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ABSTRACT: Molecular motors are Nature’s solution for (supra)molecular
transport and muscle functioning and are involved in most forms of directional
motion at the cellular level. Their synthetic counterparts have also found a myriad of
applications, ranging from molecular machines and smart materials to catalysis and
anion transport. Although light-driven rotary molecular motors are likely to be
suitable for use in an artificial cell, as well as in bionanotechnology, thus far they are
not readily applied under physiological conditions. This results mainly from their
inherently aromatic core structure, which makes them insoluble in aqueous solution.
Here, the study of the dynamic behavior of these motors in biologically relevant
media is described. Two molecular motors were equipped with solubilizing
substituents and studied in aqueous solutions. Additionally, the behavior of a
previously reported molecular motor was studied in micelles, as a model system for the biologically relevant confined
environment. Design principles were established for molecular motors in these media, and insights are given into pH-dependent
behavior. The work presented herein may provide a basis for the application of the remarkable properties of molecular motors
in more advanced biohybrid systems.

B INTRODUCTION

The use of molecular photoswitches has enabled the
noninvasive control of biological systems and functions by
light." Various classes of photochromic molecules, including
azobenzenes,” diarylethenes,’ spiropyrans,* and fulgides,” have
been used in applications includin% regulation of peptide® and
lipid7 structure, enzyme inhibition,” and photocontrol of DNA
structure and function.” Incorporation of molecular photo-
switches into the structure of bioactive small molecules, along
the principles of photopharmacology,'” has further expanded
those possibilities toward the regulation of antibiotic activity,''
neuronal signalin%,12 receptor activation,”® tubulin polymer-
ization inhibition,”* histone deacetylase,'® and kinase activity'®
and the functioning of pancreatic beta cells,’” among others.
A special type of photoresponsive molecules, light-driven
rotary molecular motors based on overcrowded alkenes, were
first reported in 1999'° and have since been the subject of
detailed investigation.'” A thorough understanding of the exact
mechanism of rotation has been acquired,””~>* and 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,”> to induce
unidirectional rotation of a microscopic glass rod,”* and to

Surface functionalization®”~>" 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 amplification to achieve collective
behavior. Finally, the conversion of rotary into linear motion
has been demonstrated by the directional movement of a
motorized nanocar across a copper surface.””

However, despite the recent surge in interest in the
application of photoswitches in biological systems and in
pharmacology,'’~"” molecular motors are thus far left out of
the arsenal that makes up the primary tools for photo-
pharmacology and other biological applications. Directional
motion is ubiquitous in motor proteins, such as ATPase,
kinesin, and myosin. These dynamic systems have served as a
source of inspiration for 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.”®
However, the hybrid shows strong aggregation behavior, which
was attributed to the hydrophobic core of the motor. This
observation revealed the primary issue regarding the
application of molecular motors in aqueous media, i.e., their

modulate preference for the binding of chiral anions.”> When
used as molecular photoswitches, molecular motors are robust
and highly efficient. The multiple switch states have been used
to induce gel—solution transitions,”® change the morphology of
nanotubes,”” and influence peptide secondary structure.”®
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insolubility in water. An outstanding challenge is the design of
water-soluble, light-driven molecular motors.
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All light-driven overcrowded alkene-based molecular motors,
from the first to the third generation, share the same stilbene
core structure.'®*”** which renders them inherently hydro-
phobic. A second-generation molecular motor, functionalized
with alkyl and PEG chains, could be operated in water, but as
this motor was designed to be an amphiphile, it formed large
supramolecular aggregates.”” Additionally, a surface-bound
second-generation motor was used to modulate surface
wettability, but this application was strongly dependent on
hydrophobic effects.’’ Harada and co-workers have reported a
first-generation molecular motor functionalized with short
peptide sequences, which was studied using UV—vis spectros-
copy in aqueous solution.”* 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.

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 recent publications, a molecular motor was used as
a highly efficient photoswitchable anion receptor’” or as a
disruptive agent to destabilize the cell membrane.”® Such
systems show real promise for application in membrane
transport. However, despite this potential, action of molecular
motors in the membrane has not yet been studied in detail.

Herein, the design, synthesis, and study of the dynamic
behavior of molecular motors under aqueous, physiologically
relevant conditions is reported using two complementary
strategies. First, two water-soluble, choline-modified molecular
motors (ﬁrst-generation motor 1 and second-generation motor
2, Figure 1) were designed, and their isomerization processes

Figure 1. Structure of first-generation water-soluble motor 1, second-
generation water-soluble motor 2, and second-generation motor 3 in
micelles.

were studied in water. Second, molecular motor 3, which is
insoluble in water, was solubilized using micelles (Figure 1).
Together, these two systems provide a basis for further
research toward the application of molecular motors in
biological systems.

B RESULTS AND DISCUSSION

For the design of our water-soluble motor, we chose to
functionalize a first-generation molecular motor with two
quaternary ammonium groups. Scheme 1 shows the structure
of this motor 1 and the typical rotation cycle for a first-
generation molecular motor. On the basis of our previous

Scheme 1. Structure and Four-Step Rotation Cycle of
Proposed Water-Soluble Motor 1 (counterions omitted for

clarity)
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studies of rotary cycles of light-driven molecular motors,"*™**

we anticipated that starting from the stable trans isomer,
irradiation causes photoisomerization of the central double
bond, generating the unstable cis isomer. In this isomer, the
methyl groups at the stereogenic centers are forced to assume
an energetically unfavorable pseudoequatorial conformation.
This steric strain is relieved in the irreversible thermal helix
inversion (THI) step, upon which the stable cis isomer is
formed. A second sequence of irradiation and thermal helix
inversion leads to reformation of the stable trans isomer. After
completion of the cycle, the top half of the motor has
completed a 360° unidirectional rotation with respect to the
lower half.

