening the polymer 

fibers and thus making the assemblies of the open form better soluble. 
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Scheme 1.28 Photochromic supramolecular polymer, based on diarylethene and 

ureidopyrimidinone. 

 More complex behaviour can be observed when studying the self-assembly of the 

quite simple system 1.54 (Scheme 1.29)
58

. The amide functionalities attached to the 

dithienylethene core are weaker but more flexible hydrogen bonding units than the 

ureidopyrimidinones in 1.53. Under specific conditions these molecules tend to self-

assemble to create a photoswitchable gel. An important feature is the presence of 

stereogenic centres directly attached to the amide nitrogen. The gel (Gel ( ) open in 

Scheme 1.30) which forms upon heating a solution of the open form 1.54o (Solution open 

in Scheme 1.30) in an apolar organic solvents, shows a strong circular dichroism band 

which disappears upon melting the gel. The explanation for this observation is the 

supramolecular chirality of the aggregates caused by the stereoselective aggregation of the 

individual molecules. The created gel fibers are helical and the switch molecules embedded 

in the fibers are stacked in a chiral fashion. Irradiation of the open form 1.54o by the UV 

light results in the closed form 1.54c. Although in solution the diastereomeric ratio (R,R)-

1.54c/(S,S)-1.54c is 1:1 irradiation in the gel phase is highly diastereoselective with a 98 : 2 

ratio of diastereoisomers (R,R)-1.54c and (S,S)-1.54c. The supramolecular chirality of the 

gel fibers is thus transcribed to the molecular chirality of the switch molecules. 
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Scheme 1.29 Photochromic gelator. 

 The switching process alters not only the structure of the individual molecules of 

the switch but also of the whole self-assembly. The gel obtained by irradiation of 1.54o in 
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the gel phase (Gel ( ) closed in Scheme 1.30) becomes metastable and upon heating to 

solution of the closed form 1.54c (Solution closed in Scheme 1.30) and subsequent cooling 

a thermodynamically stable gel with inverted CD (Gel ( ) closed in Scheme 1.30) is 

obtained. The change in the CD spectrum indicates different packing of the molecules in 

the helical fibers. The ring opening process performed through irradiation of this stable gel 

of the closed form with visible light results in a gel of the open form 1.54o (Gel ( ) open in 

Scheme 1.30) which again is metastable and has to undergo heating-cooling cycle to give 

the original stable gel of 1.52o (Gel ( ) closed in Scheme 1.30). 

Gel ( ) open Solution open Gel ( ) open

Solution closedGel ( ) closed Gel ( ) closed

UV vis visUV

*

*
 

Scheme 1.30 Aggregation and switching process of the switch 1.52; and  are different 

aggregated states;  - heating;  - cooling. 

 This photocontrolled gelating system was further used to reversibly create patterns 

in the micrometer range when irradiated through an appropriate mask
59

. In this case the 

important feature is the difference in the melting temperatures of the gels of the open and 

closed form. The gel of the closed form has a higher melting temperature than the gel of the 

open form, which allows creating gel patterns by irradiation with UV light in the 

temperature window between these two temperatures. 

 

Figure 1.7 Amplification of supramolecular chirality and its transcription into molecular 

chirality (adopted from ref.60). 

Another interesting application of this interplay between molecular and supramolecular 

chirality is chiral amplification (Figure 1.7)
60

. In the open form, the diarylethenes exist in 

two conformations with different helicities (Scheme 1.29), which interconvert rapidly. 

Upon ring-closure, each conformation results in different stereoisomer i.e. (R,R)-1.54c is 

produced from (P)-1.54o and (S,S)-1.54c is produced from (M)-1.54o.   When the switches 

in the open form already contain stereogenic centers, they can form a chiral aggregate, 

which prefers only one conformation, as described in previous paragraphs. Ring-closing 

reaction of the switches in the chiral aggregate, thus produce one stereoisomer in excess 
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(Figure 1.7a). If the switches in the open form do not contain stereogenic centers, no 

selection in the aggregated state occurs, resulting, upon the photochemical ring-closure, in 

the racemic mixture of the stereoisomers (Figure 1.7c). Mixing appropriate non-chiral 

dithienylethenes with chiral amide substituted diarylethenes 1.54o, results in a formation of 

an aggregate that exhibits the supramolecular chirality, despite the fact that only fraction of 

the molecules in the aggregate contain stereogenic centers (Figure 1.7b). This chirality is 

upon ring closure transcribed not only to stereoselective formation of 1.54c but also to the 

non-chiral diarylethene for which the cyclization becomes stereoselective. 

1.11 Switching polymerizability 

 
Most of the organic electronic devices are based on the conductive polymers. Easy 

processibility, together with the possibility of tuning properties through selection of the 

substitution pattern, makes these polymers superior to metal-based conductors in 

applications such as solar cells
61

, actuators
62

 or field effect transistors
63

. Introduction of a 

photochromic moiety into conductive polymers would extend the field of their applicability. 
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Scheme 1.31 Photochromism and electropolymerization of a terthiophene containing 

diarylethene photochromic switch. 

 Diarylethene 1.55, designed to be polymerizable, contains terthiophene units 

connected to the central ethylene bond
64

 (Scheme 1.31). This switch shows typical 

photochromic behaviour, when the irradiation of the open form 1.55o with UV light results 

in the ring-closed isomer 1.55c, which upon irradiation with visible light reverts back to the 

open form 1.55o. Electrooxidation of the open form 1.55o at a potential of 1.3 V results in 

formation of a polymer film. The polymerization process is based on dimerization of the 

oxidized form of terthiophenes, which forms perfluorocyclopentene bridged sexithiophene 

polymer (Scheme 1.31). The closed form of the switch 1.55c under the same conditions 
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does not polymerize as a consequence of different distribution of charge in the molecule. 

The polymerization, dependent on the state of the switch, allows the deposition of the 

conducting polymer film to be controlled by light, which can be beneficial for applications 

requiring precise spatial control of the deposition. 

1.12  Aim and outline of this thesis 

 
The aim of this thesis is to explore the potential of molecular switches in reversible 

modulation of various functions and properties at the molecular level. The first part of the 

thesis describes several new diarylethene molecular switches; while the second part deals 

with modifications of the switching function of a membrane bound protein channel. 

In Chapter 2, the synthesis and properties of new dithienylethene switches with a 

central phenanthrene moiety are described. Due to the sterically demanding phenanthrene, 

individual atropisomers of these switches could be isolated allowing the photochromic and 

thermochromic properties of each isomer to be studied separately. 

Chapter 3 focuses on coupling switching behaviour with a chemical reaction. For 

this purpose, a dithienylfuran was designed which is photochemically inert but becomes 

photochromic after cycloaddition reaction of the furan moiety with a dienophile. Since the 

cycloaddition reaction is reversible, it provides additional control of the photochromism of 

the switch. 

Chapter 4 deals with diarylethenes containing pyridine moieties instead of typical 

thiophenes. The pyridines can act as ligands interacting with protons and metal ions 

resulting in alteration of the photochemical properties of the switch. On the other hand, the 

state of the switch (i.e. open vs. closed state) influences the ability of the pyridine to bind 

protons and metal ions. 

Chapter 5 describes a step towards functionalized surfaces. The diarylethene 

photochromic moiety was anchored to a gold surface using a tripod, which should ensure 

rigid positioning of the switch with respect to the surface. The switching behaviour was 

studied in solution as well as after binding the switch to gold nanoparticles and a 

semitransparent layer of gold on mica. 

Chapters 6, 7 and 8 deals with the Mechanosensitive channel of Large conductance 

(MscL), a membrane protein channel that responds to increased tension in a membrane by 

opening to create a pore 3 nm in diameter. The channel has two basic states, the open and 

the closed state, and thus can be seen as a biomolecular switch. Chapter 6 briefly 

summarizes the structure, properties and function of this channel and serves as an 

introduction. The next two chapters describe the modifications of this protein channel that 

allow triggering of its opening and closing by stimuli other than membrane tension, 

changing it into a controllable nanovalve. In chapter 7 the channel protein is modified to 

become responsive to a change of pH of its environment and to open when the pH drops 

below a certain level. In chapter 8, a photosensitive channel protein is constructed through 

modification with the photoprotected actuator, which is further developed into a reversible 

light-controlled system allowing the opening and closing of the channel using a spiropyran 

photochromic switch. 
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Chapter 2  

  

Dithienylethene photochromic 

switches with resolvable 

atropisomers
1
 

 
The synthesis and study of the properties of new dithienylethene switches with a central 

phenanthrene moiety is described in this chapter. Due to the steric bulk, the free rotation 

around the bond connecting the thiophene with the phenanthrene is sterically hindered and 

the individual atropisomers of these compounds can be isolated by chiral HPLC. Although 

the existence of such isomers was observed also for other diarylethenes by NMR 

spectroscopy, this is the first case where such atropisomers were separated and their 

properties studied. Since there are two thiophene – phenanthrene bonds and the thiophene 

moieties are identical, three isomers exist. These are a pair of enantiomers with an 

antiparallel orientation of the thiophenes and a meso form with a parallel orientation and a 

plane of symmetry. The isomerization barrier was found to be high enough (109 -112 

kJ/mol) to avoid isomerization during the switching process. The meso form is 

photochemically inactive as a result of the parallel orientation of the thiophene moieties, 

while both enantiomers are photochromic and undergo a ring-closing reaction upon UV 

irradiation. The ring opening reaction can be induced by both visible light irradiation as 

well as heat, thus these compounds exhibit also thermochromic behaviour. Observation of 

the switching cycles of the pure enantiomers with CD spectroscopy shows that no 

isomerization takes place during the photochromic or the thermochromic reactions. 

 

                                                 
Part of this chapter has been published: Walko, M.; Feringa, B. L. Chem. Commun. 

2007, 1745-1747. 
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2.1 Atropisomerism 
 

Atropisomers are defined by IUPAC as ―a subclass of conformers which can be 

isolated as a separate chemical species and which arise from restricted rotation about a 

single bond‖.
1
 The archetypal example is a biaryl system with ortho substituents bulky 

enough to prevent free rotation about the aryl-aryl single bond (Figure 2.1).
2
 With the 

proper substitution, i.e. A ≠ B and C ≠ D, the molecule contains a chiral axis and the 

atropisomers consist of an enantiomeric pair. The first report of this type of chirality dates 

back to 1922 and the compound it deals with is 6,6’-dinitro-2,2’-diphenic acid.
3
 The term 

―atropisomerism‖ was introduced a decade later
4
 and has a roots in a Greek language (a 

meaning not and tropos meaning turn). 

There are two effects determining the torsional angle between the two rings: the 

steric bulk of the ortho-substituents which prohibits the rings from being coplanar and 

drives them towards the perpendicular orientation with the minimal steric interaction; and 

the overlap of the π-orbitals which tends to orient the rings coplanar to maximize the 

interaction of the π-orbitals located on both aromatic rings. The result of this opposing 

forces is that even the biphenyl, having the smallest  ortho-substituents possible, i.e. 

hydrogen atoms, is not coplanar in solution and the typical torsional angles for biphenyls 

are between 42° and 90° 
2
. 

A

B D

C A

B C

D

 

Figure 2.1 The enantiomeric pair of biaryls. 

Although the existence of non-zero torsional angle between the two aryl moieties 

and the non-symmetric pattern of their substitution are necessary for the compounds to be 

called atropisomeric, those conditions are not sufficient. There must be also an energy 

barrier separating those two isomers that is high enough to allow their observation and 

isolation. Otherwise they are considered to be only conformers. The border between 

conformers and atropisomers is nevertheless not clear. The arbitrary definition by Oki
5
 

requiring a half-life of at least 1000 s (16min 40s) is insufficient due to temperature 

dependence of the half-life. Thus the racemization barrier can be 93.3 kJ mol
-1

 at 300 K, but 

at 200 K 61.5 kJ mol
-1

 would be enough to reach this half-life. 

Atropisomers can be found in many naturally occurring compounds
6
 mainly in the 

form of axially chiral biaryls. This has led to the development of the stereoselective 

synthetic methodologies for their preparation
7

. They play also a prominent role in 

stereoselective synthesis in the form of chiral ligands many of which contain chiral axis
8
. 

 The importance of atropisomerism for the construction of molecular machines is 

obvious considering that the movement of one part of the molecule with respect to the other 

is often required
9
. The single bond is an ideal shaft for the rotatory movement; however, to 

control its function the movement must be restricted under specific conditions. Many 

excellent examples of this principle can be found in the literature, among them the 

propellers
10

 and gears
11

, ratchet
12

, brake
13

 and motors
14

 (Figure 2.2). 
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2.1 2.2 2.3  

Figure 2.2 Molecular machines with functions based on the rotation about a single bond. 

The ratchet 2.1
12

, the gearbox 2.2
15

, and the motor 2.3
14b

. 

Chirality of photochromic systems (see Chapter 1) is a well-studied topic with 

potential applications in nondestructive data storage
16

. The influence of the chirality in 

photochromic compounds on supramolecular systems such as liquid crystals
17

 and gels
18

 

based on such photoresponsive materials have been reported. Several systems based on 

diarylethenes in which the photochemical reaction proceeds in a stereoselective fashion 

were reported including the stereocontrol by the presence of helicene
19

, chirality induced by 

allylic 1,3-strain
20

 or by complexation
16

. 

SS
R R

S
R

S

R

parallel conformationanti-parallel conformation  

Figure 2.3 The two conformations of diarylethenes. 

It is known that photochromic dithienylethenes exist in two conformations; the 

parallel and the antiparallel conformation
21

 (Figure 2.3). Those conformations, in fact an 

diastereomeric pair of atropisomers, can be distinguished by NMR spectroscopy for some 

sterically hindered dithienyl-perfluorocyclopentenes and dithienyl-maleic anhydrides but 

were not observed for dithienyl-perhydrocyclopentenes due to extremely low energy barrier 

of isomerisation. The isomerisation barriers were estimated from the time dependent NMR 

measurement to be 67 kJ/mol and 71 kJ/mol for compounds 2.4 and 2.5, respectively 

(Figure 2.4)
21

. These barriers are too low to allow isolation of the individual atropisomers. 
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CNNC

S S S S

OO O

2.4 2.5  

Figure 2.4 The first dithienylethene molecular switches for which the atropisomeric 

behaviour was observed and the rotational barrier determined
21

. 

During our search for the structural moieties that can be applied to introduce 

additional functions to diarylethenes we prepared a series of diarylethenes containing 

phenanthrene as the fragment to which the two reacting thienyl groups are attached (Figure 

2.5). The original idea was to introduce chirality by using the phenanthrene with 

substituents in the positions 4 and 5, or using chiral pentacene derived from 2,2’-

binaphthoic acid. To our surprise already this simple model system shows interesting 

stereochemical properties. Due to the bulk of the phenanthrene the rotation around the 

thiophene-phenanthrene single bond is hindered, and the resulting atropisomers are stable 

enough to be isolated and studied at room temperature. 

S SR R

2.6

H

HH

H

 

Figure 2.5 The new phenanthrene-based diarylethene with resolvable atropisomers. 

2.2 Synthesis 
 

The dithienylethenes containing a phenanthrene moiety instead of the common 

cyclopentane were synthesized from diphenic acid (Scheme 2.1) following the route 

described for the dithienylperhydrocyclopentene
22

. Diphenic acid 2.7 was converted into 

the corresponding dichloride through heating in thionyl chloride containing a drop of 

pyridine as a catalyst. After removal of the excess of the thionyl chloride, the dichloride 

was directly used in a Friedel-Crafts acylation with two equivalents of 2-chloro-5-

methylthiophene 2.8. The resulting diketone 2.9 was cyclized using an intramolecular 

McMurry coupling. To our surprise cyclization of this sterically demanding diketone 

proceeded with fair yield (63%) using Zn/TiCl4
23

 while the more active system Zn-

Cu/TiCl3(DME)1.5
24

, commonly used in such cases, failed to give desired product. The 

resulting dichloro derivative 2.10 is an ideal precursor for further functionalization. 
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Scheme 2.1 Synthesis of the 9,10-bis-dithienylphenanthrene switches. 

 For the introduction of various substituents, halogen-metal exchange with n-BuLi 

was used followed by quenching with DMF to afford the dialdehyde 2.11 or with B(OBu)3 

to give a boronic ester precursor which can be used directly without isolation in Suzuki 

coupling reactions. Several switches 2.12 – 2.15 bearing aryl substituents with different 

electronic properties (donor or acceptor substituted, heteroarene) were synthesised in 52% - 

97% yields. All the compounds were characterized by  
1
H and 

13
C NMR spectroscopy and 

mass spectrometry and their purity was verified using elemental analysis. 

 

2.3 Photochemical behaviour 
 

The photochromic behaviour of the new switches was first tested using irradiation 

with 313 nm UV light. First the dichloro substituted diarylethene 2.10o was examined 

(Scheme 2.2). Its colour changed to purple upon irradiation, but the process was irreversible. 

Irradiation with visible light (> 420 nm) and heating up to 140°C (refluxing xylene) had no 

effect on the coloured solution. A detailed study was performed to explain this phenomenon. 
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Scheme 2.2 Proposed photochemical pathway for the photolysis of the 2.10o. 

The creation of the purple coloured species is a two step process. After short time 

(1 min.) irradiation of 2.10o a new blue species with an absorbance maximum at 342 nm in 

the UV and at 498 nm and 526 nm in the visible region was formed (Figure 2.6). After 

prolonged irradiation the purple species with a red shifted maximum of the absorbance in 

the visible (552 nm) and an extremely intensive band in the UV region (330 nm, ε = 31000 

dm
3
 mol

-1
 cm

-1
) appeared. The first species can be converted back to the open ring isomer 

by a thermal reaction (24 h at 60°C), which would suggest that it is the expected closed ring 

isomer 2.10c (Scheme 2.2). However, irradiation of this species with visible light did not 

give the open ring isomer but the purple species as the only product as evidenced by the 

existence of isosbestic points at 348 nm and 550 nm (Figure 2.7).  

 

Figure 2.6 The UV-vis spectra of 2.10 (8.8 x 10
-5

 M in benzene) before irradiation (─), 

after 1 min irradiation with 313 nm light (---), after subsequent irradiation with > 420 nm 

light (····) and after complete photolysis (∙−∙−). 
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Figure 2.7 UV-vis spectra of the conversion of 2.10c to 2.16. The spectrum of 2.10c is 

represented by the broken line. Solid lines represent spectra recorded after 1, 3, 5 and 10 

min of irradiation with 436 nm light. 

The proposed structure 2.10c could not be confirmed by the NMR spectra because 

its low concentration in the irradiated solution due to its quick conversion to 2.16. On the 

other hand the purple species could be isolated in a fairly pure form (80-90% purity) after 

4h photolysis of the diluted toluene solution (1 mg/ml) of 2.10o using light from a Xenon 

lamp (300 W output power) equipped with a filter  that transmits only wavelengths over 

300 nm. The mass spectra of the resulting compound shows the same mass as the starting 

2.10o  (M
+ 

= 438) which means that the two species are isomeric.
 
Two different signals 

corresponding to the methyl groups are observed in  the 
1
H NMR spectra of this species 

(2.65 and 2.67 ppm) as well as in the 
13

C NMR spectra (23.5 and 29.9 ppm). This suggests 

that the rearrangement reaction took place resulting in two non-equivalent methyl groups. 

Moreover in the 
13

C NMR spectra two non-equivalent quarternary carbons at 53.1 and 73.7 

ppm are found. Although no final proof of the structure, by means of X-ray crystallographic 

analysis, is available, the spectral data suggest the formation of the product 2.16 (Scheme 

2.2) which was described before for dithienylcyclopentene switches 2.17 and 2.19 by the 

group of Irie
25a

 and Branda
25b

 ( Scheme 2.3). 

In Irie’s report the rearranged product 2.18 is created as a byproduct after many 

switching cycles performed with 2.17. Compound 2.18 was isolated, fully characterized and 

structure proven by the X-ray analysis. It was also noted that its formation is more efficient 

starting from the closed form of the 2.17 while using UV light. Branda studied switching of 

two coupled switches 2.19. After the first photochemical process, a second process was 

observed which, however, could not be attributed to the second switching moiety. It was 

found that the similar rearrangement as in the Irie case is taking place resulting in a stable 

coloured species. In this case it was clear that the rearranged compound 2.20 is created 

from the ring-closed isomer of 2.19 under prolonged UV irradiation. 
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F6F6
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30 min UV irradiation

2.17
2.18
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2.20

 Scheme 2.3 Reported cases of photochemical byproduct formation. 

In both reported cases the rearranged compound was thermally and 

photochemically stable, which was also observed for purple species 2.16. Unlike 

compounds 2.17 and 2.19 which can undergo ring closure upon UV light irradiation and 

ring opening after irradiation with visible light, 2.10c does not undergo ring opening 

process and gives 2.16 also after irradiation with the visible light.  

The diarylethene switch 2.10 thus shows quite unique behaviour (Scheme 2.2). It 

undergoes the typical ring-closing reaction under UV light irradiation to give 2.10o, but the 

reverse ring-opening reaction induced by the visible light is absent. Instead rearrangement 

to the 2.16 is observed. However the ring-opening reaction of 2.10c can still proceed 

thermally, upon heating to elevated temperature. 

Bisaldehyde compound 2.11 was found to be photochemically inert and does not 

give a ring closing reaction under any conditions (different wavelength of UV light, 

different solvents and different temperatures were tried). 

S SR R
SSR R

313 nm

 

2.12o - 2.15o

> 420 nm or

2.12c - 2.15c
Open forms Closed forms

S

OMe

CN

2.13 R=

2.14 R=

2.15 R=

2.12 R=

 

Scheme 2.4 Photochemical reactions of 9,10-bis-dithienylphenanthrene switches. 

All the switches with aromatic substituents (2.12 - 2.15) show typical 

photochemical switching behaviour (Scheme 2.4). After irradiation with UV light (313 nm) 

the colourless solutions turned blue and a new broad band appeared in the visible region of 

their UV-vis spectra (Figure 2.8). This new band is assigned to the closed form of a switch 

containing a longer conjugated system and thus lower HOMO - LUMO gap. Irradiation of 
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the coloured solution with visible light (>420 nm) resulted in decoloration and the original 

spectra were restored. The presence of isosbestic points indicates that the transformations 

do not involve any side reaction. The switching cycles were repeated 10 times for each 

sample and no decomposition was observed in contrast to dichloro derivative 2.10 for 

which the formation of the rearranged byproduct was the main photochemical pathway.  

 

Figure 2.8 The UV-vis spectra of a) 2.12 b) 2.13 c) 2.14 and d) 2.15 in the open form (—) 

and in the photostationary state (---). Inset in the panel a) shows detail of the double 

absorption in the visible region. 

 The switching behaviour is comparable to the other known families of 

dithienylethene switches
26

, the dithienyl-perhydrocyclopentenes and dithienyl-

perfluorocyclopentenes (Table 2.1 and Table 2.2). The major difference is the possibility to 

extend the conjugation into the phenanthrene moiety which is responsible for the red shift 

of the absorption maxima of most of the absorptions. In the open state the difference is not 

very pronounced and the lowest energy band is red shifted in average by 8 nm compared to 

the perhydrocyclopentenes and 14 nm compared to the the perfluorocyclopentenes. 

However, the intensity of this band is 2 -3 times higher. In the closed stated the difference 

between perhydrocyclopentenes and phenanthrene switches is on average 68 nm and in 

some cases as high as 87 nm. The red shift compared to the perfluorocyclopentenes in 

much lower, only about 10 nm in average. 
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S SR RS SR RS SR R

H6 F6

Dithienyl-perhydrocyclopentenes Dithienyl-perfluorocyclopentenes Dithienyl-phenanthrenes  

(a) The values are taken from the reference 26. (b) The values are for the thienyl substituent 

Table 2.1 UV-vis spectral data (λmax and  ε x 10
3 
(dm

3
mol

-1
cm

-
1) in parentheses, measured 

in acetonitrile) of various families of dithienylethenes in the open form. 

a) The values are taken from the reference 26. (b) The values are for the thienyl substituent 

Table 2.2 UV-vis spectral data (λmax and  ε x 10
3 

(dm
3
mol

-1
cm

-1
) in parentheses, measured 

in acetonitrile) of various families of dithienylethenes in the closed form. 

Another important observation is that the broad band in the visible region of the 

closed form of the switches is composed of two peaks (inset in the Figure 2.8a)). It is 

possible that this feature is common to other diarylethenes as well, but the small separation 

of the peaks did not allow their resolution. 

The switching process was also followed by NMR spectroscopy in order to 

determine the composition in the photostationary state (the ratio of the closed vs. the open 

form). The 
1
H NMR spectra of the open form of the switches show two signals for the 

protons of the methyl groups on the reactive carbons (Figure 2.9a). These are ascribed to 

the parallel and anti-parallel conformation of the molecule (Figure 2.3) and are also 

observed for the perfluorocyclopentene switches. Upon irradiation a new signal for the 

protons of the methyl group of the closed form appears and gains intensity (Figure 2.9b,c). 

Surprisingly only one of the original signals is decreasing, the second one conserving its 

relative intensity. This can be explained assuming that the interconversion between the 

parallel and anti-parallel forms is slow enough not only at the NMR time scale as observed 

previously
21

, but also on the time scale of the whole irradiation process which generally 

takes about 30 min. This led us to the conclusion that it should be possible to isolate the 

individual atropisomers of diarylethenes and study their chiroptical properties. 

Substituent R Perhydrocyclopentene
 

Perfluorocyclopentene
 

Phenanthrene 

Phenyl 278 (18), 303 (S)
a 

258 (33)
 a
 256 (60), 297 (41) 

4-Methylthienyl 281 (14), 295 (18)
 a,b 

312
 a,b

 257 (61), 314 (37) 

4-Methoxyphenyl 284 (28), 308 (S)
 a 

296 (38)
 a
 255 (64), 302 (48) 

4-Cyanophenyl 229 (31), 300 (35)
 a
 232 (17), 315 (9)

 a
 256 (55), 323 (50) 

Substituent R Perhydrocyclopentene
 

Perfluorocyclopentene
 

Phenanthrene 

Phenyl 527 (8.8)
 a
 588 (12)

 a
 565 (5.7), 586 (5.7) 

4-Methylthienyl 519 (13)
 a,b

 605
 a,b

 581 (8.1); 606 (7.8) 

4-Methoxyphenyl 519 (13)
 a
 593 (18)

 a
 567 (13); 595 (13) 

4-Cyanophenyl 575 (22)
 a
 586 (5.9)

 a
 589 (13), 626 (13) 
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Figure 2.9 
1
H NMR spectra (region of 1.8 – 2.4 ppm) of the phenyl substituted switch 2.12 

during irradiation (313 nm) in toluene-D8 at 0°C. a) open form, b) after 5 min of irradiation 

and c) after 30 min of irradiation. Methyl signals of the unreactive parallel form (●); 

reactive antiparallel form (■); closed form (x). The number next to the signal represents its 

integral normalized to the signal of the parallel form. The strong signal at 2.07 ppm 

represents the methyl group of toluene. 

2.4 Isolation and properties of individual atropisomers 
 

In accordance with the results from 
1
H NMR measurements, the existence of 

atropisomers and their stability at room temperature was confirmed also by chiral HPLC. 

The best resolution was obtained using the Chiracel-AD column (Figure 2.10). The 

resolution of the diastereomers is possible for compounds 2.14 and 2.15 even by 

conventional column chromatography using hexane-benzene mixtures as an eluent. The 

compounds 2.12 and 2.13 are not suitable candidates for resolution due to their low polarity 

and very poor solubility in the nonpolar solvents. Therefore in the further investigations we 

have concentrated on the more polar compounds 2.14 and 2.15 that allow to study their 

properties by UV-vis  and CD spectroscopy, after separation by preparative chiral HPLC. 

 

Figure 2.10 The HPLC traces of a) 2.14 (eluent heptane/isopropanol : 97/3) and b) 2.15 

(eluent heptane/isopropanol 90/10) on a Chiracel-AD (Daicel) coloumn. Two peaks with 

the shortest elution times are the enantiomers, the third peak belongs to the meso form. 



Chapter 2  

 48 

The mixture of the atropisomers of 2.14 and 2.15 (Figure 2.10) contains three 

isomers (Scheme 2.5), a pair of enantiomers, the R,R and the S,S isomers, which adopt an 

anti-parallel conformation and a meso form, the R,S isomer with a parallel conformation. 

The two peaks with the shortest elution times are the enantiomers as judged by their area 

which is equal and different from the third peak. They are both photochromic and show 

pronounced CD spectra which are mirror images of each other (Figure 2.11). The HPLC 

analysis of the first fraction from the conventional column chromatography shows that it is 

a mixture of those enantiomers. The peak with the longest retention time corresponds to the 

meso form which is photochemically inert and nonchiral as indicated by CD spectroscopy. 

It is also identical with the second fraction obtained by conventional column 

chromatography. The elution order also agrees with the expected polarity of the isomers, 

since the parallel meso form have a higher dipole moment due to parallel orientation of the 

polar substituents and hence a longest retention time. All the three isomers have completely 

identical UV-vis spectra and therefore can not be distinguished by this method. All the 

three isolated isomers are stable and show no signs of isomerization even after a few days 

in solution at room temperature. 

SS
R R

S
R

S

R

S
R

S

R

SSR R S S RR

313 nm >460 nm
 or 313 nm >460 nm

 or 

R,R

R,R (P-helix)
S,S (M-helix)

S,S

OMe

CN

2.14 R=

2.15 R=

1/2 > 1000 h
at r.t.

1/2 > 1000 h
at r.t.

 

Scheme 2.5 Photochemical and thermal isomerization processes of 2.14 and 2.15. 

As can be seen from Scheme 2.5, the ring-closing reaction of one of the 

enantiomers with axial chirality gives rise to two stereogenic centers on the reacting 

carbons as well as to the helical arrangement of the thiophene rings relative to the 
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phenanthrene moiety. Thus the R,R atropisomer in the open form leads after irradiation to 

the closed form having R,R configuration at the stereogenic carbons and the overall P 

helicity of the molecule. The axial chirality of the open form is in this manner translated to 

the central chirality of the closed form. 

The switching of the separated isomers of 2.14 and 2.15 was followed by UV-vis 

and CD spectroscopy. The results are shown in the Figure 2.11. The broad band in the 

visible region observed by UV-vis spectroscopy, corresponding to the closed form of the 

switch, is observed also in the CD spectra. Its origin as a superposition of the two peaks is 

even more pronounced when observed by the CD spectroscopy.  

 

Figure 2.11 The UV-vis spectra a) and b) and CD spectra c) and d) of the anti-parallel 

(photochemically active) isomers of 2.14 a), c) and 2.15 b), d) in n-heptane. The open form 

(—) and the photostationary state (---). In the CD spectra, the lines for the CD spectrum of 

enantiomer with the shortest retention time are thick and the lines for the CD spectrum of 

enantiomer with second shortest retention time are thin. 

 Repetitive switching of both 2.14 and 2.15 was demonstrated and Figure 2.12 

shows several switching cycles as revealed by CD spectroscopy. The observation of several 

switching cycles using CD spectroscopy demonstrates that ring-opening reaction gives 

always the starting isomer (the original CD spectrum is fully restored) which means that 

there occurs no racemization in the open neither in the closed state. The conservation of the 

intensity of the absorptions in the UV-vis spectra as well as in the CD spectra indicate high 

fatigue resistance. 
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Figure 2.12 Switching cycles of compound 2.14 as determined by CD spectroscopy. 

2.5 Racemization of the atropisomers 
 

 Temperature-dependent NMR is a common method to determine the isomerization 

barrier of atropisomers. Due to exceptional stability of the isomers of 2.14 and 2.15 this 

method could not be used. Even at 110°C no sign of coalescence of the signals was 

observed. Other method we have tried was to follow the kinetics of isomerization by NMR 

at various temperatures. However the signals of the protons on methyl groups are too close 

to the signal of the toluene methyl group (toluene-d8 was used as a NMR solvent), which 

causes quite a large error in the measurement. Due to complex kinetic equations which 

require starting with the pure isomer and accurate knowledge of the ratio of the isomers in 

the equilibrium, this method did not provided satisfactory results. Therefore we have 

devised a new method based on the observation of the racemization by the disappearance of 

the CD signal of the mixture enriched in one of the enantiomers. 

  

SS
R R

S
R

S

R

S
R

S

R

R,R Meso S,S

k1

k2
k1'

k2'

 

Scheme 2.6 The racemization pathway (the 3D drawing of meso is chosen arbitrary). 

There are three species in the mixture under equilibrium conditions, the chiral 

enantiomeric forms the ―R,R‖ and the ―S,S‖ together with the nonchiral ―meso‖ form. Their 

mutual interconversions occur via rotation about the single bonds connecting the thiophene 

ring with the phenanthrene unit and consequently are first order reactions. We can assign 

each reaction its rate constant, k1 and k1’ for the reaction producing the meso form starting 
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from the R,R or the S,S form, respectively, and k2 and k2’ for the reverse reactions (Scheme 

2.6). 

 However, in a nonchiral environment the energies of the R,R and the S,S forms are 

equal which means that also their rate constants for the interconversion with the meso form 

will be equal. Thus we can write k1 = k1’ and k2 = k2’.     

 The rate of the change of the concentration of R,R has then two contributions: it is 

depleted by the reaction leading to the meso form with the rate v = k1[R,R] and replenished 

by the reverse reaction v = k2[meso]. The net rate is then described by the equation 2.1. 

]meso[]RR,[
]RR,[

21 kk
dt

d

      2.1 

 The same holds for the change of the concentration of the S,S isomer (Equation 

2.2). 

]meso[]SS,[
]SS,[

21 kk
dt

d

      2.2 

 The rate of the change of the meso isomer is more complicated since it can be 

replenished by the isomerisation of the R,R isomer with the rate v = k1[R,R] as well as of 

the S,S isomer with the rate v = k1[S,S]. The depletion has also two channels which both 

depend on the concentration of the meso form v = k2[meso]. The rate is then described by 

the equation 2.3. 

]SS,[]RR,[]meso[2
]meso[

212 kkk
dt

d

     2.3 

 Our objective was to be able to determine the reaction rates using circular 

dichroism measurements. The isolated enantiomerically pure chiral isomer, either the R,R 

or the S,S, has a characteristic CD spectrum. During the isomerization this signal should be 

decreasing and finally disappear at the point when the equilibrium is reached. The rate of 

the signal decrease is dependent on the rate of the isomerization of the pure isomer to the 

meso form as well as on the reverse reaction and the formation of the opposite enantiomer 

from the meso form. This looks like a very complex kinetics but as shown in the following 

analysis it reduces to a first-order process. 

The circular dichroism Δε of a solution depends on the concentrations of the two 

enantiomers and the molar circular dichroism of one of them, since the molar circular 

dichroism of the other enantiomer is exactly the same but opposite in sign. (Equation 2.4). 

])SS,[]RR,([]SS,[]RR,[ )RR,()RR,()RR,(
   2.4 

 The time dependence of the circular dichroism can be expressed as in equation 2.5. 

dt

d

dt

d

dt

d ]SS,[R][R,
)RR,(

      2.5 

 After substituting the concentration changes of the R,R and the S,S in the equation 

2.5 for the terms from equations 2.1 and 2.2, respectively, equation 2.6 is obtained. 
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])]meso[]SS,[(])meso[]RR,[[( 2121)RR,( kkkk
dt

d

  2.6 

 This equation can be rewritten in the following form (Equation 2.7). 

])SS,[]RR,([)RR,(1k
dt

d

      2.7 

 The right part of equation 2.7 after the –k1 is identical with the right part of the 

equation 2.4. The substitution finally leads to equation 2.8 which is actually equation for 

the first order reaction kinetics in the differential form.     

1k
dt

d

        2.8 

 Integration of this equation leads to the equation 2.9 where the Δε0 is the circular 

dichroism at the beginning of the measurement (i.e. at the t = 0): 

)( tk
o 1e

        2.9 

 The linear version of the same equation which gives the rate constant as the slope 

is represented by  equation 2.10. 

tko 1lnln
       2.10 

 The main advantage of the determination of the rate constant for the isomerization 

by this method is that it is not necessary to have one pure isomer. Any mixture containing 

excess of one of the optically active isomers is sufficient without even knowing their ratio. 

Also the information about the molar circular dichroism of one of the enantiomers is not 

required since only the circular dichroism (Δε0) at the beginning of the measurement 

appears in the equation and even that can be obtained from the intercept. 

 

 

Figure 2.13 The plot of ln(Δε/Δε0) vs. time at different temperatures (from left to right 

70°C, 80°C, 90°C, 100°C) a) for compound 2.14 b) for compound 2.15. The slope 

corresponds to the negative value of the rate constant (-k).  

Using this method, the chiral atropisomers of the compounds 2.14 and 2.15 

separated by the HPLC were studied and the activation parameters of their racemization 
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reaction determined (Figure 2.13 and Figure 2.14). The Gibbs energy of activation 

ΔG
≠
(racemization) for compound 2.14 was found to be 109.6 kJ.mol

-1
 and for compound 

2.15 111.5 kJ.mol
-1

. The corresponding activation enthalpy (ΔH
≠
) and entropy (ΔS

≠
) are 

97.5 kJ.mol
-1

 and -44.3 J. mol
-1

K
-1

 for 2.14 and 98.8 kJ.mol
-1

 and -46.4 J. mol
-1

K
-1

 for 2.15, 

respectively. The similarity of the values means that substitution on the phenyl rings has no 

effect on the racemization barrier, which is as expected, dictated mainly by steric and not 

by electronic effects. This high Gibbs energy of activation is responsible for the possibility 

of isolation of the individual isomers, giving them a halflife of several thousands of hours at 

room temperature. 

y = -11881x + 18.174

y = -11728x + 18.433

-18

-16

-14

-12

0.0026 0.0027 0.0028 0.0029 0.003

1/T

ln
(k

/T
)

 

Figure 2.14 The Eyring plot for the racemization of the compound 2.14 (●) and 2.15 (■). 

2.6 Thermochromism 
 

The racemization of the closed-form isomers of these photochromic switches could 

not be studied in detail because of their thermochromic behaviour. At elevated temperatures 

and in case of 2.15 even at room temperature these switches return rather quickly back to 

the open form. This can be ascribed to the phenanthrene moiety when the aromaticity in the 

―middle‖ ring is lost upon the ring-closure. Although the stabilization energy of the double 

bond between C9 and C10 of the phenanthrene is quite low due to the conservation of the 

other two aromatic rings, it is high enough to induce thermochromic behaviour of these 

switches. 

Several switching cycles were performed with the n-heptane solution of pure 

enantiomers of the compounds 2.14 and 2.15 in which the ring-closing reaction was carried 

out photochemically (313 nm UV light) and ring-opening reaction thermally (1 h at 40°C 

for 2.14 and 5 min at 20°C for 2.15) (Scheme 2.5). The reactions were monitored by CD 

spectroscopy and no racemization was observed after five cycles (Figure 2.15).  For both 
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compounds the thermal ring-opening was much quicker than racemization in the open-form 

of the switch and possible racemization in the closed-form. 

