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Remote control over folding by light

Integrating stimulus-responsive components into macromolecular architectures is a versatile strategy to
create smart materials that can be controlled by external stimuli and even adapt to their environment.
Helical foldamers, which are omnipresent in Nature and display well-defined yet dynamic structures,
serve as an ideal platform to integrate photoswitches to modulate their conformations by light. This

Received 16th February 2016,
Accepted 15th March 2016

DOI: 10.1039/c6cc01423b

feature article summarizes the development of photoswitchable foldamers, focussing on various design
approaches that incorporate the photoswitches either at the side chains, as tethered loops, or directly in
the main chain. Based on the emerging insight into the folding—switching relationship more advanced

molecular designs should enable the development of photoresponsive foldamers with high sensitivity to

www.rsc.org/chemcomm

1. Introduction

Photoresponsive molecular systems, allowing for an external con-
trol of their structures and resulting properties by light, will be one
of the key elements for creating “smart” materials with broad
applications ranging from nanotechnology to pharmacology.'
Over the past two decades, photochromic moieties* ® have been

Department of Chemistry and IRIS Adlershof, Humboldt-Universitdt zu Berlin,
Brook-Taylor-Str. 2, 12489 Berlin, Germany. E-mail: sh@chemie.hu-berlin.de;
Fax: +49-30-2093-6940; Tel: +49-30-2093-7365

+ Present address: Department of Chemistry,
2145 Sheridan Road, Evanston, IL 60208-3108, USA.

Northwestern University,

Zhilin Yu received his BS degree
from Tianjin University in 2006.
Then he worked with Prof. Yu Liu
at Nankai University on the
complex of functional cyclodextrins
and carbon materials, and obtained
his MS degree in 2009. Following
that, he continued his graduate
study under the supervision of
Prof. Stefan Hecht at the
Humboldt-Universitdt zu Berlin,
where his research involved the
investigation of the structure—
feature relationship of photo-
switchable foldamers composed of azobenzene units. He was
awarded a PhD degree in 2013, and currently he is conducting his
postdoctoral training with Prof. Samuel I. Stupp at Northwestern
University.

i

Zhilin Y

This journal is © The Royal Society of Chemistry 2016

control and power functional macromolecular and supramolecular systems.

incorporated into numerous materials that serve as molecular
machines,”** remote-controlled catalysts,">"®* memory and
storage devices,”'*?° and optomechanical actuators,*** among
others.>*"?° However, the creation of real “smart” materials from
these photoswitches requires maximization of the apparent
functional responses to light at the macroscopic level. For this
purpose - and alternatively to improve the intrinsic performance
of the individual photoinduced events**> - incorporation of
photoswitches into supramolecular®® and macromolecular®*
systems allows for the potential amplification of the light signal
by exploiting cooperative mechanisms.>*>® Considering the
latter, covalent approach, dynamic helical macromolecules offer
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Fig. 1 Schematic illustration of a foldamer's (cooperative) helix—coil transi-
tion triggered by light (left). Conceptually different approaches to incorporate
photoswitches, illustrated here for the most commonly used azobenzene,
into the helical structures as side chains, tethered loops, or directly into the
backbone (right).

the unique potential of cooperative folding®® and, inspired by the
importance of helices in nature, the past decade has witnessed
the development of a variety of photoresponsive helical struc-
tures,*®**°™*® which can undergo a light-induced (cooperative)
folding and/or unfolding transition (Fig. 1, left).

In general, helical structures in foldamers are stabilized by a set
of covalent local constraints and non-covalent intramolecular inter-
actions.***”° To successfully render foldamers photoswitchable
one has to maximize the geometry change between the two different
isomers of the photoswitch that should lead to selective stabilization
or destabilization of the helical structure in one and/or the other
switching form. Among the many established photoswitches,®
azobenzene offers the unique advantage that it features a remarkable
change in molecular geometry (and dipole moment) based on the
light-induced interconversion between its planar E-isomer and its
non-planar Z-isomer.*" These dramatic structural changes occurring
in the course of E-Z isomerization allow for facile variation of local
constraints in the helical backbone but also influence m,n-stacking
interactions and solvation, both of which contribute important
enthalpic and entropic effects during helical folding. Alternatively,
the light-induced conversion of charge-neutral spiropyrans to their
zwitterionic merocyanine form®" has been used to locally enhance
polarity and stabilize or destabilize helical structures.®® Thus far,
three types of design approaches have been followed by integrating
the photoswitches into the helical systems either (i) as side chains
linked in a more or less flexible fashion to the main chain, or (ii) as
tethered loops giving rise to constrained macrocyclic architectures,
or (iii) directly into the helical backbone (Fig. 1, right).

In this feature article, we summarize the development of
photoswitchable helical foldamers composed of various oligo-
meric/polymeric backbones and highlight their resulting light-
induced (un)folding behavior in relation to the specific location
of the photoswitches within the chain. Throughout we focus on
the underlying design principle of the photoresponsive helices,
following either side chain, loop, or backbone approaches, and
the resulting relationship between local photoswitching and
global foldamer conformation.

2. Side chain approach

In a significant body of work photoswitches have been attached to
mostly polymeric foldamer backbones as their side chains.***!>%**
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Therefore, the local geometrical changes induced upon photo-
switching do not affect the backbone conformation directly but
rather alter the non-covalent interactions between the side chains,
thereby indirectly leading to an overall conformational change.
This design offers the advantage that minimizes the steric con-
straint for switching imposed by the backbone, thereby resulting
in potentially lower energy barriers and hence more efficient
photoswitching. However, the secondary effects of photoswitching
on modulating side chain interactions are somewhat harder to
predict, rendering a straightforward design more challenging.
Note that in particular when using this design approach one
should carefully distinguish between photomodulation of folding,
ie influencing the helix-coil equilibrium by light, and photo-
modulation of (excess) helicity, ie. influencing twist sense bias
during folding by light. Experimentally, these two scenarios are
sometimes not trivial to distinguish in particular when relying
entirely on circular dichroism (CD) spectroscopy.™

