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ABSTRACT: Integration of individual molecular components such as
molecular motors or switches into larger meta-functional systems
represents a current challenge at the forefront of molecular machine
research. Here we present a modular supramolecular approach to relay
the photoinduced geometry changes of a hemithioindigo based molecular
motor into catalytic efficiency of a chemical reaction. Using the intrinsic
chemical nature of the motor for recognition of different hydrogen-
bonding organocatalysts a greater than 10-fold modulation in binding
affinity is achieved upon photoisomerization. This change in affinity is
then translated effectively into control of catalytic competence of the
organocatalysts without direct interference by the motor. As an example
the organocatalysed Michael addition reaction between nitrostyrene and 3-methoxy-dimethyl aniline was modulated in situ by visible
light irradiation. Thus, dynamic and reversible remote control of catalytic processes by the switching capacity of a hemithioindigo
molecular motor is established in a multicomponent chemical system. The high intrinsic modularity of this approach presents further
advantages, e.g., for easy tailoring of conditions or facile exchange of catalysts and reactions. These results represent a first stepping
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stone into integrated chemical networks regulated by molecular machines in a fully dynamic way.

B INTRODUCTION

Molecular motors' ~* represent unique nanoscopic devices
able to convert external energy input into directional motions at
very small scales. To date a variety of molecular motors are
available, powered by different energy sources,”* ™! performing
different kinds of directional motions,”'*~** and operating by
distinct mechanisms. We have contributed to these develop-
ments with visible light responsive molecular motors that are
based on the hemithioindigo (HTI) chromophore® ~** and
undergo directional rotational motions.”*~*’ Most recently we
presented a molecular motor able to deliver a fully directional
eight-shaped motion upon green light irradiation.”® The next
frontier of research is presently headed toward application of
molecular motors and integration of their functions with other
molecular components. Different approaches are followed, e.g.,
the implementation of molecular motors into su3pramolecular
assemblies,*! polylners,3Z_34 or liquid crystals35’ °to amplify
their motions to larger scales or the direct translation of
directional motions to remote motions of other molecular
entities.””*” Another interesting idea in this context is the use of
synthetic molecular motors to interfere with catalytic processes.
Effective synthetic examples are represented by the covalent
attachment of catalytic moieties to light driven molecular motors
enabling control over stereoselectivity of the products.*”*' In
this context a variety of molecular machines and switches with
the ability to reversibly control catalysis should be mentioned
(for selected examples see refs 42—54) as well as an early
example of supramolecular relay control by Ueno® and more
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direct approaches to alter reaction dynamics or, e.g., polymer-
ization by external stimuli (see, e.g., refs S6—61).

In this work we present another approach to control catalysis
with a molecular motor 1 via a remote and sequential
supramolecular process without functionalizing directly the
molecular structure of the motor (Figure 1). We demonstrate
how the intrinsic chemical nature of HTI molecular motors can
be used to dynamically change catalytic performance in solution
and how the same motor molecule can control different types of
catalysts. The HTI-based molecular motor is shown to bind two

62,6
* and

different organocatalysts, Schreiner’s thiourea 2
squaramide 3,°* via hydrogen bonding with its sulfoxide oxygen
atom inhibiting their function. Upon light-induced Z to E
isomerization of the motor catalyst binding is weakened
significantly leading to an increase of catalysis. In this way a
novel concept for the versatile supramolecular integration of the
switching capacity of a molecular motor into catalytic processes
is demonstrated that will open up new avenues for building

future integrated nanomachinery.
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Figure 1. Supramolecular integration of HTI molecular motor 1 to control organocatalysis. In the high-affinity C isomeric state different
organocatalysts are hydrogen bonded via the sulfoxide oxygen atom leading to hampering of catalysis. Upon visible light irradiation, the low-affinity A

