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Chapter 1: Photoregulation of Oligonucleotide
Structure and Function
There is a growing interest in the photoregulation of biological functions, due to the high level of spatiotemporal precision achievable with light. Additionally, light is non-invasive and waste-free. In particular, the photoregulation of oligonucleotide structure and function is a rapidly developing study field
with relevance to biological, physical and material sciences. Molecular photoswitches have been incorporated in oligonucleotides for 20 years, and the field has currently grown beyond fundamental studies on photochemistry of the switches and DNA duplex stability, and is moving towards applications in
chemical biology, nanotechnology and material science. Moreover, the currently emerging field of
photopharmacology indicates the relevance of photocontrol in future medicine. In recent years, a large
number of publications has appeared on photoregulation of DNA and RNA structure and function.
New strategies are evaluated and novel, exciting applications are shown. In this comprehensive review, the key strategies for photoswitch inclusion in oligonucleotides are presented and illustrated with
recent examples. Additionally the applications that have emerged in recent years are discussed, including gene regulation, drug delivery and materials design. Finally, the challenges that the field
currently faces are identified and an outlook to future applications is presented.

This chapter was published as: A. S. Lubbe, W. Szymanski, B. L. Feringa, Chem. Soc.
Rev. 2017, 46, 1052-1079.
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1.1 Introduction
Poly- and oligonucleotides carry the genetic information of all known living beings and
are involved in the key processes of life. Ever since the elucidation of the double stranded helical structure of DNA by Watson and Crick, based on the X-ray data provided by
Franklin in 1953,1 scientists have aspired to control the properties of oligonucleotides
in order to manipulate biological processes at the molecular level. Many disorders affecting living organisms have an underlying genetic cause; mutations in DNA are closely
related to cancer, and even ageing is thought to be associated to naturally occurring
DNA damage.2 The ability to code and produce DNA has already lead to fascinating
applications in nanotechnology and materials design, since by use of the unique recognition pattern almost any structure can be formed by self-assembly.3,4 This recognition
pattern is also the basis for the coding ability of oligonucleotides, which can be used for
information storage.5
Reversible control of oligonucleotide structure and function would allow for in situ
manipulation and study of biological processes in the living cell. Light is an ideal tool
for non-invasive manipulation, because it is orthogonal to most of the processes in the
cell. The use of light offers a high level of spatial and temporal control and is completely
waste-free. Although UV light-induced DNA damage is a leading cause of skin cancer,6
it should be noted that the use of wavelengths up to 320 nm is easily avoided. Additionally, the intensity and wavelength of the light can be precisely controlled. These
advantages are chiefly responsible for the recent appearance and exponential growth of
both optogenetics and photopharmacology.7,8 Installing a molecular photoswitch is one
of the most widely used methods to introduce light sensitivity in biological compounds,
including oligonucleotides, proteins and ligands.9–11
A comprehensive overview of the introduction of molecular photoswitches in nucleic
acids up to mid-2011 can be found in the eponymous chapter of a review published
previously by our group.9 Since then, the field has grown significantly and a large number of publications has appeared in the past five years. This review provides a comprehensive and critical overview of the principles and recent developments in the application of molecular photoswitches for reversible control over oligonucleotide structure
and function. For more information regarding alternative reversible triggers for oligonucleotides or irreversible light-regulated triggers, the reader is referred to other recent
reviews.12,,13
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1.1.1 Overview of photoswitches used for oligonucleotide regulation
A molecular photoswitch is a chromophore that can interconvert between two or more
forms.14 The isomerization is triggered by light, and in some cases one of the isomerization processes may also be induced by thermal energy. Scheme 1 shows the most common photoswitches that have been used for photoregulation of oligonucleotides. Azobenzenes and stilbenes undergo cis-trans isomerization, while diarylethenes and spiropyrans interconvert between open and closed forms. Relevant differences between these
switches with respect to oligonucleotide incorporation include wavelengths used for
switching, thermal stability, geometry, solubility, switching efficiency and change in
dipole moment upon switching. Therefore, different switches may suit different applications. A short summary of the four classes of switches is depicted in Scheme 1. Other
switches, such as hemithioindigos15 and thiophenefulgides,16,17 have been applied for
peptide modifications9 and may be promising candidates for oligonucleotide regulation,
but are not included here as they have not been used in any of the studies discussed in
this chapter.

Scheme 1: Overview of the most commonly used photoswitches discussed in this review and
their switching characteristics.

1.1.1.1 Azobenzenes
Azobenzenes10,18 are by far the most extensively used photoswitches for oligonucleotide
modifications and biological applications in general. This is likely due to their easy
synthesis, high quantum yields, high efficiency and fast switching. Trans-azobenzene is
a planar molecule19 with zero dipole moment. Irradiation with near-UV light causes
isomerization to the cis isomer, which is nonplanar and has a dipole moment of ~3 D.
The cis/trans ratio in the photostationary state (PSS) is approximately 80/20 for unmodified azobenzene.20 Back-isomerization can be achieved with visible light (> 460 nm) to
give a cis/trans ratio of approximately 20/80.20 Alternatively, the trans isomer can be
3
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fully regenerated via thermal isomerization. The half-life of unmodified cis-azobenzene
is 2 d.18 These properties can be influenced by substitution of the azobenzene core
structure and the choice of solvent.21 For example, red-shifting of the absorption maxima could be achieved by several methods, among others installation of ortho-methoxy
or ortho-fluoro substituents or an ethylene bridge, after which both isomerization processes could be induced by irradiation with visible light.22–24 These developments are
important for future in vivo applications, since UV light is unable to penetrate tissue as
well as being harmful to living systems. Electron-poor azobenzenes may suffer from
reduction under physiological conditions.25 However, photoswitching in vivo yielded
excellent results even in the presence of glutathione.26 Recently, red-light switching of
azobenzenes was also achieved in vivo.27
1.1.1.2 Stilbenes
Stilbenes28 are closely structurally related to azobenzenes and exhibit similar photochemistry.28 However, the cis isomer of stilbene shows enhanced thermal stability compared to cis azobenzene and thermal cis/trans isomerization at room or body temperature is negligible. While the geometric change upon photoisomerization is similar to
that of azobenzenes, the change in dipole moment is much smaller. The major disadvantage of using stilbenes is their tendency to undergo irreversible cyclization/oxidation
of the cis isomer.29 Stilbenes have been used for oligonucleotide photoregulation in the
past,9 but are mentioned here mainly in older examples as only one application has
been developed in the last five years (see Section 1.7).
1.1.1.3 Diarylethenes
Diarylethenes30–32 (depicted in Scheme 1 as containing thiophene moieties and a cyclopentene ring) are a special class of stilbene-type structures in which the ortho hydrogens
are substituted to suppress irreversible oxidation after photocyclization of the cis isomer.
Typically, the incorporated aryl rings are replaced by heterocycles to elongate the lifetime of the closed form, and the ethene moiety is often embedded in a small ring to
prohibit cis/trans isomerization.33 Diarylethenes are highly fatigue resistant and switching cycles can typically be repeated hundreds of times.30 The change in dipole moment
upon switching between the open and closed forms is small. However, substituents can
be used to move absorption wavelengths into the visible light region via extension of the
conjugated system34 or alternatively through attachment of a triplet sensitizer.35
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1.1.1.4 Spiropyrans
Spiropyrans36–38 contain a quarternary carbon atom and are therefore nonplanar. Irradiation with 360-370 nm light leads to heterolytic cleavage of the Cspiro-O bond, thereby
forming the zwitterionic, planar merocyanine form. This ring opening causes a large
change in dipole moment (Δμ =7-15 D).39,40 The closed form can be regenerated by
thermal energy or upon visible light irradiation. The equilibrium in the PSS can be
tuned both by the nature of the substituents or by the solvents used.41,42
1.1.2

Overview of the photoswitch incorporation strategies

Figure 1.1 gives a schematic overview of the six different approaches to modifying oligonucleotides with molecular photoswitches discussed in this review. Figure 1.1a shows
oligonucleotide photoregulation via noncovalent interactions. In this method, a photoswitch is usually functionalized with a cationic tail to improve binding via electrostatic
interactions to the negatively charged oligonucleotide backbone. The switch itself may
increase binding to the nucleic acid by intercalation or placement in the major or minor
groove. The supramolecular approach has up to 2011 mainly been used for photoreversible DNA/RNA condensation43 and influencing duplex stability with intercalating switches.44,45
Figure 1.1b illustrates the concept of photoswitches attached to nucleotides. The structure of the oligonucleotide remains largely unaltered, save for the inclusion of one or
more switches by connection through a bridging group. The connecting bridge can be
used to influence positioning of the switch, for example, attachment of a substituent to
the C5 position of a pyrimidine base, usually places the substituent in the major
groove.46–48 Up to 2011, this attachment of photoswitches to nucleic acids was achieved
using amidation of the ribose moiety49 and alkylation of the phosphate backbone.50
Figure 1.1c shows inclusion of photochromic nucleotides into oligonucleotides. Contrary to attachment of switches to nucleotides, in this approach the nucleotide itself is
incorporated in a photoswitch, typically by exchanging an aromatic ring in the switch
with the π-system of a nucleobase. This fusion forces the photoswitch to reside within
the duplex in all conformations which may lead to very large effects upon isomerization.
Before 2011, both stilbenes51 and diarylethenes52 have been fused with nucleobases and
the formed photochromic nucleotide was included in oligonucleotides. However, this
approach has so far been only moderately successful.

5

Chapter 1

Figure 1.1: Schematic illustration of the six different methods of photoswitch inclusion in oligonucleotides discussed in this review. Photoswitches are represented by green barrels. (a) Noncovalent interactions between switch and oligonucleotide, (b) Photoswitch attached to a nucleoside via covalent bond, (c) Inclusion of nucleoside where the nucleobase is part of a photoswitch,
(d) Photoswitch used as a backbone linker between two nucleosides, (e) Nucleoside replaced by
photoswitch on a linker, (f) End-capping of oligonucleotide with photoswitch. For a more detailed description of each methods, see the main text.

6
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Figure 1.1d illustrates the inclusion of molecular photoswitches in the phosphate backbone. Typically, a self-complementary sequence is used, causing hairpin formation. This
method was pioneered using stilbene in the 1990’s by Lewis53 and Letsinger54 and has
subsequently also successfully been applied using azobenzenes.55 The main goal of this
approach has been to reversibly control hairpin formation. However, while the ΔTm’s
(see section 1.1.3) obtained can be large, the hairpins are often unusually stable due to
stacking of the switch. Therefore, unfolding of longer hairpins often requires high temperatures and applications of this strategy have been limited.
Figure 1.1e shows the inclusion of photoswitches as nucleoside surrogates. This method
is by far the most frequently applied and most successful of the six approaches discussed here. A photoswitch is tethered to a linker which is included in the oligonucleotide backbone. In contrast to photochromic nucleotides and photoswitches attached to
nucleotides, there is no nucleobase present on the backbone linker. Depending on
switch conformation and linker flexibility, the switch can be intercalating in the duplex
or dangling out of it. This method is mainly applied to photoregulate duplex stability.
The stabilization/destabilization effect can be quite large and has up to 2011 been applied to influence enzyme regulation,56 RNA cleavage using a DNAzyme,57 and peptide
nucleic acid activity.58
Finally, Figure 1.1f shows a nucleic acid modified with a photoswitchable end-cap. This
method does not necessarily differ from the others at the synthetic level, since a photochromic nucleotide, a photoswitchable nucleoside surrogate or a photoswitch attached
to a nucleobase may be used. However, all of the above methods of switch inclusion
typically force the switch to be in close proximity to the duplex, often leading to intercalation and/or groove binding. With end-capping, the switch may reside completely
separate from the duplex, leading to very distinct applications.
1.1.3 Analytical methods
Most research into photoregulation of oligonucleotide structure and function aims at
introducing a measure of control over duplex stability. If, at a given temperature, the
photoswitch stabilizes the relatively inert double-stranded oligonucleotides in one form
and favours single strands in the other form, switching will induce reversible unwinding
of the helix. The single stranded oligonucleotide is then free to bind a different complementary strand, undergo replication or transcription, or bind any other target that
will inhibit or set the desired process in motion. The melting temperature (Tm) of an
oligonucleotide is defined as the temperature at which 50% of the duplexes are disassociated. For effective photocontrol over oligonucleotide duplex stability, the Tm’s of the
two states of oligonucleotide/switch complex should be above and below the application temperature, which is typically either 25 °C or 37 °C. The ΔTm is defined as the
difference between the Tm’s of the two states that are observed. Because the helix unwinding proceeds over a certain temperature gradient, a large ΔTm (>10 °C) ensures that
7
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there is a working temperature at which all oligonucleotides are double stranded in one
state and single stranded in the other. The melting temperature can be measured by UVvis spectroscopy. Since the UV-vis absorption of double stranded nucleic acids is markedly different from single strands, the change in the UV-vis spectrum over a temperature gradient will indicate the melting temperature.59 More recently, the Tm is often
determined by measuring the temperature dependence of the fluorescence spectrum of
an intercalating dye.60 Additionally, FRET61 can provide a useful insight in the degree of
unwinding by the attachment of a FRET pair to the two separate strands.
The binding mode of the switch to the oligonucleotide is an equally informative parameter. Especially for supramolecular approaches, the binding mode may be hard to predict. LD and CD spectroscopy can give a good indication of the binding mode. These
methods are discussed in more detail in Section 1.6.2.
In addition to the methods described above, a range of techniques is used to study interactions between photoswitches and oligonucleotides. The most prevalent among
these are UV-vis spectroscopy, fluorescence spectroscopy (notably of GFP expression)
and Atomic Force Microscopy (AFM). Molecular dynamics and other computational
methods are also applied.
1.2 Molecular photoswitches as nucleoside surrogates
The inclusion of photoswitches as nucleoside surrogates is the most widely used approach towards photoregulation of oligonucleotides (Figure 1.1e). In this method, a
photoswitch is connected to a diol linker. In the past, spiropyrans have been used without much success,62,63 but in recent years, this approach has been almost exclusively
focussed on azobenzenes.
The diol linker is installed in the phosphate backbone of an oligonucleotide, typically
via standard solid-phase synthesis. Because a whole (deoxy)ribose unit is replaced by
the functionalized linker, there is space for the photoswitch to fit inside the helix. The
general method is to use a switch that is planar in one configuration and nonplanar in
the other. The planar isomer therefore stacks between neighbouring base pairs, interacting favourably with its surroundings by π-π interactions. By irradiation with light of the
appropriate wavelength, the switch isomerizes to its nonplanar geometry. This isomer
either directly destabilizes the duplex by steric interactions or flips out of the helix entirely, thus leading to the decrease in double strand stability and a lower Tm value. The
structural difference between the two isomers can be seen in Figure 4. The functionalized linkers may be introduced in both DNA and RNA, and in any secondary structure.
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1.2.1 Design
The inclusion of azobenzenes as a nucleoside surrogates was pioneered by Komiyama,
Asanuma and co-workers64. They introduced an azobenzene moiety to an 8-base DNA
strand using a 2,2-bis(hydroxymethyl)propionic acid linker and showed that the azobenzene could still be switched using UV and visible light. The same group later refined
their design and developed the widely used tAzo (Figure 1.2), i.e. an azobenzene moiety
attached to a threoninol linker, which is readily synthesized and allows for facile inclusion to nucleic acids.65 Either enantiomer of tAzo may be used, although in DNA the
stabilization effect of trans-azobenzene attached to a D-threoninol unit is larger than
when it is attached to L-threoninol. This can be rationalized by considering that Dthreoninol prefers a clockwise winding, as does the DNA double helix.66 NMR analysis
has shown that the skew angle of D-threoninol in a DNA helix is 35-36°, which is very
close to the skew angle of naturally occurring DNA (36°), while for L-threoninol this
value is 30-31°.67 Additionally, the destabilization effect of cis-azobenzene attached to Lthreoninol is smaller than that of cis-azobenzene linked by D-threoninol. The destabilization effect of the cis-tAzo was observed by various research groups and for several
different azobenzene nucleoside surrogates,56,57,68 yet the exact nature of this conformational response has not been experimentally determined. In contrast to the effect of tAzo
on DNA, the RNA helical structure is destabilized by both trans- and cis-forms, although
this effect is very strong for cis and only minor for the trans isomer.69 While D-tAzo is
mainly used, alternative linkers are still being developed. Figure 1.2 provides an overview of the azobenzenes and backbone linkers discussed in this section.

Figure 1.2: Overview of azobenzenes and backbone linkers for inclusion of a photoswitch as a
nucleoside surrogate.
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1.2.2 Computational studies
In order to elucidate the structural changes in oligonucleotides upon tAzo isomerization
in both DNA and RNA, molecular dynamics studies were applied.70,71 Biswas and
Burghardt71 concluded that inclusion of L-tAzo into dsDNA (Figure 1.3) leads to destabilization of the duplex, most likely due to the anticlockwise winding of L-threoninol
which disturbs the clockwise winding of B-DNA (vide supra).

Figure 1.3: Molecular dynamics simulation of a DNA oligomer with trans L-tAzo (magenta) incorporated in the backbone.71 Reproduced with permission from ref 71. Copyright 2014, Biophysical Society.

However, trans azobenzene may flip in and out of the duplex, providing some extra
stabilization via intercalation when stacked at the inside. Cis azobenzene is not able to
stack between the base pairs once it has flipped out of the duplex, due to its nonplanar
configuration. While these results provide useful insight into the structural changes in
DNA upon L-tAzo isomerization, L-threoninol is rarely used as a linker due to its small
effect upon the Tm compared to D-threoninol. Molecular dynamics studies on the isomerization of D-tAzo in DNA might therefore be of more interest and are eagerly awaited.
D-tAzo was used for molecular dynamics studies on RNA by Rastädter, Biswas and

Burghardt70, who focused on a hairpin of A-form RNA, an abundant secondary structure
(Figure 1.4). The minor groove, in which tAzo partly resides, is much wider and shallower in the A-helix than in the B-helix,72 which leads to less favourable binding of the
azobenzene moiety to the oligonucleotide. This is thought to be the reason that tAzo
destabilizes RNA in both the cis and the trans form.69 The molecular dynamics study
confirms this hypothesis.70 It was shown that the cis isomer in fact mainly dangles outside of the hairpin, while the trans isomer flips in and out. Surprisingly, when the azobenzene is in the cis configuration, the DNA helix is the closest to its native structure.
However, π-π stacking interactions between the trans isomer and the neighbouring base
pairs lead to higher hairpin stability, manifested by a higher Tm value. Finally, the influence of linker flexibility was examined in detail using molecular dynamics simulations
by Mondal, Burghardt and co-workers.73 By comparing L-tAzo, D-tAzo, β-deoxyriboseazobenzene (β-dAzo) and α-deoxyribose-azobenzene (α-dAzo) (Figure 1.2), they were
10
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able to establish a set of design principles for azobenzene modified RNA. It was found
that minimizing steric hindrance by placing an abasic site or no nucleotide at all opposite the azobenzene provides extra stabilization. A rigid linker will keep the azobenzene
inside the duplex, which is favourable both for stabilization in the trans-isomer and
destabilization in the cis-isomer. Finally, minimal duplex distortion is found for linkers
such as D-threoninol and β-deoxyribose, due to the fact that these linkers have the same
orientation as the RNA bases. Based on these findings, a β-deoxyribose linker is recommended for both high photoisomerization efficiency and large ΔTm. So far, no quantitative results were obtained through molecular dynamics simulations. However, due to
the high level of agreement with experimental results, this method is a promising approach towards design of new oligonucleotide-switch hybrids and understanding of the
structural changes that accompany isomerization processes.

Figure 1.4: Influence of D-tAzo on a RNA hairpin.70 Simulated structures of azobenzene-RNA
complexes, displaying the structural changes induced by both trans- and cis-azobenzenes (major
conformations only). Trans-azobenzene stacks between neighbouring base pairs, while cis is mainly dangling outside the hairpin. Reproduced with permission from ref 70. Copyright 2014, American Chemical Society.

1.2.3 Photochemistry of azobenzenes as nucleoside surrogates
In addition to simulations, spectroscopic methods have been used to shed light on the
mechanism of photoisomerization in azobenzene-modified oligonucleotides. Yan, Ginger and co-workers showed that the quantum yield of tAzo photoisomerization in oligonucleotides is dependent on local sequence.74 In case of a mismatch close to the tAzo
moiety, the quantum yield is increased compared to the complementary sequence. This
effect is more pronounced when an abasic site is present next to the azobenzene, and is
therefore attributed to a larger amount of free volume available for the isomerization.
These results are to be taken into account in the design of switchable oligonucleotides,
11
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as azobenzene photoisomerization quantum yield is dramatically decreased in dsDNA
compared to solution.
D-threoninol is commonly the backbone linker of choice for the inclusion of azoben-

zene as a nucleoside surrogate due to practical reasons (vide supra) and, presumably, the
large body of literature already available on this compound. However, considering in
vivo applications, a serious disadvantage to incorporating an azobenzene using this
linker is the low photoisomerization efficiency at lower temperatures. Under the Tm of
the double stranded oligonucleotides, the trans-azobenzene is efficiently stacked between neighbouring base pairs. Therefore, the amount of free volume available for the
isomerization process is far less than required and the efficiency of the isomerization
can be significantly decreased. For example, Liu and Asanuma observed the formation
of only 30% of cis isomer upon UV irradiation at 37 °C.75 Larger amounts of cis isomer
can only be obtained if irradiation is performed at a temperature above the Tm, which is
highly unpractical for biological applications. This disadvantage can be overcome by
using an unusually high number of D-tAzo moieties.76 In complementary strands, containing two trans-D-tAzo groups per base pair, a cis-trans isomerization of as little as
40% is still enough to completely disassociate the duplexes at 37 °C. However, due to
the rather extreme structural modification, this material may no longer be suitable for
biological applications.
Kou, Liang and co-workers hypothesized that a more flexible glycerol linker would
allow the azobenzene to flip more easily in and out of the DNA helix, without the necessity of heating the oligonucleotide to a temperature above the Tm (gAzo, Figure
1.2).77 Indeed, at human body temperature a PSS of 80% cis isomer could be reached,
and after irradiation with blue light, 96% of the azobenzene moieties was found to be in
the trans configuration.
Complementing the findings of Mondal, Burghardt and co-workers (vide supra),73 βdAzo was installed in RNA.78 As expected, high PSS’s (80-98%) were reached within 1
min of irradiation at 20 °C, for photoisomerizations in both directions. Identical strands
were synthesized with D-tAzo, which showed a PSS of merely 50% cis isomer upon 10
mins of irradiation at 20 °C. Equally good results of photoswitching were obtained for
β-dAzo in DNA.79 This high photoswitching efficiency at low temperatures makes βdAzo especially attractive for in vivo application.
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1.2.4 Effect of azobenzenes on duplex stability
The effect of switch isomerization on duplex stability (as clearly visualized in Figure
1.4) is commonly assessed by the ΔTm. Ideally, the difference in Tm of the duplexes
containing cis and trans isomers should be large, and for biological and medical applications the two Tm values should lie below and above the human body temperature. For
some applications, especially in the field of nanotechnology, the amount of switch modifications introduced in the oligonucleotide may be less relevant, but in general for applications under physiological conditions a small number of switch inclusions is desired.
The maximum effect of D-tAzo on duplex stability was explored by engineering a heavily modified tAzo oligonucleotide, containing twice as many azobenzenes as base pairs.76
According to the authors, this design should not even be considered as modified DNA
anymore, but rather as a novel material for nanotechnology. They observed a high
recognition ability for the complementary strands, driven by the nucleobases, as well as
a strong stabilization effect due to the trans-azobenzene moieties. A Tm of 55.9 °C was
measured for a duplex containing 7 base pairs and 14 D-tAzo units, 25.4 °C higher than
the Tm of the native 7 bp duplex. After irradiation with UV light, all of the duplexes
disassociate even at temperatures as low as 20 °C. Since only 5 of the 14 azobenzene
units were required to switch for duplex disassociation, the low photoisomerization
efficiency of D-tAzo was circumvented using this method. The Tm of the photoproduct
was too low to be measured, resulting in an exceptionally high ΔTm (>36 °C).
Recently, D-tAzo modified DNA duplex association and dissociation was studied in
exceptional detail by Terazima and co-workers.80 It was discovered that dissociation of
the duplexes proceeds on the microsecond scale, while the trans-cis isomerization occurs in 20 ps. Therefore it is indicated that photoisomerization does not cause an immediate dissociation, but rather increases the overall strain in the helix, leading to a
gradual disassociation. Additionally, the duplex association rate was found to be higher
for cis azobenzene modified DNA than for the trans isomer even though the Tm decreases upon trans-to-cis isomerization. This rather unexpected result may be explained by
assuming that the intercalation of the azobenzene into the DNA is associated with the
main energy barrier of hybridization. Detailed computational studies may further rationalize these findings. However, these experimental results are already invaluable
additions to our understanding of the association/dissociation equilibrium.
Although D-tAzo has been used successfully in many applications, there is an ongoing
search for linkers that combine the high ΔTm induced by D-tAzo with a higher photoisomerization efficiency at lower temperatures. Promising results were obtained by
isomerizing gAzo modified dsDNA (Figure 1.2) at 37 °C.77 However, after the incorporation of a single R-gAzo in 12 base pair dsDNA a ΔTm of ~6 °C was measured, whereas
Nishioka, Asanuma and co-workers report a ΔTm of 14.6 °C for the incorporation of
2’,6’-dimethyl-D-tAzo at the same position in the same sequence.81 This is to be ex13
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pected, since the more flexible linker allows the cis isomer to flip out of the duplex (thus
increasing the isomerization efficiency below the Tm), where it has a much smaller destabilization effect.73 When five R-gAzo moieties are included, the ΔTm rises to 45 °C (or
9 °C per azobenzene unit), but such a heavy modification is less desirable.
β-dAzo (Figure 1.2) contains a β-deoxyribose linker and may therefore induce only
minimal disturbance to the oligonucleotide backbone. Although β-dAzo-modified RNA
duplexes can be efficiently isomerized at 37 °C, irradiation was also performed at higher
temperatures to enable accurate comparison with the analogous tAzo RNA strands.78 In
these experiments, the ΔTm was consistently larger for the tAzo modified RNA duplexes.
However, in DNA, 5 out of 7 14 bp duplexes showed a slightly higher ΔTm for β-dAzo
than for D-tAzo.79 Taking also the photochemistry results into consideration, it seems
that β-dAzo is a very promising candidate for photoregulation of DNA, where the rigidity of the linker, forcing the switch to stay inside the duplex, balances perfectly with the
relative flexibility of the helix compared to RNA, allowing the trans-azobenzene to stack
efficiently between the neighbouring base pairs and the cis-azobenzene to flip out of the
duplex.
As noted, the extent of duplex stabilization by isomerization of a photoswitch is usually
assessed by measuring the ΔTm (vide supra). Recently, however, Sengupta, Ginger and
co-workers performed dynamic force spectroscopy measurements to measure the force
associated with complete disassociation of the two strands.82 An Au-coated surface was
functionalized with ssDNA containing two D-tAzo moieties, while a complementary
strand was connected to an AFM tip, lined up in such a way that the surface connection
and the AFM tip were on the same end of the hybridized duplex. Pulling experiments
show a rupture force of 34.6 pN before, and 24.2 pN after UV irradiation. Subsequent
irradiation with blue light leads to a rupture force of 32.3 pN, which is very close to the
value obtained for the non-irradiated sample. Although the exact extent of isomerization
could not be measured, due to the nature of the experiment, the results indicate a high
PSS for the trans-cis isomerization and a near complete cis-trans isomerization. Moving
the D-tAzo moiety further towards the unmodified end of the duplex and away from the
pulling site leads to a smaller decrease in rupture force, indicating that destabilization
through switching is a very local effect and does not apply to the complete duplex.
More recently, the same group performed some additional studies on D-tAzo-ssDNA
functionalized surfaces, photochemically controlling hybridization and dehybridization
of a fluorescently labelled target sequence in solution.83 Although only a single label is
analysed, the authors anticipate that this technique may be used in information storage
by constructing multilabel arrays on a chip.
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1.2.5 Alternative molecular photoswitches for use as nucleoside surrogates
While the azobenzene has become the switch of choice for oligonucleotide modifications, in particular as a nucleoside surrogate, addition of other switches to the molecular
toolbox would be most welcome. Spiropyran has been included in DNA as a nucleoside
surrogate without much success.62 Bridged azobenzenes (1.1, Figure 1.5) have recently
been proven to undergo reversible photoisomerization.24 These compounds are of theoretical interest because their cis-isomer is thermally stable while the trans is not, as opposed to regular azobenzenes, and because they can be addressed with visible light.
However, incorporation in DNA has not yet lead to successful results, since at elevated
temperatures trans-cis isomerization is too fast to determine the ΔTm.84
Manchester, Tucker and co-workers have used reversible anthracene dimerization to
create a dual-mode gated photochromism system.85 Two anthracene moieties (1.2,
Figure 1.5) were incorporated in a short ssDNA strand by D-threoninol linkers. The
anthracenes can be effectively dimerized by UV light, and subsequently reverted to the
monomer form by prolonged heating. The strand can be hybridized with complementary ssDNA, after which photodimerization is heavily suppressed, while the dimerized
form does not form a duplex with the complementary strand.
A similar approach based on cyclization reactions was used by Doi, Asanuma and coworkers. This group previously reported irreversible cyclization of two stilbazole nucleoside surrogates, leading to crosslinking of complementary DNA strands.86 By changing
the pyridine unit of the stilbazole to a pyrene group (1.3, Figure 1.5), the [2+2] photocycloaddition could be triggered with visible light.87 Irradiation of the cyclized strands
with λ = 340 nm light led to almost complete ring-opening. A small diastereomeric
excess between the two cycloaddition products was also observed, suggesting the possibility to use the helical duplex as a chiral scaffold for asymmetric photochemical transformations.

Figure 1.5: Alternative photoswitchable moieties applied as nucleoside surrogates: bridged azobenzene 1.184, anthracene 1.285 and styrylpyrene 1.3,87 each functionalized with a D-tAzo linker.

While bridged azobenzenes and dimerising anthracenes and styrylpyrenes are interesting additions to the range of possible oligonucleotide functionalizations for photochemical control of shape and function, traditional azobenzene remains superior for application as a nucleoside surrogate. Several studies indicate that the choice of backbone linker requires a fine balance between sufficient rigidity to induce a large ΔTm and some
flexibility to allow for high photoisomerization yields at lower temperatures and effi15
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cient stacking of the trans isomer. Based on these considerations, β-dAzo appears to be a
valuable alternative to D-tAzo. Additionally, since helix destabilization is a local effect
and photoisomerization efficiency is dependent on local sequence, the exact position of
an azobenzene in the oligonucleotide should be carefully considered. Although impressive results have been obtained by inclusion of a large number of azobenzenes into one
system, it is clear that large effects may be induced by small, well-placed modifications.
1.2.6 Biological applications
The application of photoswitches as nucleoside surrogates in a biological setting has
been relatively limited so far. This may be caused by several factors. First of all, most
photoswitches undergo isomerization under UV irradiation, which is harmful to living
organisms. Additionally, as discussed in detail above, photoisomerization efficiency is
usually poor under physiological conditions. At temperatures below the Tm of the oligonucleotide, the free volume available for isomerization is limited, leading to low photoisomerization efficiencies upon irradiation. Finally, the approach is so far limited to
short modified oligonucleotides. Inclusion of any non-natural backbone linker in long
strands of RNA or DNA can be challenging, because the modification can block primer
extension by DNA polymerase. Therefore, the possibilities for tAzo inclusion in genes
via PCR are limited.
1.2.6.1 Transcription
Only a small window of the light spectrum is suitable for irradiation under physiological
conditions. UV light is harmful to living organisms and most light from the visible spectrum is heavily absorbed by haemoglobin, lipids and water.88 Asanuma and co-workers
found previously that the introduction of a thiol group in the para position of D-tAzo
shifts the absorption maximum towards the visible light,89 while two methyl substituents in the ortho positions greatly improve thermal stability of the cis isomer.81 Combining these two modification led to (S-DM)-tAzo (Figure 1.2), which was used for orthogonal dehybridization of a dsDNA strand containing two different domains.90 In earlier
work, this group introduced several tAzo moieties in the side chain of a promotor involved in transcription via RNA polymerase (Figure 1.6).75 This modification allowed
them to control melting of the unwinding region by irradiation, thus influencing transcription rate. By changing the tAzo units in this promotor to (S-DM)-tAzo, photoswitching of GFP (green fluorescent protein) expression was achieved using λ = 400
nm light.91 Notably, in this example only two azobenzene units were incorporated in
the T7 promotor region, which is not enough to significantly influence hybridization
sign. Instead, the small structural deformation resulting from trans azobenzene intercalation inhibited binding of RNA polymerase. As usual in D-tAzo modified oligonucleotides, heating to above the Tm was required to obtain satisfactory photoisomerization
yields. The authors note that GFP production remains constant after irradiation for 1
hour, whereas their UV-light regulated system shows significant decrease in expression,
16
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which is attributed to UV light damage to enzymes in the expression system. However,
the difference in GFP production between cis- and trans-azobenzenes is larger for the
UV regulated system.

Figure 1.6: Photochemical control of transcription. Upon irradiation with λ = 400 nm light, (SDM)-tAzo (right) isomerizes to the cis configuration (left). The unwinding region is destabilized,
allowing RNA polymerase (green oval) to start transcription. mRNA, the ribosome and the new
GFP are also depicted. Reproduced with permission from ref 91. Copyright 2014, American
Chemical Society.

1.2.6.2 Strand displacement at physiological temperature
As shown previously, gAzo (Figure 1.2, vide supra) has potential for applications where
switching at lower temperatures is required. Kou, Xiao and co-workers use this property
in a light-switchable DNA strand displacement (Figure 1.7).92 Two strands can indeed
be very successfully hybridized and dehybridized in the temperature range between the
Tm’s of the two isomers, although 37 °C is below the Tm of the UV photoproduct and at
this temperature only 11% of the DNA strands can be disassociated. However, in a
competition experiment, displacement of a native DNA strand with the analogous trans
azobenzene-modified strand is very efficient (57% at 37 °C and up to 86% at higher
temperatures, quantified by fluorescence quenching measurements). Such a high degree
of strand displacement could only be achieved by the incorporation of 16 gAzo moieties
in a 35 bp strand of dsDNA. This heavy modification is presumably required in order to
achieve a large ΔTm, but in consequence, the use of gAzo instead of D-tAzo does not
lead to much better results. The high photoisomerization efficiency of gAzo at low temperatures might be better utilized in a system that, potentially by introducing base-pair
mismatches, would have been engineered to have a Tm close to 37 °C. The small ΔTm
induced by the introduction of a much smaller number of gAzo moieties would then
still be sufficient to perform hybridization switching at physiological temperature.
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Figure 1.7: Photoinduced DNA strand displacement. (a) In the cis configuration, hybridization of
the two complementary strands is unfavourable. Under visible light conditions, the trans isomer is
generated and the duplex is formed. (b) When the azobenzene-modified strand is in the cis configuration, the native strand prefers complexation to a shorter complementary strand, leaving a
small toehold region. Upon isomerization to the trans isomer, hybridization becomes favourable
and the shorter strand is displaced. This process may be reversed with UV light irradiation. Fluorescence of the FAM group is quenched in close proximity to the DABCYL, allowing for quantification of hybridization degree using fluorescence spectroscopy. Reproduced with permission
from ref 92. Copyright 2015, Royal Society of Chemistry.

1.2.6.3 DNA ligation and cleavage
Liang, Fujioka and Asanuma developed a method to include non-natural backbone
linkers in oligonucleotides by incorporating a D-tAzo moiety or another intercalator into
one of the primers.93 PCR using such primers leads to the generation of dsDNA with a
single stranded overhang starting from the modification. Subsequent DNA ligation to a
short ssDNA strand complementary to the primer afforded the full dsDNA (Figure 1.8).
Interestingly, the rate of ligation was much higher when the azobenzene was in the cisconfiguration, most likely because it is pushed out of the duplex and does not interfere
with the ligation. Although the dsDNA synthesized in this study is only 42 base-pairs
long, this ligation could potentially be used to synthesize azobenzene-modified genes.
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Figure 1.8: DNA ligation between the PCR generated complementary strand and a short ssDNA
strand complementary to the overhang. Reproduced with permission from ref 93. Copyright
2011, Wiley-VHC.

Complementary to ligation, light-regulated DNA cleavage has also been reported (Figure 1.9), dubbed “DNA scissors”.94 A previously reported DNAzyme which mediates
DNA cleavage95 was extended with a D-tAzo-modified strand that is complementary to
the regulatory domain for substrate binding. Hairpin formation between the regulatory
domain and the extended strand is stabilized by the trans-isomer, easily competing out
the substrate binding and suppressing DNA cleavage. UV-light irradiation leads to the
formation of the cis-isomer, in which 85% of the hairpins open at room temperature.
This activates the DNA cleavage with a 90% efficiency compared to the unmodified
DNAzyme. Low photoisomerization yield of D-tAzo at room temperature is negated by
using three D-tAzo moieties in the 7 bp hairpin. Using this approximate ratio of azobenzenes to base pairs, it has previously been shown that switching is efficient at 37 °C,
while by using a higher concentration of azobenzenes no additional stabilization effects
are generated.56
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Figure 1.9: Schematic illustration of the mechanism of DNA nanoscissors. Under visible light
irradiation, hairpin H2 is stabilized and the regulatory domain is unavailable for binding. Upon
UV irradiation, the tAzo units isomerize, destabilizing the hairpin. The regulatory domain can
bind the substrate and cleavage is activated. Reproduced with permission from ref 94. Copyright
2013, Royal Society of Chemistry.

1.2.7 Oligonucleotides for nanotechnology and materials
The idea of using oligonucleotides as a material stems from the 1980’s3 and has most
successfully been applied in DNA origami.96,97 A variety of 2D and 3D objects can be
made by self-assembly of programmed DNA; external control over formation and function of these structures is a desirable research target, as it would lead to responsive materials. Recent investigations have focused on using such external triggers as primer
addition,98 chemical adducts99 and pH.100 Control by light is advantageous because of
the high level of spatiotemporal control and no waste is generated. Efficient functioning
at low temperatures is usually not required for photoswitchable materials and
nanostructures. Therefore, D-tAzo is used almost exclusively in such designs.
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1.2.7.1 Photoswitchable annealing
The most straightforward method of introducing photocontrol to DNA origami and
other nanostructures is to use short, azobenzene-modified strands as “photocontrolled
sticky ends” (Figure 1.10a). Complementary strands on two different objects can be
used to anneal and disassociate these objects, taking advantage of the typical D-tAzo
regulated duplex stabilization and destabilization. This process was visualized with AFM
using a DNA origami “tile”, which has a cavity containing two dsDNA strands, each
functionalized with a complementary strand of photoresponsive ssDNA (Figure
1.10b).101 In the trans configuration, these domains hybridize, distorting the dsDNA and
creating a distinctive X-shape. Isomerization to the cis-isomer using UV light was efficient and could be reversed with visible light. The concept was further developed to an
orthogonal chemical/photochemical switching system, where an X-shape can also be
formed from one of the two strands to a third strand by reversible, K+-induced Gquadruplex formation.102 The photoresponsive sticky ends were combined with DNA
origami to induce larger quarternary structures from hexagonal DNA origami tiles (Figure 1.10c).103 Synthesis of the D-tAzo modified origami tiles is facile, since D-tAzo only
needs to be present in a few ssDNA strands, which are tethered on the outside of the
structures by disulphide bridges. Several 2D structures could be reversibly formed using
irradiation and thermal annealing cycles, and were observed using fluorescence measurements and AFM. The disassembly and assembly of the larger structures could even
be followed in real time using high-speed AFM, showcasing the potency of the photoresponsive sticky ends.104 By using strand recognition of different nucleobase
sequences,105 a measure of selectivity might be included. The photoreversible construction of more intricate structures using this method is eagerly awaited.
1.2.7.2 Cargo release
The “photoresponsive sticky ends” principle was applied in a more direct functional
manner as a method for triggered release of cargo.106 Mesoporous silica nanocontainers
were fitted with 6 base ssDNA strands on the surface (Figure 1.10d). A 21bp ssDNA
strand, containing 2 complementary domains and 6 D-tAzo modification, was added to
act as a photoresponsive cap. Irradiation with UV light led to the formation of the cis
isomers and subsequent disassociation of the cap, which enabled gradual release of a
rhodamine dye used as model cargo (91% release in 25 h). The containers have a low in
vitro cytotoxicity, and preliminary results using release of a chemotherapeutic agent are
promising.106
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Figure 1.10: “Photoresponsive sticky ends” for reversible association of nanoscale objects such as
DNA origami tiles or nanoparticles. (a) General concept. Both objects are functionalized with
complementary ssDNA, containing several tAzo units. Upon irradiation with UV light, the azobenzenes isomerize to the cis form and destabilize the double strands, allowing the objects to
move away from each other. By irradiation with visible light the azobenzenes isomerize back.
DsDNA is allowed to reform, inducing association of the objects again. Adapted with permission
from ref 103. Copyright 2012, American Chemical Society. (b) Schematic representation of AFM
visualization of photoreversible annealing. The two dsDNA strands in the cavity are pulled together upon photoinduced hybridization of the two ssDNA strands, creating an X-shape. Adapted
with permission from ref 101. Copyright 2012, Wiley-VHC. (c) Schematic representation of
“photoresponsive sticky ends” for creating larger quarternary structures from hexagonal DNA
origami tiles, and AFM images of several of these aggregates. Adapted with permission from ref
103. Copyright 2012, American Chemical Society. (d) “Photoresponsive sticky ends“-induced
cargo release via pore functionalization with tAzo containing complementary ssDNA. Adapted
with permission from ref 106. Copyright 2012, American Chemical Society.

