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The ability to mediate the kinetic properties and dissociation activation energies (E,) of bound guests by
controlling the characteristics of “supramolecular lids” in host—guest molecular systems is essential for
both their design and performance. While the synthesis of such systems is well advanced, the
experimental quantification of their kinetic parameters, particularly in systems experiencing fast
association and dissociation dynamics, has been very difficult or impossible with the established methods
at hand. Here, we demonstrate the utility of the NMR-based guest exchange saturation transfer (GEST)
approach for quantifying the dissociation exchange rates (kout) and activation energy (E,out) in host—
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Introduction

For many supramolecular host-guest systems, elucidating their
kinetic characteristics is critical for thoroughly understanding
their performance and further improving their design as
synthetic channels,' receptors,” transporters,®> drug carriers,*
catalysts,® stimuli-responsive materials®” and more. Controlling
the kinetic properties in such systems can be obtained through
an external stimulus that changes the system's activation energy
(E,) so as to yield an “open” or “closed” state of the host and,
thus, govern the exchange dynamics of the bound guest.
Considerable advances have been made in the design of such
switchable open/closed molecular hosts and their response to
a variety of external stimuli, such as pH,? light,” heat," redox"*
and more. However, a robust and accessible tool for studying
their effect on the dissociation activation energy E, (E,out) in
a quantitative manner, which is crucial for the further devel-
opment and improved performance of such systems, has yet to
be offered. Indeed, well-established classical methods, such as
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properties and to design novel switchable host—guest assemblies.

stopped-flow experiments,’*> UV-Vis measurements® and
exchange spectroscopy (EXSY)-NMR,** are useful for character-
izing slow dynamic processes. Nevertheless, these analytical
tools are less favourable when it comes to supramolecular
complexes with fast exchange dynamics, including the evalua-
tion of such systems' E, values.

Applying the chemical exchange saturation transfer (CEST)
NMR method to the study of host-guest systems using
a hyperpolarized "*°Xe gas guest'® has opened new opportuni-
ties for quantifying exchange dynamics in supramolecular
assemblies. Indeed, hyperCEST was applied to a wide array of
molecular hosts, such as cryptophanes,'®"” cucurbit[n]urils
(CBn),**?° pillar[n]arenes® and paramagnetic-capsules,>
demonstrating its applicability to a range of exchange regimes
that are dependent on the host properties.> The combination of
CEST and 'F-NMR*? and its extension to host-guest
systems>*>% have expanded the arsenal of molecular guests that
are suitable for CEST-based studies beyond that of '*°Xe. This
approach, termed guest exchange saturation transfer (GEST),*
allows - as we introduce herein - now also the use of conven-
tional NMR-setups to quantitatively study host-guest dissocia-
tion rates (kout) and E, oue. In fact, most host-guest systems that
we are aware of display such low activation energies (and thus
very fast complex formation and dissociation rate constants)
that their study is simply infeasible by the available methods. In
several cases, direct binding assays can be used in combination
with stopped-flow experiments,**** particularly, when a chro-
mophoric or emissive guest considerably alters their
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spectroscopic properties upon binding to the host. However,
often in these cases a too fast complex formation is observed
which is completed within the mixing time (“dead time”) of the
technique. Thus, alternative methods for quantifying kinetic
parameters applicable to the study of fast equilibrating host-
guest systems are still in need.

We demonstrate here how the GEST-NMR method can be
used to quantify relatively fast ko, values, which makes it
complementary to other tools,*>*® including those based on
NMR (i.e., EXSY),”” which are better suited for studying slow
exchange rates. By exploring the relationship between k,, rates
and the applied temperature, we demonstrate GEST's use as an
analytical method for the study of E, o in host-guest systems.

Specifically, we show that GEST-NMR can be used to quan-
titatively elucidate E, o, values of fluorinated guests (G) from
cucurbit[7]uril (CB7). The CB7 **! molecular host has a broad
range of applications through host-guest inclusion complex
formation,”™® but also shows an unprecedented affinity to
cations through ion-dipole interactions forming “supramolec-
ular-lids”*~** that mediate both thermodynamic® and kinetic
properties®-**** of CB7:G systems. Herein, we demonstrate the
capability of GEST-NMR to quantify the effect of cationic-CB7
“lids” on the E,q. values of fast-exchanging guests, thus
establishing it as an accessible analytical tool for future kinetic
studies in supramolecular systems.

