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Rates of intramolecular cyclisations of 0-  (3- halopropyloxy)phenoxide ion [ (1 a, b), halogen = Br or I, 
respectively] increase with decreasing solvent polarity in the order H,O < MeOH < EtOH < 
PriOH < MeCN, except that reaction of ( la )  is faster in H20  than in MeOH, and in H20  ( la)  is 
more reactive than (Ib). These effects depend upon the solvation of the oxide ion and the leaving 
halide ion in the transition state, and relative reactivities k'/kBr indicate the relative importance of 
these interactions. Micelles of CTAX [C,,H,,NMe,X, X = Br, CI, NO3, OH, OTs, or (S04)o.5] increase 
the rates by factors of ca. 2 for ( la)  and by 4 for (Ib), with little effect by the counter-ion. Rate 
enhancements and k l / k B r  increase sharply in the sequence of surfactant head groups N+Me, < N +  
Et, < N'Pr, < N'Bu,. Increasing the size of the n-alkyl group apparently decreases hydration of 
the aryloxide without destabilising the transition state. These micellar medium effects can be related 
to  medium effects in intermolecular reactions in micelles. 

Aqueous micelles can accelerate both spontaneous reactions 
and non-spontaneous bimolecular reactions.'& They exert a 
medium effect on spontaneous reactions but they can accelerate, 
or inhibit, bimolecular reactions by bringing reactants together 
at the micellar surface, or by keeping them apart, and this 
concentration effect will be independent of medium effects upon 
the second-order rate constants at the micellar surface. Micellar 
effects upon many reactions of non-ionic substrates with 
hydrophilic ions have been treated quantitatively in terms of a 
pseudophase model in which micelles and water are treated as 
distinct  region^.^-^ The overall reaction rate then depends upon 
the concentrations of reactants in each region and the related 
second-order rate constants. The key problem is the estimation 
of the concentration of ionic reagent at the micellar surface, 
and in favourable cases ionic distribution between water and 
micelles can be measured directly, for example electrochemically 
or by fluorescence techniques.' In other cases, for example with 
OH-, the distribution is calculated generally in terms of ion- 
exchange equations that describe interionic composition for the 
micellar surface. These treatments have been described in detail, 
and they successfully describe the dependence of rate on 
surfactant concentration for many  reaction^.^-^.^,^ 

For many ion-molecule reactions second-order rate con- 
stants at the micellar surface appear to be very similar to those 
in water, although for some unimolecular, spontaneous, 
reaction rate constants are very different in aqueous and 
micellar pseudophases. Estimations of second-order rate con- 
stants at micellar surfaces involve a variety of assumptions, and 
it is difficult to test them. So conclusions regarding second-order 
rate constants at micellar surfaces are suspect. A test reaction 
was, therefore, chosen in which concentration effects are absent 
but the transiton state of which is similar to that of a 
bimolecular ion-molecule reaction. 

Cyclisations of o-3-halopropoxyphenoxide ion (la, b) have 
transition states (2) the geometry of which at the reaction centre 
is that of an intermolecular SN2 reaction (Scheme I), but it is a 
first-, rather than a second- order p r ~ c e s s . ~ . ~  Therefore, the rate 
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( 2 )  

Scheme 1. 

constant, for fully micellar-bound substrate, will depend only 
upon the medium effect of the micelle, whereas both concen- 
tration and medium effects control micellar rate enhancements 
of SN2 reactions. 

Cyclisations of o-(o-haloa1koxy)phenoxide ions have been 
widely studied in non-micellar systems, especially with regard to 
the high reactivity of these compounds as given by the effective 
molarities (EM).*,' Solvent effects are very similar upon these 
and related intermolecular SN2 reactions of aryloxide ions with 
alkyl halides, and have similar origins, viz. protic solvents slow 
the reaction by solvating the nucleophilic oxide ion." There- 
fore, medium effects of micelles upon reactions of (1) should 
provide evidence for micellar medium effects on bimolecular, 
SN2, reactions of hydrophilic anions. 