As a result, these containers may in the future be successfully applied for targeted drug
delivery. In a similar investigation, a nanocontainer was constructed entirely by DNA
origami, which could be opened and closed by the same D-tAzo system, thereby releasing an Au nanoparticle.107 For more information regarding azobenzene-induced drug
delivery using mesoporous silica nanoparticles, the reader is referred to a different review.108
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The use of short D-tAzo modified complementary ssDNA strands as photoresponsive
sticky ends has recently also been used to control Au nanoparticle aggregation, 109 a
DNA-based rotaxane system,110 scissoring motion between two Au nanorods111 and
hydrogel cross-linking.112,113 Additionally, using a similar approach, shape change in
DNA origami structures was induced using a D-tAzo modified ssDNA strand.114 These
applications are a very relevant addition to the respective fields, because a highly efficient measure of photocontrol is introduced. However, in the scope of this review, these
results are of less interest because the D-tAzo system is already previously discussed in
detail, and is in all these examples applied in a manner similar to previously discussed
research.
1.2.7.3 DNA walkers
DNA walkers are mechanical devices based on transporter proteins such as kinesin and
myosin.115 Inclusion of tAzo units allows for a measure of control via an external trigger,
i.e. light. You, Tan and co-workers designed a molecular walker that moves along a
track in a reversible manner (Figure 1.11).116 The track contains three anchorage sites; a
starting site S1, a second anchorage site S2 containing a D-tAzo-modified toehold region
for binding the searching leg of the walker, and a third anchorage site S3 containing a
longer toehold region with more azobenzene moieties. Under visible light irradiation,
the azobenzene moieties are in the trans configuration. The increasingly longer toehold
regions mediate movement of the walkers towards S3. Upon irradiation with UV light,
the D-tAzo moieties switch and consequently destabilize binding between the walker
and S3. The walker therefore moves to S2 which contains less D-tAzo moieties, and
subsequently moves to S1. Several locomotion cycles could be completed, as demonstrated by a FRET assay. Due to the conservation of the track and the reversibility of the
motion, this work provides real improvement of earlier, non-reversible light-regulated
DNA walkers.117 More recently, an exceptionally fast DNA walker was modified with DtAzo.118 Irradiation with UV light arrested the movement along a track, while motion
was restored upon visible light irradiation. For an excellent perspective on the recent
developments in light-driven DNA nanomachines, the reader is referred to an Account
by Kamiya and Asanuma.119
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Figure 1.11: Molecular walker. S1, S2 and S3 have an increasingly longer toehold region, which
induces a movement towards S3 under visible light. Upon UV irradiation, the azobenzenes switch
to the cis configuration. Since S2 has less azobenzenes units than S3, and S1 has none at all, irradiation with UV light induces a movement towards S1. Adapted with permission from ref 116.
Copyright 2012, American Chemical Society.

1.2.8 Concluding remarks
The incorporation of molecular photoswitches as nucleoside surrogates is unquestionably the most successful approach towards photoregulation of oligonucleotide structure
and function. Although a few attempts at photoregulation have been made, using
among others spiropyrans and anthracene dimers, azobenzene remains the preferred
photoswitch. Due to the intercalation of trans azobenzene-based nucleosides between
their neighbouring base pairs, all studies discussed here rely on photoinduced double
helix destabilization. A large number of experimental and computational studies has
provided a deep understanding of the influence of the structure of the nucleoside on the
stability of the duplex. As a result, it has become possible to engineer the ΔTm of a modified strand around the application temperature. This development has led to impressive
results in photoregulation of key biological processes such as ligation and transcription.
Additionally, advances were made in the fields of DNA nanotechnology and drug delivery.
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1.3 Molecular photoswitches attached to nucleosides
Photoswitches may be attached to nucleosides, either on the nucleobase or on the ribose
unit (Figure 1.1b). The coupling reaction between the switch and the oligonucleotide
can be performed post synthesis, which offers the possibility of easy diversification and
inclusion of molecules that may be difficult to convert to phosphoramidite building
blocks for solid phase synthesis. This approach requires the inclusion of a modified
nucleoside containing a synthetic handle into an oligonucleotide. In this method, the
natural nucleobase is still present in the modified nucleoside. Therefore, the switch has
a very different binding mode to the oligonucleotide than in the systems from the other
approaches described herein. Previously, only azobenzenes have been incorporated in
oligonucleotides via this method.9 Although very efficient switching behaviour has been
observed for these modified oligonucleotides, Tm shifts have not been large. No molecular modelling has been performed on these systems yet. Therefore, the exact mode of
interaction between the azobenzenes and the oligonucleotide is largely unknown, making it difficult to engineer improvements. The lack of computational results may be the
reason that only a handful of examples utilizing this method have appeared in the past
few years.
1.3.1 Design
In recent years, several photoswitches other than azobenzenes have been ligated to
nucleosides. Wagenknecht and co-workers previously described spiropyrans ligated to
uridine, either by an acetylene bridge to the 5-carbon of uracil or by a copper-catalysed
click reaction to an acetylene functionality tethered to the 2’-hydroxy group of the ribose unit.63 However, they found isomerization of the spiropyran in a DNA environment to be quenched and chose not to pursue inclusion into DNA any further.120 Recently, the same group reported the inclusion of a diarylethene functionalized deoxyuridine 1.4 into ssDNA (Figure 1.12a).121 For this switch, the photochemistry is retained
in the nucleic acid environment. The diarylethene is connected to the uracil moiety via
an acetylene bridge to the C5 carbon. This connection typically places the substituent
(such as the photoswitch) in the major groove.122 However, creation of this link requires
a Sonogashira coupling, and to avoid possible synthetic complications, the switch is
installed before the solid phase synthesis. Wang, Guo and co-workers constructed a
similar nucleoside with a diarylethene switch ligated to deoxyadenosine via an acetylene
bridge (Figure 1.12b, 1.5).123 Because the diarylethene is ligated to a different position
than in the previous example, the switch might interact differently with a nucleic acid
duplex. However, nucleoside 1.5 has not yet been included in an oligonucleotide. Using the C5 acetylene bridge, azobenzenes can also be ligated to uridine (1.6, Figure
1.12c).124
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Figure 1.12: Structures of several switches attached to nucleosides discussed in this chapter: (a)
diarylethene 1.4,121 (b) diarylethene 1.5,123 (c) azobenzenes 1.6a-f.124,125 and (d) locked nucleic
acid azobenzene 1.7.126

Locked nucleic acids (LNAs) contain a methylene bridge between the 2’-O and the 4’-C
position of the ribose ring (1.7, Figure 1.12d). Oligonucleotides containing LNAs show
enhanced binding affinity towards complementary RNA. Additionally, LNA-modified
oligonucleotides containing C5 modifications exhibit improved resistance against nucleases. Combining these features, Morihiro, Obika and co-workers synthesized a locked
uridine with an azobenzene connected to the C5 position via an alkynyl linker (Figure
1.12d).126 Unfortunately, after inclusion in an oligonucleotide, the stabilizing effect of
the bridge appeared to be completely neutralized by the azobenzene inclusion. Nuclease
resistance was also measured, and although 3’-phosphate scission proceeded at the same
rate as for the native strand, 5’-phosphate scission relative to the LNA was 300-fold
decreased. This enhanced resistance may be very relevant for future application in biological systems, when combined with a different method for photoswitch inclusion. For
example, β-dAzo (Figure 1.2) provides an extra stabilizing effect to oligonucleotides and
could therefore be a prime candidate for functionalization with an extra bridge.
Freeman, Vyle and Heaney explored the possibility of covalently linking an azobenzene
to an oligonucleotide via a solid-phase, catalyst-free nitrile oxide-alkyne cycloaddition
(Figure 1.13).127 A commercially available 2’-O-propargyl uridine phosphoramidite
building block was incorporated via solid-phase synthesis. Using a chloroamine-Tmediated click reaction in an ethanol/water mixture, the ssDNA was coupled to an ox26
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ime-containing azobenzene in near quantitative yield, after which the oligonucleotide
could be cleaved from the resin under standard conditions. Coupling of photoswitches
after solid phase synthesis would allow for diversification without the synthesis of multiple complicated building blocks.

Figure 1.13: Chloroamine-T (Ch-T) mediated click reaction towards azobenzenes functionalized
nucleic acids. Meta-functionalized azobenzene could be coupled as well. The clicking reaction can
be performed with good yield both mid-solid-phase synthesis or after completion of the full sequence.

1.3.2 Interactions between oligonucleotides and attached molecular photoswitches
The exact mode of interaction between photoswitches and oligonucleotides determines
the effect of photochemical modulation. When photoswitches are attached to oligonucleotides, this interaction depends not only on the choice of switch, but also on the
choice of connecting bridge. It is well known that substituents linked to the C5 position
of a pyrimidine nucleobase commonly reside in the major groove of oligonucleotide
duplexes,46–48 although introduced mismatches can lead to stacking of the acetylene
bridge, causing the substituent to be placed in the minor groove or to intercalate.122
Additionally, destabilization has been observed for aromatic substituents in the C5
position,128 which is attributed to disturbance of groove hydration and interstrand cation bridges by the hydrophobic bulk of the substituent. These results give an indication
which position azobenzenes attached to the C5 position occupy in the groove, but have
not been confirmed by any experimental or computational data. Obika and co-workers
hypothesize that destabilization would be less for cis-azobenzene, because it is more
compact.124 The predicted relative stability of the cis isomer is confirmed by experimental results, although it remains unclear if the resulting ΔTm originates from the difference of size between cis- and trans-azobenzene or a difference in other parameters.
Barrois and Wagenknecht121 connected a diarylethene switch to uridine C5 via an acetylene bridge. They speculate that the closed form of the switch may intercalate, but this
theory is based on non-covalently attached diarylethenes, which have a vastly different
orientation towards the oligonucleotide than the rigidly bound switch of the present
example.129 In the current design, placement in the major groove is more likely, unless
mismatches are present in the dsDNA. However, the authors do not provide the sequence of the complementary strand. Therefore, any comments on the binding interaction are speculative.
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Finally, Heaney and co-workers used a click reaction to attach azobenzenes to oligonucleotides containing a single propargyl functionality (Figure 1.13).127 Due to the position on the ribose 2’-position and the relatively flexible linker, the trans-azobenzene
could potentially stack in the duplex, similar to the nucleoside surrogate azobenzenes.
However, the authors focus on synthetic methodology and the binding mode of the
modified oligonucleotides was not explored further.
1.3.3 Photochemistry of molecular photoswitches attached to nucleosides
When photoswitches intercalate into the oligonucleotide duplex, photoswitching ability
may be reduced due to lack of available space. When a C5-acetylene bridge attachment
is used, the switch is placed in the major groove. Therefore, higher photoisomerization
efficiencies are expected. Azobenzene installed via this method can be isomerized to the
cis-isomer with 60% efficiency, under 365 nm light irradiation at room temperature.124
Isomerisation to the trans-isomer proceeds with 80% conversion, and several cycles
could be performed to illustrate the high fatigue resistance of the system.124 Functionalization of the azobenzenes (Figure 1.12c) did not lead to improved photochemical properties. Electron-rich azobenzene 1.6b can be isomerized to the cis configuration in 79%
yield, but irradiation back to the trans isomer proceeded with only 59% conversion.
Electron-poor azobenzenes 1.6d and 1.6e can be isomerised to 91-96% trans isomer,
but only 14-28% cis can be obtained under UV irradiation. A methyl substituent (1.6c)
does not affect photoswitching behaviour, while pyridyl azobenzene (1.6f) is found
exclusively as the trans isomer and has either lost switching ability or thermally switches
back too fast to be measured.
When a LNA is used as a backbone linker (Figure 1.12d), the photochemistry remains
unaffected.126 Diarylethenes attached to oligonucleotides retain their switching ability
and are fatigue resistant.121 However, no open/closed ratios of the photostationary states
were reported.
Using the click-chemistry approach of Heaney and co-workers,127 azobenzenes can be
attached to the ribose unit via a flexible isooxazole linker (Figure 1.13). The interaction
between these azobenzenes and the oligonucleotide duplex are unknown, but trans-tocis isomerization is already heavily impaired (17-27%) in a single stranded oligonucleotide. As intercalation seems to be most probable mode of azobenzene-oligonucleotide
interaction, isomerization may be completely suppressed in a duplex. However, this
hypothesis remains speculative until such a duplex is actually constructed.
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1.3.4 Effect of photoswitches attached to nucleosides on duplex stability
The effect of switching of an azobenzene or a diarylethene switch, attached to uridine
via an acetylene bridge to C5 (Figure 1.12a,c), on duplex stability, expressed in ΔTm,
has generally been small. Because C5-acetylene attached photoswitches reside in the
major groove and any theory on the structural effect of photoswitching on the oligonucleotide remains purely speculative, the effect of photoswitching on the duplex stability
is difficult to predict. For azobenzenes, ΔTm is 5 °C for a 12 bp DNA/RNA hybrid, and
only 2 °C for the corresponding dsDNA.124 Diversification of the azobenzenes did not
lead to a significant increase in ΔTm.125 Using LNAs, a ΔTm of 17 °C could be achieved,
but only with the inclusion of three azobenzene-modified locked uridine units into a 12
bp DNA/RNA hybrid. Installation of a single azobenzene modified LNA led to a ΔTm of
3 °C. It has to be noted that in these examples the trans isomer is destabilized relative to
the cis isomer, which means this modification could potentially be used for inverse
photocontrol. For diarylethenes, the Tm of 17 bp dsDNA decreases with 3.8 °C upon
switching to the closed form.121
1.3.5 Concluding remarks
The majority of the publications discussed in this paragraph concerns photoswitches
attached to nucleosides via a rigid C5 linker. This orientation places the switch in the
major groove, where it may influence duplex stability by disturbing groove hydration
and interstrand cation bridges. Compared to other strategies, switches attached to nucleosides induce ΔTm’s of average magnitude. This method has the advantage that
switching may be performed at low temperatures with high conversion. However, the
precise mode of interaction between the switch and the oligonucleotides is not known.
Computational simulations to elucidate structural changes upon switching are highly
anticipated, as this would allow for knowledge-based design of improvements.
1.4 Photochromic nucleosides
Photochromic nucleosides are photoswitches where one of the aromatic groups of the
switch is replaced by the purine or pyrimidine unit of a nucleic acid (Figure 1.1c). Inclusion of photochromic nucleosides in oligonucleotides is a relatively new methodology and has been applied in only a handful of examples. Pioneering research in the
groups of Maeda and Spada focused on stilbene-guanosine hybrids (Figure 1.14a),51,130
which display highly efficient E-Z isomerization and induce a ΔTm of up to 7.9 °C in 12
bp dsDNA. Additionally, an adenosine-based diarylethene (Figure 1.14b) was reported
by the group of Jäschke.52 For this compound, photoisomerization proceeded with low
efficiency in aqueous solvents. Recent developments in the field of photochromic nucleosides all come from the group of Jäschke, and focus on the improvement of diarylethene-nucleobase hybrids.
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Two new designs have been presented, based on deoxyguanosine131 and deoxyuridine
(Figure 1.14c and d).132 Deoxyguanosine diarylethene switch 1.8 can be ring-closed
with 86% and 81% conversion for 1.8a and 1.8b, respectively. Ring opening could be
induced by visible light irradiation or exposure to 60 °C for 20 min. The absorption
maximum of the closed form could be significantly red-shifted by protonation with
trifluoroacetic acid or complexation to Cu2+. However, this complexation causes a destabilization of the closed form, leading to ring opening at room temperature. Additionally, severe degradation was found over several switching cycles. Therefore, inclusion of
photochromic nucleoside 1.8 in oligonucleotides was not further pursued.

Figure 1.14: Photochromic nucleotides (a) Older stilbene-based design,51 (b) Older diarylethenebased design,52 (c) Diarylethene-based 1.8 and its switching behaviour131 (d) Diarylethene-based
1.9132,133 and its switching behaviour.
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Photochromic nucleoside 1.9a (Figure 1.14d) is based on deoxyuridine.132 The diarylethene unit has just one alkyl group attached to the carbon atoms that form the new
bond in the ring closing reaction. The missing alkyl group may influence photochemistry, but simplifies the synthesis, as the 5-iodosubstituted deoxyuridine precursor is
commercially available. Suzuki-Miyaura cross-coupling to the corresponding boronic
acid yields 1.9a. This reaction can also be performed post solid-phase synthesis in yields
of up to 36%.132 The analogous deoxycytidine-diarylethene switch was also synthesized
in even better yields, but the closed form of this switch was highly thermally unstable.
Photochromic nucleoside 1.9a, however, displayed only very little degradation even
when stored at 90 °C for 1 hour. Irradiation with UV light led to formation of 83% of
closed-ring isomer, while ring opening with visible light was nearly quantitative, showing that the missing alkyl group does not significantly influence the photochemistry.
Effects on the melting temperature were found to be small but highly dependent on
position of the switch within the oligonucleotide. One internal modification in 15 bp ds
DNA caused a decrease in Tm of 2.3 °C, both in the closed and open form. Inclusion of
closed-form 1.9a near the end of the duplex caused an increase in Tm of 0.9 °C and
1.6 °C for the ‘5 and the ‘3 position, respectively, and no change for the open form of
1.9a. A small effect of switch isomerization on transcription rate was also observed.
The photochemical properties of 1.9 were further explored using ultrafast time-resolved
spectroscopy.133 Three derivatives of 1.9a were synthesized, in which the phenyl ring
was changed to a naphthalene moiety (1.9b), a para-pyridyl group (1.9c) or a orthopyridyl group (1.9d). The authors take a fundamental spectroscopic approach towards
elucidating the photochemical properties of the novel diarylethene switch. Therefore,
other than the observation that the quantum yield of the ring opening is highest for
1.9b and lowest for 1.9d, these results are outside the scope of this review.
1.4.1 Concluding remarks
Photochromic nucleosides present the option for different interaction modes between
oligonucleotides and photoswitches. However, the research is still in a very early stage.
There is very little evidence for the structural influence of diarylethene-nucleic acid
hybrids. Although the approach seems promising at first sight, in the past few years
there have been few advances, and it remains to be seen whether photochromic nucleosides will become an established method for photoregulation of oligonucleotides.
1.5 Photoswitches as phosphate backbone linkers
Photoswitches may be introduced into the phosphate backbone of oligonucleotides
(Figure 1.1d). The distinct difference between this and the other approaches discussed
in this review is that the photoswitch forms an integral part of the backbone, as opposed to being tethered to it. Duplex formation of an oligonucleotide containing a
switchable phosphate backbone linker with a native DNA strand was found to be energetically unfavourable.54 As a result, oligonucleotides with photoswitchable backbone
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linker are typically designed to form hairpin structures, so that the switch forms a hydrophobic cap connecting both halves of the duplex. The position of the switch on top
of the base pairs can lead to very different structural effects of the switch inclusion
compared to other methods discussed in this review. Both stilbenes and azobenzenes
have been incorporated into the phosphate backbone.55,134 Typically, the trans isomer
provides extra stabilization by stacking on top of the nucleobases in the hairpin, which
is lost upon isomerization to the nonplanar cis isomer. The change in melting temperature upon isomerization of a single switch can be quite large; ΔTm values of 28 °C have
been reported for a 4 bp stilbene-linked hairpin.135 However, this approach is mostly
limited to hairpin structures.
1.5.1 Design
Recently, mainly azobenzenes have been applied as phosphate backbone linkers. From
a synthetic viewpoint, an ether linker between the switch and the backbone is preferred,
since the corresponding azobenzene diol may be converted to a phosphoramidite and
included in the hairpin via solid-phase synthesis. Sugimoto and co-workers previously
included azobenzene linkers 1.10 and 1.11 (Figure 1.15) in a DNA hairpin, where they
observe an unusually high destabilization effect for cis-1.10.136 The authors attribute
this to precise engineering of the linker length, reasoning that trans-1.10 isomer fits
perfectly between the two strands while the cis isomer is too short and distorts the
backbone. Because linker 1.11 is longer and more flexible, this extra destabilization
effect is lost and the ΔTm derives only from the loss of stacking interactions. This approach was extended by Wu, Tang and co-workers, who synthesized several different
azobenzene-linked hairpins ranging from 4 to 6 base pairs, using backbone linkers 1.10
and 1.11 (Figure 1.15).137

Figure 1.15: Azobenzene backbone linkers 1.10 and 1.11.136,137

Amide bonds between the azobenzene linkers and the phosphate backbone have been
utilized in the past, but are synthetically less accessible than ether bonds. For their
computational studies, McCullagh, Schatz and co-workers have chosen for amide bonds
(Figure 1.17b), however the authors do not comment on their choice of connection
units.138,139
Spiropyrans are rarely used for oligonucleotide inclusion, since they are quickly hydrolysed in aqueous environments and can lose switching ability when incorporated into
DNA.62,121 Brieke and Heckel partly circumvented these problems by incorporating a
phosphoramidite derivative of 6-nitrospiropyran (NitroBIPS) in the middle of 15 base
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DNA strand via a ether linker (Figure 1.16).140 Because the strand is not selfcomplementary, no hairpin was formed, nor was the complexation to a complementary
strand attempted. However, the photoswitchable linker is designed to keep the switch
in the duplex in both forms, in order to maximize destabilization caused by the nonplanar spiropyran form. Additionally, the stereogenic carbon atom, which might cause
duplex destabilization due to its relative bulkiness, is kept out of the duplex at all times.
After backbone inclusion, over 40% of NitroBIPS was shown to degrade in 5 h in PBS
buffer at 25 °C. Post-synthetic diversification gave access to PyBIPS (Figure 1.16), which
could not be obtained through regular synthesis. PyBIPS has previously been proven to
be highly resistant to hydrolysis,141 however, the degree of degradation of PyBIPS backbone linker was not quantified.

Figure 1.16: Spiropyran backbone linkers NitroBIPS, PyBIPS and the aldehyde exchange reaction.140 The exchange to PyBIPS is depicted here as an example, but several other 2hydroxybenzaldehyde derivatives could also be used. Excess aldehyde has to be used and RPHPLC purification is required.

1.5.2 Computational studies
McCullagh, Schatz and co-workers performed molecular dynamics simulations and
free-volume calculations to gain understanding of the changes in hairpin stability upon
switching of an azobenzene backbone linker.138 A DNA hairpin is proposed, consisting
of two C-G base pairs linked by an azobenzene backbone linker via amide bonds. The
hairpin is connected to the surface on one end, and to an AFM tip on the other end.
(Figure 1.17) This setup can be used to estimate the work generated by a switching
cycle. This work may be generated in two different modes. Mode 1 is based on the unfolding of the hairpin upon isomerization to the cis isomer, while in mode 2 the work is
generated by the photoinduced contraction and elongation of the azobenzene in the
unfolded hairpin. In mode 1, the trans isomer stabilizes the hairpin and results therefore
in the shortest configuration, whereas in mode 2 the trans isomer is the longest. Therefore, the two modes cannot be used in a complementary fashion. The authors propose
that an experimental setup according to their design could be used to generate 3.4 kcal
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mol-1 of extractable work per cycle in mode 1, with a potential maximum efficiency of
2.4% energy regained from the optical energy required. This efficiency drops to ~0.4%
when energy waste due to inherent inefficiencies is taken into consideration. Using an
experimental setup similar to the one created by Sengupta, Ginger and-workers,82 this
design could be implemented to construct a working DNA-nanomachine. Additionally,
the computational studies show that, similarly to when azobenzenes are used as nucleoside surrogates (Section 1.2),82 destabilization induced by the cis-azobenzene backbone
linker is a highly localized effect. The authors explore this effect further in follow-up
research using the same hypothetical hairpin.139 More detailed computational analysis
shows that structural DNA damage induced by the cis-azobenzene in the backbone is
limited to two base pairs. However, the amide bond used in this research is uncommon
and it remains unclear whether a different linker could induce further ranging structural
changes.

Figure 1.17: Schematic overview depicting the single-molecule pulling experiment. a) Experimental setup. The hairpin is attached between the surface and the AFM tip. Slow pulling of the
AFM tip allows for precise calculation of the applied force versus the molecular end-to-end distance. b) Structure of the hairpin. Reproduced with permission from ref 138. Copyright 2011,
American Chemical Society.

1.5.3 Photochemistry of molecular photoswitches as phosphate backbone linkers
When azobenzenes are included as phosphate backbone linkers, they reside on top of
the hairpin, forming a hydrophobic cap. In this position on the outside of the duplex, a
relatively large amount of free volume is available for the isomerization process, even
below the melting temperature. Wu, Tang and co-workers calculate 79.8% conversion
to the cis isomer after UV irradiation (20 min) of a hairpin containing linker 1.10 (Figure 1.15).137 NitroBIPS and PyBIPS (Figure 1.16)140 reside in the middle of the backbone and may not benefit from more free volume. However, no dsDNA is formed using
these two linkers. In a single strand, for NitroBIPS, reversible switching between nearly
pure spiropyran and 25% merocyanine form can be obtained by alternative 530 nm
light irradiation and heating to 60 °C.140 PyBIPS is more thermally stable, but switching
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between ~95% spiropyran and ~35% merocyanine could be achieved by alternating
irradiation with visible and UV light.140 The authors contribute the successful photoisomerization to the placement of the spiropyrans between the neighbouring bases as
opposed to positioning in the minor groove. This may be supported by formation of
double stranded DNA containing these linkers or by detailed computational analysis.
1.5.4 Influence on hairpin stability
Change in melting temperature upon isomerization of a switchable backbone linker is
only reported for the azobenzene-linked hairpins reported by Wu, Tang and coworkers.137 Linker 1.10 performs invariably better than linker 1.11 (Figure 1.15). ΔTm’s
for hairpins containing backbone linker 1.10 range from 12.1 °C for a 6 bp strand to
24.1 °C for a 4 bp strand. These results are similar to those reported by Sugimoto and
co-workers, who used the same linker.136 Both values are quite large compared to ΔTm’s
obtained with inclusion of photoswitches via other methods.
1.5.5 Applications of oligonucleotides with molecular photoswitches introduced as phosphate
backbone linkers
Wu, He and Tang used linker 1.10 (Figure 1.15) for the construction of a series of
light-switchable dumbbells for the photoregulation of RNA digestion (Figure 1.18).142
The dumbbells are formed from a binding site linked to two short complementary
strands via two linkers 1.10. Under ambient conditions, the linkers are in the trans
configuration and hairpin structure is stabilised. Upon isomerization to the cis configuration, the hairpins are destabilized and the Tm is lowered by up to 21.3 °C. Therefore,
in the cis configuration, binding between the dumbbell and a target RNA strand is much
more favourable. Upon binding of the target RNA, its digestion can occur. By irradiation
with UV light, RNA digestion can be increased 4.2-fold or 7.5-fold, depending on the
exact sequence. This relative increase is comparable to that obtained by the photoregulated DNA-scission reported by Zou, Yang and co-workers, who need inclusion of three
azobenzene nucleoside surrogates to achieve this result.94 However, in more precise
numbers, for the earlier-reported DNA scission an increase from less than 10% cleavage
to 85% upon activation is reported. In the current example, either the deactivated
dumbbell has a relatively high cleavage rate (19.9%, with 83.5% for the activated
dumbbell) or, for a different sequence, the activated dumbbell has a low cleavage rate
(36.7%, with 4.9% for the deactivated dumbbell). Therefore, the current system142 does
not improve much on the photoregulated oligonucleotide cleavage reported by Zou,
Yang and co-workers.94
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Figure 1.18: RNA cleavage mediated by isomerization of two azobenzene backbone linkers 1.10.
In the trans configuration, the azobenzene moieties (red bars) stabilize hairpin formation with the
RNA binding site. Upon UV irradiation, the switches are isomerized to the cis configuration and
the hairpins are destabilized. This causes the binding site to be available for binding to the target
RNA strand (pink line), leading to RNA digestion by RNAase (orange oval). Reproduced with
permission from ref 142. Copyright 2015, American Chemical Society.

1.5.6 Concluding remarks
The use of molecular photoswitches as phosphate backbone linkers can result in large
ΔTm’s, but is of limited use because of the formation of hairpin structures. The role of
the photochromic linker has been explored extensively, since linker length is crucial to
successful destabilization. Although stilbenes and spiropyrans have been used with
moderate success, this method remains largely limited to the use of azobenzenes. Introduction of other photoswitch architectures could possibly broaden the scope of this
approach. Applications are still scarce, and the number of publications reporting on
photochromic backbone linkers is declining. Therefore it seems that in future research
this method will mainly be used for select applications taking advantage of hairpin
structures, but less and less to influence duplex stability.
1.6 Noncovalent interactions between oligonucleotides and molecular photoswitches
A supramolecular approach towards photoregulation of oligonucleotides (Figure 1.1f)
has the considerable advantage that no modification to the nucleic acids is required.
Comparable to photopharmacology, using noncovalent DNA binding photoswitches
allows for a high selectivity due to the on/off reversibility. Furthermore, considering
possible in vivo applications, the transport of these relatively small compounds through
the cell membrane may be easier than of large modified oligonucleotides. Reversible
DNA/RNA condensation has been investigated extensively143 and light has recently
drawn attention as an interesting new trigger. Most other noncovalent approaches are in
an early stage and focus initially on binding studies, before potential regulation of oligonucleotide stability can be achieved.
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1.6.1 Design
Azobenzenes, diarylethene switches and spiro compounds are all used for the studies on
photocontrolled binding to DNA or RNA and they are functionalized according to the
desired mode of interaction. In general, quaternary ammonium groups are attached for
solubilisation and to provide electrostatic interaction with the negatively charged phosphate backbone.
To influence duplex stability, intercalators are usually applied, similar to the approaches
based on the inclusion of photoswitches as nucleoside surrogates (Section 1.2). For
example, AzoDiGua, an azobenzene functionalized with guanidinium groups, was designed for this purpose (Figure 1.19a).144 Linear dichroism studies show that planar
trans AzoDiGua intercalates with calf thymus DNA, while the guanidinium groups bind
the phosphate backbone. Intercalation was also proven for thiazole orange-modified
diarylethene 1.12 (Figure 1.19b).145 The thiazole orange groups were installed to be
used for DNA-gated photochromism, but are also very likely to be involved in binding
to the backbone. However, intercalation is not the only binding mode for 1.12. At different 1.12/DNA ratios a different binding mode was observed by CD spectroscopy.
While there is no conclusive evidence for the nature of this second binding mode, a
dimer formation in the minor groove appears most likely. The conditions under which
either of the binding modes is preferred are sequence-dependent.
Merocyanine, the open form of spiro-switches, is a planar aromatic molecule and may
therefore be applied as an intercalator. Andréasson and co-workers designed several
substituted spiropyrans for this application.146 Of these, the authors selected spiropyran
s1.13 (Figure 1.19c) for further studies, because it displayed three different modes of
binding.147 The closed form s1.13 does not bind, or only very weakly. The open form,
merocyanine m13, binds relatively weakly, most likely at the outside of the helix (K =
9.9x102 M-1). Upon protonation to m1.13H +, which occurs upon addition to DNA,
depending on pH value, binding is increased 35-fold to 3.4x104 M-1 and the binding
mode changes to intercalation. While the relative increase of binding constant is impressive, these binding constant are all relatively low compared to established DNA intercalators.148
Ihmels, Thomas and co-workers attempted to increase the binding constant by incorporating n-methylated phenanthroline, a known intercalator, in a spirooxazine to create
switch 1.14 (Figure 1.19d).149 However, the results were similar to the work of Andréasson, with no significant binding for the spiropyran form and a binding constant of
2.6x104 M-1 for the merocyanine form. Similar to most spirooxazines, protonation of the
merocyanine led to immediate ring closure.
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Figure 19: Structures of photoswitches: (a) AzoDiGua,144 (b) Thiazole Orange modified diarylethene 1.12,145 (c) Spiropyran s1.13 and the corresponding merocyanine form m1.13,146,147
(d) Spirooxazine s1.14 and its open form m1.14.149

Paramonov, Fedorova and co-workers attempted to use a new type of switch for intercalation in oligonucleotides and studied a chromene derivative.150 Due to poor solubility
and an extremely short lifetime of the open form, this compound does not seem promising for further application. Two amine functionalized azobenzenes were used by the
group of Matczyszyn for intercalation experiments.151 CD experiments suggest that
switching of the azobenzene could induce structural changes in the DNA helix.
DNA/RNA condensation is the change of the macrostructure of an oligonucleotide from
worm-like coils to a more compacted state. In this state, the oligonucleotide is more
resistant to nucleases and may potentially be transported into the cell via endocytosis.152
However, in the condensed state nuclear uptake is reduced. Therefore, external control
of oligonucleotide condensation would greatly improve the applicability, allowing for
reversible cycles of condensation for cell membrane crossing and expansion to enter the
nucleus. Condensation can be achieved by reducing electrostatic repulsion between
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strands and/or creating unfavourable interactions between the oligonucleotide and the
solvent.153 There are many different methods to achieve these effects, such as multivalent cations,154 neutral polymers in combination with monovalent salts155 and cationic
surfactants.156 AzoTAB (an azobenzene trimethylammonium bromide surfactant, Figure
1.20a) is an extensively studied photoswitchable compacting agent.43 By photoisomerization, the hydrophobicity can be altered, leading to a much more effective condensation for the hydrophobic trans AzoTAB than for the more hydrophilic cis AzoTAB.

Figure 1.20: Structures of 3 azobenzene based photoswitchable condensation agents.

Recently, some variations of AzoTAB were investigated. Zakrevskyy, Santer and coworkers performed extensive studies on the effects of varying tail length,157–160 while
Venancio-Marques, Baigl and co-workers studied polycationic variations (Figure
1.20b).161 Research was exclusively limited to cationic surfactants; the bolaamphiphiles
AzoEt, AzoPr and AzoBu were investigated by Zinchenko, Tanahashi and Murata (Figure 1.20c)162 and Li, Liu and co-workers developed an azobenzene-containing polycationic polymer.163 The results are discussed in the following sections.
Electrostatic interactions may also be used for oligonucleotide binding without causing
compaction. Mammana, Feringa and co-workers presented a diarylethene switch 1.15,
functionalized with two primary amines, which are readily protonated under physiological conditions (Figure 1.21a).129 Although this switch is structurally very similar to
AzoDiGua (Figure 1.19a), no intercalation could be demonstrated and binding appears
to occur entirely through nonspecific electrostatic interactions. As a result, only a small
or no difference (depending on sequence) between the binding constants of the open
and closed forms could be determined.
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Xing, You and co-workers developed azobenzene-containing dications 1.16a-c for photoregulation of G-quadruplexes (Figure 1.21b).164 While the results are interesting (vide
infra), the binding mode of the dication remains unclear. In the authors’ earlier report
on a photoswichable quadruplex regulator with a very similar design (1.16d), computational results are presented.165 However, at the start of these computations, the compound is manually docked in a specific position without a rationalization of the choice
of placement. It therefore seems that the explanation regarding the binding mode is not
conclusively supported at present.
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Figure 1.21: Structure of photoswitches: (a) Diarylethene 1.15129, (b) Azobenzene 1.16a-d.164

1.6.2 Photochemistry of photoswitches complexed to oligonucleotides
The photochemistry of photoswitches noncovalently bound to oligonucleotides is highly dependent on the binding interaction. Most switches reported in this paragraph bind
via nonspecific electrostatic interactions. As a result, these switches reside outside the
duplex and have ample free volume for isomerization. Therefore, it is generally assumed
that the switching behaviour is unaltered compared to solution.
Spiro compounds s1.13 and s1.14 (Figure1.19c,d) do not bind to oligonucleotides, but
their open forms m1.13 and m1.14 do.147,149 For switch 1.14, the open/closed ratios of
the photostationary states were not determined. However, when m1.14 was irradiated
with 590 nm light in the presence of calf thymus DNA, the characteristic merocyanine
absorption around 575 nm almost completely disappeared. Irradiation with UV light
(λ=350 nm), caused partial regeneration of the absorption band. Circular dichroism
studies showed that after this cycle the complex is regained and the DNA is undamaged.
Spiropyran s1.13 was also switched in the presence of dye-modified DNA. Again, the
PSS was not reported, but a series of switching cycles was performed. The complex
undergoes ~40% degradation after 10 cycles. This degradation appears to be mainly due
to photocleavage of the linker between the DNA and the dye, while the stability of the
spiropyran under these conditions is unknown.
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Figure 1.22: CD and LD spectra of AzoDiGua in the presence of calf thymus DNA (50μM (phosphate groups) in 10 mM phosphate buffer, pH = 7.0) at AzoDiGua:nucleobase ratios of 0 (black
line), 0.5 (red) and 2 (blue), with and without UV irradiation. Dashed lines indicate the absorption maxima of trans AzoDiGua (without irradiation) and cis AzoDiGua (with irradiation). Reproduced with permission from ref 144. Copyright 2016, American Chemical Society.

As mentioned previously, linear dichroism (LD) and circular dichroism (CD) spectroscopy are useful tools for elucidating the nature of binding interactions between oligonucleotides and small molecules. These methods are particularly well-described in the
publication regarding AzoDiGua (Figure1.19a) from the group of Baigl (Figure 1.22).144
CD spectroscopy shows that binding to DNA occurs for both isomers, since there is in
both cases a signal in the absorption range of the azobenzene (λ = 300-450 nm). In the
CD spectrum of DNA-bound trans AzoDiGua it can clearly be observed that the binding
mode depends on the switch:DNA ratio. After UV irradiation however, the shape of the
spectrum is similar for both ratios, indicating that cis AzoDiGua binds to DNA in one
major binding mode.
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LD spectroscopy reveals more details of the exact binding mode, since it is known that
LD signals of complexes of DNA bases with intercalators are negative, while groove
binders cause a weakly positive absorption.166 The LD spectrum of trans AzoDiGua
shows a clear negative signal around the absorption maximum of the switch. Upon
irradiation with UV light, this band significantly decreases, yet no new absorptions
appear at the absorption maxima of the cis isomer.
These data indicate that part of the switch remains intercalated in the trans configuration, while a part isomerizes and is expelled from the duplex. However, the negative CD
signal around 450 nm indicates that the expelled cis isomer remains bound to the DNA
via nonspecific electrostatic interactions.
Diarylethene switch 1.12 was modified with thiazole orange groups to build a gated
photochromic device (Figure 1.19b).145 However, 1.12 cannot be switched in an aqueous environment and its fluorescence is quenched, presumably due to a folded state
induced by strong interaction between the thiazole moieties. As mentioned previously,
several different binding modes for 1.12 were identified. In all of them fluorescence was
restored, but to a different degree. Additionally, the switching ability of 1.12 was found
to be dependent on the binding mode. Therefore, the switch exhibits a type of gated
photochromism, where the DNA acts as a trigger to control photochemical properties,
and the photochromic process itself reflects the binding mode to the DNA.
1.6.3 Influence of supramolecular binding of photoswitches on duplex stability
Most switches discussed in this paragraph bind to the outside of the oligonucleotide
helix. While an influence on duplex stability may not be ruled out a priori, melting
temperature studies are usually not performed as exemplified by the series of spiro
compounds synthesized by the groups of Andréasson146,147 and Ihmels,149 which are
intercalators in their merocyanine forms and may therefore influence duplex stability.
Since these spiro switches all exhibit excellent photoswitchable properties, future research into the effect of switching on duplex stability would be a welcome addition. The
only recent attempt at influencing duplex stability is the use of AzoDiGua intercalator
(Figure 1.19a) presented by Bergen, Baigl and co-workers.144 The trans isomer of AzoDiGua was shown to significantly increase the Tm of both > 10 kbp calf thymus DNA
(Tm = +22 °C) and 10 bp oligonucleotides (Tm = +14-15 °C). Isomerization caused a 413 °C decrease of the Tm, depending on sequence, buffer and AzoDiGua:DNA ratio. For
a 33 bp self-complementary DNA hairpin, a ΔTm of 18 °C was measured. The hairpin
disassociation upon switch isomerization was followed by FRET and proven to be almost quantitative.
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1.6.4 Oligonucleotide condensation
AzoTAB (Figure 1.20a) is an extensively studied oligonucleotide compaction agent. The
group of Baigl previously proved that AzoTAB could be used for reversible inhibition of
RNA production, leading to a photoreversible control of GFP production.167 This work
was recently followed up by a publication in which the authors show that AzoTAB can
also be used for gene silencing, parallel to gene silencing by small RNAs, creating an
orthogonally triggered system (Figure 1.23).168 Condensation by AzoTAB is not sequence-specific. However, a measure of selectivity could be induced by silencing several
mRNAs with small RNAs. Condensation with AzoTAB caused all gene expression to be
silenced under dark conditions, while UV irradiation induced synthesis of only those
proteins that were not expressed by the small RNA-silenced genes. Therefore, using this
method, two orthogonal triggers, i.e. UV light and small RNAs, are introduced in the
process of gene expression, leading to a valuable increase of the level of control over
such processes.

Figure 1.23: Gene silencing by small RNA and/or AzoTAB. In presence of AzoTAB, all mRNA’s
are compacted and gene expression is silenced. UV irradiation causes decompaction, after which
some genes are no longer silenced, and some still are being silenced due to small RNA complexion. Reproduced with permission from ref 168. Copyright 2011, American Chemical Society.

Zakrevskyy, Santer and co-workers published a series of papers on the exploration of
the tail length of AzoTAB, based on findings of Diguet, Baigl and co-workers,169 who
showed that compaction is more efficient when the hydrophobic tail is longer. Therefore, Zakrevskyy et al extended the aliphatic chain between the hydrophilic head group
and the azobenzene to 6 carbons, while the ethoxy group on the other side of the azobenzene was exchanged for a butyl group.157 These modifications improved the binding
efficiency between the surfactant and DNA. DNA condensation by addition of the trans
azobenzene surfactant was studied at 50 μM concentration in solution of calf thymus
DNA. At azobenzene:DNA charge ratios Z of less than 1.2, the DNA was found in solution in an extended coil shape. Increase of surfactant concentration to 1.2 < Z < 2.4
caused precipitation of compacted DNA globules. At higher charge ratios, the surfactant
starts to form a second layer around the globule, causing the formation of stable colloids. It was also demonstrated that the globules are predominantly triggered by the
trans isomer, and that isomerization to the cis isomer leads to an effective decrease of Z,
allowing for photoreversible DNA condensation at certain charge ratios. A series of
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follow-up publications showed that the binding efficiency could be increased more by a
longer linker159 and decreased by a high salt concentration.158 Extensive phase diagrams
were constructed of the interaction between DNA and the surfactants under various
conditions.160

Figure 1.24: AFM study of 4.5 kbps DNA condensation using AzoTren. Images A to E show
DNA condensation with an increasing concentration of AzoTren (0, 0.5, 2, 4 and 5 μM, respectively). Images E to H show the gradual unfolding of these globules by irradiation with λ = 365
nm light (for 0, 30, 60 and 180 s, respectively). DNA concentration in phosphate groups is 2 μM
(10 mM Tris-HCl, pH = 7.4). Reproduced with permission from ref 161. Copyright 2014, American Chemical Society.

