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@ Phosphorescence Induction by Host-Guest Complexation

with Cyclodextrins — The Role of Regioisomerism and

Affinity

Matthias Hayduk,” Torsten Schaller,” Felix C. Niemeyer,” Kevin Rudolph,”
Guido H. Clever,” Fabio Rizzo,*“® and Jens Voskuh[*®

Abstract: We present an in-depth investigation of cyclo-
dextrin complexes with guest compounds featuring complex-
ation-induced room temperature phosphorescence (RTP) in
aqueous solution. Very interestingly, only the complexed
regioisomers bearing lateral substituents on meta-position
show RTP, whereas the stronger host-guest systems with
para-substituted dyes show no RTP features. The reported
systems were investigated regarding their complexation

\

behavior in water using isothermal titration calorimetry and
mass spectrometry. In the case of y-CD very strong 1:1
inclusion complexes (K, up to 5.13x10° M"') were unexpect-
edly observed. It was found that not only a strong binding to
the cyclodextrin cavity is needed to restrict motion, inducing
the emission, but also the conformation inside the cavity
plays a pivotal role — as supported by an extensive NMR study
and MD simulations.
J

Introduction

The investigation of novel materials showing room temper-
ature phosphorescence (RTP) properties is an outstanding field
of research due to its potential use in various optical
applications spanning from devices, such as OLED’s"" and solar
cells, to bioimaging.” Although many examples of metal
complexes have been reported in literature,”) metal-free
aromatic materials are attracting growing interest due to their
chemical versatility.”) Commonly used strategies for achieving
pure organic RTP emission focus on the enhancement of the
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intersystem crossing (ISC) process and restriction of non-
radiative decay.” To satisfy these requirements, pure organic
RTP emission in the solid phase can be achieved via
immobilization in a polymer matrix, crystallization,” halogen
bonding,® self-assembly,” and H-aggregation.” However, the
most challenging feature is the achievement of systems able
to generate RTP in solution, especially in aqueous phase.
Indeed, the free rotational motion and the high concentration
of oxygen in water lead to the quenching of RTP as
consequence of the favourite nonradiative decay processes
versus phosphorescence.

Supramolecular assembly appears as valuable approach to
overcome the abovementioned limitations in aqueous phase.
In particular, host-guest interactions between cyclic molecules
and organic dyes allowed to develop pure organic RTP
systems."” Commonly used host compounds are cucurbiturils
(CB) and cyclodextrins (CD). CBs are cylindrical structures able
to host up to two molecules, which show specific properties
upon their mutual interaction inside the cavity. Very recently,
Ma et al. used this approach to obtain RTP in aqueous solution
for the first time.'"" However, the emission arises from the
interaction of the two dyes, thus difficult to predict due to the
mutual interactions host-guests and guest-guest."? The possi-
bility to obtain metal-free RTP emission in water by means of a
single emitting molecule thus remains a challenging feature.
CDs as a well known class of cyclic host molecules in the field
of supramolecular chemistry and have been studied for
decades by numerous groups around the world."™® Their
special structure, featuring a hydrophobic cavity able to
encapsulate guest compounds, their low price as well as their
facile modification, make them ideal candidates for the
investigation of supramolecular encapsulation and can they
be viewed as small artificial minimized protein pocket.'*'
The supramolecular host-guest ability of CDs has been used to
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tune the emission properties of different classes of dyes in a
1:1 ratio. In particular, CDs have been employed to control
the emissive properties in aqueous solution of compounds
showing aggregation-induced emission (AIE), which has
attracted interest in the field of supramolecular chemistry.'®
The reason of this growing scientific attention arises from the
emission of these typically propeller shaped compounds,
which cannot only be induced by aggregation or in the solid
state, but also when entrapped in a sterically hindered
environment, such as a protein pocket or a supramolecular
host."” In these particular surroundings, the phenomenon of
restriction of intramolecular motion (RIM) comes into play.®
The free motion in solution leads to a conversion of absorbed
light mainly into motion or heat, whereas hindered motion
opens radiative decay pathways from the excited state. First
attempts to induce emission by supramolecular entrapment
were conducted by synthesizing a water-soluble tetraphenyle-
thene (TPE) derivative bearing boronic acids to be complexed
with carbohydrates (in this case B-cyclodextrins), or encapsula-
tion via hydrophobic interactions.” It was found that a
cooperative binding occurs by means of different binding
modi. Later, Zheng and coworkers showed the first stable 1:1
emissive complex between a TPE derivative with vy-cyclo-
dextrin. Here a shift between aggregate emission (A.,=
485 nm) and a dissolution of the aggregates by CD-complex-
ation (A.,=388 nm) was observed.” In 2016 Bai and co-
workers showed that the complexation of the whole AIE
luminophores is not necesssary to induce a fluoresecence
emission. By using a mono-phenylcarboxyl-decorated TPE able
to form a complex with o-CD, they showed a reversible
“increasing-decreasing” emission by introducing a photores-
ponsive  competitive  binding molecule based on
azobenzenes.”" Another reported example involves the inter-
action of two pyrene units inside y-CDs leading to excimer
formation, which can be followed by the bathochromic shift in
fluorescence emission.??

