Lo L

P

1\

AR AN

Squaring cooperative binding circles

Alexander B. C. Deutman?, Cyrille Monnereau?, Mohamed Moalin?, Ruud G. E. Coumans?, Nico Veling®, Michiel Coenen?,
Jan M. M. Smits?, René de Gelder?, Johannes A. A. W. Elemans?, Gianfranco Ercolani®, Roeland J. M. Nolte?’,

and Alan E. Rowan?!

alnstitute for Molecules and Materials, Radboud University Nijmegen, Toernooiveld 1, 6525ED Nijmegen, The Netherlands; and PDipartimento di Scienze e
Tecnologie Chimiche, Universita di Roma Tor Vergata, Via della Ricerca Scientifica, 00133 Rome, Italy

Edited by Julius Rebek, Jr., The Scripps Research Institute, La Jolla, CA, and approved March 14, 2009 (received for review October 10, 2008)

The cooperative binding effects of viologens and pyridines to a
synthetic bivalent porphyrin receptor are used as a model system to
study how the magnitudes of these effects relate to the experimen-
tally obtained values. The full thermodynamic and kinetic circles
concerning both activation and inhibition of the cage of the receptor
for the binding of viologens were measured and evaluated. The
results strongly emphasize the apparent character of measured bind-
ing and rate constants, in which the fractional saturation of receptors
with other guests is linearly expressed in these constants. The pre-
sented method can be used as a simple tool to better analyze and
comprehend the experimentally observed kinetics and thermody-
namics of natural and artificial cooperative systems.

kinetics | slippage | supramolecular chemistry | thermodynamics

C ooperative binding plays an important role in nature, where it
is used to construct well-defined assemblies and is used as a tool
to transfer information at the cellular level (1). The formation of the
tobacco mosaic virus (2) and the binding of oxygen to hemoglobin
(3) are 2 well-known examples of cooperative processes. Cooper-
ative binding interactions can be homotropic or heterotropic, when
the combined binding to a multivalent receptor involves the same
or different types of guests. In additions, these interactions can be
positive or negative, when the binding of a guest promotes or
obstructs the binding of a second guest (4).

One of the challenges in the field of supramolecular chemistry is
to design artificial systems that display cooperative binding effects,
not only to better understand the mechanisms involved in the
natural processes but also to prepare functional materials and
catalysts that benefit from such binding interactions. Over the years,
a large number of artificial receptors displaying positive (5-8) and
negative (9-11) homotropic and positive (12-20) and negative
(21-23) heterotropic cooperative binding phenomena have been
developed. Although in many cases the origins of the cooperative
effects could be identified, few studies have dealt in detail with the
kinetics and thermodynamics of such complicated multicomponent
receptor—guest systems. This is surprising, because unlike the
complex biological systems, the artificial receptor-guest systems
can be easily studied, and the fine details of cooperative behavior
can be uncovered. It is generally known that measured association
constants are context dependent in the sense that apparent values
that depend on, e.g., the solvent system, salt concentrations, pH,
and in the worst case impurities, are obtained (4). As a conse-
quence, the observed cooperative binding effects might often
deviate from the intrinsic ones.

To investigate how the measured cooperative binding effects as
derived from the observed experimental binding constants are
related to the intrinsic ones, we present a detailed study of the
combined binding of viologens and pyridines to the bivalent zinc
porphyrin receptor Znl (24, 25) (Scheme 1). Pyridine ligands can
activate and inhibit the binding of viologens in the cavity of Znl1 (see
Fig. 1). These compounds also affect the kinetics of pseudorotaxane
formation [slippage (26—29) experiments] between Znl and a
stopper functionalized viologen derivative. The present study aims
at providing a simple and efficient procedure for deriving cooper-
ative binding effects from experimentally obtained kinetic and
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thermodynamic data to be used as a guide in other artificial and
natural cooperative binding systems. The procedure relies on the
apparent 1:1 binding character of experimentally obtained binding
constants that can be expected under the chosen experimental
conditions. With the use of this method, complete multicomponent
binding circles can be accurately and simply derived from a series
of simple apparent 1:1 binding experiments.

