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The kinetic rate equation for the title reaction in  aqueous acetate buffer has both first-order and 
second-order terms wi th  respect t o  cyclodextrin concentration, due t o  catalysis both by  one and by  
two molecules of cyclodextrin. The stabilisation of the transition state of  the iodide-peracid reaction 
by cyclodextrin is examined using the pseudoequilibrium constant approach of Tee, Carbohydr. Res., 
1989, 192, 181. This approach indicates that, depending on the nature of the peracid, the pre- 
dominant pathway catalysed b y  one cyclodextrin molecule involves the reaction of  either free iodide 
and a cyclodextrin-peracid complex or free peracid and a cyclodextrin-iodide complex. The latter 
two pathways are kinetically indistinguishable, but the corresponding terms in the rate equation are 
separated using the extrakinetic assumption of  a Bronsted-type relationship. This assumption is 
reasonable since the uncatalysed reaction and that catalysed by two molecules of  cyclodextrin show 
Bronsted-type relationships. The mechanism of catalysis is discussed in terms of  the effect of 
cyclodextrin o n  the nucleophilicity of  the iodide and acid catalysis via the protonation of  the 
benzoate leaving group. 

Inclusion of molecules or ions by cyclodextrin sometimes 
accelerates and sometimes inhibits their reactions, compared to 
the rates in the bulk aqueous medium. Steric effects are par- 
ticularly important in fixing the reactant in a favourable or 
unfavourable configuration or conformation. ' Also important 
for those reactions which are influenced by the relative per- 
mittivity of the reaction medium are microsolvent effects, 
derived from the relatively apolar properties of the interior of 
the cyclodextrin cavity.' It should be borne in mind, however, 
that the two lone pairs of each of the six or more bridging a- 
(1,4)oxygens in cyclodextrins are located in the middle of the 
cavity and lend the cyclodextrin some Lewis-base character. 
Moreover, the cyclodextrin molecule is dipolar, a-cyclodextrin 
has six hydroxy groups at the narrower face of the cavity and 
twelve hydroxy groups at the wider face and a permanent dipole 
moment of 13.5 D has been calculated for the molecule.3 

Most of the reactions mediated by cyclodextrin that have 
been studied are those involving either a covalent interaction 
between the host and the guest reactant or unimolecular 
decompositions or rearrangements of the guest. ' Inhibition 
of bimolecular reactions by cyclodextrin due to separation of 
the reactants, is, however, very well known,' *2 and indeed forms 
the basis of many of the practical applications of cyclodextrins 
as ~tabilisers.~ Recently, a number of detailed mechanistic 
studies of the effects of cyclodextrins on bimolecular reactions in 
solution have appeared in the literature. Macartney has shown 
that the rate of outer sphere oxidation of 4-tert-butyl catechol 
by transition metals decreases substantially upon inclusion of 
the reductant by cyclodextrin, owing to steric hindrances to 
effective donor-acceptor orbital overlap. Similarly, he has 
shown that ligand associations with pentacyanoferrate(r1) are 
inhibited by inclusion of the iron complex, due to the reduction 
in the proportion of outer sphere encounters between the 
reactive speciese6 On the other hand, the Diels-Alder reaction in 
aqueous solution is catalysed by cyclodextrins, provided that 
both reactants can fit snugly in the same cyclodextrin cavity.7 
Tee has shown that inclusion of bromide in the cavity of 
a-cyclodextrin increases its nucleophilic reactivity toward free 
4-alkyl-4-bromo-2,5-cyclohexadienones * and that the reverse 
reaction, the bromination of phenols, is also catalysed via a 
pathway involving a cyclodextrin-bromine complex and free 

phen01.~~ '~  The nucleophilic attack of amines on 1-halo-2,4- 
dinitrobenzenes is catalysed by P-cyclodex trin, and in some 
cases a pathway whose rate is dependent on the square of the 
cyclodextrin concentration is observed. This indicates a re- 
action between a cyclodextrin-substituted benzene complex and 
a cyclodextrin-amine complex. ' ' 