To summarize, some examples of complexation induced
emission by means of CDs have been reported, but are limited
to fluorescent systems On the contrary, only few examples of
supramolecular systems for RTP based on host-guest inter-
actions have been shown, mainly based on the combination of
B-CDs and napthalene.”®

Moreover, to the best of our knowledge, there are no
related studies on other types of CDs used for RTP materials,
especially on y-CD (eight glucose subunits). In this context, the
investigation of novel supramolecular host-guest systems as
RTP materials appears very innovative.

Among dyes showing RTP properties, the persulfurated
benzene-based molecules attract a rising interest due to high
spin-orbit coupling arising from the heavy sulphur atoms. In
particular, compounds based on tetra-mercaptophenol have
been recently investigated as AIE luminogens with long-lived
emission.”” However, the reported studies are carried out in
organic solvents or in mixture water/organic solvent, which
hampers the possibility to perform investigation on isolated
dyes in aqueous solution.
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Aiming to add an important step on the palette of RTP
dyes in aqueous solution, in this contribution we report the
synthesis of the water-soluble tetra-mercaptophenol based
dyes and their supramolecular host-guest interactions with
different classes of CDs. In particular, we describe for the first
time room temperature phosphorescence generated in water
by the formation of highly stable 1:1 complexes between
tetra-sulfonated or carboxylated guests and y-cyclodextrin
based on a restriction of intramolecular motion (Figure 1).

Results and Discussion

The synthesis of the four target compounds was carried out by
synthesizing first the tetra-mercaptophenols, using either 3- or
4-mercaptophenol under basic conditions according to a
previously described modified procedure.”*? The sulfonates
PTS (para-tetra-sulfonate) and MTS (meta-tetra-sulfonate) were
obtained by reaction of the desired tetramer with propane-
sultone in the presence of base,”® whereas the carboxylates
PTC (para-tetra-carboxylate) and MTC (meta-tetra-carboxylate)
were obtained by substitution with tert-butyl-bromoacetate
followed by subsequent acidic and basic deprotonation.?” All
compounds were purified by medium pressure liquid chroma-
tography (MPLC) yielding the compounds as potassium salts
with an appearance colour from yellow to red. The compounds
revealed high water solubility without the appearance of
noteworthy emission (see below, Figure 5). This behaviour
could be attributed to a free rotational and vibrational motion
arising from the full solvation, and hence to the conversion of
absorbed energy into motion. This feature is characteristic for
AIE emitters and has been described numerous times
beforehand.”® Additionally, we were interested on the effect
of the complexation with different cyclodextrins in aqueous
media, by using a- (six glucose units), - (seven glucose units)
and vy-cyclodextrin (eight glucose units). Thus, we performed
photophysical characterisation of the pure compounds in
presence and absence of cyclodextrins in 1:1 ratio.

Complexation behaviour

To ensure the formation of stable host-guest complexes,
isothermal titration calorimetry (ITC) was performed for all
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Figure 1. Molecular Structures of the guest luminophores for the complex-
ation with cyclodextrins.
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possible combinations of the four guest compounds and the
three cyclodextrins (a-, f-, y-CD) of interest (Figure2 and
Figures $S23-25 in Supporting Information).

Remarkably, MTS and MTC bind to y-CD in a 1:1 fashion
with an unexpected high association constant (up to 1.53x
10° M~' for MTS). It is worth noting that these high values are
quite unusual for this class of cyclodextrins and comparable
values have been reported only for nanodiamonds® and
borate clusters.®” Even more interestingly, PTC and PTS
showed binding towards y-CD with outstanding association
constants (up to 5.13x10° M), indicating the favourable size
of the designed derivatives to act as guest for y-cyclodextrin
(Table 1 and Table S3). It is important to emphasize that the
association constant values here reported for all four com-
pounds are among the highest constants for host-guest
complexes between y-CD and pure organic molecules, to the
best of our knowledge.

On the contrary, the four compounds bind to [-CD,
showed only weak to moderate association constants (Fig-
ure S24 and Table S3) and no interaction with o-CD (Fig-
ure S25), which fits well to our hypothesis that the smaller
cavities are unable to fully encapsulate the guest compounds.
The weak, but detectable binding of the guests with 3-CD can
be attributed to a partial encapsulation of the phenyl rotors,
which was also observable in mass spectrometry (Figures S30-
33).
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Figure 2. A) ITC titration of MTS with y-CD B) ITC titration of PTS with y-CD.
Upper graph: raw heat signals, lower graph: integrated heat peaks and the
corresponding fit. Fitting was performed using a 1:1 model. [guest]=1 mM,
[host] =0.08 mM, T=293 K.