isomeric state is formed releasing the organocatalyst and switching on catalysis. As selected examples Schreiner’s thiourea 2 and squaramide 3
organocatalysts were employed for this sequential remote control of reactivity.
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Figure 2. Motor 1 characterization. For clarity only the (S)-configured enantiomers are depicted. (a) Assessment of motor function. A mixed
theoretical (black) and experimental (red) approach established the energy profile associated with motor 1 operation. The energy profile is very similar
to the one obtained for original HTI motor 4 (blue). (b) Molar absorption coefficients of A-1 (red) and C-1 (black) and observed spectral changes
during photoisomerization (gray). (c) "H NMR spectra (400 MHz, toluene-dg, 25 °C) recorded after irradiation to the pss at 385 nm (87% A-1
enrichment, top) and after irradiation to the pss at 530 nm (88% C-1 enrichment, bottom).
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Figure 3. Supramolecular dynamic binding and release of organocatalyst 2 by molecular motor 1 in toluene-dg solution. (a) More than 10-fold binding
affinity modulation is observed between the C and the A isomers of 1. (b) 'H NMR (400 MHz, 30 °C) spectral changes induced by different binding
between C-1 or A-1 and 2. Irradiation with 520 and 420 nm light leads to photoisomerization from the low affinity A isomer to the high affinity C
isomer and vice versa, respectively altering availability of the catalyst in solution. (c) "H NMR (400 MHz, 30 °C) spectral changes observed during
titration of catalyst 2 with C-1 (left) or A-1 (right). (d) Job plot analysis of the binding of catalyst 2 with C-1 (black) or A-1 (red). (e) Partial NOESY
NMR spectrum (800 MHz, 30 °C) corroborating information about the binding geometry of the C-1-2 complex. Indicative cross signals are marked

with arrows.

B RESULTS AND DISCUSSION

Assessment of Motor Function. Molecular motor 1 is
based on the parent HTT chromophore—an important member
of the emerging class of indigoid photoswitches.’® The synthesis
of 1 as precursor molecule was described previously®® but a full
assessment of its motor function has not been undertaken so far.
For this reason variable temperature experiments were
conducted to obtain a quantitative picture of motor operation
(for details of the conformation analysis and elucidation of
unidirectionality see the Supporting Information). From this
analysis it could be inferred that 1 fully functions as a molecular
motor with very similar energetic parameters as the parent
original HTT molecular motor 4 (Figure 2a). However, in a
preliminary "H NMR screening it was found that motor 1 shows
significantly larger differences between the molecular recog-
nition abilities of its A and C isomers as compared to the original
motor 4. Motor 1 was therefore chosen as most promising
derivative for catalysis control. For the present study it was of
additional importance to assess the possible isomer enrichment
in the photostationary state (pss) as the two most stable
switching states (each in racemic form) C-1 (Z-(S)-(P)/Z-(R)-
(M)) and A-1 (E-(S)-(P)/E-(R)-(M)) are further used to
control catalysis (Figure 2b,c). Irradiation at different wave-
lengths was conducted in toluene-dg and CD,Cl, solutions as
well as in the presence of catalysts and substrates of catalysis.

Best performance for photoisomerization of pure motor 1 was
observed at 385 nm (87% A-1) and 530 nm (88% C-1)
irradiations. However, it became apparent that longer wave-
length visible light is crucial for proper functioning of the full
system, as irradiation with wavelengths of up to 435 nm lead to
significant isomerization of the nitro-styrene substrate 5 (see
Figure 4 and the catalysis section for the introduction of the
catalytic substrates 5 and 6) and decomposition of catalyst 2. For
these reasons longer wavelengths for the C to A photo-
isomerization were used in the latter cases (see below). Another
crucial factor for proper performance is thermal stability of the
two motor isomers to guarantee nonchanging conditions for the
prolonged time of catalysis assessment after switching. Also in
this regard motor 1 displayed very beneficial behavior possessing
very high thermal bistability with an associated free enthalpy of
activation AG* > 32 kcal/mol for the thermal isomerization at
100 °C in toluene-dg solution (see the Supporting Information
for details). The thermal isomerization kinetics did not change
significantly in the presence of organocatalysts and substrates.
Supramolecular Interactions between Motor 1 and
Organocatalysts. Next we investigated the supramolecular
interactions of motor 1 with organocatalysts (see exemplarily
Figure 3a—d and also the Supporting Information for details of
the binding assessments). Upon addition of Schreiner’s thiourea
catalyst 2 to the C isomers of 1 strong shifts of the motors proton