In this paper we describe the effect of a-cyclodextrin on the 
reaction of substituted perbenzoic acids and iodide. The un- 
catalysed reaction is well characterised, the rate limiting step 
involves nucleophilic attack of the iodide on the outer peroxidic 
oxygen of the peracid, this is followed by the formation of I,, 
which equilibrates with I , - .  The rate is not influenced by salt or 
solvent effects.I2 The interactions of the substituted perbenzoic 
acids, and related species, with cyclodextrins is described in the 
previous paper. l 3  The stability constant of the a-cyclodextrin- 
iodide complex, obtained from conductivity measurements, is 
12.4 dm3 m ~ l - ' . ' ~  

Experimental 
Materials.-The peracids and cyclodextrin are described in 

the previous paper. l 3  The concentrations of stock solutions of 
the peracids were determined iodometrically and working sol- 
utions obtained by dilution. Potassium iodide was purchased 
from BDH and the sodium acetate and acetic acid buffer 
components were Analar reagents. Solutions were made up in 
distilled water. 

Kinetics.-The reaction of peracid and iodide at 25 "C in 
acetate buffer, pH 4.8 and ionic strength 0.1 mol dm-3, was 
followed by measuring the absorbance of the product, triiodide 
anion, at 400 nm, using a High-Tech SF4 stopped-flow spectro- 
photometer connected to a personal computer fitted with a 
PCL-812, 12 bit interface card. Unless stated otherwise, the 
initial concentrations of iodide and peracid were 2 x and 
2 x mol dmP3, respectively, and a pseudo first-order rate 
constant was obtained from non-linear regression of the mono- 
exponential change in absorbance with time, omitting the data 
for the first half life of the reaction. The second-order rate 
constant, kobs, is calculated by dividing the observed pseudo 
first-order rate constant by 1.7 x lo4 mol drn-,, the concen- 
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Table 1 
with their standard deviations, according to eqn. (1 2) 

Stability constants" of the peracids and best-fit rate constants, 
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Fig. 1 Effect of cyclodextrin on the second-order rate constant of the 
reaction of 4-nitroperbenzoic acid and iodide. The solid curve repre- 
sents the dependence calculated using eqn. (12) with the best-fit values 
of the rate constants defined in eqns. (3), (lo), and (11). The broken 
line represents the best-fit dependence when the term second order in 
cyclodextrin in eqn. (12) is set to zero. 
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Fig. 2 Effect of cyclodextrin on the second-order rate constant of the 
reaction of substituted perbenzoic acids and iodide. The curves are as 
in Fig. 1 ;  0, 3-C1; A, 4-SO;; 0,4-Me. 

tration of iodide corrected for reaction with peracid. The 
average values for three consecutive runs were used to deter- 
mine kobs. The dependence of kobs on the cyclodextrin concen- 
tration, 5 x lo4 to 2.6 x lop2 mol dmp3, was analysed using 
the non-linear regression routine of a commercial statistics 
computer programme. 

Results and Discussion 
Determination of Rate Constants.-The rate constant for the 

reaction of 4-nitroperbenzoic acid and iodide, measured under 
conventional pseudo first-order conditions at four iodide con- 
centrations is 7.97 x lo3 dm3 mol-' s-l, in agreement with the 
value, 7.8 x lo3, published.12 Figs. 1 and 2 show the effect of 
the concentration of cyclodextrin on kobs, the second-order rate 
constant for the reaction of the peracids and iodide. The results 
are consistent with the reaction scheme shown in eqns. (1)<6), 
where C is cyclodextrin, P, the peracid, and C,P and CJ-, 
the cyclodextrin-peracid and cyclodextrin-iodide complexes, 
whose stability constants Kp and Kl are defined in eqns. (7) and 
(8). 

