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ABSTRACT: The effects of micelles of sodium dodecyl sulphate (SDS) on the rates of reactions of ionized phenyl
salicylate (PSÿ) with n-butylamine, piperidine and pyrrolidine were studied at 35°C. Pseudo-first-order rate constants
(kobs) show a linear increase with increase in the total concentration of amine ([Am]T) at a constant [SDS]. An
increase in the total concentration of SDS from 0.0 to 0.2 mol dmÿ3 results in a decrease in the observed nucleophilic
second-order rate constants by the factors ofca2.6, 5.2 and 3.9 for the reactions of PSÿwith n-butylamine, piperidine
and pyrrolidine, respectively. The rate constants,kobs, show a non-linear increase with increase in [NaOH] from 0.0 to
0.04 mol dmÿ3 at a constant [SDS] and [Am]T. The observed results of aminolysis of PSÿ in the presence of SDS
micelles are rationalized in the light of the pseudophase model of micelles. Copyright 1999 John Wiley & Sons,
Ltd.
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INTRODUCTION

Micelles are perhaps the simplest colloidal assemblage in
terms of their structural complexities and effects on
chemical reactivities. A huge amount of work has been
carried out on the effects of micelles on the rates of
hydrolysis of esters, activated aromatic compounds and a
few amides.1–9 Although the aminolysis of esters and
related compounds has been extensively studied and the
mechanistic details of these reactions have been under-
stood to a great extent, attempts to study micellar effects
upon the rates of these reactions appear to be limited.
Bunton and co-workers studied the effects of micelles on
rates of reactions of tri-(p-methoxyphenyl)methyl cation
with aliphatic amines10 and aromatic nucleophilic
substitution by both aliphatic and aromatic amines.11

The kinetics of aminolysis of carboxylic esters, in the
presence of micelles, were studied by Behmeet al.12 Al-
Lohedan et al.13 studied the effects of cationic and
anionic micelles upon the reactions of methylamine,
dimethylamine and trimethylamine with 2-chloropyridi-
nium salt. Recently, the effects of ionic micelles on the
rates of reactions of several secondary amines with alkyl
nitrites (2-bromoethyl and 1-phenylethyl nitrites) have
been reported.14,15

The most obvious reason for the limited attempts at
studies of the rates of aminolysis of esters and related
compounds is that these reactions generally require the
use of amine buffers and the ionic micelles significantly
affect the apparent pKa values of buffer components
owing to differential micellar incorporation of the buffer
components. This in turn complicates the kinetic analysis
of the aminolysis of organic compounds. In earlier work,
we studied the effects of anionic micelles on the rates of
reactions of propylamine, 1-aminopropan-2-ol and hy-
drazine with ionized phenyl salicylate (PSÿ), where the
use of amine buffers was shown to be unnecessary.16,17

Recently, the effects of cationic micelles on rates of
reactions ofn-butylamine, piperidine and pyrrolidine
with PSÿ have been studied in the absence of amine
buffers.18 The present work is an extension of the
previous work on the effects of anionic micelles on rates
of aminolysis of PSÿ. The results and the probable
explanations are described in this paper.

EXPERIMENTAL

Materials. Reagent-grade chemicals such as phenyl
salicylate, n-butylamine, piperidine, pyrrolidine and
sodium dodecyl sulphate (SDS) were obtained from
BDH, Aldrich and Fluka. All other chemicals were also
of reagent grade. Glass-distilled water was used through-
out. Stock solutions of phenyl salicylate were prepared in
acetonitrile.
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Table 1. Effect of [SDS]T on the apparent nucleophilic second-order rate constants (kn) for aminolysis of phenyl salicylatea

Amine
[SDS]T

(mol dmÿ3)
104 k0
(sÿ1)

103 kn
(dm3 molÿ1 sÿ1)

K1
b

(dm3 molÿ1)
[Am]T

c

(mol dmÿ3) No. of runs

n-Butylamined 0.0 8.11� 0.34e 72.8� 0.7e 0.01–0.07 5
0.002 7.84� 0.72 74.7� 1.5 0.01–0.07 5
0.005 9.48� 0.72 69.5� 1.1 0.01–0.07 5
0.007 7.44� 0.40 69.8� 0.8 0.01–0.07 5
0.020 5.79� 0.86 62.8� 1.8 11.7� 2.2e 0.01–0.7 5
0.050 3.84� 0.81 52.0� 1.6 8.6� 2.2 0.01–0.07 5
0.070 3.47� 0.67 45.6� 1.4 9.0� 1.6 0.01–0.07 5
0.100 2.34� 0.87 40.4� 0.5 8.4� 0.2 0.03–0.10 6
0.140 1.49� 0.30 34.5� 0.4 8.2� 0.2 0.03–0.10 6
0.200 1.13� 0.85 27.2� 1.2 8.5� 0.6 0.03–0.10 6
0.200f 4.21� 0.34 28.3� 0.5 8.1� 0.2 0.01–0.10 7
0.200g ÿ0.6� 1.1 29.2� 2.7 0.03–0.05 3