https://dx.doi.org/10.1021/jacs.0c09519
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09519/suppl_file/ja0c09519_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09519/suppl_file/ja0c09519_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c09519/suppl_file/ja0c09519_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c09519?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c09519?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c09519?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c09519?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c09519?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS
NMe,
a
) 6
OMe
NMe,
FiC FiC, O
CF3 Qca OMe
OMe 450 nm HN . O N2
T s _— + N0 )=s Catalysis 7
520 nm ©/\/ HN ON \/
CFs Qca
FsC FsC
C-1-2 Complex A-1 2
5 ©/\VN02
b) d) Switching of Michael Addition
ith 2 at 30 °C
Michael Addition with 2 at 4 °C 20, YEESE >
80 1 + no motor A:C
e + with A-1 1:1.1'
60 - - + with C-1 15 4 .
© ‘-" -4 o A€ ’:’
3 . . - S 1:9
404 * 3
e e & 10 A
o ¢ P u6 pure <
®
204 ¢ * - x .
'
|/
o 100 /
timeinh {
0 r v v
0 20 40 60
C) timein h
Michael Addition with 2 at 4 °C
15 -
5‘ e) Michael Addition with 3 at 23 °C
s <+ no motor/C-1 607 no motor
= <+ no motor/A-1 « with A-1 R
£ 101 + A-1/C-1 - + with C-1 e
S G 40 o
o °
o o
2 ] o
> 5 S 201
] X
©
o
20 v T . T . T T x
0 20 40 60 100 200 300

time in h

time in h

Figure 4. Remote control of organocatalysis by molecular motor 1. (a) Schematic representation of the remote control using organocatalyst 2. (b)
Difference in catalytic performance when adding either no motor 1 (gray), pure C-1 (black), or pure A-1 (red) to the catalytic system of 2, 5, and 6
(conditions: § =0.2 M, 6 = 0.3 M, 20 mol % 2, 20 mol % motor isomer 1, toluene-dg, 4 °C). (c) Difference factors in product formation (product yield
quotient) for no added motor/added C-1 (black), no added motor/added A-1 (red), added C-1/added A-1 (blue) of the catalytic system of 2, 5, and 6
(conditions: § = 0.2 M, 6 = 0.3 M, 20 mol % 2, 20 mol % motor isomer 1, toluene-dg, 4 °C). (d) In situ light induced remote control of catalytic
performance for the catalytic system of 2, 5, and 6 (conditions: 5 = 0.1 M, 6 = 0.15 M, 20 mol % 2, 20 mol % motor isomer 1, toluene-dg, 30 °C). Light
irradiation steps are illustrated in green and purple after 20 and 4S h reaction times. (e) Difference in catalytic performance when adding either no
motor 1 (gray), pure C-1 (black), or pure A-1 (red) to the catalytic system of 3, 5, and 6 (conditions: 5 = 0.2 M, 6 = 0.3 M, 20 mol % 3, 20 mol % motor

isomer 1, THF-dj, 23 °C).

signals in the "H NMR spectrum (30 °C, toluene-dy) indicate
significant and dynamic binding (Figure 3b). In the correspond-
ing A isomeric state of 1 much weaker shifts are observed
corroborating much less pronounced supramolecular interac-
tions. A binding constant of K, = 2300 L mol™" at 30 °C was
established by titration of catalyst 2 with motor C-1 for a 1:1
stoichiometry in toluene-dg solution (Figure 3c). The 1:1
stoichiometry was confirmed in an independent Job-plot
experiment (Figure 3d). Upon closer analysis with the aid of
control experiments and 2D NMR spectroscopy a model for the
association between C-1 and 2 has been developed. Especially

indicative are direct NOE cross signals between protons 2 of 2
and the motor proton 6 located in the ortho position with
respect to the sulfoxide as well as the aromatic protons 14 and 15
of the indanone rotor fragment (see Figure 3e and the
Supporting Information). From these and other NOE signals
it can clearly be shown that hydrogen binding of 2 toward C-1
occurs at the sulfoxide function and that 2 approaches the motor
from the sulfoxide side in the supramolecular complex. An
additional control experiment was conducted to test the relative
affinity of a ketone versus a sulfoxide function. Comparison of
the relative influence of catalyst 2 addition to either acetone or
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DMSO on the induced proton signal shifts in the "H NMR
spectrum showed clear preference for the sulfoxide as well (for
details see the Supporting Information). For the A isomer of 1 a
significantly weaker association constant of K, = 200 L mol™" at
30 °C was established by titration again for a 1:1 stoichiometry
(Figure 3b,c). Again independent Job-plot experiments
confirmed the 1:1 binding stoichiometry (Figure 3d). A similar
2D NMR analysis confirms much weaker interactions involving
still mainly the sulfoxide side of A-1 in the binding (for details
see the Supporting Information). Taken together these
experiments thus established a greater than 10-fold affinity
difference for Schreiner’s thiourea organocatalyst 2 between the
strongly binding C isomer and the weakly binding A isomer of
motor 1. Similar titration experiments were not possible with the
squaramide catalyst 3 because of its very low solubility but a
qualitative assessment of induced proton signal shifting upon its
addition to 1 in the '"H NMR spectra allowed us to draw similar
conclusions: significant association with C isomeric 1 and less
interactions with the corresponding A isomer (see the
Supporting Information).

