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Effects of cyclodextrin on hydrolysis and the Smiles 
rearrangement of salicylic acid esters 
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The effect of [3-cyclodextrin (p-CD) on "aqueous" hydrolysis of methyl, p-, and 
m-nitrophenyl salicylates as well as on the Smiles rearrangement of p-nitrophenyl salicylate 
was studied. No effect of 13-CD on the pH-independent rate constant of "aqueous" hydrolysis 
of methyl ester was observed, while 13-CD accelerated "aqueous" hydrolysis of nitrophenyl 
esters by ca. 10 times. The inclusion of these esters into the cavity of [~-CD is accompanied 
by a change in the mechanism of hydrolysis: free ester in the deprotonated form undergoes 
hydrolysis through the mechanism of intramolecular general base catalysis, while the ester 
bound to cyclodextrin is hydrolyzed due to the nucleophilic attack of the deprotonated 
hydroxyl group of p-CD at a neutral substrate molecule. The effects of cyclodextrin on the 
rate constant of borate-catalyzed hydrolysis were interpreted by assuming that the substrate 
bound to 13-CD undergoes borate-assisted attack at the deprotonated cyclodextrin hydroxyl 
group. The Smiles rearrangement, which is an intramolecular nucleophilic substitution 
reaction, is accelerated in the presence of [~-CD. 

Key words: nitrophenyl salicylate, methyl salicylate, [~-cyclodextrin, intramolecular 
general base catalysis, Smiles rearrangement. 

The unique reactivity of  enzymes I -4  has attracted 
attention to the kinetics of  intramolecular reactions. The 
chemical modeling of  enzymatic processes has led to the 
study of  the influence of  macrocyclic "host" molecules 
on the rates and equilibria o f  intramolecular processes. 
For example, it has been shown that 13-cyclodextrin 
(13-CD) 5 and erythromycin 6 induces lactonization of  
some dyes. A sixfold acceleration of  the transfer of  the 
acyl group of  2-hydroxymethyl-4-ni t rophenyl  trimethyl- 
acetate in the presence of  a - C D  has been observed. 7 In 
this paper, the effect o f  13-CD on the kinetics of  in- 
tramolecular  hydrolysis and on the Smiles rearrange- 
ment of  salicylic acid esters l a - - c  is described. 

Salicylic acid esters were chosen as substrates for 
several reasons. First, hydrolysis of  these esters proceeds 
via the mechanism of  intramolecular general base ca- 
talysis involving the deprotonated ortho-hydroxyl group, 
which mimics the deacylation step ill the mechanism of 
action of  serine proteases. 8= Therefore, these esters are 
widely used for modeling enzymatic processes, s Second, 
the borate-catalyzed hydrolysis of  salicylates is also in- 
tramolecular,  but occurs through a nucleophilic mecha-  
nism. Third, simultaneously with hydrolysis, p-nitro- 
phenyl salicylate undergoes the Smiles rearrangement, 
which is an in t ramolecula r  a romat ic  nucleophil ic  
substitution, s=,b Thus, it is possible to compare the 
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effects ofcyclodextrins on reactions with different mecha- 
nisms (general base and nucleophilic) using one sub- 
strate as an example. All reaction routes discussed are 
presented in Scheme I .  

The effect of  cyclodextrins on the hydrolysis of  ben- 
zoates 2a,b was studied for comparison. 

Reactit 1 routes. Hydrolysis of  esters l a - - c  (the first 
route) resulting in the formation of salicylic acid was 
monitored by spectrophotometry detecting elimination of  
4-nitrophenoxide (4-NP),  3-nitrophenoxide (3-NP),  and 
the salicylate anion, respectively. For esters Ib and I t ,  the 
final concentrations of  3-nitrophenoxide and salicylate 
anions corresponded to those calculated from the 
weighted samples. However, for p-nitrophenyl salicylate, 
the yield ofp-nitrophenoxide was ~50 % of  the calculated 
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one. It is known sa,b, 9 that the second route, the Smiles 
rearrangement, occurs in parallel with hydrolysis, which 
results in the formation of  o-carboxyphenyl p-nitrophenyl 
ether (3a). Thus, free nitrophenoxide and salicylate ions 
form only via the first route. 