The synthesis of water-soluble motor 1 (Scheme 2) started
from phenolic motor 4, reported previously,”’ which was
prepared in three steps on a multigram scale, and cis and trans
isomers were separated using flash column chromatography.
Dibromide-functionalized motor 5 was obtained in near
quantitative yield using standard Williamson etherification in
the presence of an excess of dibromoethane. Subsequent
reaction with trimethylamine generated the quarternary
ammonium salt 1, which was easily purified by precipitation
from the organic solution.

The rotational behavior of motor trans-1 in water was
investigated using "H NMR and UV—vis spectroscopies. Only
the 180° rotation from stable trans to stable cis was studied. In
the other half of the cycle (stable cis to stable trans), 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, which excludes the use of
low-temperature measurements (below the freezing point of
water). Figure 2 depicts the isomerization of stable trans-1 in
buffered D,0 (20 mM KPi, prepared by redissolving a
lyophilized H,O buffer at pH = 7.2, see SI page S2). For
clarity, the aromatic hydrogen atoms and the methyl groups at
the stereogenic centers are highlighted (for full spectra, see
Figure SS). After 45 min irradiation at 312 nm, a ratio of ~4:1
unstable cis/stable trans was determined. Irradiation was
halted because several new signals appeared, indicative of
minor degradation (Figure 2ii, boxes). Subsequently, the
sample was left at rt for S days (Figure 2iii), and during this
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Scheme 2. Synthesis of First-Generation Motor 1
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Figure 2. '"H NMR experiments in buffered D,0 (20 mM KPj, pH = 7.2, 400 MHz, 20 °C, partial spectrum). (i) Stable trans-1. (ii) Sample after 45
min of irradiation (312 nm, 5 °C), showing also minimal degradation. (iii) Sample after S days at rt, consisting of a mixture of stable cis-1 and ,
stable trans-1. (iv) Stable cis-1. Relevant peaks are indicated with arrows, unidentified side products with boxes. In spectra iii and iv, the signals of

NMe; were aligned.
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Figure 3. UV—vis analysis of the rotational behavior of motor 1 in PBS buffer (pH = 7.4). (a) Irradiation from stable trans-1 (black line), 312 nm,
12 min, 20 °C. Inset shows the region 330—333 nm, 0.2—0.26 au. (b) Stable trans-1 (black line), sample after 12 min of irradiation (red line), and

after subsequent THI at room temperature overnight (blue line).

period all of the unstable cis isomer has converted to the stable
cis isomer, and no additional degradation was observed.

The rotational process was subsequently studied using UV—
vis spectroscopy. A solution of stable trans-1 in PBS buffer (pH
7.4) was irradiated under air using 4 = 312 nm UV light
(Figure 3a). 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 slight isosbestic point shift was observed (Figure 3a, insert)
and the irradiation was halted (Figure 3b, red line). The
sample was subsequently left at room temperature overnight.
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The new band at ~360 nm disappeared, and the band below
32S increased in absorption (Figure 3b, blue line). These
changes are indicative of the THI and generation of the stable
cis isomer.”” By measuring the speed of the THI at various
temperatures, an Eyring plot was constructed (see Figure S1)
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 body temperature (37
°C).

To complement the UV—vis and NMR measurements, the
180° rotation cycle from stable trans-1 to stable cis-1 was
followed in aqueous PBS buffer (pH = 7.4) using CD
spectroscopy. The §,S-enantiomer of stable trans-4 was
obtained through chiral resolution®” and subsequently
converted to stable trans-1 using the same synthetic method-
ology as for the racemic motor (vide supra, Figure 2). Stable
trans-S,S-1 (Figure 4, black line) is enantiopure with a specific
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Figure 4. Circular dichroism spectra of isomers of motor 1 in PBS
buffer (pH = 7.4). Stable trans-(S,S)-1 (black line), PSS at 312 nm
(red line) (unstable cis-(S,S)-1), and after THI at rt (blue line) (stable
cis-(S,9)-1).

optical rotation ([a]*®, = 51.2° (¢ 0.5, methanol)). After
irradiation with 4 = 312 nm light for 3 min, the photosta-
tionary state (PSS) was reached (Figure 4, red line). The
higher wavelength CD band that is associated with formation
of the unstable cis isomer showed a negative absorption, which
is consistent with helicity inversion. After THI, the new band
at 350 nm disappeared and a positive absorption at 325 nm
was again observed, in accordance with a consecutive helicity
inversion (Figure 4, blue line).

Molecular motor 1 appears to dissolve in aqueous media,
since the absence of scattering effects at higher wavelengths
(>450 nm) in the UV—vis spectrum (Figure 3) indicates that
no aggregates are present in solution. However, due to the
large aromatic core, motor 1 may behave as an amphiphile or
bolaamphiphile at higher concentrations. The potential
aggregation behavior of motor 1 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.** In apolar environments, such as micelles or
bilayers, the dye is soluble, which causes a strong increase in
fluorescence and a blue shift of the emission spectrum. In
Figure S, the A, of the emission spectrum of Nile Red in the
presence of both isomers of motor 1 is depicted. As expected,
both isomers appear to be fully soluble at concentrations below
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Figure S. Emission of Nile Red in the presence of motor 1, dissolved
in aqueous buffer at pH = 10, 4., = 550 nm. Concentrations of 1 were
varied between 40 uM and 2.5 mM; concentration of Nile red was ~1
UM for each sample.