Polyamines are natural compaction agents. Since a higher charge ratio leads to a more
efficient condensation, polycationic surfactants may be used to achieve compaction at
low concentration. Venancio-Marques, Baigl and co-workers developed several photosensitive polyamines, the most effective of which is AzoTren (Figure 1.20b).161 Using
studies on concentration-dependence it was shown that at a 0.1 μM T4 DNA (166
kbps) phosphate concentration, 5 μM trans AzoTren causes condensation, whereas 5
μM cis isomer does not. Using AFM imaging, the gradual condensation of DNA by an
increasing concentration of AzoTren was visualized, as was the subsequent unfolding by
UV irradiation (Figure 1.24). In this example shorter (4.5 kbps) DNA was used in 2 μM
phosphate concentration, and 5 μM AzoTren was found to be sufficient for pho44
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toreversible condensation. Comparison with AzoTAB showed about a 100-fold increase
in condensation efficiency.
Photoreversible DNA compaction was also achieved by Zinchenko, Tanahashi and Murata using bolaamphiphilic azobenzenes diAzoEt, diAzoPr and diAzoBu (Figure
1.20c).162 Concentrations required were up to 100 times lower than for AzoTAB. However, due to the nature of the switch, the proposed mechanism is entirely different. For
these dicationic azobenzenes, the cis isomer is the stronger condensation agent. The
authors hypothesize that cis diAzoEt can interact with adjacent phosphates on the backbone. The minimum possible distance between the ammonium groups in trans diAzoEt
is too large for binding adjacent phosphates, leading to a much less effective charge
neutralization. For diAzoPr and diAzoBu, binding of adjacent phosphate groups is possible in the trans isomer. However, the bulky shape of the trans azobenzene makes
binding of a second switch immediately adjacent to the first impossible, again leading to
less efficient charge neutralization (Figure 1.25). This publication describes the only
example of photoreversible DNA condensation where the cis isomer induces compactions instead of the trans. The half-life of the cis isomers is not reported in this publication. However, this system could potentially be used to induce slow thermal decompaction for in vivo applications.

Figure 1.25: Scheme illustrating the less effective backbone binding of trans diAzoPr and diAzoBu. In the cis isomer, the loop between the ammonium groups is smaller and neighbouring binding can occur. Reproduced with permission from ref 162. Copyright 2012, Wiley-VHC.

Li, Liu and co-workers attempted to use an azobenzene-containing polycationic polymer for photoreversible pDNA condensation.163 Photoisomerization efficiency in the
polymer was not quantified, but was clearly lower than for regular azobenzene, which
might be explained by the decrease in free volume available.170,171 Condensation of
pDNA with these polymers was successful, and UV irradiation caused some degree of
decompaction. Gene transfection of the pDNA/azo-polymer complexes was shown to be
more efficient than that of the DNA/unmodified polymer, but intercellular decompaction of the complexes by UV-light irradiation was only minimal. Although the photoreversibility of this system is low, the authors show the first example of throughmembrane transport of DNA complexed to an azobenzene containing condensation
agent.

45

Chapter 1
1.6.5 Other applications for molecular photoswitches complexed to oligonucleotides
Spiropyran intercalator s1.13 (Figure 1.19c) was used for the photocontrol of energy
transfer between two dyes attached to DNA.147 Pacific Blue (PB) and Alexa488 (A488),
an established donor-acceptor pair for FRET, were tethered on opposite ends of a 20 bp
dsDNA. Addition of s1.13 does not lead to a significant change in the FRET process.
However, the absorption spectrum of the open form m1.13 exhibits a significant overlap with the emission spectrum of PB. Upon irradiation of the mixture, m1.13 is
formed, which intercalates and thus interferes with the FRET. The authors show that
the process is reversible and note that by tuning UV intensity and exposure time, the
FRET quenching can be tuned to intermediate values.
Xing, Zhou and co-workers present a series of dicationic azobenzenes 1.16a-c (Figure
1.21b) that can be used to regulate the conformation of telomeric G-quadruplexes
(G4A’s).164 Human telomeric G4A’s are involved in gene expression and telomerase
activity, and are therefore of great interest. The three azobenzenes were based on a previous design (1.16d) which could be used to induce photoregulated folding and
stretching of G4a’s, but could not be used in the presence of metal ions.165 Human telomeric G-quadruplexes exist in three different conformations: parallel, anti-parallel and
hybrid (Figure 1.26), which can be distinguished by CD spectroscopy. The three trans
azobenzenes were all shown to induce G4A formation; a parallel conformation was
formed upon addition of 1.16b and 1.16c, while 1.16a induces antiparallel G4A formation. Upon switching to the cis isomer, in all cases an unfolding of the quadruplexes
was observed. Hybrid-type quadruplex formation of the telomere was observed under
K+-rich conditions. However, addition of 1.16a, 1.16b or 1.16c caused a refolding into
an antiparallel conformation. Irradiation of the cis isomer regenerated the hybrid-type
G4A’s. This supramolecular approach provides a possible future opportunity for control
of G4A’s in a biological setting.

Figure 1.26: The three different structures of human telomeric G-quadruplexes. Reproduced
with permission from ref 164. Copyright 2011, Royal Society of Chemistry.

1.6.6 Concluding remarks
Noncovalent interactions between photoswitches and oligonucleotides provide the
opportunity to regulate nucleic acid structure and function in an elegant way. Since no
modification of an oligonucleotide is required, this method is attractive from a synthetic
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point of view. Additionally, the need for covalently attaching a modified oligonucleotide
to a biomolecule is eliminated, which may be attractive for in vivo applications. Using
noncovalent intercalators, large differences in stability of oligonucleotide duplexes can
be induced, making this method a real competitor for the more established method of
introduction of photoswitches as nucleoside surrogates. Considering binding modes
outside of the duplex, photoswitchable DNA condensation is of particular interest. Especially the possibility of decompacting oligonucleotides at a specific location (such as
inside the nucleus or another specific location in the cell) can offer a real improvement
to the field. In addition, regulating G-quadruplexes might offer a viable approach to
regulating gene expression.
1.7 End-capping of oligonucleotides with molecular photoswitches.
The covalent attachment of molecular photoswitches to the end of oligonucleotide
strands (Figure 1.1f) can be performed using any of the covalent methods of photoswitch inclusion discussed in this review. Due to the position of the switch relative to
the oligonucleotide (at the end instead of in the middle), the switch is not likely to intercalate or reside in a groove. Therefore, switching of the photochromic group does not
result in a change in oligonucleotide structure or stability, but is instead often utilized in
supramolecular interactions. This leads to entirely different possible applications than
for the other methods of switch inclusion discussed above, and consequently endcapping is discussed separately.
Ogasawara and Maeda used a photochromic nucleotide as a 5’-endcap for GFP
mRNA.172 This nucleotide consists of a guanine-stilbene hybrid (Figure 1.27). The authors showed that for the most effective cap, translation was significantly inhibited by
the trans-photochromic nucleotide. Isomerization to the cis isomer led to a 26-fold increase of translation, to an efficiency comparable with normal-capped RNA. This difference is attributed to the shape of the active site of the eIF4E protein, which directs the
ribosome to the RNA cap, where translation begins. The authors also report molecular
modelling studies which support this explanation.
The azobenzene/cyclodextrin complex is an established host-guest system and was recently utilized for the controlled release of DNA in living cells.173 Gold nanoparticles
were functionalized with mercapto-β-cyclodextrin moieties, while single stranded DNA
was end-capped with azobenzene. Because the binding constant of cis azobenzenes is
much lower than of trans azobenzenes, this system could be used for phototriggered
release of the functionalized DNA from the cyclodextrin. The release process was rather
slow (> 1 h), and it was shown that HeLa cells were prone to massive cell death under
these irradiation conditions. The process could be significantly sped up by the addition
of ferrocene, a competitive guest molecule, which did entirely inhibit reformation of the
azobenzene/cyclodextrin complex under visible light conditions. Some release of azobenzene-modified DNA was also observed in HeLa cells incubated with the complex.
47

Chapter 1

Figure 1.27: Reversible photoregulation of translation. The structure of both isomers of the
photochromic nucleotide-capped RNA is shown. The trans isomer inhibits translation, whereas
for the cis isomer the efficiency is unaltered compared to normal-capped RNA. Adapted with
permission from ref 172. Copyright 2011, Elsevier Ltd.

Micelles are promising candidates for drug delivery and tumour targeting,174 and stimulus-responsive self-assembly is of particular interest. Gu, Brittain and co-workers have
developed a DNA-azobenzene conjugate which can be used for photoregulated micelle
formation.175 The azobenzene end-caps aggregate in the trans configuration, while the
cis conjugates are more hydrophilic. Upon irradiation with UV light to form the cis isomers, no complete micelle disassociation was observed. However, the micelles formed
by the cis conjugates were much smaller and the percentage of unassembled DNAazobenzenes was increased. While this concept is certainly intriguing, no application
can realistically be envisioned until full phototriggered micelle dissociation can be
demonstrated.
1.7.1 Concluding remarks
Noncovalent interactions between an end-capping photoswitch and the nucleic acid are
minimal, and therefore the photoswitch is free to engage in self-aggregation or complexation to a host molecule. This potential for reversible supramolecular interactions of
a moiety covalently attached to an oligonucleotide opens up a range of new applications, which are not accessible with any other of the methods discussed in this review.
Since the stability of end-capped duplexes cannot be influenced using the photoswitch
there is not a major interest for end-capping, but due to its versatility this method is a
valuable addition to the chemists’ toolbox.
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1.8 Summary and outlook
The use of photoswitches for reversible photoregulation of oligonucleotide structure
and function has in recent years moved from a mere curiosity to a potentially powerful
method for oligonucleotide control and has already found real, promising applications.
Although six different strategies for switch incorporation in oligonucleotides are identified in this review, the supramolecular approach (Section 1.6) and the inclusion of
photoswitches as nucleoside surrogates (Section 1.2) stand out both regarding results
and number of studies. Especially the incorporation of photochromic units in nucleosides has been extensively studied using computational methods and experimental linker optimization. The ability to modulate duplex stability using intercalating switches as
nucleoside surrogates has been refined and has led to reversible control of key biological
processes such as transcription and DNA cleavage. In the application of DNA as a programmable material, reversible duplex formation in the form of photoresponsive sticky
ends has been utilized for the reversible bottom up construction of larger structures.
The use of noncovalent interactions between molecular photoswitches and oligonucleotides (Section 1.6) has the considerable advantage of not requiring a synthetically challenging modification to the oligonucleotide. Relatively large changes in stability can be
achieved using noncovalent intercalators, but the most promising application of this
method lies in photoreversible oligonucleotide condensation. Reversible condensation
has been achieved using several different photochromic surfactants and polycations.
Through-membrane transport of the globular state and subsequent light-controlled
unfolding is eagerly awaited.
Reversible duplex destabilization is the preferred method of regulating oligonucleotide
structure and function, and is most successfully achieved using photoswitches as nucleoside surrogates (Section 1.2). Therefore, various approaches including photochromic
nucleosides, photochromic backbone linkers, photochromic end-caps and photoswitches attached to nucleosides have been used less in recent years. However, as each of these
methods can provide a unique advantage, such as hairpin regulation, placement of the
switch in the major groove or supramolecular interactions with other biomolecules, a
more specialized application for each of these methods in the coming years is expected.
Over the course of twenty years of studies towards photoregulation of oligonucleotides,
azobenzene keeps surfacing as the ideal photoswitch. In recent years, spiropyrans, diarylethenes and stilbenes have been incorporated into oligonucleotides using various
methods, but results rarely surpass those obtained for azobenzenes. Although the search
for new and efficient photoswitches for oligonucleotide photoregulation continues, it is
likely that future application will be exceedingly limited to azobenzenes. As impressive
as the development in this field in the previous years has been, some important challenges remain. The most urgent of these, considering future in vivo applications, is the
wavelength range used for irradiation. Wavelengths below 320 are easily avoided, but
DNA damage may also arise from irradiation in the 320-400 nm regime and UV light is
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scattered and absorbed by the skin. Additionally, light absorption by haemoglobin and
water limits the ideal window of irradiation to 650-900 nm.88 Recently, a range of new
and modified switches has been reported that are switchable with visible light.10,23,176–179
Incorporation of these switches in an oligonucleotide is eagerly awaited.
Cytotoxicity and photoswitch stability are important factors to consider. Azobenzenes
can be prone to reduction under physiological conditions.180 Woolley and co-workers
demonstrated that photoswitching ability of their red-light switchable azobenzenes in
developing zebrafish was retained for days.26,181 This is an important observation as
such resistant photoswitches are required for future in vivo applications.
Photoregulation of biological processes is highly dependent on transmembrane
transport of photoresponsive agents. This barrier will have to be overcome, or even
better, be subject to photoregulation itself. Important steps in this direction are being
made using photoresponsive condensation agents (Section 1.6.4). If photoresponsive
oligonucleotides are to be delivered to the cell using photoresponsive condensation
agents, orthogonal photochemistry is required. Such systems may be designed using
visible light and/or infra-red switches (vide supra) or multiphotochromic molecular
systems.182,183
Precise regulation of biomolecular processes, ranging from individual oligonucleotides
and proteins to cellular networks, takes advantage of responsive functions at the molecular level and is one of the key challenges for chemical biology and future medicine.
Although various triggers are extensively investigated, light remains an unsurpassed
external regulation tool due to the combination of high spatiotemporal control and
minimal tissue damage. The recent rise to prominence of the field of photopharmacology shows an increasing scientific interest in photoregulation of cellular systems, as well
as its relevance for modern medicine. In the past few years synthetic procedures have
been optimized and the success of the first in vitro studies make us believe that the road
to real interference with biological processes stands wide open. Photoregulation of oligonucleotide structure and function offers particularly fascinating opportunities to control a myriad of biological processes, as well as nano-based materials. Bringing this exciting field to the next level of sophistication will require a combination of various expertises and creative thinking, providing a challenge that will no doubt inspire chemists
for years to come.
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1.9 Aim of this research and thesis outline
Since the first molecular motor was reported by our group in 1999,184 numerous indepth studies have provided a fundamental understanding of the rotational movement
of these molecules. Additionally, successful applications have been found in catalysis,
materials design, and nanotechnology.
Notably, applications of molecular motors under biological conditions are scarce. As
demonstrated in this chapter, many other molecular photoswitches have been successfully used in biochemical applications for decades now. Therefore, there is a real opportunity to implement molecular motors in a new environment, where their multistage
switching cycle and other photochemical and thermal properties may open up new
possibilities. In this thesis, the first steps are made towards successful application of
molecular motors under physiological conditions.
Chapter 2 constitutes a practical extension of this introductory chapter. Aided by computational analysis, a bifunctional first generation molecular motor was designed, synthesized and incorporated in the backbone of a self-complementary 16-mer DNA
strand. This hybrid was confirmed to form a hairpin structure, in which the motor moiety is positioned as a photoswitchable bridgehead. Not only were the photochemical
properties of the motor unit retained under physiological conditions, but switching of
the motor could also be used to reversibly influence the stability of the hairpin, corresponding to a ΔTm of 6 °C. The results reported in Chapter 2 establish molecular motors as effective photoswitches for use under biological conditions.
Chapter 3 describes the synthesis and analysis of a first generation molecular motor,
functionalized with thymine moieties. The resulting hybrid showed strong aggregation
behaviour and formed micrometre-sized, regular hexagonal sheets, which were examined using transmission electron microscopy. After electron diffraction experiments
confirmed that the sheets were crystalline, rotation of the molecular motors was attempted. Upon irradiation with UV light and subsequent heating, the hexagonal sheets
were broken up into smaller pieces. UV-vis analysis confirmed that rotation of the motors had occurred. This chapter thus constitutes the first example of molecular motor
rotation in the solid state.
Chapter 4 addresses the most fundamental challenge in applying molecular motors in
aqueous media: their insufficient solubility. Due to the aromatic core structure, molecular motors are inherently hydrophobic. By the addition of quarternary ammonium substituents in side chains, both a first and a second generation molecular motor could be
solubilized and operated in water and buffered solution, in a pH range from pH = 2 to
pH = 10. In a complementary approach, a previously reported motor was operated in
micelles, as a model of the lipid bilayer that constitutes the cell membrane. Together,
these studies demonstrate that molecular motors are able to function in biological environments, and provide a starting point for future applications.
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Chapter 5 employs a molecular motor and a structurally related stiff-stilbene switch in
the rapidly expanding new field of photopharmacology. The photoswitchable analogues
of two chemotherapy agents were synthesized. Although photochemical properties were
retained, solubility issues prevented cytotoxicity assays. However, by addition of solubilizing chains such as described in Chapter 4, studies in aqueous solution should be
possible, and molecular motors remain promising candidates for photopharmacological
applications.
Chapter 6 describes a fundamental study of the influence of solvents on the thermal
helix inversion process. When designing experiments for the use of molecular motors in
aqueous instead of organic solutions, the influence of such a vastly different environment cannot be overlooked. By studying the rotation of a molecular motor in 50 different solvents and solvent mixtures, an attempt was made to categorize solvent effects.
Viscosity was found to have a statistically significant influence on the rate of rotation, as
well as the diffusion coefficient and the cohesive energy density. The results presented
in this chapter contribute to a better understanding of both solvent-solvent and solventsolute effects, and will guide future investigations under entirely new conditions.
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Chapter 2: Photoswitching of DNA Hybridization
using a Molecular Motor
Reversible control over the functionality of biological systems via external triggers may be used
in future medicine to reduce the need for invasive procedures. Additionally, externally regulated biomacromolecules are now considered as particularly attractive tools in nanoscience and
the design of smart materials, due to their highly programmable nature and complex functionality. Incorporation of photoswitches into biomolecules, such as peptides, antibiotics and nucleic
acids, has generated exciting results in the past few years. Molecular motors offer the potential
for new and more precise methods of photoregulation, due to their four-state switching cycle,
unidirectionality of rotation, and helicity inversion during the rotational steps. Aided by computational studies, a photoswitchable DNA hairpin is designed and synthesized, in which a
molecular motor serves as the bridgehead unit. After determining that motor function was not
affected by the rigid arms of the linker, solid phase synthesis was employed to incorporate the
motor into an 8 base pair self-complementary DNA strand. With the photoswitchable bridgehead in place, hairpin formation was unimpaired, while the motor part of this advanced biohybrid system retains excellent photochemical properties. Rotation of the motor generates large
changes in structure, and as a consequence the duplex stability of the oligonucleotide could be
regulated by UV light irradiation. Additionally, Molecular Dynamics computations were employed to rationalize the observed behaviour of the motor-DNA hybrid. The results presented
in this chapter establish motors as powerful multistate switches for application in biological
environments.

Part of this chapter was published as: T. M. Neubauer, T. van Leeuwen, D. Zhao,
A. S. Lubbe, J. C. M. Kistemaker, B. L. Feringa, Org. Lett. 2014, 16, 4220–4223.
Part of this chapter is currently submitted for publication.
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Chapter 2
2.1 Introduction
DNA carries the genetic information of all known organisms. In the more than 60 years
since Watson, Crick and Franklin unravelled the double helix,1 immense advances have
been made in our understanding of DNA structure and function. Moreover, the programmable nature of DNA has led to its use in nanotechnology,2 genetic engineering,3
information storage4 and a range of other applications. In the ongoing search to understand and control the key processes of life, the ability to modulate DNA structure and
function is highly desired. Various triggers, such as pH change,5 small molecules,6 short
primers,7 biological signals,8 heat9 and light,10–12 have been applied to achieve this goal.
Of these, the use of light has distinct advantages over the other triggers. Light is noninvasive to living tissue, and a high level of spatial and temporal control over its application is possible.10 Therefore, light-responsive molecular switches (photoswitches) are
considered particularly attractive for reversible control over poly- and oligonucleotide
structure and function.11,12
In photoregulation of oligonucleotides, extensive use is made of hairpin structures,
which comprise short loops of hybridized, self-complementary DNA or RNA. They can
form naturally and are frequently found in RNA secondary structure, where, among a
variety of functions, they guide folding, protect mRNA from degradation and act as
recognition sites or substrates for enzymatic reactions.13,14 Hairpins are short oligonucleotides and are therefore relatively easy to synthesize, while their self-hybridization is
a small-scale model for double stranded DNA hybridization.15 Typically in preparing
photoresponsive hairpins, the bridging nucleotides of the loop are replaced by a molecular photoswitch. The photoswitch is usually incorporated into the phosphate backbone
of the oligonucleotide. In one state, the switch stabilizes the double stranded helix
structure. Irradiation causes a conformational change in the structure of the switch,
which leads to destabilization of the helix and a lower melting temperature (Tm). Ideally,
in a certain temperature range, the oligonucleotide can be fully switched between double and single stranded structures. As a result, in that specific temperature range the
structure can exist as a ‘closed’ double stranded form, or as an ‘open’ single stranded
form, which may engage in interactions with other biomolecules.
Backbone incorporation of photoswitches was pioneered by Letsinger and Wu,16,17 using
stilbenes as photoactive bridging units; subsequently this method was expanded with
the use of azobenzenes by Yamana and co-workers.18 Both trans-stilbene and transazobenzene stabilize the hairpins through π-π interactions with neighbouring nucleobases. Upon switching to the nonplanar cis isomer, the extra stabilization is lost, leading
to a lower Tm. This effect was enhanced by Sugimoto and co-workers, by a precise engineering of the azobenzene backbone linker length (2.2, see Figure 2.2).19 In their design, the cis isomer of the photoswitchable backbone linker is too short to function as a
bridgehead for the hairpin. Therefore, the hairpin is distorted upon trans to cis isomerization, leading to additional destabilization and lowering of the Tm. The difference in Tm
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(ΔTm) between the two isomers was found to be 20 °C for a 5 base pair (bp) hairpin (5’AAAAG-2.2-CTTTT-3’). The ΔTm is highly dependent on hairpin length and sequence,
and drops to 17.3 °C if the base pair adjacent to the bridgehead is changed to A-T (5’AAAAA-2.2-TTTTT-3’), and to 13.9 °C for a 6 bp hairpin ((5’-AAAAAA-2.2-TTTTTT3’)).20 Regardless, by the use of an ingenious linker design, Sugimoto and co-workers
were able to achieve an unusually high ΔTm by the incorporation of only a single molecular photoswitch.19
Overcrowded alkene-based rotary molecular motors offer novel opportunities in the
field of photoregulation of biologically active molecules due to their unique dynamic
properties. The first of this type of responsive molecules was reported in 1999 and was
of particular interest because it exhibited repetitive, photochemically driven unidirectional rotation around a carbon-carbon double bond.21 In recent years, however, molecular motors have found a vast range of applications as multistate switches. The rotary
cycle of an overcrowded-alkene based molecular motor consists of four steps and it
therefore features four different isomers. Scheme 2.1 shows the complete rotary cycle of
a first generation molecular motor 2.1.22 Starting from the stable trans isomer, irradiation with λ = 312 nm light leads to photochemical trans-cis isomerization. The resulting
unstable cis isomer suffers a significant steric strain, because the stereogenic methyl
substituents are forced in an unfavourable pseudo-equatorial conformation. While the
photoisomerization is reversible, the equilibrium usually lies to the right. The steric
strain of the unstable cis isomer can be released by a thermal helix inversion (THI). In
the resulting stable cis isomer the methyl substituents are returned to an energetically
favourable pseudo-axial configuration. The thermal helix inversion is irreversible and
proceeds in quantitative yield. The half-life of the unstable cis isomer in five membered
ring-xylene based first generation molecular motors is typically rather long (for motor
2.1, t1/2 > 1.5 d at rt in hexane). For the second half of the rotary cycle, the stable cis
isomer is irradiated with λ = 312 nm light to generate the unstable trans isomer. Subsequently, THI leads to the stable trans isomer and a 360° rotational cycle is completed.
The half-life of the unstable trans isomer is typically much shorter (for motor 2.1, t1/2 =
1.2 s at rt in hexane) than the half-life of the unstable cis isomer.
The large geometrical change upon cis-trans isomerization in rotary molecular motors,
accompanied by the structural rigidity, are particularly suited to induce a significant
structural change in a DNA hairpin upon irradiation. Moreover, the four-state switching
cycle and the change in helicity of the motor in each rotary step offer potential for new
functionalities and high degree of photoregulation. With this in mind, the possibility of
using a molecular motor to reversibly control the hybridization of a DNA hairpin was
evaluated.
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= 312 nm

stable trans-2.1

unstable cis-2.1

= 312 nm

unstable trans-2.1

stable cis-2.1

Scheme 2.1: Photochemical and thermal isomerization processes during 360° unidirectional
rotary cycle of first generation artificial molecular motor 2.1.

Figure 2.1 depicts a schematic overview of the proposed photoswitchable hairpin. Inspired by the successful design of Sugimoto and co-workers,19 it was envisioned that
one of the isomers (in this case stable cis) can be accommodated as a loop element of the
hairpin. An even larger geometrical effect may be induced by using an expanding linker
instead of a contracting one.
Upon cis-trans isomerization, the motor-bridgehead expands considerably, leading to a
destabilization of the hairpin and a corresponding decrease in melting temperature. As a
result, at a temperature range around the recorded Tm’s, the equilibrium between the
DNA double helical hairpin structure and the single stranded form can be shifted towards the latter, by a photoinduced isomerization of the cis form (which forms relatively
stable hairpins) to the more destabilized trans form. Here, the stable isomers of the
motor were synthesized separately to determine the Tm for each isomer, after which UVvis spectroscopy was used to examine the switching behaviour of the hybrids.
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Figure 2.1: Schematic overview of the photoswitchable DNA hairpins. (a) Design by Sugimoto
and co-workers based on photoswitchable linker 2.2. (b) Concept for linker based on first generation molecular motors.

2.2 Computational-aided molecular design of the linker
Before starting the synthesis of the target motor-hairpin hybrid, calculations were performed to ensure that the design would be optimal for the envisioned application. By
analogy to the azobenzene 2.2 (Figure 2.2) reported by Sugimoto and co-workers,19 a
double primary alcohol functionalized motor was designed, which could be incorporated in the DNA strand through standard solid phase DNA synthesis (SPS). The ideal
design should have an O-O distance of 13.3 Å, which is the optimal bridgehead length,
in the stable cis isomer. The O-O distance should be as large as possible in the trans
isomer. Rigid side chains are necessary to enforce sufficient distortion of the hairpin
upon photochemical switching. A first generation motor was preferred, because they are
symmetrical, have limited conformational flexibility and therefore maximize geometrical
change.

Figure 2.2: Structures of azobenzene linker 2.2 and motor linker trans-2.3.19

Two designs were investigated computationally using Density Functional Theory (DFT).
For a detailed description of these calculations, see reference 23. Of the two designs,
motor 2.3 (Figure 2.2) was selected as the most ideal candidate. Based on the computations, it was concluded that switching from cis to trans in a DNA hairpin containing
motor 2.3 as a bridgehead unit will lead to a significant destabilization of the hairpin.
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2.3 Synthesis of the molecular motor-based linker
The synthesis of trans-motor 2.3 is depicted in Scheme 2.2. The preparation of the trans
isomer is described, but the synthetic route towards the cis isomer is identical. The
synthesis was started by monolithiation of 2,5-dibromo-para-xylene, followed by
quenching with methacrolein leading to formation of functionalized xylene 2.4 in near
quantitative yield. The secondary alcohol substituent was subsequently oxidized using
MnO2. The resulting α,β unsaturated ketone 2.5 was subjected to a Nazarov cyclization
in H2SO4 (neat), leading to formation of ketone 2.6 in 83% yield over three steps. Motor 2.7 was generated under McMurry conditions, and obtained in 63% yield as a 1/1.2
mixture of cis and trans isomers. Notably, isomer separation could be performed at this
stage in the synthesis by crystal picking. While cis-2.7 crystallizes in a cubic shape,
trans-2.7 forms needles.
Asymmetric synthesis of motor 2.7 could be performed on preparative scale.24 However, for the sake of synthetic simplicity the investigation was commenced using the racemic starting material. The synthesis of both cis and trans isomers was followed independently. Immediate coupling of 2.7 to the acetylene moieties was unsuccessful.
Therefore, the bromine substituents were converted to iodine in a Finkelstein-type
reaction. As this reaction was performed at 130 °C, it caused partial thermal isomerization of trans-2.8 to cis-2.8. After several recrystallization cycles, >95% trans-2.8 could
be obtained and the synthesis was continued using trans-2.8 in the presence of a small
amount of cis-2.8. The coupling to the acetylene unit was initially attempted using propargyl alcohol, however, with poor results. The yield was much improved by using
propargyl acetate for the Sonogashira coupling. Protected motor 2.9 was obtained in
94% yield which could be converted into target motor 2.3 by a base-mediated deprotection in 87% yield.*
For incorporation in DNA using SPS, motor 2.3 had to be converted in the corresponding phosphoramidite building block 2.11 in two steps (Scheme 2.2). First, one of the
primary alcohols of motor 2.3 was protected using one equivalent of dimethoxytrityl
(DMT) chloride. From this reaction, a 1:2:1 statistical mixture of starting material 2.3,
monoprotected product 7 and diprotected motor was obtained, which could easily be
separated by column chromatography. The resulting monoprotected motor 2.10 was
relatively unstable and therefore had to be immediately converted into phosphoramidite
motor
2.11,
through
a
coupling
with
2-cyanoethyl-N,
Ndiisopropylchlorophosphoramidite. This building block was also highly unstable and
was therefore purified by quickly flushing over a SiO2 column, dissolved in dichloromethane under an argon atmosphere and immediately used in SPS. 1H and 31P NMR
analysis showed that trans-2.11 contained only 20% product. The main impurity ap*

When the synthesis was first performed, isomer separation proceeded at this stage of the synthesis. Cis-2.3 could be separated from an isomer mixture via recrystallization.
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peared to be a dimer (structure not shown) resulting from a reaction of starting material
2.10 and product 2.11, in which the cyanoethyl moiety was replaced by a second motor molecule. As it was established that the hairpin synthesis was not compromised, and
to prevent losses by oxidation, a second chromatography was not performed and this
mixture was subjected to SPS. In a similar synthesis for the cis isomer of motor-based
phosphoramidite 2.11, this final step was highly effective, and cis-2.11 was obtained
pure after chromatography.

Scheme 2.2: Synthesis of motor 2.3 and phosphoramidite motor 2.11 (only trans isomer
shown).
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2.4 Analysis of the motor-based linker
2.4.1 1H NMR analysis
The thermal and photochemical steps in the rotation of molecular motor 2.3 were studied using 1H NMR spectroscopy. Figure 2.3i shows the NMR spectrum of stable trans2.3 in CD2Cl2.†

i)
H2

Me
H1

ii)

iii)

Figure 2.3: NMR experiments in CD2Cl2 (400 MHz, −50 °C). i) Stable trans-2.3, ii) PSS, reached
after 15 h of irradiation (312 nm, −50 °C), iii) Sample after heating to 40 °C for 6 h, consisting
mainly of stable cis-2.3. Some key signals are indicated. Boxes are used to indicate the signals
corresponding to trace amounts of stable cis-2.3. For clarity, here and elsewhere in this thesis,
only a single enantiomer of 2.3 is depicted, while the investigation was conducted on a racemic
mixture unless otherwise indicated.

†

As discussed previously, removing the cis isomer from the trans isomer did not succeed entirely
(vide supra), therefore trace amounts of stable cis-2.3 can be observed in Figure 2.3i.
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The sample was cooled to −50 °C and irradiated with 312 nm light. The photostationary state (PSS, Figure 2.3ii) was reached after 15 h and consists of stable trans/unstable
cis in a ratio of 12:88. Unstable cis-2.3 was fully converted to stable cis-2.3 by heating
the sample to 40 °C for 6 h (iii).
Figure 2.4i shows the 1H NMR spectrum of stable cis-2.3 in CD2Cl2.

i)

Me

H2
H1

ii)

iii)

iv)

Figure 2.4: NMR experiments in CD2Cl2 (400 MHz, −50 °C). i) Stable cis-2.3, ii) Sample after 1 h
of irradiation (312 nm, −50 °C), iii) Sample after 2.5 h of irradiation (312 nm, −50 °C), iv) Sample after heating to rt for 10 min. Some key signals are indicated.

The sample was cooled to −50 °C and irradiated with 312 nm light. After 1h, 40% conversion towards unstable trans was observed (Figure 2.4ii). Despite the very low tem67

Chapter 2
perature, a small percentage of this unstable trans isomer has already undergone thermal helix inversion, and a small amount of stable cis isomer can be seen. The irradiation
was continued for an additional 90 min (Figure 2.4iii), leading to a total of 55% conversion and a mixture of all four isomers. Unstable trans-2.3 was fully converted to stable
trans-2.3 by heating the sample to rt for 10 min (Figure 2.4iv). These NMR experiments
support our decision not to utilize unstable trans-2.3, since thermal helix inversion
readily occurs even at -50 °C.
2.4.2 UV-vis analysis
The photochemical properties of motor 2.3 were studied using UV-vis spectroscopy. A
2·10−5 M solution of motor trans-2.3 was prepared in DCM and purged with argon.
Because trans-2.3 could not be isolated (vide supra), < 5% stable cis isomer was present.
A UV-vis spectrum was recorded (Figure 2.5a, black line). The sample was irradiated
with 312 nm light at 20 °C. The irradiation caused the major absorption band (λmax =
328 nm) to decrease. Simultaneously, a new band appeared at 373 nm. This
bathochromic shift is in accordance with formation of a higher energy isomer (unstable
cis-2.3). The PSS was reached within 1 min and irradiation was halted. Subsequently,
the sample was irradiated with 395 nm light (Figure 2.5b) to induce the reverse
photochemical reaction (unstable cis to stable trans). After 4 min, the PSS was reached,
indicating an almost complete reversal to stable trans-2.3.
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Figure 2.5: UV-vis spectra of analysis of the photochemical isomerization of stable trans-2.3. (a)
Changes of the absorption spectrum of stable trans-2.3 upon irradiation with 312 nm light. (b)
Changes of the absorption spectrum of (a) upon irradiation with 395 nm light. All spectra recorded in DCM, rt, Ar.

2.4.3 Kinetic analysis
A 2·10−5 M solution of motor trans-2.3 was prepared in dichloroethane and the solution
was purged with argon. Samples were prepared in quartz cuvettes (l = 1 cm). Samples
were irradiated with 312 nm light at 20 °C, until the PSS was reached. The absorption
at 380 nm was then measured over time until the thermal process was complete. All
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exponential decay lines were fitted using least squares. The results were processed using
a direct Eyring analysis with errors obtained by a Monte Carlo experiment. Table 2.1
lists the activation parameters and half life of the unstable cis isomer. The Eyring plot is
depicted in Figure 2.6. The half life of the unstable trans isomer of xylene based first
generation molecular motors is typically around 10 s at rt.22 Because the target DNA
hybrid is to be employed at physiological temperature, motor 2.3 can be seen as a three
state switch. Therefore, the kinetic parameters of the thermal helix inversion from
unstable trans to stable trans were not investigated.
t1/2 at 20 °C

Δ‡G°
(kJ/mol)
103.6 ± 0.1

t1/2 at 37 °C

Δ‡H°
(kJ/mol)
96.5 ± 1.3

Δ‡S°
(J/K/mol)
-24.0 ± 3.9

Unstable cis to
90.3 h ± 5.22
9.7 h ± 0.3
stable cis
Table 2.1: Activation parameters and half-lives calculated for motor 2.3.
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Figure 2.6: Eyring plot for the thermal helix inversion from unstable cis-2.3 to stable cis-2.3.

2.5 DNA synthesis
Molecular motor building block 2.11 was introduced into a 16-mer, selfcomplementary DNA strand using standard solid phase oligonucleotide synthesis on a
DNA synthesizer. Cis and trans isomers were synthesized separately from stable cis-2.11
and trans-2.11, respectively. The product, 5’-TTTTTTTT-2.3-AAAAAAAA-3’ (8T-2.38A), was purified using reversed phase chromatography followed by anion exchange
chromatography. Product identity was confirmed by MALDI-TOF mass spectrometry
(Mw calc=5361g/mol, Mw found=5348g/mol and 5349g/mol for 8T-cis-2.3-8A and for
8T-trans-2.3-8A, respectively). Duplex formation of two molecules 8T-2.3-8A was not
69

Chapter 2
expected, since this was found to be extremely unfavourable for related oligonucleotides
with stilbene backbone linkers.16 Figure 2.7 shows gel images of several DNA samples.
The positions of 8A8T (HY) (lane 5) is slightly lower than the 10bp band from the ladder, which means that this self-complementary DNA forms an intramolecular hairpin
structure in buffer instead of hybridization between 2 strands. Meanwhile, for both cis
and trans-2.3 modified DNAs (lane 6 and lane 7), the electrophoretic mobilities of the
major bands are lower than the unmodified 8A8T DNA (lane 5) while higher than the
15bp band from the ladder, which means the majority of both cis and trans-2.3 modified DNAs form an intramolecular hairpin structure as well. Their slightly decreased
mobility compared to 8A8T can be attributed to the introduction of the motor. When
DNA is modified with hydrophobic polymer units, mobilities are also reduced compared to pristine DNA.25 The minor bands for both motor DNAs could be attributed to
intermolecular DNA duplexes.
Lane

Sample

1

DNA ladder

2
3

16A
16T

4
5

16A+16T (HY)
8A8T (HY)

6
7

8T-cis-2.3-8A
8T-trans-2.3-8A

Figure 2.7: Polyacrylamide Gel Electrophoresis of various DNA samples. (HY) = DNA was hybridized prior to running gel.

2.6 Melting temperature analysis
The melting temperature of each hairpin was determined using a SYBR Green I fluorescence assay (Figure 2.8). The melting temperature for 8T-cis-2.3-8A was determined to
be 59 °C, and for 8T-trans-2.3-8A to be 65 °C. The ΔTm is therefore 6 °C, which is a
remarkably high value and comparable to or even surpassing the achievement of
Sugimoto and co-workers (20 °C for 5 bp, 13.9 °C for 6 bp).19,20 Comparison with an 8
bp DNA hairpin containing an azobenzene or stilbene linker is not possible. Only three
such hybrids were previously reported, and a ΔTm was not reported for any of them.26–28
Notably, the Tm of the native hairpin 8T8A was determined to be 51.5 °C. The observation that the Tm of the native hairpin is lower than the Tm of the hybrids can be partly
attributed to the fact that the loop in this hairpin consists of a few bases, which are
therefore not engaging in base pairing. Typically, a four nucleotide loop is found to be
most stable.29 The loss of two base pair interactions is expected to decrease the Tm a few
degrees, while the Tm’s of 8T-cis-2.3-8A and 8T-trans-2.3-8A are, respectively, 7.5 °C
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and 13.5 °C higher than the Tm of 8T8A. It seems therefore that for both isomers, the
motor has a significant stabilizing effect on the hairpin. A similar stabilizing effect is
observed for trans azobenzenes and stilbenes, where it has been attributed to π stacking
interactions.11,30
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Figure 2.8: First derivatives of fluorescence of SYBR Green I in the presence of various DNA
samples. (HY) = DNA was hybridized prior to recording melting curves.

2.7 DNA photochemistry
To achieve photocontrol over DNA secondary structure, it is very important that the
switching ability of the motor in the hybrid is retained. A 2.65 μM solution of 8T-trans2.3-8A in Milli-Q water was subjected to the standard UV-vis experiment used to follow
the isomerization processes of a molecular motor (Figure 2.9). In the initial absorption
spectrum (Figure 2.9a, b, black line) both components of the hybrid can be clearly
distinguished. The major absorption band can be attributed to DNA (λmax = 262 nm),
while above ~300 nm, only the motor units contribute to absorption. The band with
two maxima at λmax = 330 and 345 nm is characteristic for the stable trans conformation
of xylene-based first generation motors22,31,32 and is also observed in the UV-vis spectrum of motor 2.3 (Figure 2.5). Because the DNA does not absorb above 300 nm, the
motor unit can be irradiated without affecting the DNA part of the hybrid. Irradiation
with 312 nm leads to the appearance of a new absorption band at a higher wavelength
(λmax = 385 nm), which typically results from the formation of a higher energy motor
isomer (8T-unstable-cis-2.3-8A, Figure 2.9a). The clear isosbestic point indicates the
absence of photodamage or side reactions. After 10 min, a photostationary state was
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reached and the irradiation was halted (Figure 2.9b, red line). Subsequently, the sample
was left at 67 °C for several hours to induce thermal helix inversion. As expected, the
new band disappeared and an absorption at lower wavelength (λmax =347 nm, Figure
2.9b, blue line) appeared, most likely a band corresponding to 8T-cis-2.3-8A. Separation of the two isomers of 8T-3-8A could not be found using chromatography, and too
little material was available to attempt characterization through NMR spectroscopy.
However, MALDI-TOF analysis showed that the hybrid does not undergo degradation.
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Figure 2.9: UV-vis spectra of analysis of the photochemical isomerization of stable 8T-trans-2.38A. (a) Changes of the absorption spectrum of 8T-trans-2.3-8A upon irradiation with 312 nm
light. Insert shows the region 290-450 nm.(b) 8T-trans-2.3-8A (black line), the sample after
irradiation with 312 nm light for 10 min (red line) and the sample after incubation at 67 °C for 6
h (blue line). All spectra recorded in Milli-Q, 67 °C, ambient atmosphere.