 

Figure 2.15 Switching cycles of a) 2.14 and b) 2.15. The ring closing reaction was induced 

photochemically by irradiation with 313 nm UV light in n-heptane and ring-opening 

reaction thermally. 

The exact activation parameters of the thermal isomerisation of the closed to the 

open form were obtained by the temperature dependent UV measurements for all four 

compounds 2.12 – 2.15. 

Unlike the racemization barriers, the thermal isomerisation barriers are strongly 

dependent on the electronic effects of the substituents on the central thiophene moieties. As 

can be seen from the table 2.3 the stability of the closed form increases with the electron 

donating properties of the substituents The switch 2.14 with the 4-methoxyphenyl 

substituents has a half-life about 300 times longer that the 2.15 with the 4-cyanophenyl  

substituents. The stability of the closed form of the phenyl 2.12 and 4-methylthienyl 2.13 

substituted switches is between those two extremes, the 4-methylthienyl substituted switch 

2.13 being a little more stable due to its higher electron density. 

 

Table 2.3 The activation parameters for the thermal ring opening of switches 2.12 - 2.15. 

 Similar electronic effects were observed also for the dithienyl-

hexafluorocyclopentenes
27

. While the pyridine substituted switch 2.17 (Figure 2.16) is 

stable for more than two weeks at 60°C, methylation of the pyridine destabilized the closed 

form and compound 2.18 exhibits thermochromic behaviour with the half-life of 247 min at 

60°C. The closed form of the tetracyano compound 2.19, with much stronger electron-

withdrawing substituents, is even less stable with half-life only 3.3 min at 60°C. However, 

the stabilization effect of the electron donating substituents, like in the case of 2.12 and 

2.13 was not be observed for the other dithienylethene families due to their high thermal 

stability. 

Substituent R ΔG
‡
 (kJ/mol) ΔH

‡
 (kJ/mol) ΔS

‡
 (J/mol) half-life at 0°C 

Phenyl 90.2 89.2 -3.60 362 min 

4-Methylhienyl 91.1 91.2 0.30 534 min 

4-Methoxyphenyl 93.9 93.8 -0.36 1816 min 

4-Cyanophenyl 81.2 77.4 -13.9 6.76 min 
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Figure 2.16 Dithienyl-hexafluorocyclopentenes with substituent dependent 

thermochromism. 

2.7 Conclusion 
 

For the first time the individual atropisomers of diarylethene photochromic switches 

were isolated and studied. The exceptionally high barrier of their isomerization (109-112 

kJ/mol) allows separating and studying them at the room temperature.  These new 9,10-

dithienylphenanthrene photochromic switches are ideal candidates for nondestructive 

readout method based on chirality, the only drawback being their themochromism which 

can lead to ring opening. They do not require any additional chiral auxiliaries and the 

chirality is an inherent property of their backbone. The switching cycles can be readily 

monitored by CD spectroscopy.  

2.8 Experimental section 
 

General information: 

 

Unless stated otherwise, starting materials were commercially available and were used 

without further purification. Diethylether and THF were distilled from Na. Melting points 

were determined on Büchi melting point apparatus and are uncorrected, 
1
H NMR were 

recorded on a Varian Gemini-200 spectrometer (at 200 MHz), Varian VXR-300 

spectrometer (at 300 MHz), Varian Mercury Plus spectrometer (at 400 MHz), or Varian 

Unity Plus Varian-500 spectrometer (at 500 MHz). 
19

F NMR were recorded on a Varian 

Gemini-200 spectrometer (at 188.2 MHz). 
13

C NMR were recorded on a Varian VXR-300 

spectrometer (at 75.4 MHz), Varian Mercury Plus spectrometer (at 100.6 MHz), or Varian 

Unity Plus Varian-500 spectrometer (at 125.7 MHz). The splitting patterns are designated 

as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and b (broad).. 

Chemical shifts are reported in δ units (ppm) relative to the tetramethylsilane using residual 

solvent peaks as a reference. Coupling constants J are reported in Hz. Mass spectra were 

obtained with a Jeol JMS-600 spectrometer using EI or CI ionization techniques by A. 

Kiewiet. CD spectra were recorded on JASCO J-715 spectropolarimeter equipped with a 

JASCO PFD-350S/350L Peltier type FDCD attachment with a temperature control and 

UV-vis spectra were recorded on Hewlet-Packard HP 8453 FT diode array 

spectrophotometer equipped with an Peltier element, using Uvasol grade solvents. HPLC 

analyses were performed on Shimadzu HPLC system equipped with two LC-10ADvp 

solvent delivery systems, a DGU-14A degasser, a SIL-10ADvp autosampler, a SPD-M10A 
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UV-vis photodiode array detector, a CTO-10Avp column oven and a SCL-10Avp controller 

unit using Chiracel AD (Daicel) column. Preparative HPLC was performed on a Gilson 

HPLC system consisting of a 231XL sampling injector, a 306(10SC) pump, an 811C 

dynamic mixer, a 805 manometric module, with a 119 UV-vis detector and a 202 fraction 

collector using the Chiracel AD (Daicel) column. Irradiation experiments were performed 

using high-pressure Hg lamp (200 W, Oriel) or high-pressure Xe lamp (300 W, Oriel) 

equipped with bandpass filters or fluorescence filters (Andover corporation). For irradiation 

of larger quantities of the compounds (NMR samples, preparative purposes) a handheld 

lamp with 313 and 365 nm UV light (Spectroline E-series) was used. 

 

2-Chloro-5-methylthiophene (2.8)
22

 

2-Methylthiophene (100 ml, 1.03 mol) and N-chlorosuccinimide (152 g, 

1.13 mol) were added to a mixture of benzene (400 ml) and acetic acid 

(400 ml). The resulting suspension was stirred 30 min at room temperature 

and 1 h under reflux. After cooling, aqueous NaOH (300 ml of a 3M 

solution) was added. The water layer was separated from the organic layer which was 

washed with aqueous NaOH (3x300 ml of a 3M solution), dried over Na2SO4 and the 

solvent evaporated in vacuo. The remaining slightly yellow liquid was distilled under 

reduced pressure (50 mm, 75°C) to give 111g (84 %) of the product as a colourless liquid. 
1
H NMR (CDCl3, 300 MHz) 2.30 (s, 3H), 6.40 – 6.42 (m, 1H), 6.58 (d, J = 2.2 Hz, 1H). 

13
C NMR (CDCl3, 75.4 MHz)  15.24 (q), 124.29 (d), 125.68 (d), 126.39 (s), 138.40 (s), 

MS (EI): 131 [M
+
] 

 

2,2'-Bis-(5-Chloro-2-methylthiophene-3-carbonyl)-biphenyl (2.9) 

Diphenic acid (9.69 g, 40 mmol) was suspended in 

SOCl2  (58 ml, 95.2 g, 0.8 mol) and heated to reflux for 

4 h, protected from moisture. The unreacted SOCl2 was 

evaporated and 2-chloro-5-methylthiophene 2.8 (10.6 g, 

80 mmol) in CH2Cl2 (100 ml) was added. The mixture 

was cooled in an ice-bath to 0°C and AlCl3 (13.3 g, 100 

mmol) was added in several portions. After 30 min 

stirring at 0°C the temperature was allowed to rise to r.t. and stirring continued at this 

temperature for 16 h. Ice-cold water was then slowly added to destroy the AlCl3, the 

organic layer was separated and the water layer extracted with Et2O (3x100 ml). The 

combined organic extracts were then dried over Na2SO4 and the solvents evaporated. 

Purification by chromatography (silica gel, n-hexane:ethyl acetate / 9:1) yielded  11.89 g 

(63%) of product 2.9 as a white solid. 
1
H NMR (CDCl3, 400 MHz) 2.49 (s, 6H), 6.75 (s, 2H), 7.33 – 7.41 (m, 6H), 7.47 – 7.52 

(m, 2H). 
13

C NMR (CDCl3, 100.6 MHz)  16.59 (q), 124.94 (s), 127.92 (d), 129.57 (d), 130.29 (d), 

131.76 (d), 132.48 (d), 136.30 (s), 140.29 (s), 141.29 (s), 150.30 (s), 191.92 (s). 

MS (EI): 470 [M
+
]; HRMS calcd. for C36H26S2: 469.9969. Found: 469.9972. 

 

 

 

 

 

SCl

O O SS

Cl Cl
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9,10-Bis-(5-chloro-2-methylthien-3-yl)-phenanthrene (2.10) 

TiCl4 (1.65 ml, 2.85 g, 15 mmol) was added dropwise to Zn-

dust (1.3 g, 20 mmol) suspended in dry THF (25 ml) kept under 

a nitrogen atmosphere. This mixture was heated at reflux for 1 

h, cooled to r.t. and the diketone 2.9 (4.71 g, 10 mmol) was 

added. The mixture was again heated at reflux for 4 h. After 

cooling to r.t. n-pentane (50 ml) was added, the slurry was 

filtered through silica gel pad on a fritted funnel which was 

subsequently washed with Et2O (50 ml). The solvents from the filtrate were evaporated and 

the residue purified by column chromatography (silica gel, n-hexane:toluene / 19:1) to yield 

2.33 g (53%) of product 2.10 as a white solid. m.p. 157-159 °C 
1
H NMR (CDCl3, 300 MHz) 2.00, 2.04 (2s, 6H), 6.56, 6.57 (2s, 2H), 7.55 – 7.73 (m, 6H), 

8.79 (d, J = 8.1 Hz, 2H), 
13

C NMR (CDCl3, 75.4 MHz)  14.25 (q), 122.87 (d), 125.43 (d), 125.59 (s), 125.66 (s), 

127.11 (d), 127.18 (d), 127.24 (d), 127.99 (d), 128.36 (d), 129.18 (d), 130.37 (s), 130.41 (s), 

131.24 (s), 131.38 (s), 132.49 (s), 132.52 (s), 134.82 (s), 134.95 (s), 135.14 (s), 135.48 (s). 

MS (EI): 438 [M
+
]; HRMS calcd. for C24H16S2Cl2: 438.0071. Found: 438.0077. 

Anal. calcd. for C24H16S2Cl2: C, 65.60; H, 3.67. Found: C, 65.20; H 3.59. 

 

The purple species 2.16 
Dichloride 2.10 (10 mg) was dissolved in toluene (100 ml). This solution was stirred and 

irradiated with >300 nm light using a 300 W high-pressure Xe lamp for 3 h. The solvent 

was then evaporated. The product 2.16 is not separable from the remaining reactant 2.10 

neither by chromatography nor by crystallization. However it is ca. 90 % pure allowing to 

measure its NMR spectra and perform mass analysis. 
1
H NMR (CDCl3, 400 MHz) 265 (s, 3H), 2.67 (s, 3H), 7.05 (2s, 2H), 7.26-7.40 (m, 4H), 

7.76 (d, J = 7.7 Hz, 2H), 8.05 (d, J = 7.7 Hz, 2H). 
13

C NMR (CDCl3, 75.4 MHz)  23.47 (q), 29.93 (q), 53.11 (s), 71.72 (s), 119.59 (d), 123.97 

(d), 126.74 (d), 128.23 (d), 128.39 (s), 128.62 (d), 129.93 (s), 132.65 (s), 134.10 (s), 137.86 

(s) 

MS (EI): 438 [M
+
].  

 

9,10-Bis-(5-formyl-2-methylthien-3-yl)-phenanthrene (2.11) 

The dichloride 2.10 (879 mg, 2 mmol) was dissolved in 

anhydrous diethyl ether (15 ml) under a nitrogen atmosphere, 

and n-BuLi (2.5 ml of 1.6M solution in hexane, 4 mmol) 

was added slowly at 0°C. After the addition the reaction 

mixture was allowed to warm to r.t. and was stirred for 1 h. 

Then DMF (0.39 ml, 366 mg, 5 mmol) was added, followed 

by stirring for the next 1 h at r.t. Diluted HCl (10 ml of 1M 

aq. solution) was added and the mixture was extracted with ethyl acetate (3 x 20 ml). The 

combined extracts were dried over Na2SO4 and the solvents evaporated. Purification by 

chromatography (silica gel, n-hexane:ethyl acetate / 3:1) gave 570 mg (67%) of product 

2.11 as a white solid. 
1
H NMR (CDCl3, 300 MHz) 2.16, 2.23 (2s, 6H), 7.39, 7.44 (2s, 2H), 7.48, 7.51 (2d, J = 

7.0 Hz, 2H), 7.59 (dd, J = 7.0, 8.0 Hz, 2H), 7.75 (t, J = 7.0 Hz, 2H),  8.84 (d, J = 8.0 Hz, 

2H), 9.73, 9.75 (2s, 2H) 

S S ClCl

S S

O O
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13
C NMR (CDCl3, 75.4 MHz)  15.29 (q), 15.37 (q), 123.07 (d), 126.69 (d), 126.79 (d), 

127.52 (d), 130.48 (s), 130.53 (s), 130.77 (s), 130.83 (s), 131.82 (s), 137.49 (s), 137.94 (s), 

138.12 (d), 139.69 (d), 140.35 (s), 140.48 (s), 147.94 (s), 148.02 (s), 182.36 (d), 182.48 (d). 

MS (EI): 426 [M
+
]; HRMS calcd. for C26H18O2S2: 426.0748. Found: 426.0750. 

 

General procedure for the Suzuki coupling in the synthesis of the compounds 2.12-

2.15. 
The dichloride 2.10 (879 mg, 2 mmol) was dissolved in anhydrous THF (15 ml) under a 

nitrogen atmosphere, and n-BuLi (2.5 ml of 1.6M solution in hexane, 4 mmol) was added 

slowly at 0°C. Subsequently the reaction mixture was allowed to warm to r.t. and stirred for 

1 h. Then B(n-OBu)3 (1.22 ml, 1.04 g, 4.5 mmol) was added, followed by stirring for the 

next 1 h at r.t. Degassed aq. Na2CO3 (5 ml of 2M solution), Pd(PPh3)4 (46 mg, 0.04 mmol) 

and the corresponding aryl-halide (5 mmol) were added and the mixture was heated at 

reflux for 3 h. Next, water (50 ml) was added and the mixture was extracted with Et2O (3 x 

50 ml). The combined extracts were dried over Na2SO4 and the solvents evaporated. 

Purification by chromatography on silica gel using n-hexane:toluene mixtures as an eluent 

gave pure products as solids in 50-97% yields. 

 

9,10-Bis-[5-phenyl-2-methylthien-3-yl]-phenanthrene (2.12) 
This compound was synthesized according to the 

general procedure using iodobenzene (0.56 ml, 1.02 g, 

5 mmol) as the arylhalide component. Purification 

was performed by chromatography (silica gel, n-

hexane:toluene / 9:1) to give 715 mg (68%) of the 

product as a white solid. m.p. 182-183 °C 
1
H NMR (CDCl3, 400 MHz) 2.10, 2.17 (2s, 6H), 

7.03, 7.04 (2s, 2H), 7.20 – 7.36 (m, 6H), 7.44 – 7.60 

(m, 6H), 7.69 – 7.83 (m, 4H), 8.83 (d, J = 8.4 Hz, 2H), 
13

C NMR (CDCl3, 100.6 MHz)  14.48 (q), 14.56 (q), 122.79 (d), 122.82 (d), 125.45 (s), 

125.57 (s), 125.74 (d), 126.84 (d), 127.09 (d), 127.18 (d), 127.43 (d), 127.57 (d), 128.89 (d), 

128.95 (d), 130.30 (s), 130.36 (s), 131.55 (s), 131.81 (s), 133.22 (s), 133.29 (s), 134.69 (s), 

134.75 (s), 135.82 (s), 136.27 (s) 136.84 (s), 137.25 (s), 139.80 (s). 

MS (EI): 522 [M
+
]; HRMS calcd. for C36H26S2: 522.1476. Found: 522.1487. 

Anal. calcd. for C36H26S2: C, 82.72; H 5.01. Found: C, 82.90; H, 4.96. 

 

9,10-Bis-[5-(5-methylthien-2-yl)-2-methylthien-3-yl]-phenanthrene (2.13) 

This compound was synthesized according to the 

general procedure using 2-bromo-5-

methylthiophene (0.57 ml, 885 mg, 5 mmol) as 

the arylhalide component. Purification was done 

by chromatography (silica gel, n-hexane:toluene / 

9:1) to give 698 mg (62%) of the product as a 

white solid. m.p. 144-146 °C 
1
H NMR (CDCl3, 400 MHz) 2.07, 2.13 (2s, 6H), 

2.45, 2.46 (2s, 6H), 6.61 – 6.65 (m, 2H), 6.80 – 6.87 (m, 4H), 7.54 – 7.60 (m, 2H), 7.68 – 

7.79 (m, 4H), 8.82 (d, J = 8.1 Hz, 2H), 

S S

S S

SS
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13
C NMR (CDCl3, 100.6 MHz)  14.30 (q), 14.35 (q), 15.46 (q), 122.79 (d), 122.88 (d), 

123.11 (d), 125.45 (d), 125.82 (d), 125.91 (d), 126.85 (d), 126.93 (d), 127.08 (d), 127.41 (d), 

127.52 (d), 130.30 (s), 130.36 (s), 131.51 (s), 131.74 (s), 133.05 (s), 133.17 (s), 133.51 (s), 

133.57 (s), 134.76 (s), 135.01 (s), 135.56 (s), 135.62 (s), 136.41 (s), 136.76 (s), 138.58 (s), 

138.67 (s). 

MS (EI): 562 [M
+
]; HRMS calcd. for C34H26S4: 562.0917. Found: 562.0922. 

Anal. calcd. for C34H26S4: C, 72.56; H, 4.66. Found: C, 72.90; H, 4.73. 

 

9,10-Bis-[5-(4-methoxyphenyl)-2-methylthien-3-yl]-phenanthrene (2.14) 

This compound was synthesized according 

to the general procedure using 4-

bromoanisole (0.63 ml, 935 mg, 5 mmol) 

as the arylhalide component. Purification 

was done by chromatography (silica gel, n-

hexane:toluene / 1:1) to give 610 mg (52%) 

of the product as a white solid. m.p. 164-

166 °C 

Ratio of isomers after synthesis; RR,SS/Meso 64/36 

Racemate 
1
H NMR (CDCl3, 300 MHz) 2.17 (s, 6H), 3.83 (s, 6H), 6.90 (d, J = 8.4 Hz, 4H) 6.93 (s, 

2H), 7.44 (d, J = 8.4 Hz, 4H), 7.57 (d, J = 8.1 Hz, 2H), 7.70 – 7.78 (m, 4H), 8.84 (d, J = 8.1 

Hz, 2H), 
13

C NMR (CDCl3, 75.4 MHz)  14.48 (q), 55.48 (q), 114.34 (d), 122.76 (d), 124.62 (d), 

126.72 (d), 126.77 (d), 127.05 (d), 127.47 (d), 127.66 (s), 130.33 (s), 131.85 (s), 133.38 (s), 

134.69 (s), 137.13 (s), 139.61 (s), 158.95 (s) 

MS (EI): 582 [M
+
]; HRMS calcd. for C38H30O2S2: 582.1687. Found: 582.1674. 

Meso form 
1
H NMR (CDCl3, 300 MHz) 2.08 (s, 6H), 3.81 (s, 6H), 6.83 (d, J = 8.4 Hz, 4H) 6.91 (s, 

2H), 7.38 (d, J = 8.4 Hz, 4H), 7.58 (t, J = 7.7 Hz, 2H), 7.70 (t, J = 7.7 Hz, 2H), 7.82 (d, J = 

7.7 Hz, 2H), 8.83 (d, J = 7.7 Hz, 2H), 
13

C NMR (CDCl3, 75.4 MHz)  14.40 (q), 55.47 (q), 114.28 (d), 122.79 (d), 126.22 (d), 

126.76 (d), 127.00 (d), 127.03 (d), 127.60 (d), 127.73 (s), 130.27 (s), 131.60 (s), 133.28 (s), 

135.22 (s), 136.71 (s), 139.56 (s), 158.95 (s) 

MS (EI): 582 [M
+
]; HRMS calcd. for C38H30O2S2: 582.1687. Found: 582.1673. 

Anal. calcd. for C38H30O2S2: C, 78.32; H, 5.19. Found: C, 78.50; H, 5.30. 

 

9,10-Bis-[5-(4-cyanophenyl)-2-methylthien-3-yl]-phenanthrene (2.15) 

This compound was synthesized according 

to the general procedure using 4-

bromobenzonitrile (900 mg, 5 mmol) as the 

arylhalide component. Purification was 

done by chromatography (silica gel, 

toluene) to give 1.12 g (97%) of the 

product as a white solid. m.p. 303-305 °C 

Racemate 
1
H NMR (CDCl3, 300 MHz) 2.21 (s, 6H), 

7.12 (s, 2H), 7.47 – 7.55 (m, 10H), 7.63 – 7.73 (m, 4H), 8.84 (d, J = 8.1 Hz, 2H), 

S S
O O

S S
NC CN
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13
C NMR (CDCl3, 75.4 MHz)  14.62 (q), 110.10 (s), 118.96 (s), 122.94 (d), 125.43 (d), 

127.05 (d), 127.16 (d), 127.26 (d), 127.36 (d), 130.40 (s), 131.27 (s), 132.63 (s), 132.73 (d), 

137.81 (s), 137.91 (s), 138.42 (s), 138.57 (s) 

MS (EI): 572 [M
+
]; HRMS calcd. for C38H24N2S2: 572.1381. Found 572.1379. 

Meso form 
1
H NMR (CDCl3, 300 MHz) 2.14 (s, 6H), 7.13 (s, 2H), 7.47 – 7.62 (m, 10H), 7.71 – 7.77 

(m, 4H), 8.85 (d, J = 8.4 Hz, 2H), 
13

C NMR (CDCl3, 75.4 MHz)  14.63 (q), 110.30 (s), 118.91 (s), 122.99 (d), 125.55 (d), 

127.23 (d), 127.31 (d), 128.45 (d), 128.85 (d), 130.42 (s), 131.18 (s), 132.64 (s), 132.80 (d), 

137.48 (s), 137.72 (s), 138.71 (s), 139.03 (s) 

MS (EI): 572 [M
+
]; HRMS calcd. for C38H24N2S2: 572.1381. Found 572.1378. 

Anal. calcd. for C38H24N2S2: C, 79.69; H, 4.22; N 4.89. Found: C, 79.90; H, 4.26; N, 4.81. 
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Chapter 3  

 

3,4-Dithienylfurans – coupling of 

molecular switching to reversible 

cycloaddition  

 

This chapter focuses on the study of the interplay between photochemical switching and 

cycloadditions reactions. Both processes, the switching as well as the cycloaddition 

reaction, are reversible, resulting in three stable states of the switching system. In the first 

state, the dithienylfuran molecule is not photoactive and it has to undergo a cycloaddition 

reaction to give the cycloadduct that is photochromic. This cycloaddition reaction is 

reversible and the retro-cycloaddition reaction can restore the dithienylfuran moiety. This 

is an example of the control of photoreactivity by a second chemical transformation 

(reaction gated switching). The cycloadduct obtained after the reaction of dithienylfuran 

with the dienophile shows behaviour typical for photochromic diarylethenes, resulting in 

the ring-closed isomer after UV irradiation and restoring the ring-open isomer after 

irradiation with visible light. However, until the system is in the state of ring-closed isomer 

no retro-cycloaddition can occur (switching gated reaction). While the ring opened 

cycloadduct can undergo the photoreaction as well as the retro-cycloaddition reaction, the 

other two states have only one possibility. The dithienylfuran allows only the cycloaddition 

reaction to proceed and its photoreactivity is blocked, while the closed form of the 

cycloadduct can undergo the photochromic reaction while its reactivity with respect to 

retro-cycloaddition reaction is hindered. 
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3.1 Diels-Alder / retro Diels-Alder reaction couple 
 

The Diels-Alder reaction is widely used in organic chemistry due to its excellent 

ability to create a six membered ring with up to four stereogenic centers in a regio- and 

stereoselective manner
1
. It is a very versatile procedure, used to make not only carbon-

carbon bonds but also carbon-heteroatom and heteroatom-heteroatom bonds. The structural 

complexity of the products that can be achieved in a single step is the reason for its frequent 

use in the construction of complex molecules and natural products
2
. 

Heating the product of the Diels-Alder reaction often results in the decomposition of 

the compound and regeneration of the original diene and the dienophile. This reverse 

process, called retro-Diels-Alder reaction
3
, was observed by Diels and Alder in 1929

4
. 

Although not of such high synthetic value as the Diels-Alder reaction, the retro-Diels-Alder 

reaction also found its applications in chemistry. Due to the requirement of high 

temperature, it is quite common and well known in mass spectrometry
5

. Synthetic 

applications started to appear in larger numbers with the advancement of the pyrolytic 

methods, particularly flash vacuum pyrolysis
6
. Several monographs and review articles 

were devoted to the application of this reaction in synthetic organic chemistry
3,7

. 

+
Diels-Alder reaction

retro-Diels-Alder reaction  

Figure 3.1 Diels-Alder/retro-Diels-Alder reactions. 

The most important feature of the Diels-Alder / retro Diels-Alder reactions is the 

reversibility controlled by thermal conditions only. No additional reagents are needed to 

drive either of the two reactions and no other products are released in the course of the 

reactions, which makes this reaction couple a perfect tool for the reversible attachment of  

two molecules. As such it has been applied to prepare reversible polymers
8
, in which the 

cross-linking, or even the polymerization itself is based on this principle. Other examples in 

the field of supramolecular chemistry, are thermally responsive dendrimers
9

 and the 

reversible attachment of fullerenes
10

. 

Our goal is to combine reversible photochemical switching with a reversible 

chemical reaction, such that they will mutually affect each other. The principle of resulting 

gating mechanism is shown in Scheme 3.1 The switch will be locked in one of its states 

until it undergoes the Diels-Alder cycloaddition and the retro Diels-Alder reaction will be 

restrained after switching. This system can be interpreted as a photoswitchable device with 

a chemical lock (reaction gated switching) or a molecular connector with an optical lock 

(switching gated reaction) (Scheme 3.1). 

 The common structural feature essential for those two mechanisms is the central 

olefin double bond of the dithienylethene photochromic switch that connects the two 

thiophenes. The switch precursor 3.1 (Scheme 3.1), based on dithienyl substituted diene, is 

photochemically inert because it lacks this double bond. However, under appropriate 

conditions, it can react reversibly with the dienophile to give cycloadduct 3.2. During the 

Diels-Alder reaction, the bonding pattern is changed, resulting in the double bond 

positioned between the thiophene rings. This change creates a hexatriene system typical for 

the diarylethene switches and thus compound 3.2 becomes photochromic and can undergo a 
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light-induced ring-closing reaction resulting in 3.3. In the closed-ring isomer 3.3 the 

bonding pattern has changed again making the retro-Diels–Alder reaction impossible. Since 

the photochemical reaction is reversible, irradiation with visible light will induce the ring-

opening reaction and convert the molecule 3.3 back to the 3.2, which is now able to 

undergo the retro-Diels–Alder reaction thereby transforming the cycloadduct to its 

components. 

S SR R S SR R

ZZ

S SR R

UV

vis

reaction 
gated 
switching

switching 
gated 
reaction

Z Z
Z Z

3.1 3.2 3.3

UV

switching blocked

X X

reversible Diels-Alder 
reaction blocked  

Scheme 3.1 The principle of switching coupled to a reversible Diels-Alder reaction. 

To develop an effective system based on the Diels-Alder/retro-Diels-Alder reaction 

couple, it would be desirable to avoid extremely high temperatures. This can be achieved 

through decreasing the Gibbs energy of activation of the process by the catalysis
11

 and via 

an appropriate choice of the diene and dienophile components. Diels –Alder reactions are 

known to be accelerated by catalysis in different ways. Besides catalysis by chemical 

species, usually Bronsted or Lewis acids
12

, Diels-Alder reactions are sensitive to pressure
13

, 

ultrasound
14

 and solvent effects
15

. 

 Reversibility of the Diels-Alder reaction has been described for anthracenes
16

, 

fulvenes
17

, cyclopentadienes
18

 and furans
19

. The most suitable diene for the construction of 

a reversible system is furan. The cycloadditions using furan were one of the first studied 

Diels-Alder reactions and addition of maleic anhydride to furan is a typical textbook 

example of this cycloaddition reaction. Due to the aromaticity of the furane ring, the 

cycloadditions product of the reaction is not substantially energetically favored and the 

Gibbs energy of the reaction is quite low, making the reverse-Diels-Alder reaction more 

feasible. On the other hand, it also causes more difficulties in the cycloaddition reaction 

itself. 

During our work, a related system, based on the fulvene instead of the furan central 

part was developed by the group of Branda
20

.  

3.2 Synthesis of the 3,4-dithienyl substituted furan 

 
The most convenient synthesis we envisioned for the desired switch precursor, the 

3,4-disubstituted furan 3.4, involves a double diaryl cross-coupling reaction between the 

appropriately substituted thiophene and furan derivative (Scheme 3.2). Two suitably 

substituted furan derivatives have been described in the literature
21,22

. Although the 
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synthesis using 3,4-bis(tri-n-butylstannyl)furan 3.5 would be more straightforward, since it 

can be coupled directly to any halogen substituted thiophene derivative, its preparation is 

quite costly and tedious
21

. 3,4-Dibromofuran 3.6 can be prepared in one step from cheap 

starting materials
22

, but requires the thiophene derivative to be converted to a suitable 

reaction partner. Furthermore, in the case of problems during the synthesis, it allows to use 

various coupling reactions
23

 depending on which thiophene precursor will be used. 

O

Br Br

O

(n-Bu)3Sn Sn(n-Bu)3O

S SR R

SR

M

SR

X

+

+

3.6

3.5

3.4

 

Scheme 3.2 Short retrosynthetic analysis of the switch precursor. 

3,4-Dibromofuran 3.6 was synthesized through oxidation of commercial (E)-2,3-

dibromo-2-butane-1,4-diol using chromosulfuric acid. The product 3.6 decomposes under 

the reaction conditions and has to be continuously removed from the reaction mixture by 

steam distillation. Due to its instability it can be stored at -20°C for a maximum of one to 

two months. 

O

Br Br

OH

HO Br

Br
O

S SCl Cl

K2Cr2O7, H2SO4

H2O, 100°C

40%
66%

35%

O

S S

SCl

B(OBu)2

S

B(OBu)2 Pd(PPh3)4, THF
aq. Na2CO3, reflux

Pd(PPh3)4, THF
aq. Na2CO3, reflux

3.10

3.6

3.7

3.8
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Scheme 3.3 Synthesis of the switch precursors. 

 This dibromide 3.6 was coupled with 2.5 equivalents of the boronic acid esters 3.7 

and 3.8 prepared from the corresponding 3-bromo-5-chloro-2-methyl-thiophene and 3-

bromo-2-methyl-benzo[b]thiophene, respectively. A one pot procedure for the preparation 

of esters and subsequent coupling was used
24

. The desired products 3.9 and 3.10 were 

obtained in moderate yields of 66% and 35%, respectively. The use of the boronic acids, 
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isolated after the hydrolysis of the esters 3.7 and 3.8, in the coupling reaction gave much 

lower yields due to extensive deboronation. The identity of the products 3.9 and 3.10 was 

confirmed by 
1
H NMR, 

13
C NMR and mass spectroscopy (see experimental part). 

Compound 3.9 was expected to be a convenient synthon suitable for the synthesis of 

a group of related compounds resulting from substitution on the C5 of the thiophenes 

(Scheme 3.4). A wide range of the dithienyl perfluoro- and perhydro-cyclopentenes  can be 

synthesized from analogous synthons
24

 by halogen lithium exchange and subsequent 

reaction with electrophiles. However, we did not succeed in replacing the chlorine atoms 

for other functional groups. Despite many attempts using  n-BuLi or t-BuLi in ether or THF 

solvents and a range of electrophiles (DMF, diethyl carbamate, B(On-Bu)3, H
+
) the reaction 

did not yield the desired product. The problem is the metal-halogen exchange step in which 

the hydrogens at C2 and C5 of the furan probably interfere. 

i) BuLi, THF or ether
    various temp.

ii) Electrophile

O

S SR R

O

S SCl Cl

3.9  

Scheme 3.4 The unsuccessful attempts to derivatize the synthon 3.9. 

 Since the photochromic performance of the switch obtained after the Diels-Alder 

reaction of 3.10 was not ideal for our purpose (vide infra), we had to go one step back and 

use again cross-coupling with 3,4-dibromofuran 3.6 in order to prepare different dithienyl 

substituted furans. To our surprise, although the synthesis of 3.9 and 3.10 was well 

reproducible, our attempts to use the same conditions to couple differently substituted 

thiophenes failed. Therefore, other coupling methodologies were applied and besides the 

Suzuki coupling also Stille and Negishi cross-coupling reactions were tried using 3-bromo-

2-methyl-5-phenyl-thiophene 3.11 as a source for the organometallic intermediate (Scheme 

3.5). The coupling reaction using the Negishi procedure was successful but the product 3.12 

was obtained in a low yield of only 18%. A possible reason for these synthetic difficulties 

is that the 3.4-dibromofuran 3.6, which is quite unstable, might decompose at higher 

temperatures required for the coupling reactions. This is supported by the observation that 

no 3,4-dibromofuran and only small amounts of the monosubstituted furan derivative are 

present in the mixture at the end of the reaction. 

O
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S

B(OBu)2

S

ZnCl

S

Sn(n-Bu)3

S

Br

i) n-BuLi, THF
ii) B(On-Bu)3

i) n-BuLi, THF
ii) n-Bu3SnCl

i) n-BuLi, THF
ii) ZnCl2

3.6, Pd(PPh3)4
2M aq. Na2CO3

3.6, Pd(PPh3)4
CuI, toluene

3.6, Pd(PPh3)4
        18%

X

X

3.11 3.12

 

Scheme 3.5 The various cross-coupling reactions examined in the synthesis of 3.12. 
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3.3 Synthesis of switches through a Diels-Alder 
reaction 
 

In general, furan can undergo Diels-Alder reactions as a diene component with a 

variety of dienophiles such as activated alkenes or alkynes
3,19

. The yield and 

stereoselectivity of the reaction depends strongly on the substituents present on the furan 

ring and on the dienophile, wheras it is also sensitive to solvent, temperature and 

concentration. 

Probably the best studied systems that have provided deep insight into the 

mechanism of the Diels-Alder and the retro-Diels-Alder reaction are the furan-maleic 

anhydride and furan-maleimide systems
19, 25

 (Scheme 3.6). Based on these studies the 

suggestion that the intramolecular pathway is responsible for isomerization of the endo 

adduct to the exo adduct was ruled out. It has been shown that the cycloaddition is in fact 

reversible and while the endo isomer is obtained at low temperatures, the exo isomer is 

favored at equilibrium
19d

. The complete kinetic characterization supported those 

observations. The endo isomer is created almost 500 times faster than exo, which makes it 

the kinetically favoured product. However, the rate of a reverse reaction is also very high. 

On the other hand the exo product, although more difficult to create, has a reverse reaction 

10 000 times slower than the endo product, being thus the thermodynamically favored 

product. 

O

O

O

O

O
O

O

O

O

O

O

O

+

7.3 x 10-3 M-1s-1

4.4 x 10-2 s-1

1.6 x 10-5 M-1s-1

4.4 x 10-6s-1

endo exo  

Scheme 3.6 The kinetic parameters for the Diels-Alder reaction of furan with maleic 

anhydride at 40°C in acetonitrile. 

The Diels-Alder reaction of 3.10 was performed using various dienophiles (Scheme 

3.7). Besides the thoroughly studied and well described maleic anhydride cycloaddition we 

applied the N-methylmaleimide dienophile, which shows very similar reactivity
26

. Phenyl 

vinylsulfonate is also very reactive dienophile, which is known to add to electron poor 

dienes, such as furan, even at room temperature
27

. 

Both maleic anhydride and N-methylmaleimide added to the switch precursor 3.10, 

even at room temperature. In order to follow the reactions in real time by 
1
H NMR 

spectroscopy, the additions were performed in CDCl3 in NMR tubes. Using five equivalents 

of the dienophile and concentration of diene of ca. 0.1 mol dm
-3

, the reaction takes more 

than a week to go to completion at room temperature. To our surprise, the phenyl 

vinylsulfonate that should have been the most reactive dienophile gave no reaction at all at 

room temperature. 
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Scheme 3.7 Reaction of the switch precursor 3.10 with different dienophiles (see text). 

 The reactions were then scaled up and performed at higher temperature, using 

boiling benzene as a solvent and 10 equivalents of the dienophile (Scheme 3.8). The adduct 

3.14 was formed almost quantitatively after 48 h and was isolated in 89 % yield. The use of 

maleic anhydride, which is prone to hydrolysis, however, gave a mixture of products, 

containing besides the desired 3.13 also products resulting from anhydride ring opening. 

Since further measurements and photochemical experiments require the pure adduct, we 

decided to continue only with 3.14 which has the added value of variation of possible 

substituents on the imide nitrogen. The dithienyl-ethene 3.15 was obtained in a similar 

manner from the dithienyl-furane derivative 3.12 and 10 equivalents of N-methylmaleimide. 

To our surprise after 48 h in boiling benzene only a trace of the product was observed. The 

reaction was repeated in boiling toluene, resulting in a 98% yield of the cycloadduct 3.15 

after 24 h. The 
1
H NMR 

13
C NMR and mass spectra showed that the cycloaddition reaction 

was successful and the desired products 3.14 and 3.15 were obtained. 

 As expected, in both cases only the thermodynamically more stable exo isomer was 

isolated. Small amounts of the kinetic endo isomer were observed only when the reaction 

was followed in real time by 
1
H NMR spectroscopy and the conversion of reactants to the 

adduct was still low. NMR evidence for the exo  isomer is the presence of new singlet 

peaks at 5.74 and 5.50 ppm for 3.13 and 3.14, respectively, corresponding to the protons at 

C2 of the furan ring. It is known that the torsional angle between the protons at C2 of the 

furan ring and those of the maleimide moiety in the exo isomer is close to 90° resulting, 

according to the Karplus equation
28

, in a coupling constant close to zero and a singlet signal. 

For the endo isomer, with a torsional angle around 35°, the corresponding proton appears as 

a multiplet
19d

. 