Results and Discussion

Porphyrin macrocycle Znl (24) binds viologen derivatives in its
cavity with high binding constants (Kussoc = 10° to 107 M™1) in
organic solvents and can also complex pyridine derivatives to the
zinc metal in the porphyrin roof. A bulky pyridine (e.g., Al)
coordinates weakly to the outside of Zn1. Pyridine (A2) on the other
hand, binds strongly to the inside of the cavity of Zn1 as a result of
size complementarity, 77— stacking interactions, and metal-ligand
coordination (see crystal structure in Fig. 1E). In a previous article
(17), it was shown that the bulky fers-butylpyridine and methyl-
viologen (V1) display strong positive cooperative effects in their
binding to Znl. The complexation behavior of pyridines and
viologens to Zn1 can be studied easily with "TH NMR, fluorescence,
and UV-vis spectroscopy. This model system therefore is ideal to
unravel the full cooperative binding circles. We can either activate
(with a bulky pyridine) or inhibit (with pyridine) the cavity of Znl
to bind viologen derivatives (Fig. 1 4 and B). In addition, we can
study both directions of the binding circles, i.e., the effect of the
binding of pyridines on the receptor—viologen binding strength and
the effect of the binding of viologen derivatives on the receptor—
pyridine binding strength. Although Hess’s law predicts that a
cooperative effect should be equal and independent of the mea-
sured direction of such a circle, this will not be the case for the
experimentally determined (apparent) cooperative effects as will
be illustrated in the following.
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To be able to monitor the cooperative effects also on the
kinetics of complex formation, we performed studies with the
dumbbell-shaped viologen derivative V2. V2 has a di-tert-
butylphenyl moiety attached to one side that cannot be traversed
by Zn1 and a cyclohexyl moiety attached to the other side, which
can be passed over via a slippage (26-29) process. The kinetics
of this complex formation can be monitored accurately with the
help of fluorescence spectroscopy.

Ideally, one would like to determine the magnitudes of cooper-
ative effects from a single experiment in which the changing ratios
of the different receptor/guest species can be monitored, and fitting
to the full binding model would provide the association constant of
the ternary complex, the individual equilibrium constants, and the
cooperative effect. Such a method requires that all of the relevant
species of receptor (free, the 2 1:1 complexes, and the ternary
complex) can be identified and quantified spectroscopically, after
which, curve-fitting should be fairly straightforward but not neces-
sarily very accurate as a result of the determination of multiple
constants from a single fit. Unfortunately, binding systems display-
ing such spectroscopic properties are very rare. Certainly our
system does not allow the precise identification of all of the
changing ratios from a single experiment as a result of the high
association constant of Zn1 with viologens (that allows for accurate
determination only at micromolar concentrations), the fast ex-
changing zinc—pyridine interaction on the NMR time scale, and the
overlapping fluorescence and UV-vis spectra of the different
porphyrin species.

For this reason, we chose a strategy in which the consecutive
binding steps necessary to form the ternary complex were
individually evaluated. This requires binding experiments of the
1:1 complexes between the receptor and the individual guests
(Kc1 and Kg2) and a binding experiment in which the affinity of
a guest to the receptor is studied in the presence of an excess of
the other guest (S'Kgy or 92K:). By determining the 3 associ-
ation constants Kg1, Kga, and 'Kg, (all in M™1), the association
constant of the ternary complex (in M~2) and the cooperative
effect (Ce) can be identified (Kgi62 = K1°®'Kga = Kg2"%?Ka1).
Analysis of the different binding systems (Fig. 1) with the use of
this method is presented in the following.