Results and discussion

In the here presented study, we characterized the following
three host-guest systems regarding their k,,, values by GEST-
NMR: CB7 as host with halothane (G1), 5-fluorotryptophan
(G2), and fluroxene (G3) as guests (Fig. 1). As a first step, we
acquired '"’F-NMR spectra for each system to classify them
roughly as either slow or fast exchanging on the NMR timescale
(Fig. 2a and S17). While CB7:G1 clearly exhibited the typical
additional peak of a bound guest (upfield shifted to that of free
G1), the spectra of CB7:G2 and CB7:G3 featured only a single
peak, assigned to the non-bound guest. The clear, sharp,
distinct peaks in the CB7:G1 spectrum are typical for a relatively
slow exchange regime on the NMR timescale. However, faster
exchange processes, as in the cases of CB7:G2 and CB7:G3
(Fig. 2a), lead to NMR-line broadening and peak coalescence,

CB[7]

Fig. 1 Dynamic CB7:guest systems. (a) Schematic representation of
the studied dynamic process. (b) Chemical structures of CB7 and
guests G1-G3.
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which prevent one from distinguishing between free and bound
guests in the '’F-NMR spectra.

To further elaborate on this observation, GEST experiments
were carried out on solutions containing the studied CB7:G
systems. When performing GEST-NMR experiments of a CB7:G1
complex at room temperature (298 K), a well-defined saturation
transfer effect was observed at the frequency of the bound peak
(Fig. 2a, left). Interestingly, in the equivalent GEST-NMR
experiment of CB7:G2, we found a clear GEST effect (Fig. 2b,
middle), marked by the lack of the characteristic CB7:G2 peak
in the "F-NMR spectrum (Fig. 2a, middle). In the CB7:G3
solution at 298 K, there was no observable asymmetry in the
GEST-spectrum (Fig. 2b, right). Nonetheless, the isothermal
titration calorimetry (ITC) experiments indicated the formation
of CB7:G3 with an association constant K, of 7 x 10* M *
(Fig. S2t), which indicates a system with fast exchange kinetics
that is accompanied by symmetric GEST spectrum (Fig. 2b,
right).

In order to quantify the guest dissociation rates of each of
the CB7:G systems, we set up a series of GEST experiments with
varied pre-saturation pulses (B;, Fig. 2c). Fitting the experi-
mental data to the Bloch-McConnell equations® allowed us to
quantitatively evaluate the ko of the studied CB7:G systems. As
expected, CB7:G1 (Fig. 2, left) exhibited relatively slow dissoci-
ation kinetics, with koue = 15 & 1 s~ %; this ko, value fits in the
slow exchange rate regime on the NMR timescale, with a &y, <
Aw for a Aw of 1.3 ppm (equal to 490 Hz at 9.4 T NMR) offset
between free and bound G1 in the "’F-NMR spectrum. Note that
such a slow k,,: value could also be quantified with the estab-
lished EXSY-NMR method,*® which, as noted above, is not
applicable to host-guest systems with faster dissociation rates
where two distinct NMR peaks are not detected (as shown for G2
and G3 in Fig. 2). Ideally suited for the study of faster exchange
regimes,”” GEST-NMR was used to quantify the k., of CB7:G2,
found to be 2000 + 100 s™' (for Aw of ~1200 Hz; Fig. 2c,
middle). Nevertheless, we were unable to determine the
exchange rate by which G3 is excluded from its CB7:G3 complex
(kout >4000 s, 298 K, Fig. 2c, right), as a very broad z-spectrum
was obtained (Fig. 2b, right). Thus, we can use GEST-NMR to
differentiate between the kinetic regimes of each of the above-
mentioned host-guest systems — CB7:G1, CB7:G2 and CB7:G3,
representing slow-, intermediate-, and fast-exchange processes
on the NMR timescale at room temperature (298 K),
respectively.

For the elucidation of the binding mechanism, and thus for
obtaining deeper insights into non-covalent interactions and
supramolecular principles, the knowledge of the activation
energies is of utmost benefit.

Having identified two CB7:G systems that experience
intermediate-to-fast ko, rates (>2000 s~ '), we turned to evaluate
the capability of GEST-NMR to determine the E, .. To this end,
the ko values for both CB7:G2 and CB7:G3 were determined at
a series of temperatures and then correlated to the inverse
temperature using the Arrhenius equation (eqn (1)):

In(kow) = % (%) +1In(4) (1)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 '9F-NMR and GEST-NMR of the CBI7:G systems. (a) °F-NMR spectra and (b) z-spectra of the GEST experiments performed for each
CB7:G system in 5 mM phosphate buffer solution (pH = 7). (c) Multi-B; GEST NMR experiments acquired for each of the CB7:G solutions with
molar ratios of 1: 20 for CB7:G1, 1: 25 for CB7:G2 and 1: 500 for CB7:G3. Circles represent GEST-NMR experimental data, and solid lines,
computational fitting to the Bloch—McConnell equations. The °F-NMR spectra in (a) were obtained from solutions of 1 : 10 CB7:G ratio.