To perform the Diels-Alder reaction under more convenient conditions and in a 

shorter time we tried to use  Lewis acids (ZnCl2, ZnI2, BF3.OEt2, HfCl4) as a catalyst. Our 

ultimate goal was to be able to perform the Diels-Alder reaction and subsequent 

photochemical ring closure in one pot and at ambient temperature as would be desirable if 
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the system should work as a molecular device. The most effective catalyst was BF3.OEt2, 

however, as we found later, its presence interfered with the photochemistry. The addition of 

BF3.OEt2 (0.2 eq) to the mixture of 3.12 and N-methylmaleimide resulted in formation of 

the product 3.15 within 24h at 40°C, compared to 48h at 80°C without the catalyst. The 

ring-closing reaction of the diarylethene 3.15o in  the presence of BF3.OEt2 proceeded as 

expected to give the closed form 3.15c, as observed by UV-vis spectroscopy. However, it 

was followed by a rapid thermochromic ring-opening back to 3.15o within 1h, 

accompanied by partial decomposition of the diarylethene molecule (see Scheme 3.10, vide 

infra). Since 3.15c in pure solvents (dichloromethane, benzene, toluene) shows no 

thermochromism, even when heated to 80°C for 48h, this effect must be a result of the 

presence of the catalyst. The closed form of the switch in the presence of the catalyst 

becomes unstable, leading partly back to the open form and partly decomposition of the 

material. 

O
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NO O
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NO O

O

S S

O

S S

NO O
10 eq.

NO O
10 eq.

benzene, reflux
48 h, 89%

toluene, reflux
24 h, 98%

3.10

3.12

3.14

3.15  

Scheme 3.8 Synthesis of the new diarylethenes 3.14 and 3.15 through the Diels-Alder 

reaction. 

3.4 Photochemistry of the dithienylethene 
cycloadducts 

 
The Diels –Alder reaction results in a change of the bonding pattern of the product. 

Two of the four electrons of the furan π-bonds take part in the creation of the two new 

single bonds connecting the furan to the dienophile, and the remaining two electrons are 

involved in a new π- bond between the C2 and C3 carbons of the furan ring (Scheme 3.8). 

This double bond completes the photoactive hexatriene system and the product thus 

becomes photochromic (Scheme 3.9). 
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Scheme 3.9 Photochromic behavior of the diarylethene 3.14. 

As expected, irradiation of a dichloromethane solution of the switch precursor 3.10 

(UV-vis spectrum of 3.10 is shown in Figure 3.2a) with 254 nm UV light did not cause any 

change in its UV spectra (3.10 does not absorb at 313 nm, which is the standard wavelength 

of light used to induce the ring closing reaction, see Figure 3.2a). This proves that the 3.10 

is not photochromic and its switching is gated by the cycloaddition reaction. Irradiation of 

the solution of the cycloadduct with N-methylmaleimide 3.14o (Scheme 3.9 and Figure 

3.2a) with 313 nm UV light resulted in a different UV spectrum together with a visual 

colour change from colourless to red (Figure 3.2a). This indicates the presence of the closed 

isomer 3.14c with a longer conjugated system. While the open form 3.14o absorbs light 

only in the UV region with absorption maximum at 236 nm and two lower absorption 

bands at 294 and 302 nm, the closed form absorbs also in the visible region at 440 nm, 

which results in the red colour of the solution. The ratio of the open and closed form in the 

photostationary state was 3.14c : 3.14o / 78 : 22 as determined by 
1
H NMR spectroscopy, 

which means that about three quarters of the molecules are in the closed form while one 

quarter still remain in the open form.  

 

 

Figure 3.2 UV-vis spectra of cycloadduct 3.14. a) open form 3.14o (───) and mixture at 

the photostationary state after irradiation with 313 nm light (-----) in dichloromethane, 

together with 3.10 (
…….

); b) absorbance monitored at 440 nm during alternate irradiation 

with 313 nm UV light and >420 nm visible light. 
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 The closed form 3.14c is thermally stable and no thermochromic ring-opening was 

observed upon heating to 80°C for 48h in toluene. Since 48h and 80°C are the conditions 

necessary for the establishment of the equilibrium between the dithienylfuran 3.10, N-

methylmaleimide and the product of their cycloadditions 3.14o (Scheme 3.8), this means 

that the retro-cycloaddition reaction can be blocked by the ring-closing reaction, since the 

ring-closed product 3.14c can withstand such temperatures, i.e. the retro-cycloaddition can 

be effectively gated by switching. 

Irradiation of the solution containing the closed ring isomer 3.14c with visible light 

with a wavelength longer than 420 nm, results in the restoration of the original UV-vis 

spectrum of the open form 3.14o. Alternate irradiations with 313 nm UV light and >420 nm 

visible light were followed by UV-vis spectroscopy to asses the fatigue resistance of the 

switch (Figure 3.2b). The switching cycle can be repeated several times, however some 

decomposition occurs already after a few cycles. The decrease in the absorbance at 440 nm 

was about 15% after 5 cycles (Figure 3.2b). 

Although the diarylethene switch 3.14 shows efficient photochromic behaviour, it is 

not an ideal candidate for the study of the mutual influence of photochromism and the 

cycloadditions reaction. The major drawback is the relatively high content of the open form 

in the photostationary state (Scheme 3.9), which upon heating partially undergoes the retro-

Diels-Alder addition giving the original components 3.10 and N-methylmaleimide. 

Furthermore the fatigue resistance of 3.14  is not excellent. Diarylethene 3.15, however, 

does not posses any of those drawbacks. 

Irradiation with 313 nm UV light converted 3.15o to 3.15c (Scheme 3.10), as can be 

seen from the UV-vis spectra before and after the irradiation (Figure 3.3a). A new 

absorption, typical for the closed form of the switch, appeared at 518 nm and the solution 

changed colour to blue. 
1
H NMR spectroscopy of the irradiated solution shows the presence 

of only the closed form 3.15c, which means that complete conversion is achieved in the 

photostationary state. 
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3.15o
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> 420 nm
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Scheme 3.10 Photochromic behavior of the diarylethene 3.15. 

 As in the case of 3.14c, the ring-closed form 3.15c is also thermally stable and 

showed no change in the UV-vis spectrum after heating to 100°C for 48h in toluene. The 

irradiation of the solution of 3.15c with visible light with a wavelength > 420 nm resulted 

in the ring-opening reaction  and the original UV-vis spectrum of the open form 3.15o was 

restored (Figure 3.3a). The fatigue resistance of this diarylethene was also studied by 

performing several ring-closing and ring-opening cycles while following the absorption at 

518 nm (the maximum of the absorption band in the visible region for the closed form 
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3.15c) (Figure 3.3b). The decrease in absorbance was only about 1% after five switching 

cycles and a clear isosbestic point at 332 nm was observed during the whole process, which 

means that this switch has an excellent fatigue resistance. 

 

Figure 3.3 UV-vis spectra of cycloadduct 3.15. a) open form 3.15o (───) and at the 

photostationary state after irradiation with 313 nm light (-----) in toluene; b) absorbance 

monitored at 440 nm during alternate irradiation with 313 nm UV light and >420 nm 

visible light. 

3.5 Retro-Diels-Alder reaction 

 
The last process to be investigated for this system is the possibility of blocking the 

photochromic switching using the retro-cycloaddition reaction. Heating of 3.15 at 100 C 

for 48h in toluene is sufficient to establish the equilibrium between the diene 3.12, N-

methylmaleimide as a dienophile and the cycloadditions product 3.15 (Scheme 3.11). 

However, the equilibrium is strongly shifted to the side of the product with an equilibrium 

constant of 547 M
-1

. The reaction equilibrium constant was determined by observing the 

ratio of reactants and product at equilibrium using 
1
H NMR spectroscopy at three different 

concentrations. The solution of pure cycloadduct 3.15 (concentrations of 10 mg/ml, 1 

mg/ml and 0.1 mg/ml in deuterated toluene) was heated to 100 C for 48h to reach 

equilibrium. Even for the lowest concentration (0.1 mg/ml) the solution still contained 9% 

of the cycloadduct 3.15. The high temperature required for the retro-cycloaddition and the 

equilibrium strongly favouring the cycloadduct present two major drawbacks of this system. 

The retro-cycloaddition proceeded as expected but the switching behaviour could 

not be completely blocked, since even at low concentrations the photoactive cycloadduct 

3.15 is still present. To solve this problem, the equilibrium that establishes during heating 

should be shifted to the side of the diene and dienophile. Such a shift in the equilibrium 

occurs when one of the components is removed from the mixture effectively decreasing its 

concentration to zero. Since the goal is to liberate the dithienylfuran 3.12 from its 

cycloadduct, the component that should be removed is the N-methylmaleimide dienophile. 

This is most readily achieved by allowing the N-methylmaleimide to react with a diene 

more reactive than furan, anthracene being a good candidate (Scheme 3.11).   
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Scheme 3.11 The reversibility of the cycloadditions reaction and shifting of its equilibrium 

by trapping the dienophile. 

 The retro-Diels-Alder reaction was then performed in the presence of one 

equivalent of anthracene (Scheme 3.11) under the same conditions. As can be seen from the 

experiment where the reaction was followed by 
1
H NMR spectroscopy (Figure 3.4), the 

reaction was complete after 48h at 100 C, when signals corresponding to the cycloadduct 

3.15 or the free N-methylmaleimide ceased to be observed (Figure 3.4d). The 
1
H NMR 

spectrum after the reaction showed the presence of only two components; the dithienylfuran 

3.12 was identified through comparison with the 
1
H NMR spectrum of the pure compound 

and presence of N-methyl-9,10-dihydro-9,10-ethanoanthracene-11,12-dicarboximide 3.16 

was confirmed through comparison with the 
1
H NMR spectra reported in literature

29
. The 

1
H NMR spectrum measured during the reaction (24h at 100 C) shows the mixture of the 

reactants and the products. Signals for 3.15 along with signals for the free N-

methylmaleimide and its cycloadduct with anthracene, are clearly visible (Figure 3.4c). The 

method of scavenging the dienophile by the concurrent cycloaddition reaction with 

anthracene was indeed successful, resulting in the complete retro-Diels-Alder reaction of 

3.15 and liberation of the photochemically inactive dithienylfuran 3.12. 
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Figure 3.4 Reaction scheme and partial 
1
H NMR spectra (region 2-7 ppm) of the reaction 

mixture during retro-Diels –Alder reaction of 3.15 in toluene-d8 using anthracene as a 

dienophile scavenger a) reaction scheme, b) 3.15 + anthracene before reaction, c) reaction 

mixture after 24 h at 100°C d) reaction mixture after 48 h at 100°C. 

3.6 Conclusion 

 
A system that combines photochemical switching with chemical reactivity which 

mutually affect each other was developed. This system can exist in each of the three basic 

states (Scheme 3.12). Dithienylfuran  3.12 it is photochemically inert (reaction gated 

switching), but with a suitable dienophile (N-methylmaleimide) at elevated temperature can 

undergo the Diels-Alder cycloaddition reaction to give the diarylethene 3.15o. The 

cycloadditions reaction is reversible and upon heating 3.15o in very diluted solution, or in 

the presence of dienophile scavenger compound 3.12 is restored. The second state, 

diarylethene 3.15o manifests behaviour typical for the photochromic molecular switch. 

Upon irradiation with UV light the ring-closing reaction takes place resulting in the third 

state, the closed form 3.15c, quantitatively. This photochemical process is reversible, and 

after irradiation of 3.15c with visible light, 3.15o is restored. Heating of 3.15c, unlike 3.15o, 

does not results in the retro-Diels-Alder reaction. To obtain again the dithienylfuran 3.12, 

compound 3.15c has to be first switched back to 3.15o (switching gated reaction). This 
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molecular design comprises a three stage coupled system in which both photoswitching and 

reversible cycloadditions are gated and mutually depend on each other. 

O
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S S
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Scheme 3.12 Overview of the interplay between chemical reactivity and photochemical 

switching. 

3.7 Experimental section 

 
General information: 

 

For general information on synthesis, characterization and photochemical studies, 

see Chapter 2. 

 

3,4-Dibromofuran (3.6)
22

 

(E)-2,3-dibromo-2-butene-1,4-diol (24.6 g, 0.1 mol) was dissolved in sulfuric 

acid (60 ml of a 7.5% aqueous solution) at 80°C in a three necked flask. The 

flask was equipped with a distillation condenser, addition funnel and a steam 

generator was attached to it. When the steam distillation started, the 

chromosulfuric acid prepared from potassium dichromate (28 g), concentrated sulfuric acid 

(20 ml, 36 g) and water (100 ml), was added dropwise from the addition funnel over 2 h. 

The distillation was continued for 1 h. The collected distillate was extracted with petroleum 

ether (3 x 100 ml), the organic extracts were washed with Na2CO3 (50 ml of sat. aq. 

solution) and dried over Na2SO4. Evaporation of the solvent gave the product (9 g, 40%) as 

a colourless liquid that is pure enough for the next step. 

O

Br Br
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1
H NMR (CDCl3, 300 MHz) 7.45 (s, 2H). 

13
C NMR (CDCl3, 75.4 MHz)  104.02 (s), 141.58 (d). 

MS (EI): 224 [M
+
]; HRMS calcd. for C4H2O 223.8472 found 223.8486. 

 

3,4-Bis-(5-chloro-2-methyl-thiophen-3-yl)-furan (3.9) 

3-Bromo-5-chloro-2-methyl-thiophene (1.06 g, 5 mmol) 

dissolved in anhydrous Et2O (10 ml) under nitrogen, and n-

BuLi (3.5 ml of 1.6 M solution in n-hexane, 5.5 mmol) was 

slowly added at -78°C. This mixture was stirred for 1 h at the 

same temperature and then B(OBu)3 (1.6 ml, 1.38 g, 6 mmol) 

was added at once. After stirring for 30 min at -78°C the 

reaction mixture was allowed to warm and stirred for 30 min at r.t. Next 3,4-dibromo-furan 

(450 mg, 2 mmol), Pd(PPh3)4 (138 mg, 0.12 mmol) and aq. Na2CO3 (10 ml of a 2M aq. 

solution) together with THF (10 ml) were added and the reaction mixture was heated at 

reflux overnight. After cooling to r.t. Et2O (50 ml) and water (50 ml) were added, the 

organic layer separated and the aqueous layer extracted with Et2O (2x50 ml). The combined 

organic extracts were then dried over Na2SO4 and the solvents evaporated. Purification by 

chromatography (silica gel, n-hexane) yielded  432 mg (66%) of the product. 
1
H NMR (CDCl3, 300 MHz) 2.17 (s, 6H), 6.52 (s, 2H), 7.46 (s, 2H). 

13
C NMR (CDCl3, 75.4 MHz)  13.96 (q), 120.36 (s), 125.74 (s), 127.84 (d), 127.99 (s), 

134.41 (s), 141.05 (d). 

MS (EI): 328 [M
+
]; HRMS calcd. for C14H10Cl2OS2 327.9550 found 327.9553. 

 

3,4-Bis-(2-methyl-benzo[b]thiophen-3-yl)-furan (3.10) 

3-Bromo-2-methyl-benzo[b]thiophene (1.13 g, 5 mmol) was 

dissolved in anhydrous THF (10 ml) under nitrogen and n-

BuLi (3.5 ml of 1.6 M solution in n-hexane, 5.5 mmol) was 

slowly added at -78°C. This mixture was stirred for 1 h at the 

same temperature and then B(OBu)3 (1.6 ml, 1.38 g, 6 mmol) 

was added all at once. After stirring for 30 min at -78°C the 

reaction mixture was allowed to warm up and stirred for 30 

min at r.t. Next 3,4-dibromo-furan (450 mg, 2 mmol), Pd(PPh3)4 (138 mg, 0.12 mmol) and 

Na2CO3 (10 ml of a 2M aq. solution) together with THF (10 ml) were added and reaction 

mixture was heated at reflux overnight. After cooling to r.t. Et2O (50 ml) and water (50 ml) 

were added, the organic layer separated and the water layer extracted with Et2O (2x50 ml). 

The combined organic extracts were then dried over Na2SO4 and the solvents evaporated. 

Purification by chromatography (silica gel, n-hexane:toluene / 3:1) yielded  275 mg (38%) 

of the product as a white solid m.p. 156-157°C . 
1
H NMR (CDCl3, 300 MHz)  2.07 (s, 6H), 7.16-7.22 (m, 4H), 7.48-7.53 (m, 2H), 7.63-

7.68 (m, 2H)  7.71 (s, 2H). 
13

C NMR (CDCl3, 75.4 MHz)  14.59 (q), 120.15 (s), 121.93 (d), 122.11 (d), 123.79 (d), 

123.83 (s), 124.15 (d), 138.00 (s), 138.26 (s) 140.19 (s), 142.21 (d). 

MS (EI): 360 [M
+
]; HRMS calcd. for C22H16OS2 360.0643 found 360.0641. 

 

 

 

O

S S ClCl

O
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3,4-Bis-(2-methyl-5-phenyl-thiophen-3-yl)-furan (3.12) 

3-Bromo-2-methyl-5-phenyl-thiophene (0.9 g, 3.5 

mmol) was dissolved in anhydrous THF (10 ml) 

under nitrogen and n-BuLi (2.2 ml of 1.6 M solution 

in n-hexane, 3.5 mmol) was slowly added at -78°C. 

This mixture was stirred for 1 h at the same 

temperature and then ZnCl2 (4.8 ml of 10% solution 

in THF, 3.5 mmol) was added. After stirring for 10 

min at -78°C the reaction mixture was allowed to warm up and stirred for 1 h at r.t. Next 

3,4-dibromo-furan (337 mg, 1.5 mmol) and Pd(PPh3)4 (86 mg, 0.075 mmol) were added 

and the reaction mixture was heated at reflux overnight. After cooling to r.t. NH4Cl (20 ml 

of sat. aq. solution) was added, and the mixture extracted with Et2O (3x30 ml). The 

combined organic extracts were then dried over Na2SO4 and the solvents evaporated. 

Purification by chromatography (silica gel, n-hexane:toluene / 9:1) yielded  114 mg (18%) 

of the product as a colourless oil that solidifies upon standing. 
1
H NMR (CDCl3, 400 MHz) 2.32 (s, 6H), 7.03 (s, 2H), 7.26 (t, J = 7.3 Hz, 2H), 7.35 (t, J 

= 7.3 Hz, 4H), 7.52 (d, J = 7.3 Hz, 4H), 7.60 (s, 2H). 
13

C NMR (CDCl3, 100.6 MHz)  14.28 (q), 121.20 (s), 125.25 (d), 125.50 (d), 127.21 (d), 

128.92 (d), 129.77 (s), 134.43 (s), 135.46 (s), 140.02 (s), 140.75 (d). 

MS (EI): 412 [M
+
]; HRMS calcd. for C26H20OS2 412.0956 found 412.0941. 

 

4-Methyl-8,9-bis-(2-methyl-benzo[b]thiophen-3-yl)-10-oxa-4-aza-

tricyclo[5.2.1.0
2,6

]dec-8-ene-3,5-dione (3.14) 

3,4-Bis-(2-methyl-benzo[b]thiophen-3-yl)-furan (36 mg, 0.1 

mmol) and N-methylmaleimide (111 mg, 1 mmol) were 

dissolved in benzene (1 ml) and refluxed for 48 h. Then the 

solvent was evaporated and the residue purified by column 

chromatography (silica gel, n-hexane:ethyl acetate / 3:1) to 

give 42 mg (89%) of product as a white solid that 

decomposes upon heating. 
1
H NMR (CDCl3, 300 MHz)  2.00 (s, 6H), 3.05 (s, 3H), 

3.46 (s, 2H), 5.74 (s, 2H) 7.25-7.35 (m, 4H) 7.60-7.65 (m, 

2H), 7.7-7.75 (m, 2H). 
13

C NMR (CDCl3, 100.6 MHz)  14.87 (q), 25.23 (q), 48.82 (d), 85.38 (d), 122.40 (d), 

125.63 (d), 127.77 (d), 129.08 (d), 130.53 (s), 133.80 (s), 137.24 (s), 138.47 (s), 141.71 (s), 

176.19 (s). 

MS (EI): 471 [M+]; HRMS calcd. for C27H21NO3S2: 471.0963. Found: 471.0951. 

Anal. calcd. for C27H21NO3S2: C, 68.76; H, 4.49; N, 2.97; S, 13.60. Found: C, 68.49; H, 

4.62; N, 3.12; S, 13.31. 
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4-Methyl-8,9-bis-(2-methyl-5-phenyl-thiophen-3-yl)-10-oxa-4-aza-

tricyclo[5.2.1.0
2,6

]dec-8-ene-3,5-dione (3.15) 

3,4-Bis-(2-methyl-5-phenyl-thiophen-3-yl)-furan (41 

mg, 0.1 mmol) and N-methyl-maleimide (111 mg, 1 

mmol) were dissolved in toluene (1 ml) and refluxed 

for 48 h. Then the solvent was evaporated and the 

residue purified by column chromatography (silica 

gel, n-hexane:ethyl acetate / 3:1) to give 51 mg (98%) 

of the product as a white solid that decomposes upon 

heating.  
1
H NMR (CDCl3, 400 MHz) 2.05 (s, 6H), 3.04 (s, 

3H), 3.21 (s, 2H), 5.50 (s, 2H), 7.09 (s, 2H), 7.28 (t, J 

= 7.3 Hz, 2H), 7.38 (t, J = 7.3 Hz, 4H), 7.54 (d, J = 7.3 Hz, 4H) 
13

C NMR (CDCl3, 100.6 MHz)  14.87 (q), 25.23 (q), 48.82 (d), 85.38 (d), 122.40 (d), 

125.63 (d), 127.77 (d), 129.08 (d), 130.53 (s), 133.80 (s), 137.24 (s), 138.47 (s), 141.71 (s), 

176.19 (s). 

MS (EI): 523 [M+]; HRMS calcd. for C31H25NO3S2: 523.1276. Found: 523.1263. 

Anal. calcd. for C31H25NO3S2: C, 71.10; H, 4.81; N, 2.67; S, 12.25. Found: C, 70.79; H, 

4.91; N, 2.82; S, 12.07. 

 

Typical UV-vis spectroscopy measurement 

 

 A solution of 3.14o (3 ml of 8.5x10
-4 

solution in dichloromethane) together with a 

small stirring bar was placed in a quartz cell with 1 cm path length and a teflon stopper. The 

cell was placed in a cell holder with built in magnetic stirring and four openings, allowing 

irradiation with high-pressure Hg lamp in perpendicular direction to the measuring beam of 

the Hewlet-Packard HP 8453 FT diode array spectrometer. After acquisition of the 

spectrum, the sample was irradiated with the light from the Hg lamp, equipped with 313 nm 

bandpass filter, for 1 min. The spectrum of the irradiated solution was measured, and the 

sample was irradiated for another 1 min. Irradiation in 1 min intervals combined with 

spectrum acquisition after each interval was repeated untill the photostationary state was 

achieved, i.e. no difference was observed between spectrum before and after irradiation. 

For this particular sample, irradiation time of 3 min with 313 nm UV light was sufficient to 

achieve the photostationary state between the open form 3.14o and the closed form 3.14c. 

Then the filter in the lamp was changed for > 420 nm fluorescence filter, and the irradiation 

and measuring procedure was repeated until the spectrum of the pure open form 3.14o was 

obtained again. For this particular sample, irradiation time of 1 min with >420 nm visible 

light was sufficient to isomerize all the closed form 3.14c back to the open form 3.14o. 
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Chapter 4  

 

Dipyridylethene photochromic 

switches 

 
In this chapter the synthesis and study of the photochromic, thermochromic and proton and 

metal binding properties of new diarylethene switches with pyridines as aryl groups are 

described. Several representatives of this new group of diarylethenes were synthesized, 

containing both perfluorocyclopentene and perhydrocyclopentene as the central bridging 

moiety. The majority of them show the typical photochromic behaviour resulting in a ring-

closed isomer upon UV irradiation and the reverse ring-opening reaction upon exposure to 

visible light. However, the photoconversion is never complete and the open form is always 

present in various amounts at the photostationary state. In certain cases fatigue over 

several switching cycles was observed. All of the new dipyridylethene switches exhibit 

thermochromic behaviour, with the rate of the thermal ring-opening reaction strongly 

dependent on the substituents present in the pyridine rings. A surprising new finding is the 

dependence of the thermochromism on the polarity of the solvent used. The rate of the 

thermal ring-opening reaction decreases with increasing polarity of the solvent. The ring-

closed isomer is ca. 20 times more stable in N,N-dimethylformamide than in the n-hexane. 

Another interesting feature of the dipyridylethene switches is their ability to bind protons 

and metal ions. Besides influencing the UV-vis spectra, the protonation hinders the 

photochromic and thermochromic reactions as well. When an 1:1 complex of the switch 

with a proton or Cu(I) ion is formed, both pyridine moieties bind a positively charged 

species cooperatively, resulting in a photochemically inactive parallel conformation of the 

switch and thus gating of  its photochromic reaction.   
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4.1 Pyridines as new aryl groups for diarylethenes 
 

 The development of new diarylethenes with better photochromic performance, 

high fatigue resistance and other properties such as fluorescence or solid state switching 

resulted in a wide structural diversity of the systems studied
1-11

. The influence of the central 

ethene containing bridging unit on the properties is quite limited as long as it is a cyclic 

system preventing cis-trans isomerisation of the double bond. Most frequently used is 

hexafluorocyclopentene due to its stability and the facile synthesis of its diarylethene 

derivatives
2a

. The substituted aromatic groups attached to this central ethene moiety are 

dictating most of the properties of the whole system. Frequently used aromatic moieties are 

3-thienyl
1
, 3-benzothiophenyl

2
 and 2-thienyl

3
 groups with various substituents. The choice 

for these groups is mainly due to the high thermal stability of the closed form and high 

fatigue resistance of these systems. However diarylethenes with a range of five membered 

heteroaromatic rings such as 3-pyrolyl
4
, 3-furyl

5
, 4-thiazolyl

6
, 4-oxazolyl

7
, 4-pyrazolyl

8
 and 

condensed heteroaromatic rings such as 3-benzofuranyl
9

 or 3-indolyl
10

 have been 

synthesized and their photochromic properties studied (Figure 4.1). Even an indene moiety 

as a carbon analogue of the benzothiophene has been used
11

. Surprisingly, only few 

publications describe diarylethenes with six membered aromatic moieties; phenyl and 

naphthyl
12

 being the only examples. The reason is the high aromatic stabilization energy of 

the benzene ring resulting in the low thermal stability of the closed form which has a 

halflife of only a few minutes at the room temperature. However the naphthyl derivatives 

can withstand even prolonged (>500 h) heating at 70°C
12a

. 
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Figure 4.1 Aromatic moieties used in the construction of diarylethenes. 

 It is possible not only to modify the switching performance through the choice of 

the aromatic moiety, but also to introduce completely new properties. For example, the 

diarylethenes with indole
10

 rings exhibit modulation of fluorescence upon switching. 
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Therefore, we decided to use pyridine as a heterocycle, as it has a prominent place in 

supramolecular chemistry
13

. It is probably the most thoroughly studied heterocycle with an 

enormous number of derivatives described in the literature
14

. Also its proton and metal 

binding properties have been explored and applied in supramolecular systems including 

photochromic switches
15

. The pyridine group was even used in diarylethenes, but only as a 

substituent on the dithienylethene
16

 or dithiazolylethene
6c

 photochromic core. The 

participation of the pyridine directly in the photochemical ring closure would vary its 

properties to a large extent. There are two possible mechanisms that could modify the 

properties of the photochromic dipyridylethene. Both the change in the basicity of the 

nitrogen and the change in the geometry of the system can be used to modulate the proton 

and metal binding abilities of this system. Moreover it would be interesting to examine the 

effect of the electron-deficient heterocycle on the photochromic performance as well as the 

thermal stability, since the majority of the five membered heterocycles commonly used in 

the diarylethenes are electron rich. 

4.2 Synthesis 
 

 In addition to the prevention of cis-trans isomerisation of the ethene moiety by its 

incorporation into a ring system, there is another important structural feature of the 

diarylethenes. The carbons at the ends of the reacting cyclohexatriene core, between which 

the new bond is created in the course of the photochemical reaction, should be substituted. 

This is to prevent the oxidative dehydrogenation that is favourable since it results in an 

aromatic system. The most common substituents on those carbons are methyl groups, 

although other alkyl
17

 groups as well as alkoxy
18

 or even aromatic groups
19

 can be used. To 

avoid the necessity of using two methyl groups next to the carbon that will be attached to 

the central ethene part on each of the two aryl moieties, we have chosen compound 4.3 as 

the synthetically most accessible and structurally the most simple dipyridylethene switch. 

The pyridine is attached to the central hexafluorocyclopentene ring through the C-2 and the 

hydrogen at the C-3 is substituted for a methyl group. 

N NNH2 Br
NaNO2, HBr, Br2

NaOH, H2O
91%

1) n-BuLi, Et2O, -78°C

2)
F8

58%

NN

F2 F2

F2

4.1 4.2

4.3

1) n-BuLi, Et2O, -78°C
2) Bu3SnCl

N SnBu3

4.4

NN

4.5

Br Br

Pd(PPh3)4, CuI
toluene, reflux

41%  

Scheme 4.1 Synthesis of simple dipyridyl-cyclopentenes. 
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 The switch 4.3 can be prepared by the same method as most other diarylethenes 

were prepared. This involves substitution of the two fluorine atoms of the 

octafluorocyclopentene by the lithiated aromatic ring (Scheme 4.1). In our case the bromine 

of 2-bromo-3-methylpyridine 4.2 was exchanged for lithium using n-BuLi in ether at -78°C 

and addition of half equivalent of octafluorocyclopentene to this mixture resulted in the 

formation of the dipyridyl-cyclopentene 4.3 in 58 % yield. The required 2-bromo-3-

methylpyridine 4.2 was prepared from the commercially available 2-amino-3-

methylpyridine 4.1 via diazotation and substitution of the diazonium group by bromide
20

 

(Scheme 4.1). 

 As will be discussed below the dipyridyl-hexafluorocyclopentene 4.3 did not show 

the new properties that were anticipated (i.e. efficient binding of protons and metals), 

therefore it was decided to synthesize its analogue 4.5 with the hydrogens instead of the 

fluorine atoms in the central cyclopentene ring. The switch, containing a central ring with 

sterically less demanding hydrogens instead of fluorines and without the strong electron 

withdrawing effect of the perfluorocyclopentene ring should be more effective in binding 

protons and metal ions. The synthesis of 4.5 was achieved via Stille coupling
21

 of the 3-

methyl-2-tributylstannylpyridine 4.4 with 1,2-dibromocyclopentene (Scheme 4.1). The 3-

methyl-2-tributylstannylpyridine 4.4 was prepared through halogen-metal exchange and 

transmetalation of 2-bromo-3-methylpyridine 4.2.  

 Alkoxy groups have been reported earlier in place of methyl groups at the reactive 

carbons of the central cyclohexatriene system
18

. To explore the effect of electron rich 

substituents on the performance of the otherwise electron poor dipyridyl-

hexafluorocyclopentene, the dipyridyl switch with the methoxy groups 4.8 was synthesized 

(Scheme 4.2). The procedure was the same as for the preparation of 4.3 using 2-bromo-3-

methoxylpyridine 4.7 instead of 2-bromo-3-methylpyridine 4.2 whereas t-BuLi was 

employed instead of n-BuLi. The 2-bromo-3-methoxylpyridine 4.7 was prepared by 

methylation
22

 of commercially available 2-bromo-3-pyridinol 4.6.  

N
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Br N

O

Br

NN
O

O

F2

F2

F21) t-BuLi, Et2O, -78°C

2)
F8

38%

K2CO3, MeI
DMF

16h, r.t.
32%

4.6 4.7

4.8  

Scheme 4.2 Synthesis of dipyridylcyclopentene with methoxy groups. 

 The pyridine can be attached to the central cyclopentene ring also through other 

carbon atoms on the pyridine ring, resulting in different positioning of the pyridine 

nitrogens in the resulting switch. For this purpose 3-bromo-2,4,6-trimethylpyridine 4.9
23

, 3-

bromo-2,4-dimethylquinoline 4.10
24

 and 4-bromo-3-methylisoquinoline 4.11
25

 (Figure 4.2) 

were synthesized as precursors for new diarylcyclopentenes. However, the synthesis of the 

corresponding switches was unsuccessful. Several approaches were attempted, including 

the substitution of the fluorines in the octafluorocyclopentene as in the case of the synthesis 

of 4.3 and 4.8 as well as palladium catalysed Stille, Suzuki and Negishi coupling reactions 

analogous to the synthesis of 4.5. Only cyclopentene rings with one aryl group and 

decomposition products were obtained in all the cases. A possible reason is the steric bulk 

imposed on the system by the two methyl groups in close proximity to the reacting carbon. 

This problem is known also for benzene and naphthalene analogues of these compounds for 
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which this additional steric factor has been suspected to be the cause of the low yields of 

the corresponding switches obtained
12a

. 

N
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N

Br

N
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4.9 4.10 4.11
 

Figure 4.2 Precursors for dipyridylcyclopentene photochromic switches. 

 Another possibility to extend the family of the dipyridyl-cyclopentene switches is 

to introduce substituents on the basic switching units 4.3 and 4.5. There are reports in the 

literature describing the exchange of hydrogen for lithium at the C-2 position of the 

pyridine ring
26

 using n-BuLi in the presence of dimethylaminoethanol as a chelating ligand 

for the lithium. For the switches 4.3 and 4.5 this procedure, however, failed resulting only 

in addition of the BuLi over the double bond of the cyclopentene ring or over the carbon-

nitrogen double bond of the pyridine. To prepare a dipyridyl-cyclopentene switch that can 

be substituted, a new precursor with prebuilt functionality has to be used. The 2,6-dibromo-

3,5-dimethylpyridine 4.13, prepared by bromination of 3,5-dimethylpyridine 4.12
27

, 

contains bromide substituents as reactive sites for further functionalization (Scheme 4.3). It 

is symmetric in order to prevent the formation of a mixture of products after mono-

lithiation and reaction with the octafluorocyclopentene. On the other hand, the methyl 

group next to the bromine in the resulting switch 4.14 may limit the choice of the 

substituents to be introduced at a later stage. 

N
1) n-BuLi, Et2O, -78°C

2)
F8

67%

NN

F2 F2

F2

BrBr

NBr Br

4.12 4.13

4.14

H2SO4, SO3, Br2

150°C, 24h

50%

 

Scheme 4.3 Synthesis of dipyridyl-hexafluorocyclopentene suitable for further 

functionalization. 

 Two derivatization methods for substitution of the bromine of 4.14 were used. The 

first one was based on halogen-metal exchange and subsequent reaction with an appropriate 

electrophile (Scheme 4.4). However, while the photochromic performance of the dibromo 

derivative 4.14 is rather poor, photochromism was not observed for the dialdehyde 4.15 

(vide infra). This behaviour was attributed to the electron withdrawing effect of the 

substituents and therefore the electron donating substituents have been introduced. Since 

the methyl group next to the bromine would not allow effective conjugation in case where 

the bromine would be substituted with phenyl derivatives, five membered electron rich 

heterocycles were used. Thus 2-bromothiophene and 2-bromothiazole were converted to the 

corresponding 2-tributylstannyl derivatives and coupled to the dibromide 4.14 under Stille 

coupling conditions (Scheme 4.4). The new switches, 4.16 with thiophene substituents and 

4.17 with thiazole substituents, were obtained in modest to good yields.  
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Scheme 4.4 Synthesis of the substituted dipyridyl-hexafluorocyclopentene photochromic 

switches. 

4.3 Photochemical behaviour 
 

The UV-Vis spectra of the new dipyridyl-cyclopentene switches (8.10
-5

 M in n-

hexane) show absorption maxima at 265 nm for 4.3 and 217 and 282 nm for 4.5 (Figure 

4.3). The absorbance of dipyridyl-perhydro cyclopentene 4.5 is about 17 nm red shifted 

compared to that of 4.3 however, both compounds show negligible absorbance at 313 nm, a 

wavelength which is commonly used to induce photochemical ring closure in diarylethenes. 

Therefore a UV source with a wavelength of 254 nm was used to study their photochemical 

behaviour.  
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N N N N
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Scheme 4.5 Light induced switching of dipyridylcyclopentenes. 

The colourless solution of both 4.3 and 4.5 turned purple upon irradiation with 254 

nm light. This change of colour is caused by the appearance of a new absorption in the 

visible region with a maximum at 514 nm (Figure 4.3) attributed to the closed form of the 

switch (Scheme 4.5). At the same time the intensity of the maximum in the UV region 

decreased. The photostationary state was achieved after 3 min of irradiation. Irradiation of 

those coloured solutions using visible light with wavelengths longer than 420 nm resulted 

in disappearance of the absorption in the visible region and recovery of the original spectra 

of the open forms. The photochemical ring-opening reaction is fast, 30 s of exposure to 

visible light is sufficient to change all of the closed form back to the open form for both 4.3 

as well as 4.5. 
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Figure 4.3 The UV-vis spectra of a) 4.3 (the dipyridyl-perfluorocyclopentene) and b) 4.5 

(the dipyridyl-perhydrocyclopentene ) in the open form (—) and in the photostationary state 

(- - -), measured in n-hexane. 

The irradiation cycles of opening and closing were repeated several times. While 

4.5 shows little fatigue even after 5 switching cycles, in the case of 4.3 photochemical side-

reactions are taking place and some decomposition can be observed already after 3 

switching cycles (Figure 4.4).  

 

 

Figure 4.4 Change of the absorbance at 514 nm during the switching cycles (alternate 

irradiation at 254 nm for 3 min and at >420 nm for 30 s) for a) 4.3 and b) 4.5.  

The ratio of the open and closed forms at the photostationary state was determined 

by NMR spectroscopy, in which the switches were irradiated in deuterated chloroform and 

their ratio in the mixture was obtained by integration of the corresponding signals (Figure 

4.5). The amount of the closed form at the photostationary state was 28% for 4.3 and 38% 

for 4.5. 
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Figure 4.5 
1
H NMR spectra in CDCl3 of a) open form of 4.3 b) photostationary state after 

irradiation of 4.3 for 15 min with 254 nm light.  

 The photochromic performance of the dipyridylethene switch with the 

hexafluorocyclopentene central ring 4.3 was poorer than in the case of dipyridylethene with 

the perhydrocyclopentene central ring 4.5. The switching was accompanied by side 

reactions and the ratio of open/closed forms in the photostationary state was also lower. In 

order to compensate for the electron-withdrawing effect of the fluorinated ring, electron 

donating methoxy groups were introduced instead of the methyl groups on the reactive 

carbons (Scheme 4.2). To our surprise, the resulting dipyridylethene 4.8 was 

photochemically inert and did not show any switching even after prolonged irradiation. The 

same situation was encountered with the dialdehyde 4.15. Switching could not be observed 

using UV light of various wavelengths. 
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Figure 4.6 The UV-vis spectra of 4.14  in the open form (—) and in the photostationary 

state (- - -), measured in hexane. 
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 The dibromide 4.14 was found to be a rather poor photochromic switch. Judged 

from the low absorbance in the visible region obtained after irradiation with the 254 nm UV 

light (Figure 4.6), the ratio of the closed/open form at the photostationaty state is even 

lower than for the dimethyl substituted switch 4.3. The fatigue is so high that 

decomposition is clearly visible even after one switching cycle. Also NMR spectroscopy 

could not be used to determine the composition of the mixture at the photostationary state, 

because upon irradiation at NMR spectroscopy concentration (1mg/ml) decomposition was 

the primary outcome of the experiment. 