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 behavior might be applied to
create responsive aggregation at concentrations around 1.0
mM.

Using a combination of techniques, it has been established
that new overcrowded alkene 1 is soluble in aqueous solution
and functions as a molecular motor. However, the appearance
of unidentified signals in the NMR spectrum (Figure 2) and a
small isosbestic point shift in the UV—vis spectra (Figure 3)
indicate that some minor degradation is occurring. To identify
the nature of the degradation, several analytical techniques
were used (see SI). From these results it can be concluded that
motor 1 most probably undergoes water addition to the central
double bond, which likely occurs in a photogenerated
intermediate. Such a photoinduced water addition has
previously been observed for dihydroquinolines.”' By halting
the irradiation at the moment that the PSS has been reached,
degradation can be minimized and therefore does not pose a
significant problem in potential future applications in aqueous
media.

In contrast to the symmetric first-generation motors, second-
generation motors are composed of two distinct halves, a stator
and a rotor part.’”** This asymmetry facilitates synthetic
modifications, for example, for surface anchoring, and allows
for greater control over the rotation speed of the motor.”>*"**
To expand our studies, we next investigated the behavior of
second-generation motors under aqueous conditions. Our
design was based on motor 3 (Figure 1), which exhibits
excellent photochemical properties in organic solvents and a
half-life of the unstable form of minutes, which is appropriate
for study under ambient conditions.** In addition, derivatives
of both the benzoindanone rotor and the fluorenone stator are
generally readily accessible. The synthesis of water-soluble
second-generation molecular motor 2 is outlined in Scheme 3.
The synthesis of intermediate 9 has been reported
previously,” but in the present study the motor was
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Scheme 3. Synthesis of Second-Generation Motor 2
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synthesized by a different, optimized route. Fluorenone 8 was
prepared by a double Williamson etherification of commer-
cially available dihydroxyfluorenone 6 with 2-bromoethanol to
form disubstituted fluorenone 7, followed by protection of the
primary alcohol moieties with N,N-dimethyl carbamoyl
chloride. After formation of hydrazone 9, a Barton—Kellogg
reaction was used to couple 9 to freshly grepared thioketone
10 to form overcrowded alkene 11.*° This motor was
subjected to a DIBAL-mediated global deprotection, immedi-
ately followed by a double Appel reaction to give dibromo-
functionalized motor 12.*° Synthesis of bis-ammonium-
substituted motor 2 was completed by a double substitution
using trimethylamine.

The switching behavior of motor 2 in water was studied with
"H NMR spectroscopy. Figure 6 depicts the isomerization
processes of the motor (PBS buffer, 1.9 mM, pH = 7.4; full
spectra may be found in Figure S11). Stable 2 (Figure 6i) was
irradiated with 4 = 365 nm UV light for 16 h at 5 °C under air.
The appearance of new peaks indicates formation of the
unstable form. After 16 h, the PSS was reached, consisting of a
ratio of unstable form/stable form of ~1:2 (Figure 6ii). An
improved PSS could be obtained by using methanol as solvent
or cosolvent (see Figures S14 and S15). We were pleased to
observe that the motor proved to be stable under irradiation in
aqueous solution, with decomposition only observed upon
prolonged irradiation (>3 days) (see Figure S12). Sub-
sequently, the motor was left at room temperature for 8 h,
and complete recovery of the original spectrum was observed,
indicative of thermal isomerization to the stable form. It is
interesting to note that slight shifts in the position of the NMR
signals are observed. This effect is most likely due to the
temperature dependence of chemical shifts or changes in
aggregation as the concentration used is close to the critical
aggregation constant.*’

Subsequently, UV—vis spectroscopy was used to further
probe the switching behavior. A solution of motor 2 in PBS
buffer was irradiated with a 4 = 385 nm LED (Figure 7a). A
broadening of the signal and a shift toward higher wavelengths
was observed, as well as a clear isosbestic point, characteristic

11012

T T T T T T T T T
110 105 1.00 095 090 085 080 075 070 0.65
f1 (ppm)

Figure 6. '"H NMR experiments in buffered D,O (20 mM KPj, pH =
7.4, 400 MHz, 20 °C). (i) Stable 2. (ii) Sample after 3 days of
irradiation (365 nm, S °C). (iii) Sample after 3 days at rt, consisting
of stable 2. Relevant Me peaks are indicated with arrows.

of a selective transition to the unstable form.”" After 15 min,
no further changes were observed in the spectrum and
irradiation was halted (Figure 7b). After leaving the sample at
room temperature, complete regeneration of the initial
spectrum was observed, indicating thermal isomerization to
the stable form (Figure 7b). Subsequently, the rate of the THI
was recorded at different temperatures. Using these data, an
Eyring analysis was performed and the activation parameters
were determined (see Table S2 and Figure S9). The half-life
was found to be 47 min at room temperature and 7.5 min at 37
°C. Finally, UV—vis spectroscopy was used to evaluate the
fatigue resistance of the motor (Figure 7¢). The motor was
irradiated with a A = 385 nm LED and then left at 37 °C for 1.5
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Figure 7. UV—vis analysis of the rotational behavior of motor 2 in
PBS buffer (pH = 7.4). (a) Irradiation from stable 2 (black line), 385
nm, 15 min, 20 °C. Inset shows the isosbestic point in the region
409—412 nm, 0.21—0.22 au. (b) Stable 2 (black line), sample after 15
min of irradiation (red line), and after subsequent THI at room
temperature for 6 h (blue line). (c) Fatigue resistance experiment of
motor 2 in aqueous buffer (pH = 7.4). Absorbance at 440 nm was
monitored after each irradiation with 385 nm light (15 min, purple
bands) or THI (37 °C, 1.5 h, white bands).

h. No noticeable change in UV—vis absorption was observed
over 10 switching cycles, demonstrating the high fatigue
resistance of motor 2 under aqueous conditions.