Early work on photoresponsive polymers reported light-
induced structural changes of polyelectrolytes caused by non-
covalently associated photoswitches.’®®” In these cases, the
isomerization events modulate the interactions between photo-
switches and polymers and thereby change the ionic repulsion
along the hydrophobic polymer backbones, resulting in their
extension or shrinkage. This strategy did inspire the development
of covalent approaches to attach azobenzene and spiropyran
units in the side chains of polymers.”®>® Due to the absence of
defined (helical) conformations, researchers initially focused on
monitoring viscosity changes of polymer solutions upon exposure
to UV-light. The first example able to directly record light-induced
conformational transition of photoresponsive polymers by CD
spectroscopy reported the attachment of varying amounts of
azobenzene units to the carboxyl side chains of poly(L-glutamic
acid)s (Fig. 2).°° In organic solvents, such as trifluoroethanol or
trimethylphosphate, the modified polymeric backbones adopted
an o-helical conformation as detected by CD spectroscopy.®*
Exposure to 350 nm UV light led to E — Z photoisomerization
of the azobenzenes yet the CD signal did not change indicating
that the o-helix structure of the backbone was not disturbed. In
contrast, when dissolving the polymer in water at pH = 7.6
assisted by the surfactant dodecylammonium chloride,*® the
isomerization of azobenzene moieties gave rise to a reversible
transition between random coil and a-helical conformations of
the peptide backbone (Fig. 2). The observed solvent dependence
of the photoswitchable folding behavior has been attributed to
the change in the azobenzene’s molecular dipole moment during
photoisomerization, which is accompanied by a large change in
the hydrophilicity of the side chain. Therefore, in the thermal
resting state composed entirely of E-azobenzene side chains,
their lipophilicity keeps the amphiphilic poly(i-glutamate) at
the interface of the micelles where it adopts a random coil
structure. Upon irradiation the metastable Z-isomer enriched
peptide can adopt an a-helical conformation, which is able to
expose the polar and hence more hydrophilic side chains to the
aqueous environment dragging the peptide into the water phase.
This behavior results in what we refer to as the photoinduced
turn-on helix, .e. light leads to helix formation while heat returns

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Poly(L-glutamic acid) containing azobenzene units in the side
chains undergoes a photoswitchable coil-helix transition in surfactant—
water mixtures leading to turn-on helices.®?

the system to a random coil conformation due to the thermal
instability of the Z-isomer.

At around the same time, Ueno and coworkers reported the
modification of poly(benzyl r-aspartate) by varying amounts of
phenylazo units that were attached to the benzyl side chains
at either their meta- or para-positions, leading to different
orientations of the resulting azobenzenes with regard to the
peptide backbone.®*®* Interestingly, in this case and using
specific organic solvent mixtures the authors were able to show
by a thorough analysis of CD spectra that photoisomerization
of the azobenzene side chains causes reversible inversion of the
helix screw sense.®® When studying poly(benzyl r-aspartate)
containing 49% meta-linked azobenzene side chains in a mixture
of helix-stabilizing 1,2-dichloroethane and helix-denaturing
trimethyl phosphate, 86% of the polymer chains adopt a left-
handed helix while after irradiation with UV-light 100% of the
polymer chains adopt a right-handed helix (Fig. 3). Even when
reducing the azobenzene side chain content to 9.7% a modula-
tion between 91% right-handed helix in the all-E-isomer and
74% in the Z-enriched sample could be observed. Furthermore,
the fact that in the latter case only 50% E — Z photoconversion
is necessary to cause the effect illustrates that overall only
ca. 5% isomerization of the side chains is sufficient to cause
a helix inversion of the majority of the sample.

In addition to azobenzene units, poly(r-glutamic acid) has
also been functionalized by spiropyrans in the side chains.®®™®
In hexafluoroisopropanol, the merocyanine form is thermo-
dynamically more stable (so-called negative photochromism)
and the polypeptide backbone carrying the merocyanine residues
adopts a random coil conformation (Fig. 4).°® However, upon
irradiation with visible light the colorless spiropyran is formed
and the polypeptide backbone adopts a right-handed o-helical
conformation. In this particular case and under the specific
conditions, the zwitterionic merocyanine has a strong tendency

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Poly(L-aspartate) containing meta-linked azobenzene units under-
goes a photoswitchable helicity inversion (change of helix screw sense) in
the mixture of 1,2-dichloroethane and trimethyl phosphate.®*

Fig. 4 Poly(L.-glutamic acid) containing spiropyran units in their side
chains undergoes a photoswitchable coil-helix transition in hexafluoro-
isopropanol leading to turn-on helices.®®

to dimerize®® and therefore forces the polymer chain into a
random coil structure. Visible light induces conversion to the
spiropyran form and thereby weakens the side chain inter-
actions such that the intrinsic helicogenicity of the backbone
drives formation of the a-helix, giving rise to a turn-on helix
once again.

Zentel and coworkers incorporated photoswitches in the
side chains of abiotic foldamer backbones, such as polyiso-
cyanates, to photomodulate their conformational behavior
(Fig. 5).*° Polyisocyanates composed of achiral monomers
typically exist as a racemic mixture of right- and left-handed
helices or isolated helical segments within the same polymer
chain.”®”! The polyisocyanates decorated with chiral azobenzene
side chains carrying one stereogenic center exhibited an intensity
change in both ORD and CD spectra upon E — Z photoiso-
merization, indicating a change in the population of differently
biased helical segments (center, Fig. 5).”> However, the E — Z

Chem. Commun., 2016, 52, 6639-6653 | 6641
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Fig. 5 Polyisocyanates containing chiral azobenzene units (top) exhibiting
either a photoswitchable shift in their equilibrium between P- and M-helical
segments (center)’? or helix inversion (bottom)”® depending on the number
of stereogenic centers in the azobenzene side chain.