Table 1. Complex formation thermodynamics as obtained by ITC measure-
ments with y-cyclodextrin. ITC was performed in the normal titration mode
by titrating 1 mM guest to 80 uM host, T=293 K. Titration were performed
as duplicates. For mean deviations see Supporting Information.

N KM AH [kJ/mol]  AS [J/K*mol]  AG [kJ/mol]
PTS 093  4.99x10° —63.07 -102.3 —32.94
MTS 090 1.53x10° —73.20 —146.23 —30.01
PTC 107 5.13x10° —52.72 —67.37 —32.80
MTC 113 1.52x10° —48.12 —62.34 —29.67
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To classify our newly designed complexes into the family
of y-CD host-guest systems, we plotted the entropy versus the
enthalpy to investigate the entropy-enthalpy compensation
(Figure 3). By comparing with classic guests for y-CD,®" such
as azobenzenes, aromatic compounds, and cage-like hydro-
carbons, it is obvious that our highly flexible compounds
populate another area in this plot, revealing drastically
enhanced enthalpy values compensated by an increased
entropic contribution. Typically, complexes with y-CD are
considered as weak, due to the highly flexible nature of the y-
CD (8 glucose units) compared to the more rigid appearance
of 3-CD (7 glucose units). This behaviour can be attributed to
two phenomena: 1) the cavity of 3-CD is more rigid and thus
reveals a higher hydrophobicity due to a closed intramolecular
hydrogen bonding network, and 2) y-CD lacks of high energy
water (due to the flexibility) typically enhancing the affinity to
smaller hosts. In 2015 Nau etal. described the highest
association constant ever determined for a y-CD inclusion
complex.B%

Inorganic borate cluster, such as [B,,Br,;,]*~, were found to
bind to y-CD with association constants of up to one million
going along with high enthalpies and a significant entropy
compensation (see the blue spots in Figure 3). The rigid
spherical shape of these inorganic compounds as well as their
high polarizabilities were identified to be the reason for these
high affinity constants. Furthermore, it was expected that the
host wraps around the [B,,Br,,]>" optimizing the dispersive
interactions.®® Our system combines a highly flexible host
and a guest with four phenyl-rotors exhibiting free motion in
aqueous media. As consequence, two flexible compounds
were expected to mutually adapt leading to an optimal fitting
(by optimisation of dispersive interactions) inside the cavity.
We believe that the chaotropic effect previously described by
Nau etal®” can be also applied to our compounds. This
means that our hydrophilic compounds are able to break
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Figure 3. Comparison of the enthalpy-entropy compensation for selected
literature known examples of y-CD complexes with the complexes inves-
tigated in this study using MTC, MTS, PTC and PTS as guests for y-CD (data
taken from Refs [29a,30a,31]). Coloured clouds are used to guide the eye
and to identify compound classes.
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hydrogen bonds in their surrounding water environment,
followed by recovery of the water structure upon complex-
ation with y-CD, which results in negative entropic values
characteristic of this effect.

The existence of 1:1 complexes of PTS, PTC, MTS and MTC
with y-CD was also confirmed by high resolution ESI-MS
showing the molecular peaks for the corresponding complexes
(Figure 4 and Figures S27-29). As example, Figure 4 shows the
corresponding mass spectrum (negative ion mode) of MTS
with y-CD, revealing the existence of the molecular ion peak
[M]*~ of the inclusion complex with a molecular mass of
601.1091 g/mol, which is in excellent agreement with the
calculated value of 601.1098 g/mol. A similar behaviour was
observed for PTS, PTC and MTC revealing in all cases the
presence of the 1:1 complexes (Figure. $S27-29).

Besides 1:1 complexes, we also observed the potential
formation of 1:2, 1:3 and 1:4 complexes with $-CD in mass
spectrometry, although these results should be regarded as
qualitative evidence (due to low resolved peaks, Figure S30-
33). This finding is in good agreement with ITC measurements,
showing a drastic deviation from N~1 (N< 1, Table S3), which
suggests stepwise encapsulation of single phenyl rotors in the
-CD cavity. This partial complexation, unable to restrict the
motion of the corresponding luminophores efficiently, ex-
plains the absence of variations in the photophysical proper-
ties (see below).

Photophysical investigation

The four compounds show very similar absorption spectra,
indicating that the position and the nature of the lateral
chains are only slightly affecting the conjugation of the
aromatic system. The major difference between the two
families of molecules is the little bathochromic shift occurring
at the lower energy band in PTS and PTC compared to the
analogous meta-substituted dyes (MTS and MTC). Upon
complexation with a- and B-CDs, the UV-Vis spectra are
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Figure 4. A) Overview HR-ESI-MS spectrum of MTS complexed by y-CD, B)
Isotopic pattern of the measured peak at 601.3599 g/mol, C) Calculated
isotope pattern of MTS complexed with y-CD.
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identical compared to the dyes alone (Figure S17 and S18),
which can suggest the lack of (or limited) complexation. In
case of y-CD, the absorption bands are slightly modified for all
compounds (Figure $16), indicating the occurrence of inter-
action between them.