While the lack of scattering effects in the UV—vis spectrum
indicates that no aggregation occurs at low micromolar
concentrations, the hydrophobic core of the motor has a
potential for aggregation, as observed for motor 1. The
aggregation behavior was investigated using a fluorescence
spectroscopy assay. The wavelength of the emission maximum
of the Nile Red fluorescence was measured and used to
determine the critical aggregation constant, which was found
to be 1.1 mM, very similar to motor 1 (Figure 8). This suggests
that the adopted synthetic modification is general and can be
used for enabling water solubility at biologically relevant
submillimolar concentrations.

Water-soluble motors may find application both inside and
outside of the cell. Complementary 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
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Figure 8. 1., of the emission of Nile Red in the presence of varying
concentrations of motor 2, dissolved in Milli-Q. 4., = 550 nm.
Concentration of motor 2 was varied between 25 yM and 10 mM,
while the Nile Red fluorescent dye concentration was kept constant at
~2 uM by addition of a 1 mM ethanol stock solution.

of a recent system that was shown to aggregate in water.”” In
theory, many of these may also be operated in a bilayer, which
provides a hydrophobic environment. To study the operation
of molecular motors for potential use in the cell membrane, a
model system was designed. Molecular motor 3 (Scheme 4)

Scheme 4. Motor 3 and Its Rotary Cycle

stable 3

unstable 3

has excellent photochemical properties, with high photosta-
tionary states and a half-life of the unstable isomer of 3.17 min
at rt in hexane.** To mimic conditions in a bilayer, motor 3
was encapsulated in micelles. Sodium dodecyl sulfate (SDS)
was used as the surfactant (CMC = 8.5 mM in water).

The rotational properties of motor 3 in the presence of SDS
micelles were studied using UV—vis spectroscopy. Initially, the
quality of the UV—vis spectrum was rather poor, with no
defined absorption bands and absorbance up to 900 nm
(Figure 9a, black line). However, after 16 h at rt, a sharper
absorption band could be observed (4,,,, = 388 nm, Figure 9a,
red line), which was very similar to the absorbance of 3 in
hexane (A, & 390 nm). The absorbance at higher
wavelengths, seen initially, may be attributed to scattering
effects of larger aggregates of 3. The disappearance of the
scattering is indicative of solubilization of 3 in the micelles.
Irradiation with A = 365 nm light led to the formation of a new,
broader absorption band at a higher wavelength (4,,,, = 411
nm, Figure 9a, blue line), again similar to the absorption
corresponding to the unstable isomer in hexane (4., ~ 420
nm).** The clear isosbestic point that can be observed at A =
406 nm (Figure 9b) is indicative of a lack of side reactions.
After leaving the sample at rt for 1 h, the initial spectrum is
regenerated (Figure 9a, turquoise line), indicating a complete
THI to stable 3. Eyring analysis of the THI revealed that the
half-life of 3 in micelles is 4.93 min, somewhat longer than in
hexane (3.17 min). See SI (Table S3 and Figure S16) for full
Eyring analysis and activation parameters. The stability of
motor 3 in micelles in aqueous buffer solution was further
investigated by operating the motor over a pH range (see
Figure S18). Switching function of the motor was retained in
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Figure 9. UV—vis spectra of motor 3 in buffer (25 mM Tris, Bis-Tris,
MES, and sodium acetate, pH= 7.4) in the presence of SDS. (a)
Motor 3 (black line), sample after 16 h (red line), PSS (blue line),
and after THI (turquoise line). (b) Motor 3 upon irradiation with 365
nm light. All spectra recorded at 20 °C under ambient atmosphere.
(c) Fatigue resistance experiment of motor 3 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 (xt, 1 h,
white bands). Due to duration of the experiment, the sample was left
at rt overnight, which accounts for the small baseline shift observed
between cycles 6 and 7.

samples ranging from at pH = 2 to pH = 10, even after up to 1
week of incubation at rt.

To confirm that the motor is actually dissolved in micelles,
the UV—vis experiment was repeated in PBS buffer only (pH =
7.4). Although some switching behavior could be observed in
aqueous buffer without SDS (see Figure S17), the motor is
likely not solubilized, which impedes its function. Upon
irradiation and subsequent THI of motor 3 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 9b). As
observed previously (vide supra), the central double bond of a
molecular motor can be 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 3 in micelles (Figure 9c). From these
experiments, it is evident that the system is shown to be highly
fatigue resistant in aqueous buffer solution.

The combined results of these UV—vis experiments indicate
that 3 can be fully solubilized in a micelle at micromolar
concentration. It is expected that this holds for many other,
similar molecular motors. The motor also shows to be highly
fatigue resistant under these conditions. These findings provide
an excellent basis for future studies aiming at the performance
of molecular motors in the cellular membrane.