A variety of surfactants was used and for some of them a wide 
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Table 1. Solvent effect upon cyclisation in the absence of surfactant." 

kob,/1&4 S1 
I 

A 

Solvent " X = Br I k'/kB' 
MeCN 107.00 320.00 3.03 
Pr'OH 15.00 22.00 1.47 
EtOH 5.80 8.98 1.55 
MeOH 1.02 1.58 1.56 

" At 25.0 "C in 97% organic solvent with KOH (0.1 cm3; 0.3 mol dm-3) in 
3 cm3 of reaction solution. 

H@ 2.33 1.40 0.60 

Table 2. Reaction in cationic micelles." 

[Surfactant]/ 
lW3 rnol d m 3  CTABr CTEABr CTPABr CTBABr 

0.1 
0.2 
0.4 
0.5 
0.6 
1 .o 
3.0 
4.0 
6.0 

10.0 
25.0 

2.56( 1.80) 
2.60(2.80) 

3.80(5.00) 
3.80 
4.02(5.00) 
4.02( 5.04) 
4.10 
3.79(5.20) 
4.1 O( 5.50) 
4.05(5.50) 

- 

2.72(2.61) 
(4.65) 

5.16(8.02) 

5.90(9.7 1) 
5.37(9.88) 
6.02(9.98) 
6.24( 10.1) 
6.01(9.79) 

- 

- 

3.62(4.37) 
6.1 7(9.04) 
9.47( 16.3) 
- 

11.0(20.3) 
11.9(23.3) 
18.8(25.1) 

13.0(25.0) 
12.9(26.3) 

- 

5.24(22.5) 
8.65(32.3) 

1 Lg(35.0) 

13.8(37.2) 
14.8(39.7) 
15.7(40.3) 

16.5(41.2) 
16.8(41 .O) 

- 

- 

- 

" Values of k0,,/lW4 s-' at 25.0 OC for the reaction of the bromide (la) in 
0.01 mol dm-3 OH-, values in parentheses are for the iodide (lb). In the 
absence of surfactant kobs = 2.33 and 1.40 x 10-4 s-l for reactions of 
(la) and (lb), respectively. 

Table 3. Effect of micellar head group." 

Substrate 

Surfactant (la) (Ib) k,'/kMBr 
CTABr 4.10( 1.8) 5.50(3.9) 1.34 
CTEABr 6.10(2.6) 10.0(7.1) 1.63 
CTPABr 13.0(5.6) 26.0(18.6) 2.00 
CTBABr 16.7(7.2) 41.0(29.0) 2.46 

" Values of k,/w4 s-', values in parentheses are kM/k,. 

tonically with increasing concentration of the surfactant, 
C1,H3,NR3Br, and becomes constant when the substrate is 
fully bound, but rate enhancements are very sensitive to the bulk 
of the head group (Tables 2 and 3). The first-order rate 
constants in water and micelles are designated kw and kM 
respectively, and superscripts Br and I are used to designate 
reaction of (la) and (lb) respectively. 

The iodide is consistently more reactive than the bromide, as 
for non-micellar reactions in organic solvents (Table l), but for 
both reactions in hexadecyltrimethylammonium surfactants the 
rate constants, and in particular values of k$/kMBr, are not very 
sensitive to the nature of the counter-ion (Tables 4-6) or to 
added Br- (Table 7). The small rate changes are probably due 
to differences in the surface packing of micellar head groups 
induced by the counter-ions, because micellar aggregation 
numbers and radii are affected by the counter-ions.' ' For both 
substrates the rate constants follow the sequence: SO,2- > 
Cl- > Br- > NO, -, and the rate constants for reaction of the 
bromide (la) are similar in CTACl and CTAOH. Reaction of 
the bromide was also followed in CTAOTs, but more than 
2 x lQ3 mol dm-3 CTAOTs could not be used, because the 
solutions become very viscous at greater concentrations. The 
rate constants in these conditions are slightly lower than those 
in CTABr (Table 4). 