Therefore,  the following approach was used for cal- 
culating the rate constants of  reaction la  via each route. 
The observed rate constant for the reaction of  the pseudo- 
first order (kobs) was obtained for different concentra-  
tions of  the borate buffer and [~-CD at the constant 
value of  pH. The typical form of  these dependences is 
presented in Fig. 1. in each case, the reaction was 
performed to the end, and the yield of  4 -NP  was 
determined (it usually was 50% of  the initial concentra-  
tion of  tile ester). The rate constant of  the Smiles 
rearrangement (ksml) and the sum of  the rate constants 
of  "aqueous" hydrolysis (kaq) and borate-catalyzed hy- 
drolysis (ko[H3BO3lt) were calculated from these data: 

kob s = ksn,i + kaq + kB[H3BO3lt. (1) 

(k~q + k B [ H 3 B O 3 h ) / k o b s  = I - k s , u l / k o b s  = [4-NPIJ[Ial0, (2) 

where [4-NP]~ is the final concentration ofp-nitrophenol 
after the reaction was completed, [ la]o is the initial 
concentration of the ester, and [H3BO3h is the total 
concentration of boric acid. Then the dependence of the 
observed reaction rate constant, corrected for the rate 
constant of the Smiles rearrangement (kob s - ksm 0, on 
the total concentration of boric acid was plotted. Accord- 
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Fig. 1. Dependences of the observed rate constant of cleavage 
of la on the concentration of the borate buffer at pH 10.0 and 
at different concentrations of [3-CD/mol L-t: 0 (/); 0.001 (2); 
0.002 (3); 0.004 (4); 0.006 (5); 0.009 (6), and 0.01 (7). 

ing to Eq. (1), this dependence is linear, the interception 
is equal to kaq, and the slope is equivalent to k B. 

Since no Smiles rearrangement (in parallel with the 
hydrolysis route) was observed for the two other  sub- 
strates, the data similar to those presented in Fig. I 
were used without a correction for ksm I. The kaq and k B 
were also calculated from Eq. (1), from which the term 
k S m  I w a s  excluded. 

Effect of cyclodextrin on the aqueous hydrolysis route. 
The dependences of  kaq on the concentrat ion of  [3-CD 
at various pH values for substrates l a - - c  are presented 
in Figs. 2--4. Hydrolysis of  Ib in the presence of  
cyclodextrin has been studied previously, t° however, we 
reproduced the results to have the rate constants for all 
substrates studied under the same conditions. For any 
substrates, these and the other dependences obtained at 
different pH values obey Eq. (3), which is derived from 
a simple scheme of  :he simultaneous transformation of 
free substrate molecules (S) and molecules of  a substrate 
bound to cyclodextrin (S - -CD)  I! (Scheme 2). 

S c h e m e  2 

S k,~ ~ p ,  

K s 
S + CD ....... ~ S--CD kc .p ,  

kaq = ( k  0 + kcKsl~-CDI)/(I + KsI~-CD]), (3) 

where /c o and k c are the observed rate constants of 
hydrolysis of  free substrates and substrates bound with 
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Fig. 2. Dependences of the observed rate constant of "aque- 
otis" hydrolysis of la on the concentration of ~-CD at pH 80 
(/),  8.5 (2), 9.0 (_,z), 9.5 (4), and 10.0 (5). Curve 6, a solution 
of D20, pD = 10.4. 
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Fig. 3. Dependences of the observed rate constant of "aque- 
otis" hydrolysis of Ill on the concentration of 13-CD at pH 8~5 
(I); 9.0 (2); 9.5 (3); 10.0 (4), and 105 (5). 

13-CD, and K s is the  observed  b ind ing  cons tan t .  
All these parameters  depend on pH according to Eqs. 
(4) - - (6) ,  which are obtained from Schemes I and 2: 

% = k0"l ( l  + IH+ I IK~° ) ,  (4) 

k~ = k c ' l ( l  + lH+ l l / ~c ) ,  (5) 

Ks = Ks ' (K~  ~ + [H+I) / (K~ ° + IH+I) ,  (6) 

kaq" 105/s -I 

v '73 

I ..... I 
o o '4 ; ' I0 

[13-CDI" 103/tool L - I  

Fig, 4. Dependences of the observed rate constant of  "aque- 
otis" hydrolysis o f  le on the concentration of  13-CD at pH 9,6 
( I ) ;  I0, I (2), and 10,6 (3 )  

where k 0" and k c '  are the pH- independen t  rate con-  
stants of  hydrolysis of  free and bound substrates, K.,, ° and 
Ka c is the acidic dissociation constants  of  free and bound 
substrates, and K s" are the binding constant  of  non- 
dissociated forms of  substrates. 