Thermodynamic Cooperative Circles. The cooperative binding circle
involving Zn1, V1, and Al is presented in Fig. 14. "H NMR and
UV-vis titrations in 1:1 (volvol) mixtures of chloroform and
acetonitrile (deuterated solvents in the case of the NMR experi-
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ments) revealed that Al binds weakly (Ka; = 125 M™!) and
exclusively to the outside of the cage of Znl. A "H NMR titration
revealed an association constant YK, of 9.0 X 10° M~! for the
binding of Al to Znl in the presence of a slight excess of V1, which
fully occupies the cavity of Znl. The cooperative effect (Ce =
VKa/K4) therefore has a value of 72 (AAG® = —10.6 kJ/mole). The
reverse direction of the circle (i.e., the effect of the presence of Al
on the binding of V1 in Zn1) was also measured. In order be able
to accurately determine the high association constant between Znl
and V1, the titration experiments were performed at low (less than
micromolar) concentrations of Znl and monitored by fluorescence
spectroscopy. The viologen-induced quenching of the porphyrin
emission upon complex formation was monitored in the presence
of various concentrations of Al. All titration curves could be fitted
with the help of simple 1:1 binding isotherms. The titration exper-
iments clearly revealed that the observed association constant of the
complex between V1 and Zn1 (A'Ky.app) increases upon increasing
concentrations of Al (see Fig. 2) in line with the apparent character
of A1Kvy1.app- It can be easily derived that the apparent association
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Fig. 2.  Fluorescence titrations of V1 with Zn1 in the presence of various

concentrations of A1. (4) Titration of V1 to Zn1 in the presence of increasing
concentrations (from i to vi) of A1 and the fits according to 1:1 binding isotherms.
(B) Calculated association constant A'Ky1.app plotted vs. the concentration of A1
and the fit of the data points using Eqg. 1. (C) Linear relationship between of the
value of A'Ky1.app and the fractional saturation of Zn1 with A1 (yzn1.a1) according
to Eq. 3.
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constant in the presence of different concentrations of Al (MK
app) should evolve according to Eq. 1.

KVl + [Al]'KAl'AlKV]
1+[A1]'K 4,

Al —
KVlfapp -

(1]

Because the total concentration of Al ([Al],) is much larger than
the concentration of Znl, hence [Al] =~ [Al], (which also accounts
for the apparent 1:1 binding behavior), and therefore Eq. 1 can be
used to determine the actual value of A'Kv;. A fit of the experi-
mental data provided values of 41Ky, = 6.5 X 107 M~! (hence a
value of Ce = 75 because Ky = 8.6 X 10° M~ ") and Kx; = 103 M ™!
(See Fig. 2B). These data are within experimental error in accor-
dance with the values obtained for the other direction of the circle
of Ce = 72 and Ky = 125 M~L. As a result, also the association
constants of the ternary complex Kya1 (Fig. 14) are equal within
experimental error (clockwise: Kvia = 7.7 X 10° M™2, counter-
clockwise Kyia1 = 6.7 X 10° M2, a difference of <0.4 kJ/Mole in
Gibbs free binding energy). This thus demonstrates that, although
the experimentally determined cooperative effects measured by
fluorescence never revealed the full cooperative effect, the overall
system behaves according to Hess’s law and that the binding circle
is perfectly balanced as required by thermodynamics. The experi-
mentally obtained apparent association constant when titrating V1
into a mixture of Zn1 and an excess of Al depends linearly (see Eq.
3) on the fractional saturation (30) of the receptor with the second
guest (Vzn1-a1)- The fractional saturation is defined as the fraction
of the total number of receptor molecules R that are occupied by
a particular guest G (Eq. 2). This linear relation ship is clearly
expressed in Fig. 2C.