Aryloxide ions bind very strongly to cationic micelles with 
binding constants greater than lo3 dm3 mol-' so that for micelles 
with low critical micelle concentrations, (cmc), substrates should 
be essentially fully bound in 1 t 2  mol dm-3 surfactant,12 and 
rate-surfactant profiles fit this assumption. Rate constants for 
fully bound substrates change little with surfactant concentration 
and the small changes in kM at high concentration of some of the 
surfactants are probably related to changes in micelle structure.' ' 
There are rate enhancements below the cmc in water l 3  due to 
induced micellisation or reaction in submicellar aggregates. 

Discussion 
Micelles affect spontaneous cyclisations of 0-(3-halopropyloxy)- 
phenoxide ions (la,b) by a medium effect, although in 
bimolecular reactions of oxide and other nucleophilic ions 
micelles increase reactant concentrations at their surfaces and 
also exert a medium e f f e ~ t . ~ - ~  It is necessary, therefore, to 
consider, firstly, medium effects in reactions in the absence of 
surfactant. 

concentration range was examined to ensure that the substrates 
were fully micellar bound. The surfactants were hexadecyltri- 
alkylammonium bromides (cetyltrialkylammonium bromides) 
(C,,H,,NR,Br; CTABr, R = Me; CTEABr, R = Et; CTPABr, 
R = Pr; CTBABr, R = Bu) and CTAX, where X = C1, NO3, 
OH, OTs, (S0,)o.s. 

Results 
Reaction in the Absence of Surfactant.-Solvent effects are 

illustrated in Table 1. Reaction of the bromide substrate (la) is 
faster than for the iodide (lb) in water, although alkyl iodides 
are generally more reactive than the bromides," and the usual 
behaviour is seen in the other solvents. For the iodide (lb) kobs 
increases in the expected sequence H,O < MeOH < EtOH < 
Pr'OH < MeCN, but the reaction of the bromide being slower 
in 97% MeOH than in H 2 0  was unexpected for this SN2-like 
reaction. 

Reactions in water are unaffected by dilute electrolyte or 
variations in concentrations of NaOH or KOH from 0.008-0.16 
mol dm-3, within experimental error. 

Micellar Effects.-For both substrates kobs increases mono- 

Non-micellar Reactions.-Bimolecular reactions of nucleo- 
philic anions with non-ionic substrates are typically speeded 
by a decrease in polarity and hydrogen-binding ability of 
the s o l ~ e n t . ' * ~ ' ~  Stabilisation of the nucleophilic anion by 
hydrogen binding plays a major role, and these anionic 
reactions are much faster in polar aprotic solvents than in protic 
solvents of similar polarity, and cyclisations of (la, b) and 
similar substrates are very much faster in moist Me2S0 than in 
aqueous EtOH.8*9 Interpretation of rates of lyate ion reactions 
in aqueous alcohols are complicated by the hydroxide-alkoxide 
ion equilibrium, because the addition of an alcohol t o  water 
changes the polarity and medium effects of the solvent and also 
replaces OH- by the more nucleophilic alkoxide ion. This 
complication is absent in the cyclisation of (la,  b), and similar 
substrates, where the nucleophile is always the aryloxide ion, 
and, as expected, reactivity of the iodide (lb) increases in the 
sequenceH,O < MeOH < EtOH < Pr'OH < MeCN(Tab1e 
1) and reaction is fastest in 97% MeCN. Reaction of the bromide 
(la) in H 2 0  is faster than in 97% MeOH, and H 2 0  the bromide 
is more reactive than the iodide. 

These results are probably due to electrophilic assistance by 
hydrogen bonding to the leaving bromide ion which more than 
offsets deactivation by hydrogen bonding to the aryloxide ion in 
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Table 4. Effect of counter-ion on the reaction of the bromo substrate (la) in micelles. 