The linear relationship between In(k,y) and T~* in eqn (1)
can be used to evaluate E, ., values even for host-guest systems
that experience fast exchange (ko >> Aw) at a given tempera-
ture (e.g., for CB7:G3 at 298 K, Fig. 2b, right). This can be ach-
ieved by simply performing a series of GEST experiments at
lower temperatures where the condition k... = Aw is fulfilled.
Therefore, we conducted GEST-NMR experiments of CB7 with
either G2 or G3 in a phosphate buffer solution (5 mM sodium
phosphate, pH = 7) at different temperatures (Fig. 3a, b, S6 and
S7t), from which different ko, values were extracted and plotted
as a function of 7~ (Fig. 3c). The obtained linear relationships
allowed the estimation of the dissociation E, values (eqn (1))
from the slope of these plots.

Our findings clearly demonstrate that the E, o, value of
CB7:G2 (53 £ 1 k] mol™") is much higher than that of CB7:G3
(Eaout = 32 £ 1 k] mol "), which is in good correlation with the
observed differences in the extracted &, values. In comparison,
dissociation activation energies of the fluorescent guest
berberine and other fluorescent alkaloids are much larger, i.e.
Eaout > 65 £ 1K] mol ™~ *,°® as was determined by direct binding
assays. Neither faster equilibrating guests for CB7 with lower
E, oue barriers nor non-chromophoric guests can be investigated
by established stopped-flow-coupled direct binding assays.
Indeed, we thoroughly attempted to obtain the binding kinetics
and activation energies for the CB7:G3 complex by fluorescent-
based stopped-flow measurements at a range of different
temperatures, pH and salt concentrations. However, in all cases
the low emission signal change upon binding and the very fast
guest inclusion kinetics prevented the extraction of any

© 2021 The Author(s). Published by the Royal Society of Chemistry

meaningful data with this established protocol. Likewise, even
with the newly introduced kinetic versions of the indicator- and
guest-displacement assays (kinGDA and kinIDA) that are appli-
cable also to non-chromophoric guest,* we did not succeed in
fitting reliable rate constants for these fast equilibrating guests
(Fig. S3-S57).
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Fig. 3 Dissociation activation energies in CB7:G systems. The disso-
ciation exchange rates (kout s7Y, calculated from GEST-NMR at
a series of temperatures, of (a) CB7:G2 and (b) CB7:G3 in 5 mM
phosphate buffer. (c) Arrhenius plots of In(kou) as a function of the
inverse temperature for CB7:G2 and CB7:G3. (d) The calculated E, out
values for each CB7:G system. CB7:G solutions with molar ratios of
1:50 for CB7:G2 and 1: 100 for CB7:G3 were used.
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These results show that by applying GEST-NMR on supra-
molecular systems with fast exchange dynamic, one can directly
quantify E, ., values, providing for the first time access to
activation energies of host-guest systems with fast formation
and dissociation kinetics. It is important to mention, that CEST-
based approaches are less suited for systems with a slow
exchange dynamic. In this regard, the slow k. of G1 at 298 K
and its relatively low boiling temperature prevented us from
performing GEST at higher temperatures to obtain faster ko
and thus did not allow to accurately evaluating the E, o, value of
CB7:G1.