photoisomerization of the azobenzene units with two chiral
centers resulted in a more pronounced inversion of the Cotton
effect (bottom, Fig. 5),”* suggesting a helicity inversion of the
polymers. The chiral amplification of the polyisocyanates was
investigated involving a number of copolymers of various chiral
azobenzene-containing isocyanates and over the course of their
studies the authors observed a fine balance of various effects,
including the distance of the stereocenters to the polymeric back-
bone, the solvent, and the concentration of photoswitches.”* ¢
By relating the E:Z ratio to the molar elipticity in the CD
spectra,”* it could be shown that the Z-isomer exhibits a
stronger induction power and rules the helix diastereoselection,
in accordance with the majority rule.”>””

Complementary to these aliphatic backbones, azobenzene
moieties have also been attached to the side chains of aromatic
foldamers, in particular poly(meta-phenylene ethynylene)s, pre-
pared via Sonogashira-Hagihara polycondensation of 3,5-bis-
(diethynyl)azobenzene and 1,3-diiodobenzene derived monomers
(Fig. 6).”® Intramolecular H-bonds between the amide and
carbamate units allow this backbone to adopt stable helical
conformations in a wide range of organic solvents.”” Upon
exposure to UV light, only subtle changes in the UV spectra
were observed, indicating that just a small (7%) fraction of
the azobenzene side chains underwent photoisomerization.
This, presumably, is the reason why only limited degree of
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Fig. 6 Poly(meta-phenylene ethynylene) with appended phenylazo side
chains folds into a helical structure in a variety of organic solvents due to
H-bonding yet undergoes only little photoisomerization of the azobenzene
moieties.”®

conformational response could be achieved as evident from the
minimal changes in the corresponding CD spectra.

3. Loop approach

Rather than appending the photochromic units to the foldamer
main chain on only one of their termini, tethering them at both
of their ends to the backbone provides a macrocyclic loop
architecture as a structural alternative to create photoswitch-
able foldamers.*® Thus far peptides have been employed as
backbones. Their versatile solid-phase synthesis allows for the
positioning of amino acids carrying appropriate reactive groups
at specific locations in the backbone, at which photoswitches
with suitable geometry and size are subsequently tethered in a
loop fashion. In principle, the geometry of one of the two
isomers of the incorporated photoswitch — but not the other -
is chosen to match the distance between the two reactive side
chains in the targeted conformation of the peptide backbone.
The photoinduced interconversion between these two isomers,
associated with a significant local geometry change as in the
case of the most commonly used azobenzenes, therefore rever-
sibly makes and breaks the covalent local constraints favoring
the specific backbone conformation, typically a peptide a-helix.

This loop approach has been pioneered by Woolley and
coworkers, who tethered a variety of symmetrical azobenzene
photoswitches via their para-positions to two cysteine residues
within a peptide sequence (Fig. 7).*° Molecular modelling
suggested that upon attaching the azobenzene to cysteine
residues in the 7 and i + 7 positions the peptide o-helix is only
commensurate with the kinked Z-isomer, while the E-isomer
should lead to unfolding and population of the random coil
structure.®® Consequently, UV-induced E — Z isomerization
promoted the formation of the ao-helical conformation, while
thermal or vis-light induced Z — E isomerization collapsed the
helical conformation. Upon comparing the calculated distances
between the two cysteine residues in various conformations,
the authors could show that the a-helix content was improved
from 2% in the E-isomer to 48% in the Z-isomer.*” On the other
hand, tethering the peptide using cysteine residues in the more
distant i/ and i + 11 positions renders the o-helix compatible
with the extended E-azobenzene, which upon photoconversion
to the shorter Z-azobenzene should consequently break the
helical conformation. This nicely illustrates how either the

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Photoswitches that have been used as tethers to covalently link
two side chain residues in peptide based foldamers in the loop approach
(top). Turn-on (bottom left) and turn-off (bottom right) helices with the
E- and Z-configured tethers connecting the i and i + 7 positions and the
iand i + 11 positions of the peptide «-helix, respectively.&°

E-isomer or the Z-isomer of the azobenzene tether can be
utilized to specifically stabilize the peptide’s a-helix, resulting
in a turn-off and turn-on foldamer, respectively. These two
complementary approaches display some additional differences
associated with the specific photoswitching behavior of azobenzene.
In the turn-off design, the remaining E-isomer due to incomplete
photoconversion leads to residual population of the o-helical
conformation. In contrast, in the turn-on design helix forma-
tion can facilitate £ — Z photoisomerization and thermally
stabilize the Z-isomer while quantitative (photo)conversion of
the Z-isomer back to the E-isomer leads to complete reversal
of the process.

Rendering the loop approach more applicable, the group of
Woolley developed and incorporated photoswitches, which do
not require the use of UV-light and can be operated entirely
with visible light.>>*® For example, they could trigger a reversible
helix-coil transition by visible light and furthermore improve the
extent of helical unfolding by using novel photochromic units
(Fig. 7).8*%** On the one hand, a cyclic bis(para-acetamido)azo-
benzene derivative with separated n — n* absorption bands for
the two isomers®® was tethered to the 7 and i + 11 positioned
cysteine residues within the backbone.®* As a result, the helix-
coil transition could repetitively be switched by an alternating
exposure to 407 nm and 518 nm light and thanks to the very
efficient photoconversion between the E- and Z-isomers, the
change in population of the different conformers was quite
significant. On the other hand, to enhance the effect of the local
photoswitching event on the conformational transition, i.e. improve
the transduction efficiency, a non-symmetrical benzylidene-
pyrroline chromophore, mimicking the Schiff base in rhodop-
sin and giving rise to a larger geometrical change upon

This journal is © The Royal Society of Chemistry 2016
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photoisomerization, has been linked to the peptide back-
bone.®* Tethering the photoswitch between the i and i + 11
residues allowed the peptide backbone to adopt an a-helical
conformation in the dark, while a random coil conformation
was efficiently populated following E — Z photoisomerization
of the benzylidene-pyrroline moiety. However, despite the
high degree of photoconversion associated with a large struc-
tural change in the photochromic tether, the typical o-helix
signature in the CD spectrum did not decrease to a large
extent, which is probably due to the location of the photo-
switch relative to the helix, leaving a larger part of the peptide
and hence its conformation unaffected.