B CONCLUSIONS

In summary, the functioning of molecular motors in two
biologically relevant media, aqueous buffer and micelles, was
demonstrated. For this purpose, first- and a second-generation
motors containing solubilizing ammonium substituents were
synthesized. Both motors were found to be soluble in water
and only aggregated at millimolar concentrations. The
switching cycle was followed by NMR, UV—vis, and CD
spectroscopy, and the compounds were demonstrated to
display the typical behavior of light-driven molecular motors.
Minor degradation was observed for first-generation molecular
motor 1, which was attributed to water addition across the
double bond. In contrast, a related second-generation motor 2
was shown to be perfectly stable while undergoing rotary
motion in aqueous solution. Furthermore, second-generation
motor 3 was employed in micelles to mimic cell membranes
and other hydrophobic environments. The photo- and
thermochemical behavior of this motor in the micelles was
similar to the motor dissolved in hexane and the motor proved
to be stable under irradiation. Together, these experiments
demonstrate the potential of molecular motors to be employed
as photoswitches and molecular machines for applications in
various aqueous systems. With their four-state switching cycle,
unidirectional rotation, and switching chirality, molecular
motors offer precision and control beyond the properties of
conventional photoswitches and pave the way for novel
responsive biological systems and innovative applications in
photopharmacology and biological nanotechnology.

B EXPERIMENTAL SECTION

General Information. Chemicals were purchased from Sigma-
Aldrich, Acros, or TCI Europe N.V. and were used without prior
purification. Dry solvents were obtained from an MBraun solvent
purification system. Column chromatography was performed on silica
gel (Silica Flash P60, 230—400 mesh). TLC: silica gel 60, Merck, 0.25
mm. HRMS spectra were recorded on a Thermo Fischer Scientific
Orbitrap XL with ESI, APPI, and/or APCI ionization sources.
Deuterated buffered solutions were prepared from buffered solutions
of a known pH, which were subjected to three cycles of freeze—drying
and subsequent redissolving in D,0. 'H and '*C NMR were recorded
on a Varian Gemini-200 (*H 200 MHz, *C 50 MHz), a Varian
AMX400 ('H 400 MHz, '*C 101 MHz), or a Varian Unity Plus ("H
500 MHz, *C 125 MHz) at room temperature unless otherwise
stated. Chemical shifts are denoted in § values (ppm) relative to
CDCl; (*H 6 = 7.26 and *C § = 77.16), CD,Cl, (*H 6 = 5.32 and
BC § = 53.84), DMSO (*H 6 = 2.50 and *C 6 = 39.52), MeOD (‘H
8 =3.31and 13C § = 49.00), or D,O ("H 6 = 4.79). For 'H NMR, the
splitting parameters are designated as follows: s (singlet), d (doublet),
t (triplet), q (quartet), p (pentet), h (heptet), m (multiplet), bs
(broad singlet), and app (apparent). Unless otherwise stated, all
measurements were performed on racemic mixtures. Melting points
were taken on a Biichi B-545 melting point apparatus. CD spectra
were recorded on a JASCO J-810 spectropolarimeter. UV—vis
absorption spectra were measured on a Jasco V-630 spectrometer in
1 cm quartz cuvettes. Irradiation was performed using a Spectroline
ENB-280C/FE lamp (312 or 365 nm) or a LED (S W, 36S or 385
nm, 10 nm width at half-height).
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2,2',4,4',7,7'-Hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenyli-
dene]-6,6'-diol (4). Motor 4 was synthesized according to a
previously reported procedure.’”” The product was obtained as a
yellow solid. (496 mg, 1.43 mmol, 96%). Enantiomers could be
separated using chiral resolution.”” Trans: 'H NMR (400 MHz,
CD;0D) 6 6.49 (s, 2H), 2.86 (app. p, 2H), 2.51 (dd, ] = 14.1, 5.6 Hz,
2H), 2.25 (s, 6H), 2.15 (d, J = 14.1 Hz, 2H), 2.10 (s, 6H), 1.08 (d, ] =
6.4 Hz, 6H). 3C NMR (101 MHz, CD,0D) § 155.3, 143.5, 142.8,
133.9, 132.6, 1194, 115.2, 43.4, 39.1, 19.7, 18.4, 16.5. mp = 235.5 °C.
Cis: 'H NMR (400 MHz, CD,0D) § 6.50 (s, 2H), 3.38—3.29 (m,
2H, overlap with solvent peak), 3.01 (dd, ] = 14.4, 6.2 Hz, 2H), 2.40
(d, ] = 14.4 Hz, 2H), 2.20 (s, 6H), 1.38 (s, 6H), 1.07 (d, J = 6.7 Hz,
6H). *C NMR (101 MHz, CD,0D) § 154.7, 143.3, 142.0, 136.2,
1319, 1212, 115.6, 43.2, 39.0, 20.8, 18.5, 14.5. mp = 218—219 °C.
HRMS (ESI) m/z: [M + 1]* Calcd for C,,H,,0, 349.2162; Found
349.2160.