To investigate GEST-NMR's applicability to systems where
the E,ou is mediated also by external factors, we utilized the
“supramolecular-lidding” capabilities of monovalent cations
known to increase the binding affinities of guests to CBn in
systems with very slow k,,,; characteristics.*"**%%%! As a first step,
we used GEST-NMR to determine and quantify the effect of
different monovalent cations on the k. of the studied CB7:G3
system (Fig. 4). In contrast to the very fast ko, of G3 from its
CB7:G3 complex and no asymmetry in the z-spectrum in
phosphate buffer solution (Fig. 2b right, 298 K), an increase in
the salt concentration resulted in a significant observable
asymmetry of the z-spectrum plot. Altering the added cation
(i.e., 140 mM of Li", Na", K, Rb', Cs" or NH,") resulted in
different z-spectrum profiles (Fig. 4a-c and S8%), indicating
different ko, values (Fig. 4d). Specifically, fitting of the experi-
mental GEST data revealed that the fastest dissociation rate
constant occurred in the presence of Li* (koue = 2800 + 300 57,
at 298 K), and the slowest one, in the presence of Na* (ko =
1300 + 100 s, at 298 K), with an intermediate ko, value in the
presence of Rb" (kou: = 2000 4 150 s ', at 298 K). The repro-
ducibility of this observation was examined and the difference
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Fig.4 The effect of cations on fast dissociation exchange rates. Multi-
B; GEST NMR experiments of CB7:G3 performed at 298 K in 5 mM
phosphate buffer under the addition of 140 mM (a) LiCl, (b) NaCl or (c)
RbCl. Circles represent GEST-NMR experimental data; solid lines
represent fitting curves received by fitting with the Bloch—McConnell
equations. (d) koy: values of CB7:G3 in the presence of various
monovalent cations. CB7:G3 solutions at 1 : 500 ratio were prepared in
5 mM phosphate buffer (pH = 7) under the addition of 140 mM of MCl
(M = Li*, Na*, K*, Rb*, Cs*, NH, ).
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between the evaluated k., values was found to be statistically
significant (Fig. S9t). Note here, that this effect and the ob-
tained dissociation rates were not affected by changes in the pH
(Fig. S107), with similar k. values extracted for the same Na*
containing solution but with a variety of pH values, i.e., pH = 3
(1100 £ 80 s~ %), pH = 5 (1300 £ 80 s~ '), and pH = 7.2 (1300 £
100 s~ '). This observation indicates that the dissociation
process of the guest from the CB7 cavity is governed primarily
by the cation content in the system. To validate that the ob-
tained exchange process is indeed between bound (CB7:G3) and
free G3 in solution, a guest that strongly binds to CB7 (i.e., 1-
aminoadamantane) was used as a competitor (Fig. S11t). The
preferable binding of 1-aminoadamantane to CB7 completely
eliminates the GEST effect, confirming that the observed
exchange dynamics depend on the availability of the CB7 cavity
to accommodate G3. After determining various cation effects on
the ko, rates in the fast exchanging system CB7:G3 (Fig. 4), we
turned to study their effect on the E, o, values.

To this end, we performed GEST-NMR experiments at
different temperatures (Fig. 5a and S121) on CB7:G3 in 5 mM
phosphate buffer solution to which LiCl (fast exchange, Fig. 4a),
RDbCI (intermediate exchange, Fig. 4c) or NaCl (slow exchange,
Fig. 4b) was added. The obtained E, o values (evaluated from
the slopes of the linear plots in Fig. 5b) are shown in Fig. 5¢c. We
found that the E, ., value, which was found to be 32 =+
1 kJ mol " in the absence of cations (Fig. 3d), increased in the
presence of Li*, Rb" and Na‘ to 34 + 2, 37 + 5 and 42 +
3 kJ mol*, respectively (Fig. 5¢). This observed dependency of
the dissociation activation energy for guest exclusion on the

(a) 1 o 1
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288K 288K 288K
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Fig. 5 Dissociation rate as a function of monovalent cations. Disso-
ciation activation energy as a function of monovalent cations. (a)
Experimental z-spectra of GEST experiments performed at different
temperatures (278 K and 288 K) for CB7:G3 in a 5 mM phosphate buffer
solution to which 140 mM LiCl (left), 140 mM RbCl (middle), or 140 mM
NaCl (right) was added; (b) Plots of In(koyt) as function of the inverse
temperature for CB7:G3 (1:500 ratio) in 5 mM phosphate buffer
solution in the presence or absence of 140 mM LiCl, RbCl or NaCl. (c)
Evaluation of the dissociation E, values from the slopes of the plots
shown in (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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cationic content manifests its role in mediating the dissociation
process even in systems with fast exchange kinetics. By
combining E, o values with the enthalpy change of the reaction
(extracted from the ITC data for each system, Fig. S137), the
association activation energy (E,;,) values were accessible.
Furthermore, assuming a one-step reaction, we used the
correlation of the Eyring equation to calculate the dissociation
activation free energy (AGgut) as summarized in Table 1.

To confirm the formation of supramolecular CB7 “capsules”
with M"-CB7:G3-M" and to assure that M"-CB7 capping indeed
occurred and mediated the obtained E, o, values, 1D-NMR ("Li-
NMR, **Na-NMR and ®’Rb-NMR) and “Li- and **Na-diffusion
NMR experiments were performed.®>* This entailed the direct
measurement of the NMR-characteristics of the cations (Li*, Na*
or Rb") in aqueous solutions of LiCl, NaCl and RbCI with and
without CB7. From the obtained 1D “Li-NMR, >*Na-NMR and
87Rb-NMR spectra, it is evident that CB7 has no effect on the
chemical shift of “Li" (Fig. 6a, left), which is in contrast to the
pronounced effect on the chemical shift of **Na* (Fig. 6a,
middle) and *Rb" (Fig. 6a, right).

