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Abstract: The on and off rates corresponding to the binding of two test anions (acetate, AcO~, and
dihydrogen phosphate, H,PO,~, studied as their tetrabutylammonium salts) to diprotonated cyclo[8]pyrrole
have been determined in CH3;CN using stopped-flow analyses carried out at various temperatures. For
dihydrogen phosphate, this afforded the activation enthalpies and entropies associated with both off and
on processes. The different dynamic behavior seen for these test anions underscores the utility of kinetic
analyses as a possible new tool for the advanced characterization of anion receptors.

Introduction

Anion binding has emerged as an important subdiscipline
within the broader field of supramolecular chemistry.*
Considerable work has been devoted to the synthesis of new
anion receptors and to the characterization of their complexes
at equilibrium.>7 Yet, few studies have addressed the problem
of anion binding dynamics. To date, some insights into the
dynamics of receptor—anion interactions (i.e., on and off rates)
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have been obtained viathe use of NMR exchange techniques.®®
However, the accessible time scales are limited, and the nature
of the process in question must be inferred.

While not well studied, dynamic considerations touch on a
number of issues that are critical to both biological and synthetic
anion recognition, including apparent receptor—substrate speci-
ficities, especially those observed under conditions of slow
receptor—anion exchange, as well as the rates of through-
membrane ion transport and the viability of liquid—liquid
extraction processes.'® Both extraction and through-membrane
transport are dynamic phenomena, meaning the actual utility
of an otherwise promising receptor system islikely to be limited
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Scheme 1. Model Used To Fit the Kinetic Data Obtained upon Mixing C8-2HCI with TBAOAc

+ HSC)J\ ©

O

©
BU4N

C8e2HCI

TBAOAc

if either ion uptake or release is too slow.® ** The sameis true
for ion-selective electrodes. These potential limitations provide
a specific incentive to understand the kinetics of anion recognition.
One approach that might alow the kinetics of anion recogni-
tion to be probed in quantitative fashion involves the use of
stopped-flow. This technique is frequently used to study the
dynamics of enzyme—substrate interactions. It has a so recently
begun to attract the attention of supramolecular chemists for
the analysis of, for example, receptor—cation binding kinetics.™
However, despite its potential utility, this technique has yet to
be extended to the study of anion binding. Here, we report the
use of the stopped-flow technique to monitor the on and off
rates of two test anions, acetate (AcO~) and dihydrogen
phosphate (H,PO,~), binding to diprotonated cyclo[8]pyrrole
([C8:2H]?"; cf., Scheme 1). To the best of our knowledge, this
isthe first time the kinetic parameters associated with an anion
binding event have been measured in quantitative terms.
Cyclo[8]pyrrole (C8), an expanded porphyrin reported by our
group in 2002, is able to interact with oxyanions, specifically
the sulfate dianion, as was inferred from a single-crystal X-ray
diffraction analysis.™® Follow-up work focused on the application
of an organic-solubilized version of C8 as a possible sulfate
extractant. The diprotonated form of this cyclo[8]pyrrole was
found to display selectivity for sulfate over nitrate under
conditions of agueous—organic extraction, even in the presence
of high concentrations of the latter species.** However, this same
work aso led to the inference that the utility of C8 as an
extractant was limited by the kinetics of anion exchange. More
recently, carboxylate and dihydrogen phosphate monoanions
were found to bind to C8 in its diprotonated form ([C8+ 2H]?"),
as revealed through the significant UV —vis changes upon
titration with the corresponding tetrabutylammonium salts. The
interactions with carboxylate anions have recently been exploited
to create a supramolecular dyad capable of undergoing photo-
induced electron transfer.™® This latter work, based on the use
of a pyrene butyric acid salt, prompted the present study.
Specifically, we felt it important to characterize the “lifetime”
of the supramolecular donor—acceptor, [C8+2H]?"—carboxylate,
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complex formed in solution prior to photoexcitation. Under-
standing the kinetics of association/dissociation is also viewed
as being critical to the analysis of other anion-recognition-based
ET systems.®