6,6'-Bis(2-bromoethoxy)-2,2',4,4',7,7' -hexamethyl-2,2’,3,3’-tet-
rahydro-1,1"-biindenylidene (5). Trans: Overcrowded alkene 4 (107
mg, 0.307 mmol) was dissolved in acetonitrile (10 mL). K,CO; (1.06
g 7.69 mmol) and 1,2-dibromoethane (67 pL, 0.77 mmol) were
added, and the mixture was heated to 90 °C 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 MgSO,, and concentrated in vacuo. No further
purification was necessary. Trans: Overcrowded alkene 5 was
obtained as a brown solid (107 mg, 0.226 mmol, 74% yield). Cis:
overcrowded alkene $ could be obtained in an analogous manner. Cis:
'H NMR (400 MHz, CDCL,) § 6.53 (s, 2H), 4.25 (app. ddt, 4H),
3.62 (t, ] = 6.3 Hz, 4H), 3.34 (app. p, 6H), 3.05 (dd, ] = 14.6, 6.3 Hz,
6H), 2.39 (d, ] = 14.6 Hz, 6H), 2.25 (s, 6H), 1.41 (s, 6H), 1.07 (d, ] =
6.7 Hz, 6H). C NMR (101 MHz, CDCL) § 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: 'H NMR (400 MHz, CDCl;) § 6.53 (s, 2H), 4.31
(app. ddt, 4H), 3.71 (t, ] = 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, ] = 6.4
Hz, 6H). *C NMR (101 MHz, CDCL;) § 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—
152 °C. HRMS (ESI) m/z: [M + 1]* Caled for C,gH;sBr,O,
563.0978, Found 563.0964.

2,2'-((2,2',4,4',7,7'-Hexamethyl-2,2',3,3'-tetrahydro-[1,1’-biinde-
nylidene]-6,6'-diyl)bis(oxy))bis(N,N,N-trimethylethan-1-aminium)
(1). Molecular motor trans-S (49 mg, 0.087 mmol) was mixed with a
4.3 M NMe, solution in ethanol (4.0 mL, 17 mmol) in a pressure
tube. The tube was closed and stirred overnight at S0 °C. After
cooling down to room temperature, diethyl ether (20 mL) was added
to the reaction mixture. The precipitate was filtered off, and trans-1
was obtained as a light brown solid in quantitative yield (59 mg, 0.087
mmol). cis-1 could be obtained in analogous manner. Cis: '"H NMR
(400 MHz, D,0) 6 6.76 (s, 2H), 4.42 (app. d, 4H), 3.81 (app. s, 4H),
3.33 (app. d, J = 19.5 Hz, 2H), 3.20 (s, 18H), 2.95 (d, ] = 14.3 Hz,
2H), 2.39 (d, J = 15.2 Hz, 2H), 2.31 (s, 6H), 1.30 (s, 6H), 0.97 (d, ] =
6.1 Hz, 6H). 3C NMR (101 MHz, D,0) § 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, 202, 16.3. mp >
310 °C (dec). Trans: '"H NMR (400 MHz, D,0) 6 6.78 (s, 2H), 4.49
(app. d, 4H), 3.89 (app. s, 4H), 2.77 (app. t, 2H), 2.43 (app. d, 2H),
229 (s, 6H), 2.22 (d, ] = 14.8 Hz, 2H), 2.16 (s, 6H), 1.03 (d, ] = 6.3
Hz, 6H). 3C NMR (101 MHz, D,0) § 157.5, 145.0, 144.5, 137.9,
135.1, 122.9, 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: M2" Caled for C;Hg,N,O,
260.2009; Found 260.20085.

2,7-Bis(2-hydroxyethoxy)-9H-fluoren-9-one (7). Potassium carbo-
nate (2.64 g 19.1 mmol), 2,7-dihydroxyfluorenone 6 (984 mg, 4.64
mmol), and 2-bromoethanol (2.00 mL, 28.2 mmol) were suspended
in anhydrous DMF (15 mL), and the mixture was heated at 120 °C
for 16 h under a nitrogen atmosphere. After cooling to rt, the volatiles
were removed under vacuum and the solid residue was washed with
water (100 mL). The crude solid was recrystallized from ethanol.
Product 7 was obtained as a red powder (1.01 g, 3.38 mmol, 73%). 'H
NMR (400 MHz, DMSO-dq) § 7.56 (d, ] = 8.8 Hz, 2H), 7.10—7.08