The kinetic and equil ibr ium parameters  de te rmined  
for different pH are presented in Table I, and the 
corresponding pH- independen t  constants  are listed in 
Table 2. Since ester l e  is hydrolyzed very slowly, its 
constants  of  binding with cyclodextr in  at different pH 
were also de te rmined  by spec t rophotomet ry  (see Experi-  
mental  and Table 3). As can be seen from Table 3, the 
parameters  obtained by different methods  are in good 
concordance.  

It can be seen from the data presented in Table I 
that 13-CD accelerates considerably the hydrolysis of  
ni t rophenyl  esters la, l l ,  but inhibits or exerts no effect 
on the hydrolysis of  le.  These results agree with the fact 
previously discussed in the l i terature I t -14 that the effect 
of  a catalyst on the hydrolysis of  esters with a good 
leaving group is greater than on the hydrolysis of  esters 
with a bad leaving group. A possible explanat ion for this 
difference is that the hydroxyl groups o f  cyclodextr in  
cannot  compete  with the more basic alkoxide leaving 
groups, but they easily expel the less basic a romat ic  
phenoxide leaving groups from the te t rahedral  in te rme-  
diate. However,  when it is taken into account  that  esters 
l a - - e  are hydrolyzed through the mechanism of  general  
base catalysis (Scheme 1) and this mechanism is re- 
tained for a substrate bound with cyclodextr in ,  the hy- 
droxyl group of  cyclodextr in should not par t ic ipate  in 
hydrolysis. 

The existence of  the deacyla t ion  stage in hydrolysis 
of  the bound ester was analyzed to e lucidate  whether  the  
hydroxyl group of  cyclodextr in takes part in the hydroly-  
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Table  I. Observed rate constants of hydrolysis of free sub- 
strates (k0) and substrates botmd with I]-CD (kc), the observed 
binding constant with 13-CD (Ks), the rate constant of 
deacylation of acyI-CD (kdeac) for esters la - -c  and 2a ,b  (25°C; 
relative experimental error +(10--20)%) 

Run Corn- pH k 0. 104 k c. 103 K s kde~¢/s-I 
pound /s -I /s -I /L  tool -I Corn- Reac- pK~ ° 

pound tion* 
I la a 8.0 1.3 I.I II0 
2 8.5 2.5 1.6 200 la H 9.0+_0.1 9.1+_0.1 
3 9.0 6,8 4.0 230 S 9,0+_0,1 9, I +_0. I 
4 9.5 8.9 6.1 230 Ib H 8.8+_0.1 94_+0,1 
5 10.0 10~5 8.5 210 72-  10 -5 
6 10.0 b 52 8.3 150 lc H 9.6+_0. I 10.3+0.1 
7 10.6 1.0. 10 -a 
8 II.0 9o2. 10 -5 
9 Ib c 8.5 3.3 1.6 205 

10 9.0 6.5 3.7 190 
I I 9.5 8.2 5.5 195 
12 10.0 8.2 11.0 80 5.2- 10 -5 
13 10.5 8.3 12.0 80 
14 10.6 1.3.10 -4 
15 le d 9.6 0.315 0.0033 280 
16 10.1 0.42 0OI5 110 
17 10,6 0.60 B-CD exerts no effect 

on the reaction rate 9.6 
18 I 1.0 0.67 13-CD exerts no effect 9.75 

on the reaction rate 9.8 
19 2a c 9.5 1.8 0.90 220 9.9 
20 10.0 5.7 3.0 140 10.1 
21 2b e 10.6 15.0 3%0 180 

a 3% MeCN. b In D20, pD = 10.4. c 5% MeCN. d 1% 
MeCN. e See Ref. 12. 