_ KglG] [RG]
YR-G = 11 K4[G] ™ [R] + [RG] 2]
AlKV1—app = Kvi {1+yzarar - (Ce — 1)}. [3]

Because pyridine (A2) coordinates strongly to the inside of the cage
of Zn1l (Kaz = 7.5 X 10* M™1), it can be expected to compete with
V1 for this binding position. On the other hand, A2 should also be
capable of binding to the outside of Znl and hence can have a
positive cooperative effect on the binding of V1 in a similar way to
Al (see Fig. 1B). Fluorescence titrations in which V1 was added to
Zn1 were performed in the presence of increasing concentrations
of A2. Also in this case, the binding isotherms could all be fitted to
1:1 binding models. The data clearly revealed that the apparent
association constant (AZKw_app) decreases in the presence of in-
creasing concentrations of A2 (See Fig. 3). Assuming the binding
scheme of Fig. 1B, the apparent association constant A?Kv;; should
evolve according to Eq. 4, in which Kaz.ou is the association
constant of the complex of A2 to the outside of Zn1 and Ka-tota the
sum of the association constants of the complexes in which A2 binds
to the inside and outside of Znl (Kaz-total = Kazin T Kaz-out)-

Kyi + [A2] - Kaz—out * “*Kvi
1+[A2] * KAZ*Total '

A2 —
KVl—app -

[4]

With the help of Eq. 5, the magnitude of Kasou*?Ky (equal to
Kyviaz = 3.8 X 10° M™2), and Kaz ot (€qual to 7.1 X 10* M)
could be calculated. Also here, the value of Kas.total iS in good
agreement with the directly measured value of this association
constant (Kazoral = 7.5 X 10* M™1). Assuming that A2 has an
association constant for the outside of the cavity of Znl that is
slightly lower than that of A1 (80 = 15 M~1!),* the data suggest a
strong positive cooperative effect (Ce = 54) for the combined

*This value is based on studies concerning the binding of A1 and A2 to a number of to
reference zinc-porphyrins revealing that A1 binds ~1.6 times stronger to zinc porphyrins
than A2 in the used solvent mixture (see Sl).
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Fig.3. Fluorescence titrations of V1 with Zn1in the presence of A2. (A) Titration
curves of V1 to Zn1 in the presence of increasing concentrations (from i to viii) of
A2 and the fits according to 1:1 binding isotherms. (B) Calculated association
constant A2Ky1.app plotted vs. the concentration of A2 and the fit of the data
points using Eq. 4. (C) Linear relationship between the value of AZK\n_app and the
fractional saturation of Zn1 with A2 (yz1.a2) according to Eq. 5.

binding of V1 and A2 to Znl. Although pyridine blocks the cavity
of Zn1 when it is bound in it, it causes a similar positive cooperative
effect as Al for the binding of V1 to Znl when it is coordinated to
the outside. Also in this competition experiment, the obtained
apparent association constant depends linearly on the fractional
saturation of Znl with A2 (yzni1-a2), according to Eq. 5, as can be
seen in Fig. 3C.

A2
KA2fout KV]

KAzftotal

A2K 1 —app = Kvi + Yzai- a2 < _KV1>- [5]

Kinetic Cooperative Circles. The cooperative effects in the combined
binding of Al and V2 to Znl were also investigated. V2, like V1,
binds strongly to the inside of the cage of Zn1 with a high association
constant (Kyv, = 4.5 X 10° M~!) and comparable complexation
geometry. A thermodynamic cooperative effect Ce = 66 was
calculated from a '"H NMR titration of A1 with the pseudorotaxane
complex of Zn1 with V2 and an association constant Kya; = 3.7 X
10" M2 for the ternary complex formation. The difference
between V1 and V2 is that in the latter case, because of the presence
of the bulky cyclohexyl substituent, the kinetics of complex forma-
tion with Zn1 via a slippage process can be monitored. Addition of
V2 to Zn1 (0.8 uM) in various concentrations led to a decrease in
porphyrin fluorescence emission in time, from which the slippage
rate constant (kon) and the equilibrium association constant (Ky»)
of complex formation could be determined (Fig. 44). To evaluate
the cooperative effects on the kinetics of the slippage process,
experiments were performed in the presence of various concen-
trations of Al (in excess compared with Znl). All of the obtained
kinetic curves could be fitted perfectly by 1:1 kinetic binding
isotherms. In the presence of increasing concentrations of Al,
which coordinates to the outside of Zn1, both the calculated values
of Akon-app and AKyo.qpp increased. The thermodynamic data
(AKv2-app) Was analyzed according to Eqgs. 1 and 3, revealing a
cooperative effect of Ce = 58 and an association constant Kyoa; =
3.3 X 10'° M2 (closely in line with the values of Ce = 66 and
Kyvaar = 3.7 X 10" M2 obtained from the '"H NMR titrations).
The slippage rate constants (4%%on-app) sShowed an increase ranging
from a value of 6.4 X 10* M~!s~! in the absence of Al to a value
of 4.2 X 10° M~ !s~ ! in the presence of 6.4 mM of Al. The observed
concentration dependency of the slippage rate constants clearly
reveals that we are dealing again with apparent values. The data can
be rationalized as follows. Because Al is present in excess compared
with Znl, the kinetics can be described by 1:1 kinetic binding
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Fig. 4. Fluorescence slippage experiments between V2 and Zn1 in the
presence of A1. (A) Fluorescence emission as a function of time upon the
addition of 1 equivalent of V2 to Zn1 (0.8 uM) in the presence of increasing
concentrations (from i to vi)) of A1. (B) Calculated rate constants A'kon-app
plotted vs. the concentration of A1 and the fit according to Eq. 7. (C) Linear
relationship between the value of A'kon.app and the fractional saturation of
Zn1 with A1 (yzn1-a1) according to Eq. 9.

