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ABSTRACT

Formation constants for binary complexes of cyclohexaamylose (Cy) with p-
iodoaniline (B) and p-iodoanilinium cation (BH") were determined by means of
pH potentiometric experiments at 10-45°. The temperature dependences of these
constants yielded the following thermodynamic parameters: AH°c,g = —8.2 £ 0.5
kcal - mol™!. AS°c,p = —12.1 +1.8 cal - mol ' - K™'; and AH’cypy” = —6.3 *
0.7 keal - mol™', AS°cypy’ = —7.6 = 2.2 cal - mol~' - K~'. Enthalpic and en-
tropic contributions to the overall complexation of BH* are discussed in terms of
partial desolvation of the cationic center upon binding. A >C-n.m.r. investigation
confirmed a configuration of the Cy - BH* complex reported earlier.

INTRODUCTION

Cyclohexaamylose (Cy) complexes with a variety of substrate species, and
these adducts have been extensively studied in recent years'. Several theories have
been proposed to rationalize bonding in these complexes. Among these are (a) a
predominantly hydrophobic interaction resulting from the release of constrained
solvent molecules both within the unbound Cy cavity and surrounding the uncom-
plexed substrate”, and (b) a predominantly dipolar, or induced dipolar (van der
Waals), or both, interaction between the Cy cavity and the substrate, but not in-
volving appreciable solvent interactions* . Because these bonding mechanisms
appear to differ substantially, we sought some further basis for understanding the
relative roles of these interactions in Cy complexations. Very few of the substrate
species studied recently were cationic; rather, Cy complexes of anionic and neutral
species have received almost exclusive attention'. Because of the different solvent-
ordering properties of aqueous cationic. neutral, and anionic species, it seemed
likely that the extent of solvent participation in these reactions might be clarified by
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a careful study of a cationic complex. Among the few cationic substrate species that
indeed have been examined is the p-iodoanilinium ion” (BH "). However. the main
focus of that work was the structure of the complex rather than the bonding
mechanism. Also, the Cy complex of p-iodoaniline (B) has been the subject both of
experimental and theoretical treatments® relating to bonding. but the cssential
thermodynamic properties of the complexations, 1H° and A5°. are not available
for either the Cy - B or Cv - BH* complex. In hight of correlations recently
noted>-® between AH° and A5° for Cy complexations, as well as a correlation be-
tween AH° and the "*C-n.m.r. spectral properties of complexed Cy, we sought to
determine these properties for the Cy - B and Cy - BH ' complexes

RESUITS

Methodology. — The temperature-dependent formation constants of
Cy - BH" and Cy - B. which would in turn vield estimates of AH° and AS° for these
complexations, were determined with a pH potentiometric method that has been
reported in detail previously®. Briefly, this method relies on a perturbation of the
pH of a buffer solution of BH " and B upon addition of Cy. The data of pH values
vs. added Cy were fitted to a set of model equations including mass- and charge-
conservation equations, equilibrium-constant expressions. and activity-coefficient
correlations. A small correction to the measured pH was applied to compensate for
a junction potential induced by the presence of Cy in the measurement solutions.
In these calculations, we estimated ionic-activity coefficients from the Debye—Huc-
kel correlation by use of the temperature-dependent coefficients given by Robin-
son and Stokes”. Ton-size parameters of .9, 0.8, and 1.6 nm were estimated for the
H*, BH". and Cy - BH" ions. respectively. The set of coupled, nonlinear equa-
tions was solved numerically by means of an interactive computer-program that
seeks rms “best fit” values for K¢ypy« and Ky, the formation constants for the
Cy - BH" and Cy - B complexes, respectively, and K, the acidic dissociation con-
stant for BH". The calculation also yielded standard-error cstimates for these
parameters, which values appear in Table I. The rms “fit” of the experimental data
to the model equations was always less than 0.001 pH unit. and the patiern of re-
siduals, differences between expertmental and calculated data, appeared 1o be ran-
dom and free from systematic trend'’. Consequently. we concluded that the pro-
posed model equations featuring only binary Cy - BH™ and Cy - B complexes ac-
curately represent the physicochemical behavior under our experimental condi-
tions, and that the equilibrium-constant values obtained represent reasonably accu-
rate estimates of these parameters,

