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ABSTRACT: Toward the development of photoresponsive
anion receptors, a stiff-stilbene photoswitch has been equipped
with two urea anion-binding motifs. Photoinduced E/Z
isomerization has been studied in detail by UV—vis and
NMR spectroscopy. Titration experiments (‘H NMR) reveal
strong binding of acetate and phosphate to the (Z)-isomer, in
which the urea groups are closely together. Isomerization to
the (E)-form separates the urea motifs, resulting in much
weaker binding. Additionally, geometry optimizations by
density functional theory (DFT) illustrate that oxo-anion
binding to the (Z)-form involves four hydrogen bonds.

n natural systems, transmembrane anion transport is

mediated by protein carriers that are able to regulate their
substrate affinity in response to environmental stimuli.' Because
of the important regulatory role of anions in many biological
processes (e.g., osmosis, metabolism, signaling), a huge number
of artificial anion receptors has been developed over the past
decades.” Importantly, dysregulation of anion transport has
been linked to various diseases’ (cystic fibrosis, among others),
and hence, synthetic systems that imitate the function of natural
protein carriers have therapeutic potential.” Nevertheless,
where proteins are able to switch between distinct affinity
modes, integrating responsive behavior into artificial anion
receptors is enormously challenging.**

Light has proven to be a particularly promising tool to
control the binding properties of receptors.7’8 For example, the
groups of Flood® and Jiang® successfully controlled the halide
affinity for light-responsive azobenzene-based foldamers. In
addition, Jeong and co-workers demonstrated photocontrol of
chloride transport across membranes using a bis-urea-function-
alized azobenzene.”® Recently, our group developed an
overcrowded alkene-based bis-urea receptor that can be
switched uniquely between three states that possess different
anion binding affinity and selectivity.” Although the binding
properties were controlled successfully, this receptor required
activation by high energy UV light (4, = 312 nm), which
restricts its application in biological systems.

In our search for alternative photoswitchable scaffolds, we
considered stiff-stilbene'® (Scheme 1) to be especially suitable
for developing responsive receptors. Due to their rigid core
structure and the pronounced geometrical change upon
isomerization, good binding selectivities and large differences
in the binding properties between the photoaddressable states
are expected. Furthermore, stiff-stilbenes are known to have a
high activation barrier for thermal isomerization and a high
quantum yield for the photoisomerization process. In the past,
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Scheme 1. Photoswitching of Anion Binding to Bis-urea 1
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different functional groups have been installed onto the
benzene rings of these switches in order to construct a
molecular force probe,'" supramolecular polymers,'* molecular
hosts,*>*® and an enantioselective catalyst.14 Nevertheless, the
utilization of stiff-stilbenes in supramolecular systems remains
highly underexplored.

Previously, the group of Shinmyozu linked two binaphthol
(BINOL) moieties, serving as anion-binding motifs, to a stiff-
stilbene core.”® Although an 8-fold difference in the affinity for
chloride was measured, unexpectedly, the (E)-isomer turned
out to be the strongest binding form. To favor binding to the
more selective (Z)-form as well as to enhance the binding
strength, we have designed a synthetic method to equip stiff-
stilbene with two urea moieties. Bis-urea compounds are among
the most effective organic anion receptors reported to date and
hold excellent selectivity toward acetate (CH,CO,”) and
dihydrogen phosphate (H,PO,”) oxo-anions."’

Herein, we describe the synthesis and properties of the stiff-
stilbene-based bis-urea receptor 1 (see Scheme 1). This
receptor selectively binds CH;CO,” and H,PO,”, of which
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the affinity is controlled successfully via photoinduced E/Z
isomerization using 365/385 nm light. We envision that this
class of compounds will play an important role as light-gated
anion carriers in the dynamic regulation of membrane
transport.

Both (E)-1 and (Z)-1 were synthesized by following a similar
route (Scheme 2). McMurry coupling of the commercially

Scheme 2. Synthesis of Bis-ureas (E)-1 and (Z)-1
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available 6-bromo-1-indanone gave dibromide 2 as a mixture of
(E)- and (Z)-isomers that could be separated by precipitation
(see the Supporting Information for details). Subsequent
Buchwald—Hartwig amination, followed by hydrolysis, afforded
the bis-amine precursors (E)-3 and (Z)-3. These bis-amines
were then reacted with phenyl isocyanate to provide the
corresponding bis-ureas. The reduced yield of (E)-1 is due to
some loss in the purification by crystallization.