sis. For  this purpose,  we used a procedure  presented in 
Ref. 10 involving spec t rophotomet r ic  moni tor ing  of  the 
deacyla t ion  stage in the UV spectral  region after the 
comple te  format ion of  the phenoxide  anion.  Using this 
procedure  for esters l a ,b ,  the existence of  the deacylat ion 
stage with the corresponding rate constants of  deacylat ion 
kdeac (Table 1) was conf i rmed.  As should be expected,  
the deacyla t ion  constant  was the same for both esters. 
This  e x p e r i m e n t  c o n f i r m e d  the ex is tence  of  acyl -  
13-cyclodextrins, which cannot  be formed in hydrolysis 
via the mechan i sm of  in t ramolecular  general  base ca-  
talysis and appear  due to the nucleophi l ic  at tack of  the 
hydroxyl group of  [3-CD at the functional  group of  a 
substrate.  To be sure that  the mechanism changes when 
the funct ional  group is inserted into the cyclodextr in  
cavity,  the isotopic effect of  the hydrolysis of  l a  was 
measured under  the condi t ions  when the ester is com-  
pletely depro tona ted  (Fig. 2). As follows from the ki- 
netic parameters  obtained for a solution of  D20 (Table 1, 
run 6), the isotopic effect kH/k D for the free substrate is 
equal to 2.0, and that  for the bound substrate is equal to 
1.02. These  results also conf i rmed that  the general  base 
mechan i sm of  the react ion changes to a nucleophi l ic  
mechanism.  A small  isotopic effect KH/K D = 1.40, which 
is difficult to interpret ,  was observed for the binding 

Table  2. Acidic dissociation constants of free esters la- -c  
(pKa °) and esters la - -c  bound with cyclodextrin (pKaC), 
pH-independent rate constants of hydrolysis and the Smiles 
rearrangement (k 0, and k c' for free substrates and substrates 
bound with I~-CD, respectively), and binding constants of 
no.ndissociated forms (Ks") of esters l a - -e  with I~-CD 

pKa c ko ' .104  kc ' -103  K s ' 
/S -I  /S -I  /L tool -I 

11.2+-0.3 8.7+0.4 200+40 
I I + I  6.3+_0.6 240+_160 

9.6+0.8 13+ I 330+40 

0,64+0.06 510±50 

* H is hydrolysis, S is the Smiles rearrangement. 

Table  3. Observed binding constants of Ic with 13-CD at 
different pH values (25°C; relative experimental  error 
±(10--20)%) 

pH Ks./L tool - I  

Spectrophotometric Kinetic 
data data 

340 280 
230 
240 180 
250 
130 I10 

constants.  Perhaps,  this result reflects a change in the 
free energy of  l a  in H20 and D20  , because the  transfer 
of  nonpola r  compounds  from H20  into D20 is accom-  
panied by a small  and difficult to predict  change in the 
free energy. IS 

Cyclodext r in  exerts no effect on the hydrolysis  of  
c o m p o u n d  l e  (see Table 1, runs 17 and 18) at pH 
higher  than pK a of  the bound  substrate (Table  2). As 
can be seen from Table 3, the binding cons tan t  of  the 
dissociated form of  l c  is cons iderably  lower than the 
binding constant  of  the nondissocia ted  form of  the 
substrate.  Weakening  of  the binding as pH increases is 
also conf i rmed by the fact (see Eq. (6)) that  for l c  
PKa c > PKa ° (Table 2). The following conclus ion  can 
be drawn concerning  the observed rate of  hydrolysis  of  
lc  in the presence of  cyclodextr in  at pH < pKa: the 
binding constant  of  the depro tona ted  form of  l e  ca lcu-  
lated using the data o f T a b l e  2 is equal  to 100 l mol - I ,  
which means that  at the max imum concen t ra t ion  of  
13-CD used, equal to 0.01 tool L - I ,  ~50% of  the  total 
concen t ra t ion  of  depro tona ted  l e  should  b ind  with 
cyclodextr in .  This amount  would be sufficient for de-  
tect ing even small  changes in the hydrolysis  ratc caused 
by the presence of  cyclodextr in.  Therefore ,  13-CD has no 
effect on the hydrolysis of  the dep ro tona ted  form of 
methyl  salicylate,  and the observed decrease  in the rate 
at pH < pK a is likely due to an increase in pK a of  the 
substrate in the presence of  cyclodextr in .  