isotherms (see Eq. 6) in which [Znlyy] = [Znl] + [ZnlAl], and
[Zn1V2¢] = [Zn1V2] + [Zn1V2A1] (see Fig. 1C).

_ d[Znly]  d[V2]  d[ZnIV2]
Ve e dt dt
= lk on-app[antot] [VZ] - Alk off-app[znlvztot] . [6]

The observed experimental slippage rates “'kon-app and A &oftapp
will display apparent values that depend on the concentration of
pyridine Al according to Eqgs. 7 and 8.

Kop + Alkon - Kay - [Al
A oy = AL [Al] (71
PP 1+K A, - [AL]

X kot + Mottt VK a1 [A1]
off-app — 1+V2KA1 . [Al]

[8]

Asrequired, the apparent association constant 'Ky, is the quotient
of the slippage and deslippage rate constants (A'Kyzapp =
Alk on-app/Kott-app) as illustrated by the fact that Eq. 1 is obtained
when Eq. 7 is divided by Eq. 8. Eq. 7 indeed nicely describes the
experimentally determined slippage rate constants as can be seen
in Fig. 4B, revealing a value of k., = 8.4 X 10° M~ !s~! and hence
a cooperative kinetic effect of a factor of 13.2 (ce(on) = *kon/kon).-
The slippage reaction is thus >13 times faster when Znl is fully
occupied on the outside by the coordinating ligand A1, whereas the
binding constant 2Ky, is enhanced by a factor of ~60. This thus
indicates that the rate of pseudorotaxane dissociation (i.e., deslip-
page) in the presence of Al (“'k.¢r) should be decreased by a factor
of ~4.

It is possible to directly measure the deslippage rate constants kgt
with the help of dilution experiments. Pseudorotaxane complexes
were prepared at high (millimolar) concentrations after which the
solutions were diluted to micromolar concentrations. As a result of
this dilution, a new equilibrium situation is reached after a certain
period, with less pseudorotaxane and more of the free components
(See Fig. 54). The increase in fluorescence emission as a result of
dilution was recorded as a function of time, and the curves were
analyzed. The presence of increasing concentrations of Al clearly
resulted in lower deslippage rate constants (“!koft.app) and higher
pseudorotaxane stabilities (hence higher values of A1Ky.app) as can

10474 | www.pnas.org/cgi/doi/10.1073/pnas.0810145106

A 0.016
© 0.012
o
b5
I § 0.008
(72}
4 0.004
<)
=]
[ 0
3 0 05 1
N [A1], (mM)
©
=
E
S
=z 0.016
0.012
5 0.008
0.004
0 T T T T 0
0 30 60 ) 120 0 05 1
Time (s) Yzn1v2-a1

