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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: AIFcyB = -8.2 +_ 0.5 

kcal * mol-‘. AsOcyB = -12.1 +1.8 cal . mol-’ . K-l; and AH”CyBH+ = -6.3 + 

0.7 kcal . mol-‘, AS°CyBH+ = -7.6 k 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 13C-n.m.r. investigation 

confirmed a configuration of the Cy * BHf 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 substrate2q3, 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 interactions4-6. 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 thep-iodoanilinium ion’ (BH’l. However. the main 

focus of that work was the structure of the complex rather than the bonding 

mechanism. Also, the Cy complex of/T-iodoaniline (B) has been the subject both of 

experimental and theoretical treatments’ relating to bonding. but the cssentlal 

thermodynamic properties of the complexations, JW and XF’. are not available 

for either the Cy . B or C! RI-I’ complex. In hght oi correlations recent& 

noted’.h between J?F and 3s” 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 r BH ’ complexes 

RESliI TS 

Methodology. - The temperature-dependent formation constants of 

Cy . BH+ and Cy ’ B, which would in turn yield estimates of JW and LS” 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 Cq. The data of pH values 

1~s. added Cy were fitted to a set of model equations including mass- and charpe- 

conservation equations. equilibrium-constant expressions. and 3ctivit~-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-Hiic- 

kel correlation by use of the temperaturr-dependent coefficients given by Robin- 

son and Stokes”. Ion-size parameters of 0.9.0.8. 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 KcYvHH+ and K(~ri3, 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 &mates for these 

parameters. which values appear in Table I. The rms “fit” of the experimental data 

to the model equations has always less than 0.001 pH unit. and the pattern of re- 

siduals, differences between experimental and calculated data, appeared to 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 euperimrntal condi- 

tions, and that the equilibrium-constant values obtained represent reasonablv accu- 

rate estimates of these parameters. 

The 75’ value of 1.1 . 10’ for Kc,nr~,’ is in accord with an earlier estimate of 

-103 (ref. 7). However. our value of e.8 + 0.3) * 10’ for K(.VH is substantially at 

variance with the estimate of _lG” = -5.0 kcal * mol- ’ (A’,.,,, = 2 IO’) quoted bk 

Tabushi ct al. ‘. The standard enthalpies and entropies of compleuation. as shown 

in Table II, were calculated from Van ‘t Hoff plots of the temperature-dependent 
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TAI3LE 1 

EQUILIBRIUM CONSTANTS CALCULATED FOR THE SYSTEM OF p-IODOANILINE, p-IODOANILINIUM ION, AND 

CYCLOHEXAAMYLOSE 

Temp. K C$ &yd 
(“) (x 10-q 

Pbb 
(x lo-‘) 

10 (5.2 + o-3)= (1.7 t o.l)c 4.017 2 0.003’ 
20 (3.8 + 0.3) (1.5 kO.1) 3.840 k 0.003 
25 (2.8 * 0.2) (1.1 * 0.1) 3.780 i O.W3 
30 (2.3 k 0.1) (1 .O2 + 0.08) 3.700 t- 0.003 

40 (1.4 + 0.1) (0.66 k 0.07) 3.562 F 0.003 
45 (1.0 f 0-l) (0.52 + 0.05) 3.502 k 0.003 

“Complex formation constants of cyclohexaamylose with substrates I3 or BH+. bAcid dissociation con- 

stant of p-iodoanilinium ion. ‘Standard error estimates made by the nonlinear regression calculation 
and based on esttmated standard deviations of 0.002 pH unit and 0.2 mg in the pH and gravtmetric data, 

respectively. 

equilibrium constants given in Table I. The results for B complexation differ sub- 

stantially from the theoretical estimates2 of -7.35 kcal - mol-’ and +5.5 

cal e mol-l - 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 II, we will describe the results of the 13C-n.m.r. spectrometric ex- 

periments. 

i3C-N m Y. spectrometric measurements. . . - Chemical shifts were recorded 

for seven solutions containing 5% D20 (v/v aqueous), p-iodoanilinium ion (O- 

0.100 F), cyclohexaamylose (O-O. 1.55 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 Kcye and KCyBH+ values (30”) by a procedure described earlier” (see 

Table III, where a0 refers to the intrinsic shift of the unbound species and AS to the 

displacement, i.e., the difference between the chemical shift in the complex and 
8,). A substantial displacement of the C-6 resonance in Cy and a major deshielding 

effect at C-l of BH+may be observed. These indicate that the substrate is deeply 

TABLE II 

AH” AND As” VALUES FOR CYCLOHEXAAMYLOSE COMPLEXATION WITH p-IODOANILINE AND p- 

IODOANILINIUM ION, AND FOR ACID DISSOCIATION OF/+IODOANILINIUM ION 

Reactioa 

B +Cy=Cy*B 

BH+ +Cy=Cy.BH+ 
BH+ +H,O=B + HsO+ 

AH” 

(kcal s moE_‘) 

-8.2 + 0.5’ 

-6.3 + 0.7 
6.0 k 0.1 

AS” 
(all n moI_’ m K-‘) 

-12 1 i 1.8” 

--7.6 + 2.2 
3.0 * 0.3 

‘Standard error esttmates based on scatter of points about the least squares Van ‘t Hoff lines. 