The analysis of the emission reveals the most interesting
difference between the two classes of dyes. The para-
substituted PTS and PTC show negligible emissive properties
alone in solution as well as in presence of a-, - or y-CDs
(Figure 5A and 5B). In contrast, MTS and MTC show a
completely different photophysical behaviour. In absence of
cyclodextrins, the meta-substituted compounds exhibit a weak
emission band with maximum at 440 nm and 470 nm for MTS
and MTC, respectively (Figure S19 and S20). The fast lifetime
decay (t,, around 1ns for both compounds, Table S1 and
Figure S21) suggests the fluorescence as radiative mechanism.

Upon complexation, remarkable variation on the emission
of MTS and MTC were observed. The presence of a- or f3-
cyclodextrin induces only marginal changes in the emission
properties compared to the free dye, without a significant
increase in intensity. Unexpectedly, y-cyclodextrin provokes a
dramatic change with the appearance of an intense emission
band with maximum at 620 nm in both MTS and MTC, which
is visible also by naked eyes under standard UV lamp
(Figure 5C). The long mono-exponential lifetime values re-
corded in both compounds (1.22 and 1.79 us for MTS and
MTC, respectively, Figure S21 and Table ST and S2) suggest
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Figure 5. A) Emission spectra of MTC and PTC in the presence of 1
equivalent of different cyclodextrins. B) Emission spectra of MTS and PTS in
the presence of 1 equivalent of different cyclodextrins, C) Photographs of
the tetravalent anionic compounds used in this study, in the presence of
one equivalent of different cyclodextrins under UV-light irradiation
(Aex=2365 nm). [host] =[guest] =100 puM in water.
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the phosphorescent character of the orange emission and
indicates the presence of one single species, namely the 1:1
inclusion complex. The assumption about the nature of the
lower energy emission is further supported by the emission
measurements performed under argon, showing an
enhancement of intensity under anaerobic condition (Fig-
ure S22). The increased intensity observed at 620 nm after the
removal of oxygen from solution indicates that the radiative
decay occurs from the triplet state. This is in agreement with
the photophysical behaviour of other mercaptophenyl deriva-
tives reported in literature as RTP dyes.”***? However, the
literature data refer generally to dyes showing phosphores-
cence upon aggregation or embedded in rigid matrices. In
contrast, the phosphorescence observed in our systems
originates from the formation of an inclusion complex, which
induces a restriction of the intramolecular motion (RIM)
phenomenon. Besides that, it is also possible that the CD
decreases the rate of oxygen quenching due to shielding,
similar to the observed behaviour of pyrene upon encapsula-
tion in cavitands.®® However, in contrast with the pyrene, the
quenching in our system is less efficient as suggested by the
relative slightly increased emission under argon, which could
be probably associated with the large size of the guests
compared to size of the cavity. It is worth noting that the
emission spectra exhibit a residual fluorescent band at higher
energy (Figure S19 and S20), which could be attributed to the
presence of free dye in solution. Indeed, this high energy
emission band is not affected by the presence of oxygen (see
Figure S22). This is consistent with the dynamic nature of the
host-guest interaction of cyclodextrins.*”

Additionally, we carried out fluorescence titration experi-
ments by monitoring the emission band at 620 nm in relation-
ship with the enhancing concentration of the host to further
support the complexation between y-CD and MTC and MTS.
The fitting of the data leads to association constants
comparable with the values obtained by ITC (Table 1) and the
expected complexation stoichiometry (N=1,25, K,=1.6%
10°M™" for MTC and N=1.16, K,=3.83x10° M~ for MTS)
(Figure S56).

Although we were able to proof the existence of inclusion
complexes with high association constants of all four guests
with y-CD, the different behaviour of the meta- and para-
substituted tetramers in regard to their dissimilar emission
behaviour needs further analyses, since a simple complexation
and strong association seems not to be the only parameter
affecting the emission properties. It is worth to note that this
effect has not been observed before, or has been overseen,
making the understanding of change on the emission
behaviour pivotal.

To gain a deeper understanding, and since growing of
single crystals failed, we decided to use advanced NMR
techniques and molecular modelling to shine more light on
the complexation and the influence of conformation of the
guest compounds inside the CD cavity.