In light of this potential benefit, we set out to perform
stopped-flow analysis of the interactions between a simple test
carboxylate salt, tetrabutylammonium acetate (TBAOAC), and
the bissHCI salt of C8 (C8-2HCI). Because it was found to
provide a good spectral signature, an effort was also made to
extend this analysis to include the dihydrogen phosphate anion.
As detailed below, the present kinetic study also facilitated a
determination of the system energetics, including key thermo-
dynamic values, such as enthalpy (AH), entropy (AS), and free
energy change (AG). This was accomplished for both anions
through van't Hoff analyses made using association constants
(K5) determined at various temperatures through either steady-
state measurements, kinetic measurements, or a combination
of both. In the case of dihydrogen phosphate, on and off rates
could be determined at multiple temperatures. This alowed for
an Eyring analysis and yielded the activation parameters (AH*,
AS) for both the on and the of f processes. Access to these latter
values is limited without quantitative kinetic data.*

Results and Discussion

Steady-state titrations were carried out between TBAOAc and
C8-2HCI in CH3CN, resulting in large spectral changes in the
UV —vis region amenable to study by stopped-flow (Figure 1a).
On the basis of a Job plot analysis and curve fits, a1:1 binding
stoichiometry was inferred (Figure 1b). Proton NMR spectro-
scopic studies provided support for anion binding, as opposed
to deprotonation; that is, no loss in the NH proton signal was
seen upon treatment with excess anion (see Figure S2).

The apparent association (formally displacement) constant,
Ka for the binding of TBAOACc to C8:2HCI in CH3CN was
determined at various temperatures through UV —vis spectral
titrations wherein the host concentration is held constant upon
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Figure 1. (a) Steady-state spectral titration performed between C8+2HCI (1.1 x 10°°M) and TBAOAc in CHsCN at 298 K (TBA = tetrabutylammonium).
(b) A Job plot was aso constructed; it displayed a maxima at a mole fraction of 0.5, as would be expected for a 1:1 binding stoichiometry.
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Figure 2. (@) Kinetic traces produced by mixing C8:2HCI (4 uM final postmixing concentration) with TBAOAC at the following final concentrations: 5,
10, 20, 30, 50 uM in CH3CN at 243 K. The mixing time (ca. 3 ms) is shown as dotted lines in these traces. The solid lines represent the fit of a single
exponential decay of the signal, giving the observed rate constant, kq.s; See text for details. (b) Plot of kys @ afunction of the concentration of guest, AcO™,
with a solid line showing the fit to kyps = ki[AcO™] + k_;, where k; is the slope, and k_; is the y-intercept.

addition of guest. At 298 K (room temperature), the K, was
found to be on the order of 2 x 10° M1, and at 243 K, the K,
was found to be on the order of 9 x 10* M~ (see Figure S1).
This steady-state data led us postul ate that the binding dynamics
would be governed by a one-step binding process, as shown in
Scheme 1. To test this hypothesis, stopped-flow analyses were
carried out in CH3CN monitoring the change in absorbance from
300—700 nm under conditions of rapid mixing. More specifi-
caly, two separate syringes were loaded with stock solutions
of the host, C8-2HCI, at 8 uM, and the guest, TBAOAC, at
various concentrations in CH;CN. As is typica in a stopped-
flow setup, both syringes are automatically and simultaneously
engaged to release the same amount (100 uL) of each of the
two different solutions into a mixing chamber with a quartz
window. This results in a 2-fold dilution of the stock solutions
and a rapid mixing. After an initial period in which mixing is
presumed to occur (typically 1—3 ms and often referred to as
the “dead time”), the flow is stopped, and the optical spectra
are recorded as a function of time.*®

As might be expected given the relatively high K, value
recorded for this anion, the kinetics of interaction with acetate
proved to be extremely fast. Indeed, to observe any change in

(18) Kinetic Analysis of Macromolecules, Johnson, K. A., Ed.; Oxford
University Press: New York, 2003.

the spectral features of C8-2HCI on the ca. millisecond stopped-
flow time scale, low temperature (243 K) analyses had to be
carried out, and relatively low host concentrations (4 M) had
to be employed. Under these conditions, time-dependent optical
changes were observed for avariety of TBAOAC concentrations,
as shown in Figure 2 (for the actua time-dependent spectral
changes, see Figure $4).