(m, 4H), 4.89 (br. s, 2H), 4.0 (t, ] = 4.8 Hz, 4H), 3.71 (t, ] = 4.6 Hz,
4H). '3C NMR (101 MHz, DMSO-d,) § 192.8, 159.1, 136.8, 135.1,
121.5, 120.9, 110.1, 70.1, 59.5. mp = 145—147 °C. HRMS (ESI) m/z:
[M + 1]* Caled for C,,H,,05 301.1071, Found 301.1070.
((9-Oxo-9H-fluorene-2,7-diyl)bis(oxy))bis(ethane-2,1-diyl) bis-
(dimethylcarbamate) (8). Fluorenone 7 (5.98 g, 19.9 mmol) was
dissolved in pyridine (60 mL). Dimethylcarbamoyl chloride (16.0 mL,
174 mmol) was slowly added, and the solution was heated at reflux for
16 h under a nitrogen atmosphere. The mixture was cooled to room
temperature and carefully poured on ice (200 g). The mixture was
extracted with DCM (3 X 100 mL), and the combined organic layers
were dried over MgSO,. The volatiles were removed in vacuo, and the
crude product was recrystallized from ethanol (30 mL) to give the
product 8 as an orange powder (6.65 g, 15.9 mmol, 80%). 'H NMR
(500 MHz, CDCl,, performed at —25 °C to resolve the rotamers of
the carbamate) § 7.29 (app. t, 2H), 7.17—7.09 (m, 2H), 6.99—6.90
(m, 2H), 4.44—4.40 (m, 4H), 4.21—4.17 (m, 4H), 2.94 (s, 6H), 2.92
(s, 6H). C NMR (126 MHz, CDCl,, performed at —25 °C to
resolve the rotamers of the carbamate) § 193.9, 158.8, 156.2, 137.5,
135.6, 120.8, 110.1, 77.2, 66.6, 63.6, 36.5, 36.0. mp = 126—128 °C.
HRMS (ESI) m/z: [M + 1]* Calcd for C,3H,,N,0, 443.1813; Found
443.1806.
((9-Hydrazineylidene-9H-fluorene-2,7-diyl)bis(oxy))bis(ethane-
2,1-diyl) bis(dimethylcarbamate) (9). Ethanol (50 mL) was degassed
with a flow of nitrogen for 1 h. Carbamate 8 (5.96 g, 14.2 mmol) and
hydrazine hydrate (15 mL) were added, and the solution was heated
at reflux for 1 h under a nitrogen atmosphere. Water (100 mL) was
added, and the solution was slowly cooled to rt. The mixture was
filtered under vacuum, and the crude product was washed with water
and dried under vacuum to give the product 9 as a yellow powder
(4.91 g, 11.3 mmol, 80%). "H NMR (500 MHz, CDCl,, performed at
—25 °C to resolve the rotamers of the carbamate) 5 7.52 (d, ] = 8.3
Hz, 1H), 7.47 (s, 1H), 7.43 (d, J = 8.3 Hz, 1H), 7.20 (s, 1H), 6.89
(app. t, 2H), 6.42 (br. s, 2H), 4.46—4.37 (m, 4H), 4.21 (app. s, 4H),
2.92 (s, 3H), 2.91 (s, 3H), 2.90 (s, 3H), 2.89 (s, 3H). 3C NMR (126
MHz, CDCI; performed at —25 °C to resolve the rotamers of the
carbamate) & 158.2, 157.6, 156.4, 156.3, 145.2, 139.0, 134.3, 131.8,
131.2, 120.3, 120.0, 116.1, 114.2, 113.4, 105.4, 66.6, 66.5, 63.8, 63.6,
36.5, 36.5, 36.1, 36.0. mp = 85—87 °C. HRMS (ESI) m/z: [M + 1]*
Caled for Cj3H,0N,O4 457.2082; Found 457.2077.
((9-(2-Methyl-2,3-dihydro-1H-cyclopentalalnaphthalen-1-yli-
dene)-9H-fluorene-2,7-diyl)bis(oxy))bis(ethane-2,1-diyl) bis-
(dimethylcarbamate) (11). Hydrazone 9 (3.36 g, 7.78 mmol) was
dissolved in anhydrous DCM (30 mL) and cooled to 0 °C. Activated
manganese dioxide (5.11 g, 58.8 mmol) was added, and the reaction
was followed by TLC until completion (5% MeOH in DCM). After
filtration through Celite, freshly prepared thioketone 10 (1.94 g, 9.16
mmol) was added in anhydrous THF (30 mL).*® The solution was
stirred at room temperature for 60 h under a nitrogen atmosphere. A
solution of HMPT (1.36 mL, 7.48 mmol) in anhydrous THF (20
mL) was added, and the mixture was stirred for 24 h under a nitrogen
atmosphere. The volatiles were removed under vacuum, and the crude
product was purified by column chromatography (pentane:ethyl
acetate, 50:50 to 30:70) to give the product 11 as an orange powder
(3.31 g, 5.67 mmol, 73%). '"H NMR (500 MHz, CDCl,, performed at
—25 °C to resolve the rotamers of the carbamate) 6 7.94 (app. t, 2H),
7.75 (d, ] = 8.3 Hz, 1H), 7.63 (d, ] = 8.3 Hz, 1H), 7.60 (d, ] = 8.2 Hz,
1H), 7.53 (d, ] = 8.3 Hz, 1H), 7.51-7.48 (m, 1H), 7.45 (t, ] = 7.2 Hz,
1H), 7.38 (t,] = 7.2 Hz, 1H), 6.95 (dd, ] = 8.3, 1.9 Hz, 1H), 6.80 (dd,
J = 82,22 Hz, 1H), 622 (d, ] = 2.0 Hz, 1H), 4.54—4.46 (m, 2H),
4.35-4.23 (m, 3H), 4.05—3.95 (m, 2H), 3.55 (dd, J = 15.1, 5.4 Hz,
1H), 3.28—3.23 (dd, J = 17.2, 2.9 Hz, 1H), 2.96—2.91 (m, 7H), 2.88
(s, 3H), 2.80—2.75 (m, 4H), 1.40 (d, ] = 6.7 Hz, 3H). *C NMR (126
MHz, CDCI,, performed at —25 °C to resolve the rotamers of the
carbamate) § 157.5, 156.4, 156.2, 151.5, 147.7, 140.9, 137.8, 135.8,
133.5, 132.9, 132.3, 131.2, 130.1, 129.4, 128.9, 127.6, 126.7, 125.2,
1242, 119.5, 119.0, 115.7, 112.8, 111.1, 110.4, 66.7, 65.4, 64.0, 63.6,
45.1, 41.8, 36.5, 36.4, 36.1, 35.9, 19.3. mp = 57—59 °C. HRMS (ESI)
m/z: [M + 1]* Calcd for C3,H3oN,04: 607.2803; Found 607.2790.
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2,7-Bis(2-bromoethoxy)-9-(2-methyl-2,3-dihydro- 1H-cyclopenta-
[a]naphthalen-1-ylidene)-9H-fluorene (12). A flame-dried flask was
charged with motor 11 (2.01 g, 3.31 mmol) and anhydrous diethyl
ether (115 mL), and the mixture was cooled to 0 °C under a nitrogen
atmosphere. DIBAL-H (1.2 M in THF, 13.7 mL, 16.5 mmol) was
slowly added over 5 min, and the mixture was stirred at 0 °C for 20
min. The solution was poured on ice (200 g) and extracted with ethyl
acetate (3 X 200 mL). The combined organic layers were dried over
MgSO,. After removal of the volatiles in vacuo the crude product was
purified by column chromatography (MeOH:DCM, 2:98 to 3:97).
The double primary alcohol functionalized product was reported to
be unstable and was therefore immediately used in the subsequent
step.*® The product was dissolved in anhydrous DCM (100 mL) and
added to a flame-dried flask. The solution was cooled to 0 °C, and
carbon tetrabromide (3.33 g, 10.1 mmol) was added. Subsequently,
triphenyl phosphine (2.63 g, 9.92 mmol) was slowly added, and the
solution was stirred for 16 h. The volatiles were removed under
vacuum, and the crude product was purified by column chromatog-
raphy (pentane:DCM 85:15) to give product 12 as an orange powder
(636 mg, 1.08 mmol, 33% from 10). 'H NMR (400 MHz, CDCL,) §
7.99-7.89 (m, 2H), 7.75 (d, J = 8.3 Hz, 1H), 7.62 (d, ] = 8.3 Hz,
1H), 7.59 (d, J = 8.2 Hz, 1H), 7.55—7.50 (m, 2H), 7.47 (t, ] = 7.5 Hz,
1H), 7.37 (t, ] = 8.1 Hz, 1H), 6.94 (dd, J = 8.3, 2.2 Hz, 1H), 6.79 (dd,
J=8.3,2.3 Hz, 1H), 621 (d, ] = 2.2 Hz, 1H), 441 (t, ] = 6.4 Hz, 2H),
4.31 (app. p, 1H), 3.71 (t, ] = 6.4 Hz, 2H), 3.58 (dd, ] = 15.2, 5.6 Hz,
1H), 3.44—3.37 (m, 1H), 3.27—3.08 (m, 3H), 2.78 (d, ] = 15.2 Hz,
1H), 1.41 (d, ] = 6.7 Hz, 3H). *C NMR (101 MHz, CDCL,) § 157.3,
1564, 151.7, 147.7, 141.3, 138.4, 136.1, 134.4, 133.6, 132.8, 131.3,
1304, 129.8, 129.1, 127.7, 126.9, 125.5, 124.3, 119.7, 119.3, 116.3,
1138, 1119, 111.3, 68.8, 67.6, 45.3, 42.1, 29.4, 29.3, 19.4. mp = 77—
78 °C. HRMS (ESI) m/z: [M + 1]* Calcd for C;;H,,Br,0, 591.0352;
Found 591.0341.