Chem. Eur. J. 2022, 28, €202201081 (5 of 11)

NMR measurements and molecular dynamics simulations

Despite some attempts, single crystals of the four complexes
are not available; therefore, other methods for structural
insights needed to be applied. Here, NMR is the obvious
choice as numerous studies on cyclodextrin complexes have
shown ¥

As a first step, we performed 'HNMR titrations with
varying host/guest ratio as exemplary shown in Figure 6 for
the PTS/y-CD complex (Figure S34a—c). The 'H resonances of
PTS are well resolved from those of the y-CD allowing the
separate observation of intensities and shifts in the course of
the titration. Having the high association constants deter-
mined by ITC measurements in mind, we were not surprised
to see two signal sets for the guest molecules corresponding
to the complexed PTS and to the non-complexed molecules,
respectively. While their relative intensities follow the stoichi-
ometry within the error limits, the chemical shifts characteriz-
ing the two states remain constant indicating the lack of
exchange on the NMR time scale. In equimolar solutions, we
expect to observe solely complexed molecules as illustrated in
Figure 7 Obviously, the complexation leads to a loss of
symmetry and, in consequence, to a doubling of the
respective 'H resonances. Two arrangements appear to be

CD:PTS

LL n 100:0

w’{.ﬁig\ 80:20
o wu/l. L n 60:40
il LJJ L 55:45
I JJM‘ s 50:50
M I 4555
il S 40:60
L.l l qdk_J ] 20:80
| D), o

T T T T T T 1
75 7.0 6.5 6.0 55 50 45 40 35 30 25 20 15 1.0 ppm

Figure 6. 'H NMR titration for aqueous solutions of y-CD complexes with PTS
as guest.
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Figure 7. 'H NMR spectra (aromatic region) of the free guest molecules and
their 1:1 complexes with y-CD.

possible: (A) the central phenyl ring of the guest molecule is
centred inside the cyclodextrin cavity with the substituents
pointing to the primary and secondary rim or (B) one part of
the guest molecules is located within the cavity while the
other part remains more or less outside. In both cases, the
observation of two signal sets indicates either a static sym-
metrical arrangement or - more likely — to a fast rearrange-
ment around this equilibrium state. Moreover, it is clear that
the complexation appears in a symmetry-conserving way, that
is, we can rule out that only one of the four phenylcarbox-
ylate/phenylsulfonate moieties is located inside the cyclo-
dextrin cavity.

Comparing the 'H resonances of the free guest molecule
with those of the complexed ones, we noticed shifts of the
signals high - and downfield as well, thus 'H COSY experi-
ments (Figure S34d) were performed to assign the now differ-
ent aromatic rings. The data are summarized in Table 2.

In most NMR studies on cyclodextrin complexes, the 'H
chemical shift of the CD protons are detected and used as a

Table 2. 'H chemical shifts of the guest protons after complexation with y-
CD. The chemical shifts of the free guest molecules are summarized in the
Supporting Information. Ring 1 denotes the two phenyl rings of the
phenylcarboxylate/phenylsulfonate moiety inside the CD cavity, ring 2 the
rings outside.

PTC PTS MTC MTS

ring 1 713 (d) 6.94 (d) 7.30 (t) 6.93 (s) 7.30 (t) 7.01 (d)
(inside) 7.00 (d) 7.01 (d) 6.85 (d) 6.36 (d) 6.91 (s) 6.35 (d)
'H shifts

(ppm)

ring 2 6.99(d) 7.04(d) 7.41(t)6.93 (d) 7.42 (t) 7.04 (d)
(outside) 6.86 (d) 7.11 (d) 6.88 (s) 6.53 (d) 6.83 (s) 6.57 (d)
'H shifts

(ppm)
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proof for complexation and as key for structural
interpretations.”®*! At lower complexation constants, a con-
tinuous shift of these signals is observed, and the maximal
shift is either found experimentally or determined by fitting
the respective titration curves. In our case, such an approach
did not work: starting with a 40:60 ratio of guest and CD, the
positions of the — at least partially — overlapping resonances
remain almost constant making it impossible to follow the 'H
shifts of CD and to determine the maximum shift on the
conventional way. However, the 'HNMR shift of the CD
protons depends on the guest molecule (see Figure S38)
resulting in specific spectral patterns due to differing complex
structures.

Therefore, we performed a 'H-"C HSQC experiment at
each titration step in order to retrieve the 'H and, in addition,
the "C chemical shifts of all cyclodextrin complexes thanks to
the improved resolution. In Figure 8, an overlay of two such
spectra for PTS is shown as example.

As expected, we observe shifts of the cyclodextrin signals
to lower frequencies up to 0.3 ppm in the 'H dimension, while
the "C chemical shifts were significantly less affected. The
common interpretation of this finding is that the proximity of
the cyclodextrin protons to the aromatic parts of the guest
molecules results in a stronger shielding and leads to the
respective chemical shift changes. Obviously, the six protons
are influenced to a different degree by this effect. The most
prominent shift occurs for H3 and, somewhat surprisingly, for
one of the H6 methylene protons (denoted with H6b). More
remarkably, this effect appears independent from the nature
of the four guest molecules of this study, as summarized in
Table 3.