Effects of cyclodextrin on hydrolysis Russ.Chem.Bull., VoL 45, No. II, November, 1996 2521 

Despite the changes in the mechanism of hydrolysis 
of esters la,b upon binding with cyclodextrin, the pH 
dependences of the rates of the hydrolysis of the free 
and bound substrates are similar (see Eqs. (4) and (5)). 
As can be seen from Table 2, for Ib pKa c > pKa °. This is 
a quite reasonable result, because PKa of phenols usuall), 
increases For binding with cyclodextrins due to the rela- 
tive stabilization of their neutral form by the nonpolar 
cavity of cyclodextrin. 16 However, in the case of la, 
both forms (free and bound) exhibit the same value of 
pK a within the experimental accuracy (Table 2). These 
results point to the difference between inclusion com- 
plexes for recta- and para-substituted esters. It should be 
mentioned in this connection that the differences be- 
tween the methods of incorporation of meta- and para- 
nitrophenyl acetates into the cavity of 13-cyclodextrin 
during its hydrolysis have been demonstrated re- 
cently, tTAs It is assumed that hydrolysis of the para- 
substituted ester, contrary to that of the meta-substituted 
ester, occurs without inclusion of the aryl group into the 
cyclodextrin cavity. Probably a molecule of la is incor- 
porated into a polar region of the cyclodextrin cavity. 

Based on the pH dependences obtained and taking 
into account the formation of the intermediate acyl- 
13-CD, two mechanisms of hydrolysis can be suggested 
for esters la,b incorporated into the cyclodextrin cavity 
(Scheme 3). 

Scheme 3 

K~ 
CD--OH + S--OH - ",' (CD--OH S--OH) - 

K o 
(CD---OH S---O-) + H + kac 

acyI--CD k~ac.,  Products, (7)  

CD--OH + S--OH (CD--OH S--OH) 
K co 

;;,a ~ (CD--O" S--OH) + H + kac 

acyI--CD kdeac = Products, (8) 

where CD--OH and S--OH designate p-CD and the 
corresponding ester, a n d  Ka CD is the acidic dissociation 
constant of 13-CD. 

According to mechanism (7), acyI-CD forms when 
the deprotonated substrate reacts with the hydroxyl group 
of 13-CD. This mechanism implies the general base 
assistance of the deprotonated ortho-hydroxyl group of 
esters la,b in the attack of the secondary group of 
cyclodextrin at the carbonyl group of the ester and 
should resttlt in a considerable isotopic effect. The ab- 
sence of this effect excludes mechanism (7). 

Reaction (8) is a commonly accepted mechanism of 
the cyclodextrin-catalyzed mLI2 hydrolysis of esters with 
a good leaving group and it is a nucleophilic attack by 

the deprotonated hydroxyl group of  cyclodextrin on a 
neutral substrate Therefore, the absence of an isotopic 
effect can be exDlained only by the fact that the ortho- 
hydroxyl group of  the ester is not involved in this 
reaction in any way. Then it can be expected that the 
rate constant of  acylation k,c for esters la,b should'be 
close to the corresponding constant for the esters that 
contain no ortho-hydroxyl groups, i.e., benzoates 2a,b. 
The observed rate constants of hydrolysis for these esters 
are presented in Table I (runs 19--21). According to 
mechanism (8), the rate constant of acylation k.c of a 
substrate that has qo ionogenic groups is expressed in 
the following form: 

kac = kc [H+I/K~ cD, (9) 

where K~ cD is the acidic dissociation constant of 13-CD 
in its complex with a substrate. This parameter is un- 
known, and the pK~ value for free cyclodextrin used in 
the calculations was pKa CD = 12.2. t9 Using Eq. (9), 
kac = 0.47 s -I for 2a and kac  = 1.5 s -I for 2b were 
obtained. According to mechanism (8), the rate con- 
stants of acylation for substrates la,b are expressed by 
Eq. (10), which is obtained when two approximations 
are used: the complex of the deprotonated substrate with 
deprotonated 13-CD is not taken into account and it is 
assumed that KaC/Ka cD >> I: 

kac = k c" KaC/KaCD. (I0) 