4. Backbone approach

The photoswitchable units can also be incorporated into the
main chain®®” of the helical structures to manipulate their
folding behavior. This backbone approach is perhaps the
most direct way to couple photoswitches with foldamers and
both the photoswitching as well as the folding behavior are
inextricably linked. Since most photoswitchable moieties con-
sist of a more or less extended m-conjugated chromophore,
their integration as monomer units is most readily accom-
plished using (hetero)aromatic foldamers based on either local
constraints®®®® and/or solvophobic interactions.®® Therefore,
the geometrical changes during the course of the photoswitching
event affect both the local conformational constraints as well as
the typically intrastrand n,n-stacking interactions with non-
nearest neighbors and of course vice versa. Following this
approach thus far mostly azobenzene has been used due to its
large geometrical changes, reflected in dramatically different
angles and distances, which have also been exploited in the
loop approach (see above), and in the inability of the twisted
three dimensional Z-isomer to engage in stabilizing n,n-stacking
contacts in strong contrast to the flat E-isomer. These
azobenzene-containing foldamers have been connected by three
different types of bridging units, i.e. carboxamide and triazole
linkages, both providing some local conformational prefer-
ences,® as well as ethynylene (and also diethynylene) linkages,
yielding three different classes of rigid photoswitchable foldamers,
including oligoamides,* clickamers,”® and oligo(meta-phenylene
ethynylenes) (OmPEs)’" as covered below.

4.1 Photoresponsive oligoamides

The remarkable properties of the aromatic oligoamide
foldamers,*>*® including their strong local conformational
preferences, their high chemical stability, and their propensity
to crystallize (and thereby enabling accurate structure determina-
tion by single crystal X-ray diffraction), inspire the design of
their respective photoswitchable counterparts. Parquette and
co-workers reported oligomeric backbones composed of alter-
nating sequences of pyridine-2,6-dicarboxamides and meta-
(phenylazo)azobenzene moieties (Fig. 8).** In its all-E configuration
the foldamer adopts a helical structure with an approximately
3.4 A helical pitch as predicted by molecular modelling and

Chem. Commun., 2016, 52, 6639-6653 | 6643
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Fig. 8 Photoswitchable oligoamide foldamers composed of azobenzene
and pyridine moieties terminated with achiral units (94 and 17g) and chiral
units (94* and 17g*), the latter to facilitate analysis by CD spectroscopy.*>°?
Throughout, oligomers are named by giving the number of aromatic
repeat units (here: 9 or 17) followed by the number of incorporated azo
(N==N) bonds in subscripts (here: 4 or 8).

confirmed for the shorter oligomer 9, by X-ray crystallographic
analysis in the solid state. Helix formation has been attributed
to intramolecular H-bonds between the amides’ NH-atoms and
the pyridine N-atom (and possibly the adjacent azo N-atom) as
well as m,m-stacking interactions between the (hetero)aromatic
rings. Due to the stability of the helix structure, the E — Z
photoisomerization efficiency of the azobenzene units in the
folded oligomers 9, and 17g was reduced by approximately a
factor of three when compared to unfolded shorter oligomers.
By analyzing the composition of the photostationary state (PSS)
mixtures the authors found that the terminal azobenzene units
isomerize to a larger extent as compared to the internal
azobenzene moieties, which are presumably packed more
tightly at the inner core of the helix. Therefore, E — Z photo-
isomerization results primarily in a departure of the terminal
azobenzene units from the helical conformation, leading to a
shortened and less stable helix, which is characterized by a lower
helix inversion barrier. The latter has actually been measured by
CD spectroscopy using chiral oligomers 94* and 17g*,°* as well as
by VI-NMR spectroscopy. Indeed, upon E — Z photoisomeriza-
tion the helix inversion barrier decreased from 13.8 keal mol ™
for the initially all-E-configured 17 to 12.8 keal mol " for the PSS
mixture. The authors concluded that helix inversion in their
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system occurs via a stepwise unfolding rather than a global wrap-
unwrap process. Somewhat surprisingly and despite successful
thermal Z — E isomerization, photochemically induced Z — E
isomerization was not possible since presumably photoreduction
of the N—=N units occurred upon exposure to visible light.

Azobenzene has also been incorporated into folded aromatic
amide dendrons, adopting a compact, helical conformation to
cause a local perturbation that subsequently should lead to
large photoinduced structural changes in dendrimers (Fig. 9).%*
The 1st and 2nd generation dendrons were composed of a
bifunctional pyridine-2,6-dicarboxamide focal point connected
via two azobenzene units to either two or four 2-methoxyiso-
phthalamide termini. The helical conformation of the dendrons
was stabilized by the syn-syn conformations of both the
2-methoxyisophthalamides as well as the pyridine-2,6-dicarb-
oxamides, owing to the intramolecular H-bonding from the
amides’ NH-atoms to the methoxy oxygen and the pyridine
N-atom, respectively. Similarly to the authors’ observations with
respect to the folded oligomers detailed above, the E — Z
photoisomerization of the azobenzene units was less efficient
within the folded dendrons as compared to unfolded model
compounds. In the PSS mixtures the hydrodynamic volume of
the dendrons (measured by DOSY NMR) was increased by 75%
for the 1st generation and by 46% for the 2nd generation
dendrons when compared to their initial E,E-isomer, illustrating
a substantial structural change upon E — Z photoisomerization
in these compact, folded structures.