Although the UV-vis spectra alone clearly indicate a photoisomerization followed by
THI, the sample used in this experiment was subjected to a melting temperature analysis by a fluorescence assay. It was hypothesized that a mixture of the two hairpins (8Ttrans-2.3-8A and 8T-cis-2.3-8A) should lead to two maxima in the differentiated curve
of the fluorescence spectrum, corresponding to the two different Tm’s. In fact, the main
maximum in this curve was found at 59 °C, which corresponds to the Tm of 8T-cis-2.38A (Figure 2.10a). This result, in combination with the UV-vis spectra depicted in Figure 2.9, leads us to conclude that an efficient photoisomerization and subsequent THI
have taken place. To determine the kinetics of the THI, the absorption of the sample
was measured at regular intervals (Figure 2.10ba). The half-life of the unstable cis isomer of 8T-2.3-8A is determined to be ~51 min at 67 °C, about 2.5 x slower than for the
motor 2.3 itself (vide supra, 19.5 min at 67 °C).
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Figure 2.10: (a) First derivatives of fluorescence of SYBR Green I in the presence of various DNA
samples after irradiation. (HY) = DNA was hybridized prior to recording melting curves. (b)
Change in absorbance over time of 8T-2.3-8A. The sample (8T-trans-2.3-8A, 2.65 μL, Milli-Q)
was first irradiated at 312 nm for 10 min at 67 °C. Subsequently the sample was left to undergo
THI. Depicted here is the absorbance at 330 nm (black squares) and 390 nm (red circles) and
their respective fitted exponential decay curves. A small time window is taken out due to artefacts.

The experiment was also performed under hybridizing conditions at physiological temperature (37 °C, 20mM Tris-HCl, 100mM NaCl, 10mM MgCl2, pH 8.0). 8T-Trans-2.38A was again readily photoisomerized without the occurrence of side reactions (Figure
2.11a). However, after several hours at 37 °C, only a slight decrease of the absorption
band corresponding to the unstable cis isomer was observed (Figure 2.11b). Potentially,
helix inversion is hindered by the hybridized DNA strands. When the sample was heated to 70 °C (above the Tm), THI occurred in a similar manner in aqueous buffer as in
water. MALDI-TOF analysis of the irradiated sample revealed that no significant degradation had taken place. Melting temperature analysis revealed a Tm of 59 °C, indicating
efficient conversion to the stable cis isomer (Figure 2.10a).
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Figure 2.11: UV-vis spectra of analysis of the photochemical isomerization of stable 8T-trans2.3-8A in aqueous buffer. (a) Changes of the absorption spectrum of 8T-trans-2.3-8A upon irradiation with 312 nm light. (b) 8T-trans-2.3-8A (black line), the sample after irradiation with 312
nm light for 14 min (red line) the sample after incubation at 37 °C for 3 h (blue line) and the
sample after incubation at 70 °C for 5 h (turquoise line). All spectra were recorded in Tris buffer,
pH = 8, 37 °C, at ambient atmosphere.
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Combining the results of the UV-vis and melting temperature experiments, Figure 2.12
gives a schematic overview of the operation of 8T-2.3-8A. Stable 8T-trans-2.3-8A (left)
forms a hairpin structure with a Tm of 65 °C. Upon irradiation with 312 nm light, photoisomerization to unstable 8T-cis-2.3-8A (middle) occurs with high conversion. Upon
heating, THI can be induced and stable 8T-cis-2.3-8A (right) is formed. The Tm of this
isomer is 59 °C, indicating a destabilization of the hairpin structure.
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Figure 2.12: Schematic overview of the functioning of 8T-2.3-8A. Trans-cis isomerization leads
to a destabilization of the helix, as is apparent from the decrease in Tm. For clarity, the destabilization is represented by partial helix unwinding in this figure.

The half-life of unstable trans-2.3 is estimated to be extremely short (vide supra). However, with 8T-cis-2.3-8A in hand, a study of the photoisomerization was attempted
anyway. Upon irradiation with 312 nm light at 37 °C, a very small change in the UV-vis
spectrum can be observed (Figure 2.13a). The appearance of a higher wavelength absorbance band and a clear isosbestic point suggest photoisomerization towards the unstable trans isomer, and a relatively long half-life of this isomer.
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Figure 2.13: UV-vis spectra of analysis of the photochemical isomerization of stable 8T-cis-2.38A in aqueous buffer. (a) Changes of the absorption spectrum of 8T-cis-2.3-8A upon irradiation
with 312 nm light. (b) 8T-cis-2.3-8A (black line), the sample after irradiation with 312 nm light
for 15 min (red line) the sample after incubation at 37 °C for 3 h (blue line) and the sample after
incubation at 70 °C for 5 h (turquoise line). All spectra recorded in Tris buffer, pH = 8, 37 °C,
ambient atmosphere.
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Similar to the other half of the cycle, leaving the sample for several hours at 37 °C did
not cause any significant change to the spectrum (Figure 2.13b). The sample was subsequently heated to 70 °C for several hours. Although the shape of the spectrum indicates the occurrence of a thermal process, severe baseline shifts prevent any quantitative
analysis. MALDI-TOF analysis was used to rule out degradation.
The results of the unstable trans isomer of 8T-2.3-8A are not unexpected, since due to
the short half-life of the unstable trans isomer various thermal and photochemical processes may be occurring simultaneously. However, the photoisomerization and subsequent THI of 8T-stable-trans-2.3-8A towards 8T-stable-cis-2.3-8A occur without degradation. Although the elevation to a temperature above the Tm is required to induce THI,
the photoisomerization occurs readily under hybridizing conditions and at physiological
temperature.
2.8 Molecular Dynamics
As discussed above, bridgehead motor 2.3 was carefully designed to ensure an optimal
geometrical change upon cis-trans isomerization. Intriguingly, in sharp contrast to predictions based on our design, 8T-trans-2.3-8A proved to have a higher Tm than 8T-cis2.3-8A, since DFT calculations suggested the reverse. However, the DFT calculations
were only performed on the motor bridgehead, and artificial contraction was used to
simulate a DNA hairpin attached to the oxygen atoms. A DFT study of the full hairpin
was not considered feasible, due to the excessive computational time such an investigation would require. To explain the difference in hairpin stability, preliminary Molecular
Dynamics (MD) simulations were performed, exploring the conformations that the
stable cis and trans conformers can adopt. The simulations used the well-known AMBER
force field for DNA and that model was extended to include the linker moiety. Native BDNA hairpin structures were built and bridged by linker 2.3 in either cis or trans isomer. Water and counter ions were added. Briefly, the hairpin was observed to remain
largely intact, but in both isomers, the base pair closest to the linker was observed to be
able to adopt multiple conformations. These include base-flips and stacking of two
bases of the first pair on top of each other, apparently engaging in stacking interactions
with one of the aromatic rings of the motor. Selected snapshots from the observed conformations are shown in Figure 2.14. The simulations allow speculation as to the reasons why the trans form of 8T-2.3-8A is more stable than the cis form (see caption to
Figure 2.14). For example, stacking interactions between the bases and the motor may
be possible. However, these preliminary simulations (90 ns) are much too short to allow
quantitative statements. Extensive simulations should result in the determination the
free energy differences between the different types of conformations and thereby give
insight into the relative stability of the hairpin; investigations that are currently underway.
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Figure 2.14: Selected conformations taken from 90 ns MD simulations of hairpin constructs with
the linker in the stable cis (top) and trans (bottom) conformations, respectively. The molecule is
visualized using the VMD software, highlighting the switchable bridge (cyan C-atoms), the adenine at the 5' end (orange) and the 3' thymine (green). H-bonding interactions defined on the
basis of the Luzar-Chandler-geometric criterion (donor-acceptor distance within 3.5 Å and donorH-acceptor angle smaller than 30 degrees) between the two selected base pairs are shown as
dashed lines. Left: the starting conformation with canonical base pairing, obtained after building
and briefly equilibrating the model. Middle: structures with the thymine neighbouring the
switchable bridge bases flipped out of the hairpin are shown. Right: structures in which the base
pairs closest to the switchable bridge have stacking interactions instead of base-pairing interaction. In the trans form (right bottom), the thymine appears to be interacting also favourably with
one of the aromatic moieties of the switchable linker; this interaction is possibly less favourable in
the cis form.

2.9 Conclusions
Aided by computational studies, a first generation molecular motor-based linker was
designed, that can function as a photoswitchable bridgehead for an 8 base pair DNA
hairpin. Both cis and trans isomers of a bifunctional linker were prepared and, after
establishing their function as a multistate switch, they were incorporated in a 16-mer
strand of self-complementary DNA via solid phase synthesis. Hairpin formation was
confirmed, and the DNA-motor hybrid was shown to be able to undergo both photoisomerization and thermal helix inversion processes. The Tm of 8T-trans-2.3-8A was
determined to be 65 °C, and the Tm of 8T-cis-2.3-8A was 59 °C. An unexpected observation was the destabilization due to trans-cis isomerization, since DFT calculations
suggested the opposite. However, more extensive MD investigations will provide better
insight into the interactions between the hairpin and the photoswitchable bridgehead.
The results and structural insights of this study are very important for the design of even
more potent molecular motor-backbone linkers. The measured ΔTm of 6 °C (for an 8 bp
hairpin) represents a very promising value which ranks this investigation among the
most successful attempts to influence DNA hybridization through the incorporation of a
76

Photoswitching of DNA Hybridization using a Molecular Motor
photoswitchable backbone linker. Moreover, the isomerization process was highly efficient, and the bistable switching mode provides a real advance over azobenzenes, for
which the thermal cis-trans reisomerisation limits possible applications. This study
marks the first time that a molecular motor has been used to control the secondary
structure of DNA, and in fact one of the first examples of a molecular motor being applied under physiological conditions, demonstrating the ability to regulate a key biological process such as DNA hybridization to a great extent.
Finally, it must be noted that molecular motors do not just rival conventional photoswitches in efficiency and power. They also offer a much higher degree of control and
precision due to their four state switching cycle and helicity inversion. This investigation has only begun to uncover the vast range of new possibilities that may be accessed
in photoregulated biohybrid systems. It is apparent that the motor unit by itself is powerful enough to significantly influence hybridization behaviour of short oligonucleotide
hairpins. Moreover, our results showcase the potential of rotary molecular motors and
consolidate their position among the most effective photoswitches for use in biological
surroundings.
2.10 Experimental procedures and acknowledgements
DNA synthesis, gel electrophoresis, MALDI-TOF mass analysis and melting temperature
analysis were performed by Qing Liu. Initial investigation into DNA synthesis were
performed by Jan Willem de Vries. Zhuojun Meng assisted with melting temperature
analysis. DFT calculations were performed by Jos Kistemaker. Preliminary MD investigations were conducted by Alex de Vries and Ignacio Faustino. Dowine de Bruijn is
gratefully acknowledged for valuable discussions.
General Remarks
Chemicals were purchased from Sigma Aldrich, Acros or TCI Europe N.V.; solvents
were reagent grade and distilled and dried before use according to standard procedures,
if required. Column chromatography was performed on silica gel (Silica Flash P60,
230–400 mesh). 1H, 13C and 31P -NMR spectra were recorded on a Varian Gemini-200
(50 MHz), a Varian AMX400 (101 MHz), or a Varian Inova (500, 125 MHz). Chemical
shifts are denoted in δ values (ppm) relative to CHCl3 (1H: δ = 7.26 and 13C: δ = 77.16),
CDHCl2 (1H: δ = 5.32 and 13C: δ = 53.84), DMSO-d5 (1H: δ = 2.50 and 13C: δ = 39.52),
DMF-d6 (1H: δ = 8.03, 2.92, 2.75 and 13C: δ = 163.15, 34.89, 29.76), DHO (1H: δ =
4.79), CD2HCN (1H: δ = 1.94 and 13C: δ = 118.26, 1.32) or CD3OD (1H: δ = 3.31 and
13
C: δ = 49.00). For 1H-NMR, the splitting parameters are designated as follows: s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), h (heptet), m (multiplet) and app
(apparent). HRMS spectra were recorded on a Thermo Fischer Scientific Orbitrap XL
with ESI, APPI and/or APCI ionization sources. Melting points are taken on a Büchi B545 melting point apparatus. UV-vis absorption spectra were measured on a Jasco V77
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630 spectrometer. Irradiation was performed using a Spectroline ENB-280C/FE lamp
(312 or 365 nm). All solvents and reagents for oligonucleotide synthesis were purchased from Novabiochem (Merck, UK) and SAFC (Sigma-Aldrich, Netherlands). Solid
supports (Primer SupportTM, 33 μmol/g) from Glen Research were used for the synthesis of motor-DNA. The motor-DNA’s were characterized by MALDI-TOF mass spectrometry using a 3-hydroxypicolinic acid matrix. Spectra were recorded on an ABI Voyager DE-PRO MALDI TOF (delayed extraction reflector) Biospectrometry Workstation
mass spectrometer. All unmodified oligonucleotides were purchased from Biomers.net
in HPLC purification grade.
1-(4-bromo-2,5-dimethylphenyl)-2-methylprop-2-en-1-ol (2.4)
2,5-Dibromo-p-xylene (1.0 g, 3.8 mmol) was dissolved in THF (25
mL) and cooled to -78 oC under a nitrogen atmosphere. n-BuLi (1.6
M solution in hexane, 2.5 mL, 4.0 mmol) was added dropwise and
the reaction mixture was stirred for 20 min at -78 oC. Methacrolein
(630 μL, 7.60 mmol) was added dropwise and the reaction mixture was stirred for 1 h,
after which the flask was allowed to warm up to room temperature under continuous
stirring. The reaction was quenched with water (10 mL) and a drop of HCl (aq.). The
reaction mixture was extracted with ether (2 x 25 mL) and DCM (1 x 25 mL). The
combined organic layers were dried over Mg2SO4, filtered and concentrated in vacuo. 1H
NMR (400 MHz, CDCl3) δ 7.32 (s, 1H), 7.29 (s, 1H), 5.23 (s, 1H), 5.11 (s, 1H), 5.00
(s, 1H), 2.36 (s, 3H), 2.27 (s, 3H), 1.82 (s, 1H), 1.63 (s, 3H). 13C NMR (101 MHz,
CDCl3) δ 145.9, 139.1, 135.5, 135.3, 134.1, 128.8, 123.9, 112.4, 74.2, 22.7, 19.0,
18.6; mp = 62 °C; HRMS (ESI): m/z calcd for C12H14Br: 237.02625, found 237.02734
(M-H2O).
1-(4-bromo-2,5-dimethylphenyl)-2-methylprop-2-en-1-one (2.5)
Compound 2.4 was dissolved in THF (25 mL) and MnO2 (3.3 g, 38
mmol) was added. The reaction was stirred at room temperature
over weekend. After 24 h, additional MnO2 (1.7 g, 17 mmol) was
added. The reaction mixture was subsequently filtered over celite
and evaporated to dryness. 2.5 was obtained as a pale yellow oil. 1H
NMR (400 MHz, CDCl3) δ 7.40 (s, 1H), 7.08 (s, 1H), 5.97 (s, 1H), 5.58 (s, 1H), 2.36
(s, 3H), 2.22 (s, 3H), 2.03 (s, 3H); 13C NMR (50 MHz, CDCl3) δ 199.7, 145.0, 138.1,
135.2, 134.6, 134.2, 130.0, 129.8, 126.2, 22.3, 18.9, 17.2; HRMS (ESI): m/z calcd for
C12H14BrO: 253.02225, found 253.02127.
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5-bromo-2,4,7-trimethyl-2,3-dihydro-1H-inden-1-one (2.6)
2.5 was dissolved in H2SO4 (10 mL) and stirred at room temperaBr
ture for 20 min. Upon completion the reaction was quenched on ice.
The solution was extracted with diethyl ether (3 x 25 mL). The
combined organic layers were washed with a saturated aqueous
O
NaHCO3 solution (25 mL) and brine (25 mL), dried over Mg2SO4,
filtered and concentrated in vacuo. The product was purified by flash column chromatography (SiO2, 1% Et2O in pentane). 2.6 was obtained as a white solid in 83% yield
(797.7 mg, 3.154 mmol). 1H NMR (400 MHz, CDCl3) δ 7.34 (s, 1H), 3.28 (dd, J =
17.2, 7.9 Hz, 1H), 2.66 – 2.68 (m, 1H), 2.62 – 2.54 (m, 4H), 2.35 (s, 3H), 1.30 (d, J =
7.4 Hz, 3H); 13C NMR (50 MHz, CDCl3) δ 210.0, 154.5, 137.5, 133.0, 132.8, 131.6,
42.6, 34.6, 17.9, 17.8, 16.7; mp 77.9-78.2 oC; HRMS (APCI): m/z calcd for C12H13OBr:
253.0223, found 253.0229.
5,5'-dibromo-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-1,1'-biindenylidene
(2.7)
TiCl4 (3.8 mL, 35 mmol) was added dropwise to a stirred suspension of Zn (4.56 g, 70.3 mmol) in THF (36 mL) at 0 °C under a
nitrogen atmosphere. The mixture was heated at reflux for 2 h in
an oil bath. Ketone 2.6 (4.45 g, 17.6 mmol) was added and the
mixture was stirred for 72 h at reflux. The mixture was then cooled
down to room temperature and filtered through a plug of SiO2. The
remaining tar-like substance in the flask was dissolved in ethyl
acetate and also poured on the filter. The SiO2 was washed with
diethyl ether (3 x 200 mL) and the combined organic layers were dried (MgSO4), filtered and concentrated in vacuo. The crude product was purified using flash column
chromatography (SiO2, pentane, Rf = 0.95). Motor 2.7 was obtained as a white solid, in
a 1: 1.2 mixture of cis and trans isomers (2.63 g, 5.54 mmol, 63%) Isomers could be
separated through recrystallization from heptane and subsequent crystal picking. Cis2.7 crystallizes as needles whereas trans-2.7 crystallizes as cubes. Cis 1H NMR (400
MHz, CDCl3) δ 7.16 (s, 1H), 3.32 (app. p, 1H), 3.13 (dd, J = 15.0, 6.2 Hz, 1H), 2.48
(d, J = 15.0 Hz, 1H), 2.32 (s, 3H), 1.49 (s, 3H), 1.06 (d, J = 6.7 Hz, 3H); 13C NMR (101
MHz, CDCl3) δ 145.9, 140.3, 140.0, 134.6, 131.5, 130.5, 123.5, 41.8, 39.9, 20.3, 20.3,
18.6; mp = 204.3-204.7 °C. Trans 1H NMR (400 MHz, CDCl3) δ 7.30 (s, 2H), 2.83
(app. p, 2H), 2.70 (dd, J = 14.6, 5.7 Hz, 2H), 2.39 (s, 3H), 2.27 (app. d, 8H), 1.07 (d, J
= 6.4 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 144.5, 141.3, 140.3, 132.9, 132.2, 131.4,
123.6, 42.3, 40.2, 21.7, 19.4, 18.7; mp = 185 °C. HRMS (APPI): m/z calcd for
C36H37BrO2: 474.03753, found 474.03692.
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5,5'-diiodo-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-1,1'-biindenylidene (2.8)
Motor 2.7 (1.49 g, 3.15 mmol), NaI (2.83 g, 18.90 mmol), CuI (90
mg, 0.47 mmol) and N,N’-dimethylethylene diamine (102 μl, 0.950
mmol) were mixed in a high pressure flask equipped with a magnetic stirrer. 1,4-Dioxane (15 mL, degassed by argon purging) was
added and the reaction mixture was stirred and heated to 130 oC for
24 h under an argon atmosphere. After cooling to room temperature,
water (15 mL) was added and the mixture was extracted with dichloromethane (3 x 20 mL). The combined organic layers were washed with brine (20
mL), dried over MgSO4, filtered and concentrated in vacuo. The crude product was purified using flash column chromatography (SiO2, pentane, Rf = 1). Motor 2.8 was obtained as a white solid, in a 1: 1.2 mixture of cis and trans isomers (1.59 g, 2.80 mmol,
89%). Cis 1H NMR (400 MHz, CDCl3) δ 7.44 (s, 2H), 3.29 (app. p, 2H), 3.13 (dd, J =
15.0, 6.4 Hz, 2H), 2.48 (d, J = 15.0 Hz, 2H), 2.35 (s, 6H), 1.46 (s, 6H), 1.06 (d, J = 6.8
Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 144.9, 141.0, 140.7, 138.3, 135.0, 133.9,
100.3, 41.7, 40.4, 23.9, 20.3, 20.2; mp = 140 °C. Trans 1H NMR (400 MHz, CDCl3) δ
7.60 (s, 1H), 2.81 (app. p), 2.71 (dd, J = 14.6, 5.7 Hz, 1H), 2.37 (s, 3H), 2.29 (s, 3H),
1.07 (d, J = 6.4 Hz, 3H).13C NMR (101 MHz, CDCl3) δ 143.5, 141.5, 141.3, 139.0,
134.8, 133.3, 100.2, 42.2, 40.7, 23.9, 21.5, 19.4; no mp recorded because of presence
of 5% cis-2.8. HRMS (APPI): m/z calcd for C24H26I2: 568.0118, found 568.0112.
(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-5,5'diyl)bis(prop-2-yne-3,1-diyl) diacetate (2.9)
A 4:1 THF/DIPEA mixture was degassed by the freeze-pump-thaw method. Motor 2.8 (115 mg, 0.202 mmol),
CuI (4 mg, 0.02 mmol) and
PdCl2(PPh3)2 (29 mg, 0.040 mmol)
were dissolved in 3 mL of the solvent
mixture and stirred at room temperature under a nitrogen atmosphere. After 15 min,
propargyl acetate (198 μL, 2.04 mmol) was added dropwise. After 72 h, 5 mL of water
was added. The mixture was extracted with ethyl acetate (3 x 5 mL). The combined
organic layers were washed with brine (5 mL), dried over MgSO4, filtered and concentrated in vacuo. The crude product was purified using flash column chromatography
(SiO2, pentane/diethyl ether). Motor 2.9 was obtained as a white solid, in a 1: 1.2 mixture of cis and trans isomers (95.1 mg, 0.187 mmol, 94%). The cis isomer could be
isolated from the mixture by recrystallization from pentane and diethyl ether. Cis 1H
NMR (400 MHz, CDCl3) δ 7.08 (s, 2H), 4.95 (s, 4H), 3.33 (dd, J = 13.1, 6.5 Hz, 2H),
3.08 (dd, J = 15.1, 6.3 Hz, 2H), 2.45 (d, J = 14.9 Hz, 2H), 2.34 (s, 6H), 2.12 (s, 6H),
1.45 (s, 6H), 1.05 (d, J = 6.7 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 170.5, 144.6,
141.8, 141.6, 133.2, 133.1, 132.5, 120.5, 86.4, 86.4, 53.3, 41.8, 39.2, 21.0, 20.5,
20.4, 16.8; mp = 139.6 °C. Trans 1H NMR (400 MHz, CDCl3) δ 7.22 (s, 2H), 4.95 (s,
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4H), 2.83 (app. p, 2H), 2.64 (dd, J = 14.6, 5.7 Hz, 2H), 2.39 (s, 6H), 2.27 (s, 6H), 2.26
(d, J = 15.1 Hz, 2H), 2.13 (s, 6H), 1.05 (d, J = 6.4 Hz, 6H); 13C NMR (101 MHz,
CDCl3) δ 170.6, 143.0, 142.2, 141.9, 133.9, 132.9, 131.1, 120.6, 86.3, 86.3, 53.3,
42.1, 39.4, 21.7, 21.1, 19.5, 16.7; mp not recorded due to presence of 5% cis isomer.
HRMS (ESI):: m/z calcd for C34H37O4: 509.2686, found 509.2658 (M+H+).
3,3'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-5,5'diyl)bis(prop-2-yn-1-ol) (2.3)
Motor cis-2.9 (93.4 mg, 0.18 mmol) and
K2CO3 (50.7 mg, 0.37 mmol) were dissolved
in methanol (7 mL) and stirred at room
temperature. After 10 min, 7 mL diethyl
ether and 10% aq. KH2PO4 (7 mL) were
added and the reaction mixture was vigorously stirred for 15 min. The reaction mixture
was extracted with diethyl ether (3 x 15 mL). The combined organic layers were washed
with brine (5 mL), dried over MgSO4, filtered and concentrated in vacuo. No further
purification was required. Motor cis-2.3 was obtained as a white solid (68 mg, 0.16
mmol, 87%). Motor trans-2.3 (a viscous yellow oil) could be obtained using the same
procedure. Cis 1H NMR (500 MHz, CD2Cl2) δ 7.04 (s, 2H), 4.52 (d, J = 6.4 Hz, 4H),
3.35 (p, J = 7.0 Hz, 2H), 3.08 (dd, J = 15.0, 6.2 Hz, 2H), 2.46 (d, J = 15.0 Hz, 2H),
2.32 (s, 6H), 2.02 (t, J = 6.4 Hz, 2H), 1.41 (s, 6H), 1.03 (d, J = 6.7 Hz, 6H); 13C NMR
(101 MHz, CDCl3) δ 144.7, 141.7, 141.6, 133.2, 132.9, 132.4, 120.7, 90.8, 85.7, 52.1,
41.8, 39.3, 20.6, 20.5, 16.9; mp = decomp > 155 °C Trans 1H NMR (400 MHz, CDCl3)
δ 7.21 (s, 2H), 4.55 (s, 4H), 2.84 (app. p, 2H), 2.65 (dd, J = 14.6, 5.7 Hz, 2H), 2.39 (s,
6H), 2.27 (s, 6H), 2.24 (d, J = 14.7 Hz, 2H), 1.06 (d, J = 6.4 Hz, 6H); 13C NMR (101
MHz, CDCl3) δ 143.0, 142.1, 141.7, 133.6, 132.7, 131.1, 120.9, 90.7, 85.5, 52.1, 42.1,
39.4, 21.8, 19.5, 16.7. HRMS (APCI):: m/z calcd for C30H33O2: 425.2475, found
425.2466 (M+H+).
3-(5'-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)prop-1-yn-1-yl)-2,2',4,4',7,7'hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-5-yl)prop-2-yn-1-ol (2.10)
Motor cis-2.3 (250 mg, 0.590
mmol) was dissolved in THF (4
mL) and cooled to 0 oC. Triethylamine (69 μL, 0.49 mmol) and
dimethoxytrityl chloride (167 mg,
0.492 mmol) dissolved in THF (2
mL) were added and the reaction
mixture was stirred overnight at room temperature. The reaction mixture was concentrated in vacuo under 30 °C. The crude product was purified on column chromatography (SiO2, pentane/EtOAc/triethylamine (10:1:0.1 to 5:5:0.1). Cis-2.10 was obtained
as a white solid, in 36% yield (154 mg, 0.212 mmol). Trans-2.10 was synthesized in
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analogous manner. Cis 1H NMR (400 MHz,CD2Cl2) δ 7.50 (d, J = 7.6 Hz, 2H), 7.38 (d, J
= 8.9 Hz, 4H), 7.32 (t, J = 7.6 Hz, 2H), 7.23 (t, J = 7.3 Hz, 1H), 7.05 (s, 1H), 7.02 (s,
1H), 6.86 (d, J = 8.8 Hz, 4H), 4.51 (s, 2H), 4.01 (s, 2H), 3.78 (s, 6H), 3.36 (app. p,
2H), 3.09 (dd, J = 15.1, 6.4 Hz, 2H), 2.47 (d, J = 15.0 Hz, 2H), 2.34 (s, 6H), 1.55 (s,
6H), 1.05 (d, J = 6.7 Hz, 6H). Trans 1H NMR (400 MHz, CD2Cl2) δ 7.52 (d, J = 7.5 Hz,
2H), 7.40 (d, J = 8.8 Hz, 4H), 7.33 (t, J = 7.6 Hz, 2H), 7.25 (t, J = 7.2 Hz, 1H), 7.20 (s,
1H), 7.18 (s, 1H), 6.87 (d, J = 8.8 Hz, 4H), 4.52 (s, 2H), 4.03 (s, 2H), 3.79 (s, 6H),
2.85 (app. p, 2H), 2.66 (dd, J = 14.7, 5.7 Hz, 2H), 2.41 (d, J = 1.8 Hz, 6H), 2.29 (m, J
= 8.9 Hz, 8H), 1.07 (d, J = 6.4 Hz, 6H). HRMS (APCI): m/z calcd for C51H51O4:
727.37819, found 727.37814 (M+H+). Due to instability of the compound, no 13C NMR
spectra and melting points were measured.
3-(5'-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)prop-1-yn-1-yl)-2,2',4,4',7,7'hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-5-yl)prop-2-yn-1-yl
(2-cyanoethyl) diisopropylphosphoramidite (2.11)
Cis-mono-DMT
protected
overcrowded alkene 2.10
(151 mg, 0.208 mmol) and
DMAP (2.5 mg, 0.021 mmol)
were dried overnight in vacuo
in a 25 mL round bottom
flask equipped with stirring
bar. Anhydrous dichloromethane (4 mL) was added,
followed by 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (69.7 μL, 0.312
mmol) and freshly distilled diisopropylethylamine (181 μL, 1.04 mmol). The reaction
mixture was stirred at room temperature under an argon atmosphere. After 90 min, the
crude reaction mixture was transferred straight onto a SiO2 column and flushed through
with DCM/hexane/trimethylamine 8:2:0.02. Phosphoramidite motor cis-2.11 was obtained as a yellow solid. Due to instability of the compound, only limited characterization was performed before proceeding with the solid-phase synthesis. Trans-2.11 could
be obtained in analogous manner, but could not be separated from its major side product and was used as a mixture containing 80% of the dimer. Cis: 1H NMR (400 MHz,
CD2Cl2) δ 7.50 (d, J = 7.5 Hz, 2H), 7.39 (d, J = 8.9 Hz, 4H), 7.32 (t, J = 7.6 Hz, 2H),
7.24 (t, J = 7.3 Hz, 1H), 7.05 (s, 1H), 7.02 (s, 1H), 6.86 (d, J = 8.9 Hz, 4H), 4.59 (d, J =
4.5 Hz, 1H), 4.56 (d, J = 5.3 Hz, 1H), 3.95 – 3.82 (m, 2H), 3.78 (s, 6H), 3.66 (app. dp,
2H), 3.36 (app. p, 2H), 3.10 (dd, J = 15.1, 6.3 Hz, 2H), 2.66 (td, J = 6.4, 2.4 Hz, 2H),
2.48 (d, J = 15.0 Hz, 2H), 2.34 (2, 6H), 1.48 (s, 6H), 1.33 – 1.19 (m, 12H), 1.06 (d, J =
6.7 Hz, 6H).31P NMR (CDCl3) δ 147.1.
Trans: 31P NMR (CD2Cl2) δ 147.0. 1H NMR signals overlapping with side product.
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Chapter 3: Light Actuated Morphological Change
in Organic Microcrystals
The development of dynamic responsive molecular systems is an ongoing quest in many disciplines of chemistry. In crystal engineering, the search for a trigger that can elicit response is
especially challenging, since crystalline materials are often solids. In this chapter, a first generation molecular motor functionalized with thymine substituents is designed and developed.
After characterization of the rotational properties of this motor, using NMR and UV-vis spectroscopy, the motor is used to create a responsive crystalline material. Using a combination of
Transmission Electron Microscopy and UV-vis spectroscopy, it is demonstrated that the crystalline material formed by the motor can be broken up in smaller pieces by rotation of the
motor.

This work will be submitted for publication. Manuscript in preparation.
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3.1 Introduction
Crystal engineering has emerged as an important field of materials sciences, in which
new materials are designed based on an understanding of the intermolecular forces
between the molecules that make up the compounds.1 Through the study of large sets
of crystalline materials, specific intermolecular interactions may be linked to material
properties, allowing scientists to predict and understand behaviour of new materials
that can be crystalline.2–7
For many years, the process of growing crystals was a metaphorical “black box”.8 Specific supramolecular interactions governing the makeup of a crystalline material could
only be discovered after synthesis of the building block and subsequent crystallization.
Although chemists have tried discovering trends in molecular determinants of crystal
structures for many years, the size of the available data sets has been a historical limiting
factor in creating reliable predictions.1 However, the recent abundant availability of data
has contributed to exponential growth in crystal engineering research.9 Additionally, the
increasing interest in this field reflects a general trend in chemical science, focusing on
supramolecular systems and collective behaviour, opposed to single molecule
dynamics.10

(a)

(b)

Figure 3.1: Two striking examples of photoregulation of crystalline materials. (a) A stable, viologen cation containing MOF. The photochemically induced colour change can be reversed by
exposure to oxygen. Reproduced with permission from ref. 19, Royal Society of Chemistry 2013.
(b) Light-driven bending of a diarylethene containing crystal. Reproduced with permission from
ref. 18, Royal Society of Chemistry 2015.

One of the advantages of supramolecular systems is that they can be highly responsive.
For example, a dynamic covalent library is in continuous equilibrium, and can be modified in a myriad of ways by the simple addition of a single building block.11,12 Since
solid crystalline materials are essentially static, there is an ongoing search for triggers
that would elicit dynamic response in material properties. A particular interest has aris-
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en for the use of light to modify crystalline solid properties, since it is non-invasive and
allows for a high level of spatiotemporal control.13–18
Light responsiveness on the molecular level may be achieved using photoswitches,
which are small molecules that undergo a reversible geometric change upon irradiation.
Among the molecular photoswitches, overcrowded alkene-based rotary motors hold a
special position, since they can assume four different states in their rotary cycle. 13,20,21
Additionally, their core structure is helical and the helicity is inversed in each switching
step. This unique property has already been used in the past to drive the unidirectional
rotation of a microscale object.22 For a more detailed description of molecular motors
and their rotary properties, see Chapter 2.
Molecular motors are robust photoresponsive systems and have been used in a range of
applications.21,23 We considered it therefore likely that, as with other photoswitches,
molecular motors may be used to exert photocontrol over the structure of a crystalline
supramolecular aggregate. Moreover, we were intrigued to see whether the possibility of
addressing multiple states and the accompanying helix inversions would allow us to
reach a higher level of precision in controlling the structure of the material.
Typically, overcrowded alkene-based molecular motors are crystalline materials. For the
current design, we aimed to incorporate functional groups that are able to form additional noncovalent binding interactions. If one such functional group is positioned on
each half of the motor, photoswitching will lead to a relative change in orientation of
these moieties. As a result, supramolecular interactions may be altered or newly formed.
This concept has already been successfully applied to create a photoresponsive bilayer,24
photoswitchable anion receptors25 and photoswitchable gelators.26
For our molecular design, we decided to rely on hydrogen bonding to control interactions between molecules. Hydrogen bonding represents a highly predictable noncovalent binding interaction. The traditional Pauling hydrogen bond is quite strong, typically ranging from 15-30 kJ/mol, but can reach values up to 160 kJ/mol (for F-H···F-).3
Recently, IUPAC has broadened the definition of a hydrogen bond to any electrostatic
interaction between a hydrogen atom and another, more electronegative atom, thus also
including weaker (and stronger) interactions (5-15 kJ/mol).27 Hydrogen bonding is used
extensively in crystal engineering, and has found real promise in the development of
porous networks which may be used for storage and separation of gases.28–30
In order to utilize hydrogen bonding in the formation of a photoresponsive crystalline
material, we chose to functionalize a first generation molecular motor with thymine
groups. Thymine-thymine interactions are weaker than thymine-adenine interactions
but can exist in naturally occurring oligonucleotides.31 Additionally, thymine is a cyanuric acid analogue, and can be used for self-assembly with melamine.32 Melaminecyanuric acid lattices were first described in 1990,33 and have since been investigated in
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detail.34–36 We envisioned that a thymine functionalized motor may be used to form
photocontrollable supramolecular assemblies on its own or with melamine.
3.2 Synthesis
Carboxylic acid-functionalized motor 3.137,38 and 2-aminoethane-functionalized thymine 3.239 were synthesized according to literature procedures. Benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) mediated40 double coupling of trans-3.1 and 3.2 yielded trans thymine functionalized motor 3.3 (see Scheme
3.1). Coupling of cis-3.1 and 3.2 was unsuccessful, but cis-3 could be obtained by irradiation. Irradiating trans-3.3 with λ = 312 nm light for several hours (stable trans to
unstable cis isomerization), led to the formation of a PSS consisting of 70% unstable cis3.3. Subsequently, heating to 40 °C caused a thermal helix inversion from unstable to
stable cis with full conversion. Finally, the isomers could be separated via flash column
chromatography.

Scheme 3.1: Synthesis of thymine functionalized motor 3.3.

3.3 Analysis of photochemical properties of motor 3.3.
3.3.1 NMR analysis
The thermal and photochemical steps in the rotation of molecular motor 3.3 were studied using 1H-NMR spectroscopy. Figure 3.2i shows the 1H NMR spectrum of stable
trans-3.3 in DMF-d7. The sample was cooled to −40 °C and irradiated with 312 nm
light. The photostationary state (PSS, Figure 3.2ii) was reached after 15 h and consists
of a stable trans/unstable cis ratio of 17:83. Unstable cis-3.3 was fully converted to stable
cis-3.3 by heating the sample to 40 °C for 24 h (Figure 3.2iii).
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i)
*

ii)

iii)

*

*

Figure 3.2: NMR experiments in DMF-d7 (400 MHz, −40 °C). i) Stable trans-3.3, ii) PSS,
reached after 15 h of irradiation (312 nm, −40 °C), iii) Sample after heating to 40 °C for 24 h,
consisting mainly of stable cis-3.3. T = thymine. * Indicates the aromatic proton on the motor
unit.

Figure 3.3i shows the NMR spectrum of stable cis-3 in DMF-d7. The sample was cooled
to −40 °C and irradiated with 312 nm light. The photostationary state (PSS, Figure
3.3ii) was reached after 7 h and consists of a stable cis/unstable trans ratio of 9:91, as
well as a small amount of stable trans and unstable cis. Unstable trans-3.3 was fully
converted to stable trans-3.3 by heating the sample to rt for 10 min (Figure 3.3iii).
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i)

*

ii)

*

iii)

*

Figure 3.3: NMR experiments in DMF-d7 (400 MHz, −40 °C). i) Stable cis-3.3, ii) PSS, reached
after 7 h of irradiation (312 nm, −40 °C), iii) Sample after heating to rt for 10 min, consisting
mainly of stable trans-3.3. T = thymine. * Indicates the aromatic proton on the motor unit.
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3.3.2 UV-vis analysis
The photochemical properties of motor 3.3 were studied using UV-vis spectroscopy. A
2·10−5 M solution of motor trans-3.3 was prepared in methanol and a UV-vis spectrum
was recorded (Figure 3.4). The sample was irradiated with 312 nm light at 20 °C.
Spectra were recorded at regular intervals (Figure 3.4a). The irradiation caused the
major absorption band (λmax = 278 nm) to decrease. Simultaneously, a new band
appeared at 345 nm. This bathochromic shift is in accordance with formation of a
higher energy isomer (unstable cis-3.3). The clear isosbestic point at 319 nm is
indicative of the absence of undesired side reactions. After 45 min, a photostationary
state was reached (Figure 3.4b). Upon removal of the light source and heating to 50 °C
for several hours, the band centered around 345 nm completely disappeared, and an
increase of the absorption at lower wavelengths was observed. This obervation indicates
that the thermal helix inversion was completed, and the sample contained a mixture of
stable trans-3.3 and stable cis-3.3. This conclusion is supported by the 1H NMR
analysis.
b)

a)

Absorbance

Absorbance

0.4

0.2

0.4

0.2

0.0

0.0
250

Stable trans-3.3
PSS
After THI

0.6

0.6

300

350

Wavelength (nm)
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450

250

300

350

400

450

Wavelength (nm)

Figure 3.4: UV-vis spectra of analysis of the photochemical isomerization and subsequent thermal helix inversion of stable trans-3.3. (a) Changes of the absorption spectrum of stable trans-3.3
upon irradiation with 312 nm light. (b) UV-vis spectra of stable trans-3.3 (black line), the photostationary state (red line) and the sample after the thermal helix inversion (blue line). All spectra
recorded in methanol.
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To study the other half of the rotational cycle, a 2·10−5 M solution of motor cis-3.3 was
prepared in methanol and a UV-vis spectrum was recorded (Figure 4.5). The sample
was irradiated with 312 nm light at -20 °C. Spectra were recorded at regular intervals
(Figure 4.5a). The irradiation caused the major absorption band (λmax = 271 nm) to
decrease. Simultaneously, two new bands appeared at 266 nm and 327 nm. The
bathochromic shift is in accordance with formation of a higher energy isomer (unstable
trans-3.3). An isosbestic point was observed around 317 nm, but started shifting
slightly after several minutes. This shift is most likely due to thermal helix inversion
occurring to form stable trans-3.3, and further photochemical trans-cis isomerization
towards unstable cis-3.3. These processes might be eliminated by performing the irradiation at a lower temperature, which in the current experiment was impossible due to
the temperature limits of the setup. After 13 min, the irradiation was stopped (Figure
4.5b). Upon removal of the light source and heating to room temperature for 30 min,
the band centered around 327 nm significantly decreased, and an increase of the
absorption at lower wavelengths was observed. This obervation indicates that the
thermal helix inversion of unstable trans-3.3 towards stable trans-3.3 was completed,
and the sample contained a mixture of mainly stable trans-3.3 and stable cis-3.3. A
small red-shifted band indicates the presence of a small amount unstable cis-3.3, which
has a half life of several days at room temperature. These conclusions are supported by
1
H NMR analysis.
a)
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Figure 3.5: UV-vis spectra of analysis of the photochemical isomerization and subsequent thermal helix inversion of stable cis-3.3. (a) Changes of the absorption spectrum of stable cis-3.3
upon irradiation with 312 nm light. (b) UV-vis spectra of stable cis-3.3 (black line), the spectrum
after 13 minutes of irradiation (red line) and the sample after the thermal helix inversion (blue
line).
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3.3.3 Kinetic analysis
A 2·10−5 M solution of motor 3.3 was prepared in methanol and the solution was
purged with argon. Samples were prepared in quartz cuvettes (l = 1.0 cm). The samples
were irradiated with 312 nm light at 20 °C, until the photostationary state was reached.
The absorption at 350 nm was then measured over time until the thermal process was
complete. A 320 nm cut-off filter was mounted in front of the light source to minimize
photochemical conversion occurring during the thermal helix inversion. All exponential
decay lines were fitted using least squares approach. The results were processed using a
direct Eyring analysis with error margins obtained by a Monte Carlo experiment. Table
3.1 lists the activation parameters and half lives determined for both processes. The
Eyring plots are depicted in Figure 3.6.