 On the other hand, the switches 4.16 and 4.17 with heteroaromatic substituents 

show excellent photochemical behaviour. The absorbance of their open forms is red shifted 

compared to the unsubstituted analogue 4.3 with maxima at 261, 287 and 312 nm for 4.16 

and 233, 286 and 316 nm for 4.17 (Figure 4.7). This allows for the use of lower energy UV 

light at 313 nm for the ring closing reaction. As expected, the ring closure can be observed 

readily as a change in colour of the solution from colourless to blue and appearance of a 

new absorption maximum in the visible region of UV-vis spectra. The maximum of this 

absorption is at 656 nm for 4.16 and 651 nm for 4.17 which is more than 130 nm red 

shifted when compared to the absorption maximum at 514 nm for 4.3. These red shifts can 

be attributed to the presence of an extended conjugated system in the substituted 

dipyridylethenes. Irradiation of this coloured solution with visible light >420 nm results in 

ring-opening reaction and the original spectra were restored. This switching cycle can be 

repeated many times since the fatigue resistance of the switches 4.16 and 4.17 is very good. 

Decomposition could not be observed after 5 switching cycles. The analysis of the 

composition of the irradiated solution at the photostationary state by the 
1
H NMR 

spectroscopy showed that it contains 68% closed form in the case of 4.16 and 67% closed 

form in the case of 4.17. 

 

Figure 4.7 UV-vis spectra of a) 4.16 (the thiophene substituted switch) and b) 4.17 (the 

thiazole substituted switch) in the open form (—) and in the photostationary state (- - , 

measured in dichloromethane. 
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4.4 Thermochromism 
 

 As noted above (part 4.1), the diphenylcyclopentenes are thermally unstable in 

their closed form due to the high aromatic stabilization energy of the phenyl rings
12

. The 

same situation is observed with the dipyridyl-cyclopentenes. All of them are 

thermochromic in their closed form, undergoing a ring-opening reaction in the dark 

(Scheme 4.6). The thermal stability is dependent on the central cyclopentene ring, as well 

as on the substituents on the pyridine moieties and, surprisingly, on the solvent polarity. 

NN
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Scheme 4.6 Light induced ring-closing and thermal ring-opening reactions of dipyridyl-

cyclopentenes. 

 The thermochromic reaction of the dipyridyl-cyclopentene 4.3 with a perfluoro-

cyclopentene central ring is more than two times faster than in the case of 4.5 which has a 

perhydro-cyclopentene central ring. The corresponding half-lives of the thermal ring 

opening are 33 min for the 4.3 and 69 min for the 4.5 at 25°C in hexane. The closed form of 

the dibromo derivative 4.14 is more stable, with a half-life of 5 h and 50 min in hexane at 

25°C; however, the substitution of the electron withdrawing bromines for the more electron 

rich thiophene 4.16 or thiazole 4.17 increased the rate of the thermochromic ring-opening 

reaction enormously. Both switches with hetero-aromatic substituents returned to the open 

state within a few seconds after irradiation was stopped when measured in n-hexane. 

The thermochromic reaction of the 4.16 and 4.17 was studied in detail in order to 

determine their activation parameters. Measurements were performed at four different 

temperatures in acetonitrile. The results are summarized in Table 4.1, Table 4.2 and Figure 

4.8. From kinetic analysis (Figure 4.8), it is clear that the reaction is the first order process, 

as expected. The half-lives of the reactions are very short at the room temperature and 

although the switches are structurally similar, their stability is quite different. At 0°C the 

thiazole substituted dipyridylcyclopentene 4.17 opens thermally more than 40 times faster 

than the thiophene substituted dipyridylcyclopentene 4.16. This is confirmed by the Eyring 

analysis of the kinetic data, which shows almost 10 kJ/mol difference in the activation free 

energies (Table 4.1 and Table 4.2). 
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Figure 4.8 Measurements of the thermochromic ring-opening reaction of switches 4.17 a), 

c), e) and 4.16 b), d), f) in acetonitrile. Decrease at the absorption maximum in the visible 

region as a function of time and temperature a) and b). Determination of the rate constants 

from the logarithmic plot of absorbance vs. time c) and d). Eyring plot to determine the 

activation parameters e) and f). 
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Temperature (°C) rate const. x10
3
 (s

-1
) half-life (s)     

0 0.124 5590  H
≠
= 91.78 kJ/mol 

10 0.536 1293  S
≠
= 17.0 J/mol 

20 2.053 338  G
≠
= 87.13 kJ/mol 

30 7.569 92     

Table 4.1 Kinetic data and activation parameters (at 0°C) for the thermochromic ring-

opening reaction of dipyridylcyclopentene 4.16 in acetonitrile. 

Temperature (°C) rate const. x10
3
 (s

-1
) half-life (s)     

-20 0.294 2358  H
≠
= 81.12 kJ/mol 

-10 1.339 518  S
≠
= 9.3 J/mol 

0 5.463 127  G
≠
= 78.58 kJ/mol 

10 19.16 36     

Table 4.2 Kinetic data and activation parameters (at 0°C) for the thermochromic ring-

opening reaction of dipyridylcyclopentene 4.17 in acetonitrile. 

The thermochromism of 4.16 and 4.17 was studied at sub-ambient temperatures 

due to the high rate of this reaction. Since both compounds precipitated from n-hexane 

upon cooling, a different solvent was used. Surprisingly, changing hexane for acetonitrile 

resulted in decrease of the rate of the thermochromic reaction. The thermochromic reaction 

was followed at 0°C in solvents of different polarity (Figure 4.9). It was found that the 

polarity has indeed a strong effect on the rate of the reaction. The more polar the solvent is, 

the slower the thermal ring-opening reaction. The rate of the reaction in N,N-

dimethylformamide is almost 20 times lower than that in the hexane.  
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Figure 4.9 The dependence of the rate of thermochromic ring-opening reaction of 4.16 (- -) 

and 4.17 (—) at 0°C on the solvent polarity. Solvents in the order of increasing polarity are 

n-hexane, toluene, dichloromethane, tetrahydrofurane, acetone, acetonitrile and N,N-

dimethylformamide (the lines are to guide the eye). 
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The effect of the solvent on the thermochromic reaction has not been reported, to 

the best of our knowledge, for the diarylethenes previously. It is known that the solvent can 

influence the quantum yield of the photochemical ring-closing and to some extent also the 

photochemical ring-opening reaction
28

. However, this effect was attributed to different 

population of the parallel and antiparallel conformations of the switch in the open state
28a

 

and to the solvent viscosity
28d

. Even then the variation in the reaction rate for the 

photochemical ring opening was within a factor of 2. The difference of the reaction rate of 

the thermal ring-opening by a factor of 20 is certainly not expected as it is an 

intramolecular pericyclic process in which the solvent should play only a marginal role. 

The data suggest that the transition state for the thermal ring opening reaction is stabilized 

in non polar solvents, thus decreasing the activation barrier and accelerating the reaction. 

 

4.5 Interaction with protons and metal ions 
 

The main reason for the synthesis of dipyridylethenes was to study their interaction 

with protons and metal ions as a secondary stimulus, besides light, that can alter their 

properties. Several effects can be expected including changes in the absorption spectra, 

modification of the photochemical behaviour and variation of the thermochromic ring-

opening reaction. Different modes of binding of protons or metal ions to dipyridyl-

cyclopentenes are possible. In the open form the pyridine moieties are not electronically 

coupled, thus each of them can bind a positively charged entity, resulting in a 1:2 complex. 

In the closed form the pyridine nitrogens are part of the conjugated system where altering 

the state of one of them would change the binding abilities of the second one. The positive 

charge on one nitrogen should reduce the electron density on the other one resulting in a 

much weaker interaction with the second charged entity. However apart from the electronic 

effects there are also steric effects. The open form can exist in two conformations, the 

antiparallel in which the nitrogens are far away, and the parallel having nitrogens close 

enough to be able to bind one positively charged entity cooperatively, resulting in a 1:1 

complex. The similar cooperative binding of a metal cation was observed for 

dithienylethenes having two crown-ether substituents
29

. 

 

Figure 4.10 Titration of the open form of dipyridylcyclopentene 4.3 with trifluoroacetic 

acid (TFA) in n-hexane a) open form (—), open form + 2 eq. TFA (- - -); b) titration curve. 
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The interaction of the switches with protons was studied using UV-vis spectroscopy. 

The dipyridyl-perfluorocyclopentene 4.3 was titrated with trifluoroacetic acid (TFA) in n-

hexane and the spectra were recorded after addition of each aliquot of 0.1 equivalent of 

acid
30

. The open form showed only a minor change (Figure 4.10a). Upon addition of the 

acid, the maximum in the UV region increased slightly, reaching a maximum after addition 

of 9 equivalents of TFA and the stoichiometry of the complex was found to be 4.3 : TFA = 

1 : 2 (Figure 4.10b). Evidently the binding of a proton is very weak. When the titration was 

repeated in more polar solvents (dichloromethane, acetonitrile) no change could be 

observed until large excess (20 – 50 eq.) of acid was used. Possible explanations for these 

observations might be that the perfluorocyclopentene central ring is decreasing the electron 

density on the nitrogens too much, or the fluorine atoms are too close to the nitrogens, 

causing steric hindrance.  

 Protonation of the closed form of 4.3 was more easily observed (Figure 4.11). Due 

to the thermochromism of this form, it could not be isolated in the pure state and the 

solution irradiated to the photostationary state was used. Addition of the first 0.3 eq. of 

TFA resulted in considerable increase of the absorbance in the UV region and blue shift of 

the peak in the visible region from 514 to 452 nm. Further addition of the acid had a much 

smaller effect. The maximum in the UV region increased further, and the maximum in the 

visible region shifted to longer wavelengths, reaching 543 nm after addition of 3 eq. of 

TFA. Taking into account that the photostationary state contains 28% of the closed form, 

0.3 eq. of acid is sufficient to protonate one nitrogen of the closed form of the switch. The 

protonation of the closed form appears to proceed more effectively than the protonation of 

the open form. The protonation of the second nitrogen of the closed form is more difficult 

due to its conjugation to the, already protonated and thus positively charged, first nitrogen. 

However after addition of the 3 eq. of acid both nitrogens are protonated as can be seen 

from the shift of the absorption maximum in the visible region. The difference in the 

protonation between the open and the closed form can be rationalized considering the 

basicity of the nitrogens. In the open form of the pyridine nitrogen has a pKa close to the 

5.25
31

, while in the closed form the nitrogen belongs to an N- substituted, -unsaturated 

imine (Scheme 4.5) which is more basic with pKa of ca. 7.5
32

 and thus protonation occurs 

more readily. 

0

0.5

1

1.5

200 300 400 500 600 700

Wavelenth (nm)

A
b

s
o

rb
a

n
c

e

 

Figure 4.11 Titration of the irradiated solution of dipyridylcyclopentene 4.3 at the 

photostationary state (PSS) with trifluoroacetic acid (TFA) in n-hexane PSS (—), PSS + 0.3 

eq. TFA (- - -), PSS + 3 eq. TFA (
. . . .

). 
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 The protonation has also effect on the photochromic performance of the switches. 

While adding 1 eq. of TFA to the dipyridyl-cyclopentene 4.3 has no effect on the 

photochemical ring-closing and ring-opening reaction, switching in the presence of 2 eq. 

TFA results in 22 % of the closed form and switching in the presence of 4 eq. TFA results 

in 14 % of the closed form at the photostationary state compared to 28% in the absence of 

acid. When 10 equivalents of TFA are added, photochromic ring-closing reaction could not 

be observed. This corresponds with the observation that 9 eq. TFA are necessary to 

protonate all of the sample in the open form (Figure 4.10b). 

 The thermochromic reaction is slowed down considerably upon protonation. 

Adding 0.3 eq. of the acid, an amount sufficient to protonate all the closed form at the 

photostationary state, results in a half-life of the thermal ring opening of 7.6 h which 

indicates that the ring-opening is about 15 times slower for the protonated than for the 

unprotonated form. 

 Switch 4.5, with the perhydrocyclopentene central ring, was expected to show 

better interaction with the protons due to absence of the electron withdrawing and steric 

effects of the fluorine atoms. Indeed the titration of the open form of this switch with TFA 

results in the more pronounced change in the UV-vis spectra (Figure 4.12a). The maximum 

in the UV region is slightly shifting from 277 nm to 274 nm while the absorption is also 

broadening. This process is completed after addition of 1 eq. of TFA. Further addition of 

the acid causes the absorption to regain its original, narrower shape and while its maximum 

remains at the same wavelength, the intensity increases. The titration curve shows a distinct 

maximum after adition of 1 eq. of TFA which means that the complex has a 1 : 1 

stoichiometry probably caused by the cooperative binding of the proton with both nitrogen 

atoms (Scheme 4.7). This would also explain the change in the shape of the peak, which 

would reflect the change in the geometry of the switch that has to adopt a parallel 

conformation. Since there is also a change in the spectra after further addition of acid, a 1 : 

2 complex of 4.5 : TFA is also possible at high acid concentration. In this complex the two 

positively charged nitrogens would repel each other resulting in antiparallel conformation 

of the switch and restoration of the shape of the absorption. 

 

Figure 4.12 Titration of the open form of dipyridylcyclopentene 4.5 with trifluoroacetic 

acid (TFA) in dichloromethane a) open form (—), open form + 1 eq. TFA (- - -), open form 

+ 10 eq. TFA (
. . . .

); b) titration curve. 

 Protonation of the closed form of 4.5 was studied on a mixture of the open and 

closed form in the photostationary state containing 38% of the closed form (Figure 4.13). In 
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this case protonation of both forms proceeded simultaneously; therefore it is not possible to 

consider the protonation of only the closed form. Gradual addition of TFA up to 1 

equivalent resulted in a blue shift of the absorption maximum in the UV region from 280 

nm to 274 nm, similar as was observed for the open form of 4.5. At the same time the 

absorption maximum in the visible region shifted from 517 nm to 541 nm as a result of the 

protonation of the closed form. Further addition of the acid resulted in increase in the 

intensity of the aborption in the UV region and additional shift (541 nm to 555 nm) 

accompanied with slight decrease in intensity of the absorption maximum in the visible 

region. Although some isosbestic points could be observed during the titration, their 

analysis was also inconclusive. For example, there are three isosbestic points at 239, 272 

and 298 nm for the spectra of photostationary state of 4.5 with 0 – 0.8 eq. TFA, but the 

same spectra are lacking clear isosbestic point in the visible region despite the fact that the 

spectral lines are crossing each other in this region. The basicity constants of the open and 

closed forms of the switch 4.5 are probably more comparable than in the case of the 

perfluorocyclopentene analogue 4.3, therefore it is not possible to observe the selective 

protonation of only one form in their mixture. 
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Figure 4.13 Titration of the irradiated solution of dipyridylcyclopentene 4.5 at the 

photostationary (PSS) state with trifluoroacetic acid (TFA) in dichloromethane PSS (—), 

PSS + 1 eq. TFA (- - -), PSS + 6 eq. TFA (
. . . .

). 

 The effect of the protonation on the photochemical performance of 4.5 was also 

more pronounced than in the case of 4.3. Already 1 equivalent of the acid was enough to 

suppress the photochemical ring closing reaction to 20% of its original performance. 

Irradiation of this solution resulted in the photostationary state with only 7 % of the closed 

form instead of 38 %. This can be explained again taking into account cooperative binding 

of the proton by both pyridine nitrogens (Scheme 4.7). The addition of 1 equivalent of the 

acid locks most of the molecules in the unfavourable parallel conformation, which cannot 

undergo a photochemical ring-closing reaction. In this way an effective gating of the 

photoreaction through the presence of the protons can be achieved. 

Surprisingly no effect of protonation on the thermal stability of the closed form of 

4.5 was observed, even using large excess of TFA (10 eq.) to ensure effective protonation 

of the closed form. While the thermochromic reaction of 4.3 was largely suppressed by the 

addition of the acid, the rate for the thermal ring opening of the 4.5 remained unchanged. 
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Scheme 4.7 Switching and protonation of the dipyridylcyclopentene 4.5. 

 To study the binding of metal ions to the dipyridylethenes, copper(I) was chosen 

as the metal that binds efficiently to pyridines
33

 and has favourable optical properties. The 

absorption spectrum of copper(I) perchlorate, which was used as a source of Cu(I) shows a 

maximum at 210 nm and this copper salt does not absorb at wavelengths longer than 260 

nm allowing us to clearly distinguish the absorptions of the switches in the spectra. The 

dipyridylcyclopentene with a fluorinated central ring 4.3 shows no interaction with Cu(I) in 

the open as well as in the closed form (based on the UV-vis measurements). Considering its 

weak binding of protons, interaction with the more bulky copper(I) ion is expected to be 

even weaker. On the other hand, the dipyridylcyclopentene 4.5, with a 

perhydrocyclopentene central ring, binds Cu(I) quite efficiently (Figure 4.14) resulting in a 

1:1 complex (Scheme 4.8). The change of the spectral properties is similar to the change 

observed upon binding of a proton. The maximum in the UV region shifts to shorter 

wavelengths from 277 nm to about 267 nm and the absorption also becomes broader. In 

contrast to protonation, further addition of the copper(I) ions has no effect on the spectra 

and the 1:1 complex with cooperative binding of the Cu(I) by both pyridine moieties is the 

only species observed in the solution.  

 

Figure 4.14 Titration of the open form of dipyridylcyclopentene 4.5 with CuClO4 in 

acetonitrile a) open form (—), open form + 1 eq. CuClO4 (- - -); b) titration curve. 
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 The closed form of the switch 4.5 does not interact with Cu(I) ions, which leads to 

the conclusion that binding of the copper(I) ion by only one pyridine is probably to weak 

for the open as well as for the closed form.  

 The effect of the complexation on the photochemical performance of 4.5 was also 

similar to the effect of the protonation. Addition of 1 equivalent of the Cu(I) was enough to 

suppress the photochemical ring closing reaction to less than 30% of its original 

performance. Irradiation of this solution resulted in the photostationary state with only 

10 % of the closed form instead of 38 %. After addition of 4 equivalents of Cu(I) 

photochemical reaction was not observed. Thus the gating of the photochemical ring 

closure (Scheme 4.8) can be achieved by metal ion binding in the same way as was 

observed for protonation. Since Cu(I) does not bind to the closed form of the switch, no 

effect on the thermochromic ring-opening reaction was observed.  
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Scheme 4.8 Complexation gated switching of dipyridylcyclopentene 4.5. 

4.6 Conclusions 
 

 New diarylethene photochromic systems, containing pyridines as aryl moieties, 

were synthesized and their photochromic and thermochromic reactions were studied. These 

new switches show quite efficient photochromic reactions dependent on their substitution 

pattern. However, all of them are thermochromic with the stability of the closed form 

ranging from seconds to hours at room temperature. It was found that some of these new 

dipyridylethene photochromic switches show effective gating of the photoreaction upon 

addition of an acid or metal source. Furthermore, other properties of the switches, such as 

absorbance and rate of the thermochromic reaction, can be tuned by protonation and 

complexation. 
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4.7 Experimental section 
 

General information: 

 

For general information on synthesis, characterization and photochemical studies, see 

Chapter 2. 

 
1,2-Bis-(3-methyl-pyridin-2-yl)-perfluorocyclopentene (4.3) 

To 2-bromo-3-methylpyridine (1.02 g, 5.9 mmol) in dry ether (25 ml ) 

was added, at -78°C under nitrogen, n-BuLi (3.7 ml of 1.6M solution 

in  n-hexane, 5.9 mmol). After stirring for 1h at the -78°C a solution of 

octafluorocyclopentene (0.350 ml, 557 mg, 2.6 mmol) in 5 ml of dry 

ether precooled to at least 0°C was added.The reaction mixture was 

stirred 4 h at the same temperature and then allowed to slowly warm to 

room temperature over 1 h. Water (20 ml) was added, the organic 

layer separated and the aqueous layer extracted with ether (3x20 ml). The combined 

organic extracts were dried over Na2SO4 and the solvent evaporated. After flash 

chromatography (silca gel, n-hexane:ethyl acetate / 5:1), pure product was isolated as a 

white solid (0.552 g, 58%). mp. 139 - 140 °C 
1
H NMR (CDCl3, 300 MHz) 2.14  (s, 6H), 7.17 (dd, J = 4.5, 7.5 Hz, 2H), 7.41 (d, J = 7.5 

Hz, 2H), 8.49 (d, J = 4.5 Hz, 2H). 
13

C NMR (CDCl3, 75.4 MHz) 18.52 (q), 111.67 (t), 116.29 (t), 124.49 (d), 134.07 (s), 

138.46 (d), 141.31 (t), 146.71 (s), 147.37 (d) 
19

F NMR (CDCl3, 188.2 MHz)  -133.33 (t, J = 5 Hz, 2F), -112.82 (t, J = 4.5 Hz, 4F), 

MS (EI): 358 [M
+
]; HRMS calcd. for C17H12F6N2: 358.0904. Found: 358.0928. 

Anal. calcd. for C17H12F6N2: C, 56.99; H, 3.38; N, 7.76. Found: C, 57.00; H, 3.39; N, 7.76. 

 
1,2-Bis-(3-methyl-pyridin-2-yl)-cyclopentene (4.5) 

To 2-bromo-3-methylpyridine (1.72 g, 10 mmol) in 25 ml of dry ether 

was added, at -78°C under nitrogen, n-BuLi (6.9 ml of 1.6M solution 

in n-hexane, 11 mmol) and the reaction mixture was stirred for 1h at 

the same temperature. Then tributyltin chloride (3 ml, 3.6 g, 11 mmol) 

was added and after 30 min the temperature was allowed to rise to r.t. 

while stirring was continued for another 1h. The reaction mixture was 

washed with water (2x10 ml), dried over Na2SO4 and the solvent evaporated to give 3-

methyl-2-tributylstannylpyridine in quantitative yield. This compound was without further 

purification added to a mixture of 1,2-dibromocyclopentene (0.48 ml, 0.9 g, 4 mmol), 

Pd(PPh3)4 (231 mg, 0.2 mmol) and CuI (38 mg, 0.2 mmol) in toluene (50 ml). After heating 

at reflux under nitrogen for 16h the reaction mixture was evaporated to dryness, the residue 

dissolved in ethyl acetate (20 ml), saturated aq. KF (10 ml) was added and the mixture was 

stirred for 1h. The precipitate was filtered out and the filtrate extracted with ethyl acetate 

(3x10 ml). The combined organic layers were dried over Na2SO4 and the solvent 

evaporated. After flash chromatography (silica gel, n-hexane:ethyl acetate \ 4:1), pure 

product was isolated as a white solid (0.413 g, 41%). mp. 109 - 110 °C 
1
H NMR (CDCl3, 300 MHz) (s, 6H), 2.16 (q, J = 7.5 Hz, 2H), 2.99 (t, J = 7.5 Hz, 

4H), 6.95 (dd, J = 4.5, 7.5 Hz, 2H), 7.23 (d, J = 7.5 Hz, 2H), 8.38 (d, J = 4.5 Hz, 2H). 

NN

F2

F2

F2

NN



Chapter 4  

 102 

13
C NMR (CDCl3, 75.4 MHz)  18.96 (q), 23.46 (t), 38.98 (t), 121.66 (d), 131.38 (s), 

137.86 (d), 140.32 (s), 146.74 (d), 156.92 (s). 

MS (EI): 250 [M
+
]; HRMS calcd. for C17H18N2: 250.1474. Found: 250.1470. 

Anal. calcd. for C17H18N2: C, 81.56; H, 7.25; N, 11.19. Found: C, 81.60; H, 7.31; N, 11.08. 
 

1,2-Bis-(3-methoxyl-pyridin-2-yl)-perfluorocyclopentene (4.8) 

To 2-bromo-3-methoxypyridine 4.7 (610 mg, 3.24 mmol) in dry ether 

(20 ml) was added, at -78°C under nitrogen, n-BuLi (2.4 ml of 1.5M 

solution in n-hexane, 3.6 mmol). After stirring for 1h at the -78°C a 

solution of octafluorocyclopentene (0.2 ml, 318 mg, 1.5 mmol) in 5 ml 

of dry ether precooled to at least 0°C was added, and the reaction 

mixture was stirred 4 h at the same temperature and then allowed to 

slowly warm to room temperature over 1 h. Water (20 ml) was added, 

the organic layer separated and the aqueous layer extracted with ether (3x20 ml). The 

combined organic extracts were dried over Na2SO4 and the solvent evaporated. After flash 

chromatography (silica gel, n-hexane:ethyl acetate / 5:1), pure product was isolated as a 

white solid (488 mg, 38%)   
1
H NMR (CDCl3, 300 MHz) 3.36 (s, 6H), 7.08 (dd, J = 8.4, 1.1 Hz, 2H), 7.27 (dd, J = 8.4, 

4.8 Hz, 2H), 8.30 (dd, J = 4.4, 1.1 Hz, 2H),  
13

C NMR (CDCl3, 75.4 MHz) 55.21 (q), 111.61 (t), 116.40 (t), 118.28 (d), 125.24 (d), 

139.44 (s), 141.48 (d), 154.37 (s). 
19

F NMR (CDCl3, 188.2 MHz)  -133.94 (t, J = 4.5 Hz, 2F), -111.77 (t, J = 4.5 Hz, 4F), 

MS (CI): 391 [M+H
+
]; HRMS calcd. for C17H18F6N2O2: 396.1273. Found: 396.1286. 

Anal. calcd. for C17H18F6N2O2: C, 51.52; H, 4.58; N, 7.07. Found: C, 51.57; H, 4.63; N, 

7.04. 

 
1,2-Bis-(6-bromo-3,5-dimethyl-pyridin-2-yl)-perfluorocyclopentene (4.14) 

To 2,6-dibromo-3,5-dimethylpyridine (5.3 g, 20 mmol) in dry 

THF (60 ml) was added, at -78°C under nitrogen, n-BuLi 

(12.5 ml of 1.6M solution in n-hexane, 20 mmol). After 

stirring for 1h at the -78°C a solution of 

octafluorocyclopentene (1.2 ml, 1.91 g, 9 mmol) in dry THF 

(5 ml) precooled to at least 0°C was added, and reaction 

mixture was stirred 4 h at the same temperature and then 

allowed to slowly warm to room temperature over 1 h. Water 

(50 ml) was added, the organic layer separated and the aqueous layer extracted with ether 

(3x50 ml). The combined organic extracts were dried over Na2SO4 and the solvent 

evaporated. After flash chromatography (silica gel, n-hexane:ethyl acetate / 20:1), pure 

product was isolated as a white solid (3.47 g, 71%). mp. 153-155 °C  
1
H NMR (CDCl3, 300 MHz) 2.16 (s, 6H), 2.30 (s, 6H), 7.28 (s, 2H). 

13
C NMR (CDCl3, 75.4 MHz) 17.68 (q), 21.76 (q), 111.62 (t), 115.99 (t), 133.60 (s), 

136.52 (s), 141.18 (d), 141.40 (s), 143.85 (s). 
19

F NMR (CDCl3, 188.2 MHz)  -132.89 (t, J = 4.5 Hz, 2F), -112.40 (t, J = 4.5 Hz, 4F), 

MS (EI): 544 [M
+
]; HRMS calcd. for C19H14F6N2Br2: 541.9427. Found: 541.9467 

Anal. calcd. for C19H14F6N2Br2: C, 41.94; H, 2.59; N, 5.15. Found: C, 42.04; H, 2.68; N, 

5.18. 
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1,2-Bis-(6-formyl-3,5-dimethyl-pyridin-2-yl)-perfluorocyclopentene (4.15) 

The dibromide 4.14 (200 mg, 0.37 mmol) was dissolved in 

anhydrous diethylether (10 ml) under a nitrogen atmosphere, 

and t-BuLi (0.54 ml of 1.5M solution in hexane, 0.81 mmol) 

was added slowly at -78°C. After the addition was complete 

the reaction mixture was stirred at the same temperature for 

1 h. Subsequently DMF (85 l, 80 mg, 1.1 mmol) was 

added and the mixture was stirred for 1h at r.t. Water (10 ml) 

was added and the mixture was extracted with ethyl acetate (3 x 10 ml). The combined 

extracts were dried over Na2SO4, filtered and the solvents evaporated. Purification by 

chromatography (silica gel, n-hexane:ethyl acetate / 8:1) gave 131 mg (51%) of product as 

a white solid. 
1
H NMR (CDCl3, 300 MHz) 2.28 (s, 6H), 2.55 (s, 6H), 7.35 (s, 2H), 10.02 (s, 2H) 

13
C NMR (CDCl3, 75.4 MHz) 18.60 (q), 18.75 (q), 111.69 (t), 116.17 (t), 136.76 (s), 

137.86 (s), 142.39 (d), 144.51 (s), 148.20 (s), 194.60 (d). 
19

F NMR (CDCl3, 188.2 MHz)  -133.09 (t, J = 4.5 Hz, 2F), -112.47 (t, J = 4.5 Hz, 4F). 

MS (EI): 442 [M
+
]; HRMS calcd. for C21H16F6N2O2F6: 442.1116. Found: 442.1101. 

 
1,2-Bis-(3,5-dimethyl-6-thiophen-2-yl-pyridin-2-yl)-perfluorocyclopentene (4.16) 

To 2-bromothiophene (178 l, 300 mg, 1.84 mmol) in 

10 ml of dry ether was added, at -78°C under nitrogen, 

n-BuLi (1.25 ml of 1.6M solution in n-hexane, 2 mmol) 

and the reaction mixture was stirred 1h at the same 

temperature. Then tributyltin chloride (540 l, 650 mg, 

2 mmol) was added and after 30 min the reaction 

temperature was allowed to rise to r.t. and stirring 

continued for another 1h. The reaction mixture was 

washed with water (2x5 ml), dried over Na2SO4 and the solvent evaporated to give 2-

tributylstannylthiophene in quantitative yield. This compound was, without further 

purification, added to the mixture of 1,2-bis-(6-bromo-3,5-dimethyl-pyridin-2-yl)-

perfluorocyclopentene 4.14 (400 mg, 0.74 mmol), Pd(PPh3)4 (17 mg, 0.015 mmol) and CuI 

(3 mg, 0.015 mmol) in toluene (10 ml). After heating to reflux under nitrogen for 4 h a 

second portion of Pd(PPh3)4 (17 mg, 0.015 mmol) and CuI (3 mg, 0.015 mmol) were added 

and heating continued for the next 16 h. Then the reaction mixture was evaporated to 

dryness, the residue dissolved in ethyl acetate (10 ml), saturated aq. KF (2 ml) was added 

and the mixture was stirred for 1h. The precipitate was filtered of and the filtrate extracted 

with ethyl acetate (3x10 ml). The combined organic layers were dried over Na2SO4, filtered 

and the solvent evaporated. After flash chromatography (silica gel, n-hexane:ethyl acetate / 

10:1), pure product was isolated as a white solid (0.187 g, 46%). mp. 243-244 °C 
1
H NMR (CDCl3, 300 MHz) 2.17 (s, 6H), 2.48 (s, 6H), 7.1 (dd, J = 5.1, 3.7 Hz, 2H), 7.22 

(s, 2H), 7.40 (d, J = 5.1 Hz, 2H), 7.47 (d, J = 3.7 Hz, 2H). 
13

C NMR (CDCl3, 75.4 MHz) 17.89 (q), 21.37 (q), 111.90 (t), 116.38 (t), 126.82 (d), 

127.74 (d), 127.84 (d), 130.24 (s), 131.76 (s), 141.71 (d), 143.77 (s), 145.12 (s), 149.02 (s).  
19

F NMR (CDCl3, 188.2 MHz)  -132.93 (t, J = 4.5 Hz, 2F), -112.68 (t, J = 4.5 Hz, 4F), 

MS (EI): 550 [M
+
]; HRMS calcd. for C27H20F6N2S2: 550.0972. Found: 550.0972. 

Anal. calcd. for C27H20F6N2S2: C, 58.26; H, 4.71; N, 5.03. Found: C, 58.21; H, 4.66; N, 5.08. 
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1,2-Bis-(3,5-dimethyl-6-thazol-2-yl-pyridin-2-yl)-perfluorocyclopentene (4.17) 

The same procedure as for the 1,2-bis-(3,5-dimethyl-

6-thiophen-2-yl-pyridin-2-yl)-perfluorocyclopentene 

was followed, using 2-bromothiazole (166 l, 301 mg, 

1.84 mmol) instead of the 2-bromothiophene. The 

product was isolated as a white solid (344 mg, 85 %). 

mp. 125-127 °C 
1
H NMR (CDCl3, 300 MHz) 2.18 (s, 6H), 2.70 (s, 

6H), 7.31 (s, 2H), 7.39 (d, J = 3.3 Hz, 2H), 7.91 (d, J = 3.3 Hz, 2H). 
13

C NMR (CDCl3, 75.4 MHz) 18.00 (q), 20.71 (q), 111.62 (t), 116.27 (t), 121.50 (d), 

132.84 (s), 133.88 (s), 141.34 (s), 142.41 (d), 143.44 (s), 143.96 (d), 147.05 (s), 170.70 (s). 
19

F NMR (CDCl3, 188.2 MHz)  -132.90 (t, J = 4.5 Hz, 2F), -112.73 (t, J = 4.5 Hz, 4F), 

MS (EI): 552 [M
+
]; HRMS calcd. for C25H18F6N4S2: 552.0877. Found: 552.0867. 

Anal. calcd. for C25H18F6N4S2: C, 54.34; H, 3.28; N, 10.14. Found: C, 54.10; H, 3.15; N, 

10.10. 
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Chapter 5  

 

Tripod anchoring of 

diarylethenes to a surface 

 
 

The synthesis and photochromic performance of a surface bound dithienylethene molecular 

switch is described in this chapter. The switch is functionalized with a tripodal base to 

ensure its stable and rigid anchoring to the surface. The three legs, containing thioacetate 

moieties as gold binding units restrict the conformational freedom of the bound molecule 

after attachment to the gold surface. Measurements in solution show that the new 

dithienylethene can be reversibly switched between its open and closed form several times, 

although it suffers from fatigue. The switch was successfully attached to 20 nm gold 

nanoparticles. The stability of the nanoparticles in solution was, however, affected by the 

bound molecules and their precipitation was a drawback for the detailed study of the 

photochemical performance of the attached switch. After attaching the switch to a 

semitransparent gold layer deposited on mica a monolayer of surface bound molecules is 

obtained that can be studied by UV-vis spectroscopy. Alternate irradiation of this 

monolayer of switch molecules with UV and visible light results in a reversible change in 

the optical properties which can be attributed to the switching of the bound dithienylethene.    
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5.1 Molecular assembly on surfaces 
 

The effort invested in the design and synthesis of molecular machines as 

components for the future nanodevices allowed scientists to build many functional 

prototypes of such devices
1
. Although most of these nanodevices were shown to perform 

the functions they were designed for, their capabilities were mostly demonstrated using a 

large ensemble of molecules in the solution. In order to apply those machines as a part of 

more complex structures and to combine them with current technology, it is necessary to 

incorporate and organise them in the solid phase to be able to control their position and 

function and allow communication with the outside world. The most effective way of 

achieving this is to attach these functional molecules to surfaces
2
. Many recent publications 

indicate that this approach is indeed successful
3
. It has been shown that several molecular 

systems can function not only in solution but also after assembly on a surface.  

Most frequently used for anchoring of organic molecules are gold surfaces. There 

are several reasons why gold surfaces have often been used. One of them is that gold can 

create atomically flat surfaces suitable for scanning probe microscopy techniques. 

Furthermore Au-particles of various sizes in the nanometer range can be readily prepared
4
. 

Another reason is that gold is a reasonably inert material and can be handled at ambient 

conditions while it can still be efficiently and selectively modified by thiols
5
. Most studies 

deal with molecules attached to the surface through one thiol group. Although this approach 

is efficient for molecules that form tightly packed monolayers, it is not convenient for the 

positioning and control of individual molecules. Using several anchor points for one 

molecule, not only increases the stability of its binding to the surface, but also restricts its 

tilting with respect to the surface. The minimal number of the points that would guarantee 

stable positioning of the molecule on the surface is three and they should not be in a line. 

The basic stand that fulfils this criterion is a tripod (Figure 5.1). 

S S

S

tetrahedral core

legs with 
anchor groups

functionality

Au  

Figure 5.1 Schematic drawing of a molecule attached to the surface via a tripod. 

The shape of the tripod is quite common in chemistry. In fact the carbon atom itself 

with the tetrahedral arrangement of its four bonds can represent a tripod with the fourth 

bond positioned normal to the surface (Figure 5.2a). Since the purpose of this tripod is 

exact positioning of the molecule, the spacers (legs) between its tetrahedral core and the 

surface should be as rigid as possible. Therefore they usually consist of aromatic moieties, 

or phenyleneethylene segments if greater length is desired. Of course the crucial parts of the 

tripod are the actual anchoring groups, typically based on the thiols, but in the case of 
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surfaces other than gold different functionalities can be used as well (Figure 5.2b). Tripods 

without surface binding groups were often used as a stopper groups for rotaxanes
6
. 

Realizing the potential of the exact positioning of the molecule on the surface using a tripod, 

several groups have studied such molecules as a possible tip for scanning probe 

microscopy
7
, a crosslinker for the creation of an arrays of gold nanoparticles

8
, and to 

anchor complex ligands
9

, fullerenes
10

, rotaxanes
11

, pseudorotaxanes
12

 and potential 

motors
13

 to the surfaces. 
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Figure 5.2 The most common building blocks of tripods a) tetrahedral cores; b) legs with 

surface anchoring groups. 

Previous studies in our group have shown that the attachment of the diarylethene 

molecular switches to a gold surface can interfere with their photochemical performance
14

. 