In other words, the changes of chemical shift alone do not
provide sufficient information to distinguish possible differ-
ences in the geometry of the complexes. We therefore used 'H
NOESY and ROESY experiments to extract information about
the spatial relations between the guest molecules and the

ppm
ppm
101+
60 ) @
102
103 H6
65
104
105 T T
70 52 5.1 50 ppm
W
751 ¥
; 6a
OthH OH OH X
40 H 9
0, 501.‘0“. 0 o
80 & 4. | R
HHo'S oy v OAEF
85 T T T T

45 4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6 ppm

Figure 8. 'H-"°C HSQC NMR spectra of y-cyclodextrin (blue) and its 1:1
complex with PTS (red). Note the different shifts of the CD signals after
complexation and the splitting of the H6 resonance into two separate

signals Hé6a (3.83 ppm) and H6éb (3.67 ppm).
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Table 3. Maximum 'H chemical shift change (in ppm) of the y-cyclodextrin protons after complexation with y-CD.
H1 H2 H3 H4 H5 Héa Héb

CD [ppm] 5117 3.660 3.942 3.597 3.872 3.874 3.874

PTC/y-CD —0.082 —0.112 —0.302 —0.022 —0.110 —0.066 —0.237
MTC/y-CD —0.084 —0.106 —0.243 —0.024 —0.083 —0.063 —0.237

PTS/y-CD —0.066 —0.053 —0.259 —0.003 —0.067 —0.049 —0.207
MTS/y-CD —0.094 —0.075 —0.305 —0.028 —-0.118 —0.074 —0.250

cyclodextrin. The nuclear Overhauser effect — strongly depend-
ent on the dipolar interaction between protons in close
proximity — should result in significant cross peaks in the
respective two-dimensional spectra or to measurable intensity
changes in the one-dimensional version of such experiments.

These experiments have been carried out on equimolar
solutions (CD:guest=50:50) with different mixing times
ranging from 50 to 400 ms. Figure 9 reports a ROESY spectrum
of the PTS-cyclodextrin complex. As expected, we observe off-
diagonal peaks as a sign of dipolar interaction within the
cyclodextrin and the sulfonate moiety of the guest. More
interestingly, we detect a number of cross-peaks between the
phenyl ring signals of the guest molecule and the CD -
resonances as shown in Figure S34g. Noteworthy, the inten-
sities and the position of the cross peaks differ from one guest
proton to the other. This means that interpreting this result as
a measure of the dipolar interactions and thus as a measure of
the distances between the protons within the complex is a
useful tool for better understanding the structure of the
complexes.

By analysing Figure 9 in detail (see Figure S34g), we see
that the guest resonances assigned to ring 2 show a much
smaller Overhauser effect as those of ring 1, in particular to
the protons H3 and H5 (3.68 and 3.80 ppm, respectively) inside

N

ppm
~1.0
F2.0
L] [ ] I
J . F3.0
;qJ 4 g o
= oh L
~4.0
—== M » » t
| [
| ' »
“ 5.0
}6.0
= i u F7.0
‘ T T T T T T
7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure 9. 'H ROESY spectrum for a equimolar aqueous solution of y-CD with
PTS.
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the CD cavity. This finding rather supports arrangement B
(discussed above) where ring 2 is located outside the cavity
whereas ring 1 is the moiety inside the cyclodextrin establish-
ing close 'H—'H contacts. Furthermore, one proton each from
ring 1 and ring 2 is in close proximity to a methylene group of
the sulfonate unit, which allows the assignment of the
complexation-shifted signals to the specific hydrogens on the
aromatic ring of the guest.

Remarkably, we find additional correlations within the
signals of the guest molecule (shown in Figure S34 h). Beside
the expected negative cross-peaks due to dipolar interactions
within one ring, we observe positive correlation peaks
between resonances of ring1 and 2. Moreover, these
correlations are detected between protons assigned to the
same position on the phenyl ring: we find cross-peaks at 7.11/
7.01 ppm as well as at 7.01/6.94 ppm. In ROESY experiments,
correlation peaks due to the nuclear Overhauser effect always
appear with reversed phase compared to the diagonal signals
- the cross peaks observed here point to an exchange
phenomenon. On the timescale of the ROESY mixing time (up
to 400 ms), we watch the motion of the guest molecule within
the cavity. Two processes come to mind: a) a shift of the guest
molecule along the longitudinal cavity axis or b) the slow
association and dissociation of the molecule including a site
exchange of ring 1 and 2.

Further insight into the complex structure was expected
by comparing the findings discussed above with the results
for the respective meta-substituted phenylsulfonate guest
(MTS) (Figure 10, 11 and Figure S35a-f). The maximal chemical
shift differences of the CD protons induced by complexation
with MTS differ by less than 0.06 ppm from those of PTS (see
Table 3), indicating a quite similar arrangement of the guest
molecule. Using the COSY and ROESY spectra of the complex
we could assign all signals to the respective phenyl ring.