4.2 Photoswitchable clickamers

Besides connecting (hetero)aromatic moieties via strategically
placed amide residues well-defined helical structures can also
result from linking various types of aza-heterocycles, such as
pyridine, pyrimidine, and pyridazine, among others.**** Due to
its strong conformational preferences,” the 1,4-linked 1,2,3-triazole
moiety that can efficiently be generated by the Cu-catalyzed azide-
alkyne 1,3-dipolar cycloaddition, the so called “click reaction”,
has been utilized to construct heteroaromatic foldamers,

» 90,9679 photoswitchable versions

referred to as ‘“clickamers”.
thereof have been reported by Flood and coworkers, who
incorporated azobenzene units at both termini of the amphi-
philic clickamer backbone (Fig. 10).** In this clever design, the

E,E-configuration allows both azobenzenes to engage in full
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Fig. 9 Photoswitchable folded dendrons composed of a pyridine-2,6-dicarboxamide focal point and 2-methoxyisophthalamide termini connected via

azobenzene units.®®
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Fig. 10 Photoswitchable clickamer with terminal azobenzene units, which
gate the helix—coil transition allowing for light-controlled capture and release
of chloride ions.**

w,m-stacking contacts, while in the non-planar Z,Z-configuration
the terminal phenylazo moieties are removed from the helical
skeleton, thus weakening the =,n-stacking interactions and
resulting in a helix to coil transition (turn-off foldamer). In view
of the ability of these clickamers to bind anions in their inner
cavity,'® E — Z photoisomerization of the azobenzene termini

View Article Online
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should be able to gate the affinity for chloride ions. Indeed, the
foldamer’s binding constant for chloride ions decreases signifi-
cantly upon irradiation due to the UV-light-induced shortening
of the helical skeleton. In addition, an intermediate binding
constant was observed for the mixed E,Z-configured oligomer
and therefore the chloride ion affinity follows the order of
E,E > E,Z > Z,Z. Consequently, the photoswitchable clickamer
can be used to release and recapture chloride ions in solution
in response to UV and visible irradiation, respectively.

To further advance their design, the same group prepared
several new clickamers with stronger ion affinity utilizing
interlocking and capping approaches.'*>'% In the interlocking
approach, the r-leucine residues forming p-sheet-type H-bonds
were introduced to the central and terminal phenyl groups
of the clickamer foldamer to initially stabilize the folded
conformation as well as the foldamer-anion complexes by
interlocking helical turns (Fig. 11, top).'°" The formation of
these interlocking H-bonds improved the chloride binding con-
stant by almost one order of magnitude (from 1.26 x 10° M ™" to
9.7 x 10° M '). Upon exposure to UV-light, the isomerization
of the terminal azobenzene units significantly decreased the
stability of the foldamer and hence led to unfolding, associated
with a 84-fold reduced chloride affinity of the oligomer. In the
alternative capping method, two clickamers composed of six
triazole and five phenylene units were terminated with two ortho-
linked azobenzene units (Fig. 11, bottom)."* These foldamers
form single or double helical complexes with chloride ions in
aqueous solution. In the latter double helical complex, a much
larger percentage of the hydrophobic n-surface is buried (~80%
instead of ~50% in the single helix) and in addition the
terminal E-configured azobenzene units shield the hydrogen-
bond donors to chloride, thereby creating a solvent-excluding
cavity capable of generating stronger CH---Cl~ H-bonds. While
this work nicely illustrates the importance of creating specific
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Fig. 11 Photoswitchable clickamers with improved chloride affinity by interlocking H-bonds (top) and azobenzene caps (bottom).
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microenvironments to optimize binding, the photoresponse of
the clickamers was not discussed.

Another example of a photoswitchable clickamer has been
reported by Jiang and coworkers, who placed the azobenzene
unit at the center of the oligomer (Fig. 12).'°® Upon exposure to
UV-light, the central azobenzene unit readily underwent £ — Z
photoisomerization, resulting in 82% Z-azobenzene in the PSS.
NMR titration experiments revealed that the foldamer exhibits
somewhat increased binding constants (a factor between 1.7
and 4.1) for various anions (halides, nitrate, and bisulfate) in
the Z-isomer as compared to the E-isomer. The observed slight
increase in binding constant can probably be attributed to
the shrinkage of the inner cavity upon switching to the
Z-azobenzene. However, the overall relatively weak anion affi-
nity, in particular when compared to the ones by Flood and
coworkers,**'°1°% in combination with its only moderate light-
induced modulation, limit the applicability of this particular
clickamer for light-regulated anion transport and separation.

4.3 Photoswitchable OmPE foldamers

Oligo(meta-phenylene ethynylene)s (OmPEs) have been demon-
strated to fold into a helical conformation in specific environ-
ments stabilized by a well-balanced set of supramolecular
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Fig. 12 Photoswitchable clickamer with a central azobenzene unit
modulates chloride binding by light.X%*
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interactions, such as H-bonding, metal-ligand coordination,
n,m-stacking, coulombic, dipolar, and van der Waals inter-
actions.”® Rather than attaching the photoactive groups as
the side chains of the OmPE backbones, for example to
covalently lock the helical structure containing an inner
void,'® we have embedded photochromic azobenzene units
into the amphiphilic backbones to replace one (or more) of
the diphenylacetylene (tolane) moieties. In the following, we
summarize our corresponding research efforts starting from
the design of the first prototype with a single azobenzene
core*>'% to the investigation of the relationship between the
folded structure and the resulting photoresponse in various
series of azobenzene-based foldamers."*'%¢"%°