The absence of a ring-closing photochromic reaction in some of the diarylethenes attached 

to the gold surface was attributed to the quenching of the excited state of the switches with 

gold
14a

. There might be several possible reasons for the quenching. A short linker might 

bring a switch very close to the gold surface. An extended conjugation of the π-electron 

system of the diarylethene to an aromatic linker can cause overlap of the orbitals of the 

switch with orbitals of the gold. Furthermore to much conformational freedom caused by 

only one anchor point allows the whole molecule to come much closer to the surface. To 

avoid these problems a switch attached to the surface via a tripod 5.1 (Scheme 5.1) was 

designed. The tripod secures the position of the switch with respect to the surface. The legs 

are long enough (1.2 nm)
15

 to keep the diarylethene rather far from the surface (the distance 

of the silicon atom from the surface is 0.6 nm)
15

 even in its opened form which is quite 

flexible, and they are not conjugated to the switching part to interfere with the 

photochemical ring-opening or ring-closure. The design is based on the convergent route 

pioneered by Tour
7b,13

, using the silicon based tetrahedral core 5.3 which is easy to 

synthesize. The legs 5.4 contain a protected thiol moiety in the meta position with respect 

to their attachment to the core, because their placement in the para position was shown to 

lead to inefficient attachment of the tripod to the surface
13

. The basic dithienylethene 

without any substituents is known to be a very inefficient switch
16

. Therefore its π-electron 
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system has to be extended through attachment of at least one aromatic moiety, in this case 

another thiophene to give building block 5.2. All the three fragments, the switching unit 5.2, 

the central tetrahedral core 5.3, and the leg with an anchor group 5.4 can be synthesized 

independently and then combined in the last steps of the synthesis, which makes this route 

convergent and, especially with respect to the high reactivity of the thioester group in 5.4, 

convenient. 

SS Si
S

S

S

S

O

O

O

SS Cl
S

Si

I

I

I

EtO

S

O

5.1

5.2

5.3

5.4  

Scheme 5.1 Retrosynthetic analysis of the tripod functionalized diarylethene 5.1. The 

molecule consist of the switching unit, tetrahedral silicon core and legs with a thioacetate as 

an anchor group, to assemble the whole system on Au. 

5.2 Synthesis 
 

The synthesis of the leg starts with the introduction to the aromatic group of the 

surface binding thiol moiety protected by the acetyl group (Scheme 5.2). One of the iodides 

of 1,3-diiodobenzene 5.5 undergoes halogen metal exchange with t-BuLi followed by the 

insertion of the sulphur and final quenching with acetyl chloride to give the thioacetate 5.6. 

The second iodide was then substituted with trimetylsilylacetylene under Sonogashira 

coupling conditions resulting in 5.7. The deprotection of 5.7 using tetrabutylammonium 

fluoride in the presence of acetic anhydride, to avoid deacetylation of the sulphur, yielded 

almost quantitatively the unprotected alkyne 5.4, which comprises the leg of the tripod. The 

central tetrahedral core 5.3 based on silicon was synthesized by the reaction of the 4-

iodophenyllithium, prepared from 1,4-diiodobenzene 5.8, with tetraethoxysilane. Due to 

steric hindrance around the silicon centre caused by the bulky phenyl groups, only small 

amount of the tetra(4-iodophenyl)silane as a byproduct was formed. 
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Scheme 5.2 Synthesis of the surface anchoring leg 5.4 and the tetrahedral core 5.3 

fragments. 
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Scheme 5.3 Synthesis of the switching fragment 5.2 and subsequent coupling with the 

tetrahedral core 5.3 and leg 5.4 fragments to give the final tripod functionalized 

dithienylethene 5.1. 
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The diarylethene switching part was synthesized from known precursor 5.9
16

. 

Extension of the conjugated aromatic system in order to improve its photochemical 

properties was achieved using a Suzuki coupling. One of the chlorine atoms in 5.9 was 

transformed into the boronic ester through halogen metal exchange followed by quenching 

with triethylborate. This ester was reacted without isolation with 2-bromo-5-

methylthiophene under basic conditions using Pd
0
 catalysis to afford the thiophene 

substituted switch 5.2. Substitution of the second chlorine atom for lithium and reaction 

with the tetrahedral core 5.3 resulted in 5.10 to which the legs 5.4 were attached using again 

a Sonogashira coupling reaction. The final tripod containing switch 5.1 was obtained in a 

fair yield as an oil. Signals of all the components, the switch, the central core as well as the 

thioacetate functionalized legs are present in the 
1
H NMR and 

13
C NMR spectra. The mass 

spectra obtained using the MALDI-TOF method showed a molecular peak with the mass of 

1136 which corresponds to the mass of the 5.1. 

 

5.3 Photochemical behaviour in solution 
 

The UV-vis spectrum of the switch 5.1 in toluene shows two maxima in the UV 

region at 296 nm and 315 nm and a shoulder at around 340 nm (Figure 5.3a). Irradiation of 

its colourless toluene solution with 313 nm UV light resulted in a change of the colour to 

blue as a result of the appearance of the new absorption band in the visible region with a 

maximum at 530 nm. The UV region of the spectrum changed only slightly. It is probably 

dominated by the absorption of the phenyleneethylene legs of the tripod. This 

photochemical ring-closing reaction proceeds to completion, as no traces of the open form 

could be observed in the 
1
H NMR spectrum after irradiation of the switch solution in 

deuterated toluene. The irradiation of this coloured solution with visible light (>420 nm) 

resulted in the photochemical ring-opening reaction. The absorption maximum in the 

visible region disappears, and the spectrum of the open form is restored.   

 

Figure 5.3 The photochemical behaviour of the switch 5.1 (1.27x10
-5

 mol/dm
3
 in toluene) 

a) UV-vis spectra of the open form (—) and the closed form at the photostationary state (---

); b) change in absorption monitoring at the 530 nm during 4 switching cycles. 

Although the spectrum of the open form after one switching cycle does not show 

any sign of decomposition of the switch upon irradiation, the subsequent ring-closing 

reaction changes the picture (Figure 5.3b). While the spectra of the open form of the switch 
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are almost identical after each switching cycle, the absorption maximum of the closed form 

in the visible region is decreasing by approximately 15% with each ring-closing reaction. 

Despite this quite high fatigue, switch 5.1 is still suitable for our purpose to study its 

switching upon binding to a surface. 

The presence of thioacetate groups allows the tripod functionalized switch to be 

bound to a gold surface. The acetate works as a thiol protecting group during the synthesis 

and is cleaved in situ upon binding to the gold
17

. Two surfaces with different properties 

were used to anchor the switch; i) gold nanoparticles and ii) semitransparent flat gold layer 

deposited on mica. (Figure 5.4). 
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Figure 5.4 Schematic representation of tripod functionalized diarylethene switch 5.1 on a) 

gold nanoparticles; b) flat gold surface. 

5.4 Photochemical behaviour on gold nanoparticles 
 

The study of switching molecules on surfaces has several specific challenges. One 

of them is that the methods commonly used to study the molecules in solution have limited 

application here. This is mainly due to much smaller number of the observable molecules 

comparing to those in the solution. One approach to overcome this difficulty is to use 

nanoparticles. 

Nanoparticles have a high surface to volume ratio, thus much more molecules can 

be attached to them than on a flat surface. Another advantage is that the nanoparticles can 

be studied in solution which allows to use the same techniques as employed for the study of 

free molecules
18,14c,3d

.  However, modified nanoparticles also have their specific issues. The 

most important for this study are their optical properties. The most obvious is their colour. 

Nanoparticles show strong absorbance in the visible region as a consequence of the surface 

plasmon excitation
19

. This might obscure the changes in the UV-vis spectra we use to 

observe the switching process. On the other hand, the exact position and intensity of the 

plasmon band is highly dependent on the size as well as the environment of the 

nanoparticle which might facilitate the observation of changes taking place directly on their 

surface
20

. 
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The preparation of nanoparticles is based on the reduction of HAuCl4 into Au(0) in 

the presence of ligands that bind to the surface of the particle and limit its growth and 

fusion with other particles. There are two most commonly used methods to achieve this. 

The so-called Brust-method
21

 is based on the reduction with NaBH4 in the presence of the 

tetra-n-octylammonium bromide and thiol molecules. This results in nanoparticles of 

diameters between 1.5 – 5.2 nm (the exact size depends on the ratio of the thiol to gold), 

with the thiol molecules attached to their surface. The other method is based on the use of 

sodium citrate as both reducing and stabilizing agent. In this case the size of the particles 

can be anything between 16 and 147 nm depending again on the ratio of the citrate to gold
22

.  

 

Figure 5.5 UV-vis spectra at various stages of nanoparticle modification. The nanoparticle 

solution in water:acetone / 1:1 (—); immediately after addition of switch 5.1 (- - -); after 

stirring for 15 min (
. . . .

); after stirring for 30 min (∙−∙−∙−). 

 Considering the size of the tripod, 20 nm gold nanoparticles were synthesized 

following the second procedure
22

. They were obtained as a deep red aqueous solution with 

a concentration of 1 mmol/dm
3
 of gold that shows no precipitation even after long (6 

months) storage in the refrigerator. This solution shows an intense plasmon resonance band 

with a maximum at 523 nm (Figure 5.5). After addition of the solution of the switch 5.1 

(0.1 mg in 0.2 ml of acetone) the intensity of the maximum increased, accompanied with 

the gradual shift to longer wavelengths as a result of the modification of nanoparticles. 

After stirring for 15 min at room temperature, the maximum shifted to 609 nm and the 

intensity started to decrease. This decrease was caused by the precipitation of the modified 

nanoparticles. The switch molecules attached to the surface are not able to prevent the 

cohesive forces between the nanoparticles which starts to aggregate.  

 To obtain the labelled nanoparticles without excess of the switch in the solution, 

nanoparticles were after 16h stirring with the solution of switch 5.1 isolated by precipitation 

and centrifugation. Then they were redissolved in toluene and the precipitation and 

centrifugation was repeated. After five reprecipitation and centrifugation cycles, the 

supernatant no longer contained any free switch molecules as determined by UV-vis 

spectroscopy. However, the nanoparticle solution was still unstable and always showed 

some degree of the aggregation. Experiments using different solvents, lower temperatures 

or addition of dodecanethiol to obtain a more stable organic shell around the nanoparticles 

did not improve the situation. Despite this drawback significant changes in the UV-vis 

spectra after irradiation with UV light could be observed (Figure 5.6). Irradiation with 313 

nm UV light caused an increase in the absorbance in the region between 400 nm and 500 

nm (Figure 5.6b) as well as the shift of the plasmon resonance band maximum from 672 
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nm to 683 nm. There is also a small decrease of the intensity in the UV region, but it is not 

clear if this is due to the switching process or due to the precipitation of the nanoparticles. 

Although this result was confirmed for three independent samples, irradiation with visible 

light to reverse the switching process was inconclusive since the decrease of the absorbance 

is difficult to distinguish from change in spectra due to the precipitation. 

 

Figure 5.6 UV-vis spectra related to the switching process of 5.1 on nanoparticles; a) the 

nanoparticle labeled with 5.1 in the toluene (—); after 1 min irradiation with 313 nm UV 

light (- - -); after 2 min irradiation with 313 nm UV light. (
. . . .

); b) detailed view on the 

region where the most pronounced light induced change can be observed. 

5.5 Photochemical behaviour on flat gold surface 

 
Since stabilization of the nanoparticles in the solution was not successful, a semitransparent 

gold film on a mica surface was used for the further experiments. Gold can be deposited on 

many surfaces to create layers of various thicknesses. Mica being transparent in the visible 

and partly transparent in the UV region is a suitable one. Gold is of course not a transparent 

material, however if the layer is sufficiently thin, around 20 nm, it is semi-transparent, 

allowing for the detection of the changes on its surface using UV-vis spectroscopy
14d

. This 

thin layer of gold was deposited on mica preheated to 375°C in vacuum (see experimental 

part). The substrate with the gold film was then immersed for 12h in the 1 mM solution of 

the switch 5.1 in ethanol to create a monolayer. 

Values of absorbance higher than 1 in the observed spectral region of UV-vis 

spectra of the prepared surface (Figure 5.7a) indicate that the surface absorbs and reflects 

more than 90% of the light and only remaining, less than 10% of the light, is reaching the 

detector of the UV-vis spectrometer. The plasmon resonance band can be observed at 672 

nm, which is the same wavelength as for the nanoparticles. Any change in the spectra 

caused by the photochromism of the switch 5.1 would be difficult to distinguish due to the 

small amount of the light passing through the layer. Moreover, the small number of 

molecules in the monolayer makes the observation of the process even more difficult. To 

partially compensate for the concentration of the molecules, every spectrum was 

accumulated ten times
14d

. To eliminate the high surface absorbance/reflectance, the spectra 

before and after irradiation were subtracted. The result can be seen in Figure 5.7b. For 

comparison, the result of subtraction of the UV-vis spectra before and after the irradiation 

of the 5.1 in solution is also included in Figure 5.7b. It is clear that irradiation with UV 
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light leads to increase of the absorbance in the region 350-560 nm, with distinct sharp 

increase at 360 nm and a less distinct increase at 530 nm. There is also decrease of the 

intensity at wavelengths between 560 and 690 nm and further increase beyond 690 nm (not 

shown due to the extremely noisy signal). The switching cycle can be repeated several 

times (Figure 5.7c), however due to photochemical decomposition of the switch, the signal 

is loosing its quality as a result of decrease of the signal to noise ratio. Switching was 

observed on the three independent samples and it is well reproducible. 

 

Figure 5.7 UV-vis spectra of a) 20 nm semi-transparent gold on mica substrate; b) 5.1 

attached to this surface. The spectra shown are the subtraction of the 10 accumulations of 

the spectra of the closed form and 10 accumulations of the spectra of the open form 

measured on the surface (—); subtraction of the spectra of the closed form and open form 

of 5.1 in the solution (- - -). c) reversibility of the switching of 5.1 on the gold surface. The 

more pronounced increase after second cycle is probably caused by a slight shift of the 

sample in the holder during the irradiation period. 

 Switching on the surface (Figure 5.7b) shows similar changes in the UV-vis 

spectra as the switching on the nanoparticles (Figure 5.6). In both cases there is increase in 

absorption in the region between 400 and 500 nm upon irradiation with UV light. In 

solution, however, the most pronounced increase, upon UV light induced ring-closure, is at 

530 nm (Figure 5.3 and Figure 5.7b). The reversible, light induced change in the UV-vis 

spectra of the surface modified with monolayer of 5.1 is clearly due to presence of 

photochromic switching moiety, because the control experiment using monolayer of 

dodecanethiol on the same surface (i.e. 20 nm gold on mica) showed no variation in the 

spectral features upon irradiation. However, there is a distinct difference between spectra of  

5.1 in solution and when assembled as a monolayer on gold. It is not clear, what is the 
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source of the change in the spectra between surfaces modified with a monolayer of open 

and closed form of the switch. If the change in the spectra reflects the change in the 

absorption properties of the switch molecules, then the electronic properties of the switch 

molecules are different in the solution and upon binding to surface. Recently, a theoretical 

study of the surface bound dithienylethenes supporting this view was published
23

, but all 

the examples in this study use short conjugated spacers to connect the switch to the surface. 

Therefore, this explanation might not be appropriate, since we anticipate that long legs in 

5.1 guarantee quite efficient isolation of the switch from the surface. Another possibility is 

that the observed change of the spectral features upon irradiation is not caused by the 

change of the absorption of the switch molecule, but rather by change in the optical 

properties of the surface (such as refractive index) caused by the different state of the 

switch. This principle was applied in a system where the change in surface plasmon 

resonance was used to detect the state of the switch
24

. 

5.6 Conclusion 
 

Placing the diarylethene photochromic switch on a tripod allows for its binding to a 

gold layer in a rigid manner that keeps the switch sufficiently isolated from the surface. 

This results in the photochemical switching in the both directions, ring-opening as well as 

the ring-closing which was reported before to be problematic
14a

. The ring-closing process 

was observed on gold nanoparticles. Nanoparticles sufficiently large to carry the tripod are, 

however, difficult to stabilize in the solution. Modified nanoparticles showed strong 

tendency to precipitate, thus making observation of the full switching cycle impossible. 

Switching of the diarylethene on the semi-transparent 20 nm gold on mica surface was 

reversible, and the switching cycle could be repeated several times. However, the reversible 

changes of spectral features observed during the switching on the surface do not correspond 

to changes observed when switching was performed in the solution. The conducted 

experiments are not sufficient to explain this difference and further investigation is 

necessary to clarify the nature of the observed changes in spectral features. For future 

experiments, it would be desirable to choose a more fatigue-resistant diarylethene moiety to 

avoid its decomposition during experiments. Incorporation of a chiral substituent might 

help to prove the presence of open and closed form using CD spectroscopy. 

5.7 Experimental section 
 

General information: 

 

For general information on synthesis, characterization and photochemical studies, see 

Chapter 2. 

 
S-3-Iodophenyl ethanethioate (5.6) 

To a solution of 1,3-diiodobenzene 5.5 (4.16 g, 12.5 mmol) in ether (20 

ml) at -78°C under nitrogen was dropwise added t-BuLi (17 ml of a 1.5 

M solution in pentane, 25.5 mmol). After stirring for 1h at the same 

temperature, sulfur powder (0.416 g, 13 mmol) dissolved in THF (60 ml) 

was added. The solution was allowed to reach room temperature over 1h. 

I

S

O
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Subsequently it was cooled again to -78°C and acetyl chloride (1.4 ml, 1.54 g, 19.6 mmol) 

was added. After stirring at room temperature for 3h water (20 ml) was added, the organic 

layer separated, washed with brine (20 ml) and dried over Na2SO4. Evaporation of the 

solvent and purification by chromatography (silica gel, n-hexane:ether / 25:1) gave 2.71 g 

(78 %) of product 5.6 as a slightly yellow oil. 
1
H NMR (CDCl3, 400 MHz)  2.42 (s, 3H), 7.14 (t, J = 8 Hz, 1H), 7.38 (d, J =8 Hz, 1H), 

7.73 (d, J = 7.7 Hz, 1H), 7.76 (s, 1H); 
13

C NMR (CDCl3, 100.6 MHz)  30.29 (q), 94.35 (s), 129.92 (d), 130.63 (d), 133.64 (d), 

138.33 (s), 142.57 (d), 192.90 (s); 

MS (EI): 278 [M
+
]; HRMS calcd. for C8H7IOS: 277.9262. Found: 277.9246. 

Anal. calcd. for C8H7IOS: C, 34.55; H, 2.54; Found: C, 34.50; H, 2.59. 

 

S-3-(2-(Trimethylsilyl)ethynyl)phenyl ethanethioate (5.7) 

A mixture of iodide 5.6 (2.22 g, 8 mmol), 

trimethylsilylacetylene (1.6 ml 1.12 g, 11.4 mmol) and N,N-

diisopropylethylamine (2.2 ml, 1.66 g, 12.9 mmol)  in THF 

(20 ml) was stirred for 30 min at room temperature under 

nitrogen. Then a mixture of solid 

bis(triphenylphosphine)palladium(II)chloride (280 mg, 0.4 mmol)  and copper(I) iodide (76 

mg, 0.4 mmol), degassed in vacuum for 1h, was added. After stirring for 48 h at room 

temperature water (20 ml) and ether (20 ml) were added. The organic layer was separated 

and the aqueous layer was extracted with ether (20 ml). The combined organic extracts 

were washed with water (20 ml) and dried over Na2SO4. Evaporation of the solvent and 

purification by chromatography (silica gel, n-hexane:ether / 25:1) gave 1.31 g (66 %) of 

product 5.7 as an oil. 
1
H NMR (CDCl3, 400 MHz)  0.25 (s, 9H), 2.41 (s, 3H), 7.33-7.36 (m, 2H), 7.47-7.54 (m, 

2H); 
13

C NMR (CDCl3, 100.6 MHz)  -0.018 (q), 30.29 (q), 95.61 (s), 103.911 (s), 124.45 (s), 

128.20 (d), 129.06 (d), 132.85 (d), 134.50 (d), 137.78 (s), 193.44 (s); 

MS (EI): 248 [M
+
]; HRMS calcd. for C13H16OSSi: 248.0691 Found 248.0702. 

Anal. calcd. for C13H16OSSi: C, 62.85; H, 6.49; Found: C, 63.10; H, 6.43. 

  

S-3-Ethynylphenyl ethanethioate (5.4) 

To a solution of the 5.7 (1.24 g , 5 mmol) in THF (10 ml) at 0°C was 

added acetic anhydride (1.0 g,  10 mmol) and AcOH (0.6 g, 10 mmol) 

followed by tetrabutylammonium fluoride (6 ml of 1M solution of 

TBAF.3H2O, 6 mmol). The solution was allowed to warm to the 

room temperature over 1h and poured into water (50 ml). The 

mixture was extracted with ether (3 x 20 ml). The combined organic extracts were washed 

with water (20 ml) and dried over Na2SO4. Evaporation of the solvent gave 0.86 g (98 %) 

of product 5.4 as an oil that does not require further purification. 
1
H NMR (CDCl3, 400 MHz)  2.42 (s, 3H), 3.11 (s, 1H), 7.36-7.41 (m, 2H), 7.50-7.54 (m, 

2H); 
13

C NMR (CDCl3, 100.6 MHz)  28.7 (q), 76.9 (d), 81.0 (s), 121.8 (s), 126.7 (d), 127.5 (d), 

131.5 (d), 133.3 (d), 136.3 (s), 191.8 (s); 

MS (EI): 176 [M
+
]; HRMS calcd. for C10H8OS: 176.0296; Found 176.0302. 

Anal. calcd. for C10H8OS: C, 68.15; H, 4.58; Found: C, 68.00; H, 4.65. 

S

O

Me3Si

S

O
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Ethoxytris(4-iodophenyl)silane
13

 (5.3) 

To the suspension of 1,4-diiodobenzene 5.8 (6.6 g, 20 mmol) in 

ether (100 ml) cooled to -78°C was added n-BuLi (9.4 ml of 1.6M 

solution in n-hexane, 15 mmol) dropwise over 15 min. This mixture 

was stirred for 1h at the same temperature and then 

tetraethoxysilane (1.1 ml, 1.04 g, 5 mmol) was added at once. After 

stirring for 1h at -78°C and then for 4h at room temperature HCl  

(15 ml of an 1M aqueous solution) was added. The separated 

organic layer was washed with water (2 x 30 ml), dried over 

Na2SO4 and the solvent was evaporated. Purification of the residue 

by chromatography (silica gel, n-hexane:toluene / 9:1) gave 1.81 g 

(53 %) of product 5.3 as white solid. m.p. 173-175 °C (ref
13

. 174-

175 °C). 
1
H NMR (CDCl3, 400 MHz)  1.21 (t, J = 6.9 Hz, 3H), 3.81 (q, J = 6.9 Hz, 2H), 7.28 (d, J 

= 8.1 Hz, 6H), 7.75 (d, J = 8.1 Hz, 6H); 
13

C NMR (CDCl3, 100.6 MHz)  14.47 (q), 60.03 (t), 98.08 (s), 132.78 (d), 136.75 (s), 

137.29 (d); 

MS (EI): 682 [M
+
]; HRMS calcd. for C20H17I3OSi: 681.8183; Found: 681.8195; 

Anal. calcd. for C20H17I3OSi: C, 35.21; H, 2.50; Found: C, 35.40; H, 2.57. 

 

5-Chloro-2-methyl-3-(2-(2-methyl-5-(5-methylthiophen-2-yl)thiophen-3-yl)cyclopent-

1-enyl)thiophene (5.2) 

Dichloride 5.9 (6.59 g, 20 mmol) was dissolved in 

anhydrous THF (75 ml) under a nitrogen atmosphere, 

and n-BuLi (13.8 ml of 1.6M solution in n-hexane, 22 

mmol) was added slowly at 0°C. After the addition 

reaction the mixture was allowed to warm to r.t. and 

stirred for an additional 1 h. Then B(n-OBu)3 (8 ml, 6.9 

g, 30 mmol) was added, followed by the stirring for the next 1 h at r.t. Degassed aq. 

Na2CO3 (50 ml of 2M solution), Pd(PPh3)4 (578 mg, 0.5 mmol) and 2-bromo-5-

methylthiophene (3.9 g, 22 mmol) were added to the resulting solution and the mixture was 

heated at reflux for 3 h. Subsequently, water (200 ml) was added and the mixture was 

extracted with Et2O (3 x 100 ml). The combined extracts were dried over Na2SO4 and the 

solvents evaporated. Purification by chromatography on silica gel using n-hexane as an 

eluent gave 5.06 g (65%) of the product 5.2 as an oil.  
1
H NMR (CDCl3, 400 MHz)  1.91 (s, 3H), 1.96 (s, 3H), 2.00–2.10 (m, 2H), 2.48 (s, 3H), 

2.73-2.83 (m, 4H), 6.63-6.65 (m, 1H), 6.80 (s, 1H), 6.86 (d, J = 3.3 Hz, 1H); 
13

C NMR (CDCl3, 100.6 MHz)  14.34 (q), 15.44 (q), 22.98 (t), 38.47 (t), 38.55 (t), 122.89 

(d), 123.67 (d), 125.08 (s), 125.87 (d), 126.88 (d), 133.35 (s), 133.43 (s), 133.69 (s), 133.88 

(s), 135.16 (s), 135.40 (s), 136.00 (s), 138.59 (s); 

MS (EI): 390 [M
+
]; HRMS calcd. for C20H19ClS3: 390.0337; Found: 390.0343; 

Anal. calcd. for C20H19ClS3: C, 61.43; H, 4.90; Found: C, 61.40; H, 4.88; 

 

 

 

 

Si

I

I

I
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Tris(4-iodophenyl)(5-methyl-4-(2-(2-methyl-5-(5-methylthiophen-2-yl)thiophen-3-

yl)cyclopent-1-enyl)thiophen-2-yl)silane (5.10) 

Chloride 5.2 (1.17 g, 3 mmol) was 

dissolved in anhydrous ether (50 ml) under 

a nitrogen atmosphere, and t-BuLi (2 ml of 

1.5M solution in n-pentane, 3 mmol) was 

added slowly at 0°C. After the addition, the 

reaction mixture was allowed to warm to r.t. 

and stirred for additional 1 h. Then 5.3 

(2.05 g, 3 mmol) in THF (20 ml) was added, 

followed by stirring for 4 h at r.t. The 

solution was washed with water (2 x 50 ml) 

and the combined aqueous layers were extracted with ether (2 x 50 ml). The combined 

organic extracts were dried over Na2SO4, and the solvent evaporated. Purification by 

chromatography (silica gel, n-hexane:toluene / 19:1), gave 5.10 (2 g, 67%) as an colourless 

oil. The product was pure by NMR. 
1
H NMR (CDCl3, 400 MHz)  1.91 (s, 3H), 2.00–2.09 (m, 2H), 2.24 (s, 3H), 2.50 (d, J = 

0.7 Hz, 3H), 2.72-2.82 (m, 4H), 6.66 (dd, J =1.1, 3.7 Hz, 1H), 6.69 (s, 1H), 6.83 (s, 1H), 

6.84 (d, J = 3.7 Hz, 1H), 7.16 (dt, J =1.6, 8.1 Hz, 6H), 7.67 (dt, J =1.6, 8.1 Hz, 6H); 
13

C NMR (CDCl3, 100.6 MHz)  14.17 (q), 14.70 (q), 15.64 (q), 23.24 (t), 37.78 (t), 38.13 

(t), 97.85 (s), 122.87 (d), 123.88 (d), 126.04 (d), 126.96 (s), 132.61 (s), 133.20 (s), 133.57 

(s), 134.79 (s), 135.28 (s), 135.42 (s), 136.20 (s), 137.29 (d), 137.45 (d), 137.93 (s), 138.62 

(s), 141.11 (d), 143.28 (s); 

MS (MALDI-TOF): 992 [M+]  
 

Thioacetic acid S-{2-[4-(bis-[4-(3-acetylsulfanyl-phenylethynyl)-phenyl]-{4-[2-(5,5'-

dimethyl-[2,2']bithiophenyl-4-yl)-cyclopent-1-enyl]-5-methyl-thiophen-2-yl}-silanyl)-

phenylethynyl]-phenyl} ester (5.1) 

To a dry flask containing 

Pd(dba)2 (8.6 mg, 0.015 

mmol), Ph3P (13 mg, 0.05 

mmol) and CuI (3 mg, 0.015 

mmol) kept under a nitrogen 

atmosphere was added a 

solution of 5.10 (99 mg, 0.1 

mmol) in dry THF (3 ml), i-

PrNEt2 (2 ml) and alkyne 5.4 

(106 mg, 0.6 mmol) in dry 

THF (2 ml). The reaction 

mixture was stirred at r.t. for 

16 h, then poured into water 

(10 ml) followed by extraction 

with ethyl acetate (3x10 ml). 

The organic extracts were 

washed with water (10 ml), 

SS Si
S

I

I

I

SS Si
S

S

S

S

O

O

O
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dried over Na2SO4, and the solvent evaporated. Purification by chromatography (silica gel, 

n-hexane:ethylacetate / 4:1), gave 5.1 (75 mg, 66%) as a colourless oil. 
1
H NMR (CDCl3, 400 MHz)  1.92 (s, 3H), 2.00-2.09 (m, 2H), 2.20 (s, 3H), 2.42 (s, 3H), 

2.45 (s, 9H), 2.73-2.83 (m, 4H), 6.61 (dd, J = 1.1, 3.3 Hz, 1H), 6.71 (s, 1H), 6.84 (d, J = 3.3 

Hz, 1H), 6.93 (s, 1H), 7.39-7.42 (m, 6H), 7.49 (s, 12H), 7.55-7.59 (m, 3H), 7.60 (s, 3H), 
13

C NMR (CDCl3, 100.6 MHz)  14.24 (q), 14.69 (q), 15.48 (q), 23.22 (t), 30.41 (q), 38.01 

(t), 38.26 (t), 89.61 (s), 90.52 (s), 122.92 (d), 124.00 (d), 124.54 (s), 124.60 (s), 125.96 (d), 

127.72 (s), 128.42 (s), 129.28 (d), 131.12 (d), 132.68 (d), 133.29 (s), 133.58 (s), 134.29 (s), 

134.47 (d), 134.82 (s), 135.08 (s), 135.50 (s), 135.98 (d), 136.25 (s), 137.48 (d), 137.95 (s), 

138.59 (s), 140.86 (d), 143.16 (s), 193.62 (s) 

MS (MALDI-TOF): 1136 [M+]  

 

Preparation of the gold nanoparticles
22

: 

 

To a boiling solution of tetrachloroauric(III) acid (40 mg of the HAuCl4.xH2O 

containing >49% Au, 0.1 mmol Au) in water (100 ml) was added sodium citrate dihydrate 

(120 mg, 0.4 mmol) in water (5 ml). The solution was refluxed for 20 min until it reached a 

deep red colour. Then, the solution was cooled to room temperature and stored at the 4°C. 

The final concentration is 1 mmol/dm
3
 Au in the form of nanoparticles with a diameter of 

20 nm (according to the literature
22

). 

 

Functionalization of the gold nanoparticles: 

 

Switch 5.1 (0.5 mg) dissolved in acetone (6 ml) was added to the solution of the 

nanoparticles (5 ml of the solution described above). After stirring for 16 h at the room 

temperature, the precipitate was isolated by centrifugation (15 min at 6000 rpm). The 

obtained nanoparticles were purified repeating five times the precipitation process 

consisting of dissolution in toluene (1.5 ml), precipitation by the addition of methanol (7.5 

ml) and centrifugation (15 min at 6000 rpm). 

 

Preparation of the semi-transparent gold surface
25

: 

 

Mica sheets (supplied by Pelco) were heated at 375°C for 16 h in vacuum 3.3x10
-7

 mbar in 

a home-made vacuum deposition system. Gold was deposited on the hot substrate at a rate 

of 0.01 nm/s to form a semitransparent, 20 nm tick, Au(111) layer. The substrate was then 

kept at the same temperature for 1h and subsequently cooled to room temperature over 5h. 

 

Preparation of the monolayer
25

: 

 

The substrate was immersed in a solution of the switch 5.1 (1 mmol/l in ethanol) for 12h. 

The sample was then removed, washed 3 times with ethanol and dried under an argon flow. 
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Chapter 6  

 

Protein channel as a 

biomolecular switchable 

nanovalve, an introduction 

 
In this chapter the structure and function of the Mechanosensitive channel of Large 

conductance (MscL) is described, together with methods commonly used to study the 

performance of ion channels. MscL is a membrane embedded channel protein sensitive to 

the tension in the membrane. Its natural function is related to the osmoregulation of the cell. 

It regulates the flux of the solutes from the cell, functioning as a safety valve in the event of 

sudden turgor pressure build up in the cell interior. It has two basic states, the open and 

the closed state and thus can be seen as a biomolecular switch. The stimulus to open the 

channel is membrane tension which is difficult to control. The next two chapters will deal 

with modifications of this channel to change its opening stimulus to a change in pH or 

irradiation with light of specific wavelength thus changing it into a pH and light sensitive 

nanovalve. At the end of this chapter two methods used to study the function of the 

membrane channels are described briefly. The patch-clamp technique allows for the 

observation of the behaviour of single channels such as unitary conductance, sub-

conducting states and open- and closed-state statistics. The calcein efflux assay is used to 

study the efflux from the liposomes, thus allowing the averaged behaviour of an ensemble 

of channels to be observed.  
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6.1 Membrane channels 
 

Every cell is delimited by its boundaries in the form of a membrane. The membrane 

as a protective barrier shields the cell from the environment and secures high concentrations 

of metabolites inside
1
. Although this separation of the interior and exterior of the cell is 

beneficial it could be fatal also. A cell cannot survive and proliferate without interacting 

with its environment. The most obvious is the demand for nutrition as a source of energy 

and building material required for the cell’s growth and reproduction. The membrane thus 

contains devices responsible for the exchange of ions and molecules between the cell and 

its surrounding. As for most of the cell’s machinery, they are also based on proteins. Two 

modes of protein function that are involved in transport and mechanisms to allow 

permeability of the membrane can be distinguished; active and passive transport
2
. 

Active transport requires energy and is typical for membrane-bound pumps. The 

most prominent family of ion pumps are ATPases
3
 which use ATP as an energy source to 

create concentration gradients of certain ions, such as H
+
, Na

+
,  K

+
 or Ca

2+
. These gradients 

can be further used by secondary transporters
4
. The secondary transporters couple the 

thermodynamically unfavorable transport of one species to the thermodynamically 

favorable transport of a different species. They can transport a much broader range of 

compounds including sugars and amino acids   

Passive transport using concentration gradients is realized through channels 

embedded in the membrane
5
. Membrane channels are protein nanotubes with hydrophobic 

exterior interacting with the phospholipids bilayer and, usually, hydrophilic interior 

allowing the passage of ions and solutes. To maintain the benefits of the membrane, 

channels are most of the time closed and open only when their function is required and 

invoked. The stimulus to open the channel can be the presence of the specific compound, 

voltage across the membrane, heat or mechanical stress. Through the opening of the 

channel, this input is transduced into an output in the form of the flux of water, ions and 

even organic molecules. The result is the change of ion concentration, membrane potential 

or membrane tension. After fulfilling its function, the channels return back to their closed 

state. 

Considering these two basic functional states the membrane channels can be 

described as biomolecular switches. They are in the closed “off” state in the absence of 

opening stimuli and can be switched to the open “on” state as a result of a signal from its 

environment. In this process the signal also gets greatly amplified, as one signal molecule 

can cause transport of up to 10
7
 ions per second

2
. This mechanism is vital for many 

processes in organisms such as neuron excitation and information transfer or muscle 

contraction. 

Another property typical for the ion channels is the selectivity. Most channels 

contain a filter function that allows passage of only one or several types of ions while still 

being impenetrable to other ions. This is usually achieved by size selectivity and favourable 

complexation pattern due to appropriately placed amino acid side chains. This is crucial for 

the ability of the cell to balance the amounts of particular ions in the cytoplasm and its 

environment. 

As already mentioned, there are various stimuli that allow for opening of the 

channel. Ligand-gated channels open in the response to binding a specific ligand such as 

acetylcholine or glutamate to a recognition site
6
. These channels are often targeted by 
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pharmacotherapy to alter the function of the cell. Another important group are the voltage-

gated channels sensitive to the electrical potential across the membrane
7

. They are 

responsible for the generation of the action potential and information transport through the 

neurons. The third important family of ion channels are the mechanosensitive channels 

responsible to mechanical force, typically a membrane tension
8
. These channels are usually 

nonselective and are involved in osmoregulation. 

In this chapter the structure and functioning of mechanosensitive channel proteins 

(the subject of the next chapters) and the methodologies to study these protein functions are 

discussed. 

 

6.2 Mechanosensitive channels 

6.2.1 Introduction 
Mechanosensation and mechanotransduction, the ability to detect mechanical force 

and transduct it into an electrical or chemical signal, are properties shared among almost all 

living organisms. They are at the basis of touch, hearing, proprioception and 

osmoregulation, as well as detection of wind and gravity by plants. Since their discovery by 

patch-clamp experiments
9
, mechanosensitive channels have been hypothesized to play a 

major role in these processes. These channels are activated by a membrane tension and can 

be found nearly everywhere, in animals, plants, fungi and bacteria
8
. 

Despite the large diversity and nearly omnipresence of mechanosensitive channels, 

relatively little is known about their structure, mechanism of gating and roles in physiology. 

The best studied examples are the Mechanosensitive channel of large conductance (MscL) 

and Mechanosensitive channel of small conductance (MscS) from Escherichia coli
10

, 

named for their large (3.2 nS) and small (~1 nS) conductance, respectively. They were first 

observed by Martinac et al. in 1987 using the patch clamp technique on a giant spheroplast 

from E. coli
11

. In 1993 Shukarev et al. identified two types of mechanosensitive channels in 

E. coli
12

 and a year later isolated and cloned a gene of one of them
13

; one related to the 

MscL protein. The fact that the MscL retained the ion conductance and mechanosensitivity 

after isolation, purification and reconstitution into liposomes was the final proof that a 

change in membrane tension is a sufficient stimulus to gate the channel.  

 

6.2.2 Function 
The idea of mechanically gated ion channels is much older than their discovery. It 

was first proposed in the 1950s based on the studies of specialized mechanosensory 

neurons
14

 that convert mechanical force exerted on the cell membrane into electrical signals. 

Although the function of mechanosensitive channels in the pressure responsive cells such 

as auditory cells, stretch receptors, vascular endothelium and other neurosensory tissue 

seems justified, the purpose for their occurrence in non-excitable cells such as blood cells 

and cells of endothelial tissue was unclear. After the discovery of mechanosensitive 

channels in bacteria
11

, it was suggested that they may play a role in volume regulation and 

electrolyte homeostasis, functions common and necessary to all the cells. Their function in 

osmoregulation was confirmed by gene disruption experiments. It was shown that either 
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MscL or MscS channels can rescue bacteria from a strong osmotic downshock but for the 

double knockout mutant (i.e. with the genes for both channels disabled) such a shock is 

lethal
15

. 

The ability to adjust the osmolarity of the cytoplasm is vital for the survival of the 

cell. In an environment of higher osmolarity, systems that transport solutes into the cell are 

activated to prevent the loss of water into the surroundings. However, these conditions can 

be tolerated for a relatively long time without causing serious damage to the cell. On the 

other hand hypoosmotic shock causes overhydration and swelling of the cell to the point of 

lysis and, inevitably, death. The ability of bacteria to eject osmolites under these conditions 

has been known since the 1960s but remained unexplained
16

 until the discovery of 

mechanosentive channels. To prevent bursting, the cell membrane accommodates safety 

valves represented by the mechanosensitive channels which in case of osmotic downshock 

open and release some solutes to lower the osmotic pressure inside the cell. To work 

effectively the activation mechanism is based on change in membrane tension connected 

with an increase in turgor.  