Piperidineh 0.0 7.68� 3.20 323� 8 0.01–0.06 5
(8.22) 323� 8

0.004 9.96� 2.86 311� 7 0.01–0.06 5
(8.22) 317� 7

0.007 8.43� 0.94 303� 2 0.01–0.06 5
(8.22) 304� 2

0.010 3.49� 2.58 305� 6 0.01–0.06 5
(6.80) 293� 9

0.015 6.61� 1.7 273� 4 0.01–0.06 5
(6.60) 273� 4

0.020 4.68� 3.01 267� 7 0.01–0.06 5
(6.29) 260� 8

0.050 2.19� 0.84 198� 2 0.01–0.06 5
(5.62) 185� 10

0.070 0.53� 1.96 171� 5 0.01–0.06 5
(5.04) 155� 10

0.100 0.51� 1.64 136� 4 0.01–0.06 5
(4.36) 122� 9

0.140 2.66� 0.80 94.1� 2.5 0.01–0.05 4
(4.21) 87.8� 4.0

0.200 1.72� 1.15 66.5� 2.8 0.01–0.06 5
(3.37) 61.0� 3.1

Pyrrolidineh 0.0 15.6� 5.1 797� 12 0.01–0.06 5
(8.22) 823� 17

0.004 17.9� 5.0 767� 15 0.01–0.05 5
(8.22) 810� 31

0.007 15.5� 4.2 744� 12 0.01–0.05 5
(8.22) 776� 23

0.010 6.44� 4.41 775� 13 0.01–0.05 5
(6.80) 774� 13

0.015 5.00� 2.92 754� 9 0.01–0.05 5
(6.60) 748� 8

0.020 3.42� 2.21 726� 7 0.01–0.05 5
(6.29) 713� 13

0.040 ÿ1.4� 2.2 607� 7 0.01–0.05 5
(5.84) 574� 24

0.080 ÿ7.3� 3.8 465� 11 0.01–0.05 5
(5.00) 412� 29

0.130 ÿ5.6� 3.6 343� 11 0.01–0.05 5
(4.05) 302� 21

0.200 ÿ3.2� 2.3 235� 7 0.01–0.05 5
(3.37) 207� 16

a [Phenylsalicylate]0 = 2� 10ÿ4 mol dmÿ3; 35°C; � = 350nm; reactionmixture for eachkinetic run contained2% (v/v) CH3CN.
b Calculatedfrom Eqn(8) asdescribedin the text.
c Total amineconcentrationrange.
d Externallyadded[NaOH] = 0.005mol dmÿ3 andcmc= 0.008mol dmÿ3.
e Error limits arestandarddeviations.
f Externallyadded[NaOH] = 0.04mol dmÿ3.
g Externallyadded[NaOH] = 0 mol dmÿ3.
h Externallyadded[NaOH] = 0.02mol dmÿ3 andcmc= 0.009mol dmÿ3.
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Kinetic measurements. Non-ionized phenyl salicylate
(PSH),N-substitutedsalicylamide,salicylic acid,phenol,
salicylate and phenolateions do not show detectable
absorption at 350nm. However, PSÿ and ionized
N-substituted salicylamide show strong and weak
absorption,respectively,at 350nm.Therateof cleavage
of phenyl salicylate in an aqueousalkaline solvent
containing an amine and SDS was studied spectro-
photometrically by monitoring the decreasein absor-
bance (Aobs) at 350nm. The details of the kinetic
procedureand data analysis were same as described
elsewhere.17,19 The absorbancevalues obtained at a
reactiontime t = ? werein agreementwith theproducts
formed as N-substituted salicylamide, salicylate and
phenolateions.