The 25° value of 1.1 - 10° for Kcypn 18 in accord with an earlier estimate of
~107 (ref. 7). However, our value of (2.8 + 0.2) - 107 for K¢y is substantially at
variance with the estimate of 1G° = —5.9kcal - mol™ ' (K¢ = 2 - 10H) quoted by
Tabushi ez al.>. The standard enthalpies and entropies of cbmplexation. as shown
in Table II, were calculated from Van 't Hoff plots of the temperature-dependent
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TABLEI

EQUILIBRIUM CONSTANTS CALCULATED FOR THE SYSTEM OF p-IODOANILINE, P-10DOANILINIUM ION, AND
CYCLOHEXAAMYLOSE

Temp. Keys” Keypa! K

] (x 107%) (x107%)

10 (5.2 +0.3)° (1.7 +0.1) 4.017 % 0,003
20 (3.8+0.3) (1.5 +0.1) 3.840 + 0.003
25 (2.8+0.2) (1.1 +0.1) 3,780 + 0.003
30 (2.3+0.1) (1.02 £ 0.08) 3.700 £+ 0.003
40 (1.4+0.1) (0.66 + 0.07) 3.562 + 0.003
45 (1.0 £0.1) (0.52 % 0.05) 3.502 = 0.003

“Complex formation constants of cyclohexaamylose with substrates B or BH'. ?Acid dissociation con-
stant of p-iodoanilinium ion. “Standard error estimates made by the nonlinear regression calculation
and based on estimated standard deviations of 0.002 pH unit and 0.2 mg in the pH and gravimetric data,
respectively.

equilibrium constants given in Table 1. The results for B complexation differ sub-
stantially from the theoretical estimates® of —7.35 kcal - mol™' and +5.5
cal - mol™! - K™! for AH® and AS°, respectively, which are derived from a bonding
model heavily weighted by hydrophobic interactions. Before interpreting the data
reported in Table IT, we will describe the results of the *C-n.m.r. spectrometric ex-
periments.

BC.N.m.r. spectrometric measurements. — Chemical shifts were recorded
for seven solutions containing 5% D,0O (v/v aqueous), p-iodoanilinium ion (0—
0.100 F), cyclohexaamylose (0-0.155 F), and hydrochloric acid (~0.1 F) at 30°. In-
trinsic chemical shifts for the unbound Cy and BH*, and for the Cy - BH" com-
plex were calculated from these observations and from the potentiometrically de-
termined Kcyp and Kcygy® values (30°) by a procedure described earlier'' (see
Table ITI, where 8, refers to the intrinsic shift of the unbound species and 48 to the
displacement, i.e., the difference between the chemical shift in the complex and
8y). A substantial displacement of the C-6 resonance in Cy and a major deshielding
effect at C-1 of BH*may be observed. These indicate that the substrate is deeply

TABLEII

AH® AND AS° VALUES FOR CYCLOHEXAAMYLOSE COMPLEXATION WITH p-IODOANILINE AND p-
JODOANILINIUM ION, AND FOR ACID DISSOCIATION OF p-IODOANILINIUM ION

Reaction AH° AS°

(kcal - mol™") (cal - mol™" - K1)
B+Cy=Cy-B —8.2+0.5° —121+1.8
BH* + Cy=Cy - BH' -6.3+0.7 ~7.6%22
BH* + H,0 =B + H;0% 6.0%0.1 3.0£03

“Standard error estimates based on scatter of points about the least squares Van 't Hoff lines.
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TABLF HI

DISPL ACEME NTS OF ' YC-N M R RESONANCES IN CYCLOHEXAAMYLOSE AND p-1TODOANILINIUM ION UPON COM
PLEXATION

Atom Cyclohexaamylose p-lodoamiinium 1on
Suip pom 1 Astppm) Sulp pom )¢ ddtp pm i”