KPl ko/1o3 dm3 klob,/106 dm6 k2,b,/1O8 dm9 
Peracid dm3 mol-' mol-' s-l mol-2 s-l IIIOI-~ S-' 

3-C1 549 6.10 f 0.68 8.58 f 0.57 2.44 f 0.48 
4 6 0 ,  99 4.77 f 0.34 1.75 f 0.13 0.346 2 0.066 
4-NOZ 89 7.97 2.63 If: 0.22 5.00 f 0.19 

(i.e. < 0.009) 
4-Me 7.3 3.34 f 0.10 0.539 f 0.028 -0.002 f 0.011 

4-Me 7.3 3.39 f 0.08 0.533 f 0.08 
4-Me 8.1 f 3.0b 3.37 f 0.10 0.544 f 0.041 

~~ _ _ _ _ _ ~  

a The tabulated Kp values are taken from ref. 13 unless stated otherwise. 
Best-fit value from the kinetic data. 

P + I -  --% Products (3) 

C,P + I- -&Products 

P + C,I- A Products 

C,P + C,I- --% Products 

The reaction scheme leads to the rate law shown in eqn. (9), 
where [Cl0 is the total cyclodextrin concentration, provided 
that [C,P], [C,I-], and the concentrations of the cyclodextrin 
complexes of the parent acid and iodine or triiodide products 
are small compared with [Cl0. This holds under the present 
reaction conditions, where the cyclodextrin is in at least 25-fold 
excess over the peracid and reaction products, and with the low 
value l4 of the stability constant of the cyclodextrin-iodide 
complex, K,, 12.4 dm3 mol-'. The observed third- and fourth- 
order rate constants (first- and second-order in cyclodextrin 
concentration, respectively), klobs and k20bs, are defined in eqns. 
(10) and (1 1) and substituted into eqn. (9) to yield eqn. (12). 

The data in Figs. 1 and 2 were fitted to eqn. (12) to yield 
values of ko,  klobs and kZobs, as follows. The values of Kp, shown 
in Table 1 and the value14 of K,, 12.4 dm3 mol-', (and, for 4- 
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nitroperbenzoic acid only, the value of k,) are substituted into 
the equation and the best-fit values of k, (except in the case of 
4-nitroperbenzoic acid where it is determined independently), 
klobs and k20bs and their standard deviations are obtained using 
non-linear regression. The results are shown in the first four 
rows of Table 1.  For 4-methylperbenzoic acid the range of 
kzobs k standard deviation includes zero, and when an addi- 
tional regression is performed, after setting the value k20bs to 
zero in eqn. (12), an essentially identical fit is obtained as shown 
in row five of Table 1. The value, 9 x lo5 (see Table l), is, 
however, taken as the upper limit of k2obs for 4-methylper- 
benzoic acid. When k20bs is set to zero in eqn. (12) for the other 
peracids, a poor fit is obtained (best-fit parameters not shown), 
represented by the dotted lines in Figs. 1 and 2. Thus the 
importance of the kZobs term is demonstrated. The sixth row 
of Table 1 shows the results of a regression analysis of the 
4-methylperbenzoic acid data according to eqn. (1 2) with k20bs 
set to zero and in which K p  is a fitted parameter. Again there is 
good agreement, and this serves as a confirmation of the 
independently determined K p  value for 4-methylperbenzoic 
acid. On the other hand, the data for 3-chloro- and 4-sulfonato- 
perbenzoic acids fitted very well to eqn. (12) when the value of 
k20bs was set to zero, and Kp, ko and klobs treated as adjustable 
parameters. Here, the best-fit values of K p  (not shown) were 
more than three times lower than those measured independently. 
This illustrates the importance of using stability constants 
determined by an independent method in the data analysis, 
because, for the latter two peracids the kinetic behaviour alone 
gives no indication of the presence of the kZobs term that is 
second order in cyclodextrin. A pathway whose rate is 
dependent on the square of the cyclodextrin concentration has 
been observed, in some cases, for the nucleophilic attack of 
amines on 1 -halo-2,4-dinitrobenzenes. We wonder if there are 
instances where a relatively minor pathway involving two 
molecules of cyclodextrin has been overlooked. This situation is 
indicated if the kinetically determined stability constant is 
significantly less than that determined by an independent 
method. In this respect, we doubt whether we would have 
thought of looking for a second-order term in cyclodextrin for 
the 3-chloro- and 4-sulfonato-perbenzoic acids if such a term 
had not been so obviously apparent for 4-nitroperbenzoic acid. 