Fig. 5. Fluorescence deslippage experiments between V2 and Zn1 in the
presence of A1. (A) Fluorescence emission as a function of time upon the dilution
of a 1.5:1 mixture of V2 and Zn1 in the presence of increasing concentrations
(fromito iv) of A1. (B) Calculated rate constants A1koff,app plotted vs. the concen-
tration of A1 and the fit according to Eq. 8. (C) Linear relationship between the
value of A1k°ff,app and the fractional saturation of the pseudorotaxane complex
between Zn1 and V2 with A1 (yzn1v2-a1) according to Eq. 10.

be seen in Fig. 54. From the calculated values of A1Ky;.qpp and
Alkoff_app, the magnitudes of the cooperative effects (Ce and ce(orr))
could be determined by applying Eqs. 1 and 8. The resulting
thermodynamic cooperative effect amounted to Ce = 62, in excel-
lent agreement with the values of Ce = 58 and 66 mentioned above.
Alkgrwas calculated to be 3.1 X 1073 s71 resulting in a cooperative
kinetic effect for the deslippage process of ceofr) = Akofi/kote = 0.23
(kote = 1.4 X 1072 s71), the expected reduction by a factor of 4. In
line with theory, the combined kinetic cooperative effects for the
slippage and deslippage reactions account for the full thermody-
namic cooperative effect, i.e., ceony/ceorry = 58 (AAG® = —10.0
kJ/mole), which, within experimental error is identical to the
cooperative effect of Ce ~ 62 (AAG° = —10.2 kJ/mole) obtained
from the thermodynamic studies. As observed above for the
association constants, the value of Alkon_aplD depends linearly on the
fractional saturation of Znl with A1 (yzni1-a1), see Eq. 9 and Fig. 4C.
The magnitude of Alkoff_app on the other hand, depends linearly on
the fractional saturation of the pseudorotaxane complex formed by
Zn1 and V2, with Al (yzn1v2-a1), in line with Eq. 10 and illustrated
in Fig. 5C.

Alkon-app = kon . {1+yZn17A1 . (Ce(on) - 1)} [9]
M otapp = Kot * {1+ zarva—a1 * (ceorn — 1)} [10]

Finally, the effects of blocking the cavity of Zn1 with pyridine on
the slippage rate constants were examined. To this end, slippage
and deslippage experiments with V2 and Zn1 were performed in
the presence of various concentrations of A2 (Figs. 6 and 7). As
observed for the combination, A2, V1, and Znl, the apparent
association constants Aszz_app decreased upon increasing the
concentration of A2 (see Fig. 7), revealing a linear dependency
when these constants were plotted against the fractional satu-
ration of Znl with A2 (yzni-a2). A value of Kazou®?Kya =
Kvoaz = 1.6 X 10 M~2 was calculated by applying Eq. 4,
suggesting a cooperative effect for the combined binding of V2
and A2 to Znl of Ce ~ 45 (AAG°® = —9.4 kJ/mole). The
calculated slippage rate constants (“%kon.app) as expected re-
vealed a decrease upon increasing the concentration of A2 as a
result of the blocking of the cavity of Znl. The slippage rate
constants could be fitted to Eq. 11 (Fig. 6B), which describes the
evolution of A2kon_app as a function of the concentration of A2.

Deutman et al.
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A2k _ kon + [AZ] : KAZfout : Azkk’"
on—app 1+[A2] * Kao—total

[11]

The fact that upon full saturation of Znl with A2, the slippage
rate constant does not go to zero (see Figs. 6B) indicates that
pyridine is indeed not solely coordinating to the inside of Zn1 but
also to the outside, in line with the binding scheme presented in
Fig. 1 B and D. Assuming an association constant Kas.out = 80 =
15 M~ a value of ceony = 8.7 (AAG; = —5.4 kJ/mole) was
obtained, which does not significantly deviate from the kinetic
cooperative effect ceony = 13.2 (AAG], = —6.4 kJ/mole) ob-
served for the combination Al, V2, and Znl.