X 

[CTAX]/10-3 mol dm-, C1 Br NO, OTos OH O H b  (S04)o,s 
0.05 2.38 2.50 
0.10 2.40 2.50 2.35 2.51 
0.15 2.42 2.40 2.4 1 2.43 
0.25 3.10 2.80 (2.71) 2.87 2.94 
0.50 3.48 3.80 (2.97) 3.30 3.26 4.03 
0.75 3.80 3.67 3.43 
1 .o 4.03 3.98 (3.30) 3.81 3.45 4.12 3.10 4.08 
2.0 4.00 3.67 4.53 
2.5 4.12 (3.72) 3.63 3.30 
5.0 4.25 4.10 (4.22) 3.47 4.01 3.46 4.58 
7.5 4.30 4.00 (4.22) 3.40 3.62 

10 4.10 (4.43) 3.40 4.04 3.63 4.58 
20 4.16 3.82 4.80 
25 4.42 4.05 (4.47) 3.28 
50 4.40 4.10 4.33 4.13 

100 4.48 4.57 

a Values of k,,,Jl@ s-' at 25.0 "C and 0.01 rnol dm-, OH-  unless specified; values in parentheses are with added 0.1 rnol dm-, NaBr, in water 
kobs = 2.33 x lW4 s - ' . ~  No added OH-. 

Table 5. Effect of counter-ion on the reaction of iodo substrate (lb) in 
micelles. 

X 

[CTAX]/10-3 mol dm-, C1 Br (s04)0.S 
0.05 1.50 
0.10 1.65 1.80 1.83 
0.15 2.00 2.20 2.00 2.12 
0.25 4.10 3.40 3.23 3.60 
0.50 4.30 5.00 3.48 4.60 
0.75 4.70 5.00 3.38 
1 .o 4.98 5.00 4.32 5.40 
2.5 5.20 5.00 4.58 6.00 
5.0 5.40 5.00 4.62 6.20 
7.5 5.50 5.20 4.50 

10 5.40 5.50 4.70 6.47 
20 6.47 
25 5.60 5.50 4.70 
50 5.70 5.50 

a Values of k o b s / l p  s-' at 25.0 "C and 0.01 rnol dm-, OH-, in water 
kobs = 1.40 x s-'. 

Table 6. Effect of counter-ions on micellar reactionsP 

kM/10-4 s-l 

I 7 

Surfact ant X = Br C1 kM'/kMBr 
CTABr 4.1 5.5 1.3 
CTACl 4.35 5.55 1.3 
CTANO, 3.4 4.7 1.4 
(CTA)SOO., 4.8 6.5 1.35 
CTAOH 4.5 
CTAOTos ca. 3.7' 

a At 25.0 "C with mol dm-, KOH and mol dm-, surfactant. 
In 0.1 rnol dm-, surfactant. In 2 x lW3 mol dm-, surfactant. 

the initial state. This assistance will be smaller for the bulkier 
leaving iodide ion, and here solvent effects are 'normal'. 

Micellur Effects.-Our results on the cyclisation of 0-(3-halo- 
propy1oxy)phenoxide ions (1) show that rate constants in 
hexadecyltrimethylammonium surfactants are larger than 

Table 7. Salt effects on the micellar reaction of the bromide (la)." 

[Surfactant]/mol dm-, kobs/lCF4 s-' 
0.025 4.39 
0.035 4.41 
0.040 4.44 
0.045 4.42 
0.046 3.57 
0.046 3.56' 

a At 250°C with CTABr + 0.1 rnol dm-, NaBr + 0.01 rnol dm-, 
NaOH unless specified, with no added salt kobs = 4.1 x 1 p  s-'. In 
CTANO, with 0.088 mol dm-, NaNO,, in the absence of salt kobs = 
3.4 x 10-4 s-'. In CTANO, with 0.17 mol dm-, NaN0,. 

those in water by a factor of approximately two for the bromide 
(la) and less than four for the iodide ( lb)  (Tables 2, 4, and 5). 
These rate enhancements are qualitatively similar to those in a 
hypothetical solvent, the polarity of which is intermediate 
between those of MeOH and EtOH (Table l), and values of 
k,'/kMB' cu. 1.4 in micellar pseudophases of CTA+ and CTEA+ 
are very similar to those in alcohols (Table 1). These conclusions 
are consistent with spectrometric estimates of apparent di- 
electric constant, or effective polarity, at micellar surfaces that 
indicate that the values of these properties are similar to those of 
MeOH or EtOH.2,15 However, values of kM'/kMB' in CTPABr 
and CTBABr (Tables 2 and 3) are larger than those in the 
alcohols and reflect the apolar nature of the micellar surface 
with these bulky head groups which favours reaction of the 
iodide relative to the bromide. 