The values of Kp in Table 1 that are used in the data treat- 
ment were determined from the effect of cyclodextrin on the pH 
of a solution containing dilute peracid and its conjugate base 
in 0.1 mol dm--3 sodium nitrate, and are corrected by a factor 
of 1.14, for competitive binding by the nitrate. These values 
are appropriate, since the present kinetics were carried out in 
acetate-acetic acid buffer which does not associate with the 
cyclodextrin. To confirm this, we have observed (unpublished 
results) that cyclodextrin does not alter the pH of a dilute 
solution of acetic acid and its conjugate base, and, hence, neither 
component binds, or, alternatively, the components have sig- 
nificant, but identical stability constants. The possibility of 
significant but equal stability constants can be discounted since 
the acetate anion does not associate with a-cyclodextrin in 
solution. l 4  

Transition State Pseudoequilibrium Constants.-The rate 
constant, k, ,  of the uncatalysed reaction, eqn. (3), is determined 
directly. That, k 2 ,  of the reaction between the cyclodextrin- 
iodide complex and the cyclodextrin-peracid complex, eqn. (6), 
is calculated from k20bs and the stability constants shown in 
eqn. (1 1) .  The pathways involving one molecule of cyclodextrin, 
represented by eqns. (4) and (9, are kinetically indistinguish- 
able, however, and eqn. (10) shows that klobs is a composite 
quantity. Nevertheless, it is possible to probe the structure of 
the transition state, or states, involving one molecule of cyclo- 
dextrin, using the transition state pseudoequilibrium constant 

approach of Kurtz," adopted for cyclodextrins by Tee." In 
the present case, the apparent stability (Tee uses dissociation) 
constants for the transition states of the reactions mediated 
by one cyclodextrin molecule, hosting the peracid, [C,P-Ilt, 
or hosting the iodide, [P-C,I]', formed from the transition 
state of the uncatalysed reaction, [P-I]*, and cyclodextrin, are 
defined in eqns. (1 3) and (14), respectively. 

K T S l b  = 

The corresponding stability constants for the transition state 
of the reaction mediated by two cyclodextrin molecules, [C,P- 
C,I]*, formed from the transition states involving one molecule 
of cyclodextrin, and an additional molecule of cyclodextrin, are 
defined in eqns. (15) and (16). 

A thermodynamic cycle involving the various stability 
constants is shown in Scheme 1, in which the charge on the 

- C  
1 

C,P + 

C 

P 

+ C,I 

Scheme 1 

iodide is omitted for clarity. Application of transition state 
theory to the cycle leads to the relationships shown in eqns. (1 7) 
and (1 8). 

(17) 
klaKP -k klbKI 

= KTSla  -k K T S l b  
k0 

The quantities on the left hand sides of eqns. (1  7) and (1 8), 
respectively, are the ratios of the observed rate constants, 
klobs/kO and k20bs/klobs, as defined in eqns. (10) and (11). 
Eqns. (17) and (18) are, actually, specific cases of the general 
relationships, shown in eqns. (1 9) and (20). 
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Table 2 Transition state pseudoequilibrium constants, according to 
eqns. (19) and (20), and stability constantse of the parent benzoic acids 

Peracid CK,,, /dm3 mol-' CKTs,/dm3 mol-' Kp,,/dm3 mol-' 
~~ 

3-c1 1410 28.4 1310 
4-SO; 367 19.7 29 1 

329 190 437 
4-Me 157 1.5 682 

a The tabulated KPar values are taken from ref. 13. 