The 2 opposing effects of A2, namely, the competitive binding to
the inside of the cavity of Zn1 and the fact that this ligand increases
the stability of the pseudorotaxane as a result of coordination of A2
to the outside of Znl, are clearly expressed in the deslippage curves
(Fig. 7A4). Increasing concentrations of A2 drive the equilibrium
further away from the nonfluorescent pseudorotaxane species in
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Fig. 7. Fluorescence deslippage experiments between V2 and Zn1 in the

presence of increasing concentrations of A2. (A) Fluorescence emission as a
function of time upon the dilution of a 1.5:1 mixture of V2and Zn1in the presence
of increasing concentrations (from i to iv) of A2. (B) Calculated rate constants
Azkoff.app plotted vs. concentration of A2 and the fit according to Eq. 12. (C) Linear
relationship between the value of A2kqst.app and the fractional saturation of the
pseudorotaxane complex between Zn1 and V2 with A2 (yzn1v2-a2)-
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the direction of the fluorescent complex in which A2 binds inside
the cavity of Znl. The rates of deslippage (“%kofr.app) decrease
concomitantly, indicating the increased stability of the pseudoro-
taxane as a result of the coordination of A2 to the outside of the
pseudorotaxane complex formed by V2 and Znl. The calculated
dependency of the deslippage rate on the presence of A2 (“Zkogt.app)
revealed striking similarity with the dependency on A1 (A& ofrapp)-
Values of 2%kt = 3.2 X 1073571, ceorr = 0.23, and V2Kan = 8.1 X
10° M~ ! were obtained by applying Eq. 12, confirming that the role
of A2 is identical to that of Al when it coordinates to the outside
of the pseudorotaxane complex formed by Znl and V2.

Kotk ot * V2K a2+ [A2]
1+VK 5, - [A2]

koff—app = [12]

Conclusion

The full thermodynamic and kinetic circles regarding both inhibi-
tion and activation of the cage of Zn1 for the binding of viologens
has been measured. Independent of the measured direction of the
circles, identical values were observed, in accordance with theory.
This therefore reveals the beautiful symmetry of the studied
cooperative binding effects and moreover shows the accuracy of the
used method. We have successfully demonstrated that the devel-
oped method can be used to uncover complete binding schemes
from a series of (in principle only 3) simple 1:1 titration experi-
ments. The method can be applied to a large number of different
systems, both natural and artificial, and can be used to successfully
uncover cooperative binding systems also when only 1 specific
binding interaction can be monitored.

The combined binding of bulky pyridine Al and viologen deriv-
atives to receptor Znl is accompanied by a positive cooperative
effect in the order of AAG® = —10 kJ/mole. This thermodynamic
effect is composed of a decrease in the free energy of activation of
complex formation (AAGZ,) of ~6 kJ/mole and an increase in the
free energy of activation of complex dissociation (AAGZy) of ~4
kJ/mole. In other words, the rate of receptor-viologen complex
formation is increased as a result of the coordination of Al to the
outside, whereas the rate of complex dissociation is decreased. The
situation is more complex in the case of pyridine A2. This ligand
displays the same effect as A1 when it is bound to the outside of Zn1
but, when bound inside its cavity, it fully obstructs the binding of the
viologen derivatives. This inhibition is expressed in the measured
equilibrium association constants and in the rates of pseudorotax-
ane complex formation. The presented results underline the ap-
parent character of the experimentally determined rate and asso-
ciation constants. The obtained cooperative effects in most cases do
not reveal their actual values. Only when a receptor is fully occupied
by a guest (that is, when the fractional saturation of the receptor
with this guest equals 1), the experimentally determined value
equals the actual cooperative binding effect. In all other cases, the
observed value of the effect depends linearly on the fractional
saturation of the receptor. As a result of this, many of the values of
heterotropic cooperative binding effects reported in the literature
may in fact deviate significantly from the actual values.