Values of second-order rate constants of ion-molecule re- 
actions at the surfaces of ionic micelles of CTA+ are similar to, 
but generally slightly smaller than, those in water, provided that 
concentration effects are factored These reactions are, in 
effect, intramolecular ion-molecule reactions, and the similarity 
of rate constants in micellar and aqueous pseudophases 
suggests that rate constants of mechanistically similar S,2 
reactions should also be similar in the two pseudophases. This 
was concluded from quantitative analyses of micellar rate 
effects, even though estimation of second-order rate constants in 
micellar pseudophases depends directly upon assumed volumes 
of the reaction region at the micellar surface.24 A constant 
value for this volume is generally assumed, although it may 
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c 0; 
I 

(3) 

J 

Scheme 2. 

depend to some extent upon the surfactant and the nature of the 
region. 

Values of k,/k, are in the range of 2 4  for reactions in CTA' 
micelles, with little dependence upon the counter-ion (Tables 
4-6), but they increase markedly with increasing bulk of the 
cationic head group from N+Me, to N+Bu, and the increase is 
much larger for reaction of the iodide (lb) than of the bromide 
(la) (Table 3). 

The micelle provides a reaction medium of lower polarity 
than water," and the polarity should follow the head 
group sequence Me > Et > Pr" > Bu. Analogies between the 
medium properties of micellar surface and homogeneous 
solvents are useful, but should not be taken too far because the 
micellar surface is not a continuous medium, due to the presence 
of ionic head groups and counter-ions, and the possible 
intercalation of water between the surfactant head groups and 
adjacent regions of the hexadecyl group. 

Solvent effects on the reaction rate can be rationalised by 
assuming that hydroxy groups reduce the reactivity of the 
oxide ion by hydrogen b ~ n d i n g , ~ , ~  and increase reactivity by 
hydrogen bonding to the leaving halide ion. This increase is 
more important for the bromide than the iodide substrate. The 
micellar head groups can control reactivity by excluding water 
from the surface, which will increase reactivity of the oxide ion, 
but decrease hydration of the leaving halide ion. However, 
cationic micellar head groups interact readily with Br- and 
even more strongly with so that they should provide 
electrophilic assistance to reaction. These interactions involve 
dispersive, as well as coulombic, interactions so that a Bu,N+ 
group, for example, should interact more strongly with a 
forming iodide ion than with a bromide ion in reactions of 
(la,  b). These considerations neglect possible micellar effects 
upon substrate conformations, based on reactivities in non- 
micellar media and the situation may be different for reactions of 
substrates that have medium or long methylene  chain^.^" 

Values of fractional ionisation, a, for micelles of R'N+R3 
(Cl-, Br-), where R = C14H29 or CI6H3,, increase with 
increasing size of R in the sequence Me < Et < Pr" < Bu, for 
both chloride and bromide surfactants,' and the interaction of 
Br- with the head groups decreases in going from Me to Bu, 
based on the evidence of n.m.r. data.18 The nucleophilicities of 
Cl - and Br - towards methyl naphthalene-2-sulphonate 
increase as the head group size is increased from N'Me, to 
N+Bu3.18 The increases are smaller than those for cyclisation 
but they appear to have similar origins, even though we are 
comparing inter- and intra-molecular reactions. 