Unstable trans to stable trans

14 s ± 2.7

Δ‡G°
(kJ/mol)
79.0 ± 0.5

Unstable cis to stable cis

60 h ± 5

102.6 ± 0.2

t1/2 at 20 °C

Δ‡H°
(kJ/mol)
85.3 ± 3.4

Δ‡S°
(J/K/mol)
21.5 ± 13.2

97.1 ± 2.1

-18.7 ± 6.5

Table 3.1: Activation parameters and half-lives calculated for both isomers of motor 3.3.
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Figure 3.6: Eyring plots for the thermal helix inversions of motor 3.3. (a) Unstable trans-3.3 to
stable trans-3.3. (b) Unstable cis-3.3 to stable cis-3.3.

3.4 CPD formation
Cyclo-butyl pyrimidine dimer (CPD) formation in DNA is one of the leading causes of
skin cancer.41 Irradiation with UV light can cause [2+2] cycloaddition of adjacent thymine moieties. The resulting CPD can lead to mismatches and translation errors. Since
the irradiation wavelength of xylene-based first generation motors (312 nm) falls within
the range of UV-B light, motor 3.3 may be susceptible to CPD formation. Photodimerization is a particular risk for the cis isomers, in which the thymine moieties are placed
in close proximity. This possibility was investigated using a model compound, and
subsequently using motor 3.3 itself. From these experiments, it became evident that
motor 3.3 is not at risk for photoinduced CPD formation. It seems likely that rapid
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energy transfer to the aromatic core of the motor inhibits the photodimerization processes. The full experiment may be found in reference 42.
3.5 TEM experiments
Following the control experiments the key investigation was started, which aimed at
creating a photoresponsive crystalline material. Molecular motor trans-3.3 was dissolved
in DCM. From this stock solution, a volume equating to ~1 μmol of motor was taken
and film dried in a vial under a N2 flow. Subsequently, 1.0 mL of a 2/1 (v/v) water/ethanol mixture was added. The vials were then vortexed for ~1 min, and subsequently sonicated for ~5 min. After this preparation, an opaque solution was obtained,
without any visible precipitate. The mixture was analysed using transmission electron
microscopy (TEM). Elongated hexagonal sheets could be observed in the sample prepared from trans-3.3 (Figure 3.9a1). The sheets are typically 1.5-5 μm wide and up to
15 μm long. Subsequently, an identical sample was prepared, containing additionally
1.0 eq of melamine. Surprisingly, identical results were obtained from TEM analysis
(Figure 3.7). Melamine by itself prepared under the same conditions shows no discernible features in TEM. Therefore, it seems likely that motor 3.3 forms these microcrystalline sheets only by itself, and that they are thermodynamically more stable than any
potential motor-melamine adduct.

0.4 μm
Figure 3.7: TEM image of melamine containing sample: 1/1 trans-3.3/melamine in 2/1 water/ethanol.

Electron diffraction experiments confirmed that the hexagonal sheets are crystalline
(Figure 3.8a). Energy dispersive X-ray spectroscopy (EDX) showed that nitrogen is
abundantly present in the sheets, while virtually no nitrogen is present elsewhere on the
grid surface (Figure 3.8b).
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a

b

Figure 3.8: TEM images of trans-3.3 and 1 eq. of melamine in 2/1 water/ethanol. (a) Electron
diffraction performed on a hexagonal crystal. (b) EDX mapping (nitrogen) of crystal on carbon

surface.
In addition to the TEM imaging (Figure 3.9a1), the sample (containing trans-3.3 in 2/1
water/ethanol) was also analysed using UV-vis spectroscopy. An aliquot was removed
from the sample, dissolved in dichloromethane and a UV-vis spectrum was recorded. As
expected, the UV-vis spectrum of the initial sample (stable trans-3.3 in 2/1 water/ethanol, vortexed and sonicated, small aliquot dissolved in DCM, Figure 3.9a2,
black line) looks almost identical to the UV-vis spectrum of stable trans-3.3 recorded in
methanol (Figure 3.9a2, red line).
Subsequently, the sample was irradiated for 1 h using 312 nm light, to form the unstable cis isomer, and again examined using TEM. Interestingly, most of the regular hexagonal sheets had disappeared. Figure 3.9b1 shows one typical image recorded of the
sample. A hexagonal structure is still clearly discernible on the right. The structure on
the left is much more irregular, and smaller sheets can also be observed. Several images
of the sample show hexagonal sheets which appear partly broken down. Figure 3.9b2
(black line) shows the UV-vis spectrum of this sample. A new band has appeared with a
maximum absorption at 345 nm. This band overlaps perfectly with the band corresponding to the unstable cis isomer of motor trans-3.3 at PSS in methanol (Figure
3.9b2, red line).
Finally, the sample was subjected to heating to 50 °C for 16 h, to promote the relaxation from unstable cis to stable cis isomer. After the heating, no more hexagonal crystalline sheets were observed. Instead, the sample seemed to contain mainly stacked sheets,
some of which appear to be rectangular (Figure 3.9c1). These structures are notably
smaller (< 0.5 x 0.5 μm) than the hexagonal sheets that can be seen in Figure 3.9a1. In
the UV-vis spectrum, the heating step caused the new band observed after irradiation to
decrease (Figure 3.9c2, black line). The disappearance of this band is in accordance
with the thermal helix inversion from the unstable cis-3.3 isomer to stable cis-3.3 (Figure 3.9c2, red line).
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Figure 3.9: TEM images and UV-vis spectra of trans-3.3 in 2/1 water/ethanol. (1) TEM images,
(2) UV-vis spectra of TEM samples (trans-3.3 in 2/1 water/ethanol, dissolved in dichloromethane,
black lines), and stable trans-3.3 dissolved in methanol for reference (red lines). (a) Trans-3.3. (b)
After irradiation with 312 nm light. (c) After heating to 50 °C, 16 h. All UV-vis spectra normalized to allow comparison.

Judging by the UV-vis spectra displayed in Figure 3.9a2-c2, motor trans-3.3 in the
aggregated state appears to undergo rotary motion upon irradiation and subsequent
heating in the TEM sample. As a reference, a sample of cis-3.3 was prepared using the
same procedure and analysed using TEM (Figure 10). Although this sample also appeared to be crystalline in nature, these needle-like crystals did not bear any resem96
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blance to the structures observed in Figure 3.9c1. However, sample c consists of a mixture of isomers and it is therefore not surprising that no well-defined aggregates are
formed.

0.2 μm
Figure 10: TEM image of cis-3.3 in 2/1 water/ethanol.

3.6 Conclusions
In comparison with motor 3.3 in solution (Figure 3.9a2-c2, red lines), the rotational
process in the water/ethanol sample is less efficient. Due to the crystalline nature of the
sample, the motor movements may be more restricted. It has been demonstrated several
times that rotation of molecular motors can be achieved in gels,26,43 but in fact, motor
rotation in the solid state has not yet been reported. The TEM images reported here
clearly suggest that the breaking of the crystalline sheets is the result of motor rotation.
Comparison of the crystalline sample with a fully dissolved motor indicates that the
aggregated motor undergoes the often reported unidirectional rotation process.
Moreover, this unprecedented result illustrates the power of overcrowded alkene based
molecular motors. Most molecular motors are crystalline, and although their solid state
switching has not been observed previously, it seems likely that more light-driven rotary
molecular motors are able to overcome the restrictions of the crystal lattice. The experiments reported herein mainly serve as a proof-of-principle of unidirectional rotation in
crystal structure on a molecular scale. However this discovery may be highly useful in
the design of responsive crystalline materials.
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3.7 Experimental procedures and acknowledgements
For general remarks, see Chapter 2. TEM experiments were conducted by dr. Marc
Stuart and Petra Erne. The synthesis and characterization of motor 3.3 were previously
reported, and were performed under the guidance of dr. Nopporn Ruangsupapichat.42
However, the synthesis was subsequently optimized and the route reported herein is
different than previously reported. Additionally, UV-vis and NMR analysis of the rotary
cycle of 3.3 were repeated for this thesis, because a higher purity of the material was
achieved.
(E)-2,2',4,4',7,7'-hexamethyl-N6,N6'-bis(2-(5-methyl-2,4-dioxo-3,4dihydropyrimidin-1(2H)-yl)ethyl)-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-6,6'dicarboxamide (trans-3.3)
Carboxylic acid-functionalized
motor trans-3.138 (91 mg, 0.23
mmol), aminoethane functionalized thymine 3.239 (84 mg,
0.50 mmol) and PyBOP (240
mg, 0.45 mmol) were mixed in
a round bottom flask under a
N2 atmosphere. DMF (1 mL)
and di-iso-propyl-ethylamine (220 μL, 160 mg, 1.2 mmol) were added and the mixture
was stirred at room temperature for 16 h. The reaction mixture was evaporated on celite
and purified by column chromatography (SiO2, MeOH/H2O/DMSO/NEt3 8:2:0.1:0.1 to
0:10:0.1:0.1). Thymine-functionalized motor trans-3.3 was obtained as a white powder
(31 mg, 0.06 mmol, 25%). 1H NMR (400 MHz, DMSO-d6) δ 11.21 (s, 2H), 8.35 (t, J =
6.0 Hz, 2H), 7.47 (s, 2H), 6.99 (s, 2H), 3.92 – 3.68 (m, 4H), 3.49 (m, 4H), 2.78 (app
p, 2H), 2.55 (dd, J = 15.3, 6.1 Hz, 2H), 2.32 (s, 6H), 2.26 (d, J = 14.8 Hz, 2H), 2.16 (s,
6H), 1.75 (s, 6H), 1.01 (d, J = 6.3 Hz, 6H); 13C NMR (101 MHz, DMSO-d6) δ 169.8,
164.5, 151.0, 142.9, 142.1, 141.2, 141.0, 136.4, 130.6, 128.1, 127.3, 107.8, 47.5,
41.5, 38.4, 37.4, 19.4, 18.8, 17.8, 11.9; HRMS (ESI): m/z calcd for C40H47N6O6 (M+H+):
707.35516, found 707.35410.
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(Z)-2,2',4,4',7,7'-hexamethyl-N6,N6'-bis(2-(5-methyl-2,4-dioxo-3,4dihydropyrimidin-1(2H)-yl)ethyl)-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-6,6'dicarboxamide (cis-3.3)
Trans-3.3 was dissolved in methanol and the solution was purged with argon. The
solution was cooled to -40 °C and irradiated with 312 nm light for 20 h to induce photoisomerization, and subsequently heated to 40 °C to induce thermal helix inversion.
The two isomers could be separated by column chromatography (SiO2,
MeOH/H2O/DMSO/NEt3 8:2:0.1:0.1 to 0:10:0.1:0.1). Thymine-functionalized motor
cis-3 was obtained as a white powder. 1H NMR (500 MHz, DMF-d7) δ 11.16 (s, 2H),
8.16 (t, J = 6.0 Hz, 2H), 7.52 (s, 2H), 7.09 (s, 2H), 4.04 – 3.82 (m, 4H), 3.64 (m, 4H),
3.41 (app p, 2H), 3.14 (dd, J = 15.4, 6.3 Hz, 2H), 2.53 (d, J = 15.4 Hz, 2H), 2.26 (s,
6H), 1.73 (s, 6H), 1.51 (s, 6H), 1.07 (d, J = 6.7 Hz, 6H). Not enough material was obtained to record a 13C NMR, but the 1H spectrum overlaps perfectly with cis-3.3 obtained through photoisomerization and subsequent thermal helix inversion from trans3.3.
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Chapter 4: Molecular Motors in Aqueous
Environments
In this chapter, the behaviour of molecular motors is investigated in aqueous environments.
Two water soluble molecular motors were designed and their dynamic properties studied. One
of these designs proved to be stable under physiological conditions, and UV-vis, NMR and
fluorescence experiments were conducted. Additionally, the rotational properties of a molecular
motor were examined in micelles, as a model for bilayers, vesicles and other apolar environments found in the cell.

This work will be submitted for publication. Manuscript in preparation.
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4.1 Introduction
Rotary molecular motors based on overcrowded alkenes were first reported in 19991
and have since been the subject of detailed investigation. Especially in earlier years, a
thorough understanding of the exact mechanism of rotation has been formed through
extensive research.2–4 Subsequently, the unique properties of molecular motors have
found a myriad of applications. The inversion in helical chirality that accompanies each
rotational step has been exploited to govern, among others, the outcome of asymmetric
catalysis,5 to induce unidirectional rotation of a microscopic glass rod6 and to modulate
preference for binding of chiral anions.7 As molecular photoswitches, molecular motors
are robust and highly efficient. The multiple switch states have been used to induce gelsolution transitions,8 change the morphology of nanotubes9 and influence protein secondary structure.10 Surface functionalization11–13 has opened the door to potential applications in information storage, in which the four-state switching cycle of molecular
motors is of particular appeal, and may also be used for magnification of collective behaviour. Finally, the potential of unidirectional rotation has been perhaps most effectively demonstrated by the directional movement of a motorized nanocar across a copper surface.14
Among all these examples, there is one area of research that has remained largely unexplored. Despite the recent surge in interest in the application of photoswitches in biological systems and in pharmacology,15 molecular motors are thus far left out of the
arsenal that makes up the primary tools for photopharmacology and other biological
applications. Directional motion is ubiquitous in biology and motor proteins, such as
ATPase, kinesin and myosin, which have served as an inspiration in the development of
artificial molecular motors. The application of synthetic rotary molecular motors in a
biological setting may lead to a whole new level of control over biological function. Our
group has reported one example of a molecular motor incorporated in a peptide, where
photoswitching of the motor could induce structural changes.10 However, the hybrid
shows strong aggregation behaviour, which was attributed to the hydrophobic core of
the motor. This observation revealed the primary issue regarding the application of
molecular motors in aqueous medium, i.e. their insolubility in water.
All light-driven overcrowded alkene-based molecular motors, from first to third generation, share the same bulky aromatic core structure,1,2,16 which renders them inherently
hydrophobic. A second generation molecular motor, functionalized with alkyl and PEG
chains, could be operated in water, but as this motor is an amphiphile, it formed large
supramolecular aggregates.9 Additionally, a surface-bound second generation motor was
used to modulate surface wettability, but this application was strongly dependent on
hydrophobic effects.17 Harada and co-workers have reported a first generation molecular motor functionalized with short peptide sequences, which was studied using UV-vis
spectroscopy in aqueous solution.18 However, potential aggregation was not investigated. It is highly likely that these structure behave similar to the peptides reported by our
group (vide supra) and experience aggregation.
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The most straightforward approach to solving this problem and creating molecular
motors fully soluble in water is to functionalize a molecular motor with polar, solubilizing groups. As an alternative approach, molecular motors could be operated in the
membrane or other apolar environments in the cell. In a recent publication, a molecular
motor was used as a highly efficient photoswitchable anion receptor.19 Such a system
shows real promise for application in membrane transport. However, photoswitching of
molecular motors in the membrane has not yet been demonstrated.
In this chapter, the study of molecular motors under aqueous, physiologically relevant
conditions is reported using two complimentary strategies. Firstly, a water-soluble molecular motor was designed and studied in water. Secondly, a molecular motor that is
insoluble in water was solubilized using micelles, as a model system for the biological
membrane. Together, these two systems provide a base for further research towards the
application of molecular motors in various parts of the cell.
4.2 Water-soluble molecular motors
4.2.1 Design
The primary objective of this investigation was to design, synthesize and evaluate a
molecular motor that is not only soluble in water, but can also perform unidirectional
rotation. For the ease of synthesis, first generation molecular motors were used as the
design. Because the hydrophobic aromatic core structure is of vital importance for the
rotational properties and cannot be avoided without an extensive redesign of the rotary
unit, the molecules were modified with charged residues to enable the solubility in
water. Scheme 4.1 depicts two of the initial designs. Both structures 4.1 and 4.2 are
easily accessible by standard synthetic procedures.

Scheme 4.1: Structures of proposed water-soluble motors.
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4.2.2 Synthesis
Scheme 4.2 depicts the synthesis of water-soluble motor 4.1. The synthesis was started
from a mixture of cis and trans isomers of bromo-functionalized motor 2.7 (Chapter 2).
The motor could easily be lithiated by addition of 3.5 equivalents of n-butyllithium,
after which quenching with dimethylformamide led to formation of the dialdehyde
product 4.3. In this stage, the isomers could be easily separated using column chromatography. The aldehyde functionalities were converted to tertiary amines through reductive amination with dimethylamine and sodium trisacetoxyborohydride. Finally, water
soluble motor 4.1 could be obtained by rapid quarternization using methyl iodide, after
which the precipitated product could simply be filtered off.

Scheme 4.2: Synthesis of water-soluble motor 4.1. Only trans isomer depicted for clarity.

Scheme 4.3 depicts the synthesis of water-soluble motor 4.2. The synthesis was started
from phenolic motor 4.5, which was reported previously.20 Molecular motor 4.5 was
synthesized in three steps on a large scale, and cis and trans isomers were separated
using flash column chromatography. Dibromine-functionalized motor 4.6 was synthesized in near quantitative yield using standard Williamson etherification in the presence
of an excess of dibromoethane. Subsequently, quarternization with trimethylamine
generated the product 4.2, which was easily precipitated out of organic solution.

Scheme 4.3: Synthesis of first generation motor 4.2. Only trans isomer depicted for clarity. Cis4.2 can be obtained by the analogous procedure.
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4.2.3 Analysis of motor 4.1
4.2.3.1 1H NMR analysis
The rotational behaviour of motor trans-4.1 was investigated using 1H NMR spectroscopy. Initially, a sample prepared in buffered D2O (20 mM KPi buffer, prepared through
repetitious lyophilisation and adding D2O from pH = 7.2 buffer) was irradiated with
312 nm UV light for 30 min at 5 °C. The NMR spectrum revealed that the motor had
completely degraded. The experiment was repeated, but this time the sample was analysed with 5 min intervals. Figure 4.1i shows the NMR spectrum of stable trans-4.1.
After 15 min, several new peaks had appeared, which might indicate the formation of
the unstable cis isomer (Figure 4.1ii). However, after 1 day at rt these peaks did not
decrease, as would be expected if thermal helix inversion had occurred (Figure 4.1iii).
Additionally, no new peaks corresponding the stable cis isomer appeared.

i)

ii)

iii)

Figure 4.1: NMR experiments in buffered D2O (20 mM KPi, pH = 7.2, 400 MHz, 20 °C). i) Stable
trans-4.1, ii) Sample after 15 min of irradiation (312 nm, 5 °C), iii) Sample after heating to rt for
1 d, consisting of a mixture of stable trans-4.1 and side product. * Indicates expected products.
No stable cis identified in NMR spectrum.
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4.2.3.2 UV-vis spectroscopy
Figure 4.2 depicts the UV-vis analysis of trans-4.1. The motor was dissolved in buffer
(25 mM Tris, Bis-Tris, MES and sodium acetate, pH= 7.4) and a UV-vis spectrum was
recorded (Figure 4.2 a, black line). Subsequent irradiation with 312 nm light led to
appearance of an absorption band at a higher wavelength, consistent with the formation
of the unstable cis isomer. However, the absence of an isosbestic point indicates the
occurrence of side reactions. Subsequently, the sample was left at room temperature
and conversion was monitored after one day, and again after three days (Figure 4.2b).
Thermal helix inversion is typically accompanied by a disappearance of the higher energy absorption band, and an increase of absorption at lower wavelengths. However, in
this sample the absorption was gradually decreasing at all wavelengths. Therefore, degradation of the motor is more likely. Nucleophilic attack of the benzylic position, with
NMe3 as a leaving group, is a likely cause of this degradation. The insoluble product of
this reaction (presumably a diol) would precipitate out of the solution, which is in accordance with the decrease in absorbance observed in Figure 4.2b. Based on the combined results of the UV-vis and 1H NMR analysis, it was decided that motor 4.1 was
unsuitable to be operated in aqueous solutions.
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Figure 4.2: UV-vis analysis of rotational behaviour of motor 4.1 in buffer (Bis-Tris, MES, Tris
and sodium acetate, 25mM each, pH = 7.4). (a) Irradiation from stable trans-4.1 (black line), 312
nm, 6 min, 20 °C. (b) Stable trans-4.1 (black line), sample after 6 min of irradiation (red line),
and after leaving the sample at room temperature for 24 h (blue line) and 72 h (turquoise line).

4.2.4 Analysis of motor 4.2
4.2.4.1 1H NMR analysis
The rotational behaviour of motor 4.2 was investigated using 1H NMR spectroscopy.
Only the 180° rotation from stable trans to stable cis was studied. The half-life of the
unstable trans isomer is expected to be < 10 s at rt, and therefore this isomer is considered unsuitable to be studied in aqueous environment, since low temperatures (below
the freezing point of water) would have to be used. Figure 4.3 depicts the 1H NMR
analysis of the isomerization of stable trans-4.2 in buffered D2O (20 mM KPi, pD = 7.2).
For clarity, the aromatic hydrogen atoms and the methyl groups at the stereogenic cen108
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tres are highlighted. After 45 min of irradiation, a ratio of ~ 4:1 unstable cis/stable trans
was measured (Figure 4.3iii). Irradiation was halted, because several new peaks appeared, indicative of slow degradation. Subsequently, the sample was left at rt for 5 days
(Figure 4.3iii). All unstable cis isomer converted to the stable cis isomer, and no additional degradation was observed.

Me
i) H

ii)

iii)

Figure 4.3: NMR experiments in buffered D2O (20 mM KPi, pD = 7.2, 400 MHz, 20 °C). i) Stable
trans-4.2, ii) Sample after 45 min of irradiation (312 nm, 5 °C), iii) Sample after heating to rt for
5 d, consisting of a mixture of stable cis-4.2, stable trans-4.2, and degradation product(s). Relevant peaks are indicated with arrows.
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4.2.4.2 UV-vis spectroscopy
The rotational process was subsequently studied using UV-vis spectroscopy. A solution
of stable trans-4.2 in PBS buffer was irradiated under air using 312 nm UV light (Figure
4.4a). The appearance of a new band at higher wavelengths is indicative of the formation of the unstable cis isomer. A clear isosbestic point at 330 nm indicates the absence of unwanted side reactions. After 12 min of irradiation, a minor isosbestic point
shift was observed (Figure 4.4a) and the irradiation was halted (Figure 4.4b, red line).
The sample was subsequently left at room temperature overnight. The new band disappeared and the band below 325 increased in absorption (Figure 4.4b, blue line). These
changes are indicative of the THI and generation of a lower energy isomer (stable cis).
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Figure 4.4: UV-vis analysis of rotational behaviour of motor 4.2 in PBS buffer (pH = 7.4). (a)
Irradiation from stable trans-4.2 (black line), 312 nm, 12 min, 20 °C. (b) Stable trans-4.2 (black
line), sample after 12 min of irradiation (red line), and after subsequent THI at room temperature
overnight (blue line).

By measuring the speed of the THI at various temperatures, an Eyring plot was constructed and the activation parameters of the unstable cis to stable cis conversion were
calculated. The half-life of the unstable cis was found to be 22.8 h at rt and 18.5 min at
human body temperature.
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Figure 4.5: Eyring plot for the thermal helix inversion from unstable cis-4.2 to stable cis-4.2, and
the calculated activation parameters (right).
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4.2.4.3 Circular dichroism spectroscopy
To complement the UV-vis spectroscopic measurement, the 180° rotation from stable
trans-4.2 to stable cis-4.2 was also followed in aqueous PBS buffer (pH = 7.4) using CD
spectroscopy. The (S,S) enantiomer of stable trans-4.2 was obtained through chiral
resolution20 and subsequently converted to stable trans-4.2 using the same synthetic
methodology as for the racemic motor (vide supra). Stable trans-S,S-4.2 (Figure 4.6,
black line) is homochiral with a specific optical rotation ([α]D = 51.2° (c 0.5, methanol)). After irradiation with 312 nm light for 3 min, the photostationary state (PSS) was
formed (Figure 4.6, red line). The higher wavelength band that is associated with formation of the unstable cis isomer induced a negative optical rotation, which is consistent with helicity inversion. After THI, the new band disappears and positive optical
rotation is again observed (Figure 4.6, blue line).
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Figure 4.6: Circular dichroism spectra of isomers of motor 4.2 in PBS buffer (pH = 7.4). Stable
trans-(S,S)-4.2 (black line), PSS at 312 nm (red line), and after THI at rt (blue line).

4.2.4.4 Nile Red fluorescence assay
Molecular motor 4.2 appears to dissolve fully in aqueous media, and the absence of
scattering effects at higher wavelengths in the UV-vis spectrum (Figure 4.4) suggests
that no aggregates are present in solution. However, due to the large aromatic core,
motor 4.2 may behave as an amphiphile or bolaamphiphile at higher concentrations.
The potential aggregation behaviour of motor 4.2 was investigated using a fluorescence
spectroscopy assay. Nile Red is a hydrophobic dye, which is poorly soluble in water and
weakly fluoresces at around 660 nm.21 In apolar environments, such as micelles or
bilayers, the dye is soluble, which causes a strong increase in fluorescence and a blueshift of the emission spectrum. In Figure 4.7, the λmax of the emission spectrum of Nile
Red in the presence of both isomers of motor 4.2 is depicted. Concentrations of motor
were varied between 40 μM and 2.5 mM; the concentration of Nile red was ~1 μM for
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each sample. As expected, both isomers appear to be fully soluble at concentrations
below 0.1 mM, as demonstrated by the plateau around 660 nm. However, at higher
concentrations, both isomers appear to aggregate, with a critical aggregation concentration of 1.0 mM for the cis isomer and 1.1 mM for the trans isomer. Notably, the sigmoidal curve is much steeper for the cis isomer than for the trans isomer. The reason for
this difference is not clear, but the difference in aggregation behaviour may be used to
create responsive aggregation at concentrations around the 1.0 mM.
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Figure 4.7: Emission of Nile Red in the presence of motor 4.2, dissolved in buffer at pH = 10.
Excitation wavelength is 550 nm.

4.2.4.5 Synthesis and analysis of a model compound for studying the possible decomposition
pathway
Using a combination of techniques, it has been established that water-soluble overcrowded alkene 4.2 is soluble in aqueous solution, and functions as a molecular motor.
However, the appearance of unidentified peaks in the NMR spectrum (Figure 4.3) and a
small isosbestic point shift in the UV-vis spectra (Figure 4.4) indicate that some degradation is occurring. To identify the nature of the degradation, the NMR experiment was
repeated in deuterated methanol. In this sample, the switching process was clean and
no formation of side product was observed. It seems therefore that water is involved in
the degradation. The most likely pathways for water-induced degradation are water
addition to the central double bond and Hoffman elimination occurring on the quarternary ammonium bearing side chains. A model compound was designed to study the
influence of UV irradiation in water on the solubilizing side chain. The synthesis was
started from 1-(2-bromoethoxy)-naphthalene, which was previously reported by You
and co-workers.22 Quarternization, analogous to the manner previously reported by
Singer and co-workers,23 led to formation of model compound 4.7 in 60% yield (see
Scheme 4.4). Model compound 4.7 was irradiated in water for 24 h with 312 nm UV
light. The compound was stable under these conditions. Therefore, it seems that the
solubilizing side chains are not responsible for the degradation.
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a)

b, i)

ii)

Scheme 4.4: (a) Synthesis of model compound 4.7. (b) 1H NMR analysis of model compound
4.7 (aromatic region shown)(i) 4.7 in D2O, (ii) Sample after irradiation with 312 nm light, for 24
h.

4.2.4.6 UV-vis spectroscopy under varying atmospheres
A small isosbestic point shift was observed in the UV-vis spectrum of stable trans-4.2
upon irradiation for several minutes (Figure 4.4a). Therefore, we were intrigued to see
the effect of prolonged irradiation. A sample of stable trans-4.2 in buffer (pH = 7.4) was
irradiated with 312 nm light (Figure 4.8a). After initial appearance of the red-shifted
band, the entire spectrum decreased in intensity. After 15 min, all absorption above 300
nm had almost entirely disappeared. Notably, all our experiments are performed under
air, because we envision future applications under biologically relevant conditions.
Oxygen might cause degradation of the motor. Therefore the experiment was repeated
under an argon atmosphere. A buffer solution was degassed by performing three consecutive freeze-pump-thaw cycles and subsequently purged with argon for 30 min. The
irradiation experiment was repeated under otherwise identical condition, but a similar
degradation was observed (Figure 4.8b). Therefore, it seems unlikely that oxygen is
involved in the degradation process. It is interesting to note that in both examples, a
significant amount of unstable cis-4.2 is generated first, and that the degradation sets in
only after several minutes. The isosbestic point that can be observed during the first
approx. 5 min of the irradiation process indicates that no unwanted side reaction occurs. Thus, it seems unlikely that a reaction intermediate of the photoisomerization is
undergoing the degradation process. Moreover, if the irradiation is halted after the first
indication of an isosbestic point shift, THI occurs (see Figure 4.4 and Figure 4.6).
Therefore, the degradation seems to be the product of irradiation of the unstable cis
isomer. Most likely, the degradation in water derives from some photogenerated reaction intermediate, such as a biradical state.
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Figure 4.8: UV-vis spectra of stable trans-4.2 in buffer (pH = 7.4), irradiated with 312 nm in
different atmospheres. (a) Air. (b) Argon.

4.2.4.7 UV-vis spectroscopy over a pH range
Molecular motors are prone to degradation under strongly acidic conditions.10 Therefore, we decided to investigate the influence of pH on the photoisomerization and THI
of motor 4.2 (Figure 4.9). The irradiation experiment was performed in buffer solutions
at pH = 2, 4, 6, 8, and 10, and additionally in unbuffered Milli-Q. The samples (stable
trans-4.2, ~20 μM) were irradiated with 312 nm light at 20 °C for several minutes. All
samples exhibit identical behaviour. Initially, a red-shifted absorption band appears,
followed by a general decrease in absorption over the whole spectrum. The measurements indicate that de degradation is independent of pH.
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Figure 4.9: Stable motor trans-4.2, irradiated with 312 nm light in buffer (a-e) at varying pH or
in unbuffered Milli-Q.
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Figure 4.9 (continued): Stable motor trans-4.2, irradiated with 312 nm light in buffer (a-e) at
varying pH or in unbuffered Milli-Q.

To assess the stability of non-irradiated stable trans-4.2 in solution, a second set of
samples covering the full pH range was prepared (Figure 4.10). The samples were monitored using UV-vis spectroscopy after one week, and no degradation was observed.
Subsequent irradiation of the samples with 312 nm light caused isomerization followed
by degradation as observed in all other samples. LCMS analysis of the samples showed
the presence of two major species: 680 g/mol (motor 4.2) and M+18. This result is
consistent
with
the
addition
of
water
to
the
motor.
a)

0.8

b)

pH = 2

0.4

0.2

0.0

250

pH = 4

0.6

Absorbance

Absorbance

0.6

0.8

0.4

0.2

0.0

300

350

Wavelength (nm)

400

450

250

300

350

400

450

Wavelength (nm)

Figure 4.10: Motor 4.2 (a-e) at varying pH or in unbuffered Milli-Q (f). Stable trans-4.2 (red
lines), stable trans-4.2 after 1 week (green lines) and subsequent irradiation (other lines). Despite
careful control of analysis conditions, some baseline shifting is observed in several samples.
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Figure 4.10 (continued): Motor 4.2 (a-e) at varying pH or in unbuffered Milli-Q (f). Stable
trans-4.2 (red lines), stable trans-4.2 after 1 week (green lines) and subsequent irradiation (other
lines). Despite careful control of analysis conditions, some baseline shifting is observed in several
samples.

4.2.4.8 Identification of potential degradation products
To complete the identification of the degradation product of motor 4.2, a sample of
trans-4.2 was dissolved in D2O and irradiated for 30 min with 312 nm light. The sample was subsequently freeze-dried, redissolved in methanol and submitted for HRMS
analysis. A mass of M+19 was measured, which is consistent with the addition of D2O,
followed by exchange of the alcoholic deuterium atom by a hydrogen atom in methanol.
To summarize, the motor 4.2 is stable in water, but upon irradiation it isomerizes and
subsequently degrades. However, if the irradiation is halted, the unstable cis isomer
thermally isomerizes to the stable cis isomer in a clean process. The degradation is independent of pH and only occurs in water. The presence of oxygen does not influence the
behaviour. A model compound bearing the solubilizing side chain is stable upon irradiation in water. Mass analysis shows that the main degradation product has a mass of
M+18. Finally, the degradation product is characterized by a disappearance of UV absorption above 300 nm. These results are consistent with water addition to the double
bond, which most likely occurs in a photogenerated intermediate. Such a photoinduced
water addition has previously been observed for dihydroquinolines.24 The double bond
in rotary molecular motors is significantly twisted and may also be polarized, rendering
it vulnerable to addition reactions. Since this double bond is of key importance to the
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design of light-driven rotary molecular motors, we see no immediate solution to this
problem. However, by careful choice of reaction conditions, the degradation can be
minimized and the rotary cycle can be performed in aqueous environment. Future research might lead to modifications that will render the core double bond less susceptible to nucleophilic attack.
4.2.5 DNA binding assays
In Chapter 2 of this thesis, extensive efforts towards reversible control over DNA structure and function are described. The synthesis of the DNA-motor hybrid reported therein was the most time-consuming part of the investigation. Additionally, the ten-step
synthesis could be a limited factor in the production of larger amounts of DNAbioconjugate. As discussed in Chapter 1 of this thesis, a supramolecular approach towards photocontrol of poly- and oligonucleotides has also produced encouraging results. Particularly reversible DNA/RNA condensation is currently under extensive investigation. The condensation agents discussed in Chapter 1 all share the same structural
motif: quarternary ammonium groups. These substituents both serve to solubilize the
photoswitches, and to bind to the negatively charged DNA/RNA backbone. Therefore,
motor 4.2 seemed to be an ideal candidate to test for DNA binding ability. Figure 4.11
depicts the results of a fluorescence displacement assay. 4’,6-Diamidino-2-phenylindole
(DAPI) is a groove-binding dye which strongly fluoresces when bound to DNA.25 In a
competitive binding experiment with another binder, DAPI dissociates from the DNA
and becomes less fluorescent. Motor 4.2 (both isomers) was mixed with DAPI (0.5 μM)
in the presence of oligonucleotide 5'-GCCATATAGCTCTCGCTATATGG-3’ (5 μM). At
higher concentrations, both cis and trans isomers could replace the DAPI, resulting in
reduced fluorescence. However, at a certain concentration range (~0.1-0.5 μM), cis-4.2
was found to be more effective at binding DNA than trans-4.2. This result suggests that
binding affinity of 4.2 for DNA may be modulated using irradiation. Further research
will demonstrate the applicability of molecular motors for photocontrollable DNA binding.
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Figure 4.11: Fluorescence displacement assay for motor 4.2 using DAPI stain.
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4.3 Motor rotation in micelles
Water soluble motors may find application both inside and outside of the cell. Complimentary to these, applications may be envisioned in which molecular motors need to
operate in the biological membrane. All motors reported by our group thus far are only
soluble in organic solvents, with the exception of a recent system that was shown to
aggregate in water.9 In theory, many of these may also be operated in a bilayer. To study
the operation of molecular motors for use in the cell membrane, a model system was
designed. Molecular motor 4.8 (Scheme 4.5) was first reported in 2005.26 Its photochemical properties are excellent, with high photostationary states and a half-life of 3.17
min. To mimic conditions in a bilayer, motor 4.8 was encapsulated in micelles. Sodium
dodecyl sulfate (SDS) was used as the surfactant (CMC = 8.5 mM in water).

Scheme 4.5: Motor 4.8 and its rotary cycle.

4.3.1 UV-vis spectroscopy
A stock solution of molecular motor 4.8 was film-dried on the inside of a small vial. A
20 mM solution of SDS in aqueous buffer (25 mM Tris, Bis-Tris, MES and sodium acetate, pH= 7.4) was added and the vial was sonicated for 2 min. The final concentration
of 4.8 was 20 μM. Initially, the spectrum looked rather poor, with no defined absorptions and absorbance up to 900 nm (Figure 4.12a, black line). However, after several
hours at rt, a sharper absorption band could be observed (λmax = 388 nm, Figure 4.12a,
red line), which was very similar to the absorbance of 4.8 in hexane (λmax ~ 390 nm).
The absorbance at higher wavelengths seen initially may be attributed to scattering
effects of larger aggregates of 4.8. The disappearance of the scattering is indicative of
solution of 4.8 in the micelles. The exact same behaviour could be reproduced at various concentrations above the CMC. Irradiation with 365 nm light led to the formation
of a new, broader absorption band at a higher wavelength (λmax = 411 nm, Figure 4.12a,
blue line), again similar to the absorption corresponding to the unstable isomer in hexane (λmax ~ 420 nm). The clear isosbestic point that can be observed at λ = 406 nm
(Figure 4.12b) is indicative of a lack of unwanted side reactions. After leaving the sample at rt for 1 h, the initial spectrum is regenerated (Figure 4.12a, turquoise line), indicating a complete THI to stable 4.8.
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Figure 4.12: UV-vis spectra of motor 4.8 in buffer (25 mM Tris, Bis-Tris, MES and sodium acetate, pH= 7.4) in the presence of SDS. (a) Motor 4.8 (black line), sample after 16 h (red line), PSS
(blue line) and after THI (turquoise line). (b) Motor 4.8 upon irradiation with 365 nm light. All
spectra recorded at 20 °C under ambient atmosphere.

To confirm that the motor is actually dissolved in micelles, the UV-vis experiment was
repeated in PBS buffer (pH = 7.4) only. The UV-vis spectrum initially displayed no
defined peaks and absorbance up to 900 nm (Figure 4.13a, black line). Like for the
sample containing SDS, the sample was left at rt for 1 day. In the presence of SDS, this
leads to a very defined spectrum similar to the UV-vis spectrum of 4.8 in hexane (vide
supra).26 Without SDS, the spectrum lowers a little in intensity but retains the same
shape (Figure 4.13a, red line). Irradiation with 365 nm light leads to a decrease of the
main absorption band and an increase at a higher wavelength. The PSS is reached after
7 min, but a significant absorption at λmax = 406 nm is still present (Figure 4.13b, red
line). After leaving the sample at rt for 30 min, minor indication of THI is observed
(Figure 4.13b, blue line). After one day at rt, the absorption band at λmax = 406 has
somewhat increased in intensity (Figure 4.13b, turquoise line). However, the new absorbance band has not decreased yet. The THI, if occurring at all, seems to be much
slower under these conditions. Because the λmax in this spectrum has shifted to a higher
wavelength compared the sample containing SDS, the experiment was repeated with a
420 nm LED, but the results were not improved.
Based on the UV-vis experiments, it can be concluded that motor 4.8 both dissolves
well and functions properly in SDS micelles. Although some switching behaviour could
be observed in aqueous buffer without SDS, the motor is likely not solubilized, which
impedes its function.
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Figure 4.13: UV-vis spectra of motor 4.8 in aqueous buffer (25 mM Tris, Bis-Tris, MES and
sodium acetate, pH= 7.4). (a) Motor 4.8 (black line), sample left at rt for 1 day (red line) and
upon irradiation with 365 nm light. (b) Motor 4.8 after 24 h (black line), PSS (red line), after 30
min at rt (blue line) and after 1 day at rt (turquoise line). All spectra recorded at 20 °C under
ambient atmosphere.

4.3.2 Kinetic analysis
The activation parameters of the THI from unstable 4.8 to stable 4.8 were investigated
using Eyring analysis. Samples of motor 4.8 in SDS micelles, in aqueous PBS buffer (pH
= 7.4) were irradiated with 365 nm light at several temperatures, until the PSS was
reached (1 min). The absorption at 450 nm was then measured over time until the
thermal process was complete. All exponential decay lines were fitted using least
squares approach. The results were processed using a direct Eyring analysis with errors
obtained by a Monte Carlo experiment. The Eyring plot is depicted in Figure 4.14,
while calculated activation parameters are listed in the insert. The half-life of 4.8 in
micelles at rt was calculated to be 4.93 min, somewhat slower than in hexane (3.17
min).
0.0025

0.0020

∆‡H° = 64.1±3.0 kJ/mol

k (s-1)

0.0015

∆‡S° = -76.4±10.4 J/K/mol
∆‡G° = 86.5±0.1 kJ/mol

0.0010

0.0005

0.0000
270

275

280

285

290

295

T (K)
Figure 4.14: Eyring plot of the thermal helix inversion from unstable 4.8 to stable 4.8, in SDS
micelles (20 mM) in aqueous PBS buffer (pH = 7.4), and activation parameters (right).
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4.3.3 Viscosity measurements
Motor 4.8 operates somewhat slower in the micelle (4.93 min) than it does in hexane
(3.17 min). This is a rather interesting observation, since the inside of a micelle consists
of linear aliphatic chains, similar to hexane. Because the natural logarithm of the
viscosity is linearly related to the natural logarithm of the THI rate,27 a longer half-life in
the micelle indicates that the internal viscosity is higher than the viscosity of hexane
(Chapter 6). It was envisioned that the motor might be used as a probe to monitor the
viscosity inside the micelle. A calibration curve was established by measuring the rate of
rotation of 4.8 in a range of linear alkanes with increasing viscosity, starting with
pentane and ending with dodecane (Figure 4.15, black dots). Notably, the results
obtained for 4.8 are different than those reported previously in literature (Figure 4.15,
red dot).26 This difference may arise from the fact that half-lives at rt were recorded in
this experiment, while in the previous investigation the activation parameters were
obtained by Eyring analysis, from which the half-life at rt was calculated.
Interestingly, increasing viscosity does not seem to affect the rate of rotation of 4.8,
while typically an increasing viscosity will impede the rotation speed. Motor 6.1
(Chapter 6), which was specifically designed to investigate solvent effects on rotation
rate, has four butyl side chains, which may significantly increase solvent-solute
interactions especially in aliphatic solvents. The lack of these side chains in motor 4.8
may provide a explanation for the absence of a negative correlation between viscosity
and rate. The rate of rotation in the micelle is lower than in the aliphatic solvents
(Figure 4.15, blue line). Potentially, the density of the aliphatic tails in the micelles is
relatively high,28 which could impede the rotational speed.
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Figure 4.15: Natural logarithm of rate of the THI of 4.8 plotted against natural logarithm of
viscosity of the solvent. Because the viscosity inside the micelle is unknown, the measured rate is
plotted over the entire axis.
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4.3.4 Fatigue resistance
Upon irradiation and subsequent THI of motor 4.8 in 20 mM SDS in buffer (25 mM
Tris, Bis-Tris, MES and sodium acetate, pH= 7.4), no degradation of the motor was
observed (Figure 4.12b). As discussed earlier in this chapter, the central double bond of
a molecular motor is vulnerable to water addition in aqueous environments. Incorporation of the motor in micelles appears to solve this issue. Irradiation with 365 nm light
and subsequent THI were repeated for 13 cycles to investigate fatigue resistance of 4.8
in micelles (Figure 4.16). The system was shown to be highly fatigue resistant.
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Figure 4.16: Fatigue resistance experiment of motor 4.8 in buffer (pH = 7.4) and 20 mM SDS.
Absorbance at 380 nm was monitored after each irradiation with 365 nm light (1 min, purple
bands) or THI (rt, 1 h, white bands).Due to duration of experiment, the sample was left at rt
overnight, which accounts for the small baseline shift observed between cycles 6 and 7.