2,2'-((9-(2-Methyl-2,3-dihydro-1H-cyclopentalalnaphthalen-1-
ylidene)-9H-fluorene-2,7-diyl)bis(oxy))bis(N,N,N-trimethylethan-1-
aminium) (2). Motor 12 (203 mg, 3.44 mmol) was added to a 2 M
NMe, solution in THF (15.0 mL, 30.0 mmol) in a pressure tube and
heated at 60 °C for 16 h. The mixture was cooled to room
temperature, and ether was added (15 mL). The suspension was
filtered under vacuum. The crude solid was recrystallized twice from
an ethyl acetate and ethanol mixture (ethanol:ethyl acetate, 25:75) to
give the product 2 as a yellow powder (139 mg, 1.97 mmol, 57%). 'H
NMR (400 MHz, CD,0D) 6 8.03 (d, ] = 8.3 Hz, 2H), 7.63 (d, ] = 8.2
Hz, 1H), 7.49 (d, ] = 8.3 Hz, 1H), 7.44 (t, ] = 7.6 Hz, 1H), 7.32 (d, ]
= 8.3 Hz, 1H), 7.27 (d, ] = 8.3 Hz, 1H), 7.23 (s, 1H), 7.01 (t, ] = 7.5
Hz, 1H), 6.93 (d, ] = 8.2 Hz, 1H), 6.62 (dd, ] = 8.3, 1.9 Hz, 1H), 5.81
(d, ] = 1.8 Hz, 1H), 4.53—4.37 (m, 2H), 3.96 (app. p, 6.2 Hz, 1H),
3.79 (t, ] = 4.8 Hz, 2H), 3.52—3.41 (m, 1H), 3.27-3.23 (m, 11 H),
3.15-3.07 (m, 1H), 2.87 (s, 9H), 2.67 (d, ] = 16.7 Hz, 1H), 1.10 (d, ]
= 6.6 Hz, 3H). 3*C NMR (101 MHz, CD,0D) § 158.1, 156.8, 153.1,
149.4, 142.3, 139.6, 136.8, 135.5, 135.3, 134.2, 132.7, 131.1, 130.9,
1303, 128.6, 127.7, 126.5, 125.5, 121.0, 1204, 1153, 114.7, 113.2,
112.2, 66.8, 66.1, 63.7, 62.8, 54.9, 54.7, 46.3, 42.8, 19.4. mp > 210 °C
(dec). HRMS (ESI) m/z: M2* Caled for C;Hu,N,O, 274.1696;
Found 274.1700.
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