Similarly to the complex discussed above, the ROESY
spectra of the CD-MTS (1:1) complex show in-phase and out-
of-phase correlation peaks. Correlation peaks due to chemical
exchange appear between resonances assigned to identical
positions on ring 1 (inside) and ring 2 (outside): the triplets at
7.30/7.42 ppm, the doublets at 7.01/7.04 ppm and 6.35/
6.57 ppm as well as the singlets at 6.91/6.83 ppm. As in the
case of PTS, these spectra strongly point to a slow site
exchange in the time range of milliseconds.

Due to the inequivalence of the phenyl protons in MTS,
the ROESY spectra were expected to provide more constraints
for the placement of the guest molecule within the cavity. For
this purpose, we analysed the relevant spectral range
displayed in Figure 11.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Research Article Europe v
doi.org/10.1002/chem.202201081 Socienes puiehing

Chemistry—A European Journal

r signal would be a key information. Unfortunately, the overlap
M }l w ﬂ ‘ | with the resonance of H6a hampers a clear identification of
J\M,JULMJJ L\JL“‘JN M opm the NOE peaks from protons of ring 1 and ring 2. Furthermore,
we notice two correlation peaks between ring 1 singlet and
triplet signal and the resonance of H2 and/or H4 having a

] ‘ ; 64 quite similar chemical shift. Although some of the results are

' subject to uncertainty, ring 1 can be placed inside the cavity

6.6 and short distances to the “inner” protons of the cyclodextrin
(H3, H5) can be assumed.

o " 05 6.8 The same approach of spectral analysis and peak assign-
_ M o ) ment has been applied to the complexes with the guests PTC
%:? 0 " (@w@ 70 and MTC, and the results are qualitatively the same. (See

Supporting Information, Figure S36a-f and S37a-f).
} 0o [72 As extensively shown, NMR provided a number of valuable
= e& " W " o information about structure and dynamics of the complexes.
j e L4 Nevertheless, the picture we have so far remains rather
B m " b b ' qualitative, but the key information - namely, two substituents
I \‘ | | | | | L6 residing inside the cyclodextrin cavity — was the starting point
7.6 7.4 7.2 7.0 6.8 6.6 6.4 ppm for in silico investigations. Interestingly, Monte Carlo simula-
tions and docking experiments resulted in complexes where
Figure 10. Expansion of the 'H ROESY spectrum for a equimolar aqueous only one of the four arms is located inside the cavity in

solution of y-CD with MTS with intense correlations (black) between ring 1

and ring 2 protons and NOE peaks of comparably low intensity (red). contrast to our experimental data. We therefore placed the

guest molecules manually into the cavity, calculated the
binding free energy using MM-GBSA®® (molecular mechanics
generalized Born surface area) and used the resulting
structures as starting points for molecular dynamics (MD)
simulations. However, if two of the aromatic arms at the
central ring are located into the cyclodextrin cavity, these can
either be arranged as 1,2-, 1,3- or 1,4-substituents relative to
each other (Figure 12). Since we have no experimental
. evidence that one of the conformations is preferred, com-
} plexes with all three possible conformers were considered.
g We find that the 1,2 conformations of the four molecules
’#‘? ' have significantly lower affinities than the 1,3-conformations
i

(~10 kcal/mol); the calculated values are numerically between
oy o Lao those of the 1,4-conformations of MTC and PTS in MM-GBSA
b calculations (Figure S40-5S42). The nitrile groups on the central

4.2

RS SR

RS, SR :
NC CN RS N SR
T T T T T 4.4 1 RS 1 3'sSR

2
7.4 7.2 7.0 6.8 6.6 ppm RS SR

CN
1
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Figure 11. Expansion of the 'H ROESY spectrum for a equimolar aqueous \. \ /

solution of y-CD with MTS illustrating the NOE between ring 1 and 2 protons
as well as methylene protons (4.2 ppm) and cyclodextrin protons.

N

w0

SR

A strong NOE between the methylene protons and the

o o
doublet and singlet signals of both ring protons (7.01/
7.04 ppm, 6.91/6.83 ppm) appears evident. The proton at .
3.75 ppm assigned to the H5 of cyclodextrin shows distinct

correlations to singlet at 6.91 ppm and the doublet signal at
Figure 12. Potential binding modes of the guest compounds with y-CD

6.35 ppm’ WhICh. are bf)th S|gnals .frorr? protons of ring 1. The featuring two phenyl residues inside (red) and two outside (black) the cavity.
correlations to ring 2 signals are significantly weaker. In order  The three binding modes are named 1,2, 1,3 and 1,4 indicating the
to locate ring 1 inside the cavity, the correlation to the H3  complexed phenyl-rings.
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aromatic ring act like an anchor or lid, preventing the entrance
of this central element into the cyclodextrin cavity. This can
also be seen in MD simulations,®” where the distance of this
central aromatic ring to the centre of y-cyclodextrin remains at
3-5 A. (Figure S44, S47, S50, S53). Only the MTS molecule in
this particular conformation adopts a position that brings the
central ring closer than 2A to the cyclodextrin ring. In
addition, cyclodextrin must adopt a more elliptical cross
section to accommodate the guest in this manner. This
binding mode only lasts tens of nanoseconds from 400 ns
simulation time onwards.