4.3.5 UV-vis spectroscopy over a pH range
The stability of motor 4.8 in micelles in aqueous buffer solution was further investigated by operating the motor over a pH range. Figure 4.17 depicts the photochemical
behaviour of motor 4.8 in a 20 mM aqueous solution of SDS in buffer (25 mM Tris, BisTris, MES and sodium acetate) at pH = 2, 4, 6, 8 and 10. A UV-vis spectrum was recorded of each sample (black lines) and the samples were irradiated for 1 min with 365
nm light (red lines). Subsequently, all samples were left to undergo THI at rt (blue
lines). Spectra of the same samples were recorded after 1 week (turquoise lines) and the
experiment was repeated (pink and green lines). Some small baseline shifting was inevitable due to the week long incubation time between the experiments. However, switching function appears to be retained over the entire pH range, and after one week.
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Figure 4.17: Motor stable 4.8 in buffer at varying pH, containing 20 mM SDS. All samples irradiated with 365 nm light for 1 min, followed by THI at rt. All samples subsequently incubated at
rt for 1 week, after which the irradiation experiment was repeated.
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4.4 Conclusions
In this chapter, two complimentary methods to operate molecular motors under physiological conditions were investigated.
A first-generation motor was functionalized with water solubilizing chains. Although
aggregation at higher concentrations can occur, the motor is fully soluble at submillimolar concentrations. The motor displays typical behaviour for first-generation
motors and is stable over an extensive pH range. Some degradation can be observed
during the switching cycle. Using various techniques, this degradation was attributed to
water addition to the double bond, most likely occurring in a photoinduced reaction
intermediate deriving from the unstable cis isomer. Future research will foremost target
synthetic modifications that reduce this degradation. Such investigations are challenging, because the core double bond of the motor is of fundamental importance for the
unidirectional rotation. Potentially, electron donating substituents could render the
double bond less susceptible for nucleophilic attack.
Additionally, a second generation model molecular motor was operated in micelles, as a
model for the cell membrane and other bilayers. The motor shows excellent photochemical properties and does not undergo the same degradation process that is observed for the water-soluble motor because the interior of the micelles forms a protective shell around the motor. The motor can be rotated for at least 13 cycles without
significant degradation and is not affected by pH changes. Based on these results, it is
expected that most of the molecular motors reported by our group may be operated in a
micelle or bilayer.
As demonstrated in Chapters 1, 2, and 5 of this thesis, molecular motors are highly
suitable candidates for application in responsive biological systems or photoswitchable
drugs. The results presented in this chapter, in particular the realization of a water soluble molecular motor, can provide a starting point for such investigations, and demonstrate that molecular motors are up to this challenge.
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4.5 Experimental procedures and acknowledgements
For General Remarks, see Chapter 2. Synthesis of second generation motor 4.8 was
performed by Christian Böhmer, under the supervision of Peter Stacko and Filippo
Tosi.
2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-5,5'dicarbaldehyde (4.3)
Dibromo-functionalized motor 2.729 (309 mg, 0.652 mmol) was
dissolved in dry THF (20 mL) under a nitrogen atmosphere. The
solution was cooled to -60 °C and n-butyllithium (1.42 mL, 1.6 M
solution in hexane, 2.28 mmol) was added dropwise. The mixture
was stirred for 1 h at -60 °C. Subsequently, DMF (5.02 mL, 65.2
mmol) was added and the reaction mixture was gradually warmed
up to room temperature. The reaction was quenched with a saturated aqueous NH4Cl solution (20mL). The mixture was extracted with
ethyl acetate (3 x 20 mL). The combined organic layers were washed with brine, dried
over MgSO4 and concentrated in vacuo. The reaction mixture was purified using flash
column chromatography (SiO2, pentane: EtOAc 95:5). Cis and trans isomers were obtained from the column separately, as a yellow solid and a yellow oil, respectively. The
combined product was obtained in 67% yield (140 mg, 0.376 mmol). Cis: 1H NMR
(400 MHz, CDCl3) δ 10.22 (s, 2H), 7.43 (s, 2H), 3.44 (p, J = 6.8 Hz, 2H), 3.16 (dd, J =
15.1 Hz, 6.3, 2H), 2.60 (m, 8H), 1.53 (s, 6H), 1.10 (d, J = 6.8 Hz, 6H); 13C NMR (101
MHz, CDCl3) δ 192.8, 146.4, 146.1, 143.1, 133.5, 133.5, 133.3, 133.1, 41.7, 38.6,
20.4, 20.3, 14.8; mp: >240 oC (dec.). Trans: 1H NMR (400 MHz, CDCl3) δ 10.23 (s,
2H), 7.58 (s, 2H), 2.91 (app. p, 2H), 2.70 (dd, J = 14.8, 5.7 Hz, 2H), 2.51 (s, 6H), 2.50
(s, 6H), 2.38 (d, J = 14.7 Hz, 2H), 1.11 (d, J = 6.8 Hz, 6H); 13C NMR (101 MHz,
CDCl3) δ 192.7, 146.2, 144.6, 143.1, 133.7, 133.7, 131.5, 41.9, 38.8, 21.5, 19.1, 14.6.
HRMS (APCI): m/z calcd for C26H29O2: 373.2162, found 373.2156 (M+H+).
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1,1'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-5,5'diyl)bis(N,N-dimethylmethanamine) (4.4)
Overcrowded alkene trans-4.3 (76.0 mg, 0.204 mmol) was dissolved in dry DCM (2 mL) under a nitrogen atmosphere. Dimethylamine (408 μL, 2 M in THF, 0.817 mmol) was added and the reaction mixture was stirred at room temperature for 1 h. Subsequently,
the reaction mixture was cooled to 0 °C and NaBH(OAc)3 (124 mg,
0.612 mmol) was added. The reaction mixture was warmed up to
room temperature and stirred overnight. The reaction was quenched
with a saturated aqueous NaHCO3 solution (5 mL) and extracted
with ethyl acetate (3 x 5 mL). The combined organic layers were
washed with brine, dried over MgSO4 and concentrated in vacuo. The product could be
purified using flash column chromatography (SiO2, pentane:EtOAc:NEt3 95:5:1). Motor
trans-4.4 was obtained as a white powder (65 mg, 0.15 mmol, 74%). Motor cis-4.4
could be obtained using the analogous procedure. Trans: 1H NMR (400 MHz, CDCl3) δ
6.98 (s, 2H), 3.38 (s, 4H), 2.87 (app. p, 2H), 2.67 (dd, J = 14.5, 5.7 Hz, 2H), 2.42 (s,
6H), 2.29 (s, 12H), 2.24 (d, J = 14.3 Hz, 2H), 2.19 (s, 6H), 1.07 (d, J = 6.4 Hz, 6H); 13C
NMR (101 MHz, CDCl3) δ 143.5, 141.3, 140.2, 130.7, 130.6, 130.5, 62.3, 45.9, 42.1,
39.6, 22.1, 19.7, 14.8; mp = 185-188 °C. Cis: 1H NMR (400 MHz, CDCl3) δ 6.80 (s,
2H), 3.47 (d, J = 12.5 Hz, 2H), 3.33 (app. p, 2H), 3.25 (d, J = 12.6 Hz, 2H), 3.09 (dd, J
= 14.8, 6.3 Hz, 2H), 2.46 (d, J = 14.8 Hz, 2H), 2.27 – 2.23 (m, 18H), 1.47 (s, 6H), 1.06
(d, J = 6.7 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 144.8, 140.3, 140.0, 135.4, 132.4,
130.1, 129.7, 62.1, 45.5, 41.5, 39.2, 20.5, 20.4, 14.7; mp = 168-169.2 oC. HRMS (APCI): m/z calcd for C30H43N2: 431.3421, found 431.3414 (M+H+).
1,1'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-5,5'diyl)bis(N,N,N-trimethylmethanaminium) iodide (4.1)
Overcrowded alkene trans-4.4 (20 mg, 0.046 mmol) was dissolved in DCM (2 mL). A large excess of methyl iodide (~100
μL) was added and the mixture was stirred at room temperature. After 30 min, the formed precipitate was filtered off and
washed with diethyl ether (5 mL). Trans-4.1 was obtained as a
white powder (19 mg, 0.033 mmol, 72%). 1H NMR (400 MHz,
DMSO-d6) δ 7.25 (s, 2H), 4.55 (q, J = 13.2 Hz, 4H), 3.06 (s,
18H), 2.84 (t, J = 6.1 Hz, 1H), 2.63 (dd, J = 14.9, 5.7 Hz, 2H),
2.43 (s, 6H), 2.34 (d, J = 14.9 Hz, 2H), 2.26 (s, 6H), 1.05 (d, J
13
= 6.3 Hz, 3H); C NMR (101 MHz, DMSO-d6) δ 144.1, 142.0, 141.5, 134.8, 133.23,
130.6, 125.5, 65.0, 51.9, 41.4, 39.2, 21.5, 19.3, 15.6; mp: > 230 °C (decomp). HRMS
(ESI): m/z calcd for C32H48N2 is 230.19033, found 230.19044 (z=2).
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6,6'-bis(2-bromoethoxy)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-1,1'biindenylidene (4.5)
Trans-4.4 (107 mg, 0.307 mmol) was dissolved
in acetonitrile (10 mL). K2CO3 (1.06 g, 7.69
mmol) and 1,2-dibromoethane (66.6 μL, 0.769
mmol) were added and the mixture was heated
at reflux for 48 h. The reaction mixture was
cooled to room temperature and water (20 mL)
was added. The mixture was extracted with ethyl acetate (3 x 15 mL) and the combined
organic layers were subsequently washed with brine (15 mL), dried over MgSO4 and
concentrated in vacuo. No further purification was necessary. Trans overcrowded alkene
4.5 was obtained as a brown solid (107 mg, 0.226 mmol, 74% yield). Cis overcrowded
alkene 4.5 could be obtained in analogous manner. Cis: 1H NMR (400 MHz, CDCl3) δ
6.53 (s, 2H), 4.25 (app. ddt, 4H), 3.62 (t, J = 6.3 Hz, 4H), 3.34 (app. p, 6H), 3.05 (dd,
J = 14.6, 6.3 Hz, 6H), 2.39 (d, J = 14.6 Hz, 6H), 2.25 (s, 6H), 1.41 (s, 6H), 1.07 (d, J =
6.7 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 155.1, 142.5, 141.2, 137.3, 130.9, 123.1,
112.9, 69.1, 42.0, 38.3, 30.1, 20.6, 19.0, 14.5; mp = 151.8 °C. Trans: 1H NMR (400
MHz, CDCl3) δ 6.53 (s, 2H), 4.31 (app. ddt, 4H), 3.71 (t, J = 6.2 Hz, 4H), 2.86 (app. p,
2H), 2.60 (dd, J = 14.2, 5.7 Hz, 2H), 2.33 (s, 6H), 2.18 (app. m, 8H), 1.09 (d, J = 6.4
Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 155.5, 142.8, 141.9, 135.1, 131.6, 121.1,
111.7, 68.7, 42.4, 38.5, 30.1, 19.4, 18.9, 16.4; mp = 151.5 °C. HRMS (ESI): m/z calcd
for C28H35Br2O2: 563.0978, found 563.0964 (M+H+).
2,2'-((2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-6,6'diyl)bis(oxy))bis(N,N,N-trimethylethan-1-aminium) (4.2)
Molecular motor cis-4.5 (49 mg, 0.087 mmol)
2Brwas mixed with a 4.3 M NMe3 solution in
ethanol (4 mL) in a pressure tube. The tube
N
O
O
was closed and the reaction mixture was
N
stirred overnight at 50 °C. After cooling to
room temperature, diethyl ether (20 mL) was
added to the reaction mixture. The precipitate was filtered off and motor cis-4.2 was
obtained as a light brown solid in quantitative yield (59 mg, 0.087 mmol). Motor trans4.2 could be obtained in an analogous manner. Cis: 1H NMR (400 MHz, D2O) δ 6.64 (s,
2H), 4.30 (app. d, 4H), 3.69 (app. s, 4H), 3.19 (app. d, J = 19.5 Hz, 2H), 3.09 (s, 18H),
2.85 (d, J = 14.3 Hz, 2H), 2.28 (d, J = 15.2 Hz, 2H), 2.10 (s, 6H), 1.19 (s, 6H), 0.85 (d,
J = 6.1 Hz, 6H); 13C NMR (101 MHz, D2O) δ 156.9, 145.2, 144.2, 140.7, 134.7, 124.1,
113.9, 68.1, 65.0, 56.6, 44.4, 40.0, 21.9, 20.2, 16.3; mp: > 310 °C (dec.). Trans: 1H
NMR (400 MHz, D2O) δ 6.78 (s, 2H), 4.49 (app. d, 4H), 3.89 (app. s, 4H), 2.77 (app. t,
2H), 2.43 (app. d, 2H), 2.29 (s, 6H), 2.22 (d, J = 14.8 Hz, 2H), 2.16 (s, 6H), 1.03 (d, J
= 6.3 Hz, 6H); 13C NMR (101 MHz, D2O) δ 157.5, 145.0, 144.5, 137.9, 135.1, 122.9,
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113.8, 68.1, 65.0, 56.7, 44.4, 39.8, 20.8, 20.0, 18.4; mp: >240 °C (dec.). HRMS (ESI):
m/z calcd for C34H52N2O2: 260.2009, found 260.2005 (z=2).
N,N,N-trimethyl-2-(naphthalen-1-yloxy)ethan-1-aminium bromide (4.7)
1-(2-bromoethoxy)naphthalene (118 mg, 0.472 mmol) was mixed with a
4.3 M NMe3 solution in ethanol (5 mL) in a pressure tube. The tube was
closed and the reaction mixture was stirred overnight at 50 °C. After cooling down to room temperature, diethyl ether (20 mL) was added to the
reaction mixture. The precipitate was filtered off and model compound
4.7 was isolated as a yellow powder (86 mg, 0.28 mmol, 60%). 1H NMR
(400 MHz, D2O) δ 8.18 (d, J = 8.0 Hz, 1H), 7.91 (d, J = 7.8 Hz, 1H), 7.55 (m, 3H),
7.47 (t, J = 8.1 Hz, 1H), 7.00 (br. d, J = 5.4 Hz, 1H), 4.67 (br. s, 2H), 3.96 (br. s, 2H),
3.28 (s, 9H); 13C NMR (101 MHz, D2O) δ 155.4, 136.8, 130.3, 129.6, 128.9, 128.7,
127.2, 123.9, 123.8, 108.0, 67.9 (t), 64.4, 56.5 (t); mp = 198 °C. HRMS (ESI): m/z
calcd for C15H20NO: 230.1539, found 230.1542.
9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-fluorene
(4.8)
Second generation motor 4.8 was synthesized according to literature
procedure in 45% yield (188 mg, 0.556 mmol).26 1H NMR (400
MHz, CDCl3) δ 8.10 – 8.04 (m, 1H), 8.00 (d, J = 8.2 Hz, 1H), 7.97
(d, J = 8.2 Hz, 1H), 7.95 – 7.89 (m, 1H), 7.86 (d, J = 8.5 Hz, 1H),
7.83 (d, J = 7.5 Hz, 1H), 7.63 (d, J = 8.2 Hz, 1H), 7.52 (t, J = 7.5
Hz, 1H), 7.49 – 7.43 (m, 2H), 7.38 (dt, J = 7.3, 0.9, 0.0 Hz, 1H), 7.28 (td, J = 7.5, 1.0
Hz, 1H), 6.89 (t, J = 7.5 Hz, 1H), 6.84 (t, J = 9.1 Hz, 1H), 4.42 (p, J = 6.6 Hz, 1H), 3.63
(dd, J = 15.0, 5.6 Hz, 1H), 2.81 (d, J = 15.1 Hz, 1H), 1.45 (d, J = 6.7 Hz, 3H); 13C NMR
(101 MHz, CDCl3) δ 151.1, 147.4, 140.1, 139.8, 139.5, 137.1, 136.3, 132.6, 130.8,
130.4, 129.8, 128.6, 127.5, 126.9, 126.9, 126.9, 126.5, 125.9, 125.8, 125.3, 124.1,
124.0, 119.7, 118.9, 45.5, 41.9, 19.3; mp = 150-152 °C; HRMS (ESI): m/z calcd for
C27H21: 345.1638, found 345.1635 (M+H+).
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Chapter 5: Towards Photoswitchable
Chemotherapy Agents
In this chapter, the design and synthesis of two new photoswitchable chemotherapy agents is
reported. The photochemical properties of these switches are studied using UV-vis and NMR
spectroscopy. An outlook on further research is presented at the end of the chapter.

131

Chapter 5
5.1 General introduction
Chemotherapy was first utilized in the early 20th century and has become a life-saving
standard in the treatment of cancer.1 However, the cytotoxicity of chemotherapeutic
agents is non-specific, since any type of fast dividing cell in the body is targeted.2 Therefore, side effects of chemotherapy can be severe and discontinuation of treatment in
seriously ill patients is often preferred over the heavy discomfort induced by it. In fact, a
recent survey among doctors revealed that most would choose to stop high intensity
treatment in the last months of their own life.3 The side effects arising from chemotherapeutic agents may be battled if drug activity can be controlled externally at a precisely
defined location. Among several potential triggers, light stands out due to its noninvasive nature and the high level of spatial and temporal control over the application.4
Photopharmacology is a relatively new field which aims at using light to control activity
of therapeutic agents. Contrary to photocaging, in photopharmacology the drug can not
only be switched “on” at the desired location, but can also be switched “off”.5 In photopharmacology, a photoswitch is synthetically incorporated in the structure of an existing drug. The ideal photopharmacological drug is inactive when in the thermodynamically stable form, due to the photoswitch distorting the structure. Upon irradiation, the
drug switches to an active form which fits the receptor because the structure is similar
to that of the parent drug. Inactivation by either irradiation or a thermal process ensures
that the active form of the drug is not excreted. A variety of switches including azobenzenes,6 stilbenes7 and spiropyrans8 have been used in the design of photopharmacological drugs. However, the use of multistate switches has not yet been reported. Thus far, a
variety of photoswitchable drugs has been successfully synthesized and tested. A comprehensive overview, as well as an outlook on current challenges and future developments, can be found in references 9-13.
5.2 Photoswitchable cisplatin derivatives
(Cis-Diamminedichloro)platinum(II) (cisplatin) is a widely used chemotherapy agent
that is particularly effective in the treatment of prostate cancer.14 Although the compound was already described in 1844,15 it’s anticancer activity was not discovered until
the late 1960’s.16 In the cell, cisplatin undergoes double ligand exchange to form
Pt[(OH2)2(NH2)2].14 Subsequently, the platinum binds to purine bases in DNA and thus
creates interstrand and intrastrand crosslinks. These crosslinks distort the helical structure,
ultimately
leading
to
cell
apoptosis.
Conversely,
(transdiamminedichloro)platinum(II) (transplatin) is much less effective at inducing crosslinks,17,18 but at higher concentration it is able to inhibit replication.19
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Recently, Presa et al. presented two photoswitchable platinum complexes (Scheme
5.1).20 The core structure of compound DAE-Pt is a diarylethene photoswitch functionalized with pyridine moieties, which act as ligands in a Pt(II) complex. A difference in
cytotoxicity against various cell lines was observed, with the closed form of DAE-Pt
being more toxic. The authors explain this difference by considering that the planar
structure of the closed switch may be more efficient at intercalation, allowing the platinum to bind to the purine bases.

Scheme 5.1: Structure and switching behaviour of diarylethene based platinum(II) complex
DAE-Pt.

5.2.1 Design and synthesis
Platinum complexes induce cell apoptosis through crosslinking of the DNA strands
(vide supra). Although the work of Presa et al. constitutes an interesting proof of principle regarding the application of photopharmacology to platinum-based chemotherapy
agents, the actual differences in activity between the open and closed form of the switch
are small.20 As an alternative, we considered using an overcrowded-alkene based multistate molecular photoswitch (molecular motor) to control the crosslinking process. A
molecular motor has two thermally stable forms, cis and trans. In this paragraph, these
are denominated Z and E, respectively, to avoid confusion with the different coordination around the Pt (II) square planar complex. In the Z isomer (Figure 5.1b, right), the
substituents on two halves of a first generation molecular motor are positioned relatively
close to each other while in the E isomer they are spatially distant (Figure 5.1b, left).
This allows the substituents to work in concert in the Z isomer, a concept which has
successfully been applied to perform asymmetric catalysis.21 We believe that using the
large displacement of substituents upon irradiation may attribute to a larger difference
in activity. Our design features a trans platinum complex attached to each half of the
motor. The E isomer of this compound is expected to be comparable in activity to
transplatin (Figure 5.1a, left and 1b, left). Photoswitching the motor from E to Z forms
might induce binding of both Pt complexed to the DNA, forming a type of crosslink,
analogous to the complex activity of cisplatin (Figure 5.1a, right, and 1b, right.). In
doing so, we change from a traditional mononuclear complex, such as cisplatin, to a
bisnuclear complex. Additionally, the change in chirality between the unstable Z and
stable Z isomers could attribute to a difference in complexation efficiency, providing a
first multistate photopharmacological agent.
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Figure 5.1: Schematic overview of (a) the mode of operation of transplatin and cisplatin and (b) a
molecular motor based platinum complex for use in DNA crosslinking studies.

Structure 5.2 (Scheme 5.2) was proposed as the photoswitchable, cytotoxic Pt(II) complex. A first generation molecular motor functionalized with pyridine moieties (5.1) was
selected as the photoswitchable ligand, analogous to the functionalized diarylethene
ligand that was used by Presa et al.20 The synthesis started from dibromo-substituted
compound Z-2.7, which is easily accessed through four high yielding synthetic steps
(see Chapter 2). The pyridine moieties were installed via a Suzuki cross-coupling and
ligand Z-5.1 was obtained in 32% yield. Complexation to the platinum yielded complexed motor Z-5.2.

Scheme 5.2: Synthesis of Pt(II) based motor 5.2. Configuration around the platinum in 5.2 has
not been confirmed.
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Complexation of the platinum could be observed in 1H NMR by a shift of the characteristic two doublets corresponding to the pyridine moieties of the motor unit, and was
confirmed using HRMS. Notably, while cis-Pt(DMSO)2Cl2 was used for complexation,
the trans complex was expected to be the product.20,22 Although the configuration
around the platinum was not confirmed for 5.2, cis-trans isomerization during the complexation reaction was found for the analogous diarylethene Pt complex.20 This isomerization can be attributed to the S-bonded DMSO ligand exhibiting the strongest trans
effect.22
5.2.2 NMR analysis of rotary cycle
1

H NMR analysis was used to study the rotational cycle of Pt-complexed motor 5.2
(Figure 5.2). A solution of stable Z-5.2 in CD2Cl2 was irradiated with λ = 365 nm light.
The half-life of the unstable E isomer of xylene-based first generation molecular motors,
such as 5.2, is typically very short (<1 min at rt). Therefore, upon photogenerated
isomerization, thermal helix inversion (THI) of the unstable E isomer towards the stable
E isomer can occur readily even at low temperatures (Figure 5.2a). This stable E isomer
can also undergo photoisomerization, thus creating a mixture of all four isomers. To
prevent THI of the unstable E isomer, all irradiation and measurements were performed
at -50 °C. Despite these precautions, after 2 h of irradiation of Z-5.2 (Figure 5.2ii) the
sample contained not only 71% of the unstable E isomer, but also 14% of the stable E
isomer and even 6% of the unstable Z isomer, which emerged as a result of photochemical isomerization from stable E. After heating the sample to room temperature for 30
min, all of the formed unstable E isomer is converted to the stable E isomer (Figure
5.2iii). The percentage of unstable Z isomer in this spectrum remains unchanged, which
is to be expected since the unstable Z isomer of xylene-based first generation molecular
motors typically has a half-life of several days at room temperature. For the second half
of the cycle, the sample was irradiated for 10 h with λ = 365 nm light (Figure 5.2iv),
leading to a PSS consisting of 93% unstable Z isomer. Finally, the stable Z isomer was
regenerated by heating the sample to 35 °C for 6 h (Figure 5.2v). Overall, motor 5.2
appears to have excellent photochemical properties in CD2Cl2, with high conversions
during the photochemical isomerizations and no significant degradation observed.
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Figure 5.2: Photochemical and thermal rotary cycle of cisplatin derivative motor 5.2. (a) Rotary
cycle of simplified structure of motor 5.2 (R = pyridine-Pt[Cl2DMSO]). (b) 1H NMR analysis of
switching cycle, zoomed in on H*. Isomers are indicated by letters A-D, see (a) for assignment. (i)
Stable Z, (ii) λ = 365 nm,-50 °C, 2 h, (iii) rt, 30 min, (iv) λ = 365 nm, -50 °C, 10 h, (v) 35 °C, 6
h. All spectra recorded in CD2Cl2 at -50 °C. (c) 1H NMR analysis of rotary cycle, full spectra.
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5.2.3 DNA-binding assay
In order to test the effect of Pt(II) complexed motor 5.2 the compound was incubated
with pBR322 plasmid DNA.23 Typically, when plasmid DNA is incubated with cisplatin
complexes, the DNA is shortened which results in a longer migration rate in gel electrophoresis.18 No such effect was observed for plasmid DNA incubated with motor 5.2.
Most likely, this is due to insufficient solubility of 5.2 in the assay medium. Even in
buffer solutions containing up to 10% DMSO, motor 5.2 remained completely insoluble. The presence of DMSO is highly discouraged in studies concerning cisplatin derivatives, since DMSO can lead to loss of cytotoxicity.24 Therefore, the use of higher percentages of DMSO was deemed unsuitable. The addition of water-solubilizing groups,
such as demonstrated in Chapter 4, may provide a solution to this problem.
5.3 Photoswitchable colchicine derivatives
Colchicine (Scheme 5.3) is a natural product isolated from Colchicum autumnale, a type
of crocus, which has found limited application as an anti-cancer agent.25 It acts as a
microtubule inhibitor, blocking the polymerization of tubulin. Combretastatin-4A
(Scheme 5.3) is a member of a large group of natural products isolated from Combretum
caffum, and acts as a very potent inhibitor of the colchicine binding domain in the protein.26–28 Notably, combretastatin-4A has a stilbenoid core and can potentially be
switched between its cis and trans isomers using light. The trans isomer was found to be
much less active.27,29 Recently, three groups separately reported on the development of
azo-C4A (Scheme 5.3), a derivative of combretastatin 4A in which the bridging olefinic
bond were replaced by a diazo moiety, thus forming an azobenzene structure.30–32 Cisazo-C4A was found to have excellent cytotoxic abilities and is 250 times more potent
than the trans isomer. In vivo experiments were used to show that control over microtubulin growth could be achieved using light, as well as a high cytotoxity in a variety of
cell lines. However, it was also demonstrated that azo-C4A is easily reduced in the
presence of glutathione. Glutathione is a reducing agent that is present in the cell in
millimolar concentrations.33 Azobenzene can be reduced to hydrazobenzene or the free
amine, both of which are carcinogenic.34 Resistance against glutathione reduction can be
improved by changing substituents,35 but this may be impractical for combretastatin-4A
derivatives since both phenyl rings are involved in binding.25
Combretastatin-4A does not suffer from such side effects. However, no photoswitching
experiments have been performed, most likely since stilbenes tend to undergo irreversible photocyclization in the planar cis isomer.36 This issue can be resolved by demobilizing the free rotation around the vinyl-phenyl bonds by installing five-membered rings
on each half. The resulting stiff-stilbenes are not susceptible to photocyclization.37 With
this in mind, we proposed stiff-stilbene cis-5.3 (Scheme 5.3) as an alternative photoswitchable colchicine analogue. We expect this compound to be resistant to glutathi-
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one reduction. Additionally, both isomers of stiff-stilbenes are thermally stable whereas
azo-C4A readily undergoes thermal cis-trans isomerization.

Scheme 5.3: Structures of the natural products colchicine and combretastatin-4A, azobenzene
derivative azo-C4A and proposed switchable colchicine-domain inhibitor 5.3 with its switching
cycle.

5.3.1 Synthesis
Scheme 5.4 shows the synthesis of colchicine derivative 5.3. Indanone 5.4 was synthesized according to literature procedure, via a triflic anhydride-mediated VilsmeyerHaack type reaction of 1,2,3-trimethoxybenzene and dimethylacrylamide.38 Although
only 22% yield was obtained, this reaction could be performed on a large scale and was
therefore deemed preferable to the alternative three step synthetic route analogous to
the synthesis of indanone 5.7 (vide infra). The synthesis towards the other half of the
target compound started with a Knoevenagel reaction between 2,3dimethoxybenzaldehyde and malonic acid. Styryl carboxylic acid 5.5 was obtained in
82% yield and subsequently reduced in quantitative yield using palladium on carbon
and hydrogen gas. Cyclization of the resulting compound 5.6 towards indanone 5.7
using polyphosphoric acid proceeded with poor (8%) yield. Conversion of 5.8 into the
corresponding acyl chloride using SOCl2 and subsequent cyclization through an AlCl3mediated Friedel-Crafts acylation was more successful, and indanone 5.7 was obtained
in 65% yield. Selective deprotection of one methoxy substituent was achieved by following a literature procedure,39 using a chloroaluminate ionic liquid reagent. Indanone
5.8 was obtained in 69% yield, as a 6/1 mixture of regioisomers, from which the preferred regioisomer could be obtained through recrystallization (55% overall yield).
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Scheme 5.4: Synthesis of colchicine derivative 5.3.

The newly deprotected phenol was protected with a tert-butyl dimethylsilyl group in
79% yield. Protected colchicine derivative 5.10 was synthesized via a mixed McMurry
reaction between indanones 5.4 and 5.9. Although homocoupling was also observed,
the product could be isolated in 26% yield through column chromatography. Due to
steric hindrance, only one isomer of 5.3 was formed, which was determined to be trans
by NOE spectroscopy (Figure 5.3). The crosslinks between the aromatic region (HA, HB
and Hc) and the aliphatic region (all four methoxy peaks, and the cyclopentane peaks)
are depicted. In the trans isomer, cross peaks between the aromatic protons and the
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cyclopentane protons on the other half of the switch are seen. In the cis isomer, only
cross peaks between the aromatic protons and the adjacent methoxy protons are observed. Finally, the TBS group was cleaved using tetrabutyl ammonium fluoride and
colchicine derivative trans-5.3 was obtained in quantitative yield.

Figure 5.3: NOE spectra of both isomers of 5.3 (part of spectrum). The left spectrum was obtained from the reaction product, the right spectrum from the product after irradiation. Spectra
show NOE interaction between the aromatic (X axis) and aliphatic (Y axis) parts of the molecule.
Cross-peaks between the protons on the five membered rings (broad multiplet, HCP) and the
aromatic protons HB and HC indicate that the product obtained from the McMurry reaction is the
trans isomer (NOE interactions indicated in structure). In the spectrum on the right these cross
peaks are absent, which is expected for the cis isomer. Both spectra shows cross-peaks between
HA and its neighbouring methoxy group, and HC and its neighbouring methoxy group.

Colchicine analogue trans-5.3 proved to be a sensitive compound, degrading both under air and acidic conditions. In order to obtain larger quantities of the suspected active
compound cis-5.3, a sample of its precursor cis-5.10 was irradiated with λ = 312 nm
light in acetonitrile under an argon atmosphere. After 3 hours, a PSS consisting of 55%
cis isomer was reached. The isomers of 5.10 could subsequently be separated using
column chromatography. Deprotection of trans-5.10 to trans-5.3 appeared successful
by TLC and crude NMR analysis. However, after column chromatography no product
could be obtained. Stiff-stilbene cis-5.3 is likely to be equally unstable as the trans isomer, which in combination with the small scale may have caused the failure of this
isolation.
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5.3.2 UV-vis analysis
The photochemical behaviour of stiff-stilbene trans-5.3 was analysed using UV-vis spectroscopy. A solution of trans-5.3 in DMSO was purged with argon and a UV-vis spectrum was recorded (Figure 5.4a, black line). The spectrum showed absorption bands
with maxima at λ = 322, 336 and 354 nm. The sample was irradiated with 312 nm light
and spectra were recorded at regular intervals. The absorption bands decreased in intensity and a new shoulder around 370 nm appeared. Initially, a clear isosbestic point
indicated the absence of unwanted side reactions, but after 18 min of irradiation a shift
in the isosbestic point at λ = 360 nm was observed and the irradiation was halted. Subsequently, the PSS mixture (Figure 5.4b, black line) was irradiated with blue light (λ =
400 nm) (Figure 5.4b, dashed lines). The new higher wavelength shoulder disappeared
while the double absorption band of the trans isomer increased. The spectrum at PSS is
very similar to that of trans-5.3 (Figure 5.4a, black line), albeit with a lower absorbance
at both λmax. To test the stability of the switch, a sample of trans-5.3 in DMSO was irradiated with alternating 312 nm and 400 nm light, for 20 minutes each. The fatigue
graph (Figure 5.4b, insert) shows the absorbance of the sample at 353 nm after each
irradiation with 312 nm light (white bands) and 400 nm light (grey bands). From this
graph it is evident that the switch is highly sensitive to photoinduced degradation. As a
control, a solution of 5.3 and a solution of 5.3 that was irradiated for 20 min at λ = 312
nm were monitored over several hours at room temperature. In these solutions, no
degradation was observed, supporting the hypothesis that the photogenerated intermediates are unstable, and not trans-5.3 or cis-5.3. Photoisomerization of 5.3 was also
attempted in DCM, which led to almost instant degradation.
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Figure 5.4: UV-Vis analysis of trans-5.3 in DMSO. (a) Trans-5.3 (black line), irradiated with 312
nm light (coloured lines). Insert shows a close-up of the isosbestic point. (b) PSS mixture from
(a), irradiated with 400 nm light. The insert shows the absorbance at 353 after continuous irradiation with alternatively 312 light (white bands) and 400 nm light (grey bands). All samples
recorded and irradiated at 20 °C.
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°C. Proton * (singlet) is marked in the spectra for both the trans (*t) and cis (*c) isomers.
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5.3.3 NMR analysis
The switching process of 5.3 was analysed using 1H NMR spectroscopy. Trans-5.3 was
dissolved in DMSO-d6 under an argon atmosphere (Figure 5.5i). After 3 h of irradiation, the PSS was reached, consisting of 55% cis-5.3 and 45% trans-5.3 (Figure 5.5ii).
Irradiation of the PSS mixture with blue light (400 nm) leads to an almost complete
reformation of trans-5.3 (trans/cis 96/4, Figure 5.5iii). An internal standard was added
to the sample (dichloroethane, δ = 3.88) to monitor stability. No significant degradation
was observed. The difference in stability between the NMR sample and the UV-vis sample (vide supra) is most likely due to the concentration. Although in both cases the sample was degassed carefully, trace amounts of oxygen may have induced noticeable degradation in the UV-vis sample.
5.3.4 Glutathione reduction
As discussed previously, glutathione reduction of azo-C4A to toxic aniline derivatives
can be problematic for future in vivo applications. The parent Combretastatin A-4 does
not suffer from this side reaction.32 We subjected colchicine analogue 5.3 to a glutathione reduction assay. A 20 μM solution of 5.3 was prepared in a 10 mM glutathione
solution of 7.5% DMSO in PBS buffer (pH = 7.4). The absorption at 350 nm was monitored over time (Figure 5.6, black line). An initial 30 min period of rapid degradation
was followed by a long period of slow degradation. As a control, the same solution was
prepared without the presence of glutathione (Figure 5.6, red line). Although the initial
decrease in absorption was slower, after 1 h this sample had degraded as much as the
sample containing glutathione, and the absorption continued decreasing at a similar
rate. We therefore decided to monitor the stability of 5.3 in a solution containing much
less buffer. 20% PBS buffer was required to dissolve the glutathione. The absorbance of
the sample with (Figure 5.6, blue line) and without (turquoise line) glutathione was
monitored over time in a 4/1 DMSO/PBS buffer mixture. Both samples remain stable for
over 4 h. Obviously the glutathione reduction may be compromised by the high concentration of DMSO. However, based on the data shown in Figure 5.6, degradation in
the presence of water seems more likely.
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Figure 5.6: Absorption of solution of 5.3 monitored over time. 7.5% DMSO in PBS buffer (pH =
7.4), 10 mM glutathione (black line), 7.5% DMSO in PBS buffer (pH = 7.4), no glutathione (red
line), 80% DMSO in PBS buffer (pH = 7.4), 10 mM glutathione (blue line) and 7.5% DMSO in
PBS buffer (pH = 7.4), no glutathione (turquoise line).

5.3.5 Water solubility
Both azo-C4A and our new colchicine derivative 5.3 are insoluble in water. Borowiak et
al. addressed this issue by functionalizing azo-c4A with a disodium phosphate group
(Scheme 5.5).30 The synthetic procedure used to convert azo-C4A into azo-PC4A can
easily be adapted to install a solubilizing group on 5.3. Scheme 5.5 depicts the proposed synthesis of water soluble prodrug 5.12. Initially, the free phenol is converted
into dibenzylphosphate 5.11, after which the disodium salt 5.12 can be obtained by
successive treatment with TMSI and sodium methoxide. Due to the instability of 5.3,
not enough material was available to proceed with this synthesis.