-1 102 41 041 13110 P17

C-2 72.89 (11 14022 -0 in

-3 74 51 047 126 03 TR

C-4 8227 026 04 9% 0 6s

C-5 7310 -0 10

C-6 61 hd -0 3

SE* 001 002 001

)2

“Intrinsic chemcal shift of unbound species *Displacement of chemical shitt upon compicxation “Stan-
dard error estimates are based on an uncertainty ot .01 p p m 1 the observed resonances

included within the Cy cavity”. and this is consistent with the structure of the com-
plex proposed carlier by Wood er al.” that places the NH{ group within the wide
rim of Cy and the iodo substituent at the narrow rim. It is possible that the large
deshielding of the Cy C-3 (4.47 p.p.m.} is indicative of a hvdrogen-bonding interac-
tion between the NH{ and OH-3 groups.

DISCUSSION

Cy - B complexation. — A recently reported correlation between 4H® and
AS° for cyclohexaamylose complexations® of twenty substrates included such
widely variate species as aliphatic and aromatic carboxylic acids, nitrophenols.
cyanophenols. and their anions. Since we have found® that a number of commonly
employed solvent molecules also form Cy complexes that fit the correlation, as do
Cv complexes of perchlorate, iodide, and thiocvanate ions'™. If these recent
findings are included. the new least-squares, regression line becomes Eq. /.

AH® = (406 + 15)45° — (1.2 + 0.2) - 10 cal - mol ! (0

which is shown plotted in Fig. 1, and where the circles are drawn representing the
complexes involved. The A/° vs, 15° value of the Cy - B complexis depicted in Fig.
1 as a square and it deviates somewhat from the correlation relating to a total of 31
electrically neutral or anionic substrate-species. Nevertheless, we concluded that
bonding in the Cy - B complex is related primarily to dipolar and induced dipolar
interactions between the substrate and the Cy cavity The large negative A8° value
of =121  L.8cal - mol '- K ' for Cy - B formation secems to preclude any sub-
stantial contribution of solvent-release effects to the overall free energy of the reac-
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Fig. 1. Correlation of AH" vs AS° parameters for cyclohexaamylose complexations. The line drawn rep-
resents a least-squares fit (AH° = 40645°> — 1.2 x 103 cal - mol™") to 31 substrate systems denoted by
circles. The points denoted by squares refer to the p-iodoaniline complexes and are not included in this
correlation.

tion. Instead, we associate the increased ordering in the complex primarily with
torsional restriction of Cy resulting from the bonding interaction.

Cy - BH" Complexation. — As an ancillary result of experiments on
Cy - BH"complex formation, the standard enthalpy and entropy of the acidic dis-
sociation reaction of BH™ were determined. Of particular interest is the value of
AS° of +3.0 cal - mol™! - K=! which is typical of substituted anilinium ions'®. This
entropy of dissociation is considerably more positive than those of electrically neu-
tral acids, and this behavior is readily interpreted in terms of solvent ordering
about both the solvated hydronium and anilinium ions. The dissociation process
simply exchanges ordered solvent from BH™ to H;0%, leaving the net-configura-
tion entropy changed very little. That water molecules are highly ordered in the re-
gion of the NHJ group will be useful in the following discussion.

The values of AH° and AS° for the Cy - BH™ complex formation determined
(see Table II) represent a deviation from the correlations noted in the previous sec-
tion. The observed AS° value is too positive for the observed AH® value. This ob-
servation, along with a number of other factors detailed below, leads to an interest-
ing but admittedly speculative interpretation of these observations. Let us imagine
that the complexation reaction consists of two distinct, stepwise processes. The first
of these involves insertion of the iodo end of the substrate into the Cy cavity, in ac-
cord with the structural analysis given by Wood ez al.”. The key feature of this first-
stage complexation is the insertion of the electrically neutral p-iodophenyl moiety
into the Cy cavity without substantial disruption of the solvation sphere of the
charged ammonium group. This process is then followed by a second stage, in
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which a portion of the ammonium solvation sphere is expelled. Presumably. this
second-stage process would have little effect on the Cy-host structure, but would
contribute to the observed AH” and AS5° values for the overall complexation. In
particular. AH3 and 153 values for the second-stage process would both be ex-
pected to have more positive values, a consequence of the breakdown of the tight
solvation sphere or “ice” structure which supposedly surrounds the cationc
species.