Eqns. (19) and (20) are obtained from a generalised thermo- 
dynamic cycle involving the transition state of the uncatalysed 
reaction and any number of transition states mediated by one 
and two molecules of cyclodextrin. For example, the pathway 
shown in eqn. (4), which involves the reaction of cyclodextrin- 
bound peracid and free iodide, can be subdivided into two 
possible pathways, one where the percarboxylic acid group 
protrudes from the wide end of the cyclodextrin cavity, and the 
other where it is located at the narrow end of the cavity. The 
usefulness of the transition state pseudoequilibrium constant 
approach is that the logarithms of the various KTs are directly 
proportional to the free energy of the stabilisation of the 
respective transition states due to the cyclodextrin, and hence 
variations of CKTs with the nature of the peracid will reflect the 
variation of the predominant transition state, or states, inde- 
pendently of any postulated mechanism. Thus, the variations 
of XTsl and CKTs2 may be used to probe transition state 
structure and as a criterion of mechanism. Values of CKTs1 and 
CK,,, are shown in Table 2. 

Fig. 3 shows the variation of the logarithm of XKTs, and of 
CKTs2 with log Kp, the stability constant of the cyclodextrin- 
peracid complex. (The relationship between log X,,, and log 
K p  is discussed in the following paragraph.) With the exception 
of 4-methylperbenzoic acid, which shows a positive deviation, 
there is a linear relationship between log CKTs, and log Kp. Here, 
with the exception of the 4-methylperbenzoic acid, the factors 
affecting the stability of the transition state involving one 
molecule of cyclodextrin are similar to those affecting the 
stability of the cyclodextrin-peracid complex and it follows that 
the predominant pathway involves the transition state in which 
the peracid is hosted by the cyclodextrin ie. the pathway shown 
in eqn. (4). In the previous paper we presented evidence that 4- 
methylbenzoic acid is included in the cyclodextrin with the 
methyl group protruding from the wider end of the cavity, while, 
in contrast, the percarboxylic acid group of 4-methylperbenzoic 
acid, and of all the other peracids, protrude from the wider end 
of the cavity. We propose, therefore, that, with the exception 
of 4-methylperbenzoic acid, the reaction with iodide, mediated 
by one molecule of cyclodextrin, involves, predominantly, a 
transition state in which the percarboxylic acid group of the 
peracid protrudes from the wider end of the cyclodextrin cavity. 
Fig. 4 shows the relationship between log ZKTs1 and the 
logarithm of the stability constant of the parent benzoic acid, 
KPar, reported in the previous paper,I3 and shown in Table 2. An 
interesting feature of Fig. 4 is that, again with the exception of 4- 
methylperbenzoic acid, which now shows a negative deviation, 
the values of CK,,, are remarkably similar (see, also, Table 2) to 
those of KPar: the line drawn on Fig. 4 is of unit slope and zero 
intercept. Since, as reported,12 and discussed further in the 
following section, the transition state for the iodide-perbenzoic 
acid reaction involves proton transfer to the benzoate leaving 
group, so that the transition state resembles the benzoic acid 
product, then this resemblance goes even so far as the stability of 
the respective cyclodextrin inclusion complexes. If the 4- 
methylperbenzoic acid were to react according to eqn. (4), but 
via the alternative pathway, in which percarboxylic acid group is 
located at the narrow end of the cyclodextrin cavity, then we 
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Fig. 3 Relationship between the log of the transition state pseudo- 
equilibrium constants, log PKTSl), 0, and log (ZKTs2), 0,  defined 
in eqns. (19) and (20), and the log of the stability constants of the 
cyclodextrin complexes of substituted perbenzoic acids. (a) 4-Me; (b) 
4-NO2; (c) 4430;; ( d )  3-C1. 
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Fig. 4 Relationship between log (CKTSl), and the log of the stability 
constant of the cyclodextrin-parent acid complex. The line is drawn 
with unit slope and zero intercept. 