The photoswitching behavior of 1 was studied in dimethyl
sulfoxide (DMSO) solution by UV—vis and NMR spectrosco-
py. Irradiation of the (E)-isomer with 4., = 365 nm light at 20
°C resulted in a decrease of the absorption maxima at 347 and
364 nm, in addition to a slight bathochromic shift, indicative of
transition to the (Z)-isomer (Figure 1A)."'~'* When starting
from the (Z)-isomer, irradiation with 4,,,, = 385 nm light gave
the opposite spectral changes, i.e., increase of the absorption
maxima at 354 and 367 nm as well as a hypsochromic shift
(Figure 1B). In both cases, irradiation was continued until no
further changes were noted, meaning that the photostationary
states (PSS) had been reached. During the course of irradiation,
clear isosbestic points were observed, which reveals that E/Z
isomerization is a unimolecular process. Furthermore, 365/385
nm irradiation could be alternated several times without major
signs of fatigue (Figure 1C).

In the '"H NMR spectrum, 365 nm irradiation of (E)-1 led to
the appearance of a new set of signals that can be attributed to
(Z)-1 (see Figure S12). Subsequent irradiation with 385 nm
light led to nearly full recovery of the initial 'H NMR spectrum
of the (E)-isomer. The PSS, and PSS;q ratios were
determined by integration of the NMR signals as (E/Z)
49:51 and 93:7, respectively. Similar results have been observed
for related stiff-stilbene switches.'”"”

The quantum yield (®) for the 365 nm induced E — Z
isomerization process was estimated by monitoring the
absorption increase at 4 = 380 nm at a concentration high

325

—— E-isomer
— PSS (365 nm)
P
L
<
300 350 400 450
A (nm)
B — Zisomer
—— PSS (385 nm)
@
o)
<
300 350 400 450
A (nm)
C 0,70
{ ]
0654] 385nm
= m " n .
0,604
w
L
< 0,55+
0.501 35 nm - L]
0 10 20 30 40
f(min)

Figure 1. UV—vis spectral changes of (A) (E)-1 (B) and (Z)-1 (2.5 X
107° M in degassed DMSO) upon 365 nm irradiation for 60 s and 385
nm irradiation for 220 s, respectively. (C) Plot of the change in
absorption at 4 = 365 nm during 365/385 nm irradiation cycles
starting with (E)-1 (2.5 X 10™* M in degassed DMSO).

enough to absorb all incident light (see Figure S14 for details).
Then, the rate of formation of (Z)-1 was compared to the rate
of formation of Fe’" ions from potassium ferrioxalate under
identical conditions giving: ®_,, = 5.0% + 0.15%. By using the
PSS;4s ratio, the quantum yield for the “backward” photo-
isomerization process at the same irradiation wavelength was
calculated as ®@,_; = 8.0% + 0.23%.

Anion binding was studied in a DMSO-d,/0.5%H,0O mixture
using 'H NMR titrations, starting with (Z)-1, for which the
strongest anion—receptor interaction was expected. In line with
structurally related bis-urea receptors,”"” the stepwise addition
of tetrabutylammonium acetate ([NBu,]'[CH;CO,]”) and
dihydrogen phosphate ([NBu,]*[H,PO,]”), among various
other tetrabutylammonium anions, caused the largest downfield
shifts of the urea-NH signals (see Figures S15—520). However,
in the case of phosphate addition, these signals also broadened
significantly, which suggests urea deprotonation.'® Job plot
analysis pointed to the anticipated 1:1 complexation mode for
these anions, and hence, the titration data were fitted to a 1:1
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binding model using HypNMR software'” (see Figures $26 and
S27). The association constants (K,) thus obtained (given in
Table 1) reveal that acetate and phosphate binding to (Z)-1 are

Table 1. Anion-Binding Constants of Bis-urea 1 (M)

anion (2)-1° (E)-17
Cl 33 17
Br <10
NO; <10
CH,CO, 140 X 10° 1.04 X 10?
H,PO, 2.02 X 10° 77
HSO, <10

“Tetrabutylammonium anions were added to 1 (5.0 X 107> M) in
DMSO-d/0.5%H,0. *Microscopic constants for the first binding step
are provided; errors are estimated to be no more than +15%. “Spectral
changes upon the addition of Br~, NO;~, and HSO,™ to (Z)-1 were
too small to accurately determine a binding constant. “Not determined
for Br-, NO;™ and HSO,".