Scheme 5.5: Structure of water soluble prodrug azo-PC4A, and proposed synthesis for water
soluble prodrug 5.12.
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5.4 Conclusions and outlook
Two potential photoswitchable chemotherapy agents have been synthesized and analysed. First generation Pt complexed motor 5.2 was designed as a cisplatin analogue,
modelled after a previously reported diarylethene-based design.20 NMR studies revealed
that the motor has excellent photochemical properties, i.e. high photostationary states
and stability in DCM. Due to the lack of solubility in water, the cytotoxicity of motor
5.2 could not be tested. A redesign of the motor is required to continue the investigation. At the time this research was conducted, a stable water soluble motor had not yet
been developed and the project was paused. However, taking into account our recent
development of water soluble motors (Chapter 3), we currently hold all the tools necessary to take on such a challenge.
Stiff-stilbene 5.3 was designed as a more robust analogue of azobenzene-based combretastatin-A4 derivatives. The trans isomer only absorbs in the UV range, but the (active) cis isomer can be switched almost quantitatively with blue light. Although compound 5.3 was prone to decomposition under irradiation, the addition of a watersolubilizing group may as an added benefit protect the free phenol, which may be prone
to light-induced oxidation. Preliminary investigations indicate that our design is more
resistant to glutathione reduction than the related azobenzene azo-c4A, but prone to
water induced degradation. Again, the addition of a solubilizing group on the vulnerable phenol position may change the stability of 5.3, and further investigations should be
performed on proposed water soluble colchicine derivative 5.12. Cytotoxicity assays
will be performed to see whether 5.3 has the large difference in activity between isomers that is typical of combretastatin-A4 and its derivatives.
5.5 Experimental procedures and acknowledgements
For General Remarks, see Chapter 2. The cytotoxicity assays for platinum-complexed
motor cis-5.2 were performed by Daniel Devlitsarov under the guidance of Mickel Hansen.
4,4'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-5,5'diyl)dipyridine (5.1)
Compound Z-2.7 (100 mg, 0.211 mmol), pyridine-4-boronic acid
(104 mg, 0.844 mmol), Pd(PPh3)4 (37 mg, 0.032 mmol) and K2CO3
(146 mg, 1.06 mmol) were mixed in 15 mL of a 3/1 ethanol/toluene
mixture and the solution was heated to 80 ºC. The reaction mixture
was stirred at 80 °C for 16 h and subsequently quenched with brine
(15 mL). The aqueous layer was extracted with ethyl acetate (3 x 10
mL). The combined organic layers were dried over MgSO4 and concentrated in vacuo. The crude product was first purified by flash
column chromatography (SiO2, pentane/ethyl acetate 2/3) and sub145
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sequently recrystallized from hot ethyl acetate. Motor Z-5.1 was obtained as a yellow
solid (32 mg, 0.068 mmol, 32%). 1H NMR (400 MHz, CDCl3) δ 8.64 – 8.58 (m, 4H),
7.28 (d, J = 5.0 Hz, 4H), 6.83 (s, 2H), 3.41 (app. p, 2H), 3.16 (dd, J = 15.1, 6.3 Hz,
2H), 2.51 (d, J = 15.0 Hz, 2H), 2.19 (s, 6H), 1.58 (s, 6H), 1.13 (d, J = 6.7 Hz, 6H); 13C
NMR (101 MHz, CDCl3) δ 150.4, 149.6, 145.9, 141.3, 141.3, 138.0, 133.5, 129.6,
127.9, 124.8, 77.4, 42.0, 39.6, 20.9, 20.8, 16.8; mp = 296 °C; HRMS (ESIpos): calcd
for ([C34H34N2 + H]+) 471.27948, found 471.27877.
(Pt[Cl2DMSO)])2-4,4'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'biindenylidene]-5,5'-diyl)dipyridine (5.2)
trans-Dichlorobis(dimethyl sulfoxide)platinum(II) (58 mg,
0.14 mmol) was suspended in methanol (12 mL) and heated
at reflux until the complex had completely been dissolved.
The hot reaction mixture was filtered over a cotton plug into
a Schlenk flask containing motor 5.1 (32 mg, 0.068 mmol)
under a nitrogen atmosphere. The flask was closed with a
rubber septum and the reaction mixture was stirred at room
temperature. After 16 h, the reaction mixture was filtered
over a glass filter and washed with cold methanol. The motor
Z-5.2 was obtained as a yellow solid (40 mg, 0.035 mmol,
51%). 1H NMR (400 MHz, CDCl3) δ 8.71 (d, J = 6.4 Hz, 4H),
7.41 (d, J = 6.4 Hz, 4H), 6.82 (s, 2H), 3.48 (s, 12H), 3.42
(app. p, 2H), 3.15 (dd, J = 15.2, 6.3 Hz, 2H), 2.51 (d, J =
15.1 Hz, 2H), 2.20 (s, 6H), 1.54 (s, 6H), 1.11 (d, J = 6.6 Hz, 6H); 13C NMR (101 MHz,
CDCl3) δ 154.2, 151.3, 146.5, 142.4, 141.8, 135.9, 133.9, 129.8, 128.1, 126.3, 77.4,
44.5, 42.0, 39.6, 20.9, 20.7, 16.6; mp: degrades > 280 °C; HRMS (ESIpos): calcd for
([C38H48Cl4N2O2Pt2S2 + H]+) 1159.11507, found 1159.11062.
4,5,6-trimethoxy-2,3-dihydro-1H-inden-1-one (5.4)
N,N-dimethylacrylamide (5.90 g, 59.5 mmol, 6.13 mL) was dissolved
in 105 mL anhydrous dichloroethane and cooled to 0 ºC under a nitrogen atmosphere. Over a period of 10 min, a solution of triflic anhydride
(16.8 g, 59.5 mmol, 10.0 mL) in 70 mL of anhydrous dichloroethane
was added dropwise. Subsequently, 1,2,3-trimethoxybenzene (10.0 g,
59.5 mmol) dissolved in 70 mL of anhydrous dichloroethane was added. The reaction
mixture was heated to reflux for 2 hours, added to a 1/1 mixture of ether and a saturated aqueous K2CO3 solution (200 mL) and stirred for 1 additional h. The organic layer
was separated, and the aqueous layer was extracted with ether (2 x 50 mL). The combined organic layers were dried over MgSO4, filtered and concentrated in vacuo. The
product was purified using column chromatography (SiO2, EtOAc/pentane 10/1) and
subsequent recrystallization from hot ethyl acetate and heptane. Indanone 5.4 was
obtained as a white crystalline solid (2.81 g, 13.1 mmol, 22%). 1H NMR (400 MHz,
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CDCl3) δ 7.01 (s, 1H), 3.94 (s, 3H), 3.93 (s, 3H), 3.86 (s, 3H), 3.05 – 2.99 (m, 2H),
2.67 – 2.61 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 206.2, 154.5, 150.5, 147.86,
141.8, 132.7, 100.8, 61.3, 60.8, 56.4, 36.4, 22.6; mp: 82 °C; HRMS (ESI): calcd for
([C12H15O4+H]+): 223.09649, found 223.09619.
3-(2,3-dimethoxyphenyl)acrylic acid (5.5)
2,3-Dimethoxybenzaldehyde (10.0 g, 60.2 mmol) and malonic acid
(12.2 g, 120 mmol) were mixed in pyridine (24 mL) at 50 °C until
both were dissolved. Piperidine (0.9 mL) was added and the mixture was heated to 80 °C for 1h, and subsequently at reflux for 3 h.
The reaction mixture was then cooled to room temperature and
poured on 225 mL of water. Concentrated HCl (28 mL) was added and the mixture was
filtered using a glass filter. The residue was washed with water and redissolved in 2 M
NaOH (aq.) (250 mL). The solution was filtered, diluted and acidified with concentrated HCl. The product was collected by filtration and washed with water. The residue was
dissolved in ethyl acetate, washed with brine, dried over MgSO4 and concentrated in
vacuo. The product was obtained as a white, fluffy crystalline solid (10.3 g, 49.5 mmol,
82.2%). 1H NMR (400 MHz, CDCl3) δ 8.10 (d, J = 16.1 Hz, 1H), 7.16 (dd, J = 7.9, 1.4
Hz, 1H), 7.06 (t, J = 8.0 Hz, 1H), 6.95 (dd, J = 8.1, 1.4 Hz, 1H), 6.49 (d, J = 16.1 Hz,
1H), 3.87 (d, J = 1.9 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 172.3, 153.4, 148.9,
142.0, 128.5, 124.4, 119.7, 118.7, 114.6, 61.6, 56.1; mp: 181-182 °C; HRMS (ESI):
calcd for ([C11H12O4+H]+): 231.06278, found 231.06267.
3-(2,3-dimethoxyphenyl)propanoic acid (5.6)
Carboxylic acid 5.5 (10.0 g, 43.3 mmol) was suspended in absolute
ethanol (150 mL) in a 2 L three-necked flask fitted with a septum,
stopper and a nitrogen line with valve. Ethyl acetate (300 mL) was
added until all starting material had dissolved. Pd/C (10 wt. %) (1 g)
and 5 drops of acetic acid were added and the flask was purged with nitrogen. The flask
was purged with H2 (g) and the suspension was stirred vigorously at room temperature
for 24 h under 1 bar of H2. After purging the flask with nitrogen, the suspension was
poured over a plug of celite, which was washed with ethyl acetate. The combined organic layers were concentrated in vacuo and the product was obtained as a white solid
(10.0 g, 43.0 mmol, 99%). 1H NMR (300 MHz, CDCl3) δ 6.97 (t, J = 7.9 Hz, 1H), 6.83
– 6.74 (m, 2H), 3.84 (s, 3H), 3.82 (s, 3H), 2.94 (t, J = 7.5 Hz, 2H), 2.65 (t, J = 7.5 Hz,
2H); 13C NMR (101 MHz, CDCl3) δ 179.1, 153.0, 147.4, 134.2, 124.2, 121.9, 111.1,
60.8, 55.9, 34.8, 25.5; mp: 59 °C; HRMS (ESI): calcd for ([C11H14O4+H]+): 233.07843,
found 233.07823.
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4,5-dimethoxy-2,3-dihydro-1H-inden-1-one (5.7)
Carboxylic acid 5.6 (3.57 g, 17.0 mmol) and SOCl2 (2.5 mL, 34 mmol)
were heated to 80 ºC in dry toluene (45 mL) for 1 h. After removal of
the solvent in vacuo, the crude material was redissolved in toluene and
again concentrated in vacuo. The crude material was subsequently dissolved in dry DCM (100 mL) and cooled to -78 °C. Aluminium trichloride (2.49 g, 18.7
mmol) was added and the mixture was allowed to heat up to room temperature. The
solution was poured on ice after which the water layer was extracted with DCM (3 x 50
mL). The combined organic layers were dried over MgSO4 and concentrated in vacuo.
The crude material was purified by flash column chromatography (SiO2, pentane/ethyl
acetate 9/1) and ketone 5.7 was obtained as a white crystalline solid (2.57 g, 13.4
mmol, 79%). 1H NMR (400 MHz, CDCl3) δ 7.51 (d, J = 8.3 Hz, 1H), 6.95 (d, J = 8.4
Hz, 1H), 3.93 (s, 3H), 3.90 (s, 3H), 3.14 – 3.05 (m, 2H), 2.69 – 2.63 (m, 2H); 13C
NMR (101 MHz, CDCl3) δ 205.6, 157.6, 147.9, 145.4, 131.1, 120.2, 112.3, 60.3, 56.2,
36.4, 22.5; mp: 73-74 °C; HRMS (ESI): calcd for ([C11H13O3+H]+): 193.08592, found
193.08564.
4-hydroxy-5-methoxy-2,3-dihydro-1H-inden-1-one (5.8)
Aluminium trichloride (3.04 g, 22.8 mmol) was suspended in DCM (10
mL) on ice. Trimethylamine hydrochloride (1.09 g, 11.4 mmol) was
added and the mixture was stirred and warmed up to room temperature
over 3h. Ketone 5.7 (626 mg, 3.26 mmol) was dissolved in DCM (40
mL) and the ionic liquid was added dropwise to the solution. The reaction mixture was heated at reflux for 24 h and subsequently poured into 50 mL 1 M
HCl (aq.). The aqueous phase was extracted with chloroform (4 x 50 mL) and the combined organic layers were washed with brine, dried over MgSO4 and concentrated in
vacuo. Both regioisomers were produced, but by 1H NMR analysis, the desired product
was calculated to have been obtained in 84% selectivity, in 70% overall yield. The desired regioisomer could be crystallized from hot ethyl acetate and was obtained as a
clear colourless crystalline solid (317 mg, 1.78 mmol, 55%). 1H NMR (400 MHz,
CDCl3) δ 7.34 (d, J = 8.3 Hz, 1H), 6.91 (d, J = 8.3 Hz, 1H), 5.75 (s, 1H), 3.95 (s, 3H),
3.09 – 3.01 (m, 2H), 2.71 – 2.63 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 206.2, 151.1,
142.4, 140.7, 131.7, 116.4, 110.7, 56.7, 36.8, 22.1; mp: 192-193 °C; HRMS (ESI):
calcd for ([C10H11O3+H]+): 179.07027, found 179.07018.
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4-((tert-butyldimethylsilyl)oxy)-5-methoxy-2,3-dihydro-1H-inden-1-one (5.9)
Ketone 5.8 (614 mg, 3.45 mmol), 4-DMAP (465 mg, 3.80 mmol) and
tert-butyldimethylsilyl chloride (2.87 g, 18.9 mmol) were mixed in dry
DCM (20 mL) and the mixture was stirred at room temperature under a
nitrogen atmosphere. Conversion was followed by TLC and after 48 h
the reaction was quenched by adding 30 mL of NH4Cl (aq. sat.). The
aqueous layer was extracted with DCM (3 x 25 mL) and the combined
organic layers were dried over MgSO4 and concentrated in vacuo. The crude material
was purified by flash column chromatography (SiO2, pentane/ethyl acetate 19/1) and
TBS-protected ketone 5.9 was obtained as a white crystalline solid (868 mg, 2.97
mmol, 87%). 1H NMR (400 MHz, CDCl3) δ 7.38 (d, J = 8.3 Hz, 1H), 6.90 (d, J = 8.3
Hz, 1H), 3.86 (s, 3H), 3.05 – 2.97 (m, 2H), 2.67 – 2.59 (m, 2H), 1.01 (s, 9H), 0.17 (s,
6H); 13C NMR (101 MHz, CDCl3) δ 206.2, 155.4, 146.7, 141.8, 131.5, 117.7, 111.8,
55.7, 36.7, 26.1, 23.3, 18.9, -3.8; mp = 122 °C; HRMS (ESI): calcd for
([C16H25O3Si+H]+): 293.15675, found 293.15689.
(E)-tert-butyldimethyl((4',5,5',6'-tetramethoxy-2,2',3,3'-tetrahydro-[1,1'biindenylidene]-4-yl)oxy)silane (trans-5.10)
Zn (894 mg, 13.7 mmol) was suspended in 10 mL dry THF in
O
a 25 mL two-necked flask, equipped with a rubber septum and
O
a reflux condenser, under a nitrogen atmosphere. TiCl4 (743
O μL, 1.29 g, 6.84 mmol) was added dropwise to the stirred
suspension and the mixture was heated to reflux for 2h. Ketone 5.4 (380 mg, 1.71 mmol) and ketone 5.9 (500 mg, 1.71
O
OTBS
mmol) were dissolved together in 15 mL of dry THF. The
solution was added to the reaction mixture and subsequently heated at reflux for 18 h.
The reaction mixture was cooled down to room temperature and filtered over a plug of
celite, which was subsequently washed with ethyl acetate. The combined organic layers
were washed with brine (1 x 50 mL), dried over MgSO4 and concentrated in vacuo. The
crude product was purified by flash column chromatography (SiO2, pentane/EtOAc
95:5). The product was obtained as the pure trans isomer, as identified by NOESY-NMR
(349 mg, 0.72 mmol, 42%). 1H NMR (400 MHz, CDCl3) δ 7.14 (d, J = 8.4 Hz, 1H),
6.92 (s, 1H), 6.78 (d, J = 8.4 Hz, 1H), 3.90 (s, 3H), 3.89 (s, 3H), 3.88 (s, 3H), 3.81 (s,
3H), 3.15 – 2.98 (m, 8H), 1.00 (s, 9H), 0.17 (s, 6H); 13C NMR (101 MHz, CDCl3) δ
153.0, 149.8, 149.7, 141.3, 141.1, 139.5, 138.6, 137.6, 134.6, 133.6, 132.0, 117.6,
110.6, 104.0, 61.3, 60.6, 56.5, 55.6, 32.2, 32.1, 28.8, 27.8, 26.2, 18.9, -3.9; mp: 130
°C; HRMS (APCI): calcd for ([C28H38O5Si+H]+): 483.25613, found 483.25514.
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(Z)-tert-butyldimethyl((4',5,5',6'-tetramethoxy-2,2',3,3'-tetrahydro-[1,1'biindenylidene]-4-yl)oxy)silane (cis-5.10)
Trans colchicine analogue 5.10 was dissolved in dry acetonitrile. The
solution was purged with Ar and irradiated with 312 nm UV light
until after 3 h the PSS was reached. 1H NMR analysis showed 55%
isomerization to the cis isomer. The isomers were separated by flash
column chromatography (SiO2, pentane/EtOAc 96:4) and the product
was isolated as a brown oil. NOESY-NMR confirmed formation of the
cis isomer. 1H NMR (400 MHz, CD3CN) δ 7.64 (d, J = 8.4 Hz, 1H),
7.42 (s, 1H), 6.81 (d, J = 8.5 Hz, 1H), 3.85 (s, 3H), 3.80 (app s, 6H),
3.78 (d, J = 1.1 Hz, 3H), 2.89 (m, 4H), 2.76 (m, 4H), 1.01 (s, 9H), 0.18 (s, 6H). No 13C
spectrum was recorded.
(E)-4',5,5',6'-tetramethoxy-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-4-ol (trans5.3)
Stiff-stilbene trans-5.10 (104 mg, 0.216 mmol) was dissolved in THF (10 mL) and cooled in an ice bath. 1M TBAF
in THF (430 μL, 0.430 mmol) was added dropwise and the
stirred solution was taken out of the ice bath. Conversion
was monitored by TLC and the reaction was quenched with
water (10 mL) after 1 h. The aqueous layer was extracted
with ethyl acetate (3 x 10 mL). The combined organic layers
were dried over MgSO4 and concentrated in vacuo. The crude material was purified by
column chromatography (SiO2, pentane/EtOAc 4:1). Trans-stilbene 5.3 was obtained as
a yellow solid (60.0 mg, 0.163 mmol, 76%). 1H NMR (400 MHz, CDCl3) δ 7.10 (d, J =
8.4 Hz, 1H), 6.95 (s, 1H), 6.81 (d, J = 8.4 Hz, 1H), 5.63 (s, 1H), 3.93 (app. s, 6H), 3.92
(s, 3H), 3.90 (s, 3H), 3.25 – 3.13 (m, 2H), 3.14 – 3.01 (m, 6H); 13C NMR (101 MHz,
CDCl3) δ 152.3, 149.8, 145.8, 141.8, 141.0, 139.4, 138.1, 134.2, 134.2, 132.4, 132.1,
116.2, 109.5, 104.1, 61.3, 60.6, 56.6, 56.5, 32.2, 32.2, 27.8, 27.4; mp: 138 °C; HRMS
(APCI): calcd for ([C22H24O5+H]+): 369.16965, found 369.16956.
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Chapter 6: Solvent Effects on the Thermal
Isomerization of a Rotary Molecular Motor
In this chapter, the thermal helix inversion of a second generation rotary motor is investigated
in 50 solvents and solvent mixtures. A general trend of decreasing speed of rotation with increasing solvent viscosity is found, but this solvent parameter does not provide a full explanation for the observed effects. Statistical analysis is applied to reveal several solvent properties
which influence speed of rotation.

This work was published as: A. S. Lubbe, J. C. M. Kistemaker, E. J. Smits,
B. L. Feringa, Phys. Chem. Chem. Phys. 2016, 18, 26725-26735.
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6.1 Introduction
The term “solvent effects” comprises a large range of different solvent-solvent and solvent-solute interactions and is used to describe the combined effect of these interactions
on chemical reactivity.1 Even when the solvent is not participating in the reaction itself,
solvent effects can be large and have therefore been studied in detail.2 As the solvent is
such an important part of any chemical reaction, its influence was already extensively
studied in the 19th century. Pioneering work in the field was performed among others
by Menshutkin,3 Grunwald and Winstein,4 Hammett and Deyrup,5 and Hughes and
Ingold,6 but even after 150 years of extensive research, the nature of solvent effects
remains elusive and its study of great importance. Recent examples include solvent
effects in catalysis,7 gelation,8 regioselectivity in ortho-metallation,9 radical reactions10
and biomass conversion.11 In unimolecular reactions, solvent effects are generally smaller but can comprise many different interactions. Therefore, for unimolecular reactions,
a solvent scope can be used to gain insight in the effect of various solvent parameters.
For example, significant solvent effects have been found in various thermal decomposition reactions,12,13 ring inversion in cyclohexane,14 the rotational relaxation of rod-like
molecules,15 and the fluorescence lifetime of rhodamine dyes16. The choice of solvent
can even lead to different reaction mechanisms, as prominently observed in SN1/SN2
reactions,6 or more recently in a denitrogenation reaction to form housane17–19 and photodisassociation in guaiacol.20 Solvent effects on the photoisomerization of stilbene have
been studied in detail.21–23 The results have been explained using Kramers Theory.24
Kramers theory states that in low-friction (low viscosity) media, the reaction rate increases with increasing friction. In medium-friction media the reaction rate will start to
decrease with increasing friction until finally in high-friction media the reaction rate will
approach the Smoluchowski limit, an inverse dependency on the solvent viscosity.
Additionally, Gegiou et al. have argued that based on the free-volume model, this dependency should include a factor α (≤1), since only part of a molecule is required to
move during an isomerization process.25,26 This led to the following rate equation (in
which η is the viscosity, and β is a fitting parameter):
ln

=

− αln

(6.1)

Related studies have been performed for the photoisomerization of diphenylbutadienes
and azobenzenes, which show similar behavior.22 Additionally, it is suggested that at
low viscosities, solvent response frequencies are comparable to the reaction rate and
that therefore medium effects other than viscosity may influence the reaction rate.23,27
Especially in functionalized azobenzenes, a large effect of solvent polarity was observed
for both the photochemical and the thermal isomerization.28,29 For the latter, the influence of polarity on the rate was in fact much larger than the viscosity effect, which can
be attributed to the significant change in dipole upon cis to trans isomerization. For
example, the rate of the thermal cis to trans isomerization of an amine functionalized
azobenzene was shown to be increased ~9000-fold by switching from cyclohexane to
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DMF, despite the two having similar viscosities.28 An investigation of the thermal and
photochemical isomerization of bis-oxonols using twenty six different polar solvents
showed that the thermal process is less sensitive to viscosity than the photochemical
process, and that there is a marked difference in the response to protic and aprotic solvents.30 Analogous to the observations for azobenzenes, the effect of a certain group of
solvents on the thermal isomerization rate was significantly enlarged. For bis-oxonols
these are protic solvents, which have a much larger interaction with the solute due to
hydrogen bonding.

Scheme 6.1: Structure and isomerization processes of motor 6.1. Photochemical cis-trans isomerization using UV-light to unstable-6.1 and thermal helix inversion (THI) to stable-6.1.

For molecular motors, studies into solvent effects have so far been limited.31,32 These
compounds are structurally related to stilbenes, and it was indeed proven in a recent
example that molecular motors obey the free-volume model.33 However, opposed to
stilbenes, rotary molecular motors readily undergo thermal isomerization. Additionally,
none of the configurations a molecular motor can adopt has a significant dipole moment
and no polar or hydrogen bonding substituent is required (Scheme 6.1). These structural properties make molecular motors ideal probes to study solvent effects, as they
will not suffer from disproportionally large influences of specific solvents, such as observed for azobenzenes and bis-oxonols. These assumptions concur with the findings of
Hicks et al,34 who conclude that polarity can play a key role in isomerization dynamics,
but that this effect is only significant when the process involves a large change in charge
distribution. The influence of viscosity on the functioning of a second-generation molecular motor was investigated previously and determined to be large, but since the
measurements were performed in only three solvents, no conclusion regarding any
other solvent effects was reached.35 In a recent publication, the influence of viscosity on
the rate of the thermal isomerization of molecular motors was further investigated.36 It
was determined that this process can be described using Equation 6.1 and furthermore,
that both α and β are viscosity and temperature dependent. This led to a reformulation
of the Eyring equation, from which viscosity-dependent activation parameters could be
obtained. However, the solvents in the previous investigation were limited to a range of
linear alkanes. It is therefore impossible to reach any definite conclusions regarding
solvent effects other than viscosity. In the current investigation, the rate of the thermal
isomerization of an apolar second generation molecular motor has been studied in 50
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solvents and solvent mixtures. The aim of this research was to gain a deeper understanding regarding the influence of solvent on this thermal isomerization process, especially regarding subtle effects which may have been overlooked in the past due to very
large dipole-dipole or hydrogen bonding interactions. To achieve this goal, the most
comprehensive solvent scope ever studied on a unimolecular thermal reaction is presented here.
6.2 Choice of molecular motor probe
The thermal helix inversion of molecular motor 6.1 was recently used in the study of
viscosity effects on unimolecular thermal processes.36 Its synthesis and characterization
have been described in detail in this earlier publication. The motor was initially selected
because of its n-butyl chains, which ensure high solubility in many solvents, and its
equal mass balance around the central double bond leading to a similar displacement of
both halves during isomerization. Additionally, the motor is apolar in all of its configurations, and during the thermal isomerization step (helix inversion) virtually no polarization is induced.31 Therefore, we expect motor 6.1 to be almost inert to solvent-solute
interactions, save for London dispersion forces and potentially some π-π stacking. Upon
irradiation of motor stable-6.1, photoisomerization at its central double bond occurs,
forming a diastereoisomer: unstable-6.1. In this diastereoisomer the stereogenic methyl
group has adopted a pseudoequatorial rather than a pseudoaxial orientation. In this
pseudoequatorial orientation, the methyl group induces significant steric strain due to
its proximity to the fluorenyl moiety. Therefore this diastereoisomer is of an unstable
nature. Unstable-6.1 can release its steric strain through a thermally activated helix
inversion. This thermal helix inversion (THI) converts unstable-6.1 to stable-6.1’ which
is chemically identical to the initial configuration of stable-6.1. However, the motors
upper half has undergone a 180 degrees unidirectional rotation with respect to its lower
half. The motor is functionalized with long alkyl chains to ensure solubility in a wide
range of solvents and no significant degradation was observed after several rotary cycles
(Figure 6.1a). The THI can be monitored easily via UV-vis spectroscopy (Figure 6.1b).
In a recent study, the activation parameters of the thermal helix inversion of motor 6.1
in a series of alkanes have been determined.36 The obtained values of the half-life of
unstable-6.1 at 20 °C range from 331 sec in pentane to 555 sec in dodecane. This time
scale is long enough for accurate measurements while still allowing for a large number
of solvents to be scanned in a reasonable amount of time.
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Figure 6.1: UV-vis studies of the THI of motor 6.1. (a) Fatigue test. Irradiation with 365 nm light
(grey areas) was followed by leaving the sample in the dark (white areas). (b) Normalized exponential decay lines from unstable-6.1 to stable-6.1 in methanol. Absorbance measured over time
at 410 nm.

6.3 Results
50 Solvents divided over 11 solvent groups were studied, each of which was selected to
elucidate the influence of a certain solvent property on the THI. Table 6.1 summarizes
the results of the measurements. For 18 solvents and solvent mixtures a full Eyring plot
has been constructed by measuring the duration of the THI at several temperatures
(Figure 6.2) and the activation parameters are presented. For the other solvents and
solvent mixtures the rate of the THI has been measured at 20 °C. For all solvents, the
dynamic viscosity at room temperature has been determined in triplo using an Ubbelohde viscometer.
Solvent

ln k

ln η

Mol.
wt

t1/2 (min)

5.52±0.14

Δ‡H°
(kJ
mol−1)
74.0±1.3

Δ‡S°
(J K−1
mol−1)
-43.6±4.7

Δ‡G°
(kJ
mol−1)
86.8±0.1

Pentane

-6.172

-1.475

72.15

Hexane

-6.221

-1.172

86.18

5.80±0.17

76.0±1.5

-37.4±5.2

86.9±0.1

Heptane

-6.299

-0.8896

100.2

6.28±0.17

80.4±1.5

-22.9±5.2

87.1±0.1

Octane

-6.388

-0.6127

114.2

6.87±0.18

76.0±1.4

-38.8±4.9

87.3±0.1

Nonane

-6.454

-0.3401

128.2

7.33±0.20

80.3±1.5

-24.6±5.1

87.5±0.1

Decane

-6.514

-0.09047

142.3

7.80±0.22

82.7±1.5

-17.0±5.3

87.6±0.1

Undecane

-6.603

0.1766

156.3

8.52±0.24

83.3±1.5

-15.6±5.4

87.9±0.1

Dodecane

-6.686

0.4069

170.3

9.25±0.27

80.6±1.8

-25.6±6.4

88.0±0.1

Dichloro
methane
Acetonitrile

-6.386

-0.823

84.93

6.77±0.19

79.0±1.4

-28.5±4.9

87.3±0.1

-6.511

-1.017

41.05

7.72±0.24

84.6±1.5

-10.5±5.4

87.6±0.1

Methanol

-6.844

-0.4974

32.04

10.9±0.29

79.1±1.4

-32.0±5.1

88.4±0.1

-6.953

-0.1859

34.28

12.1

-7.075

0.1912

36.85

13.7

10% Glycerol
in methanol
20% Glycerol
in methanol
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30% Glycerol
in methanol
40% Glycerol
in methanol
50% Glycerol
in methanol
15% Glycol
in methanol
30% Glycol
in methanol
40% Glycol
in methanol
50% Glycol
in methanol
Ethanol

-7.221

0.6223

39.83

15.8

-7.366

1.140

43.35

18.3

-7.615

1.757

47.54

23.3±0.76

-6.998

-0.1612

34.55

12.6

-7.095

0.2499

37.48

13.9

-7.224

0.5570

39.73

15.9±0.43

-7.372

0.8727

42.26

18.4

-6.984

0.1868

46.07

12.4±0.35

1-Propanol

-6.975

0.7931

60.10

12.4

1-Butanol

-6.883

1.089

74.12

11.3

1-Pentanol

-6.882

1.425

88.15

11.3

1-Hexanol

-6.929

1.697

102.2

11.8

1-Heptanol

-6.981

1.988

116.2

12.4

1-Octanol

-7.002

2.178

130.2

12.7

1-Nonanol

-7.120

2.548

144.3

14.3

Benzene

-6.869

-0.4246

78.11

11.1±0.37

Toluene

-6.851

-0.5240

92.14

10.9

Ethylbenz.

-6.843

-0.3943

106.2

10.8

Butylbenz.

-6.874

0.05552

134.2

11.2

Hexylbenz.

-6.944

0.5331

162.3

12.0

Octylbenz.

-7.034

0.9579

190.3

13.1±0.39

Dodecylben.

-7.240

1.721

246.4

16.1

Para-xylene

-6.856

-0.4349

106.2

11.0

Diethylbenz.

-6.941

-0.1555

Dibutylbenz.

-7.080

0.8901

Anisole

-7.074

0.1028

108.1

13.7

Benzonitrile

-6.307

0.3231

103.0

6.33

0.1673

105.5

8.37

0.7277

136.2

14.9

-0.8461

70.10

7.10

Anisol/
-6.586
Benzonitrile
Methyl
-7.159
benzoate
Cyclopentane
-6.421
Cyclohexan.
Cycloheptane

-6.486
-6.524

134.2
190.3

12.0±0.48
13.7±0.43

-0.03315

84.16

7.57

0.4036

98.19

7.87

Cyclooctane

-6.634

0.9245

112.2

8.78

Isopentane

-6.060

-1.473

72.15

4.95

Neohexane

-6.248

-1.008

86.17

5.97
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87.4±1.7

-9.9±6.1

90.3±0.1

83.0±2.7

-21.7±9.3

89.4±0.1

81.1±1.5

-26.4±5.2

88.8±0.1

85.6±2.4

-9.94±8.5

88.5±0.1

87.5±1.6

-4.88±5.6

88.9±0.1

-17.0±7.0

88.7±0.1

-0.676±5.5

89.0±0.1

83.7±2.0
88.8±1.5
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Methanol-d4

-6.903

-0.4195

36.07

11.5

Methanol-d1

-6.854

-0.4952

33.05

11.0

Table 6.1: Rate of thermal helix inversion (THI) of unstable 6.1, viscosity, molecular weight and
activation parameters for the 50 solvents and solvent mixtures investigated, including error margins. All values calculated to 20 °C and ambient pressure.
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Figure 6.2: Eyring plots for the THI of motor 6.1, recorded in 18 different solvents.
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Figure 6.2 (continued): Eyring plots for the THI of motor 6.1, recorded in 18 different solvents.
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Figure 6.2 (continued): Eyring plots for the THI of motor 6.1, recorded in 18 different solvents.

6.3.1 Polar solvents
Following the series of alkanes previously investigated, our initial investigations aimed
at polar solvents. Figure 6.3 shows the natural log of the rate of the THI at 20 °C, versus
the natural log of the dynamic viscosity at the same temperature for several solvents.
The black squares represent a series of alkanes, starting from pentane (top left) to dodecane (bottom right). As free volume theory predicts, these points form a straight line
(R2 = 0.994, Pearson’s r = -0.997).25 A detailed analysis of these results can be found in
our earlier work (α° = 0.275 and β° = −6.55).36,* The blue triangles represent mixtures
of methanol and glycerol, starting from pure methanol (top left) to 50 wt % glycerol in
methanol (bottom right). Because the dipole moments of methanol and glycerol are so
similar (resp. 2.87 D and 2.56 D),37 this group of solvent mixtures represents a very
close approximation of a perfectly homologous series of solvents with increasing viscosities and constant polarity (analogous to the homologous series of alkanes which also
possesses constant polarity over increasing viscosity). The glycerol/methanol mixtures
behave quite similar to the alkane series (R2 = 0.998, Pearson’s r = -0.999). Rate decreases when viscosity increases as predicted by Kramers theory for high-friction media
(i.e. a liquid).24 According to Schroeder, this linear relation indicates that the macroscopic viscosity is proportional to the microscopic friction around the solute.21 Howev-

*

Standard state (°) equals room temperature (20 °C) and atmospheric pressure (1 atm).
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er, the THI process of unstable-6.1 in the glycerol/methanol series as a whole is significantly slower (has a larger negative β value) than in the alkane series (α° = 0.335 and β°
= −7.01, vs α° = 0.275 and β° = −6.55, respectively). Additionally, the rate of the THI of
motor 6.1 was measured in dichloromethane and acetonitrile (Figure 6.3, unfilled and
filled red circle, respectively). Dichloromethane (dipole moment 1.14 D) lies more or
less in the alkane series and acetonitrile (dipole moment 3.44 D), although significantly
more polar than methanol and glycerol, lies only slightly above the extrapolated trend
line for the glycerol/methanol series. Because there is no change in polarization during
the isomerization process, these results are within our expectations.
Polarity is not the only difference between the alkane series and the glycerol/methanol
series. Methanol and glycerol are excellent hydrogen bond donors and acceptors and
their hydrogen bond forming ability per mass unit is very similar (methanol: 1 hydroxy
group per 32.04 u, glycerol: 3 hydroxy groups per 92.09 u; equals 1 hydroxy group per
30.70 u). Therefore, the overall hydrogen bonding ability of the mixture does not
change significantly upon increasing viscosity by varying the ratio of the components.
This is in accordance with the linear increase of the natural log of k with an increasing
natural log of the viscosity. Dichloromethane is both a poor hydrogen bond donor and
acceptor, whereas acetonitrile is a fairly good hydrogen bond acceptor, which explains
why in these solvents, the rate of the THI of motor 6.1 is lower than in the alkanes, but
higher than in the glycerol/methanol series. A similar conclusion was reached by Benniston and Harriman, who report the rate of the thermal isomerization step of bisoxonols in 26 different solvents.30 They see a marked difference between protic and
aprotic polar solvents and deduce that hydrogen bonding to the bis-oxonol is responsible for the retardation. However, no mechanistic studies have been performed to confirm that solvent-solvent hydrogen bonding is not also partly responsible for the decrease in rate.
Motor 6.1 is a very apolar molecule and will have little or no hydrogen bonding itself to
the solvent, yet hydrogen bonding appears to be the predominant factor in the difference in the rates of the THI. Therefore, it is implied in the current study that in this
system, for the solvents studied thus far, solvent-solvent interactions rather than solvent-solute interactions have a much larger influence on the rate. In other words, the
THI should be considered in a ‘solvent-shell’ type approach, as due to solvation, the
solvent forms a shell around the molecule.1,38 During the THI, the molecule is required
to undergo a major rearrangement, which means that the solvent shell needs to rearrange as well. If intermolecular forces in the solvent are strong, for example due to hydrogen bonding, this rearrangement requires more energy input, thereby decelerating
the motor rotation. These interactions will dominate the solvent effects upon thermal
isomerization, since solvent-solute interactions appear to be minimal. This is in contrast
with results found for azobenzenes, which are polar and therefore dominated by effects
based solvent polarity.28,29 In the current example, solvent-solute effects may still influence the rate. For example, weak hydrogen bonding of the solvent to the aromatic rings
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of motor 6.1 can be envisioned.39 However, since the overall dependence on viscosity is
retained, these effects are of a much smaller magnitude than observed for more polar
switches.
6.3.2 Polar solvents II and alcohols
An additional set of solvents was measured in order to elucidate the differences between
the solvent groups. Figure 6.3 shows the results of these measurements. A series of nalcohols confirms our assumptions regarding the importance of the hydrogen bonding
ability, clearly exhibiting a non-linear trend (Figure 6.3, turquoise diamonds, R2 =
0.412, Pearson’s r = -0.642). While rates in low-weight alcoholic solvents such as methanol (ln k = -6.84) and ethanol (ln k = -6.98) are significantly retarded compared to
aliphatic solvents of similar viscosity (resp. octane (ln k = -6.39) and undecane (ln k
= -6.60)), the alcohol series is converging towards the alkane series with increasing
molecular weight. This is to be expected since large n-alcohols have an increasing aliphatic character with dispersion interactions dominating, and intermolecular hydrogen
bonding is much reduced.
The data set of the glycerol/methanol mixtures was extended by measurements performed in glycol/methanol mixtures. Glycol has a very similar hydrogen bonding ability
per mass unit (1 hydroxy group per 31.035 u) compared to methanol and therefore THI
rates in these mixtures were expected to be similar to those in the glycerol/methanol
series. As can be seen in Figure 6.3 (pink crosses), the data indeed fits well on the glycerol/methanol trend line (combined methanol/glycol/glycerol series: R2 = 0.987, Pearson’s r = -0.993).
If hydrogen bonding is indeed the reason that rates are much slower in the methanol/glycol/glycerol series than in the alkane series, changing the nature of the hydrogen
bond might give an insight into the mechanism behind this rate retardation. Hydrogen
and deuterium are electronically identical, and therefore it is often assumed that hydrogen bonds and deuterium bonds are identical.40 However, their mass and therefore their
vibrational energy are different. Calculations suggest that deuterium bonds can be
slightly stronger than hydrogen bonds, with an energy difference of up to 1.3 kJ mol1 40,41
.
The rate of the THI of motor 6.1 was therefore measured in both CD3OD and
CH3OD (Figure 6.3, green pluses). The result for CH3OD was nearly identical to the
result for methanol. The isomerization rate was slightly lower in CD3OD, but this is
expected due to its slightly lower viscosity. No additional conclusions can be obtained
from these results, since a significant kinetic isotope effect appears absent.
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6.3.3 Aromatic solvents
Subsequently aromatic solvents were investigated. Motor 6.1 has a large aromatic core,
and therefore solvent-solute interactions other than those previously observed were
expected. The rate was measured in two solvent series: alkylbenzenes (Figure 6.3, purple squares, R2 = 0.922, Pearson’s r = -0.960), and para-dialkylbenzenes (Figure 6.3,
grey circles, R2 = 0.972, Pearson’s r = -0.986). Surprisingly, the rates in these solvents
are much closer to those for the glycerol/methanol series than the alkane series. Benzene
(ln k = -6.87), toluene (ln k = -6.85), ethylbenzene (ln k = -6.84) and para-xylene (ln k =
-6.86) all behave almost identical to methanol (ln k = -6.84). Just as seen for the alcohol
series, towards longer alkyl chains both of these groups seem to converge to the alkane
line which can be explained by the increasing aliphatic character of the solvents as molecular weight increases. Due to π-π stacking, intermolecular forces are expected to be
much stronger in aromatic solvents than in aliphatic solvents, which is consistent with a
solvent shell theory.42 However, due to the aromatic nature of motor 6.1, solvent-solute
interactions could be of more importance in these aromatic solvents.
To further investigate the influence of π-π interactions on the rate, the THI was measured in anisole, benzonitrile, and a 1:1 mixture of the two (Figure 6.3, filled orange
triangles). These two solvents have a very similar viscosity but a very different electronic
configuration. In benzonitrile (ln k = -6.31) the unstable isomer has a much shorter
half-life than in anisole (ln k = 7.07), and in fact than in all other aromatic solvents.
Many explanations regarding the remarkably different behaviour of motor 6.1 in benzonitrile were considered. The most likely is the theory that there are more solventsolute interactions in the aromatic solvents i.e. π-π interactions, and that the transition
state of the isomerization process can therefore be affected more strongly by the solvent.
In the transition state, the butyl chain on the upper half of motor 6.1 is compressed
against the lower half of the motor,36 leading to a temporary increase in electron density.
Interaction with the electron poor benzonitrile would relieve some of this electron density, thereby stabilizing the transition state and increasing the reaction rate, which
would explain the difference between benzonitrile and the relatively electron-rich anisole and alkylbenzenes. This explanation would indicate a combination of dipole moment and possibly other solvent effects, but only affecting the isomerization when π-π
stacking can occur. Such complex interactions are outside the scope of this research,
but would certainly warrant further investigations. As a control, a different electronpoor aromatic solvent, methyl benzoate (Figure 6.3, unfilled orange triangle, ln k
= -7.16), was measured. The data are in line with the results from the other aromatic
solvents, which might indicate that electron density on the aromatic ring is irrelevant to
the THI, leaving benzonitrile a solitary, inexplicable outlier from the aromatic solvent
trend line.
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Figure 6.3: ln k versus ln η for a series of alkanes (black squares), alcohols (turquoise diamonds),
methanol/glycerol mixtures (blue triangles), methanol/glycol mixtures (pink crosses), monoalkyl
aromatic solvents (grey circles), dialkyl aromatic solvents (purple squares), deuterated methanols
(green pluses), polar solvents (red circles), electron rich or poor aromatic solvents (orange triangles), a series of cycloalkanes (green diamonds), branched alkanes (light blue crosses. For clarity,
lines are given to guide the eye. A zoom-in of a crowded area of the graph is included in the top
right corner.
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6.3.4 Cycloalkanes and branched alkanes
Finally, the rate of the THI of motor 6.1 was determined in several cyclic (green diamonds) and branched (cyan crosses) alkanes (Figure 6.3). Of the branched alkanes,
neohexane (ln k = -6.248) lies on the alkane line. Isopentane (ln k = -6.060) has a similar viscosity to pentane but lies above the line due to a slightly faster THI. Not much can
be concluded regarding the α value based on 2 data points, but for the thermal isomerization of bis-oxonols Benniston and Harriman30 find that the α value is very different for
branched alkanols than for linear alkanols. However, they attribute this effect to steric
blocking of the hydroxy group. The deviation of isopentane from the alkane line might
simply be a result of weaker Van der Waals interactions within the solvent, as is apparent from the difference in cohesive energy density between isopentane (45.6 J cm-3) and
n-pentane (47.7 J cm-3).43 This could lead to a less dense solvent shell and therefore a
lower barrier for the THI.
The cycloalkanes (Figure 6.3, green diamonds, R2 = 0.930, Pearson’s r = -0.965), ranging from cyclopentane to cyclooctane, lie in the same region as the linear alkanes. This
solvent group is not expected to have a linear trend. The smallest cycloalkane (cyclopentane) is very rigid, but with every methylene expansion the ring increases significantly in flexibility, i.e. degrees of freedom. Therefore, it seems likely that much larger
cycloalkanes would ultimately behave as linear alkanes, whereas the small rings might
exhibit a different behaviour. Cyclopentane (ln k = -6.421) for example, lies below the
alkane line. Analogous to isopentane, the rate might in this case be lower than expected
based on viscosity due to the highly rigid structure of cyclopentane, which could lead to
a relatively tightly ordered solvent shell.
6.4 Correlation of rate to other solvent effects
While viscosity and possibly hydrogen bonding and π-π interactions in the solvent
explain most of the general trends observed in the graphs above, there are clearly other
solvent effects that influence the rate of the THI. In an effort to elucidate these effects,
the rate of the THI has been compared to 8 solvent parameters:43–48 the Kamlet-Taft
parameters for the hydrogen bond donating and accepting ability (α and β, respectively), two different polarity scales (π* and ET(30)), the dielectric constant ε, the surface
tension (ST), the cohesive energy density (c.e.d.) and the diffusion coefficients (D) of
motor 6.1. The diffusion coefficients have been measured by DOSY-NMR, while the
other solvent parameters were obtained from the literature. The combined data are
summarized in Table 2.†

†

These solvent parameters are not available for the glycerol/methanol, glycol/methanol and anisole/benzonitrile mixtures and could also not be found for cycloheptane, 1-heptanol, dodecylbenzene, neohexane and the deuterated solvents.
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Figure 6.4 shows ln k for the THI of motor 6.1 plotted against the eight solvent parameters. These parameters reflect solvent properties that might back up the theory regarding the importance of hydrogen bonding and/or π-π interactions, and on the other hand
shed light on the unexplained behaviour that has been observed in several solvents. The
parameters are not known for the glycerol/methanol and glycol/methanol mixtures
used. However, comparison with other solvent groups might give some useful insight. A
statistical analysis was performed on the datasets to avoid any biased interpretation. The
coefficient of determination (R2) was calculated for all specific solvent groups for the
linear relationship of ln η vs ln k. To determine the linearity of this relationship the
Pearson product-moment correlation coefficient (Pearson’s r) was calculated and
reported with its probability (p-value). The sign indicates the direction of the trend,
zero signifies complete randomness and |1| signifies a perfect linear relationship.
Pearson’s r values ≥ |0.708| mean that more than 50% of the variance is related,
Pearson’s r values ≥ |0.995| mean that more than 99% of the variance is related; pvalues < 0.01 indicate a significant relationship. Where the Pearson correlation coefficient (r) is appropriate to evaluate the linear relationship between ln k and ln η, it is not
expected a priori of the other datasets to be linear. Therefore, the Spearman’s rank correlation coefficient (ρ) was used to assess the presence of a monotonic relationship between the rate and the different solvent parameters. For example, the individual solvent
groups exhibited strong linear relationships, indicated by very high Pearson correlations
(r > 0.95 for all solvent groups except linear alcohols). However, when ln k vs. ln η is
assessed as a whole, its linear relationship is less evident (r = -0.689). Nonetheless, the
complete dataset does exhibit a significant strong monotonic relationship (ρ = -0.728).
Solvent

Sym.

ln k

π*44
,45

ε46

ET(30)
46

α44,45

β44,45

ST47
(mN
m-1)

D
17.93

c.e.d.
(J
cm-3)

48,43

Pentane

-6.172

-0.08

1.84

30.9

0

0

16.1

Hexane

-6.221

-0.08

1.89

30.9

0

0

18.4

Heptane

-6.299

-0.08

1.94

30.9

0

0

21.1

Octane

-6.388

0.01

1.95

31

0

0

21.6

Nonane

-6.454

1.97

30.8

Decane

-6.514

1.99

30.8

0

0

Undecane

-6.603

Dodecane
Dichloro
methane
Acetonitrile

-6.686

0.05

2.10

31

0

0

24.5

2.500

61.2

-6.386

0.82

9.02

40.7

0.13

0.10

27.8

11.28

97.5

-6.511

0.75

36.0

45.6

0.19

0.31

29.3

Methanol

-6.844

0.60

33.6

55.4

0.93

0.62

22.5

Ethanol

-6.984

0.54

25.0

51.8

0.83

0.77

22.4
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1-Propanol

-6.975

0.48

21.5

50.5

0.76

0.84

23.7

143

1-Butanol

-6.883

0.47

18.4

49.7

0.79

0.88

25.4

122

0.03

47.7
52.8

11.00

56.3
56.9

22.9
23.8

59.9

24.7

143
8.719

204
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1-Pentanol

-6.882

0.40

15.8

49.3

0.84

0.86

25.8

1-Hexanol

-6.929

0.40

14.4

48.9

0.8

0.84

26.2

1-Octanol

-7.002

0.40

10.3

48.3

0.77

0.81

27.5

1.386

1-Nonanol

-7.120

28.3

0.425

Benzene

-6.869

0.59

2.40

34.3

0

0.10

28.9

7.427

84.1

Toluene

-6.851

0.54

2.43

33.9

0

0.11

28.5

7.425

79.3

Ethylbenz.