RESULTS

Effect of [amine] on the cleavage of phenyl
salicylate at a constant [SDS]T and 35°C

Thecleavageof phenylsalicylatewasstudiedat various
total amine concentrations([Am]T) at constant total

concentrationsof SDS ([SDS]T) and [NaOH]. Pseudo-
first-orderrateconstants(kobs) obeyedtheequation

kobs� k0 � kn�Am�T �1�
where k0 and kn representfirst- and second-orderrate
constantsfor amine-independent and amine-dependent
rate of cleavageof PSÿ, respectively.The linear least-
squarestechniquewasusedto calculatek0 andkn from
Eqn (1) and these values at different [SDS]T for n-
butylamine,piperidineandpyrrolodinearesummarized
in Table1. Thefitting of theobserveddatato Eqn(1) is
evidentfrom somerepresentativeplotsin Fig.1 andfrom
the standarddeviationsassociatedwith the calculated
parametersk0 andkn (Table 1). The valuesof kn for n-
butylaminolysisof PSÿ at 0.2mol dmÿ3 SDSarealmost
independentof added[NaOH] within therange0.0–0.04
mol dmÿ3 (Table1). This showsthat the presenceof n-
butylammoniumionsdueto thereactionof n-butylamine
with wateris kinetically insignificant.

The valuesof k0 at different [SDS]T are negligible
comparedwith kn[Am]T for highly reactiveaminessuch
aspiperidineandpyrrolidine.The valuesof kn for these
amineswerealsocalculatedfrom Eqn(1) by considering
k0 as a known parameter.The known valuesof k0 at
different[SDS]T wereobtainedfrom experimentscarried
out under similar experimental conditions with
[Am]T = 0.20 These calculated values of kn are also
shownin Table1.

The linearity of the plot of kobs versus[Am]T at a
constant [SDS]T shows that the ratio [AmH�]/[Am]
(where AmH� and Am represent protonated and
unprotonatedamine, respectively) remains unchanged
with changein [Am]T. Sucha characteristiclinear plot
alsoindicatesthat any micellar structuralchangedueto
thechangein [Am]T is kinetically insensitive.

Effect of [NaOH] upon aminolysis of phenyl
salicylate at a constant [Am]T and [SDS]T

The effect of [NaOH] upon the rates of reactionsof
phenyl salicylatewith n-butylaminewas studiedwithin
the [NaOH] range0.002–0.040mol dmÿ3 at a constant
[Am]T and [SDS]T. Similar observationswere obtained
with piperdine and pyrrolidine. Pseudo-first-orderrate
constants(kobs) were found to fit to the following
empiricalequation:

kobsÿ k00 �
��NaOH�

� � �NaOH� � �ÿOH�re
�2�

wherek0
0 is the pseudo-first-orderrateconstantobtained

undersimilar experimentalconditionswith [NaOH] = 0
and[ÿOH]re representsthe hydroxideion concentration
producedby the reversiblereaction

N� H2O �
Kb

NH� � ÿOH �3�
whereN andNH� representfreeandprotonatedform of

Figure 1. Dependence of the observed pseudo-®rst-order
rate constants (kobs) for aminolysis of ionized phenyl
salicylate (PSÿ) on total amine concentration ([Am]T) at 0.2
mol dmÿ3 SDS for (*) n-butylamine, (~) piperidine and (&)
pyrrolidine
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aminebaseand Kb = Kw/Ka with Kw = [H�] [ÿOH] and
Ka = [N] [H�]/[NH�]. Thevaluesof [ÿOH]re at different
[NaOH] werecalculatedfrom theequation

�ÿOH�re � fÿ��NaOH� � Kw=Ka� � ���NaOH�
� Kw=Ka�2� 4�Kw=Ka��Am�T�1=2g=2

�4�

where [Am]T = [N] � [NH�] and [NaOH] is the exter-
nally addedhydroxideion concentration.

Theempiricalparametersa andb werecalculatedfrom
Eqn(2) usingthenon-linearleast-squarestechnique.The
calculated values of these parameters(a and b) at
different [SDS]T for n-butylamine, piperidine and
pyrrolidine are summarizedin Table 2. The fitting of
the observeddata to Eqn (2) is evident from some
representativeplots is Fig. 2 wheresolid linesaredrawn
throughthecalculatedpointsusingEqn(2) andfrom the
standarddeviationsassociatedwith a andb (Table2). It
shouldbenotedthat althoughthe fitting of theobserved
datato Eqn(2) appearsto besatisfactory,thevaluesof a
andb at low [SDS]T arenot very reliablebecause,under
such conditions, the contribution of a [NaOH]/
(b� [NaOH]� [ÿOH]re) comparedwith k0

0 in Eqn (2)
is <50%(Table2).