Although values of k, for cyclisation are only slightly affected 
by changes in the counter-ion (Tables 47 ) ,  they increase 

slightly with its increasing hydrophilicity by decreasing the 
ability of water molecules at the micellar surface to deactivate 
the oxide ion of the substrate. Micellar rate increases in these 
intramolecular SN2-like reactions are much smaller than those 
for spontaneous dephosphorylation and decarboxylation.2b* 
Rate enhancements of decarboxylation of 6-nitrobenzisoxazole- 
3-carboxylate ion (3) are in the range 102-103. 

Despite the large differences in the micellar rate enhancements 
in the two systems, similar interactions are involved. Decreases 
in hydrogen bonding to the initial states (1) and (3) speed 
reaction both in the presence of micelles and in different 
 solvent^.^^^*^^ 

The charge-delocalised transition state (4) (Scheme 2) should 
be effectively stabilised by interaction with cationic head groups 
that interact most strongly with anions that have dispersed, 
rather than localised, charge.2 The charge in the transition state 
(2) will be localised largely on oxygen and halogen, based on an 
analogy with intermolecular S,2 reactions,' 0,14 and these 
centres can readily form hydrogen bonds with protic solvents. 
Therefore, the reaction of (1) stabilised by interaction with 
micellar head groups will be partially offset by compensating 
changes in hydrogen bonding at oxide and leaving-halide 
centres. Solvent effects, upon cyclisation of (l), are smaller than 
upon decarboxylation of (3) (Table 1 and refs. 8,9,  and 20). 

Our results are consistent with the generalisation that rate 
enhancements of anion-molecule reactions by micelles with 
trimethylammonium head groups are due largely to a con- 
centration of reagents at the micellar s ~ r f a c e . ~ - ~ , ~ . ~  The 
increasing micellar rate enhancements with increasing bulk of 
the head group (Tables 2 and 3) suggest that this generalisation 
will be less satisfactory for bimolecular reactions in micellised 
CTBAX, for example. The micellar medium effect should 
depend upon the extent to which charged centres in the initial 
and transition states interact with water by hydrogen bonding 
and cationic head groups by coulombic and dispersive forces, 
but we predict that second-order rate constants of bimolecular 
anionic reactions at micellar surfaces will tend to be higher 
than in water when the cationic surfactant has bulky 
trialkylammonium head groups, as for attack of Br- on methyl 
naphthalene-2-sulphonate in CTABr, CTEABr, CTPABr, and 
CTBABr. 

Experimental 
Materials.-The preparation of the bromide (la) has been 

described,8 and the iodide (lb) was prepared from catechol and 
1,3-di-iodopropane following the general procedure of Illum- 
inati et aL8 by shaking the reagents under heterogeneous 
conditions in aqueous NaOH. The crude product was dried and 
although it had the predicted mass number by high resolution 
mass spectrometry it was shown to contain ca. 10% of the 
cyclisation product by g.1.c. analysis. Crystallisation from a 
variety of aprotic solvents did not eliminate the cyclic ether, 
probably because cyclisation is fast in aprotic media. Crude 
dried material was therefore used in the kinetics measurements 
which were unaffected by the presence of the product. The 
surfactants were prepared by standard methods as described,2. l 8  

and reactions were followed in redistilled C0,-free H20 .  

Kinetics.-Reactions were followed spectrophotometrically 
at 290 nm and 25.0 "C in H P  diode array or Varian 210 and 219 
spectrometers. The substrate concentration was generally loA 
mol dm-, and it was added to the reaction solution in EtOH or 
MeCN so that the final solution contained 0.1% organic solvent 
in addition to the specified solvent. 97 vol% organic solvent was 
used in the absence of surfactant because KOH is insoluble in 
dry MeCN. 

Reactions were clearly first order up to 95% under all 
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conditions and intermolecular reactions could be neglected. The 
rate constants were unaffected, within experimental error, by 
changes in [substrate] or changes in [OH-] from 8 x lC3  to 
0.16 mol dm-3 NaOH or KOH, so that there was no reaction 
with OH-. A few experiments were carried out with [substrate] 
up to 4 x lC4 mol dm-3 without effect on the first-order rate 
constants, so it can be assumed that attack of aryloxide ion can 
be neglected. 
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