Using the data of Table 2 and pKa cD presented 
above, we obtain kac = 11 s -I for la and kac = 8.2 s -I  
for lb. A comparison of the constants obtained for 
benzoates and salicylates shows the difference in the 
behavior of meta- and para-nitrophenyl esters. Rate 
constants of the same order of magnitude were obtained 
for esters lb and 2b, however, the rate constant of 
acylation for la is much greater than that for 2a. Appar- 
ently, there is some small assistance from the neutral 
hydroxyl group of the ester. Since the absence of an 
isotopic effect excludes any participation of this group in 
the proton transfer, this fact can be explained by the 
specific structure of the inclusion complex, which in the 
case of la allows the hydroxyl group of the substrate to 
react with the hydroxyl groups of 13-CD and, as a 
consequence, makes it possible to fix the substrate in a 
position favorable for nucleophilic attack. 

An analog of mechanism (8) for the case of aqueous 
hydrolysis of salicylates in the absence of 13-CD is the 
reaction of a neutral ester with the hydroxyl ion. The 
kinetics of this mechanism is equivalent to that of the 
general base mechanism presented in Scheme I. How- 
ever, its contribution is minimum when intramolecular 
general base catalysis is present. The incorporation of a 
molecule of ester into the cyclodextrin cavity suppresses 
the general base mechanism in favor of the nucleophilic 
mechanism. 

Effect of cyclodextrin on borate-catalyzed hydrolysis 
of esters la,b. Aqueous hydrolysis of both esters la,b is 
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Fig. 5. Dependences of the observed rate constant of borate- 
catalyzed hydrolysis of la on the concentration of 13-CD at pH 
I0.0. 

catalyzed by boric acid. 8 Therefore it was of interest to 
study the influence of cyclodextrin on the mechanism 
and efficiency of borate catalysis. However, the poor 
reproducibility of k B in the presence of 13-CD (Fig. 5) 
did not allow us to perform quantitative analysis of the 
results, and the experimental data can be described only 
qualitatively. Some acceleration of the borate catalysis 
of 13-CD for ester la was obtained at pH 9.5 and 10, 
while 13-CD has almost no effect on k B in the region of 
p H < 9 .  

The pH-dependences of k B in an aqueous medium in 
the presence of 13-CD (0.01 mol L -I)  are presented in 
Fig. 6. The k B values obtained at lower concentrations 
of cyclodextrin are arranged between these extreme 
points with a great scatter. For ester lb, no noticeable 
effect of 13-CD on k B was observed at all pH studied. 
Perhaps the difference in the behavior of k B for both 
esters is also explained by the fact that the inclusion 
complexes of para- and meta-nitrophenyl esters are 
different. 

According to Scheme I, k B is expressed in the fol- 
lowing form: 

k B K8 [H +] 
kB = ( [Hq + KaB)([H +] + Ka°) 

(11) 

where Ka B is the dissociation constant of boric acid. 
According to Eq. (I I), the dependence of k B on the pH 
of the medium has a maximum at pH = (pKa B + 
pK.a°)/2. In the absence of cyclodextrin, a maximum 
should be observed at pH 9, which is obtained from the 
experimental data (Fig. 6). Since the PKa B and PKa ° do 
not change in the presence of cyclodextrin (PKa ° = pKa c 

kB/L tool -I s-I 

0.03 

0.02 

0.01 

O 

0 i 
8.0 

o /  
v 2  

2 

I I I I 

8.5 9.0 9.5 10.0 pH 

Fig. 6. Dependences of the observed rate constant of borate- 
catalyzed hydrolysis of ia on pH of the medium at concentra- 
tionsofl3-CDof0 (/) and &01 tool L -I (2) 

(see Table 2) and 13-CD does not react with boric 
acidZ°), it is reasonable to assume that the position of 
the maximum also remains unchanged when the mecha- 
nism of borate catalysis is retained in the presence of 13- 
CD. Therefore, we assume that the changes observed for 
the dependence o fk  B on the pH of the medium reflect a 
change in the mechanism of borate assistance involving 
the deprotonated hydroxyl group of cyclodextrin in the 
mechanism of hydrolysis of the ester. In other words, we 
assume that binding la with 13-CD results in changes in 
the mechanism of borate catalysis that are similar to 
those observed for aqueous hydrolysis, i.e., the intramo- 
lecular attack is changed to nucleophilic attack of the 
deprotonated hydroxyl group of cyclodextrin. 