TABLF III 

included within the Cy cavity’. and this is consistent with the structure of the com- 

piex proposed earlier by Wood et ~1.~ 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 (0.47 p.p.m.) is indicative of a hydrogen-bonding interac- 

tton between the NH: and OH-3 groups. 

C’y . B complexation. - A recently reported correlatron between JH” and 

AS” for cyclohexaamylose complexations5 of twenty substrates included such 

widely variate species a\ ahphatic and aromatic carboxylic acids. nitrophenols. 

cyanophenols. and their anion\. Smce we have foundh that a number of commonly 

employed solvent molecules also form Cy complexes that tit the correiation. as do 

Cy complexes of per-chlorate, iodide, and thiocyanate ions”. If these recent 

findings are included. the new least-squares, regression line becomes Eq. I, 

which is shown plotted in Fig. 1, and where the circles are drawn representing the 

complexes involved. The J/1” L’S, _I.‘;” value of the Cv . R complex IS 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. WC 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 -1s” value 

of -12.1 t 1.8cal mol ’ . Km I for Cy . B formation seems 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” = 406As” - 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 BHf were determined. Of particular interest is the value of 

As” of +3.0 cal . mol-’ . K-’ which is typical of substituted anilinium ions13. 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 H30+, leaving the net-configura- 

tion entropy changed very little. That water molecules are highly ordered in the re- 

gion of the NH; group will be useful in the following discussion. 

The values of AH” and AS” for the Cy . BHf 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 et 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 



which a portion of the ammonium solvation sphere is expelled. Presumably. this 

second-stage process would have little effect on the Q-host sfructur~, but would 

contribute to the observed JH” and J_I.‘i” values for the overall complcxatlnn. In 

particular. 31-c an:.’ -I,‘?< values for the second-stage process would both be ex- 

pected to havt: more pu:,itive values, a consequence of the brt‘akdo~vn of the tight 

soivatian sphere or “‘kc” structure which supposedly surr~~~~nds the catiomc 

species. 

In an attempt to separate the two steps of the complexation process, we in- 

voked a correlation (2) that we had noted between _IfC”3 and AH” fnl, twenty Cy- 

complexation reactions5. 

The value A@ VI (in p.p.m ) represents the displacement on compirxation of 

the intrinsic chemical shift of the “C-n.m.r. resonance of C-1 c>f C). This corrcla- 

tion is derived from a wide \ariet> ot chermcally differing substrate-species in- 

cluded in the Cy cavity. and mtght reasonable hr expected tr\ &scribe the 

af~r~menti~~ncd first-stage complexatmn. In particular. charged suhstratcs, such as 

henzoate and p-nitrophrnol~tte ionc, have adduct qtructurcs wher~rr the charged 

groups are external to the Cy cavity and conform to the correlati~~r3 (2) w3thin 

statistical scatter. Therelore. 2 may be used to estimate thr vaiuc of JIG T: --8.4 

kcal I moI ’ for the first stage of th e compkxation procrns from the observed valutr 

t>f -liScy’ 0.41 sho&n in ‘I‘ahle Ill. The +3/-I” to -15’ correlation (Eq. s’ j ~frcn iearls to 

AS, = -- 1X cal mu1 ’ 1 K i for the initial stvgc of the ~mpltx~t~c~rr. Finall>. 

these estimates yield .M!~. T’ 2. 1 kcal - rnr)l ! ,tnd -Ik\! -2 10 cal mol h; ’ tor the 

second-stage desolvation of the catIonIc center. 

While these &males are not iikeiy to hc highly accurate because t~f unccr- 

tainties in the data. the correlation, and the und~rlyiI1~ ~issl33n~ti~~n~. they do yield 

positive values for both cnthalpy and entropy changes of s4ht~rrt rclcasc, ah is es- 

pectcd, and so this analysis ~ippears to he reasonahk. Although this two-stage 

mechanism IS admittedly +,pcculative. the calculat3orr~ arc given hcrc for two 

reasons. The first of thrse IS to illustrate that. even in this cam whcrc sc,i\cnt m- 

ter~~ction~ with a catiomc site Stem to play a si~njt~c~~nt role In the ~~~rni~le~~lti~~n” 

these interactions constitute <>nly a mmor part 01 JG’ lor the overall reaction. The 

complesation appears tcl hc prlmarilv controlled hc tilt: huhstantial dccrc;isca in en- 

thalpy (_.I& = -8 kcal 0 ~nol ’ ) anil entropy (_I.<$ .> _- I8 cal * rnc>l ! I\; ‘). rc- 

spect~vclq, which 3s conncctcd w3th dipolar-Induced dipol;rr 3ntcractlons between 

the Cy host and ~-i~~d~~anil~nium guest, and bq. the coilft,rm~ttii,nat citrbtrnint of the 

macrttcychc system upon binding. Secondly. the ~l~(~r~rn~I~t~~)rlc~ c,ilcttiatrons serve 

a\ a useful hypothesis for further study of the aol\ent’s roic in C‘v ~on_nples;lt3l3314. 

132 particular. similar tact~~rs may operate in c’y 13. but rele\;lnt ‘%n 1n.r. cupcr1- 

ments z1rc precluded by ct>luhility limitatlc>ns. 
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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 

(<O.OOl 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 13C detection. Instrument parameters of 30” tip-angle, 

1.3-s recycle time, and 2-10 k transients were used to observe solutions contained 

in lo-mm sample tubes that were thermostated at 30 + 1”. 
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