Foldamers with one single azobenzene core. In this design,
one azobenzene was incorporated into the backbone as the core
linked in its meta- or para-positions by two OmPE segments,
each with a subcritical chain length not sufficient to fold
independently (Fig. 13, top)."® We speculated that the helical
structures can be stabilized by non-covalent interactions involving
either the kinked para-linked Z-azobenzene or meta-linked
E-azobenzene, leading to turn-on and turn-off helical foldamers,
respectively. In the first case of the turn-on helix, the para-
extended azobenzene core displayed a significant red-shifted
absorption and could selectively be excited to successfully induce
E — Z photoisomerization as confirmed by UV/vis spectroscopy.
However, the photoisomerization event did not give rise to any
noticeable changes in the backbone conformation. We assume
that the non-planar geometry of the Z-isomer, displaying the
phenyl termini in a bent but also twisted fashion, is incompa-
tible with the desired n-stacked helix structure, thereby prevent-
ing the formation of a stable helical conformation. In the second
case of the turn-off helix, the meta-linked E-azobenzene displays
the correct bent and planar shape to nicely match the backbone
structure and therefore allows for formation of a stable helical
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Fig. 13 Turn-on and turn-off foldamers containing a single azobenzene core linked in its terminal para- and meta-positions, respectively (top).
Photoswitchable tetradecamer with improved methoxy-substituted azobenzene core and the corresponding CD spectra during thermal Z — E

isomerization in CHsCN at 25 °C (bottom).*210°
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structure as revealed by standard solvent titration experiments."'
Unfortunately in this case, the azobenzene unit cannot be excited
selectively due to the cross-conjugated meta-linkage and the
photoisomerization of the helical foldamer was not possible due
to the strong background absorption from the backbone.

To ensure selective excitation of the azobenzene core and
hence access photoswitchability in the helically folded struc-
ture, the 1 — m* absorption band of the azobenzene core was
bathochromically shifted by introducing para-methoxy groups.
As a consequence of the slightly weaker n,n-stacking contact of
the more electron-rich 4,4’-dimethoxyazobenzene (DMAB) unit,
the oligomer had to be elongated from a dodecamer to a
tetradecamer (Fig. 13, bottom),** which adopts a helical struc-
ture that is 1.7 kcal mol™" more stable than the coil structure,
i.e. helix stabilization energy = —1.7 kcal mol ', in aceto-
nitrile."'® The formation of the helix was furthermore supported
by the significant Cotton effect in CD spectra in aqueous aceto-
nitrile solution due to the twist sense bias provided by the chiral
side chains. As confirmed by both CD and UV/vis spectroscopy,
exposure of the foldamer to UV-light induced formation of the
Z-azobenzene core, which disrupts m,n-stacking interactions in
the helix and consequently led to unfolding of the tetradecamer.
This first prototype of a photoswitchable OmPE foldamer dis-
played approximately 40% unfolding in the PSS and sparked
further efforts to design more efficient analogues.

Foldamers entirely composed of azobenzene. Maximizing
the aspect ratio change of the photoswitchable foldamers
induced by the E — Z photoisomerization of the incorporated
azobenzene unit(s) requires a highly efficient conformational
transition. As mentioned above our prototype of the azobenzene
foldamers showed only a moderate light-induced change of the
CD intensity, implying partial collapse of the foldamers. In order
to increase the extent of the conformational change we sought
to improve the efficiency of the photoinduced transition by
enhancing the isomerization statistics. Hence, a series of foldamers
entirely composed of azobenzene units with variable chain lengths,
including oligomers 105, 12¢, and 14, (Fig. 14), has been designed,
synthesized, and characterized.” Solvent titration experiments
revealed that in acetonitrile six azobenzene units are required for
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the formation of a stable helix with two turns, assuming three
azobenzene units per turn as suggested by molecular modelling
and supported by ESR labelling studies.'®

For all three oligomers 105, 12¢, and 14, the intensity of the
Cotton effect in the CD spectra decreased dramatically or even
quantitatively upon exposure to UV-light, indicating the occurrence
of an efficient photoinduced unfolding transition following the
E — Z photoisomerization (Fig. 14). The photoconversion was
monitored by UV/vis spectroscopy and the content and dis-
tribution of Z-azobenzenes in the PSS was determined by NMR
spectroscopy. Similarly to the findings of Parquette and
coworkers,*® the efficiency of the E — Z photoisomerization
is dependent on the location of the azobenzene unit in the helix
and the interior azobenzene units display a lower Z-content as
compared to the terminal units. Importantly, the foldamer with
a higher content of interior azobenzene units represents a
lower rate constant of the photoinduced unfolding, illustrating
that the untwisting process of these homogeneous backbones
is predominately starting from the terminal positions. In con-
trast to Parquette’s foldamers the helical refolding in this series
of foldamers can readily be induced by visible light irradiation
and resulting in full recovery of the helical structures over many
cycles without any noticeable fatigue.

Foldamers with different relative orientations of azobenzenes.
It is well-known that the isomerization of photoswitches within
natural or artificial systems strongly depends on their local
surrounding.>"""*? As illustrated for the above oligoazobenzene
foldamer series, the particular microenvironment imparts a spe-
cific switching ability that presumably originates from different
location dependent energy barriers due to specific intrastrand
n,m-stacking interactions.***> To further optimize the photo-
isomerization and conformational transition of the oligoazobenzene
foldamers, we investigated how specific locations of azobenzene
units and their relative orientation as well as isomerization statistics
affect the individual switching events and the global unfolding.
As a result, the desire to vary the photochrome content while
simultaneously positioning the individual azobenzene moieties
precisely within the oligomeric backbone led us to design,
synthesize, and characterize three different series of foldamers,

n=6 12G n=7 147

Fig. 14 Photoswitchable oligoazobenzene foldamers 10s, 12¢, and 14, (R = —(CH,CH,0)sCHs or —(CH(S-CH3)CH,O)(CH,CH,0)sCHs) and their
corresponding CD spectra during the course of irradiation at Ay, = 358 nm in CHzCN at 25 °C.#°
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Fig. 15 Photoswitchable oligoazobenzene tetradecamers 144, 145, and 14, (R = —(CH,CH,0)3CHs) and their corresponding CD spectra during the

course of irradiation at 2, = 358 nm in CHsCN at 25 °C.10¢

including oligomers 105-12¢-14, and 11,-145 as well as 105-14,
containing either 3 or 2 or 1.5 azobenzene units per turn
(Fig. 15).1°¢