Each kinetic trace obtained could befit to asingle exponential
decay as shown in Figure 2. This gave an observed rate constant,
kopss Which was then plotted versus the concentration of
guest.®®° A straight line was obtained, as would be expected
for a one-step equilibrium process. By fitting to the equation,
Kobs = ki[AcO™] + k_;, the on rate constant (k;) and off rate
constant (k—;) could be obtained. This gave values of k; = (1.9
+0.2) x 10’ Mt st and k_; of 200 + 20 s, respectively. A
value for the K, (9.5 & 0.9) x 10* M1, was determined from
the ratio of ki/k—;. Thiskinetically derived association constant
proved to be the same within experimental error as that
determined by the direct titration discussed above. This con-
cordance, athough not a“proof”, serves as an important check
for the kinetic parameters obtained via stopped flow. The off

(19) Under the present experimental conditions, the concentration of
uncomplexed anion remains approximately constant during the reac-
tion, alowing us to analyze the kinetic data by pseudo-first-order
kinetics.
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Figure 3. Optical spectra obtained when C8-2HCI (10 «M) is mixed under stopped-flow conditions with the 500 uM of TBAH,PO, in CH3;CN at 253 K
from (a) 2—20 ms and (b) 20—500 ms. (c) Change in the spectral intensity at 425 nm observed when C8-2HCI (10 xM) is mixed with 50, 100, 200, 400,
500 uM of TBAH,PO, in CH3CN at 253 K (all concentrations are final, postmixing). The dotted lines are experimental data points corresponding to the
decay in the C8 absorbance at 425 nm, while the solid lines are the best fits obtained using a global fitting procedure.* (d) Equations used for the global

fitting analysis shown in part (c), wherein “P" represents H,PO,".

rate of 200 s™* corresponds to a lifetime, 7, of 5 ms; this is
long enough to alow intraensemble charge separation and
recombination as assumed in the previous electron transfer
study.*®

We next analyzed the binding of dihydrogen phosphate
(TBAH,PO,4) to C8-2HCI. This tetrahedral anion, in contrast
to simple carboxylates, is known to form 2:1 complexes with
protonated expanded porphyrins, athough 1:1 complexes domi-
nate under most solution phase conditions.?°~22 This complexity
made H,PO,~ useful as a test anion. The raw spectra obtained
upon stopped-flow mixing at 253 K are shown in Figure 3.2
These data provide support for the conclusion that there are at
least two steps: afast phase (Figure 3a) and aslow phase (Figure
3b). It was thus inferred that a reasonable analysis would involve
a two-step binding model. Our proposed mechanism involves
the binding of first one, and then a second H,PO,~ (P), as shown
inegs 1 and 2 (Figure 3d).

Using aglobal fitting analysis for a two-step process, a k; of
(265 £ 0.1) x 10°M s tand ak_; of 16.6 + 0.3 s* were

(20) Iverson, B. L.; Shreder, K.; Krél, V.; Sansom, P.; Lynch, V.; Sesdler,
J. L. J. Am. Chem. Soc. 1996, 118, 1608-16.

(21) Krél, V.; Furuta, H.; Shreder, K.; Lynch, V.; Sesder, J. L. J. Am.
Chem. Soc. 1996, 118, 1595-1607.

(22) Thecrysta structure of C8 with asingly charged tetrahedral oxyanion
(cf., Figure S3) revealed a 2:1 complex with the two anions held above
and below the plane of the relatively flat macrocycle.

(23) Notethat all the spectra obtained by stopped-flow measurements were
taken as difference spectrain which the final spectrum was subtracted;
recovery of the bleaching absorption at 400 nm in Figure 2b
corresponds to the formation of the 1:2 complex.

(24) Johnson, K. A.; Simpson, Z. B.; Blom, T. Anal. Biochem. 2009, 387,
20-29.

16620 J. AM. CHEM. SOC. = VOL. 132, NO. 46, 2010

calculated for the first binding step.* These values were then
used to estimate an association constant, K,, of (1.6 + 0.1) x
10* M~L. The same global kinetic analysis gave k, = (4.1 +
0.5) x 1° M st and k-, = (3.9 + 0.6) s * for the second
step. These latter values, while not well-determined, alowed
an equilibrium constant of ca. 1 x 10° M~ to be estimated for
the second step. This value is an order of magnitude smaller
than the K, for the first event.