DISCUSSION

Thevaluesof themolarextinctioncoefficients(�350) are
5700–6000dm3 molÿ1 cmÿ1 for PSÿ andzerofor PSHat
350nm. The values of initial absorbance(A0

obs at

Table 2. Values of empirical parameters, a and b, calculated from Eqn (2)a

Amine
[SDS]T

(mol dmÿ3)
104 a
(sÿ1)

103 b [� Kb(ap)]
(mol dmÿ3)

103 bcalc
b

(mol dmÿ3)
103 bcalc

c

(mol dmÿ3) Yd

n-Butylaminee 0.02 5.73� 0.78f 23.0� 6.7f 0.21
0.05 6.75� 0.87 18.8� 5.2 0.34
0.10 7.19� 0.75 26.1� 5.4 0.47

Piperidineg 0.01 15.0� 1.3 10.4� 2.9 - - 0.44
0.02 17.7� 1.4 12.3� 2.7 11.6 11.6 0.64
0.05 18.2� 1.1 17.1� 2.5 18.4 18.3 0.87
0.10 14.1� 1.9 22.0� 6.7 21.2 21.3 2.01

Pyrrolidineg 0.01 45.5� 2.7 7.16� 1.72 8.48 6.90 0.80
0.02 59.3� 4.8 17.0� 3.5 16.4 17.2 1.06
0.05 61.5� 6.5 25.9� 5.6 25.3 25.8 1.41
0.10 53.5� 2.5 29.2� 2.6 29.7 29.2 1.88h

a [Phenylsalicylate]0 = 2� 10ÿ4 mol dmÿ3; 35°C; � = 350nm; reactionmixture for eachkinetic run contained2% (v/v) CH3CN; unlessindicated
otherwise,thetotal numberof kinetic runsandtheaddedsodiumhydroxideconcentrationrangeat each[SDS]T were6 and0.002–0.040mol dmÿ3,
respectively.
b Calculatedfrom Eqn(12)with Kb = 0.00244mol dmÿ3, KNH = 494,KN = 61dm3 molÿ1 andcmc= 0.009mol dmÿ3 for piperidineandKb = 0.00301
mol dmÿ3, KNH = 970� 195,KN = 91� 22 dm3 molÿ1 andcmc= 0.009mol dmÿ3 for pyrrolidine.
c Calculatedfrom Eqn(12)with Kb = 0.00244mol dmÿ3, KNH = 447� 147,KN = 54� 23dm3 molÿ1 andcmc= 0.008mol dmÿ3 for piperidineand
Kb = 0.00301mol dmÿ3, KNH = 817� 28, KN = 74� 3 dm3 molÿ1 andcmc= 0.008mol dmÿ3 for pyrrolidine.
d Y= (kobs, mÿ kobs, i)/kobs i, wherekobs, m andkobs, i are the observedpseudo-first-orderrateconstantsobtainedat the maximumadded[NaOH]
( = 0.04mol dmÿ3) andat [NaOH] = 0.
e [Am]T = 0.02mol dmÿ3.
f Error limits arestandarddeviations.
g [Am]T = 0.01mol dmÿ3.
h The added[NaOH] rangewas0.001–0.040mol dmÿ3.

Figure 2. Plots showing the dependence of (kobs - k0
0) on

[NaOH] for the reaction of PSÿ with (*) n-butylamine
([Am]T = 0.02 mol dmÿ3), (~) piperidine ([Am]T = 0.01 mol
dmÿ3) and (&) pyrrolidine ([Am]T = 0.01 mol dmÿ3) at 0.1
mol dmÿ3 SDS
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reactiontime t = 0) of the reactionmixturescontaining
2� 10ÿ4 mol dmÿ3 phenylsalicylate,� 0.01mol dmÿ3

amine (n-butylamine, piperidine and pyrrolidine)
and� 0.005 mol dmÿ3 NaOH were found to be un-
changedwith changein [SDS]T from 0 to� 0.2 mol
dmÿ3. If thechangein thereactionconditionssuchasan
increasein [SDS]T increased[PSH], then the valuesof
A0

obs should have decreasedwith increasein [SDS]T.
Henceunchangedvaluesof A0

obswith changein [SDS]T
and in [Am]T showthe presenceof 100%ionized form
(PSÿ) of phenyl salicylate in the reactionmixtures of
almostall thekinetic runscarriedout in this study.