-6.843

29.3

Butylbenz.

-6.874

29.2

Hexylbenz.

-6.944

30.0

Octylbenz.

-7.034

Para-xylene

-6.856

76.3

1.724
0.43

Diethylbenz.

-6.941

Dibutylbenz.

-7.080

Anisole

-7.074

0.73

Benzonitrile
Methyl benzoate
Cyclopentane

-6.307

0.90

Cyclohexane

-6.486

Cyclooctane

-6.634

Isopentane

-6.060

2.27

33.1

0

0.12

28.6

79.2

29.0
2.032

25.3

-7.159

0

0.32

35.7

4.339

41.5

0

0.41

39.4

5.544

38.1

0

0.39

37.8

-6.421
0

2.02

30.8

0

0

22.6

65.6

25.2

66.9

29.8
45.6

Table 6.2: 8 Different solvent parameters‡ of 33 solvents, plus the symbols used to depict the
solvents in Figure 6.4.

Figure 6.4a, b and c show 3 different parameters related to polarity. In Figure 6.4a this
is π*, a polarity scale based on solvatochromism.49 This scale is based on several dyes
and gives a measure of the extent to which a solvent stabilizes ionic or polar solutes. As
motor is 6.1 neither ionic nor polar, any correlation found on this scale must be treated
with caution. However, the position of the polar and some aromatic solvents on this
scale relative to the alcohols indicates that there is no obvious relation between the π*
scale and ln k evident from a very weak Spearman’s correlation (ρ = -0.345). In Figure
6.4b, ln k is plotted against the dielectric constant, ε. This parameter reflects dipoles,
polarizability and hydrogen bonding sites and is therefore a relevant measure of polarity. In this plot, the alcohol solvent group is again seen ranging from a high value on the
x-axis (for methanol) to much lower values upon increasing the aliphatic tail length. All
aliphatic and apolar aromatic solvents have a dielectric constant < 5, and any other
solvents are more or less randomly distributed over the graph (ρ = -0.571).
‡

Solvent parameters are the solvatochromism scales π* and ET(30), the dielectric constant ε,
the Kamlet-Taft parameters for hydrogen bonding ability (α) and hydrogen donating ability
(β), the surface tension (ST), the diffusion constant D and the cohesive energy density (c.e.d.).
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Finally, Figure 6.4c shows the ET(30) solvatochromism scale.50 Out of the three polarity
scales, this is the only one that plots dichloromethane and acetonitrile between the
aliphatic solvents and the alcohols, where they would be expected if a correlation between ET(30) and ln k existed. Otherwise, this plot looks very similar to Figure 6.4a and
b and exhibits a slightly better but still only moderate correlation (ρ = -0.629). Clearly
the aliphatic and alcoholic groups stay well separated from each other on all polarity
scales. However, within the alcoholic group or with respect to the other solvents under
investigation, no clear correlation between the rate and solvent polarity has been observed. This is expected since it can be rationalized that the retardation in alcohols was
specifically due to their hydrogen bond donating ánd accepting properties, while for
aromatic solvents the retardation stems from their π-π solvent-solvent interaction. Both
effects have a different origin than the polarity of the solvent.
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Figure 6.4: Thermal helix inversion of 6.1; ln k plotted against 8 different solvent parameters. (a)
The π* polarity scale, (b) dielectric constant, (c) the ET(30) polarity scale, (d) the Kamlet-Taft
parameter for hydrogen bond donating ability α. Spearman’s rank correlation coefficient (ρ) indicated on each plot.
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Figure 6.4 (continued): Thermal helix inversion of 6.1; ln k plotted against 8 different solvent
parameters. (e) The Kamlet-Taft parameter for hydrogen bond accepting ability β, (f) surface
tension, (g) diffusion coefficient, (h) cohesive energy density Spearman’s rank correlation coefficient (ρ) indicated on each plot.

In Figure 6.4d and e the parameters plotted are the Kamlet-Taft parameters for hydrogen-bond donating ability and hydrogen bond receiving ability, α and β, respectively,
with scales ranging from 0 to 1.51,52 For example, the aromatic solvents all have β values
of up to 0.4 but α values of 0, ruling out any solvent-solvent hydrogen bonding interaction in aromatic solvents. These parameters are 0 for all aliphatic solvents, but approach
1 for the alcohols. For α it is clear that a correlation is absent (ρ = -0.411), however, a
noteworthy moderate correlation is observed for β (ρ = -0.703). This relatively high
value may be attributed to weak hydrogen bonding of the solvent to the aromatic molecular motor. It has to be noted that this correlation is strongly influenced by the lack
of distinction between the aliphatic solvents, which all possess an identical α and β
value. Interestingly though, the Kamlet-Taft parameters of the alcohols decrease with an
increasing alkyl length, mirroring the convergence of the alcohol trend line with the
alkyl trend line (see Figure 6.3). The polar solvents can be found about halfway between the alcohols and most other solvents on the Kamlet-Taft scales.
A reasonable correlation for surface tension was expected, it being strongly related to
viscosity (Figure 6.4f).47 Surprisingly it provided a very weak and insignificant correlation (ρ = -0.437) with most data points spread around the mean. The most notable
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feature for this solvent property is the single significant outlier, benzonitrile. This solvent displayed a significant deviation in rate when compared to viscosity. Likewise,
benzonitrile deviates when the natural logarithm of the rate is plotted against surface
tension. However, in Figure 6.3 this solvent deviates mainly from the aromatics while in
Figure 6.4f benzonitrile is an outlier from all other solvents, making the solvent an
interesting subject for further studies.
Another property strongly related to viscosity is the diffusion coefficient (D).53 Furthermore, this property is more attuned to the specific solvent-solute interaction since it is
measured specifically for motor 6.1 by DOSY-NMR in several selected solvents (Figure
6.4g).54 Contrary to surface tension, the diffusion coefficient does exhibit a strong correlation with ln k (ρ = -0.797). This correlation is even stronger than that of viscosity with
the rate, also when the viscosity dataset is reduced to the same size as that of the diffusivity. In addition, the Pearson correlation is high, which implies that the rate experiences a stronger linear relationship with the diffusion coefficient than with the viscosity.
The high Pearson’s r highlights the sensitivity of the diffusion coefficient with respect to
solute-solvent interactions, which is to be expected from Kramer’s theorem. Consequently, the diffusion coefficient is of the highest interest for future studies. It should be
noted that also in this case the incongruity between benzonitrile and anisole persists
with both solvents exhibiting similar diffusivities for 6.1.
Finally, in Figure 6.4h, ln k for selected solvents is plotted against the solvent cohesive
energy density.43,48 This parameter indicates the energy of vaporization, and is a direct
reflection of the degree of Van der Waals forces holding the molecules of the liquid
together. Since rotation of the motor needs the solvent matrix to rearrange, which requires the Van der Waals interactions between individual solvent molecules to be broken and reformed, this parameter could be very informative. This solvent parameters
exhibits a significant and strong correlation (ρ = -0.782), even though it deviates from
linearity, as can be seen in Figure 6.4h, with acetonitrile and dichloromethane being the
greatest outliers. This parameter does place the aromatic solvents roughly in the right
position between the alkanes and alcohols, and due to the curvature it strongly differentiates between the groups. The lack of linearity and the limited amount of liquids for
which the cohesive energy density is known makes the interpretation complex and
warrants a deeper investigation of the relationship of the reaction rate to this solvent
property.
6.5 Statistical analysis
The Pearson’s r is appropriate to evaluate the relationship between ln k and ln η since it
is expected to be linear. The relationships of other solvent properties with ln k are not
required to be linear. The Spearman’s ρ is an ideal statistical tool to identify the
presence and strength of a monotonic relationship in a dataset (a monotonic function is
one that either never increases or never decreases as its independent variable
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increases).55-57 For completeness both statistical parameters were determined with their
corresponding probability (Table 6.3). To distinguish significant correlations, the
strength of the association ought to be labeled. However, the limits chosen for specific
labels are often arbitrary and based on the context of the study.55 In the current study,
association strength is assigned as follows. Any association which explains less than 1/3
of the variance (ρ < |0.58|) is labelled as weak, up to 1/2 of the variance (|0.58| ≤ ρ <
|0.71|) as moderate, up to 2/3 of the variance (|0.71| ≤ ρ < |0.82|) as strong and more
than 2/3 (ρ ≥ |0.82|) as very strong.
Property

Pearson’s r

p-value

Spearman's ρ

p-value

ln η

-0.689

0.000

-0.728

0.000

π*

-0.445

0.043

-0.345

0.126

ε

-0.322

0.155

-0.571

0.007

ET(30)

-0.585

0.004

-0.629

0.002

α

-0.509

0.016

-0.411

0.057

β

-0.640

0.001

-0.703

0.000

ST

-0.460

0.009

-0.437

0.014

D

0.774

0.002

0.797

0.001

c.e.d.

-0.632

0.004

-0.782

0.000

Table 6.3: Statistical results of various solvent properties vs ln k. Strong correlations as well as
significant relationships are bold.

As discussed in the in the previous paragraph, three solvent properties display a
significant strong correlation (ln η, c.e.d. and D). It is interesting to note that only the
diffusion constant exhibits a strong correlation. It is, however, unreasonable to compare
these results directly to oneanother, since the datasets differ in size (Table 6.2). To allow
for a fair comparison of the correlation of a solvent property (x) with the natural log of
the rate (ln k) and the correlation of the natural log of viscosity (ln η) with the natural
log of the rate (ln k), the data missing from solvent property ‘x’ was also removed from
the ‘ln η’ dataset, after which the correlations coefficients were calculated again (Table
6.4). The correlation coeffecients for the solvent property ‘x’ naturally remain
unchanged with respect to Table 6.3, as well as their respective p-values. For the
modified ‘ln η’ datasets, all p-values for both correlation coefficients are < 0.01 with one
exception (p = 0.012 for Pearson’s r of ln η vs ln k for property ‘D’). The comparison
shows that for both the linear as well as the monotonic relationships ln η scores higher
than the other solvent properties with the notable exception of the diffusion (D). Not
only does the monotonic relationship between the diffusion and the natural log of the
rate score higher, so does too the linear relationship.
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R2 improvement ratio

-0.345

Spearman’s ρ
of ln η vs ln k
-0.742

-0.683

-0.571

-0.774

1.05

-0.585

-0.686

-0.629

-0.781

1.11

α

-0.509

-0.662

-0.411

-0.748

1.03

β

-0.640

-0.662

-0.703

-0.748

1.08

ST

-0.460

-0.654

-0.437

-0.711

1.13

D

0.774

-0.674

0.797

-0.764

1.37

c.e.d.

-0.632

-0.749

-0.782

-0.809

1.43

Property (x)

Pearson’s r of
x vs ln k

Pearson’s r of
ln η vs ln k

Spearman’s ρ
of x vs ln k

π*

-0.445

-0.655

ε

-0.322

ET(30)

1.22

Table 6.4: Statistical results of various solvent properties vs ln k with modified datasets for ln η.

One of the goals of this investigation was to explain the differences found between
certain solvent groups for the viscosity dependence of the rate for THI. This explanation
was sought after in the presented solvent properties. If, for example, in a certain solvent
property the alcohol and aromatic values are grouped separately from the aliphatics,
this might provide a reason for the observed difference in viscosity dependence. Since
such an explanation was not visually apparent, an attempt was made to provide a
quantitized comparison.
The desired ‘correction’ factor sought after in the additional solvent properties should
increase the linearity of the ln η vs ln k relationship. This is expressed in the Pearson’s r,
though with the data randomly distributed over ln η it is equally well expressed in the
coefficient of determination, R2. The same datasets were used as for the correlation coefficients comparison in Table 6.4. Each set of ln η vs ln k was fitted against eq. 6.2. Eq.
6.2 is a rewritten version of the Eyring equation. The complete derivatization can be
found in previously published work,36 and the parameters c1-c6 and d1-d4 can be obtained from the experimental results.
ln

= ln

+

+

∙ ln .

( 6.2 )

Fitting was performed by least squares which provided the R2’s of each dataset. Subsequently the solvent property data was added to each corresponding dataset and using
least squares were fitted against eq. 6.3:
ln

=

−

∙ ln + ∙ .

( 6.3 )

in which γ is a correction factor similar to α and x is the corresponding solvent
property. There are nearly infinite other possible functions to which ln η and x vs ln k
can be fitted using three variables (α, β and γ). However, with the limited available data
this would prove to be a fruitless exercise since any random dataset of comparable size
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would be provided with a reasonable fit. Therefore we are only interested in the known
linear relationship between ln η and ln k on which we investigate a linear correction for
x. The least squares analysis provides improved coefficients of determination for (ln η
and x vs ln k), which is appropriately compared as the ratio of (1-R2ln η)/(1- R2x, ln η) (Table 6.4). This improvement is to be expected from the addition of γ·x since any dataset
which deviates from perfect randomness would positively contribute to such a
regression. Therefore it is important to evaluate to which extent the correlation has
improved after the addition of γ·x and to determine whether it is significant. To
determine what constitutes a significant improvement of (1-R2ln η)/(1- R2x, ln η), a Monte
Carlo analysis was performed which revealed that for these datasets the improvement
has to be ≥1.45 in order to fall outside of 99% random improvement (p-value < 0.01).
Solely the cohesive energy density, which exhibits a reasonably strong correlation by
itself, improves the R2 ratio sufficiently. Therefore, from this analysis no additional
information could be obtained regarding the differences in the solvent groups with
respect to the viscosity dependence of the rates. An explanation might be obtained by
the use of computational chemistry. In the previous publication a reasonable estimate
for the THI barrier could be obtained from DFT calculations. Such calculations can be
corrected using solvent models. However, the very subtle manner in which the solvents
influence the rate for THI possibly require the inclusion of significant amounts of solvent molecules. Therefore, simulations using classical molecular dynamics might be the
most appropriate tool to investigate the solvent shell surrounding the molecular motor
as well as solvent-solute interactions. Such a study was deemed beyond the scope of this
investigation.
6.6 Conclusions
In conclusion, the rate of an apolar thermal unimolecular process has been measured in
50 different solvents and solvent mixtures. A large overall dependence of the rate on
viscosity is clear, which follows preliminary conclusions described in detail in earlier
work.36 This dependence is especially strong for groups of solvents of which other solvent properties remain consistent upon increasing viscosity. These groups exhibit a
linear dependence of ln k on ln η. However, the strength of this dependence differs
between the series.
The relatively good fit between the overall data set and viscosity shows that solventsolute interactions are small compared to those in azobenzenes and bis-oxonols. This
effect is presumably due to the apolar nature of motor 6.1 used as the solute. Therefore,
the proposed model suggests that intermolecular forces in the solvent are the main
reason behind this difference. The solvent shell around the solute needs to rearrange
upon isomerization of motor 6.1. When the Van der Waals interactions between these
solvent molecules are strong, due to for example hydrogen bonding or π-π interactions,
this requires more energy and therefore the thermal process is decelerated. Such effects
have not been described previously for unimolecular thermal isomerizations, as rate
174

Solvent Effects on the Thermal Isomerization of a Rotary Molecular Motor
change in polar and/or hydrogen bonding solutes is dominated by solvent-solute interactions, which are of a much larger magnitude. The natural logarithm of the rate of
rotation was plotted against eight other solvent parameters. Statistical analysis provided
a useful insight into the correlation of these solvent parameters with the rate of the THI.
A moderate correlation was found with hydrogen bond donating ability of the solvent.
However, the overall retained dependence on viscosity indicates only minor solventsolute interactions. These results provide a markedly different insight in solvent effects
on the isomerization process, since hydrogen bonding interactions are typically much
stronger. No parameter scale based on π-π interactions could be found. However, as the
rate retardation in aromatic solvents could not be explained by any of the other parameters that were compared, it seems likely that these interactions are a relevant factor in
the rate retardation of the THI of motor 6.1. Furthermore, the best correlation was
found with the diffusion coefficient and cohesive energy density. As the diffusion coefficient is strongly related to viscosity, these findings can be rationalized. However, the
influence of cohesive energy density on the rate of the THI offers an interesting opportunity for further investigation. Additionally, dispersive interactions might play a significant role. In depth computational studies could shed light on such interactions.
Solvent effects comprise a vast range of different interactions, both among the solvent
molecules and between solvent and solute. Hence, it is not surprising that the rate
change of a unimolecular process in different solvents cannot be simply explained by
one or two solvent parameters. It seems rather logical that such an effect is governed by
a complex interplay between several distinct properties. It is tempting to draw conclusions based on trends observed within groups of similar solvents. Indeed, statistical
analysis based on one solvent group could easily lead to a much higher correlation than
any of the values reported in this work. However, this research aims to give a comprehensive overview. This investigation presents not only the most extensive solvent scope
performed so far on a thermal unimolecular reaction, but also the consideration of nine
different solvent parameters. Despite the complexity of the many possible combinations
of solvent interactions, a few parameters that significantly influence the rate of this apolar unimolecular thermal reaction have been identified. This knowledge will be highly
relevant in the future design of molecular switches and motors, and the study of more
complex dynamic systems.
6.7 Experimental procedures and acknowledgements
This work was executed in collaboration with Jos Kistemaker, MSc. Statistical analysis
was performed by dr. Esther Smits. Mathematical derivations were performed by dr.
Erik Bloemsma. For general remarks regarding experimental work, see Chapter 2. For
characterization of motor 6.1, see Supporting Information of reference 36.
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Summary
Everything around us, everything that we can touch or see or smell, consists of atoms.
Scientists have thus far observed more than 100 different varieties, which together
constitute the building blocks of our universe. By forming chemical bonds, atoms may
combine to molecules. Most of the matter that we encounter in daily life is in a
molecular form. These particles are so small, that they experience the laws of nature
differently than we do. One of the most dominant process at the molecular scale is a
random movement of all molecules, called Brownian motion. It may not be obvious
from looking at a glass of water, but the individual water molecules are continuously
tumbling around each other.
Directional movement on the molecular scale is required by the human body, for
example to transfer fuel or for muscle contraction. However, to purposely move
something in what can be called a non-stop molecular hurricane of Brownian motion is
not easy. Nature has solved this issue by employing so-called molecular motors, i.e.
enzymes which purposely move from A to B. Taking inspiration from nature, chemists
sought to create directional motion using molecules in order to drive synthetic
machinery at the nanoscale. Enzymes, though much smaller than the machines of the
macroscopic world, are conglomerates of macromolecules and consist of thousands of
atoms. Since in organic chemistry much smaller molecules are employed a redesign was
required.

Figure 1: Switching an overcrowded alkene based switch.

Early attempts towards controlled rotational motion focused on molecular switches,
molecules that can interconvert between two states under the influence of a trigger (e.g.
light, pH, a chemical etc.). Overcrowded alkene switches (Figure 1) contain a central
double bond, around which free rotation is not possible. Irradiation with UV light
temporarily breaks one of the bonds, after which rotation around the remaining bond is
possible. After a very short time period, the second bond is reformed. The molecule is
then locked in either its original configuration, or with the top half rotated 180° with
respect to the lower half. This rotation is non-directional and reversible. However,
through the introduction of only a very small design modification, such molecules can
undergo unidirectional rotation. In light-driven overcrowded alkene-based molecular
motors (Figure 2, from here on referred to as ‘molecular motors’), the direction of the
UV induced rotation could be fixed.
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Upon irradiation with UV light, an equilibrium is established in which part of the
molecules are in their starting configuration (stable trans), and part have their top half
rotated almost 180° with respect to the lower half (unstable cis). Furthermore, the
unstable cis isomer can undergo two different processes: UV induced backward rotation
or thermally induced forward rotation. Therefore, if after the equilibrium is established,
the irradiation is halted, all the formed unstable cis isomer will undergo a slight
irreversible forward rotation towards the so-called stable cis isomer, a process which can
be accelerated by heating. Because the stable trans isomer remains unaffected under
these conditions, a combination of a photochemical and thermal cycle leads to a
unidirectional, irreversible 180° rotation of part of the molecules, while part returns to
its original configuration. By repeating this process, the stable cis isomer can be
converted, through the intermediate unstable trans isomer, to the stable trans isomer,
thereby completing one full rotation around the central axis.

Figure 2: Switching an overcrowded alkene based molecular motor.

In 1999, the first molecular motor of this kind was reported by our group. Early
investigations focused mainly on gaining a theoretical understanding of the
photochemical and thermal processes. However, in the last few years, successful
applications have been found in catalysis, materials design and nanotechnology. For
example, the unidirectional rotation of a molecular motor was used to drive a molecular
nanocar in a straight line over a surface. Additionally, the motors could be made to
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work cooperatively by fixing them on a surface. By the combined effort of millions of
molecular motors, a water droplet visible to the naked eye could be moved.
Notably, applications of molecular motors under biological conditions are scarce, even
though light is such an ideal trigger. Light does not interfere with most processes in the
cell, its wavelength and intensity can be regulated precisely and it can be applied with
high precision. As many other molecular photoswitches have been successfully used in
biochemical applications for decades now, there is a real opportunity to implement
molecular motors in a new environment, where their multistage switching cycle and
other rotational properties may open up new possibilities. However, the aromatic core
structure renders molecular motors strongly hydrophobic: they simply do not dissolve
in water. In this thesis, the first steps are made towards successful application of
molecular motors under physiological conditions. The core issue of solubility is
addressed, and various strategies towards interference with and control over processes
in the cell are employed.
Chapter 1 provides an overview of recent developments in reversible photoregulation of
oligonucleotide structure and function. Poly- and oligonucleotides, such as DNA and
RNA, carry our genetic information in every cell. A variety of diseases is thought to have
an underlying genetic cause, DNA mutations are closely related to cancer and even
ageing is thought to be associated with naturally occurring DNA damage. Therefore, the
ability to exert control over the function of oligonucleotides would enable scientists to
influence and regulate such processes. Since most processes involving DNA require the
single stranded form, as opposed to the naturally occurring double helix, there is a
focus on controlling the unwinding process. Molecular photoswitches are inserted into
the oligonucleotide in a variety of manners. By switching the molecule, a destabilization
of the double helix is induced, which can lead to unwinding into the single stranded
form. First attempts towards switch inclusion were made over two decades ago, but in
the past few years the technique has seen real refinement and even extended to first
applications, by interfering with key processes of the cell such as DNA ligation or
transcription.
Chapter 2 describes the design, synthesis and investigation of a DNA/molecular motor
hybrid. Aided by computational studies, a molecular-motor-based linker was designed,
which was incorporated in the backbone of a small DNA hairpin. After it was confirmed
that the self-complimentary structure indeed forms a hairpin, the motor was
demonstrated to undergo unidirectional rotation under physiological conditions,
although the thermal process may be impaired at body temperature. Moreover, the 180°
rotation of the motor could significantly influence the stability of the hairpin, as a 6 °C
decrease in double strand melting temperature was recorded upon switching.
In chapter 3, a molecular motor was functionalized with thymine, one of the five
naturally occurring nucleobases. The motor showed strong aggregation behaviour and
formed micrometre-sized, regular hexagonal sheets, which were examined using
transmission electron microscopy. After electron diffraction experiments confirmed that
the sheets were crystalline, rotation of the molecular motors was attempted. Upon
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irradiation with UV light and subsequent heating, the hexagonal sheets were broken up
into smaller pieces. UV-vis analysis confirmed that rotation of the motors had occurred.
This chapter thus constitutes the first example of molecular motor rotation in the solid
state.
In chapter 4, the core issue of the application of molecular motors under physiological
conditions is addressed: solubility. Quaternary ammonium groups were expected to be
the most suitable solubilizing groups for molecular motors, and two designs were
synthesized and analysed. The first of these design degraded fast in aqueous solution,
most likely due to elimination of the ammonium groups on a benzylic position. The
other design, however, could undergo both thermal and photochemical processes in
buffered solutions at a pH range from 2 to 10, as confirmed by a range of analytical
techniques. A minor degradation was observed upon prolonged irradiation, which was
identified as water addition to the double bond of a photogenerated intermediate of the
motor. To compliment these findings, a previously reported molecular motor was
studied in micelles, as a model for the lipid bilayer that constitutes the cell membrane.
It was demonstrated the rotation of a motor under these conditions proceeds as desired.
Chapter 5 ventures into the field of photopharmacology. This new research area uses
light to activate and deactivate drugs. A photoswitch is incorporated into the core
structure of a known drug. By switching, the structure of the drug changes and it is no
longer active. As a result, a drug can be activated only in a desired position. This
approach is particularly attractive for chemotherapy agents, which can cause devastating
side effects in cancer patients. Here, two different anticancer drugs were targeted. A
molecular motor analogue of cisplatin was synthesized and analysed, but cytotoxicity
assays could not be performed due to insufficient solubility. Additionally, a
photoswitchable colchicine analogue was designed and studied. The compound proved
to be rather unstable, however, this problem is expected to be resolved by the addition
of a solubilizing group. This water soluble derivative is proposed at the end of the
chapter.
Finally, chapter 6 provides a deeper insight into the relation between molecular motors
and the medium in which they operate. For many photoswitches, it has long been
established that both photochemical and thermal processes can be highly dependent on
the properties of the solvent. The thermal isomerisation process of a molecular motor
was therefore investigated in 50 solvents and solvent mixtures. As expected, a strong
correlation was found between the rate of rotation and the solvent viscosity. However,
other solvent properties also clearly influenced the rotation rate. Statistical analysis was
employed to identify the diffusion coefficient and the cohesive energy density as the
most influential solvent properties. Overall, these findings indicate that solvent
influence on the thermal isomerization properties of a molecular motor arise from a
complex interplay of solvent-solvent and solvent-solute interactions.
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Samenvatting
Alles om ons heen, alles dat we kunnen aanraken of zien of ruiken, bestaat uit atomen.
Wetenschappers hebben tot nu toe meer dan 100 verschillende soorten geobserveerd,
die samen de bouwstenen van ons universum vormen. Door chemische bindingen te
vormen kunnen atomen onderling combineren tot moleculen. Het grootste deel van de
materie die we in een dag tegenkomen bestaat in een moleculaire vorm. Die deeltjes zijn
zo klein dat ze de natuurwetten anders ondervinden dan wij. Een van de meest dominante krachten op de moleculaire schaal is Brownse beweging, een willekeurige beweging van alle moleculen. Het is misschien niet te zien als je naar een glas water kijkt,
maar de individuele watermoleculen buitelen continu om elkaar heen.
Het menselijk lichaam heeft gecontroleerde beweging in een enkele richting op de moleculaire schaal nodig, bij voorbeeld om brandstof te transporteren of om spieren samen
te trekken. Maar om een deeltje doelmatig voort te bewegen in wat een non-stop moleculaire orkaan genoemd mag morgen is niet eenvoudig. De natuur heeft dit probleem
opgelost door zogenaamde moleculaire motoren te gebruiken. Dit zijn enzymen die
doelmatig van A naar B bewegen. Geïnspireerd door de natuur streven chemici ernaar
om beweging in één richting te creëren met behulp van moleculen, om daarmee synthetische machines op de nanoschaal aan te drijven. Enzymen zijn veel kleiner dan de
machines van onze macroscopische wereld, maar bestaan uit collecties van enorme
moleculen en bevatten duizenden atomen. Aangezien binnen de organische scheikunde
kleinere moleculen gebruikt worden was een nieuw ontwerp nodig.

Figuur 1: Het schakelen van een overvolle-alkeenschakelaar.

Vroeg onderzoek in richting van het ontwikkelen van gecontroleerde rotatie was gericht
op moleculaire schakelaars, moleculen die tussen twee vormen kunnen transformeren
onder invloed van een impuls (zoals licht, pH, andere moleculen etc.). Overvollealkeenschakelaars (Figuur 1) bevatten een centrale dubbele binding, waar omheen vrije
rotatie niet mogelijk is. Bestraling met UV licht verbreekt een van de bindingen tijdelijk,
waarna vrije rotatie rond de overgebleven binding mogelijk is. Na een hele korte tijd
wordt de tweede binding opnieuw gevormd. Het molecuul staat dan weer vast in zijn
originele configuratie, of met de bovenkant 180° gedraaid ten opzichte van de onderkant. Deze rotatie is reversibel en de richting is willekeurig. Door een kleine aanpassing
aan het ontwerp kunnen dit soort moleculen rotatie in een enkele richting ondergaan.
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In door licht aangedreven, op overvolle alkeen gebaseerde moleculaire motoren (Figuur
2, vanaf nu 'moleculaire motoren' genoemd), kan de richting van de door UV licht
aangedreven rotatie vastgelegd worden.
Wanneer de motor met UV licht bestraald wordt, stelt zich een evenwicht in waarin een
deel van de moleculen in hun startconfiguratie staan (stabiel trans), en een deel van de
moleculen hun bovenste helft bijna 180° ten opzichte van de onderste helft gedraaid
hebben (instabiel cis). De instabiele cis isomeer kan twee verschillende processen ondergaan: terugdraaien onder invloed van UV licht of doordraaien onder invloed van warmte. Als de bestraling gestopt wordt op het moment dat het evenwicht zich heeft ingesteld
zal alle instabiele cis isomeer een kleine onomkeerbare voorwaartse rotatie ondergaan en
de zogenaamde stabiele cis isomeer vormen, een proces dat versneld kan worden door
de moleculen te verwarmen. Omdat de stabiele trans isomeer onveranderd blijft onder
deze omstandigheden leidt de combinatie van een fotochemische en een thermische
stap tot een onomkeerbare 180° rotatie in een enkele richting van een deel van de moleculen, terwijl een deel onveranderd blijft. Door deze twee stappen te herhalen kan de
stabiele cis via de instabiele trans in de stabiele trans omgezet worden, en daarmee een
volledige 360° rotatie in een enkele richting rond de centrale as voltooien.

Figuur 2: Het schakelen van een moleculaire motor.

In 1999 werd de eerste moleculaire motor van dit type door onze groep beschreven. In
de eerste jaren daarna was het onderzoek vooral gericht op het ontwikkelen van een
theoretische kennis van de fotochemische en thermische processen. In de laatste jaren
zijn succesvolle toepassingen gevonden in katalyse, ontwerp van materialen en nano184
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technologie. De rotatie van een moleculaire motor werd bijvoorbeeld gebruikt om een
moleculaire nano-auto in een rechte lijn over een oppervlak voort te stuwen. Ook kon
een coöperatief effect verkregen worden uit de rotatie van de motors door ze op een
oppervlak te bevestigen. Door het gecombineerde effect van miljoenen moleculaire
motors kon een waterdruppeltje dat met het blote oog zichtbaar is bewogen worden.
Opvallend genoeg zijn toepassingen van moleculaire motoren in biologische condities
zeldzaam, ook al is licht daar een ideale impuls. Licht interfereert niet met de meeste
processen in de cel, de golflengte en intensiteit kunnen makkelijk gereguleerd worden
en licht kan met hoge precisie toegepast worden.
Aangezien vele andere moleculaire fotoschakelaars in de afgelopen decennia met succes
gebruikt zijn voor biochemische toepassingen is er een goede gelegenheid om motoren
in een nieuwe omgeving te implementeren, waar nieuwe mogelijkheden kunnen ontstaan door hun vierstaps schakelcyclus en andere eigenschappen. Door de aromatische
kernstructuur zijn moleculaire motoren sterk hydrofoob: ze lossen gewoonweg niet op
in water. In dit proefschrift worden de eerste stappen in de richting van succesvolle
toepassingen van moleculaire motoren onder fysiologische condities gezet. Het kernprobleem van de oplosbaarheid wordt geadresseerd, en verschillende strategieën om
interferentie met en controle over processen in de cel te bereiken worden gebruikt.
Hoofdstuk 1 geeft een overzicht van recente ontwikkelingen in reversibele fotoregulatie
van oligonucleotide structuur en functie. Poly- en oligonucleotiden zoals DNA en RNA
bewaren onze genetische informatie in elke cel. Daarnaast wordt van een aantal ziekten
gedacht dat ze een onderliggende genetische oorzaak hebben, zijn DNA mutaties nauw
verwant aan kanker en wordt zelfs ouder worden geassocieerd met van nature voorkomende DNA schade. Als het functioneren van oligonucleotiden gecontroleerd zou kunnen worden, zouden deze processen door wetenschappers beïnvloed en gereguleerd
kunnen worden. Aangezien bij de meeste processen waar DNA een rol in speelt de
enkelstrengs vorm betrokken is, in plaats van de van nature meer voorkomende dubbelstrengs helix, richt onderzoek zich vaak op het controleren van het afwikkelen van de
dubbele vorm tot de enkele vorm. Moleculaire fotoschakelaars kunnen op verschillende
manieren in oligonucleotiden geïntegreerd worden. Als het molecuul geschakeld wordt,
destabiliseert de dubbele helix, wat kan leiden tot afwikkeling tot de enkele vorm. De
eerste pogingen tot introductie van schakelaars werden al twee decennia geleden gedaan, maar in de laatste jaren in bijzonder is de techniek verfijnd en zijn de eerste toepassingen al beschreven, waarin geïnterfereerd wordt met belangrijke processen in de
cel zoals DNA reparatie en transcriptie.
Hoofdstuk 2 beschrijft het ontwerp, de synthese en het onderzoek van een
DNA/moleculaire motorhybride. Met behulp van berekeningsstudies werd een verbindingsstukje met daarin een moleculaire motor ontworpen, dat vervolgens in de ruggengraat van een kleine DNA haarspeld werd gebouwd. Nadat bevestigd werd dat de zelfcomplementaire structuur inderdaad een haarspeld vormt werd gedemonstreerd dat de
motor rotatie in één richting ondergaat onder fysiologische omstandigheden, hoewel het
thermische proces op lichaamstemperatuur mogelijk gehinderd is. Daarnaast wordt de
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stabiliteit van de haarspeld significant beïnvloed door de 180° rotatie van de motor. Na
het schakelen werd een afname van 6 °C in de smelttemperatuur waargenomen.
In hoofdstuk 3 wordt een moleculaire motor gefunctionaliseerd met thymine, een van
de vijf van nature voorkomende nucleobasen. De motor bleek sterk te aggregeren en
vormde regelmatige hexagonale vellen van enkele micrometers groot, die met behulp
van transmissie-elektronenmicroscopie bestudeerd werden. Nadat elektronendiffractieexperimenten aantoonden dat deze vellen kristallijn zijn werd geprobeerd de motors te
laten draaien. Na bestraling met UV licht en verwarming braken de hexagonale vellen
op in kleinere stukjes. UV-vis analyse bevestigde dat de motoren gedraaid hadden. Aldus beschrijft dit hoofdstuk het eerste voorbeeld van rotatie van een moleculaire motor
in vaste toestand.
In hoofdstuk 4 wordt het grootste probleem van het toepassen van moleculaire motoren
onder fysiologische omstandigheden aangekaart: oplosbaarheid. Quaternaire ammoniumgroepen werden geselecteerd als de meest geschikte water-oplosbare zijgroepen en
twee verschillende motoren werden gesynthetiseerd en geanalyseerd. Het eerste ontwerp degradeerde snel in waterige oplossingen, waarschijnlijk vanwege eliminatie van
ammoniumgroepen op een benzylische positie. Het andere ontwerp werkte zoals verwacht in gebufferde oplossingen met verschillende pH's tussen 2 en 10, en werd bestudeerd met een aantal verschillende analytische technieken. Een kleine hoeveelheid degradatie werd geobserveerd onder lange bestraling, wat te wijten bleek aan additie van
water aan de centrale dubbele binding van een fotogegenereerd intermediair van de
motor. In een complementair onderzoek werd een eerder beschreven moleculaire motor
bestudeerd in micellen, die functioneerden als een modelsysteem voor de lipide bilaag
waar het celmembraan uit bestaat. De motor blijkt onder deze omstandigheden naar
verwachting te functioneren.
Hoofdstuk 5 begeeft zich in de fotofarmacologie. In dit nieuwe onderzoeksveld wordt
licht gebruikt om geneesmiddelen ' aan' en ' uit' te schakelen. Een fotoschakelaar wordt
geïntegreerd met de kernstructuur van een bekend geneesmiddel. Door te schakelen
verandert de structuur van het geneesmiddel en is deze niet meer actief. Als gevolg
daarvan kan een geneesmiddel selectief 'aan' gezet worden op een specifieke locatie.
Deze aanpak is in het bijzonder aantrekkelijk voor chemotherapie, een behandeling die
verschrikkelijke bijwerkingen kan veroorzaken in kankerpatienten. In dit hoofdstuk
worden twee verschillende medicijnen tegen kanker gemodificeerd. Eerst werd een
moleculaire motor-analoog van cisplatine gesynthetiseerd en bestudeerd, maar de cytotoxiciteit kon niet getest worden wegens een gebrek aan oplosbaarheid. Daarnaast werd
een fotoschakelbare analoog van colchicine ontworpen en geanalyseerd. De stof bleek
redelijk instabiel te zijn, maar dat probleem kan naar verwachting opgelost worden
door een water-oplosbare groep aan de structuur toe te voegen. Aan het eind van het
hoofdstuk wordt een water-oplosbaar alternatief voorgesteld.
Hoofdstuk 6 verschaft een dieper inzicht in het verband tussen moleculaire motoren en
het medium waarin ze opereren. Voor een aantal fotoschakelaars is allang vastgesteld
dat zowel de fotochemische als de thermische stappen sterk afhankelijk kunnen zijn van
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de eigenschappen van het oplosmiddel. Daarom werd de thermische isomerisatie van
een moleculaire motor bestudeerd in 50 verschillende oplosmiddelen en mengsels van
oplosmiddelen. Zoals verwacht werd een sterke correlatie gevonden tussen de rotatiefrequentie en de viscositeit van het oplosmiddel. Daarnaast bleken ook andere oplosmiddeleigenschappen de draaifrequentie te beïnvloeden. Door middel van statistische
analyse werden de diffusiecoëfficiënt en de cohesieve energiedichtheid geïdentificeerd
als de meest invloedrijke oplosmiddeleigenschappen, naast viscositeit. Deze bevindingen geven aan dat de invloed van het oplosmiddel op de thermische isomerisatie van
een moleculaire motor voortkomen uit complexe interacties tussen zowel de individuele
oplosmiddelmoleculen, als de oplosmiddelmoleculen met de motor.
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