In the case of E. coli containing several different mechanosensitive channels, the 

membrane tension for their opening differs. As the tension increases, the MscM opens first 

then the MscS is activated and the MscL opens just before membrane lysis occurs creating 

a 3 nm (30 Å) wide nonselective pore and jettisoning not only ions but any small solutes in 

order to prevent rupture of the membrane
10

. 

 

6.2.3 Structure 
To gain insight into the process of mechanosensation, knowledge of the channel 

structure is essential. Sequence analysis and biochemical studies indicated that the MscL 

channel of E coli is a homo-oligomer with the monomer mass of approximately 15 kD 

containing 136 α-amino acids. Based on cross-linking studies and electron microscopy a 

hexameric structure was expected
17

. 

The breakthrough came with the successful crystallization and X-ray structural 

analysis of its homolog from Mycobacterium tuberculosis (Tb-MscL) with a resolution of 

3.5 Å
18

. This achievement required screening and refining of approximately 24000 

crystallization conditions using nine MscL homologs from different sources and about 20 

detergents. The crystal structure (Figure 6.1) reveals that the channel is organized as a 

homopentamer. Each of the identical subunits comprises of two transmembrane helices 

(designated TM1 and TM2) connected by an extracellular (periplasmic) loop. A re-

examination of cross-linking experiments also supported a pentameric model compatible 

with the crystal structure
19

. The TM1 helices in the core of the transmembrane bundle make 

up the main gate of the channel. They contain mostly hydrophobic residues that permit tight 

packing and formation of the narrow hydrophobic constriction site, predicted to be fully 

dehydrated in the closed state
20

. The interior of the channel is funnel shaped with no classic 

ionic filter present explaining the lack of selectivity. The hydrophobic TM2 helices on the 

periphery face the lipid environment. Both NH2 and COOH termini are located in the 

cytoplasm. Because the TM1 helices of the Tb-MscL constrict to an opening of only ~2 Å, 

the X-ray structure is probably showing the closed or mostly closed conformation. 

Although the Tb-MscL is the most suitable substrate for crystallographic analysis, it 

requires about two times higher tension to open
21

 than the homologue from E. coli, which 

makes it difficult to study its functional properties. 
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Figure 6.1 The structure of MscL isolated from Mycobacterium tuberculosis revealed by 

X-ray structural analysis at 3.5 Å resolution
18

 (side view on the left, top view on the right). 

The channel is most probably in the conformation typical for the closed state. 

6.2.4 Mechanism of gating 
 

Despite many studies trying to reveal the mechanism responsible for opening of 

the MscL channel, even the main pathway for this change is still under discussion. It is 

known that the channel forms, upon activation, a large pore about 30 Å in diameter. This 

pore is non-selective and allows for a conductance of 3 nS. The energy necessary for this 

transition is partially acquired by an increase in the dimensions in the plane of the 

membrane (after opening the channel occupies a 6 nm
2
 larger area)

22
. Other contribution to 

the energy could arise from the hydrophobic mismatch that appears when the membrane is 

stretched thinner than the channel
23

. It was also shown that there are five subconducting 

states contributing to the conductance of the channel and the tension sensitive transition is 

only between the closed form and the first subconducting state
22

.  

There are two hypothetical pathways for channel opening in E. coli MscL. In the 

first scenario, the TM1 helices move out from the centre, tilt to the orientation almost 

parallel with the TM2 helices and all ten of them create a wall with a barrel-like structure
24

. 

This model is called “10-helix barrel-stave”. The second model called “5-tilted helix pore” 

assumes that the tilts of the helices increase as they move away from the centre of the 

channel. Although there is no conclusive evidence in favour of one or other of these models, 

the “5-tilted helix pore” model fits the experimental data better
25

, in particular the high 

conductivity which could not be explained by the smaller pore of the “10-helix barrel-

stave” model. 

Because structural information about the open conformation of the MscL is not 

available, molecular modelling
17

 and molecular dynamics simulations
20,26

 were performed 
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in order to simulate the whole process of channel opening, the subconducting states and the 

fully opened state. These models are based on the “5-tilted helix pore” model (Figure 6.2). 

 

Figure 6.2 Opening of the MscL based on molecular dynamics calculations. From left to 

right  – closed form, half-open form and fully opened form. 

According to current understanding
8d,27

, the channel opening starts by tilting of the 

transmembrane helices, due to the tension of the membrane, resulting in iris-like expansion 

and flattening. The pore becomes more hydrophilic, water enters inside and eventually 

opens the hydrophobic gate created by the TM1 helices. The channel reaches the short lived 

intermediate with low conduction, because the secondary gate, formed by the short helices 

at the N-terminus of the protein (S1 helices), remains closed. As the channel expands 

further, the S1 helices that are connected to the TM1 helices are also pulled apart and the 

channel opens completely and reaches the state of full conductance. 

 

6.2.5 Structure-activity relationship 
 

The most widely used method to study the function of the channel is mutation of 

one or several residues and exploring the changes this causes in channel behaviour. This 

site-directed and random mutagenesis allowed for the isolation and analysis of mutants that 
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exhibit gain-of-function (GOF) or loss-of-function (LOF) phenotypes
28

, which means MscL 

gating at lower or no tension at all (the GOF mutants) and gating at higher tension or 

complete lack of gating (the LOF mutants). In the random mutagenesis study
28c

 the GOF 

mutants were isolated and it was shown that 14 of the 18 single site mutations are situated 

in the cytoplasmic region of TM1. The most severe mutations were substitutions of valine 

or three glycine residues positioned on the same face of the TM1 helix. After identification 

of the sensitive positions, site-directed mutagenesis was performed on one of them. The 

glycine at the 22
nd

 position (G22) was replaced with all 19 other common α-amino acids
24

. 

It was found that the function of the GOF phenotype did not correlate with the size, but 

with the hydrophilicity of the residue. Projection of these mutations on the known structure 

of Tb-Mscl shows that they are in the hydrophobic constriction region that serves as a gate. 

These studies suggest that the destabilization of the hydrophobic interactions by 

incorporation of a hydrophilic residue allows the channel to gate more easily, leading to the 

observed GOF phenotype. The next study supporting this hypothesis was based on 

chemical charging of the constriction pore
29

. The mutation of the glycine at the 22
nd

 

position (G22) into cysteine, resulting in the G22C phenotype, allowed chemical binding of 

several commercially available compounds to the cysteine thiol group. In agreement with 

the mutagenesis studies it was demonstrated that the charged compounds bearing positive 

or negative charged functional groups (NR4
+
, SO3

-
) cause the channel to gate 

spontaneously
29

. On the other hand a modified channel protein containing a polar but not 

charged group (OH) lowered the threshold for tension to half, and proteins bearing only a 

hydrophobic group (CH3) even increased the threshold. 

These results were taken as a starting point for our effort to design the protein 

binding compounds that would charge, and subsequently open, the MscL channel on 

demand, in response to internal or external stimuli. 

Another approach to controling channel gating is to command the tension of the 

membrane in which the channel resides. This approach was successfully demonstrated 

using phospholipids containing photochromic azobenzene groups
30

. 

6.3 Patch-clamp technique 
 

Reconstitution of the modified proteins in membrane vesicles and lipid bilayers and 

study of channel function by patch-clamp technique is the most widely used methodology 

to gain information on modified channels. The patch clamping technique is, due to its high 

spatial and temporal resolution, considered the gold standard in ion channel studies. It was 

first described in 1976 to resolve currents through acetylcholine-activated channels
31

 and 

after detailed description
32

 and refinements
33

 in the late 1970s and 1980s became the most 

used method in the field of channel research. The inventors of this highly valuable method 

Erwin Neher and Bert Sakmann received in 1991 the Nobel Prize for medicine for their 

achievements.  

Patch clamping is a highly flexible technique that can be performed in the whole-

cell configuration or with membrane vesicles and reconstituted lipid bilayers. This 

technology provides high quality data for ion-channel function at the single cell or even 

single channel level. Single-channel patch-clamp experiments allows event-based 

measurements such as unitary conductance, sub-conducting states, open and closed 

statistics, bursting behaviour and so on. The resolution is excellent permitting to resolve 

ionic currents in the pico-ampere range on the time scale of micro-seconds. No other 
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existing technique can provide such a direct, precise and detailed measurement of the 

channel activity down to the single-molecule level
34

. The commercial use of patch clamp in 

drug discovery and safety testing is so intensive that new variants capable of high 

throughput screening are highly desirable
35

. 

The principle of the method
36

 is to measure current flowing through a patch of 

membrane electrically isolated from the surrounding solution. Experimentally this is done 

by pressing a glass micropipette with a diameter in the submicrometer range against a 

surface of a cell or a liposome and applying a light suction. The whole process is done 

under a microscope to control the approach of the pipette. A seal created in this way has 

electrical resistance in a GΩ range, called a gigaseal, and the distance between the pipette 

and the membrane is less than 1 nm (Figure 6.3). The high seal resistance ensures the 

complete electric isolation of the membrane patch and thus reduces the current noise 

permitting good resolution of single channel currents down to 1 pA. Opening of the channel 

located in the patch is subsequently observed as an increase in a current flowing through a 

patch. 

 

Figure 6.3 The patch clamp technique. (a) scheme of the experimental setup, (b) picture of 

the patch being created from the liposome. 

The first measurements were performed on whole cells, in so called cell-attached 

mode. This method is still used today, but the most frequently applied mode is now cell-

free. This can be achieved in either of two ways. By pulling the patch off the cell after 

creation of the gigaseal the inside-out patch
37

 is obtained. The outside-out patch
38

 is made 

by destroying the patch isolated by the pipette using suction and then pulling the pipette 

away from the cell until the membrane reseals. The advantage of the cell-free method is an 

easy control of the ionic concentrations, and environment in general, around the patch 

compared to unknown, and difficult to influence, conditions inside the cell. 

The study of mechanosensitive channels by the patch clamp technique is, however, 

quite challenging because of the channel activation mode. To open the channel, which is 

sensitive to the tension of the membrane, the curvature of the membrane must be changed. 

This is achieved by applying suction through the pipette. Increased suction increases the 
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curvature leading to the buildup of the tension in the membrane and gating of the channel. 

At the same time the pressure difference destabilizes the seal and at certain value leads to 

the loss of the patch. 

6.4 Calcein efflux assay 
 

Flux assays are used to study influx and efflux of chemicals through the membranes 

using whole cells. These methods are typically used to study the activation and deactivation 

of ion channels. Radioactive nuclides of particular ions are used to track the change in the 

ion concentration. 
22

Na is used to study the sodium ion channels
39

, while 
42

K or 
86

Rb are 

used to study potassium channels
40

.  

Unlike the ion channels, the MscL pore, in the open state, is wide enough to allow 

the passage of molecules of considerable size. Therefore in the efflux assay a fluorescent 

dye, which is more convenient than a radioisotope, was used. Calcein is a fluorescein 

derivative (2’,7’-bis(N,N-bis(carboxymethyl)aminomethylene)fluorescein) (Figure 6.4) 

with an excitation wavelength of 490 nm and an emission wavelength of 515 nm. The most 

important property of this dye is its self-quenching capability at the concentrations above 

10 mM. Thus liposomes containing high concentration of calcein show only weak 

fluorescence, whereas upon the release of the calcein the fluorescence intensity increases 

dramatically. 
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Figure 6.4 Structure of the self-quenching fluorescent dye calcein 

In a typical experiment, calcein is added to the buffer during the membrane 

reconstitution of the protein. The resulting liposomes with the MscL in the membrane 

contain high concentration of calcein in the interior and their fluorescence is only marginal. 

If during the experiments one succeeds in opening the channel, an increase of the 

fluorescence is expected due to release of calcein
41

. The advantage of this method is also 

that it resembles the potential application of such liposomes in drug delivery and targeted 

release. 

 

6.5 The aim – altering the opening trigger mechanism 
 

MscL is considered a key candidate for the construction of nanodevices, in 

particular an addressable nanovalve. Unlike most of the ion channels its pore in the open 

form is wide enough to allow passage of a range of organic molecules or even biomolecules. 

Its structure is described, allowing the rational approach to its modifications for the desired 

purpose and site directed mutations have been achieved. 
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The main drawback of this channel is the trigger mechanism responsible for the 

switching between the open and the closed form. The tension in the membrane is extremely 

difficult to control and attempts to do so often result in membrane disruption. To address 

this point, we decided to modify the channel. The stimulus for the opening of the channel is 

the change in membrane tension in the natural system. In the hybrid systems we incorporate 

either an internal trigger – functional groups that responds to a change in pH, or an external 

trigger – a light activated molecular switch. These modified channels and their function as 

nanovalves are described in chapters 7 and 8. 
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Chapter 7  

 

pH-induced switching of a 

protein channel
1
 

 
 

In this chapter the synthesis and study of a semisynthetic pH responsive protein channel 

derived from the Mechanosensitive channel of Large conductance (MscL) is described. 

Several small organic molecules functioning as pH sensitive actuators and capable of 

binding to the mutant channel protein containing cysteine residues were synthesized. The 

most successful were the actuators based on glycine and its N-methylated analogues, 

containing the methanethiosulfonate group that binds selectively to the thiol group of 

cysteine. Channels with bound actuators became sensitive to the pH of their environment. 

At pH 7.4 only a few channel openings were observed using the patch-clamp technique and 

ca. 5% release from channel containing liposomes was observed in a calcein efflux assay. 

However, upon changing the pH to 6.1 the channel was found to open frequently even in 

the absence of tension in the membrane (which is a natural trigger for the opening of MscL) 

and up to 45% of the calcein is released during the calcein efflux assay. 

 

 

                                                 
This chapter has been published in part in: Kocer, A.; Walko, M.; Bulten, E.; Halza, E.; 

Feringa, B. L.; Meijberg, W. Angew. Chem. Int. Ed. 2006, 45, 3126-3130.  
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7.1 A pH sensitive group as an internal trigger 

 
Ligand gated membrane channels are sensitive to the presence of a specific ligand in 

their environment and open as a result of its binding to the channel
1
. Many synthetic host 

systems that recognize and bind certain molecules or ions have been developed and studied, 

however, they are usually of quite considerable size
2
. Since the MscL channel protein is a 

pentamer (see chapter 6), the introduction of five bulky substituents (one in each protein 

unit) would probably interfere with its function. Therefore we have chosen the smallest 

“ligand” available, i.e. the proton as a trigger for channel gating. This choice also allows 

quite convenient study of the modified channel since its opening and closing would be 

dependent on the pH of its environment which is quite easy to control in in vitro 

experiments. 

Another motive for this choice was the intended development of a liposome system 

containing pH responsive MscL channels into a drug delivery device that would release its 

content in response to a change in pH. It is well known that many health conditions 

including cancer, inflammation or ischemic stroke are accompanied by a decrease of the pH 

of the tissue
3
. While the normal extracellular pH is about 7.4, the extracellular pH of cancer 

cells can reach values lower than 7. This is also the reason why we focussed on channels 

that open as a result of a decrease in pH, although actuators opening the channel upon pH 

increase could, probably, be designed as well. 

To achieve the goal of altering the behaviour of the channel a pH sensitive actuator 

fulfilling two important criteria had to be designed and synthesized. It has to be able to bind 

to a proton when in the desired pH range and it should bind to the channel protein. 

7.2 Protein modification 
 

Site-directed mutagenesis is an important tool in the study of proteins in vitro as 

well as in vivo. The method is fully site-specific allowing for the exchange of any amino 

acid in the protein chain for any other α-amino acid. Although widely applied it has one 

major drawback. The number of functionalities incorporated at the desired site is limited to 

the 20 genetically encoded α-amino acids. Recently the introduction of some unnatural α-

amino acids has been reported
4,5

 however, the diversity of the functional group introduced 

in this manner is still rather limited.  

Chemical modification, on the other hand, allows for the introduction of a virtually 

unlimited variety of compounds with different properties and functions. The problem with 

this approach is targeting. The reactive compound usually binds to all amino acid residues 

of a certain type resulting in non-specific and often multiple modifications. 

Using the complementarity of these two approaches allows for combining their 

advantages; the high specificity originating from site-directed mutagenesis and the 

structural diversity granted by chemical modification. In this approach a unique binding site 

is introduced into the protein by site-directed mutagenesis in the form of a natural or non-

natural amino acid, which is subsequently modified chemically
 6

. 
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7.3 Chemical modification of proteins 
 

The most frequently used chemical modifications of proteins are unselective in 

nature. They usually target reactive free amino groups of lysine and arginine or the free 

carboxy groups of aspartic and glutamic acid. The single most widely used modification is 

attachment of poly(ethylene glycol) (PEG) chains which is applied to proteins intended for 

use as biopharmaceuticals
7
. Poly(ethylene glycol) chains reduce immunogenicity and 

protect the protein from degradation
8
. Another method important for the stabilization of 

proteins is crosslinking
9
 using the imino-bond formation between the amino groups of the 

protein and a dialdehyde or diacrylate. 

The site-specific modification is more challenging. It is defined as a “process which 

yields a stoichiometrically altered protein with quantitative and covalent derivatization of a 

single, unique α-amino acid residue without either modification of any other α-amino acid 

residue or conformational change”
10

. Such a process generally requires the presence of a 

site with a special reactivity in the protein that can be addressed in a selective manner. The 

early examples of this approach comprise of modification of histidine
11

 or cysteine
12

 

residues in the active sites of enzymes
13

. The other possibility is when a specific α-amino 

acid appears in the protein only once, or if it appears several times, the side chain of only 

one residue is available for derivatization from the solution while the others are hidden in 

the hydrophobic interior of the protein
14

. 

Cysteine is the most attractive target for site-specific chemical modification of 

proteins
15

. This is mainly due to its nucleophilicity. The thiol group in the side chain of the 

cysteine is the most nucleophilic moiety in the protein thus allowing high selectivities to be 

achieved without concurrent modification of the other α-amino acids with nucleophilic 

functionalities such as lysine or histidine. Also low occurrence of the cysteine and the fact 

that most of the cysteines are unavailable for modification due to the formation of disulfide 

bridges makes it a valuable target. Several types of reagents for cysteine modification have 

been explored ( Figure 7.1). The most common are maleimides 7.1, methanethiosulfonates 

7.2 and α-haloacetates and α-haloamides 7.3.  
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Figure 7.1 Main classes of reagents used for the chemical modification of cysteine. 
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Maleimides are widely used due to their excellent stability, good specificity and 

convenient introduction of desired substituents at the nitrogen
16

. Their reaction is based on 

the nucleophilic addition of the thiol group of cysteine to the double bond of maleimide and 

can be monitored by UV/vis spectroscopy following the decrease of the band around 300 

nm corresponding to the absorption maximum of the maleimide moiety
17

. A range of 

functional labels have been introduced to the proteins using the maleimide as a coupling 

moiety, such as spin-probes
18

, fluorophores
19

 and polarity probes
20

.  

Methanethiosulfonates react with thiols to form a disulfide bond. The reaction is 

selective and quantitative and the attachment is reversible under reducing conditions. The 

reagents are quite easy to synthesize, but are less stable than the maleimides as a result of 

their higher reactivity. Since the first use of the methyl methanethiosulfonate
21

, many 

different substituents have been introduced into proteins using this method
22

. 

Haloacetic acids, their esters and amides are the third most frequently used group of 

cysteine selective modification reagents
23

. The sulfur of the cysteine thiol group replaces 

the halogen via a SN2 mechanism which implies the reactivity of the particular halogen 

derivatives. Iodides and bromides, which differ only slightly in reactivity, are used in most 

cases, whereas chlorides, which react about 100 times slower, are applied less frequently
24

. 

Along with the maleimides, haloacetic acids esters and amides have also been used to 

incorporate various functionalities into proteins, such as fluorescent
25

 and spin labels
26

 or a 

biotin probe
27

. 

 

7.4 Imidazole-containing actuator 

 
Mutagenesis experiments on the MscL protein have shown that conversion of 

glycine-22 located in the hydrophobic constriction region which serves as a gate of the 

channel into a charged (serine, threonine, tyrosine, asparagines, glutamine) or polar (lysine, 

arginine, histidine) amino acid affects the tension sensitivity of the channel
28

. As the 

polarity or hydrophilicity increases, the tension sensitivity of the channel in its natural 

membrane environment is increased and the treshold for channel opening shifts to lower 

membrane tension values (see chapter 6, part 6.2.5). On the other hand, if the 

hydrophobicity in this constriction region of the protein is increased, the channel becomes 

more difficult to activate as evidenced by the need for higher membrane tension to observe 

channel opening. In the same study
28

 Yoshimura et al. also showed the conditional nature 

of this effect by converting glycine-22 into the pH-sensitive α-amino acid histidine. At low 

pH, when the histidine is mainly in the charged form, the channel embedded in giant E. coli 

spheroplasts opened at lower values of applied tension compared to high pH conditions, 

where the histidine is mainly in its neutral form. 

Inspired by those results, the first synthetic pH-activator was designed to contain 

imidazole as a pH sensitive moiety. The most straightforward way to synthesize a 

compound consisting of imidazole and a cysteine selective linker was to substitute the 

amino group of the histidine with halogen. Diazotation of histidine in concentrated aqueous 

HBr gave the desired bromide 7.4 (Scheme 7.1). However, even after 3 days of incubation 

with the cysteine containing mutant MscL protein no reaction was observed. The reason 

might be the low reactivity or high hydrophilicity of the compound that prevents it from 

reaching the thiol functionality of cysteines in the hydrophobic constriction zone of the 

protein. Therefore the compound was modified to become more hydrophobic by protecting 
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the free carboxylic group (that is normally charged at neutral pH) and more reactive by 

exchanging the bromine for the iodine (Scheme 7.1). The compound 7.5 with the methyl 

ester was still unreactive, but compound 7.6, containing a more reactive iodine coupled to 

the MscL mutant, efficiently gave the fully substituted MscL after 48 h of incubation. The 

ESI-MS spectra (see experimental part for the procedure) show a signal corresponding to a 

mass of 15 848 for one of the five channel subunits which corresponds to the expected 

value for the subunit with actuator 7.6 attached. At the same time no signal corresponding 

to mass of 15 694, the mass of unmodified G22C MscL mutant, was observed 
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Scheme 7.1 Synthesis of imidazole containing actuator. 

The expected pKa of the actuator 7.6 is around 6.3
29

 in water. Since the actual pKa of 

the compound within the hydrophobic protein constriction area can be different, the effect 

of the modification on the channel protein was first monitored by the calcein efflux assay 

(see experimental part) at pH 6 and 8; the pH limits of the assay. However, no channel 

activity was observed at either pH indicating that either an insufficient number of the five 

imidazole moieties situated in the constriction zone of the channel are protonated or that the 

protonation does not lead to channel opening. 

 

7.5 Pyridine-based actuators 

 
This negative result obtained with imidazole prompted a redesign of the pH-

activator. Although the pKa of the imidazole is in the desired range it is not easy to tune and 

the reactivity of the iodoacetate group, which was used as a cysteine selective linker, 

caused problems during synthesis and storage of compound 7.6. Therefore, pyridine 

derivatives were chosen as pH-activators. Pyridine itself has a pKa of 5.25
30

 but the large 

number of known derivatives as well as the widely explored chemistry of pyridines, in 

particular substituted pyridines, allows for the tuning of the pKa to a desired value. 

Compound 7.7 was synthesized to examine whether the pyridine can indeed cause 

the pH-responsive gating of the channel. The choice of the compound was based on its 

accessibility. It can be prepared in one step from commercially available precursor (pyridin-

4-yl)methanol by refluxing it in concentrated hydrobromic acid
31

 (Scheme 7.2).  
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Scheme 7.2 Synthesis of 4-(bromomethyl)pyridine as a pyridine-based actuator. 

Modification of the protein with pyridine derivative 7.7 was easier than with 

imidazole derivative 7.6 and required only 12 h incubation with the cysteine containing 

MscL (see experimental part) to achieve a fully modified channel. The ESI-MS spectra 

again confirmed the modification. The signal corresponding to unmodified G22C MscL 

(15 694) disappeared and a new signal corresponding to the mass of the protein subunit 

with the actuator 7.7 attached was observed at 15 789. After the compound was coupled to 

the protein, the effect of the modification was monitored again by the calcein efflux assay 

at different pHs. However, as in the imidazole case, again no release in response to the pH 

changes between pH 6 and 8 were observed. However, since the expected pKa of this 

actuator is 5.23
32

 this is not a surprising result. Assuming that the local pH around the 

actuator is similar to bulk pH outside the channel, it will be mainly in the neutral form even 

at pH 6, and channel gating is not expected. The putative effect would be observable at 

lower pHs, but the fluorescent dye used in the efflux experiments, calcein, is only stable 

between pH 6 and 8 . In order to access a lower pH-range, the pyridine-modified proteins 

were analyzed at the single molecule level in patch clamp experiments (see experimental 

part for details and Chapter 6 for an introduction to this technique) (Figure 7.2). 

The chemically modified reconstituted channels were patched first at pH 5.2. The 

modified MscL channel opened to low conductance states (0.3- 0.5 nS) even without 

applied tension. In the presence of applied tension (pressure decreased by 40 mm Hg), 

however, channel openings with 3 nS conductance could be observed (Figure 7.2a). When 

the measurements were repeated at pH 7.2, the modified MscL opened only in response to 

membrane tension (pressure decreased by 40 mm Hg), resulting mainly in the observation 

of the 3 nS conductance state of the protein (Figure 7.2b). The channel also exhibited stable 

subconducting states, with a 0.3 nS substate being the most frequently visited one. For 

comparison, similar behavior of pH-dependent tension sensitivity was observed with a 

G22H mutant with histidine at the 22
nd

 position, which can be viewed as the natural analog 

of this modified protein
28

. Encouraged by these results, a derivative of pyridine with a 

higher pKa value, compound 7.12, was synthesized (Scheme 7.3). 
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Figure 7.2 Single molecule level analyses of MscL-G22C modified with compound 7.7 in a 

patch clamp experiment. a) pH 5.2: the channel opens even in the absence of applied 

tension to its subconducting states. Application of tension leads to higher and even fully 

conducting states. b) pH 7.2: the channel needs applied tension to open. Typical channel 

openings in each trace are indicated in an enlarged form in dashed boxes. 
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Scheme 7.3 Synthesis of pyridine-based actuator 7.12. 

Bromination of the commercial 2,4,6-trimethylpyridine with N-bromosuccinimide in 

the mixture of trifluoroacetic and sulfuric acid proceeded in good yield. The resulting 3-

bromo-2,4,6-trimethylpyridine 7.8 was lithiated at low temperature, and after quenching 
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with DMF afforded the aldehyde 7.9. Reduction of this aldehyde to the alcohol 7.10 was 

followed by the exchange of the hydroxyl group with a bromide to produce the 3-

(bromomethyl)-2,4,6-trimethylpyridine 7.11. Although this compound may be considered a 

methylated analogue of the pyridine-based actuator 7.7, the bromomethyl group in the 

meta-position of the pyridine ring is far less reactive than at the para-position. To increase 

its reactivity, compound 7.11 was transformed into its methanethiosulfonate derivative 7.12. 

Compound 7.12 was successfully coupled to the channel protein. The ESI-MS spectra show 

the expected signal at 15 860 corresponding to a modified protein, while a signal at 15 694, 

corresponding to unmodified G22C MscL mutant, was not observed. 

 

Figure 7.3 Activity of MscL-G22C modified with compound 7.12. a) pH-induced release 

in calcein efflux assays. MTSET-induced activity is also shown as a standard for maximum 

protein mediated release b) Patch clamp measurements at pH 5.8 and c) at pH 8. Inset: 

typical channel openings in an enlarged form. While at pH 5.8 channel openings can be 

observed without applied pressure, at pH 8 at least 50 mm Hg pressure is necessary to open 

the channel. 

The estimated pKa of compound 7.12 is 7.1
33

 under aqueous conditions. As shown 

in Figure 7.3a, due to the fact that the pKa of the modulator is now within the pH-interval 

accessible with the efflux assay, the charge-induced channel activity of the modified protein 

could now be monitored as a fluorescence signal. At pH 8, the proteoliposomes released ca. 
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8% of the calcein dye, but at pH 6 release increased to 16%. The control sample, i.e. 

proteoliposomes containing unmodified G22C, was activated by MTSET+, a permanently 

charged compound causing all channels to open after binding, and led to 38% release at 

both pH values. 

Patch clamp analyses indicated that, as in the previous case, the channel retained its 

tension dependence but became more sensitive at lower pH values and finally, opened 

spontaneously without applied tension at pH 5.8 (Figure 7.3b). The observed conductance 

was ca 2.5 nS, but if tension was applied gradually, the channel also gated to its full 

conductance of 3 nS with as little as 15 mmHg applied negative pressure. Conversely, at 

pH 8 spontaneous gating was absent and only the tension-dependent openings were 

observed (Figure 7.3c). At lower tensions (up to -50 mmHg pressure in the patch) the 

channel opened to lower sub-conducting states (1 and 2 nS) whereas at higher levels of 

applied tension full conductance was reached. Further application of tension resulted in the 

opening of more than one channel. 

7.6 Glycine-based actuators 

 
After having shown that MscL, when modified with small molecule modulators, can 

be opened as a result of changes in ambient pH, the system was further optimized to show a 

more pronounced effect, particularly in the calcein efflux assay. It is known that gating 

behavior can be correlated not only to the charges present but also to the hydrophilicity of 

the residues in the constriction pore
28

. From this point of view the pyridine derivatives are 

not ideal modulators since they are quite hydrophobic. In order to address this issue pH-

modulators based on a different structural motif were designed. The design criteria were 

higher hydrophilicity, pKa tunability in the range pH 6 - 8, fast and efficient synthesis, and 

specific and efficient coupling to the protein. 

The designed and synthesized actuators are shown in the Scheme 7.4. A decrease in 

hydrophobicity of the pH actuators was achieved by using less carbon and more 

heteroatoms in the structures, leading to a higher dipole moment. An amino group with a 

decreased pKa due to the presence of a neighboring electron withdrawing carboxyl group 

was used as the protonation site, whereas the methanethiosulfonate (MTS) moiety was used 

for specific and fast coupling to the protein. The latter has the advantage of avoiding 

difficulties that may arise from the presence of an amino group and a reactive iodoacetate 

as a coupling unit in the same molecule, as seen for example in compound 7.6. 
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Scheme 7.4 Synthesis of glycine-based actuators. 
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Commercially available glycine, N-methylglycine and N,N’-dimethylglycine, 

anticipated to be pH-sensitive moieties, were coupled, via esterification, to 2-bromoethanol. 

Due to the possibility of intramolecular substitution of the bromine by the amino-group, 

which would lead to the favourable 6-membered ring, the resulting esters 7.13-7.15 were 

isolated as their hydrochloride salts. The replacement of the bromide by the 

methanethiosulfonate group was carried out by heating these salts with sodium 

methanethiosulfonate in DMF for 4 h. In order to supress the nucleophilicity of the amino 

group, the resulting actuators 7.16-7.18 were isolated, stored and coupled to the mutant 

MscL protein in the form of their hydrochloride salts. The success of the coupling 

procedure was confirmed by the ESI-MS spectra. Instead of the signal at 15 694 

corresponding to unmodified G22C MscL mutant, signals of modified MscL at 15 830 for 

7.16, 15 841 for 7.17 and 15 851 for 7.18 were observed.  

 

Figure 7.4 Activity of MscL-G22C modified with compounds a) 7.16. b) 7.17 and c) 7.18. 

Bar graphs show pH-induced release in calcein efflux assays. MTSET-induced activity is 

also shown as a standard for maximum protein-mediated release. 
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As for the previous examples, the function of the new actuators was first tested in 

the calcein efflux assay. When duplicates of the same proteoliposome sample containing 

MscL-G22C modified with the compounds 7.16, were analyzed in efflux assays at different 

pHs, the channel showed pH-dependent activity, releasing more calcein at lower pHs 

(Figure 7.4a). At pH 8, the net release of calcein was 10.0 ± 1.1%, which increased to 23.0 

± 3.4% at pH 7.3 and was highest at pH 6 (37 ± 3%). In comparison, liposomes without 

MscL were stable at all pHs analyzed and only released 3.1 ± 0.5% of calcein. Control 

experiments with proteoliposomes containing unmodified MscL-G22C resulted in pH-

independent activity of up to 57.0 ± 3% after addition of MTSET+. 

The pKa value of compound 7.16 was further modified through the introduction of 

methyl groups on the nitrogen. Compound 7.17 with one methyl group is expected to have 

a pKa ca. 0.1 higher than 7.16
34

. The pH-induced release profile of the protein modified 

with compound 7.17 is shown in Figure 7.4b. The release was 9.2 ± 1% at pH 7.8, 

approximately the same at pH 7.4, but gradually increased to 31.0 ± 2% at pH 6.1. 

In order to decrease the pKa and observe a more pronounced effect another methyl 

group was added to the nitrogen, resulting in compound 7.18 with an estimated pKa of 

7.35
34

. This pH-modulator induced ca. 5% release at physiological pH (7.4), but at pH 6.1 

this increased to approximately 45% (Figure 7.4c). 

 

Figure 7.5 Activity of MscL-G22C modified with compound 7.16. a) Patch clamp 

measurements at pH 7.45 and b) at pH 6. Inset: typical channel openings in an enlarged 

form. While at pH 7.45 only a few short channel openings can be observed, at pH 6 the 

channel opens more frequently and stays open longer. 
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The pH-dependent opening of the channel proteins modified with compounds 7.16-

7.18, as observed in the efflux assays, was confirmed through patch clamp analysis (Figure 

7.5). In all three cases, the channels opened spontaneously at low pH (6-7). At higher pH 

(7.5-8) however the modified channels still retained their mechanosensitive properties. 

Although these three compounds have similar effects on the gating behaviour of 

MscL protein, the calcein efflux assay revealed some interesting differences. While release 

from the liposomes containing MscL modified with 7.16 and 7.17 increases almost linearly 

with the decrease in pH, the release profile of compound 7.18 shows an non-linear increase 

below pH 7 (Figure 7.6). Also the release at higher pH values differs. While there is no 

release at pH 8 in the case of 7.18, modification of the channel with 7.16 and 7.17 causes 

the liposomes to leak some of their contents. One possible explanation is that the dimethyl 

derivative 7.18 is hydrophobic enough to keep the channel completely closed, while more 

hydrophilic 7.16 and 7.17 cannot keep the hydrophobic constriction zone sealed tightly 

even when they are nonprotonated. . 
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Figure 7.6 Comparison of pH-dependent release profiles of the liposomes containing 

embedded MscL modified with 7.16-7.18. 

7.7 Conclusions 

 
The combination of site-directed mutagenesis with subsequent chemical 

modification allows for incorporation of compounds with various functions at predefined 

positions in the protein. The gating properties of the MscL can be controlled through 

introduction of a proton-sensitive moiety, which adds a change in the pH as a new stimulus 

for channel opening. This new stimulus can function independently of membrane tension, 

which is responsible for gating of the unmodified channel, and can trigger channel opening 

even in the complete absence of membrane tension. The sensitivity and pH interval for 

channel opening can be tuned by varying the hydrophobicity and pKa of the proton 

sensitive moieties. This addition of a new opening trigger to control opening of the MscL 

channel can serve as a valuable tool for the investigations of channel function. Since 
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membrane tension is not necessary for channel gating; a new efficient method for analysing 

MscL activity embedded in liposomes, calcein-release, could be used in addition to the 

traditional patch-clamp technique. 

 

7.8 Experimental part 

 
General information 

For general information on synthesis and characterization of compounds see 

Chapter 2. 2-Bromo-3-(1H-imidazol-4-yl)-propionic acid methyl ester
35

 7.5 and 4-

(bromomethyl)pyridine hydrobromide
31

 7.7 were synthesized as described in the literature.
 

7.8.1 Synthesis of the actuators 
 

2-Iodo-3-(1H-imidazol-4-yl)-propionic acid methyl ester (7.6) 

NaI (165 mg, 1.1 mmol) was added to 2-bromo-3-(1H-imidazol-4-

yl)-propionic acid methyl ester
35

 7.5 (233 mg, 1 mmol) in acetone (2 

ml) and the solution was stirred for 4 h at room temperature. The 

solid precipitate was filtered off and the solvent evaporated. The 

residue was then dissolved in small amount of ethyl acetate (2 ml), 

the solution filtered and the solvent evaporated to give 2-iodo-3-

(1H-imidazol-4-yl)-propionic acid methyl ester 7.6 (280 mg, quantitative) as a colourless 

oil. 
1
H NMR (400 MHz, CDCl3)  3.26 (dd, J =15.0, 6.2 Hz, 1H), 3.45 (dd, J =15.0, 9.2 Hz, 

1H), 3.74 (s, 3H), 4.61 (dd, J =9.2, 6.2 1H), 6.93 (s, 1H), 7.68 (s, 1H), 10.46 (bs, 1H), 
13

C NMR (100.6 MHz, CDCl3)  18.32 (d), 34.19 (t), 53.19 (q), 117.20 (d), 134.96 (s), 

135.27 (d), 172.22 (s) 

MS (EI): 280 [M+]; HRMS calcd. for C7H9N2O2I 279.9709, found 279.9719 

 

3-Bromo-2,4,6-trimethylpyridine
36

 (7.8) 

2,4,6-Trimethylpyridine (5g, 42 mmol) was dissolved in trifluoroacetic acid 

(9 ml) and conc. H2SO4 (12 ml) and N-bromosuccinimide (15 g, 84 mmol) 

were added. The resulting mixture was stirred at room temperature for 48 h 

and then poured onto crushed ice (100 g) and a solution of aq. NaOH (2M) 

was added until the whole solution became alkaline. Extraction of this 

solution with ethyl acetate (3 x 50 ml), followed by drying of the combined organic extracts 

over Na2SO4, filtration and evaporation of the solvent in vacuo provided a crude product. 

Purification by chromatography (silica gel, n-hexane:ethylacetate / 10:1) provided 3-

bromo-2,4,6-trimethylpyridine 7.8 (7.75 g, 93%) as a colourless oil. 
1
H NMR (400 MHz, CDCl3) 2.20 (s, 3H), 2.30 (s, 3H), 2.51 (s, 3H), 6.70 (s, 1H). 

13
C NMR (100.6 MHz, CDCl3)  22.83 (q), 23,46 (q), 25.32 (q), 120.93 (d), 122.85 (s), 

146.93 (s), 155.27 (s), 156.21 (s). 