Pseudo-first-orderrate constants(kobs) for hydrolysis
of phenyl salicylate were found to be independentof
[ÿOH] within the[ÿOH] range0.005–0.060mol dmÿ3 in
the absenceof SDS.16,17 Similarly, kobs turnedout to be
independentof [ÿOH] within the [NaOH] range0.01–
0.04 mol dmÿ3 in the presenceof 0.03 mol dmÿ3

cetyltrimethylammonium bromide.20 It hasbeenascer-
tained unequivocally that the hydrolysis of phenyl
salicylateundersuchconditionsinvolvesPSÿ andH2O
asthe reactants.19,21 The rateof pH-independenthydro-
lysis of phenylsalicylatehasbeenshownto beincreased
by nearly 106-fold owing to the occurrenceof intramo-
lecular generalbase(IGB) catalysis(T1). The detailed
mechanism of IGB-catalysed hydrolysis of phenyl
salicylatehas beendescribedelsewhere.22 It has been
concluded elsewherethat the reactions of PSÿ with
primary andsecondaryaminesincluding piperidineand
pyrrolidineinvolve IGB catalysis(T2).

23 Themechanism
of thesereactionsin theabsenceof micellesis discussed
elsewhere.23

Effect of [SDS]T on aminolysis of phenyl salicylate
in the presence of constant [NaOH] at 35°C

An increase in [SDS]T decreasedthe nucleophilic
second-orderrate constants(kn) for the reactions of
phenyl salicylate with n-butylamine, piperidine and
pyrrolidine (Table 1). These observations may be
explained in terms of the pseudophasemodel of the
micelle,24 which consistsof various assumptions1b,25

includingonewhich considerstheaqueouspseudophase
and micellar pseudophaseas two distinct static phases.
Despite the fact that micelles are highly dynamic
molecularaggregates,26 almostall the kinetic data that
haveso far appearedin the literaturewere found to fit
satisfactorilythe presumedstatic micellar pseudophase.

The reaction scheme for the cleavage of phenyl
salicylate,in the presenceof amineand SDS micelles,
may be given as shown in Scheme 1 where the
subscriptsW andM representthe aqueouspseudophase
and micellar pseudophase,respectively,N and NH�

representrespectivefree and protonatedform of amine
baseandDn is themicellizedSDS.

PSÿW � Dn �
K1

PSÿM

NW � Dn �
KN

NM

NH�W � Dn �
KNH

NH� M

PSÿW ÿ!k
h

W product(s)

PSÿM ÿ!k
h

M product(s)

PSÿW � NW ÿ!k
n

W product(s)

PSÿM � NM ÿ!k
n

M product(s)

Scheme1

The equilibrium for micellar binding of PSH and the
reactionstepsfor hydrolysisandaminolysisof PSHare
not includedin Scheme1 for thereasondescribedat the
beginning of the Discussion that [PSH]T� 0 (where
[PSH]T = [PSHW] � [PSHM]) under the experimental
conditionsimposed.

The observed rate law (rate= kobs[PSÿ]T, where
[PSÿ]T = [PSÿW] � [PSÿM]) and Scheme1 lead to the
equation

kobs� kh
W � kh

MK1�Dn�
1� K1�Dn�

� �k
n

Wf N
W � kns

MK1KAm
appf N

M �Dn���Am�T
�1� K1�Dn���1� KAm

app�Dn��
�5�

where KAm
app= ([NM] � [NH�M])/([NW] � [NH�W])

[Dn] with [Dn] = [SDS]Tÿ cmc(critical micelle concen-
tration), f N

W = Ka,
N

W/(aH,W� Ka,
N

W), f N
M = Ka,

N
M/

(aH,M� Ka
N

M) with Ka
N andaH representingthe ioniza-

tion constantof NH� andactivity of proton,respectively,
[Am]T = [NW]T� [NM]T with [NW]T = [NW] � [NH�W]
and[NM]T = [NM] � [NH�M] andkns

M = kn
M/ V, whereV

is themicellarmolarvolumein which micellar-mediated
reactionoccurs.It may be noted that the derivationof
Eqn (5) involvesmanyassumptionswhich arecritically
discussedby Bunton1b andRomsted.25