These observations indicate a stronger interaction of CB7 with
the Rb* and Na' cations as compared to that with the Li" cations
and correlate with previous studies showing that different cations
have different affinities to the portals of CBns.**2*104-67 Qur "Li-
and *’Na-diffusion NMR experiments are in agreement with
previous reports® and further corroborate these observation
(Fig. 6b). Notably, we found no significant change in the diffusion
coefficient of Li" upon the addition of CB7, further corroborating
that this cation does not bind to the portals of the host (Fig. 6b,
left). In contrast, we noted a significant reduction in the diffusion
coefficient of Na* upon the addition of the CB7 host, either with
or without G3 (Fig. 6b, right). The shift in the "**Cs-NMR spec-
trum (Fig. S14at) and the decrease in the diffusion coefficient of
33Cs™ in the presence of CB7 (Fig. S14bt) were similar to those
obtained for Na®. This correlates with the slowest and similar kg,
values calculated for CB7:G3 in the presence of either Na* or Cs”
(Fig. 4d). Such a reduction in Na" (or Cs", Fig. S14bt) diffusivity
confirms that these cations strongly bind to the CB7 portals and
serve as an active “lid”, in comparison to the in size smaller Li"
cation. These observed different affinities of various cations to
the host portals govern the changes in the transition energy
barrier of the host-guest complex and, therefore, mediate guest
egression kinetics.®*

Table 1 Kinetic parameters calculated for CB7:G3 dissolved in 5 mM
phosphate buffer under the addition of different cations (LiCl, RbCl,
NaCl, ¢ = 140 mM each)

CB7:G3 +Li*  CB7:G3 +Rb"  CB7:G3 +Na*
kout ['] (T =298 K) 2800 + 300 2000 =+ 150 1300 =+ 100
Eq out [KJ mol ] 3442 37+5 42 + 3
Eq in [k mol™] 154+ 2 1745 33+3
AHY . [k] mol ] 36 +2 40+ 5 45+ 3
TAS? . [k] mol '] —22 41 —20+5 —16+4
AGE,. [J mol™)* 58 4+ 1 59 + 4 60 + 3

¢ Calculated using the Eyring equation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 NMR studies of cations binding to CB7. (a) “Li-NMR, Rb-NMR
and 2°Na-NMR with (upper) and without (lower) CB7. (b) ’Li- and >*Na-
diffusion coefficients in phosphate buffer solutions containing free M*,
M*-CB7, and M*-CB7-G3. Ratios of 1: 4 CB7:M* and 1 : 2 of CB7:G3
were used with 2 mM CB7.

Conclusions

In summary, GEST-NMR was used to elucidate dissociation
activation energies in host-guest assemblies featuring fast
exchange dynamics highlighting the role of “supramolecular
lids” in mediating guests’ dissociation E,. Our results empha-
size GEST's ability to quantify exchange rates that cannot be
measured by other approaches used for the study of kinetics in
host-guest systems, in general, and in particular in CBn-guest
systems.*"**¢>7° Performing GEST-NMR at a range of tempera-
tures and plotting the quantified &, values as a function of the
(inverse) experimental temperature allowed the evaluation of
different dissociation activation energies with various kinetic
profiles. Finally, we demonstrated the role of monovalent
cations in mediating k., and the energetic barrier of guest
dissociation by their supramolecular capping features for a fast-
exchanging system. Thus, GEST can serve as an important
analytical tool in designing supramolecular systems where
controlling the E, is crucial, such as switchable molecular host
systems.>™ The fact that GEST can be applied with a conven-
tional NMR setup, which is available at any research institute,
offers new opportunities to explore dissociation dynamics and
E, in a variety of supramolecular systems and should provide
insights into less-studied mechanisms. The extension of CEST-
NMR experiments to >N- and *C- and its implementation in
other dynamic molecular systems, such as proteins,”>”*
emphasizes the potential of the proposed approach to be
further developed. Because state-of-the-art experimental
methods for determining the rate constants of host-guest
complexes were so far limited to comparably slow binding
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systems (<10 s~ '), having now a method at avail that can also be
applied to rapidly unbinding guests (>1000 s~') may open new
possibilities for shedding light on fundamental questions in
host-guest complexation kinetics. GEST can thus provide an
additional insight into binding mechanisms in host-guest
systems, as for example in the influence of guest and host
desolvation that remains hidden so far. Therefore, we envision
that using GEST-NMR for the study of binding kinetics and
dissociation E, will advance the knowledge of supramolecular
systems toward better understanding their kinetic properties
and allow their further development as functional materials.
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