MS (EI): 199, 201 [M+]; HRMS calcd. for C8H10BrN 198.9997, found 199.0004. 
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2,4,6-Trimethylpyridine-3-carbaldehyde (7.9) 

n-BuLi (10.3 ml of 1.6 M solution in n-hexane, 16.5 mmol) was added at 

-78°C to the solution of 3-bromo-2,4,6-trimethylpyridine 7.8 (3g, 15 

mmol) in the Et2O (50 ml) under nitrogen atmosphere and the mixture 

was stirred at the same temperature for 1 h. Then DMF (1.55 ml, 20 

mmol) was added and reaction mixture allowed to warm to r.t. After 

stirring for 30 min at r.t. water (10 ml) was added, the organic layer separated and the 

aqueous layer extracted with Et2O (3x20 ml). The combined organic extracts were dried 

over Na2SO4, filtered, the solvent evaporated and the crude product purified by 

chromatography (silica gel, n-hexane:ethylacetate / 3:1) to yield 2,4,6-trimethylpyridine-3-

carbaldehyde 7.9 (2.05 g, 91%) as a colourless oil which solidifies upon standing. 
1
H NMR (400 MHz, CDCl3) 2.41 (s, 3H), 2.46 (s, 3H), 2.68 (s, 3H), 6.81 (s, 1H), 10.58 (s, 

1H). 
13

C NMR (100.6 MHz, CDCl3)  20.25 (q), 23,06 (q), 24.62 (q), 124.49 (d), 125.85 (s), 

150.02 (s), 160.57 (s), 161.81 (s), 192.09 (d). 

MS (EI): 149 [M+]; HRMS calcd. for C9H11NO 149.0841, found 149.0854. 

 
(2,4,6-Trimethylpyridin-3-yl)methanol (7.10) 

NaBH4 (0.45 g, 12 mmol) was slowly added to the solution of 2,4,6-

trimethylpyridine-3-carbaldehyde 7.9 (1.5 g, 10 mmol) in methanol (20 

ml) cooled in an ice-bath. After the addition was completed, the 

reaction mixture was stirred for 30 min at r.t. The reaction was 

quenched with water (50 ml), the methanol was removed by 

evaporation and the residue extracted with Et2O (3x50 ml). The combined organic extracts 

were dried over Na2SO4, filtered and the solvent evaporated to give (2,4,6-trimethylpyridin-

3-yl)methanol 7.10 (1.52 g, quantitative) as a colourless oil which solidifies upon standing. 
1
H NMR (400 MHz, CDCl3) 2.33 (s, 3H), 2.38 (s, 3H), 2.46 (s, 3H), 3.46 (bs, 1H), 4.66 (s, 

2H), 6.78 (s, 1H). 
13

C NMR (100.6 MHz, CDCl3)  18.98 (q), 21.87 (q), 23.86 (q), 58.22 (t), 123.28 (d), 

129.53 (s), 147.29 (s), 156.56 (s), 156.74 (s). 

MS (EI): 151 [M+]; HRMS calcd. for C9H13NO 151.0997, found 151.1009. 

 
3-(Bromomethyl)-2,4,6-trimethylpyridine (7.11) 

(2,4,6-Trimethylpyridin-3-yl)methanol 7.10 (457 mg, 3 mmol) was 

dissolved in HBr (10 ml of a 47% aqueous solution) and  the mixture 

was heated at reflux for 8 h. After cooling, the mixture was neutralized, 

while kept in an ice cooling bath, with 10 M aq. NaOH until a precipitate 

appeared and then with sat. aq. NaHCO3 until a pH=7 was reached. The 

resulting mixture was extracted with CH2Cl2, dried over Na2SO4 and the solvent evaporated 

at temperatures below 30°C to give 3-(bromomethyl)-2,4,6-trimethylpyridine 7.11 as a 

white solid (595 mg, 92%) which is unstable and has to be used immediately in the next 

step. 
1
H NMR (400 MHz, CDCl3) 2.31 (s, 3H), 2.41 (s, 3H), 2.55 (s, 3H), 4.48 (s, 2H), 6.80 (s, 

1H) . 
13

C NMR (100.6 MHz, CDCl3)  18.68 (q), 22.00 (q), 24.09 (q), 28.05 (t), 123.33 (d), 

127.09 (s), 146.73 (s), 156.67 (s), 157.40 (s). 

N
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N

OH
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Br
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MS (EI): 213, 215 [M+]; HRMS calcd. for C9H12N
81

Br 215.0133, found 215.0134. 

 

S-(2,4,6-Trimethylpyridin-3-yl)methyl methanesulfothiolate (7.12) 

3-(Bromomethyl)-2,4,6-trimethylpyridine 7.11 (214 mg, 1 mmol) 

was dissolved in DMF (2 ml) and sodium methanethiosulfonate 

(134 mg, 1 mmol)) was added. The mixture was heated at 70°C for 

12 h, cooled down, poured into water (10 ml) and extracted with 

Et2O (3x10 ml). The combined organic extracts were dried over 

Na2SO4, filtered, the solvent evaporated and the residue purified by chromatography (silica 

gel, n-hexane:ethyl acetate / 3:1 and then pure ethyl acetate) to yield S-(2,4,6-

trimethylpyridin-3-yl)methyl methanesulfothiolate 7.12 (200 mg, 81%) as a white solid. 

The product can be stored at -20°C for several weeks, but decomposes at r.t. within a few 

days. 
1
H NMR (200 MHz, CDCl3) 2.37 (s, 3H), 2.44 (s, 3H), 2.60 (s, 3H), 3.31 (s, 3H), 4.44 (s, 

2H), 6.84 (s, 1H). 
13

C NMR (75.4 MHz, CDCl3)  19.28 (q), 22.42 (q), 24.02 (q), 35.82 (t), 50.44 (q), 122.63 

(s), 123.62 (d), 147.41 (s), 156.99 (s), 157.50 (s). 

MS (EI): 245 [M+]; HRMS calcd. for C10H15NO2S2 245.0544, found 245.0546. 

 

General procedure for the synthesis of 2-bromo-ethyl ester of glycine and its N 

alkylated derivatives (7.13-7.15) 

Glycine or its N alkylated derivatives in the form of the free compound or as a HCl salt (20 

mmol) were suspended in 2-bromoethanol (14.3 ml, 200 mmol) and cooled to 0°C. Thionyl 

chloride (1.8 ml, 25 mmol) was added dropwise and reaction mixture was stirred at room 

temperature until a clear solution was obtained. The resulting solution was poured into 200 

ml of ether, the precipitated solid was removed by filtration, washed with ether and dried in 

vacuo. In the case that only oil separates instead of a precipitate, the ether was decanted and 

the oil washed with ether (2 x 100ml) and all the residual solvents were removed in vacuo. 

The oil usually solidifies upon standing overnight at 4°C. The compounds were obtained as 

HCl salts. Yields are over 95%, with purity over 98%. 

 
Amino-acetic acid 2-bromo-ethyl ester; hydrochloride (7.13) 

1
H NMR (300 MHz, D2O)  3.66 (t, J = 5.6 Hz, 2H), 3.97 (s, 

2H), 4.58 (t, J = 5.6 Hz, 2H). 
13

C NMR (100.6 MHz, DMSO)  30.35 (t), 39.58 (t), 65.19 

(t), 167.41 (s). 

MS (EI): 181, 183 [M+]. 

 
Methylamino-acetic acid 2-bromo-ethyl ester; hydrochloride (7.14) 

1
H NMR (300 MHz, D2O)  2.81 (s, 3H), 3.67 (t, J = 5.6 Hz, 

2H), 4.07 (s, 2H), 4.60 (t, J = 5.6 Hz, 2H). 
13

C NMR  (100.6 MHz, DMSO)  30.39 (t), 32.69 (q), 

48.00 (t), 65.29 (t), 166.49 (s). 

MS (EI): 195, 197 [M+]; HRMS calcd. for C5H10NO2
81

Br 196.9874, found 196.9871. 
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Dimethylamino-acetic acid 2-bromo-ethyl ester; hydrochloride (7.15) 

1
H NMR (300 MHz, D2O)  3.00 (s, 6H), 3.67 (t, J = 5.6 Hz, 

2H), 4.21 (s, 2H), 4.60 (t, J = 5.6 Hz, 2H). 
13

C NMR (100.6 MHz, DMSO)  30.13 (t), 42.73 (q), 55.18 

(t), 64.98 (t), 165.27 (s). 

MS (EI): 209, 211 [M+]; HRMS calcd. for C6H12NO2
79

Br 209.0051, found 209.0060. 

 

General procedure for the synthesis of 2-methanesulfonylsulfanyl-ethyl ester of 

glycine or its N alkylated derivative (7.16-7.18) 

The salt of 2-bromo-ethyl ester of glycine or its N alkylated derivatives (10 mmol) were 

dissolved in DMF (10 ml) and sodium methanethiosulfonate (1.47g, 11 mmol) was added. 

The mixture was heated at 70°C for 4 h, the solid precipitate was filtered off and DMF was 

evaporated in vacuo. The residue was dissolved in a small amount of boiling acetonitrile 

(20 ml), filtered and the filtrate evaporated in vacuo. Products (7.16-7.18) were obtained as 

their HCl salts. Yields were 70 – 90%. Compounds may contain small amount <5% NaCl. 

Solid products can be crystallized from acetonitrile-ether or ethanol-ether. All the products 

can be stored at -20°C for several weeks, but decomposes at r.t. within a few days. 

Amino-acetic acid 2-methanesulfonylsulfanyl-ethyl ester; hydrochloride (7.16) 
1
H NMR (300 MHz, D2O)  3.57 (s, 3H), 3.59 (t, J = 

5.9 Hz, 2H), 3.99 (s, 2H), 4.60 (t, J = 5.9 Hz, 2H). 
13

C NMR (100.6 MHz, DMSO)  33.88 (t), 35.77 (t), 

50.10 (q), 63.54 (t), 167.23 (s). 

MS (EI): 213 [M+]. 

 

Methylamino-acetic acid 2-methanesulfonylsulfanyl-ethyl ester; hydrochloride (7.17) 
1
H NMR (300 MHz, D2O)  2.82 (s, 3H), 3.57 (s, 3H), 

3.59 (t, J = 5.9 Hz, 2H), 4.08 (s, 2H), 4.60 (t, J = 5.9 Hz, 

2H). 
13

C NMR (100.6 MHz, DMSO)  32.69 (q), 34.01 (t), 

48.00 (t), 50.24 (q), 63.78 (t), 166.63 (s). 

MS (EI): 227 [M+]; HRMS calcd. for for C6H13NO4S2 227.0286, found 227.0279. 

 
Dimethylamino-acetic acid 2-methanesulfonylsulfanyl-ethyl ester; hydrochloride (7.18) 

1
H NMR (300 MHz, D2O)  3.02 (s, 6H), 3.57 (s, 3H), 

3.59 (t, J = 5.9 Hz, 2H), 4.23 (s, 2H), 4.61 (t, J = 5.9 Hz, 

2H). 
13

C NMR (100.6 MHz, DMSO)  34.05 (t), 43.35 (q), 

50.33 (q), 55.95 (t), 63.96 (t), 165.72 (s). 

MS (EI): 241 [M+]; HRMS calcd. for C7H15NO4S2 241.0442, found 241.0439. 

7.8.2 Protein isolation37 
 

Wild-type
38

 or G22C
28

 MscL with C-terminal 6His-tag was expressed in the mscL-

knockout strain PB104
39

, using the pB10a
38

 expression vector. A 10 l culture was grown in 

Luria-Bertani (LB) medium containing 100 µg/ml ampicillin in a batch fermentor at 37°C. 

O
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Protein expression was induced at mid-log phase by 1 mM isopropyl-β-D-

thiogalactopyrapyranoside (IPTG) (Sigma) and bacteria were grown for two more hours. 

The cells were passed twice through a French Press at 15,000 psi and membrane fractions 

were isolated by differential centrifugation
39

. Membrane vesicles (25 g wet weight) were 

suspended in 25 mM Tris-Cl, pH 8.0 and stored at -80 °C. For protein isolation, typically, 3 

g wet weight of membrane vesicles were solubilized in 30 ml extraction buffer (10 mM 

Na2HPO4/ NaH2PO4, pH 8.0, 300 mM NaCl, 35 mM imidazole, 2%  (v/v) Anapoe®-X-100 

(oxidant free Triton X-100)(Anatrace). The solubilized fraction was cleared by 

centrifugation (40000 rpm, 45 min, 4 °C) and incubated under gentle rotation (1 h, 4 °C) 

with 4 ml nickel-nitriloacetic acid (Ni-NTA) metal-affinity matrix equilibrated with 

extraction buffer. The matrix was transferred into a 1.5 by 10 cm column and washed with 

25 ml of wash buffer (extraction buffer with 1% Anapoe®-X-100) and 15 ml of histidine 

buffer (10 mM Na2HPO4/ NaH2PO4, 300 mM NaCl, 50 mM histidine and 0.2% Anapoe®-

X-100) with a flow rate of 0.5 ml/min. MscL was eluted with 10 ml elution buffer (histidine 

buffer containing 235 mM histidine). Typical isolations yielded 3.4 mg of MscL protein 

(Bradford assay) which was >98% pure as analyzed by SDS-PAGE and N-terminal 

sequencing. 

7.8.3 Protein modification37 
 

Compounds 7.12 and 7.16-7.18  were dissolved in a buffer composed of 10 mM 

Na-phosphate (pH 8), 150 mM NaCl and 1 mM EDTA. 500 µl detergent solubilized MscL 

(0.3 mg/ml) was mixed with 40 mM final concentration of the desired compound, and 

incubated for 15 min at room temperature. The modified protein was separated from the 

free modulator by passing the mixture through a pD10 desalting column (Amersham 

Biosciences) that was pre-equilibrated with 10 mM Na-phosphate (pH 8), 150 mM NaCl 

and 0.1 % Anapoe®-X-100. 

In the case of compounds 7.6 and 7.7, MscL was modified during the last step of 

the isolation procedure, while the protein was still attached to the Ni-NTA column using 

the following procedure. After the first washing step, the column was washed again with 

extraction buffer without imidazole. A freshly prepared solution of compound 7.6 or 7.7 at 

a final concentration of 1 mg/ml in the same buffer was then added to the matrix and 

incubated at 4 
º
C for 48h or overnight (compounds 7.6 and 7.7, respectively). Finally, the 

excess modulator was removed in another washing step and the protein was eluted as in the 

isolation procedure. Modified proteins were subjected to electrospray ionization mass 

spectrometry (ESI-MS) and a liposomal efflux assay to determine whether modification 

was successful and complete. 

 

7.8.4 Electrospray ionization mass spectrometry (ESI-MS)37 

 
500 μl of protein samples (0.1-0.3 mg/ml) containing either wild-type MscL, 

G22C MscL or  G22C MscL modified with one of the actuators were incubated with 100 

mg wet weight of Bio-Beads SM-2 adsorbents (Bio-Rad) at 40 °C for 45 min to remove the 

detergent. The supernatant was incubated at 60 °C for 30 min to further precipitate the 

protein, cooled on ice and centrifuged at 14,000 rpm for 15 min at 4 °C. The pellet was 
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washed twice with 2 ml of ice-cold sterile water. Finally, the supernatant was removed and 

the pellet was dissolved in 300 μl 50 % formic acid and 50 % acetonitrile shortly prior to 

ESI-MS analysis.  

 

Molecule Calculated mass Observed mass 

MscL G22C  15 694 

MscL G22C + 7.6 15 848 15 848 

MscL G22C + 7.7 15 786 15 789 

MscL G22C + 7.12 15 860 15 860 

MscL G22C + 7.16 15 828 15 830 

MscL G22C + 7.17 15 842 15 841 

MscL G22C + 7.18 15 856 15 855 

Table 7.1 Summarized data of the ESI-MS analysis of MscL G22C mutant protein channel 

modified with various actuator molecules 

7.8.5 Membrane reconstitution37 
 

The protein was incorporated into synthetic lipid membranes consisting of either 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol and 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)2000] (DSPE-PEG-2000) 

in a molar ratio of  70:20:10, respectively, using a detergent-mediated reconstitution 

procedure
40

. Pre-warmed DOPC-Cholesterol_DSPE-PEG-2000 liposomes (20 mg/ml) were 

extruded 11 times through a 400 nm pore size polycarbonate filter (Avestin) and the 

resulting large unilamellar vesicles were titrated at 60 °C with Anapoe®-X-100 until 

saturation. The detergent-destabilized liposomes were then mixed with the modified protein, 

solubilized in the same detergent, at a 1:120 (wt:wt) protein to lipid ratio and incubated at 

60 °C for 45 min. For the efflux experiments, 1 volume of calcein (Na-salt) was added to 

the mixture to a final concentration of 50 mM. For patch clamp experiments, 1 volume of 

10 mM Tris-Cl, pH 8.0, 1 mM EDTA, 150 mM NaCl was added to the lipid-protein 

mixture. Detergent removal was achieved by incubating the mixture with 200 mg wet 

weight of Bio-Beads SM-2 adsorbents (Bio-Rad) at 4 °C for several hours. DOPC 

liposomes were also treated the same way except that all the reactions were carried out at 

room temperature instead of 60 °C. 

7.8.6 Calcein efflux assay37 
 

The calcein-containing liposomal fraction was separated from the free calcein by 

Sephadex G50 size exclusion column chromatography. A 10-15 µl volume of the liposomal 

fraction was placed in 2 ml iso-osmotic buffer (10 mM sodium phosphate, pH 8, 150 mM 

NaCl, 1 mM EDTA), and the activity of the channels in response to pH was followed by 

measuring the increase in fluorescence upon calcein dequenching after release through the 

channel. Fluorescence was monitored at 520 nm (excitation at 490 nm) in an SLM 500 

spectrofluorometer. The percent release through the channels was calculated as 

% Release = ( I-I0 / I100-I0) X 100 
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where, I is the measured fluorescence intensity at a given time, I0 is the initial fluorescence 

intensity, which is caused by the initial free calcein in the sample before stimulation of the 

channel and the fluorescence still coming from the liposomal calcein, and I100 is the 

fluorescence intensity from total liposomal calcein, which is obtained from bursting all 

liposomes by the addition of 100 µl Triton X-100 to an 8 mM final concentration. 

The response in calcein efflux experiments to the addition of 1 mM [2-

(trimethylammonium)-ethyl]-methanethiosulfonate) (MTSET+) to preparations of modified 

MscL was used as a method to check the efficiency of the chemical modification in each 

experiment. If modification was complete (as indicated by the mass spectrometry results), 

the addition of MTSET+ did not result in any additional increase of the fluorescence, 

whereas MTSET+ addition led to an increase in fluorescence if the modification was not 

complete. 

7.8.7 Patch clamp37 
 

Giant proteoliposomes
41

 and giant E. coli spheroplasts
42

 for patch clamp 

measurements were prepared as described. Pipettes with a resistance of 2.5-4 MΩ were 

pulled from 100 µl borosilicate capillaries in a Sutter 97/IVFmicropipette puller. Single 

channel traces were recorded at  -20 mV (pipette positive) in a bath-pipette buffer 

composed of 200 mM KCl, 100 mM MgCl2, 10 mM CaCl2, 5 mM HEPES, pH 5.2-7.5. 

Data were amplified and filtered at 10 kHz using an Axopatch 1D amplifier, sampled at 

33kHz in a Digidata 1322A digitizer and analyzed with pCLAMP8 software. 
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Chapter 8  

 

Light-induced switching of a 

protein channel
1
 

 

 
In this chapter the synthesis and study of a semisynthetic light-responsive protein channel 

derived from the Mechanosensitive channel of Large conductance (MscL) is described. 

Several small organic molecules functioning as light-sensitive actuators and capable of 

binding to the mutant channel protein containing cysteine residues were synthesized. As a 

proof of principle, a simple carboxylate residue protected by a photocleavable 6-

nitroveratryl alcohol was introduced into the channel. Upon light-induced deprotection a 

negatively-charged carboxylate anion was liberated triggering opening of the channel. 

Light sensitivity was then combined with pH sensitivity (described in Chapter 7). The free 

amino group of the pH sensitive actuator was protected by 6-nitroveratryl chloroformate. 

This actuator can be also deprotected by light. However, in this case the channel opens 

only if the pH of its environment is within the appropriate range. Finally a reversible 

photochromic switch from the spiropyran family was used as an actuator allowing the 

channel to open as well as to close in response to irradiation with light of different 

wavelengths. Irradiation of the channel containing the spiropyran actuator with UV light 

induced its opening, while the subsequent irradiation with the visible light resulted in 

closure of the channel. 

 

                                                 
1
 This chapter has been published in part in: (a) Koçer, A.; Walko, M.; Meijberg, W.; 

Feringa, B. L. Science 2005, 309, 755-758. (b) Koçer, A.; Walko, M.; Bulten, E.; Halza, E.; 

Feringa, B. L.; Meijberg, W. Angew. Chem. Int. Ed. 2006, 45, 3126-3130. (c) Koçer, A.; 

Walko, M.; Feringa, B. L. Nat. Protoc. 2007, 2, 1426-1437. 



Chapter 8  

 160 

8.1 Light as an external trigger 
 

The opening of the MscL protein channel controlled by a change in pH, as described 

in the previous chapter, is ideal under the conditions where immediate response to a change 

in the acidity of the environment is desired. Such an artificial valve operates autonomously 

and is in fact preprogrammed through the choice of the actuator within the desired pH range. 

However, in a complex environment, such as the human body, this simple response may be 

inadequate. The size of this protein channel system is limiting in the programming and 

“intelligence” it can possess. One solution would be the external control over its function. 

Considering various possible stimuli that could be used in an externally controlled 

trigger mechanism for the opening of the channel (electric and magnetic fields, temperature, 

electrical current), we have chosen light. Light, unlike a chemical stimulus (see Chapter 7), 

is noninvasive and the whole process can be easily tuned through the variation of its 

wavelength. Also it is known to act at the single molecule level. Light can be used to 

induce a wide range of photochemical changes
1
, including the redistribution of electrons in 

the molecule, e.g. in the viologens, trigger rearrangements and lead even to cleavage 

reactions.  

 

Figure 8.1 Light-induced channel opening a) using photosensitive protecting groups b) 

using reversible photochromic switching. 
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In this chapter the use of photosensitive compounds as actuators which convert the 

MscL protein channel into a light responsive nano-valve is described. First, the 

photosensitive protecting groups were used as a tool to unmask a polar functional group 

attached to the protein after the photo cleavage (Figure 8.1a). Then, an actuator containing a 

reversible photochromic switch from the spiropyran family was used in order to control the 

opening and closing of the channel in a reversible manner (Figure 8.1b). 

8.2 Photosensitive protecting groups 
 

Photocleavable protecting groups first appeared in the 1960s
2
. Since then many 

different types were reported based on a number of mechanism involving excitation of a 

variety of chromophores (carbonyl, nitro, aryl groups, etc.)
3
. Photocleavable protecting 

groups have been successfully applied in organic synthesis
4

, for the protection of 

carbohydrates
5
, in peptide

6
 and nucleic acid

7
chemistry, solid phase and combinatorial 

synthesis
8
, biochemistry (as “caged compounds”)

9
 and photolithography

10
. Their most 

interesting feature is that they don’t require addition of reagents to be cleaved, just light of a 

specific wavelength is sufficient. This makes them extremely valuable for the protection of 

sensitive compounds, for selective cleavage in the presence of other protecting groups (so 

called “orthogonality”)
3b

, and for studies where in situ deprotection is necessary (e.g. 

biochemical systems)
11

.  

The most popular family of photocleavable protecting groups are o-nitrobenzyl 

alcohol derivatives which undergo a Norrish-type II reaction into o-nitrosobenzaldehyde. 

The most successful compounds in this class are 6-nitroveratryl alcohol for the protection 

of acids and 6-nitroveratroyloxycarbonyl group for the protection of amines and alcohols. 

This protecting group was introduced in 1970 by Patchornik, Amit and Woodward
6
 with 

the objective of optimizing the substituents around the aromatic ring to shift the wavelength 

of the light necessary for deprotection at longer wavelengths. The maximal reactivity for 6-

nitroveratryl group is observed at 350 nm, but light with wavelengths up to 420 nm can be 

used albeit with decreased efficiency. The importance of this feature is that long 

wavelength UV is harmless to sensitive α-aminoacids (tryptophan and tyrosine) and 

therefore these photocleavable protective groups are useful for biochemical applications. 

The mechanism of cleavage, although thoroughly studied
7c, 12

, is still under 

discussion. With the advancement of new time resolved spectroscopic methods deeper 

insight and understanding of the details of this multistep mechanism were obtained. The 

mechanisms shown in scheme 8.1 are based on a recent study
12c

 using picosecond pump-

probe spectroscopy, nanosecond laser flash photolysis and time resolved infrared 

spectroscopy to identify intermediates and rates of their interconversion. After initial 

photoexcitation of the chromophore in 8.1 a highly reactive diradical species 8.2 is formed 

for which the common pathway is to abstract a hydrogen from the position to give 8.3. 

The dearomatization of the benzene core leads to intramolecular annihilation of the 

diradical and results in the aci-nitro intermediate 8.4 which, depending on the conditions 

can be protonated or deprotonated to afford the cation 8.4
+
 or anion 8.4

-
, respectively. 

Although the cation 8.4
+
 requires an external nucleophile for the reaction to proceed, this 

pathway takes place only under strongly acidic conditions (pKa < 0). The neutral and 

anionic aci-nitro intermediates on the other hand undergo intramolecular cyclization to give 

cyclic transients 8.5 and 8.5
-
, which after reopening afford the relatively stable hemiacetal 

8.6. The decomposition of this hemiacetal is generally the rate-determining step of this 
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cascade and yields a free acid (when X is alkyl or aryl) and o-nitrosobenzaldehyde. If the X 

group is attached through oxygen or nitrogen, one more step is involved as the resulting 

carbonic or carbamic acid 8.7 is decomposed to the final alcohol or amine and CO2. 
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Scheme 8.1 Mechanistic pathways for cleavage of the o-nitrobenzyl protecting group by 

light
12c

. 
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8.3 MscL channel opening by photodeprotection of an 
acid 

 
To test the possibility of opening the MscL channel by light, compound 8.11 

(Scheme 8.2) was synthesized. It consists of an iodoacetate as a protein-binding moiety 

containing a carboxylic functional group which under neutral pH is present as a charged 

negative carboxylate anion. This carboxylic group is protected by a 6-nitroveratryl alcohol. 

The protecting group was first coupled to a bromoacetyl bromide providing the 

bromoacetate ester 8.10 which was subsequently transformed into the more reactive 

iodoacetate ester 8.11.  
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Scheme 8.2 Synthesis of a photocleavable actuator that can liberate a free carboxyl group 

through deprotection. 

The mutant MscL protein, engineered to contain a cysteine instead of a glycine at 

the 22
nd

 amino acid position in each of its five subunits, was then modified with the 

photosensitive actuator 8.11. Incubation of the protein with the actuator for 45 min was 

sufficient to obtain fully modified channel protein (see experimental part for the procedure). 

The ESI-MS spectra show the expected signal at 15 950 m/z corresponding to modified 

protein while no signal at 15 694 m/z, corresponding to unmodified G22C MscL mutant, 

was observed. 

Illumination with UV light λ>300 nm resulted in photolysis of the protective 

group, as shown by UV-Vis absorption spectroscopy (Figure 8.2), for both the 8.11 and its 

MscL-bound form 8.12. The disappearance of the absorption band at 346 nm and the 

appearance of the band at 374 nm are typical for the cleavage of the ester of 6-nitroveratryl 

alcohol, producing free acid and 6-nitrosoveratryl aldehyde
4a

. UV photolysis of modified 

MscL 8.12 leaves cysteine-bound acetates, which are negatively charged above pH 4.0, 

inside the channel. Since the channel is a pentamer, after complete photolysis five charged 

residues should destabilize the closed form of the channel, which is then expected to open. 
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Figure 8.2 UV-vis spectra of a) 8.11 in dichloromethane and b) 8.12 in elution buffer 

before (
______

) and after (-----) 5 min. irradiation with the UV light (λ>300 nm). 

The functionality of the resulting photosensitive protein valve was assessed at the 

single molecule level by measuring the ionic current flowing through this modified channel 

in patch clamp experiments. The modified MscL 8.12 was reconstituted in a synthetic lipid 

membrane consisting of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol 

and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 

glycol)2000] (DSPE-PEG-2000) in a molar ratio of  70:20:10 and a patch clamp 

experiment was performed with inside-out patches in the presence and absence of UV light. 

No current flows through the channel in the dark, even if negative pressure is applied up to 

the breaking point of the patch (Figure 8.3a). However, when the proteoliposomes are 

exposed to ultraviolet light, with wavelengths longer than 300 nm, the channel opens even 

in the absence of applied pressure (Figure 8.3b). Opening begins a few seconds after 

irradiation. With prolonged exposure (> 1 min) to UV light the opening is more pronounced 

and the channel spends more time in the open state. This is probably caused by gradual 

photolysis of more nitroveratryl protecting groups and accumulation of more charges inside 

the protein channel which then opens more easily. 
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Figure 8.3 Single-molecule level analyses of cysteine containing mutant MscL-G22C 

modified with compound 8.11 in patch clamp experiments. a) the sample kept in the dark 

shows no channel openings even with the applied pressure. b) soon after irradiation with 

UV light (λ>300 nm) started (beginning of the irradiation is indicated by the black triangle) 

the channel shows opening without any pressure applied. 

In order to show the potential of the light-addressable nanovalve in controlling the 

exchange of solutes other than ions across a membrane, the classical efflux experiments 

with a liposomal system containing a self-quenching fluorescent dye, calcein, were 

performed. 

The modified photoactive MscL 8.12 was reconstituted into liposomes with the 

same composition as used in the patch clamp experiment and  the dependence of the 

fluorescence signal, which increases as more calcein is being released from the liposomes, 

was observed. 
 
After irradiation with UV light, the proteoliposomes containing 8.12 

released 43 % of their content, while the duplicate of the same sample kept in the dark 

showed only residual levels of release (Figure 8.4). In control experiments, 

proteoliposomes containing unmodified MscL and liposomes without protein, as expected, 

did not exhibit release of calcein whether illuminated or not. 
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Figure 8.4 Activity of MscL-G22C modified with compound 8.11 in a calcein efflux assay. 

The white squares represent release in the dark, the black squares show an increase in the 

release after irradiation with UV light (λ>300 nm). 

8.4 Coupling of photoactivation with pH sensitivity 

 
The photoactivation of the channel works well using the actuator containing an 

acidic moiety protected by the photocleavable nitroveratryl alcohol 8.11. As shown in 

Scheme 8.1 an amino groups can be protected in the same manner. This allows the function 

of control by light to be added to the pH sensitive actuator described in the Chapter 7. The 

mechanism of action of the pH actuator 7.17 is based on the protonation of the amino group 

when the pH drops below a certain threshold. Protecting the amino group would disable 

this charging mechanism and the channel should stay closed irrespective of the pH. After 

removal of the protecting group, the protein becomes responsive to the pH of the 

environment and the channel can be activated. 
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Scheme 8.3 Unmasking of the pH sensitive actuator appended to the MscL through 

photochemical deprotection and protonation of the liberated amine moiety. 

 The synthesis of the actuator 8.13 is straightforward (Scheme 8.4). Compound 

7.17, the synthesis of which is described in the preceding chapter, was reacted with 6-

nitroveratryl chloroformate in the presence of pyridine. The resulting carbamate is obtained 
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in a fair yield and the product shows two sets of signals (in its 
1
H and 

13
C NMR spectra) 

due to restricted rotation around the CO-N bond in the carbamate moiety. 

The mutant MscL G22C protein was modified with the photosensitive actuator 

8.13. Incubation of the protein with the actuator for 15 min was sufficient to obtain fully 

modified channel protein. The ESI-MS spectra show the expected signal at 16 080 m/z 

corresponding to the modified protein, while no signal at 15 694 m/z, corresponding to the 

unmodified G22C MscL, was observed. 
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Scheme 8.4 Modification of the pH-sensitive actuator with a photocleavable protecting 

group and its binding to the protein. 

The results of the calcein efflux experiments using proteoliposomes containing 

MscL modified with the actuator 8.13 are summarized in Figure 8.5. At both low pH and 

high pH, the sample containing the protected actuator shows only residual release when 

kept in the dark. After irradiation with the UV light the protecting group is cleaved 

(Scheme 8.3) and the channel becomes pH responsive. The amount of released calcein now 

depends on the pH of its environment. At low pH (pH=5.7), the release of calcein after 

irradiation of the liposomes is high, reaching almost 40% (Figure 8.5). On the other hand, 

irradiation at higher pH (pH=7.6) results in less calcein being released. Both values for the 

calcein release, at high as well as low pH, correspond to the release observed when the 

channel is modified with 7.17, the unprotected version of 8.13. An additional experiment 

showing the reversibility of the pH induced opening was performed. Two identical samples 

of liposomes containing modified protein channel 8.14 were irradiated at pH 5.7. 

Immediately after irradiation the pH in one of them was adjusted to pH 7.6. This increase in 

pH should deprotonate the actuator preventing opening of the channel. Although some of 

the liposome contents was already released during the irradiation, the increase in pH 

stopped the release resulting in 23% percent of the calcein being released compared to 

almost 40% in the sample kept at low pH . 
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Figure 8.5 Activity of the MscL modified with the actuator 8.13 and MscL modified with 

the actuator 7.17 for comparison. 

8.5 Spiropyran photochromic switches 

 
Spiroprans are among the most widely studied classes of organic photochromic 

compounds. Their photochromic behaviour was first described by Fisher and Hirshberg in 

1952
13

. Since then their chemistry and photochromic behaviour has been explored 

extensively
14

. These photoactive compounds proved to be excellent tools in development of 

molecular devices such as sensors
15

, molecular logic components
16

 as well as in the 

regulation of the function of biomaterials
17

. 

The name “spiropyran” refers to the basic structural unit responsible for their 

photochromism which is a 2H-pyran with another ring attached to the C2 in the spiro 

manner. Despite the wide variety of possible structures, only some of them exhibit 

photochromic behaviour. In this respect the most widely applied group of spiropyrans are 

the indolino-benzospiropyrans (Scheme 8.5). 

The photochromism of the spiropyrans is based on the electrocyclization that takes 

place in the pyran ring. Upon irradiation with UV light, electrocyclic ring opening occurs 

(Scheme 8.5). The bond between the oxygen of the pyran ring and the spiro-carbon cleaves, 

and the double bond pattern changes resulting in the dearomatization of the adjacent 

benzene ring. The resulting quinoid form can exist as either cis or trans isomers; the trans 
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being the more stable due to the steric constraints in the cis isomer. The quinoid form is 

stabilized further by the redistribution of electrons to regain the aromaticity of the benzene 

ring. The resulting stable isomer is the zwitterionic, intensively coloured merocyanine form 

8.16 Unlike the spiropyran form 8.15 in which the benzopyran and indoline parts are 

arranged perpendicularly, the merocyanine 8.16 is planar, thus forming an extended -

conjugated system responsible for its colour. Besides the changes in electronic properties, 

the photochromic reaction alters the rigidity of the system also due to opening of the pyran 

ring. The merocyanine form 8.16 is more flexible than the spiro form 8.15. 

N O

N

O
N

O

N O N O

UV

vis or 

8.15

8.16  

Scheme 8.5 Photoreaction of spiropyrans. 

The reverse reaction can be performed by irradiation with visible light or it can 

proceed thermally. This thermal instability of the merocyanine form is the major drawback 

of the spiropyran family of photochromic switches. On the other hand, unlike the 

diarylethenes or azobenzenes, the switching causes not only a change in geometry, but also 

pronounced changes in the polarity of the compound. The slightly polar spiropyran changes 

to the highly polar zwitterionic merocyanine. This property is at the basis of many 

applications of spiropyrans. 

8.6 Reversible light-controlled channel activation 

 
Photosensitive protecting groups can effectively transform MscL into a light 

sensitive release valve. To produce a more advanced model of the valve, reversible opening 

and closing would be desired. Such a reversible valve could find application as a 

component in nanofluidic devices for example. To achieve this, the actuator built into the 

MscL must be capable of reversible function, thus it could be a photochromic switch. Due 

to the large change in polarity upon photoisomerization, switches in the spiropyran family 

are potentially ideal candidates for reversible actuators. 

Since the synthesis of the spiropyrans is well described, our main task was to modify 

the structure with an appropriate linker that would bind to the protein channel. First, a short 

arm with a hydroxyl group available for further modification was appended to the nitrogen 

of the 2,3,3-trimethyl-3H-indole 8.17. The resulting salt 8.18 after treatment with a base 

eliminates HBr. Although in the original reported procedure
18

, structure 8.19 was proposed 

as the product of this elimination, no signals that correspond to the protons of the exocyclic 

double bond were observed in the 
1
H NMR spectrum of the product. Instead three signals 

of methyl groups at 1.11, 1.31 and 1.35 ppm were observed. This means that the methyl 
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group at the C2 carbon was not converted to methylene group and that the two methyl 

groups at C3 became non-equivalent. A further literature search and comparison with 

spectroscopic data
19

 revealed that the actual structure of this product is 8.20, obtained from 

the 8.19 through addition of the hydroxyl group to the exocyclic double bond. It is probable 

that the two structures are in equilibrium, since the addition of the 5-nitrosalicylaldehyde 

typically takes place on the exocyclic double bond that is present only in 8.19. Compound 

8.21 obtained after this addition contains a fully formed spiropyran switching part and a 

free hydroxyl group. Acetylation with bromoacetyl bromide and subsequent exchange of 

the bromide for iodide afforded spiropyran 8.23 with an appended iodoacetate as a protein 

binding moiety. 
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Scheme 8.6 Synthesis of a spiropyran photochromic actuator for the modification of the 

MscL protein. 

The new photosensitive reversible actuator 8.23 was coupled to the G22C MscL 

mutant protein containing cysteine residues. The reaction was efficient taking only 45 min 

at room temperature and was performed while the protein was still attached to the Ni-NTA 

affinity matrix used for the protein isolation. The modified protein was then eluted from the 

matrix and the efficiency of the modification confirmed by mass spectrometry. The ESI-MS 

spectra show the expected signal at 15 950 m/z, corresponding to modified protein 8.24, 

while no signal at 15 694 m/z, corresponding to unmodified G22C MscL mutant, was 

observed. 

The switching ability of the spiropyran moiety was preserved even inside the 

protein channel as can be seen from the Figure 8.6a. After irradiation of the protein-bound 

actuator 8.24 with 366 nm UV light, its spiropyran form was converted to the charged 

zwitterionic merocyanine form (Scheme 8.7) accompanied by the appearance of absorption 

bands in the near UV and visible region at 392 and 552 nm, respectively (Figure 8.6a). The 

reverse reaction takes place upon irradiation with the visible light >460 nm resulting in the 
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restoration of the original spiropyran state and disappearance of the absorption bands 

assigned to the merocyanine form.  