The borate catalysis of the nucleophilic attack of the 
deprotonated hydroxyl group of 13-CD can be presented 
as follows. As has been shown ill the previous Section, 
the cleavage of the la molecule bound to 13-CD occurs 
through mechanism (8) and is the reaction of the 
deprotonated hydro.Yyl group of 13-CD with the netttral 
molecule of the substrate. The existence of a substrate 
with a deprotonated ortho-hydroxyl group in the cavity 
of cyclodextrin is rather improbable, because it would 
strongly inhibit the reaction due to the electron-releas- 
ing effect and Coulomb repulsion. However, when a 
dissociated hydroxyl group of the substrate reacts with 
boric acid, delocalization of the charge occurs (see 
Scheme I), and the electron density on this group de- 
creases, which allows the incorporation of a substrate 
molecule into the cavity of cyclodextrin. 

Effect of  cyclodextrin on the Smiles rearrangement o] 
ester la. The dependences of ksm I on the concentration 
of 13-CD at different pH values are presented in Fig. 7. 
These dependences were processed by Eq. (3). The 
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Fig. 7. Dependences of the observed rate constant of the 
Smiles rearrangement of la  on the concentration of 13-CD at 
pH 8.5 (1); 9.0 (2); 9.5 (3), and 10.0 (4). 

ca lcula ted  rate constants  o f  free (ksm~ °) and bound 
(ksml c) substrates and the equi l ibr ium constants (Ks sml) 
are col lected in Table 4. The corresponding pH- inde -  
pendent  constants  ca lcula ted by Eqs. (4)-- (6)  are pre- 
sented in Table  2. it is noteworthy that the experimen-  
tal errors for the de te rmina t ion  o f  kSm I are considerably 
higher than those for the de te rmina t ion  of  kaq. As 
should be expected,  no isotopic effect was observed 
ei ther  in the presence or  in the absence of  13-CD (see 
Table  4). 

It is evident  that [3-CD accelerates  the Smiles rear- 
rangement  of  ester la .  As indicated above, this reaction 
proceeds  via the mechan i sm of  in t ramolecular  nucleo-  
phil ic a romat ic  subst i tut ion.  The accelerat ion of  electro-  
phil ic a romat ic  subst i tut ion has recently been men-  
t ioned,  zl Taking into account  this fact, inhibition rather 
than accelera t ion  by cyclodextr in  should be expected in 
the case of  nucleophi l ic  a romat ic  substitution. However, 
in our  case, the result obta ined can be explained by the 

Table 4. Observed rate constants of the Smiles rearrangement 
of free substrates (ksml °) and substrates bound with I3-CD 
(ksml ¢) and the observed binding constant with 13-CD (Ks sml) 
for ester la (25°C, 3% MeCN). Relative error is 10--20% 

pH ksmj 0. 103/s -I  ksr, I c" 103/s -I  KsSml/L mol-I 

8.5 0.22 0.8 120 
9.0 0.67 2.2 530 
9,5 0.87 6.4 150 
10.0 1.0 4.6 180 
I 0.0 a 1.0 5.5 360 

a In D20, pD = 10.4. 

fact that the substrate in the initial state exists in t h e  
anionic  form with the negative charge localized on the 
ortho-hydroxyl group of  the substrate, and in the transi-  
tion state this charge is delocal ized on the n i t roaromat ic  
ring. This type of  reaction should be accelerated on 
going from water to a less polar  medium,  in part icular,  
when a substrate is incorporated into the hydrophobic  
cavity of  cyclodextrin.  In fact, we established that a 
threefold increase in ksm I and an almost comple te  disap- 
pearance of  cyclodextrin catalysis is observed in a 30% 
solution of  acetonitrile.  