The 1,3-conformations of the four molecules have the
highest affinities in the calculation of the binding energies by
the MM-GBSA method (Figure S41). In this binding mode the
substituents left and right of the nitrile enter the cavity
(Figure 13). This is the only conformation, where the nitrile
together with the central aromatic ring can enter the cyclo-
dextrin cavity. This is reflected in the Van der Waals (VdW)
contribution to the binding energy (Figure S43). In all other
conformations, the nitriles are located outside the cavity like
an anchor. In the MD simulations, these complexes show a
surprisingly high flexibility. The central ring can be accommo-
dated almost in the centre of the cyclodextrin cavity (1 A) and
it is tilted upward for this purpose, which is reflected in a large
angle towards the cyclodextrin ring (Figure S45, S48, S51, S54).

All four molecules are able to establish a close binding
within the cavity, but - in accordance to the ROESY experi-
ments — show also a strong tendency to move the central ring
to the outside of the cyclodextrin cavity (which is reflected by
an increase in the distance between the rings as well as a
decrease in the angle between them). In fact, the latter one
appears to be the energetically favoured binding mode. Our
original hypothesis was that a distinct conformation would
discriminate between the luminescent meta- and the non-

MTS / y-CD PTS / y-CD

B)

Figure 13. Representative conformations from molecular dynamics simula-
tions of A) MTS and B) PTS as a 1:1 complex with y-CD.
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luminescent para-molecules. However, this does not appear to
be the case. All molecules can accommodate both conforma-
tions. But the meta-derivatives reside over extended timespans
in a state, where the central ring is outside the cyclodextrin
ring. This is most prominent for the MTC molecule, which after
an initial phase inside the cavity only binds the y-CD ring
outside the cyclodextrin ring. In the case of MTS, a rather fast
alternation between the two types of binding is observed. The
other two molecules (PTS and PTC) were observed only to
short periods of the simulation time binding their central ring
to end of the cyclodextrin conus. Therefore, the complexation
does not appear to be as rigid or static as one would imagine,
but rather defined by a period when the molecule is rigid (i.e.,
stable angle of the central ring relative to the cyclodextrin as
well as a stable angle of the phenyl substituents relative to
each other). The distinction from the para-substituted mole-
cules PTC and PTS seems to be the stabilization of this binding
mode, which could be caused by the possible electrostatic
interactions of the charged groups. These are closer together
in the meta-variants than in the para-molecules.

Analogous to the complexes with the 1,2-conformation,
the 1,4 conformation of the molecules have lower affinities
than the 1,3-conformations (1-15 kcal/mol; Figure S42). Again,
the nitrile groups on the central aromatic ring act like an
anchor, preventing the entrance of this central element into
the cyclodextrin cavity. This can be seen by longer distances
between this central aromatic ring and the centre of y-
cyclodextrin (3-6 A; Figure 546, 549, S52, S55).

Conclusion

We reported the first examples of water soluble RTP com-
pounds involving y-CD host-guest systems. The calorimetric
data show an outstanding association constant for organic
dyes (K, values from 1.52x10° M™" to 5.13x 10> M™"), compara-
ble only with strongly binding compounds, such as organic
nanodiamonds® and inorganic borate clusters.”” The cage
formation investigated by NMR and theoretical simulation
reduces the rotational and vibrational quenching modes, and
it is able to protect the aromatic guest from interaction with
oxygen, similar to the behaviour of naphthalene in $-CD,*®
resulting in a “switch on” of the phosphorescence emission.
However, this effect is strictly connected with regioisomeric
configuration of the dyes, emphasizing the pivotal role of the
molecular design to realize new water-soluble RTP systems.
Indeed, the host-guest complexes with para-substituents are
showing higher binding constants (4.99 and 5.13x10° M~' for
PTS and PTC, respectively) but no “RTP switch on” behaviour,
whereas the meta-substituted dyes have slightly lower K,
values (1.53 and 1.52x10° M~ for MTS and MTC, respectively)
and RTP character. The reported innovative metal-free RTP
systems in aqueous solution open novel scenarios for
application in bioimaging, optical sensors and many other
fields, by means of their possible use as indicators in displace-
ment assays. Besides that, the finding that a high association
constant does not necessarily lead to an emission “on”
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behaviour, is a very important lesson learned and will have an
impact on upcoming studies, involving the design and
application of RTP active biomedical ligands.
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