would not expect the negative deviation shown in the plot of log 
Z&1 against log Kp,, in Fig. 4. In this case we would expect a 
positive deviation since the cyclodextrin would not only stabilise 
the transition state, which resembles the benzoic acid, but also 
destabilise the ground state, since the peracid would be bound 
with the energetically less favoured orientation. We conclude, 
therefore, that the reaction of 4-methylperbenzoic acid and 
iodide, catalysed by one molecule of cyclodextrin proceeds, 
predominantly, via a cyclodextrin-iodide complex, according to 
the pathway shown in eqn. (5) .  This is a similar pathway to that 
proposed for the reaction of bromide and 4-alkyl-4- 
bromocyclohexa-2,5-dienones. * 

In contrast to the CK,,, values, Fig. 3 shows that there is 
no systematic relationship between log CKTs2 and log Kp. Here 
the additional stability of the transition state conferred by a 
second molecule of cyclodextrin would not be expected to 
correlate with the properties of the peracid, since, if the one 
molecule of cyclodextrin binds the peracid then the second 
molecule binds the iodide in the transition state. Moreover, 
virtually no additional stability is conferred on the transition 
state for 4-methylperbenzoic acid by a second molecule of 
cyclodextrin. This is in accord with our conclusion that the 
transition state for the reaction mediated by just one molecule 
of cyclodextrin involves the free peracid and the cyclodextrin- 
iodide complex. In neither case does inclusion of the peracid in 
the cyclodextrin cavity stabilise the transition state. 
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Table 3 Values" of pKa of the peracid, and calculated kinetic parameters, according to eqns. ( I  I), (25), (26) and (27) 

k,/104 dm3 kIa/1O4 dm3 klb/104 dm3 
Peracid PK, rno1-ls-l mo1-ls-l mol-' s-' % Path la  

3-C1 7.53 3.58 1.51 2.54 96 
4-SO; 7.56 2.8 1 1.44 2.63 82 
4-NO2 7.14 45.3 2.74 1.60 92 
4-Me 7.86 < 0.88 0.91 3.76 12 

" The tabulated pKa values are taken from D. M. Davies and P. Jones, J. Org. Chem., 1978,43,769 unless stated otherwise. Ref. 13. 

8 
3 I 1 ', 

7 7.5 

PK a 

Fig. 5 Bronsted-type relationships between second-order rate con- 
stants and the pKa of the peracid: 0, k,; 0, kla; A, k l b ;  0, k,. (a) 
4-N02; (b) 3-CI; (c) 4-SO;; ( d )  4-Me. 

Bronsted-type Plots.-Values of k, were calculated from k20bs 
and the reactant-cyclodextrin stability constants, according to 
eqn. (1 l), and are shown in Table 3 together with the pK, values 
of the peracids. Fig. 5 shows the Bronsted-type plots fork, and 
also for k o .  The data is fitted to eqn. (21), where ko is defined as 
the rate constant of a hypothetical peracid with pK,, 7.5. This is 
better, for comparison of the present results, than the standard 
form of the Bronsted equation that uses the intercept at pK,, 0. 

The rate constants for the uncatalysed pathway conform to 
eqn. (22), their relationship to the nature of the perbenzoic acid 
is very similar to that reported previously.' The rate constants 
for the pathway catalysed by two molecules of cyclodextrin con- 
form to eqn. (23) and will be discussed in the following section. 

log k,  = 4.63 - 2.85 (pK, - 7.5) (23) 

Now, since the rate constants for both the uncatalysed 
pathway and that catalysed by two molecules of cyclodextrin 
show a linear free energy relationship with the pKa of the 
peracid, it is reasonable to assume that the pathways catalysed 
by one molecule of cyclodextrin also show such linear free 
energy relationships. Taking eqn. (21) for k,, and for k l b  and 
raising them to the power 10 and substituting into eqn. (10) 
gives eqn. (24). 