The variable relative orientations of azobenzenes within the
helical structures led to three types of n,n-stacking interactions,
i.e. azobenzene-azobenzene (azo-azo), phenylene-phenylene
(Ph-Ph), and azobenzene-tolane (azo-tol). Calculated from
the stabilization energies AG(CH3CN) of all the investigated
foldamers determined by solvent titration experiments, the
corresponding strengths of the three kinds of =,m-stacking
interactions, i.e. azobenzene-azobenzene (azo-azo), phenylene-
phenylene (Ph-Ph), and azobenzene-tolane (azo-tol), can
be determined as —0.86 kcal mol™!, —0.44 kcal mol !, and
—0.71 kecal mol ™", respectively (Fig. 16). Based on the linear
combination of these individual m,n-stacking interactions, the
helix stabilization energy for various azobenzene-containing
OmPE foldamers in acetonitrile can be estimated by:

AG (CH3CN, kcal mol™") = (—0.86)a + (—0.44)b + (—0.71)c

where a, b, and ¢ stand for the number of the azo-azo, Ph-Ph,
and azo-tol m,n-stacking interactions, respectively.
Considering the three tetradecamers 14,, 145, and 14,,
which only vary in the number and relative orientation of
azobenzenes within the helix, we found that an increasing
azobenzene content leads to both slower photoisomerization
and unfolding, yet more complete denaturation according to
the CD spectra upon UV-irradiation (Fig. 15). From this finding two
competing effects become apparent: on the one hand, enhancing
the number of azobenzene units is favorable as it increases the
likelyhood of light-induced formation of helix-breaking Z-isomers

= BS

azo-azo Ph-Ph azo-tol
-0.82 kcal/mol -0.44 kcal/mol -0.71 kcal/mol

Fig. 16 Kinds of m,m-stacking interactions present in the folded back-
bones and their strengths.
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(statistics); whereas on the other hand, avoiding strong
n,m-stacking interactions, in particular between cofacial azobenzene
units, enhances the efficiency of E — Z photoisomerization and
subsequent unfolding (microenvironment). Therefore, both the
chain length and azobenzene distribution throughout the back-
bone need to be optimized to maximize the photoresponse
(efficiency) in these photoswitchable foldamers.

Foldamers with cooperative photoswitching events. Thus far
we have been considering the effect of the local helix structure
on the photoswitching ability of the embedded azobenzene
units as a static effect. However, initial photoswitching events
should influence the helical structure and change the environ-
ment, thereby changing the efficiency of a subsequent switching
event. In such systems, multiple photoswitching events are
coupled via the conformationally dynamic backbone, ideally in
a cooperative fashion to further boost the sensitivity of the
photoswitchable foldamers. In order to decipher the efficiency
of individual photoswitching events within the foldamer back-
bone, i.e. to measure quantum yields for a specific azobenzene
repeating unit, we have designed and synthesized, the three
OmPE dodecamers 12,-int, 12,-core, and 12,-term with only two
symmetrically placed azobenzene photochromes at either the
core, the interior, or the termini of the helices, respectively
(Fig. 17)."” The limited content and symmetrical location of
azobenzene units allow us to separate all three different possible
isomers, i.e. EE, E,Z, and Z,Z, and thereby quantify the photo-
switching behavior. All three oligomers form stable helices
in acetonitrile with helix stabilization energies associated
with the location of azobenzene moieties, i.e. upon placing
azobenzene units closer to the center, the helical structure
becomes more stable.

Upon exposure to UV-light, the isomer content as well as the
helicity were monitored and both were correlated for the three
isomers (Fig. 17). Assuming that the photogenerated Z-isomer
acts as a stopper for helix formation, which requires a critical
chain length of approximately 10-12 phenylene units,"** the
decays of the Cotton effect related to the loss of helicity in
all the foldamers could quantitatively be correlated with the

This journal is © The Royal Society of Chemistry 2016
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Fig. 17 Photoswitchable oligoazobenzene dodecamers 12,-core, 12,-int, and 12,-term (R = —(CH,CH,0)sCHs) and comparison of their CD intensities
and isomer ratios during the course of irradiation at 4, = 358 nm in CHzCN at 25 °C.2%7

isomer contents, i.e. the E,E-isomer for foldamers 12,-int and
12,-core (Fig. 17, bottom left) or the E,E-isomer as well as the
E,Z-isomer for foldamer 12,-term (Fig. 17, bottom right). The
latter is explained by the fact that terminal isomerization yields
a E,Z-configured foldamer, which can still adopt a (partially)
helical structure giving rise to a Cotton effect. Importantly, this
finding implies that there are no significant changes in the
twist sense bias in these foldamers during photoswitching
and furthermore no particular preference for untwisting either
one of the P- or M-helices. Determination and analysis of the
quantum yields for the individual E — Z photoisomerization
events shows that photoswitching occurs more efficiently when
the respective azobenzene moiety is located either at the helix
terminus or in an already (partially) unfolded structure. This
implies that once the initial photoswitching event in such
structures has occurred, the subsequent photoisomerization
event can be substantially facilitated and hence these bis-
azobenzene systems exhibit (positive) cooperativity*® with regard
to its switching ability. Overall, the unfolding transition, which
itself is cooperative, serves as a transduction mechanism to confer
a cooperative behavior upon the embedded photoswitchable units

This journal is © The Royal Society of Chemistry 2016

and thereby creates a photoresponsive macromolecular system
with enhanced sensitivity.

Foldamers with a controllable unfolding pathway. The
actual mechanism of unfolding is of importance for several
processes, such as the binding of guests in molecular recogni-
tion involving helical hosts"**"*® and the formation of double
helices."””"'® Inspired by the observed location-dependent
isomerization ability of the azobenzene units within the helix
backbone, we sought to further enhance the localization of
the isomerization events, thereby potentially controlling the
unfolding pathway of the photoswitchable foldamers. For this
purpose, a pair of tetradecamers 143, and 14, (Fig. 18) have
been designed,'®® incorporating two different types of azobenzene
units, i.e. the parent azobenzene and DMAB, which had been used
as the core in our prototype.*” The excitation energy should be
localized at the red-shifted DMAB units, either due to their direct
(selective) excitation or indirect excitation followed by energy
transfer from the parent azobenzenes. Therefore, the £ — Z
photoisomerization should be taking place primarily at the DMAB
sites, which are localized in the terminal positions for foldamer
14;, or in the core for foldamer 14,4, and hence the unfolding

Chem. Commun., 2016, 52, 6639-6653 | 6649
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Fig. 18 Photoswitchable heterogeneous oligoazobenzene tetradecamers 143, and 1444 (R =
(145 shown for comparison) during the course of irradiation at i, = 358 nm in CHzCN at 25

pathway should be initiated either at the outside and progress
inward in the case of foldamer 145, or be initiated at the inside
and progress outward in the case of foldamer 14,,. The deter-
mined helix stability of the foldamers correlates well with the
position of the DMAB units, which display weaker m,n-stacking
interactions, within the backbone.