Reversible binding and unbinding upon photoswitching could
straight-forwardly be monitored by irradiating a 1:1 mixture of 1
and organocatalyst 2 at different wavelengths until the pss was
reached. A maximum of 86% of C-1 was obtained at 520 nm and
a maximum of 78% A-1 at 420 nm irradiation in the presence of
2. The corresponding shifts of proton signals proved dynamic
binding (C-1) and release (A-1) of the catalysts in the two
switching states, respectively (see Figure 3b). As mentioned
above photoswitching at wavelengths up to 420 nm leads to
photoisomerization of the nitro-styrene starting material $ and
thus changes the conditions of catalysis. Additionally slight
photodegradation is observed below 435 nm irradiation already
in binary mixtures of catalyst 2 and motor 1 but mostly at higher
concentrations of >1 mM (see the Supporting Information for
details). For these reasons photoswitching in the full catalytically
competent system including large excesses of starting materials §
and 6 was done using 450 nm light for the C-1 to A-1
photoisomerization direction. At this wavelength a reduced pss
containing a maximum of 50—64% of the A isomer is obtained.

Assessment of Motor-Remote Controlled Catalysis.
For the catalytic process to be remote controlled the Michael
addition reaction between nitrostyrene 5 and 3-methoxy-
dimethyl aniline 6°” was chosen (Figure 4a). The reaction
progress was monitored at 4 and 30 °C via 'H NMR
spectroscopy over the course of hours to days using toluene-dg
as solvent. This reaction does not proceed in absence of a
catalyst so that background reactions are eliminated. Upon
addition of Schreiner’s thiourea catalyst 2 the nitro-group of § is
bound via hydrogen bonding increasing electrophilicity of the
adjacent double bond enough to enable facile reaction within
hours at a catalyst loading of 20%. Upon adding 1.0 equiv (with
respect to catalyst 2) of motor 1 in its purely C isomeric form
catalysis is severely slowed down reaching only a fraction of the
conversion within the same time frame. When adding purely A
isomeric 1 catalysis rate is increased compared to the C isomer
containing reaction mixture by a factor (product yield quotient)
of 2.2 at 30 °C (see Figure 31 in the Supporting Information).
When the catalyst effect is plotted in reverse manner (product
yield versus time elapsed) the same catalysis conditions
(concentration of species) at a certain point are compared.
The corresponding factor (time quotient) then represents the
difference in time needed to obtain the same product yield, e.g,,
either in the presence of C or in the presence of A (see details in