The data were aso analyzed by conventional methods,
wherein kq,s Was plotted as a function of the guest concentration.
This gave concordant values for the on and off rates for the
first step as shown in Figure 4 and in Table 1 (the raw data are
given in Figures S4—S7). Unlike acetate, the slower kinetics
of interaction between C8-2HCI and TBAH,PO, alowed for
analysis of the dynamics over a range of temperatures. Figure
4 shows the results of such an analysis carried out at 243, 253,
and 273 K.

To check the mechanistic assumptions on which the kinetic
analysis was based, a steady-state titration was performed at
253 K in CH3CN (cf., Figure 5a). This study was carried out
under conditions identical to those used for the kinetic analysis,
that is, the same temperature, concentration of C8-2HCI, and
solvent. This congruity allowed us to compare with confidence
the two sets of association constants obtained from these
disparate procedures. With the exception of severa initia points
ascribed to the formation of a 1:2 (phosphate-to-C8) complex,
a binding isotherm in agreement with the kinetic results was
obtained when the concentration of the guest was plotted versus
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Figure 4. Plots of the pseudo-first-order rate constant versus the concentra-
tion of guest for the stopped-flow data involving C8-2HCI and TBAH,PO,
at 243 (W), 253 (@), and 273 (a) K, wherein the concentration of the guest
isin excess relative to the host. In this case, k; or K, is given by the slope
of the line, and k—; or ky is given by the y-intercept. These values are
summarized in Table 1.

Table 1. Summary of the Calculated k; (kon) and k—; (ko) and the
Kinetically Derived Association Constants (K,) for C8-2HCI and
H,PO,~

TK kM's@ kst Koy, M ky MU s™h ks K, M

298 3.9 x 10° 84 4.6 x 104
273 6.8 x 10° 37 18 x 10* 65 x 10° 27.3
253 2.6 x 10° 23 11x 10* 26 x 10° 13.3
243 1.2 x 10° 10 0.9 x 104

2.4 x 10*
1.9 x 10*

@ Rate constants and K, calculated by the conventional method shown
in the graph above. P Rate constants and K, calculated by global fitting
analysis using the KinTek software.*®

the change in absorbance for C8.2° Shown in Figure 5b is the
overlay of the expected binding isotherm based on asimulation
using the full set of kinetic data seen in Figure 3 and that
obtained from an independent steady state analysis. Gratifyingly,
the resulting binding curves match well.

A comparison between the association constants for C8 and
H,PO,~ obtained at various temperatures was carried out. On
this basis, it was inferred that the kinetically derived K, value
decreases with decreasing temperature. Thisis indicative of an
endothermic reaction, wherein thereis alargely positive entropy
contribution. This is common for ion-pairing events, wherein
desolvation occurs to afford alargely positive entropy change. %’
On the other hand, the complex itself is highly unrestrained
(e.g., not held in a particular configuration). Given the planar
structure of C8 and the 2+ charge, such an inference seems
reasonable.

These data also allowed for van't Hoff analyses, from which
AH and AS values of 4.4 kcal mol~* and 36 cal K™* mol 1,
respectively, were determined.?® A similar decrease in K, as a
function of temperature was also seen for TBAOAC, where the

(25) For similar analyses, see: () Choi, K.; Hamilton, A. D. J. Am. Chem.
Soc. 2003, 125, 10241-10249. (b) Hossain, M. A.; Llinares, J. M ;
Powell, D.; Bowman-James, K. Inorg. Chem. 2001, 40, 2936-2937.
(c) Kubik, S.; Goddard, R.; Kirchner, R.; Nolting, D.; Seidel, J. R.
Angew. Chem,, Int. Ed. 2001, 40, 2648—-2651.

(26) Vvalik, M.; Krél, V.; Herdtweck, E.; Schmidtchen, F. P. New J. Chem.
2007, 31, 703-710.

(27) Jadhav, V. D.; Herdtweck, E.; Schmidtchen, F. P. Chem.-Eur. J. 2008,
14, 6098-6107.