The inhibition experiments performed with pyridine further
highlight the effect competitive binding has on observed association
and rate constants. Competing interactions lead to apparent asso-
ciation constants (Kg.app) that relate to their actual values (Kg)
according to Eq. 13, in which X is the concentration of the
competing species, and Kx is the association constant of the
complex between this species with the receptor.

Kq

KG—app = m [13]

It is clear that in the case of high concentrations of X, only low
values of Kx are needed to significantly change the experimental
outcome. Especially in studies involving coordination of ligands to
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metal centers, weakly coordinating electron donating solvent mol-
ecules can dramatically influence the experimentally observed
association constants. Consider, for instance, water as a solvent with
a molarity of 55. If water binds to the metal center with an
association constant of only 0.5 M~! [a value that is generally
considered to be random and therefore of little significance (31)],
this will cause an apparent association constant for any titrated
ligand that is 28.5 times lower than its actual magnitude (a differ-
ence of 8.3 kJ/mole). Also when high salt concentrations are
present, the experimentally observed values may differ significantly
from the actual magnitudes; hence, the free binding energies are
always related to the medium in which the measurements were
carried out.

In summary, the studied system is a clear example of how
binding events and reaction rates can be tuned in a supramo-
lecular fashion and hence provides a simple mimic of supramo-
lecular information transfer in nature. It furthermore shows how
cooperative binding effects are experimentally expressed in the
kinetics and thermodynamics of complex formation. The de-
scribed method can be used to accurately study heterotropic
cooperative binding effects in any natural or artificial system and
can be seen as a simple framework to derive the actual magni-
tudes of these effects from the experimentally obtained values.

Materials and Methods

See supporting information (SI) Appendix, Scheme S1, Figs. S1-S6, and Table
S1 for full experimental details on the synthesis and characterization of the
compounds used in this study and on the measurement methods.

Association Constants. Association equilibrium constants were determined by
standard procedures (24) in which it was made sure that in the course of a
titration experiment with a guest, the concentrations of the receptor and the
second guest present in solution were kept constant.

Slippage Kinetics. Slippage kinetics were performed by using the time drive
application of the spectrometer software. The sample was excited at 426 nm, and
the porphyrin emission at 607 nm was recorded in time. Typically, to a weighed
solution of 0.8 M Zn1, a known amount of V2 was added and the solution was
mixed. After mixing (1.5 s), the measurement was started. The data were ana-
lyzed according to standard 1:1 kinetic isotherms involving complex formation
between A and B, resulting in formation of C (Egs. 14-17) (32). From the fit, both
the rate constant ko, and equilibrium association constant Kassoc Were obtained.
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All of the experiments were performed at least in triplicate and at different
concentrations of V2 to lower the experimental error.

kon
A+B—C [14]
koff
( 1 — g mek(m(p*q)t)
= p 241Gk [15]
(1 _ &ekm(p—q)ﬁ
q—[C],
1
([Al, + [B], + Ko)~
1
([Al, + [B]o + Kf)z—4 ‘[Alo - [Blo
p — [C]eq _ ;bSOC [16]
_ [Alo[B]o
[Cleq [17]
C [S{ kO[’l
Kassoc = [Cles [18]

([Alo = [Cleq) " (Blo = [Clea) Kot

Deslippage Kinetics. Solutions of Zn1 and V2 (approximately millimolar) in 1:1
(volAvol) mixtures of CDCl3 and CD3CN were prepared and a 'H-NMR spectrum was
recorded establish the exact stochiometries. These solutions were added to a 1:1
(volvol) mixture of chloroform and acetonitrile, thereby diluting the pseudorotax-
ane concentration (Zn1V2 = puM) to preset values. The sample was excited at 426 nm,
and emission at 607 was recorded as a function of time by using the time drive
application of the spectrometer software. After the experiment, a UV-vis spectrum
was recorded to confirm the exact experimental concentrations of the species. The
obtained deslippage curves were analyzed with the help of Egs. 14-17, assuming the
relation Kassoc = Kon/Koff. The fits provided the values of both kot and Kagsoc. All
experiments were performed in triplicate to lower the experimental error.
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