Substitution of Kl and, for the respective peracids, Kp, pK,, 
and k l o b s ,  into eqn. (24) gives a set of simultaneous equations 

that is solved numerically for the Bronsted parameters defined 
in eqn. (21) to give the results shown in eqns. (25) and (26). 

logk1, = 4.20 - O.66(pKa - 7.5) (25) 

Substitution of the respective pK, values of the peracids into 
eqns. (25) and (26) gives the values of k , ,  and k,,  shown in 
Table 3. Also shown in Table 3 is the quantity % Path la  
calculated using eqn. (27). 

The above quantity is, obviously, the proportion of the 
overall third-order reaction that goes uia the pathway shown in 
eqn. (4), in which the cyclodextrin hosts the peracid in the 
transition state. The quantity (100 - % Path la) represents the 
proportion of the reaction, eqn. (9, going via the transition state 
in which the cyclodextrin hosts the iodide. Examination of 
Table 3 leads to the conclusion that the predominant transition 
state for 4-methylperbenzoic acid involves the interaction of free 
peracid with the cyclodextrin-iodide complex whereas for the 
other peracids the predominant transition state involves the 
interaction of free iodide with the peracid-cyclodextrin com- 
plex. This conclusion, obtained by invoking the 'extrakinetic' 
assumption of a linear free energy relationship, is in accord with 
the conclusion drawn from consideration of the transition state 
pseudoequilibrium constants, which are fundamental kinetic 
parameters that are independent of any postulated mechanism. 
The Bronsted-type plots for kl, and k,, are shown in Fig. 5. 

Mechanisms.-The reaction of substituted perbenzoic acids 
and iodide is well characterised. Substituent effects and solvent 
isotope effects indicate that the transition state, 1, unit negative 

- n 

\ 
H- H 

S O  
\ 
H 

1 

charge not shown, involves nucleophilic attack of iodide on the 
outer peroxidic oxygen of the peracid and protonation of the 
benzoate leaving group by a hydrogen-donor solvent. 

The rate constant is independent of ionic strength, and 
solvent relative permittivity effects are negligible,', as is usual 
for the reaction of an uncharged molecule and a highly polaris- 
able nucleophile.'6 This is convenient for the following dis- 
cussion because it allows us to eliminate microsolvent effects 
as a factor in the catalysis by cyclodextrin. The relatively small 
magnitude of the Bronsted slope, Po, -0.52, compared with 
that of, for example, the reaction of peracids and tertiary 
amines,17 might be considered to be indicative of a relatively 
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small amount of charge transfer from iodide in the transition 
state. This is unlikely, however, because of the importance of 
protonation of the benzoate leaving group, as described above, 
and so the Bronsted slope reflects the opposing substituent 
effects on iodine-oxygen bond formation and oxygen-oxygen 
bond breaking, on the one hand, and oxygen-hydrogen bond 
formation and hydrogen-oxygen bond breaking, on the 
other, in a transition state that resembles the product, benzoic 
acid. 

The likely transition state, 2, unit negative charge not shown 
(as for all the transition state structures), for the reaction of the 
peracid-cyclodextrin complex and free iodide is shown schem- 
atically below. 

.H 
2 

In 2 the peracid takes its favoured orientation, as discussed 
in the previous paper.13 Now, if, as discussed above, the 
transition state of the uncatalysed reaction resembles the 
product substituted-benzoic acid, then the cyclodextrin can 
stabilise the transition state 2 by virtue of stabilising the benzoic 
acid. In accord with this, the stability constants of the respective 
cyclodextrin-benzoic acid complexes (Table 2) are greater than 
three times those of the cyclodextrin-perbenzoic acid complexes 
(Table 1) except in the case of 4-methyl substitution, where the 
favoured orientation of the benzoic acid is opposite to that of 2. 
The latter point has been considered in the section on transition 
state pseudoequilibrium constants. The Bronsted slope, Pla, 
-0.66 is similar to -0.52, that of the uncatalysed reaction, so 
that, although the position of the transition state moves away 
from the products on the reaction coordinate because of the 
stabilisation of the product by cyclodextrin, the relative extent 
of oxygen-oxygen bond breaking and oxygen-hydrogen bond 
formation in 2 is similar to that in 1. The non-interacting 
hydroxy group on the cyclodextrin is shown, schematically, in 2 
to emphasise that the cyclodextrin is not acting as a particularly 
better acid catalyst than the water. 