the Supporting Information). In this case the factor is 3.0
signifying a three times faster reaction in the presence of A versus
C. The difference in catalytic efficiency is significantly improved
to almost a factor of 4 (both, product yield quotient and time
quotient) when the temperature is lowered to 4 °C (Figure 4b,c)
establishing strong catalytic modulation by the two motor
isomers. Despite a highly dynamic binding mode the difference
in association affinity between the two isomers of 1 and 2
translates into effective modulation of inhibitory power over
catalysis of 2, however not in a linear fashion. Although more
than 10-fold difference in the binding affinity is observed
between the C and the A isomers of motor 1 at 30 °C a 3.0-fold
difference (time quotient) in catalytic performance was achieved
at the same temperature. An explanation for this behavior is
found when calculating the effective concentration of remaining
free catalyst in equilibrium from the respective binding
constants.”® In the presence of pure high-affinity C isomer the
concentration of remaining free catalyst in solution is 0.004 M,
which is 10 times less compared to the 0.04 M total
concentration of added catalyst. This factor is seen reproduced
when comparing the catalysis experiment with no added motor
with the one in which pure C-1 is added (time quotient, see the
black trace in Figure 32 in the Supporting Information). In the
presence of weakly binding A-1 the concentration of remaining
free catalyst is 0.012 M, which is only a factor of 3.3 less as
compared to the catalyst concentration in the experiment
without added motor. Again this factor matches quite well with
the observed suppression in catalytic performance by a time
quotient of 3.4 at the same temperature (see the red trace in
Figure 32 in the Supporting Information). The difference in free
catalyst concentration when adding C-1 versus A-1 is only a
factor of 3.0, which is again in good agreement with the observed
modulation of catalytic efficiency by a time quotient of 3.0 (see
the blue trace in Figure 32 in the Supporting Information).
Thus, it becomes clear that bound catalyst in the complex with
motor 1 does not participate in catalysis but only the actually
free catalyst in solution. At lower temperatures the dynamics of
the binding are expected to be reduced while the binding
constants should generally increase. As a result the concen-
trations of free catalyst decrease accordingly but, given the
noticeable temperature effect, significantly less so for the weaker
binding A isomer. This behavior improves the translation of
binding affinities to catalytic performance. Because of time
limitations the temperature effect was not explored to its fullest
potential. Finally, in an independent experiment (Figure 4d),
catalysis commenced in the presence of pure A isomeric 1 and
the faster kinetics of the reaction were followed by 'H NMR
spectroscopy for 20 h at 30 °C. In situ photoisomerization with
520 nm light resulted in 90% enrichment of the C-1 isomer and
further monitoring of the reaction kinetics confirmed signifi-
cantly slowed down kinetics for the next 25 h. Afterward in situ
photoisomerization with 450 nm light resulted in generation of
50% A-1 isomer and a significant increase in the reaction kinetics
as followed for another 25 h. In this way it could be shown that
the photoisomerization of motor 1 is directly and efficiently
relayed first into modulation of binding to catalyst 2 and then
into catalytic performance of the reaction between 5 and 6.
Similar results were found when a different catalyst 3 was used
for the same catalytic reaction taking place in THF-dg instead of
toluene-dg for solubility reasons (Figure 4e). Because of the
lower extend of binding between 1 and 3 in this solvent
modulation of catalytic performance is slightly less pronounced
in this case. A 1.5-fold difference in the reaction kinetics
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(product quotient) is observed in the presence of C versus A
isomers of motor 1 at 23 °C as compared to 2.2-fold for the
combination of 1 and 2 in toluene-dg at 30 °C. Again
temperature effects are expected to improve performance
significantly but were not tested because of time limitations. It
should be emphasized at this point that the overall reduction in
catalytic performance by addition of motor 1 is less pronounced
for both isomers if squaramide 3 is used as a catalyst in THF.
Furthermore, a much longer overall time frame of the reaction is
observed in this catalytic system because of the weaker catalytic
activity of 3 under the altered conditions. With these
experiments modularity of the remote catalytic control approach
is demonstrated enabling, e.g., tailoring of overall catalysis time
frames with the same molecular motor. To increase modulation
of catalytic performance, it is clear from these studies that
primarily the binding properties have to be improved further, as
this is the crucial mechanism to manipulate the amount of active
free catalyst in solution.

In summary, we present a highly modular approach to
integrate HTI molecular motors into catalytic processes via a
supramolecular relay mechanism. The chlorinated molecular
motor 1 exhibits more than 10-fold binding affinity modulation
with Schreiner’s thiourea organocatalyst upon visible light
induced photoswitching. For this purpose the intrinsic chemical
nature of the HTI motor, i.e., its sulfoxide moiety, is directly
used for molecular recognition with the catalyst. The affinity
modulation is then effectively translated into reversible
modulation of catalytic efficiency for a Michael addition
reaction. Simple exchange of just the catalyst demonstrates the
advantages of this modular approach, e.g., for tuning reaction
parameters such as overall rates of catalytic processes. We need
to emphasize at this point that unidirectionality of the motor is
not yet used to achieve remote catalysis control. With the
present study we have made the first step to harness this
potential by demonstrating how HTI motor structures can be
integrated supramolecularly into catalytic networks. Further
elaboration of this idea in our laboratory are currently headed at
escalating the number of processes that can be controlled, using
directly the motor characteristics for catalysis, as well as
translating chiral information from the motor to the reaction
products.
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