In an attempt to separate the two steps of the complexation process, we in-
voked a correlation (2) that we had noted between 16 and AH for twenty Cy-
complexation reactions”.

A8 = (=0 038 + LOOHAH + (0.09 + 0.03) (5

The value 46" (in p.p.m ) represents the displacement on complexation of
the intrinsic chemical shift of the "*C-n.m.r. resonance of C-1 of Cy. This correla-
tion 15 derived from a wide variety of chemucally differing substrate-species in-
cluded in the Cy cavity. and might reasonably be expected to describe the
aforementioncd first-stage complexation. In particular. charged substrates, such as
benzoate and p-mitrophenolate ions, have adduct structures wheren the charged
groups are external to the Cy cavity and conform to the correlation {2) within
statistical scatter. Theretore. 2 may be used to estimate the value of My = ~8.4
keal - mol ' for the first stage of the complexation process from the observed value
of 181 0.41 shown in Table 1. The 3H° to A8 correlation (Eq. 1) then leads to
A8 = 18 cal - mol ' - K™ for the initial stage of the complexation. Finally.
these estimates vield AF/5 = 2.1 kcal - mol ' and A8 = 10 cal - mol - K ! tor the
second-stage desolvation of the cationie center.

While these estimates are not likely to be highly accurate beciuse of uncer-
tainties in the data, the correlation, and the underlying assumptions. they do yield
positive values for both enthalpy and entropy changes of solvent 1elcase, as is ex-
pected, and so this analysisy appears to be reasonable. Although this two-stage
mechanism s admittedly speculative, the calculations are given here for two
reasons. The first of these 15 to illustrate that. even i this case where sobvent in-
teractions with a cationic site seem to play a signiticant role n the complexation.
these interactions constitute only & minor part ot AG” tor the overall reaction. The
complexation appears to be prnimarily controlled by the substantial decreases i en-
thalpy (AH5 = —8& kcal - mol ') and entropy (4S5 > ~18cal - mol '+ K Y. re-
spectively, which 15 connected with dipolar-induced dipolar interactions between
the Cy host and p-iodoanilinium guest, and by the conformational constraint of the
macrocyche system upon bindmg. Secondly. the aforementioned caleulations serve
as a useful hypothesis for further study of the solvent’s role in Cv complexations.
In particular. similar tactors may operate in Cy - B, but relevant ©'C-n m.r. cxperi-
ments are precluded by solubility imitations.
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EXPERIMENTAL

Cyclohexaamylose samples (Aldrich Chemical Co., Inc., Milwaukee, WI
53233) were aerated for several days before use. Prepared in this way, the cyc-
loamylose consisted of the hexahydrate form as determined by heating (~110°) to
constant weight in a vacuum oven. All other materials were reagent grade. pH-
Measurements employed conventional glass and either external calomel or silver—
silver chloride reference electrodes, and were standardized with 0.05M potassium
hydrogenphosphthalate buffer at the measurement temperature. Electrodes were
always equilibrated at the temperature of measurement until no thermal drift
(<0.001 pH value) was detectable for a period of 20-30 min, a time period compar-
able to the duration of subsequent experiments. Readings were obtained after
equilibration periods of 2-3 min subsequent to addition of cyclohexaamylose or
substrate samples.

*C-N.m.r. measurements were performed with a Bruker HX-270 instrument
operating at 67.89 MHz for '*C detection. Instrument parameters of 30° tip-angle,
1.3-s recycle time, and 2-10 k transients were used to observe solutions contained
in 10-mm sample tubes that were thermostated at 30 £ 1°.
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