substantial. Furthermore, the K, values for these anions are
similar to those reported for other effective bis-urea
recept01's.9’15

Titration of tetrabutylammonium chloride ([NBu,]*[Cl]")
to (Z)-1 led to similar, though less pronounced, changes in the
position of the urea-NH signals. Interestingly, for this anion Job
plot analysis indicated a 2:1 chloride/(Z)-1 binding stoichiom-
etry (see Figure $24). In this case, the data were analyzed using
either a 1:1 or 2:1 binding model (see Scheme S1 and Figure
$25). Based on analysis of residuals, the 2:1 binding model is
more likely to be correct. Apparently, the urea moieties are too
far apart from each other to favor cooperative binding of the
chloride anion via four hydrogen bonds, as is the case for
CH;CO,™ and H,PO,". Instead, each urea group is expected to
bind to one anion involving two hydrogen bonds. Data analysis,
considering the presence of 2:1 as well as 1:1 species, afforded a
much lower association constant than those obtained for
CH;CO,™ and H,PO," (see Figure S25 and Table 1).

The addition of [NBu,]"[CH;CO,]”, [NBu,]*[H,PO,] ,
and [NBu,]*[Cl]™ to (E)-1 likewise resulted in downfield shifts
of the urea-NH signals (see Figures $21—523). As expected for
the (E)-isomer, for the reason that the relative distance
between the urea units is too large to bind an anion
cooperatively, Job plot analysis revealed 2:1 complexation.
For CH;CO,” and H,PO,” the distinct binding modes are
reflected in considerably lower K, values (see Table 1 and
Figures $29 and S30). Remarkably, the binding of Cl™ to (E)-1
is slightly weaker than to (Z)-1 (see Table 1 and Figure S28),
which might be tentatively explained by an increased acidity of
the urea protons in the (Z)-form.

To investigate whether photoswitching is still feasible in the
presence of the anion, we prepared an NMR sample of (E)-1
containing 10 equiv of [NBu,]*[CH;CO,]™ in DMSO-d,/0.5%
H,O (see Figure S13). Consecutive irradiation of this sample
with 365 and 385 nm light afforded PSS;45 and PSS ratios of
(E/Z) 48:52 and 88:12. Although these ratios are very similar
to those determined for the “free” receptor (vide supra), it
seems that the (Z)-form becomes slightly more favored in the
photoequilibrium established by 385 nm irradiation. It is not
clear at the moment whether this difference originates from an
electronic or a mechanochemical''” effect. Importantly, no sign
of del%radation was detected during these photoswitching
steps.
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Energy minimization of the complexes of (Z)-1 with either
CH;CO,” and H,PO,” was carried out by DFT on the
B3LYP/6-31G++(d,p) level of theory, using an IEFPCM,
DMSO solvation model (see Tables S1 and S2 for details). The
optimized structures (Figure 2) for CH;CO,” and H,PO,”

Figure 2. DFT-optimized molecular geometries [B3LYP/6-31G+
+(d,p)] of (Z)-1DCH;CO," (left) and (Z)-1DH,PO," (right).

illustrate that the binding of these oxo-anions via four hydrogen
bonds is feasible (Figure 2). The bond distances (N---O) are all
in the same range and vary between 2.84 and 291 A
Furthermore, the dihedral angle over the central double bond is
virtually the same in both structures [ie, 11.0° for (Z)-
1DCH;CO,™ and 12.1° for (Z)-1DH,PO,"].

In summary, we have equipped a stiff-stilbene scaffold with
two bis-urea moieties to obtain a photoresponsive anion
receptor. This receptor selectively binds CH;CO,” and
H,PO,, for which the affinity can be tuned via light-induced
E/Z isomerization. Importantly, the receptor can be operated
by 365/385 nm light and is tolerant to the presence of water,
which is an essential improvement with respect to our
previously reported overcrowded alkene-based bis-urea recep-
tor.”'® As a consequence, this new system can be placed among
the most successful photoswitchable anion receptors reported
to date.® Our current work is directed toward the application of
this type of receptor as a light-gated anion carrier in membrane
transport, in addition to further optimization of the photo-
switching and anion-binding properties.
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