"Host" molecules can induce some strains a n d / o r  
restrictions on the internal rotation of  an incorporated 
"guest" molecule.  When a molecule  undergoes in t ramo-  
lecular t ransformation,  its incorporat ion into the cavity 
of  a "host" molecule  can change the rate of  the chemical  
reaction in the same manner  as the introduct ion of  an 
addit ional  alkyl group into the substrate. This group 
usually favors an increase in rates of  the reactions occur-  
ring via a nucleophil ic  mechanism and exerts a smaller  
effect on the general acid mechanism, t The same con-  
clusions seem also valid for the effect of  cyclodextr ins 
on in t ramolecular  routes: 13-CD considerably accelerates 
lactonizat ion of  the ortho-carboxyl group in phenol -  
phthalein,  s but, as our results show, 13-CD has no effect 
on the rate of  hydrolysis of  salicylates via the mecha-  
nism of  in t ramolecular  general base catalysis involving 
the ortho-hydroxyl group of  the substrate. Our  results 
also agree with the accepted opinion that the relative 
efficiency of  in t ramolecular  nucleophi l ic  reactions is 
higher than the efficiency of  in t ramolecular  processes 
involving proton transfer, it  is evident that the p redomi-  
nant route of  hydrolysis of  salycilates l a , b  with good 
leaving groups in solution is an at tack by water with 
in t ramolecular  general base assistance by the dissociated 
ortho-hydroxyl group of the substrate. However,  in a 
complex with 13-CD, when another  nucleophi l ic  route of  
hydrolysis also becomes intramolecular ,  the lat ter  is 
preferable. 

E x p e r i m e n t a l  

Esters la,b and 2a were synthesized by a known proce- 
dure, z /The purity of the products was determined by elemen- 
tal analysis and from the elimination of paro- and meta- 
nitrophenoxide anions in a strongly alkaline medium. The 
melting points of the compounds synthesized were in good 
correspondence with the published data: for p-nitrophenyl 
salicylate, 150°C (I 5 I--  153 °C); ~ for m-nitrophenyl salicy- 
late, 102°C (105°C); sl~ and for p-nitrophenyl benzoate, 140°C 
(142.5 °C). sa Ester It ,  [~-CD, and the other reagents were 
obtained from Aldrich. 

Reaction rates were measured at 25°C on a Hitachi 50-21 
UV-VIS spectrophotometer with a thermostated cell section. 
Tile pseudo-first order rate constants (kobs) were calculated by 
the overall equation for the rate of the first-order reaction. The 
kaq and k e values at each pH value and the concentration of 
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[3-CD were obtained by Eqs. (I) and (2) from the dependence 
of  koos on the concentration of the borate buffer. Hydrolysis of 
esters la,b and 2a was monitored by the appearance of 
4-nitrophenoxide or 3-nitrophenoxide anions at 405 and 
400 rim, respectively Hydrolysis of  lc was observed by the 
elimination of  the salicylate anion at 335 nm. 

The kinetics of the deacylation of acyl-13-CD in the reac- 
tions of  13-CD with esters la,b was monitored according to the 
procedure suggested in Ref. 12. When the 4- and 
3-nitrophenoxide anions were eliminated, the reaction was 
monitored at 325 n m  The spectral changes resembled the 
changes observed during hydrolysis of lc. 

Determination of the binding constant of lc with [~-CD. 
The optical  density of  equi l ibr ium solutions of  Ic 
(1 " 10 -4 tool L -I)  and B-CD of different concentrations (0.001 
to 0.01 mol L -I)  were measured as a function of the concen- 
tration of I3-CD at different pH values. The binding constants 
were calculated at at least four points using the equation 

A/ [ lc l  = (co + ccKslf~-CDI)/(I+KsIf~-CDI), 

where c o and c c are the extinction coefficients of free and 
bound compound Ic, respectively. 

The concentrations of esters in solution usually were 
10 -5 tool L -I for la,b and 2a and 10 -4 tool L -I for lc. The 
ionic strength of  0.1 mol L -I was maintained by a solution of 
NaCI. Acetonitrile ( I - -5  vol.%) was added to the reaction 
mixture to improve the solubility of  the esters. Phosphate, 
borate, and carbonate buffers were used to maintain the con- 
stant pH value in the corresponding ranges. 
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