 
 

 

Figure 8.6 UV-vis spectra obtained by following the switching process of the channel 

protein modified with the spiropyran actuator 8.23 a) UV spectra of the spiropyran actuator 

23 before irradiation (full thick line) and after 2 min irradiation at 366 nm (dashed thick 

line) b) UV-vis spectra of the light switchable MscL 8.24 before irradiation (full thick line), 

after 2 min irradiation at 366 nm (dashed thick line) and at 20 s intervals during the 

irradiation c) switching cycles for the modified protein channel 8.24 reconstituted into 

liposomes followed by its absorption at 550 nm under alternating periods of 2 min 

irradiation at 366 nm and at > 460 nm visible light (SP-spiropyran form, MC-merocyanine 

form). 

 The switching cycle can be repeated many times without a noticeable loss of 

photoactivity of the switch in buffer solution. However, the first switching cycle differs 

from the subsequent ones (Figure 8.6b). We believe that there is a change of the 

environment of the spiropyran moiety in the protein after the first cycle. The 

photostationary state between the spiropyran and merocyanine forms depends on polarity, 

the merocyanine being favoured in a polar and the spiropyran form in a nonpolar 

environment. The MscL is modified in its closed form and the bound actuator is limited in 

the space available to accommodate the switch and most probably the switch sticks out 

from the nonpolar constriction zone into the surrounding solvent. After the first channel 

opening it can probably occupy a more thermodynamically favourable spot within the 

channel where it comes into closer contact with the nonpolar residues thus shifting its 

photostationary state more to the spiropyran form in subsequent irradiation cycles. 
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Scheme 8.7 Photochromic switching of the spiropyran actuator bound to MscL. 

Reversible switching on command between open and closed states of the resulting 

modified photoactive protein 8.24 embedded in a lipid membrane was demonstrated in 

patch clamp experiments (Figure 8.7). In 23 recordings of individual samples from five 

separate membrane preparations, channel gating started within two min of irradiation at 366 

nm in the absence of applied tension. The channel opened during this “on” state with a 

conductance of 0.5-1 nS. UV-induced openings of the channels consistently started after a 

lag period. Since the opening of the modified channel depends on the 

polarity/hydrophilicity of the residue at the 22nd position in the protein
20

, this delay in 

activation is in accordance with the absorption spectral data that indicate that the time 

required for the switching of this label from a nonpolar form to a zwitterionic polar form is 

approximately 2 min (Figure 8.6a). Another issue to consider here is the fact that there are 

five photoactive spiropyran residues inside the pentameric protein channel and probably 

several of them should switch to the merocyanine form before the buildup of the charge is 

sufficient to open the channel. Once activated, on the other hand, the channels continue to 

work. If the patch at this moment is irradiated with visible light, the channel activity drops 

significantly within seconds and the channels finally switch off. The quick inactivation as 

compared to the slow activation may indicate the importance of the polarity (the number of 

switches in the zwitterionic merocyanine form) that this homopentamer channel needs in its 

hydrophobic pore in order to start to open. At this moment it is not known how many 

charges are necessary to activate the charge-induced opening of MscL. Irradiation of the 

patch at this stage again with UV light follows the same pattern as in the first cycle and, 

after a lag period, the channel openings start.  Figure 8.7b shows the representative channel 

activity over the last 40 s of each treatment. There are many channel opening events during 

the first UV irradiation period whereas there are no channel openings at the end of the 

visible light irradiation period. The lower number of channel openings over the second UV 

treatment compared with the first correlates with the lower amount of the zwitterionic MC 

form seen in Figure 8.6b after the first cycle of illumination. 
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Figure 8.7 Electrophysiological analysis of reversible functioning of  modified MscL 8.24. 

(a) Single channel recordings were performed at +20 mV without applied tension and 

channel openings are shown as upward increased currents. The patch was sequentially 

illuminated with UV and visible light by alternating the filter in the light source. The 

progress of UV and visible light irradiation during recording is indicated under the patch 

trace. (b) Enlarged view of the channel openings at the end of each UV and visible light 

irradiation period. 

The function of the reversible photoactive channel 8.24 was studied also using a 

calcein efflux assay. Proteoliposomes containing modified MscL show only residual levels 

of release when kept in the dark, while after exposure to 366 nm UV light they release up to 

30 % of their calcein contents (Figure 8.8). The control samples containing 

proteoliposomes with unmodified MscL and liposomes without protein did not exhibit 

release irrespective of irradiation conditions. 

The release is lower than in the case of the MscL-containing photocleavable 

protecting group 8.12 where the release reached 43% (Figure 8.4). Also the irradiation time 

necessary to induce channel opening is longer, which suggests that the merocyanine form 

of 8.24 is not as effective in opening the channel as the acid moiety obtained after photo-

deprotection of 8.12. This is not surprising considering that the channel is sensitive not only 

to charge but also to overall hydrophilicity of the actuator. The bulky spiropyran moiety 

containing two aromatic rings is much less hydrophilic than the small acetate group which 

stays attached to the protein after photolysis of 8.12 and thus its effect is diminished. 
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Figure 8.8 Activity of MscL-G22C modified with compound 8.23  in calcein efflux assay. 

The white squares represent release in the dark, the black squares show the increase in the 

release after irradiation with UV light (λ=366 nm). 

8.7 Conclusions 

 
We have developed a light sensitive protein channel through attachment of 

photosensitive actuators to the MscL protein which was modified genetically to contain 

cysteine residues as binding sites for the actuators. This nanovalve opens in response to 

irradiation with light of specific wavelengths and can be built into liposomes as an 

addressable release mechanism. It is possible to combine this opening stimulus with the pH 

responsivity of the protein channel, as described in the Chapter 7. This allows for a 

nanovalve that is sensitive to both pH change and light and opens only upon irradiation in 

the enviroment of an appropriate pH. The successful demonstration of the control of a 

channel function in a reversible manner through incorporation of the photochromic switch 

offers considerable prospects for future nanodevices. 

8.8 Experimental part 
 

General information 

For general information on synthesis and characterization of the compounds, see Chapter 2. 

For general information on protein isolation, membrane reconstitution, patch clamp 

technique and calcein efflux assay see Chapter 7
21,22

. 
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8.8.1 Synthesis of the actuators 
 

4,5-Dimethoxy-2-nitro-benzyl bromoacetate (8.10) 

Bromoacetylbromide (0.19 ml, 2.2 mmol) was slowly added to 

a solution of 4,5-dimethoxy-2-nitrobenzyl alcohol (0.43 g, 2 

mmol), Et3N (0.56 ml, 4 mmol) and DMAP (24 mg, 0.2 mmol) 

in CHCl3 (5 ml). After stirring at room temperature for 5 h 

CH2Cl2 (20 ml) was added and mixture was washed with aq. 

HCl (1M, 2x10 ml), NaHCO3 (sat., 10 ml) and water (10 ml). The organic phase was dried 

over Na2SO4, the solvent evaporated and the residue purified by chromatography (silica gel, 

CH2Cl2) to yield 4,5-dimethoxy-2-nitro-benzyl bromoacetate 8.10 (368 mg, 55%) as a 

white solid. 

Mp.: 150-151°C; 
1
H NMR (300 MHz, CDCl3) δ 3.94 (s, 2H), 3.95 (s, 3H), 3.99 (s, 3H), 

5.62 (s, 2H), 7.10 (s, 1H), 7.73 (s, 2H); 
13

C NMR (75.4 MHz, CDCl3) δ 25.60 (t), 56.54 (q), 

56.75 (q), 64.63 (t), 108.38 (d), 110.03 (d), 126.54 (s), 139.77 (s), 148.48 (s), 153.85 (s), 

166.61 (s); MS (EI): 333, 335 [M+]; HRMS calcd. for C11H12NO6Br 332.8945, found 

332.9847 

 

4,5-Dimethoxy-2-nitro-benzyl iodoacetate (8.11) 

4,5-Dimethoxy-2-nitro-benzyl bromoacetate 8.10 (100 mg, 0.3 

mmol) was dissolved in acetone (2 ml) and NaI (50 mg, 0.33 

mmol) was added. After stirring for 2 h at room temperature the 

solid precipitate was filtered off and the solvent evaporated and 

the crude product purified by chromatography (silica gel, 

CH2Cl2) to yield 4,5-dimethoxy-2-nitro-benzyl iodoacetate 8.11 (97 mg, 85%) as a white 

solid. 

Mp.: 135-136°C; 
1
H NMR (300 MHz, CDCl3) δ 3.81 (s, 2H), 3.96 (s, 3H), 4.03 (s, 3H), 

5.61 (s, 2H), 7.11 (s, 1H), 7.73 (s, 2H); 
13

C NMR (75.4 MHz, CDCl3) δ -5.87 (t), 56.50 (q), 

56.97 (q), 64.42 (t), 108.31 (d), 109.84 (d), 126.79 (s), 139.74 (s), 148.36 (s), 153.80 (s), 

168.054 (s); MS (EI): 381 [M+]; HRMS was not possible due to overlap of the signal with 

one of the reference signals. 

 

2-Methanesulfonylsulfanyl-ethyl  [(4,5-Dimethoxy-2-nitro-benzyloxycarbonyl)-

methyl-amino]-acetate (8.13) 

2-Methanesulfonylsulfanyl-ethyl 

methylamino-acetate hydrochloride 7.17 (53 

mg, 0.2 mmol) was dissolved in 1 ml of 

DMF. 6-Nitroveratrylchloroformate (61 mg, 

0.22 mmol) and pyridine (0.1 ml) were 

added to this solution. After stirring overnight the mixture was poured into water (1 ml) and 

extracted with ethyl acetate (3x 3 ml). The combined organic phases were evaporated in 

vacuo and the product purified by chromatography (silica gel, n-hexane:ethyl acetate / 1:1). 

Yield 56 mg (60%) of 8.13. 
1
H NMR spectroscopic measurements show that the product is 

a mixture of two isomers due to restricted rotation around CO-N bond in the carbamate 

moiety. Measurements at two different frequencies (300 MHz and 400 MHz) allowed for 

two close signals belonging to different isomers and signals splitted due to spin-spin 

coupling to be distinguished. Variable temperature measurement shows a tendency to 
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coalesce at higher temperatures, however complete coalescence was not achieved even at 

100 °C. 
1
H NMR (300 MHz, CDCl3, 20°C) δ 3.01, 3.09 (2s, 3H), 3.35 (s, 3H), 3.40 (t, J = 6.0 Hz, 

2H), 3.93, 3.94 (2s, 3H), 4.00, 4.01 (2s, 3H), 4.06, 4.08 (2s, 2H), 4.44 (t, J = 6.0 Hz, 2H), 

5.51, 5.56 (2s, 2H), 6.96, 7.01 (2s, 1H), 7.68, 7.71 (2s, 1H) 
13

C NMR (100.6 MHz, CDCl3, 20°C) δ 34.79, 34.88, 35.66, 36.36, 50.53, 50.84, 50.90, 

50.97, 56.52, 56.86, 63.20, 63.26, 64.69, 64.84, 108.25, 109.67, 110.59, 128.12, 128.31, 

139.64, 139.73, 148.13, 148.21, 153.80, 155.61, 156.35, 169.21, 169.32  

MS (EI): 466 [M+]; HRMS calcd. For C16H22N2O10S 466.0715, found 466.0729 

 

1-(2-Hydroxy-ethyl)-2,3,3-trimethyl-3H-indolium bromide (8.18)
18

 

A solution of 2,3,3-trimethyl-3H-indole (3.2 ml, 3.18 g, 20 mmol) and 

2-bromoethanol (1.7 ml, 3.00 g, 24 mmol) in acetonitrile (20 ml) was 

heated to reflux for 24 h. The solvent was then evaporated and the 

solid residue triturated with hexane (30 ml), filtered and dried. If a 

new bottle or freshly distilled 2,3,3-trimethyl-3H-indole is used, the 

product can be used in the following steps without further purification. 

Otherwise it can be recrystallised from chloroform. The crude 1-(2-hydroxy-ethyl)-2,3,3-

trimethyl-3H-indolium bromide 8.18 was  obtained as a purple solid in 5.25 g (92 %) yield. 

 

9,9,9a-Trimethyl-2,3,9,9a-tetrahydro-oxazolo[3,2-a]indole (8.20)
19

 

1-(2-Hydroxy-ethyl)-2,3,3-trimethyl-3H-indolium bromide 8.18 (2.84 g, 

10 mmol) was dissolved in aq. NaOH (10 ml of 2M aqueous solution). 

The solution was stirred for 5 min and then extracted with ether (3 x 20 

ml). Organic extracts were dried over Na2SO4, filtered and the solvent 

evaporated to give 1.83 g (90%) of 9,9,9a-trimethyl-2,3,9,9a-tetrahydro-

oxazolo[3,2-a]indole 8.20 as a yellow oil. 
1
H NMR (300 MHz, CD3CN) δ 1.11 (s, 3H), 1.31 (s, 3H), 1.35 (s, 3H), 3.30-3.40 (m, 1H), 

3.45-3.57 (m, 1H), 3.65-3.81 (m, 2H), 6.76 (d, J = 7.7 Hz, 1H), 6.82-6.90 (m, 1H), 7.03-

7.14 (m, 2H); 
13

C NMR (75.4 MHz, CD3CN) δ 17.68 (q), 20.58 (q),  27.93 (q), 47.43 (t), 

50.64 (s), 63.26 (t), 109.61 (s), 112.58 (d), 122.63 (d), 123.21 (d), 128.72 (d), 140.82 (s), 

152.02 (s);MS (EI): 203 [M+]; HRMS calcd. for C13H17NO 203.1310, found 203.1318. 

 

1’-(2-Hydroxyethyl)-3’,3’-dimethyl-6-nitrospiro[2H-1-benzopyran-2,2’-indoline] 

(8.21)
18

 

A solution of 9,9,9a-trimethyl-2,3,9,9a-tetrahydro-

oxazolo[3,2-a]indole 8.20 (1 g, 5 mmol) and 5-

nitrosalicylaldehyde (1.05 g, 6 mmol) in ethanol (10 ml) was 

heated to reflux for 4 h. The reaction mixture was then 

cooled to room temperature and filtered. The resulting solid 

was recrystallized from a small amount of ethanol to give 

1.37 g ( 78 %) of 1’-(2-hydroxyethyl)-3’,3’-dimethyl-6-

nitrospiro[2H-1-benzopyran-2,2’-indoline] 8.21 as a purple solid. 
1
H NMR (300 MHz, CDCl3) δ 1.18 (s, 3H), 1.28 (s, 3H), 3.32 (dt, J = 5.1, 15.0 Hz, 1H), 

3.45 (dt, J = 6.6, 15.0 Hz, 1H), 3.77 (d, J = 1.1 Hz, 2H), 4.33 (dt, J = 2.2, 6.2 Hz, 2H), 5.93 

(d, J = 10.3 Hz, 1H), 6.67 (d, J = 7.7 Hz, 1H), 6.76 (d, J = 8.4 Hz, 1H), 6.91 (t, J = 6.6 Hz, 

1H), 6.93 (d, J = 10.3 Hz, 1H), 7.10 (d, J = 6.6 Hz, 1H), 7.21 (t, J = 7.7 Hz, 1H), 8.01 (s, 1H) 

8.02 (d, J = 8.1 Hz, 1H); 
13

C NMR (75.4 MHz, CDCl3) δ 19.98 (q), 25.61 (t),  25.98 (q), 

N
O

N
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42.33 (t), 52.98 (s), 64.26 (t), 106.61 (s), 106.77 (d), 115.67 (d), 118.54 (s), 120.23 (d), 

121.92 (d), 122.05 (d), 122.90 (d), 126.11 (d), 127.99 (d), 128.54 (d), 135.87 (s), 141.27 (s), 

146.60 (s), 159.41 (s), 167.17 (s);MS (EI): 352 [M+]; HRMS calcd. for C20H20N2O4 

352.1423, found 352.1413. 

 

3’,3’-Dimethyl-1’-(2-bromoacetyloxyethyl)-6-nitrospiro[2H-1-benzopyran-2,2’-

indoline] (8.22) 

1’-(2-Hydroxyethyl)-3’,3’-dimethyl-6-nitrospiro[2H-1-

benzopyran-2,2’-indoline] 8.21 (1 g, 2.8 mmol) mmol was 

dissolved in dry toluene (20 ml). Pyridine (0.35 ml, 4.3 

mmol) and bromoacetylbromide (0.37 ml, 4.3 mmol) were 

added. After stirring overnight at room temperature water 

(10 ml) was added, the organic layer separated and the 

aqueous layer extracted with diethyl ether (3 x 10 ml). The 

combined organic layers were dried over Na2SO4, filtered, 

the solvent evaporated and the residue purified by chromatography (silica gel, n-

hexane:ethyl acetate / 1:1) to yield 3’,3’-dimethyl -1’-(2-bromoacetyloxyethyl)-6-

nitrospiro[2H-1-benzopyran-2,2’-indoline] 8.22 (1.13 g, 84%) as a white solid. 
1
H NMR (300 MHz, CDCl3) δ 1.18 (s, 3H), 1.28 (s, 3H), 3.32 (dt, J = 5.9, 15.0 Hz, 1H), 

3.46 (dt, J = 6.6, 15.0 Hz, 1H), 3.68-3.80 (m, 2H), 5.93 (d, J = 10.3 Hz, 1H), 6.67 (d, J = 7.7 

Hz, 1H), 6.76 (d, J = 8.4 Hz, 1H), 6.91 (t, J = 6.6 Hz, 1H), 6.93 (d, J = 10.3 Hz, 1H), 7.10 (d, 

J = 6.6 Hz, 1H), 7.21 (t, J = 7.7 Hz, 1H), 8.01 (s, 1H) 8.02 (d, J = 8.1 Hz, 1H); 
13

C NMR 

(75.4 MHz, CDCl3) δ 19.98 (q), 25.98 (q), 46.23 (t), 52.98 (s), 60.26 (t), 106.61 (s), 106.77 

(d), 115.67 (d), 118.54 (s), 120.23 (d), 121.92 (d), 122.05 (d), 122.90 (d), 126.11 (d), 

127.99 (d), 128.54 (d), 135.87 (s), 141.27 (s), 146.60 (s), 159.41 (s); MS (EI): 472, 474 

[M+]; HRMS calcd. for C22H21N2O5Br 472.0633, found 472.0639. 

 

3’,3’-Dimethyl-1’-(2-iodoacetyloxyethyl)-6-nitrospiro[2H-1-benzopyran-2,2’-indoline] 

(8.23) 

3’,3’-Dimethyl-1’-(2-bromoacetyloxyethyl)-6-

nitrospiro[2H-1-benzopyran-2,2’-indoline] 8.22 (100 mg, 

0.21 mmol) was dissolved in acetone (2 ml) and NaI (38 

mg, 0.25 mmol) was added. After stirring for 2 h at room 

temperature the solid precipitate was filtered off and the 

solvent evaporated and the product purified by 

chromatography (silica gel, n-hexane:ethyl acetate / 1:1) to 

yield 3’,3’-dimethyl -1’-(2-iodoacetyloxyethyl)-6-

nitrospiro[2H-1-benzopyran-2,2’-indoline] 8.23 (106 mg, 96%) as a white solid. 
1
H NMR (400 MHz, CDCl3) δ 1.18 (s, 3H), 1.28 (s, 3H), 3.43 (dt, J = 5.9, 15.4 Hz, 1H), 

3.54 (dt, J = 6.4, 15.4 Hz, 1H), 3.63 (d, J = 2.9 Hz, 2H), 4.29 (dt, J = 2.6, 6.2 Hz, 2H), 5.94 

(d, J = 10.3 Hz, 1H), 6.68 (d, J = 7.7 Hz, 1H), 6.76 (d, J = 8.8 Hz, 1H), 6.91 (t, J = 7.3 Hz, 

1H), 6.93 (d, J = 10.3 Hz, 1H), 7.10 (d, J = 7.3 Hz, 1H), 7.21 (t, J = 7.3 Hz, 1H), 8.01 (s, 1H) 

8.02 (d, J = 8.8 Hz, 1H); 
13

C NMR (100.6 MHz, CDCl3) δ -5.87 (t), 19.97 (q), 26.00 (q), 

42.23 (t), 52.97 (s), 64.10 (t), 106.61 (s), 106.81 (d), 115.66 (d), 118.53 (s), 120.17 (d), 

121.95 (d), 122.01 (d), 122.89 (d), 126.09 (d), 127.97 (d), 128.51 (d), 135.83 (s), 141.21 (s), 

146.63 (s), 159.44 (s), 168.72 (s); MS (EI): 520 [M+]; HRMS calcd. for C22H21N2O5I 

520.0495, found 520.0511. 
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8.8.2 Protein modification22 

 
Compound 8.13 was dissolved in a buffer composed of 10 mM Na-phosphate (pH 

8), 150 mM aq. NaCl and 1 mM EDTA. 500 µl of detergent solubilized G22C MscL (0.3 

mg/ml) was mixed with a 40 mM final concentration of the desired compound and 

incubated for 15 min at room temperature. The modified protein was separated from the 

free 8.13 by passing the mixture through a pD10 desalting column (Amersham Biosciences) 

that was pre-equilibrated with 10 mM Na-phosphate (pH 8), 150 mM NaCl and 0.1 % 

Anapoe®-X-100. 

In order to covalently link photosensitive compounds 8.11 and 8.23 to the G22C 

MscL protein, they were dissolved in DMSO and added to Ni-NTA matrix-bound MscL at 

a final concentration of 2 mM. After 45 min incubation at room temperature, the protein 

was eluted with 10 ml elution buffer (histidine buffer containing 235 mM histidine). ESI-

MS showed an expected subunit mass to charge ratio increase of 256 for the 8.12 and 393 

for 8.24 relative to the unlabeled mutant channel, whereas incubation of the wild type 

channel with any of the actuators did not lead to a detectable mass difference, illustrating 

the specificity of the conjugation reaction.  
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Summary 
 

 

Molecular switches are among the most basic components of molecular devices. 

The switching of these molecules is based on their ability to exist in two states and 

reversibly interconvert between those states. In photochromic molecular switches the 

stimulus causing the switching process is light. The two states of the switch differ not only 

in the structure of the molecule, but also in many physical and chemical properties. The 

design and synthesis of molecular switches capable of modulation of properties at the 

molecular and supramolecular level is a highly desirable goal. 

Several new photochromic switches capable of modulation of chiroptical 

properties, complexation ability and reactivity were designed and synthesized. The 

synthesis and study of their photochromic properties with a focus on the interplay between 

the switching and additional functions, is described in the first part this thesis. The second 

part deals with a pH and light controlled nanovalve developed through the modification of a 

membrane protein channel. 

Chapter 2 describes modulation of chiroptical properties of phenanthrene-based 

diarylethenes photochromic switches (Scheme 1). The new switches were designed in such 

a way that the chirality is an inherent property of their backbone and no additional chiral 

substituents are required. Due to the steric bulk, the free rotation around the bond 

connecting the thiophene with the phenanthrene is sterically hindered and the individual 

atropisomers of these compounds were isolated by chiral HPLC. Although the existence of 

such isomers was observed also for other diarylethenes by NMR spectroscopy, this is the 

first case where such atropisomers were separated and their properties studied. Since there 

are two thiophene – phenanthrene bonds and the thiophene moieties are identical, three 

isomers exist. These are a pair of enantiomers with an antiparallel orientation of the 

thiophenes and a meso form with a parallel orientation and a plane of symmetry. The 

isomerization barrier was found to be high enough (109 -112 kJ/mol) to avoid 

isomerization during the switching process. The meso form is photochemically inactive as a 

result of the parallel orientation of the thiophene moieties, while both enantiomers are 

photochromic and undergo ring-closing reaction upon UV irradiation. The ring opening 

reaction can be induced by both visible light irradiation as well as heat, thus these 

compounds exhibit also thermochromic behaviour. The switching process induces changes 

in the chiroptical properties of the diarylethene molecules and can be easily monitored by 

CD spectroscopy. These new 9,10-dithienylphenanthrene photochromic switches are ideal 

candidates for nondestructive readout method based on the chirality, the only drawback 

being their themochromism which can lead to ring opening.  
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Scheme 1 Photochemical and thermal isomerization processes of dithienylphenanthrene 

photochromic switches. 

 
A system that combines photochemical switching with chemical reactivity is 

described in chapter 3. Both processes, the switching as well as the cycloaddition reaction, 

are reversible, resulting in three stable states of the switching system (Scheme 2). In the 

first state, the dithienylfuran molecule is not photoactive and it has to undergo a 

cycloaddition reaction to give the cycloadduct that is photochromic. This cycloaddition 

reaction is reversible and the retro-cycloaddition reaction can restore the dithienylfuran 

moiety. This is an example of the control of photoreactivity by a second chemical 

transformation (reaction gated switching). The cycloadduct obtained after the reaction of 

dithienylfuran with the dienophile shows behaviour typical for photochromic diarylethenes, 

resulting in the ring-closed isomer after UV irradiation and restoring the ring-open isomer 

after irradiation with visible light. However, until the system is in the state of ring-closed 

isomer no retro-cycloaddition can occur (switching gated reaction). This molecular design 

comprises a three stage coupled system in which both photoswitching and reversible 

cycloadditions are gated and mutually depend on each other. 
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Scheme 2 Three stage system combining photochromic switching with chemical reactivity. 
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In chapter 4 the photochromic, thermochromic and proton and metal binding 

properties of new pyridine containing diarylethene switches are described. These new 

switches show quite efficient photochromic reactions dependent on their substitution 

pattern. However all of them are thermochromic with the stability of the closed form 

ranging from seconds to hours at room temperature. It was found that some of these new 

dipyridylethene photochromic switches show effective gating of the photoreaction upon 

addition of acid or metal source (Scheme 3). When an 1:1 complex of the switch with a 

proton or Cu(I) ion is formed, both pyridine moieties bind a positively charged species 

cooperatively, resulting in a photochemically inactive parallel conformation of the switch 

and thus gating of  its photochromic reaction. Furthermore other properties of the switches, 

such as absorbance and rate of the thermochromic reaction, can be tuned by protonation and 

complexation. A surprising new finding is the dependence of the thermochromism on the 

polarity of the solvent used. The rate of the thermal ring-opening reaction decreases with 

increasing polarity of the solvent. 

N N

N N
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N N

N N
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parallelantiparallel
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X
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Scheme 3 Protonation and complexation gated switching of dipyridylcyclopentene. 

 
To extend the possible application of photochromic switches from the solution to 

the solid phase, switching of surface bound switches was studied in chapter 5. The 

diarylethene photochromic switch was functionalized with a tripodal base containing 

protected thiol moieties to ensure its stable and rigid anchoring to the gold surface (Scheme 

4a). The switching process was studied for the switch in solution as well as for the switch 

bound to nanoparticles (Scheme 4b) and semitransparent gold layer deposited on mica 

(Scheme 4c). 

Measurements in solution show that the new dithienylethene can be reversibly 

switched between its open and closed form several times, although it suffers from fatigue. 

Modified nanoparticles showed strong tendency to precipitate, thus making observation of 

full switching cycle impossible. After attaching the switch to a semitransparent gold layer 

deposited on mica a monolayer of surface bound molecules was obtained and studied by 

UV-vis spectroscopy. Alternate irradiation of this monolayer of switch molecules with UV 

and visible light results in a reversible change in the optical properties which can be 

attributed to the switching of the bound dithienylethene. 
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Scheme 4 Surface bound photochromic switch. 

 
Chapters 7 and 8 describe the modification of a membrane protein channel, 

Mechanosensitive channel of Large conductance (MscL), into pH and light sensitive 

nanovalve. In its native state, MscL responds to increased tension in a membrane by 

opening to create a pore 3 nm in diameter. The channel has two basic states, the open and 

the closed state, and thus can be seen as a biomolecular switch. 

 
Scheme 5 pH and light induced opening of the modified protein channel 
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 Through engineering of the channel to contain cysteines as binding sites for organic 

molecules and binding of specific molecules, its opening and closing stimuli were changed. 

In the chapter 7, molecules that can be protonated in a desired pH range were attached to 

the protein channel. In this way, opening of the channel was achieved by changing the pH 

of its environment (Scheme 5a). Tuning of the pH at which the attached molecule 

protonates enabled development of channel that is closed at the physiological pH but opens 

when the pH drops, a condition typical for many tumors. This modified channel can be 

used in the liposomal drug delivery as a pH sensitive release valve. 

In chapter 8, a photosensitive channel protein was constructed through modification 

of the MscL with the photoprotected actuator, which was further developed into a 

reversible light controlled system allowing the opening and closing of the channel using a 

spiropyran photochromic switch (Scheme 5b). 
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Samenvatting 
 
 
Moleculaire schakelaars behoren tot de meest basale componenten van 

moleculaire apparaten. Het schakelen van deze moleculen is gebaseerd op de eigenschap 

dat ze in twee toestanden kunnen bestaan en reversibel tussen deze toestanden kunnen 

overgaan. Bij fotochrome moleculaire schakelaars vormt licht de stimulus voor het 

schakelproces. De twee toestanden van de schakelaar verschillen niet alleen in de structuur 

van het molecuul, maar ook in veel fysische en chemische eigenschappen. Het ontwerp en 

de synthese van moleculaire schakelaars, om hiermee gewenste eigenschappen op het 

moleculaire en supramoleculaire niveau te kunnen moduleren, is een uiterst gewenst doel. 

Er zijn verschillende nieuwe moleculaire schakelaars ontworpen en 

gesynthetiseerd waarvan de chiroptische eigenschappen, het vermogen om metalen te 

complexeren en de reactiviteit kan worden gemoduleerd. In het eerste deel van het 

proefschrift wordt de synthese en studie van de fotochrome eigenschappen van deze 

schakelaars beschreven, met nadruk op de interactie tussen het schakelen en verdere 

functies. In het tweede deel wordt ingegaan op een pH- en lichtgestuurde nanoklep, die is 

ontwikkeld door een kanaal van een membraaneiwit te modificeren. 

In hoofdstuk 2 wordt beschreven hoe de chiroptische eigenschappen van 

fenantreen-gebaseerde diaryletheen-fotochrome schakelaars kunnen worden gemoduleerd 

(Schema 1). De nieuwe schakelaars zijn zo ontworpen dat de chiraliteit een inherente 

eigenschap van hun koolstofketen is, zonder dat er verdere substituenten nodig zijn. Door 

sterische hindering wordt vrije rotatie om de binding tussen de thiofeengroepen en het 

fenantreen-gedeelte beperkt, en konden de verschillende atropisomeren van deze 

verbindingen worden gescheiden met behulp van chirale HPLC. Hoewel het bestaan van 

zulke isomeren ook voor andere diarylethenen is aangetoond met NMR-spectroscopie, is dit 

het eerste geval waarin de atropisomeren gescheiden zijn en hun eigenschappen bestudeerd 

konden worden. Aangezien er twee thiofeen-fenantreenbindingen zijn en de thiofeen-

groepen identiek zijn, bestaan er drie isomeren. Twee hiervan vormen een paar 

enantiomeren met een antiparallelle oriëntatie van de thiofenen, de derde is een 

mesoverbinding met een parallelle oriëntatie en een symmetrievlak. De isomerisatiebarrière 

(109 -112 kJ/mol) is hoog genoeg om isomerisatie tijdens het schakelproces te voorkomen. 

Door de parallelle oriëntatie van de thiofeengroepen is de meso-vorm fotochemisch 

inactief, terwijl beide enantiomeren fotochroom zijn en ringsluiting ondergaan bij bestraling 

met UV-licht. Ring-opening kan worden bereikt door zowel bestraling met zichtbaar licht 

als met warmte. Deze verbindingen vertonen dus ook thermochroom gedrag. Het 

schakelproces veroorzaakt veranderingen in de chiroptische eigenschappen van de 

diaryletheenmoleculen en kan eenvoudig worden gevolgd met CD-spectroscopie. Deze 

nieuwe 9,10-dithienylfenanthreen-fotochrome schakelaars zijn ideale kandidaten voor de 

niet-destructieve uitleesmethode gebaseerd op chiraliteit. Het enige nadeel is echter hun 

thermochromisme, wat kan leiden tot ring-opening. 
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Schema 1 Fotochemische en thermische isomerisatieprocessen van dithienylfenanthreen-

fotochrome schakelaars. 

 

In hoofdstuk 3 wordt een systeem beschreven dat fotochemisch schakelen 

combineert met chemische reactiviteit. Beide processen, zowel het schakelen als de 

cycloadditiereactie, zijn reversibel, wat resulteert in drie stabiele toestanden van het 

schakelsysteem (Schema 2). In de eerste toestand is het dithienylfuranmolecuul niet 

fotoactief en moet het een cycloadditiereactie ondergaan, waarvan het product fotochroom 

is. De cycloadditiereactie is reversibel, en de retro-cycloadditiereactie kan de 

dithienylfurangroep terugvormen. Dit is een voorbeeld van het beheersen van de 

fotoreactiviteit door een tweede chemische omzetting (reactie-gestuurd schakelen). Het 

cycloadduct dat wordt verkregen na de reactie van het dithienylfuran met het diënofiel 

vertoont gedrag dat typerend is voor fotochrome diarylethenen. Dit resulteert in het ring-

gesloten isomeer na bestraling met UV-licht, en het terugvormen van het ring-geopende 

isomeer na bestraling met zichtbaar licht. Er kan echter geen retro-cycloadditie 

plaatsvinden totdat het systeem in de ring-gesloten toestand is (schakel-gestuurde reactie). 

Dit molecuulontwerp bevat een gekoppeld systeem met drie stadia, waarin zowel het 

fotoschakelen als de reversibele cycloaddities beheerst kunnen worden en van elkaar 

afhangen. 
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Schema 2 Een systeem in drie stadia waarin fotochroom schakelen en chemische 

reactiviteit zijn gecombineerd. 

 

In hoofdstuk 4 worden de fotochrome, thermochrome, en proton- en 

metaalbindende eigenschappen van nieuwe diaryletheen-schakelaars met een pyridinegroep 

beschreven. Deze nieuwe schakelaars vertonen behoorlijk efficiënte fotochrome reacties, 

afhankelijk van hun substitutiepatroon. Alle verbindingen zijn echter thermochroom, 

waarbij de stabiliteit van de gesloten vorm varieert tussen seconden en uren bij 

kamertemperatuur. Er is gevonden dat de fotoreactie van enkele van deze nieuwe 

dipyridyletheen-fotochrome schakelaars effectief kan worden gestuurd door het toevoegen 

van zuur of een metaalion (Schema 3). Wanneer er een 1:1-complex van de schakelaar met 

een proton of Cu(I)-ion gevormd wordt, binden beide pyridinegroepen het positief geladen 

deeltje coöperatief. Dit resulteert in een fotochemisch inactieve parallelle conformatie van 

de schakelaar, waardoor de fotochrome reactie kan worden gestuurd. Bovendien kunnen 

andere eigenschappen van de schakelaars worden gereguleerd, zoals de absorbantie en de 

snelheid van de thermochrome reactie, door protonering en complexering. Een verrassende 

nieuwe vondst is dat de thermochromie afhankelijk is van de polariteit van het gebruikte 

oplosmiddel. De snelheid van de thermische ring-openingsreactie neemt af met toenemende 

polariteit van het oplosmiddel. 
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Schema 3 Het door protonering en complexering gestuurde schakelen van 

dipyridylcyclopenteen. 

Om de mogelijke toepassing van fotochrome schakelaars uit te breiden van 

oplossing naar de vaste fase, is het schakelgedrag van oppervlaktegebonden schakelaars 
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bestudeerd in hoofdstuk 5. De diaryletheen-fotochrome schakelaar is gefunctionaliseerd 

met een driepootsbasis, die beschermde thiolgroepen bevat. Zo kan het molecuul stabiel en 

rigide aan het goudoppervlak worden verankerd (Schema 4a). Het schakelproces van de 

schakelaar is zowel in oplossing als gebonden aan nanodeeltjes (Schema 4b) en aan een 

semitransparante goudlaag op mica (Schema 4c) bestudeerd. 

Metingen in oplossing tonen aan dat het nieuwe diaryletheen verscheidene keren 

heen en weer kan worden geschakeld tussen de open en gesloten vorm, hoewel het lijdt aan 

vermoeiing. Gemodificeerde nanodeeltjes vertonen een sterke tendens om neer te slaan, wat 

het waarnemen van een volledige schakelcyclus onmogelijk maakt. Nadat de schakelaar op 

een semitransparante goudlaag, afgezet op mica, was bevestigd, werd een monolaag van 

oppervlaktegebonden moleculen verkregen en bestudeerd met behulp van UV-vis 

spectroscopie. 

Afwisselende bestraling van deze monolaag met UV- en zichtbaar licht resulteert 

in een reversibele verandering van de optische eigenschappen. Dit kan worden toegekend 

aan het schakelen van het gebonden dithienyletheen. 
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Schema 4 Een oppervlaktegebonden fotochrome schakelaar. 

 

In hoofdstukken 7 en 8 wordt de modificatie van een membraan-eiwitkanaal, het 

Mechanosensitieve kanaal van Grote geleidbaarheid (MscG) beschreven, wat heeft 

geresulteerd in een een pH- en lichtgevoelig eiwitkanaal. In zijn natuurlijke toestand 

reageert MskG op een toename in de druk in het membraan door te openen en zo een porie 

van 3 nm diameter te vormen. Het kanaal heeft twee basistoestanden, namelijk het open en 

gesloten stadium, waardoor het kan worden beschouwd als een biomoleculaire schakelaar. 
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Schema 5 pH- en licht-geïnduceerde opening van het gemodificeerde eiwitkanaal 

 

Door het kanaal te zodanig te transformeren dat het cysteïnes bevat die kunnen 

dienen als bindingsplaatsen voor organische moleculen en het binden van specifieke 

moleculen, zijn de stimuli voor het openen en sluiten van het kanaal veranderd. In 

hoofdstuk 7 zijn moleculen aan het eiwitkanaal bevestigd die geprotoneerd kunnen worden 

in een gewenst pH-gebied. Op die manier kan het kanaal worden geopend door de pH van 

zijn omgeving te veranderen (Schema 5a). Door de pH waarop het gebonden molecuul 

wordt geprotoneerd aan te passen, is het mogelijk een kanaal te ontwikkelen dat bij 

fysiologische pH gesloten is, maar zich opent wanneer de pH lager is, wat typisch het geval 

is in tumoren. Het gemodificeerde kanaal kan worden gebruikt in liposomale aflevering van 

geneesmiddelen, als een pH-gevoelige uitlaatklep. 

In hoofdstuk 8 wordt beschreven hoe een lichtgevoelig eiwitkanaal geconstrueerd is 

door MskG te modificeren met een foto-beschermde actuator. Dit concept is verder 

ontwikkeld tot een reversibel licht-gecontroleerd systeem, waardoor het kanaal kan worden 

geopend en gesloten met een spiropyran-fotochrome schakelaar (Schema 5b).  
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