In comparison to the reference foldamer 145 with a homo-
geneous backbone composed of parent azobenzene units only,
the Z-content of photochromic units in the heterogeneous
backbones in the PSS is increased specifically in the positions
occupied by DMAB units, suggesting that indeed efficient
intramolecular excitation energy transfer takes place in our
foldamers exhibiting an energy gradient architecture."**™"** In
contrast to the homogeneous oligomer 145, in which untwisting
the helical structure would predominantly arise from terminal
isomerization events as described previously, the priority for
isomerizing the DMAB units governs the unfolding process of
foldamers 145, and 144,. Specifically, initial terminal isomer-
ization contributes mainly to the outside-in unfolding process
of foldamer 14;,, whereas initial interior isomerization dominates
in the inside-out unfolding process of foldamer 14,, (Fig. 19).

Polymeric approach for various linkages. Despite the
progress made in understanding photoswitchable foldamers
and their (un)folding behavior, the synthesis and purification
of discrete oligomers typically remain time-consuming with
many transformations and low overall yields. This drawback
clearly prohibits any reasonable scale-up and therefore
precludes practical applications of such photoswitchable
foldamers. As an alternative approach, polymerization can
readily produce helically folding polymer chains at the
cost of lower control over their length and sequence.”®'?

6650 | Chem. Commun., 2016, 52, 6639-6653
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Fig. 19 Control over unfolding pathways in photoswitchable hetero-
geneous oligoazobenzene tetradecamers 14s., and 144.; exhibiting an
energy gradient architecture leading to localization of the primary photo-
isomerization events at the DMAB positions (DMAB units are shown in red;
parent azobenzene units in orange, meta-phenylene units in green, and
ethynylene linkages in grey).°®

Along these lines, we designed and synthesized two types of
poly(azobenzene)s using either ethynylene or butadiynylene
linkages to connect azobenzene units in their meta-positions,
leading to polymer PAzoE and PAzoB, respectively (Fig. 20).*°
While both polymers formed stable helices in a polar environ-
ment, their photoresponse was markedly different. While
polymer PAzoE resembled the behavior of its oligomeric
counterparts, incorporation of the extended diacetylene
unit into polymer PAzoB considerably strengthened the
n,m-stacking interactions among the helical structures, result-
ing in a pronounced aggregation tendency and suppressing
photoisomerization in the folded state. This study demon-
strates the importance of backbone connectivity to balance

This journal is © The Royal Society of Chemistry 2016
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Fig. 20 Polyazobenzene foldamers containing ethynylene (PAzoE) and butadiynylene linkages (PAzoB) and CD spectra of PAzoE upon irradiation
(Airr = 358 nm) and of PAzoB over time in CH3CN at 25 °C, showing photoinduced unfolding and suppression of photoisomerization due to aggregation,

respectively, as illustrated in the cartoon on the right.X%°

intra- and intermolecular forces for the successful design of
photoresponsive polymers.

5. Conclusion and perspectives

In this feature article, we detail the development of the photo-
switchable foldamers with particular emphasis on the different
design approaches for incorporating the photoswitches into the
backbones. Depending on the manner of the attachment and
the location of the incorporated photoswitches, the photo-
induced interconversion between various (meta)stable isomers
affects the local covalent constraints and/or the non-covalent
interactions that govern the stabilization of the helix structure,
thereby leading to conformational changes, in particular helix
inversion and/or helix-coil transition. The coupling of the
photoswitching event(s) and the (un)folding behavior is further-
more manifested in the profound effect of the folded architecture
on the photoswitching ability and efficiency, leading to an overall
“feedback”. Exploiting the strength of the oligomer approach to
deduce clear structure-folding-switching relationships several
design parameters, including the number, placement, relative
orientation, and nature of photoswitches, can be optimized to
maximize the conformational consequence of the photoswitching
events and hence the sensitivity of photoresponse.

Considering the remarkable progress made over the past
decade and the detailed understanding gained, we feel that it is
time to exploit photoswitchable foldamers as a sophisticated
tool to achieve remote control over the properties of various
materials and device functions. As shown for photoswitchable
clickamers, one of the promising applications of photoresponsive
helices is their ability to act as dynamic hosts for the photo-
controllable capture and release of guest molecules. Another
main advantage is the significant change in the aspect ratio
in these systems associated with their cooperative (un)folding
that should aid the design of photoresponsive functional

This journal is © The Royal Society of Chemistry 2016

macromolecular and supramolecular architectures, including
sophisticated light-controlled catalysts'>'” based on photo-
switchable foldamer scaffolds as well as molecular walkers"®
for optomechanical systems'** based on an extension-shrinkage
motion.*® Beyond the molecular level, the collection and ampli-
fication of individual molecular photoswitching events still
poses a major challenge."*?® Therefore, it is important to
organize the helical structures into unidirectional architectures
spontaneously’®* or assisted by external force fields'*® and
matrices.'?® In addition, non-covalent and covalent assembly
of such functional helical architectures'?” will greatly enhance
their availability and use. Combining all these aspects into
new and more advanced molecular designs, we are absolutely
confident that photoswitchable foldamers will prove invaluable
to remote control and even power functional macromolecular
and supramolecular systems operating at the mesoscopic and
macroscopic level.
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