The likely transition state, 3, for the reaction of free peracid 
and the cyclodextrin iodide complex is shown below, here we 

3 

presume that the iodide is located at the smaller end of the 
cyclodextrin cavity that constitutes the positive end of its dipole, 
as suggested by others.I4 

The Bronsted slope, PI,,, +0.52, indicates that electron- 
donating substituents speed up the reaction, and, hence, the 
transition state involves, predominantly, oxygen-hydrogen 
bond formation and hydrogen-oxygen bond breaking, with 
iodide-oxygen bond formation and oxygen-oxygen bond 
breaking being less important than in 1. This means that the 

cyclodextrin enhances the nucleophilicity of the iodide. Tee and 
Bennett have shown that the reaction of bromide and 4-alkyl-4- 
bromocyclohexa-2,5-dienones is catalysed by cyclodextrin and 
conclude that the nucleophilicity of the bromide is enhanced, in 
some way, by desolvation of the bromide in the cyclodextrin 
cavity.' The same workers have studied the reverse reaction, 
that of phenols and bromine, and shown that catalysis by 
cyclodextrin is not consistent with a microsolvent effect due to 
the less polar cavity of the cyclodextrin than the bulk aqueous 

In the present case of the iodide-peracid reaction, 
microsolvent effects are unimportant, as discussed above. Also, 
however, desolvation of the iodide nucleophile is less important 
than that of bromide, because of the lower charge density of 
the former. The cyclodextrin mediated enhancement of iodide 
nucleophilicity is quite unexpected considering that the cyclo- 
dextrin must limit the proportion of the iodide surface exposed 
to the peracid, as is seen by Macartney for outer sphere electron- 
transfer reactions' and also for ligand substitutions.6 It is 
possible that the dipole of the cyclodextrin induces a favour- 
able orientation of the peracid (particularly 4-methylperbenzoic 
acid, with its electron-donating methyl substituent) with respect 
to the cyclodextrin-iodide complex. We have demonstrated 
similar dipole effects with site-specific modified cytochrome c. 
Alternatively, the cyclodextrin may polarise the included iodide 
and increase its electron density in the direction of its exposed 
surface at the face of the cyclodextrin cavity. The polarisation of 
the iodide could either be induced by the overall dipole of the 
cyclodextrin, or by the lone pairs of each of the six bridging a- 
(1,4)oxygens, which are located in the middle of the cyclodextrin 
cavity. The non-interacting hydroxy group on the cyclodextrin 
is shown, schematically, in 3 as in 2, to indicate that cyclodextrin 
is not particularly better than water as an acid catalyst in this 
transition state. 

For the reaction catalysed by two molecules of cyclodextrin 
the very negative Bronsted slope, P 2 ,  -2.85, indicates that 
electron-withdrawing substituents speed up the reaction con- 
siderably, and, hence, the transition state, 4, involves iodide- 
oxygen bond formation and oxygen-oxygen bond-breaking, 
with oxygen-hydrogen bond formation and hydrogen-oxygen 
bond breaking being unimportant compared with 1. 

4 

This means that the two cyclodextrins are acting in concert 
as an acid catalyst, since neither of the pathways that involve a 
single cyclodextrin shows a very negative Bronsted slope. The 
network of hydrogen bonds required for this type of catalysis is 
shown schematically in 4. X-Ray crystallography of inclusion 
complexes shows that the stacking of a-cyclodextrin rings 
involves hydrogen bonding between primary and secondary 
cyclodextrin hydroxy groups. 
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