(28) Anglyn, E. V.; Dougherty, D. A. Modern Physical Organic Chemistry;,
University Science Books: Sausalito, CA, 2006.
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Figure 5. (a) Steady-state titration of C8-2HCI (11 xM) with increasing
quantities of TBAH,PO, in CH3CN at 253 K. (b) Binding isotherm for the
steady-state titration of C8-2HCI and TBAH,PO, shown in part (a) (M)
and the simulated binding isotherm based on a global fit to the kinetic data
recorded at 253 K (®).

Table 2. Kinetic and Thermodynamic Parameters for the Binding
of Indicated Guest in CH3;CN?

AcO~ H.PO,~
AH (kca mol 1P 28 44
AS (ca K~* mol2)P 337 36
AG (kcal mol~%)° —7.2 —6.3
AHas™ (kcal mol 1) 8.3
ASx (cal K= mol~%)de -30
AG." (kcal mol=Hf 9.2
AHdi; (kcal mol’l)d 4.6
ASis’ (cal K™ mol~%)¢ -34
AGdi§¢ (kCBI mol‘l)f 14.7
AH (AHu' — AHge) (kcal mol=Y) 3.7
AS (ASe’ — ASie) (cal K1 mol™Y) 31
AG (AGxs' — AGge) (kcal mol™2) -55

@ Error for the listed values is estimated to be <10% unless otherwise
noted. °Calculated from van't Hoff analysis shown in Figure 6.
¢ Calculated using the Gibbs—Helmholtz equation AG = AH — TAS at
298 K. 9 Calculated from Eyring analysis shown in Figure 7. © Estimated
error: 33%. " Calculated using the Gibbs—Helmholtz equation AGF =
AH* — TAS at 298 K.
van't Hoff plot yielded a AH value of 2.8 kcal mol~* and a AS
value of 33.7 cal K™ mol~* (Figure 6b, Table 2).

Finaly, the activation parameters for both the association and
the dissociation processes were determined from Eyring plots
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Figure 6. Van't Hoff analysisfor C8 with (a) H,PO,™ and (b) AcO™; here, In K, is plotted as afunction of 1/T. Thisis based on the equation In K, = (ASR)

— (AH/RT), which yields AH/R as the slope and ASR as the y-intercept.
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Figure 7. Eyring plots congructed using the (a) on rates and (b) off rates from Table 1. This plot is based on the following equation: In(k'T) = [In(ke/h) + ASTR] —

AHH(RT).

(Figure 7). Here, the on and off rates were analyzed separately as
afunction of temperature and fit to the following equation: In(k/T)
= [In(ke/n) + ASTR] — AH*/(RT).?® The resulting vaues are
included in Table 2. In the case of dihydrogen phosphate, the
activation enthalpy (AH<") and entropy (ASe") for the association
of dihydrogen phosphate with C8 were determined to be AH."
= 8.3 kcal mol~! and ASe" = —3.0 cal K= mol 2, respectively
(cf., Figure 6a). The AH* and ASF values for the dissociation were
aso determined: AHgs' = 4.6 kcal mol™ and ASy = —34 cdl
K™t mol™, respectively (cf., Figure 6b). These values allowed a
“check” for AH = AH." — AHg«' = 3.7 kcd mol™t and AS=
ASe — ASi’ = 31 cd K2 mol~* to be carried out. The standard
free energy, AG, was then calculated to be —5.5 kcal mol™ at
298 K. In accord with expectations, these kinetically derived values
were found to agree well within experimental error with those
determined by the van't Hoff analysis described above (i.e., AH
=4.4kcal mol~and AS= 36 ca K1 mol%, and at 298 K, AG
= —6.3 kcal mol ™).

Conclusion

The present kinetic studies provide support for the notion
that observable differences can underlie the binding of different
guests. For instance, even under conditions designed to slow

(29) Connors, K. A. Chemical Kinetics, VCH Publishers: New Y ork, 1990.
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the reaction (low temperature; dilute conditions), the interaction
between C8 and acetate achieves equilibrium in about 10 ms
in CH3CN to give a 1:1 complex. Furthermore, no evidence of
additional complexation is seen under any of the tested
conditions using this particular anion. On the other hand, in
the case of dihydrogen phosphate, a 2:1 complex isformed with
kinetics that are much slower than those associated with the
formation of the initial, dominant 1:1 complex. On the basis of
the notable differences seen for these two test anions, we propose
that kinetic analyses will have an important role to play in the
advanced characterization of new anion binding agents.
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