Equation(5) is similar to Eqn (1) with

k0 � kh
W � kh

MK1�Dn�
1� K1�Dn� �6�

and
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kn � kn
Wf N

W � kns
M f N

MK1KAm
app�Dn�

�1� K1�Dn���1� KAm
app�Dn�� �7�

In orderto fit the observeddata(Table1) to Eqns(6)
and (7), one needsthecmc values under the present
experimentalconditions.The valuesof cmc weredeter-
minedusingthe graphicaltechniqueof Broxton et al.27

andthevaluesobtainedareshownin Table1. Thevalues
of k0 (Table 1) obtainedfor n-butylaminolysisof PSÿ

were treatedwith Eqn (6) using the non-linear least-
squarestechnique.Thevaluesof kh

M andK1 turnedout to
be (ÿ0.2� 0.5)� 10ÿ4 sÿ1 and 26� 5 dm3 molÿ1,
respectively.The value of kh

W usedwasobtainedfrom
the kinetic runs carried out at [SDS]T = 0 and also
[SDS]T < cmc.Thenegativevalueof kh

M with astandard
deviationof >200%merely indicatesthat the contribu-
tion of kh

M K1 [Dn] is insignificantcomparedwith kh
W in

Eqn (6). Similar observationswereobtainedat different
[NaOH] in theabsenceandpresenceof hydrazine.17 The
calculatedvalueof K1 ( = 26 dm3 molÿ1) is larger than
themorereliablevalue( = 8.9dm3 molÿ1).28 Thevalues
of kh

M and K1 obtainedin the presentstudy are less
reliable becausethey arederivedfrom k0 valueswhose
contributionstowardskobs vary from 48 to 12% within
the [Am]T range0.01–0.07mol dmÿ3 at 0.02mol dmÿ3

SDSand from 12 to 4% within the [Am]T range0.03–
0.10mol dmÿ3 at 0.20mol dmÿ3 SDS.

The plots of kn (1� K1 [Dn]) versus [Dn] for n-
butylamine,piperidineandpyrrolidineareshownin Fig.
3. The values of K1 used are 8.9 dm3 molÿ1 for n-
butylaminolysisat 0.005dm3 molÿ1 NaOHand4.8 dm3

molÿ1 for piperidinolysisandpyrrolidinolysisof PSÿ at
0.02 mol dmÿ3 NaOH. The valuesof K1 = 8.9 and 4.8
dm3 molÿ1 wereobtainedat0.0075and�0.02mol dmÿ3

NaOH,respectively,in theabsenceof anyamine.28

Theplot for n-butylaminein Fig.3 indicatesthatthekn

(1� K1 [Dn]) values are almost independentof [Dn]
within the [SDS]T range 0.0–0.2 mol dmÿ3. Similar
observationswereobtainedfor hydrazinolysisof PSÿ at
0.0075 and 0.050 mol dmÿ3 NaOH.17 As concluded
elsewhere,17 these observations indicate that kn

W

f N
W� kns

M f N
M K1. Under such conditions, Eqn (5)

yields

K1 � fkn
Wf N

W�Am�T ÿ �kobsÿ k0�g=�kobsÿ k0��Dn�
�8�

wherek0 is pseudo-first-orderrateconstantat [Am]T = 0,
[Am]T is thetotalconcentrationof n-butylamine,103 kn

W

f N
W = 71.7 dm3 molÿ1 sÿ1 andcmc= 0.008mol dmÿ3.

Equation(8) wasusedto calculateK1 at different [Am]T

with a constant[SDS]T. The averagevalues of K1 at
different [SDS]T are summarizedin in Table 1. The
values of K1 at [SDS]T� 0.05 mol dmÿ3 are not
significantly different from K1 ( = 8.9 dm3 molÿ1)
obtained under similar experimental conditions with
[Am]T = 0. Thevalueof K1 ( = 11.7� 2.2dm3 molÿ1) at
0.02 mol dmÿ3 SDS is associatedwith a high standard
deviation and is higher than K1 obtained at
[SDS]T� 0.05 mol dmÿ3. This may be attributedto a
slight error in thecmcvalue.Thestatisticalreliability of
k0� kn

W f N
W [Am]T ÿ kobsapparentlydecreasesas[Dn]

→ 0 andalso[Dn]
ÿ1 → ? as[Dn] → 0. Thus,the data

treatmentwith Eqn (8) is very sensitiveto errorswhen
[Dn] → 0.

The plots of kn (1� K1 [Dn]) versus [Dn] for
piperidinolysis and pyrrolidinolysis of PSÿ reveal
negativeslopes(Fig. 3). Thesedata were treatedwith
theequation

kn�1� K1�Dn�� � kn
Wf N

W � kns
M f N

MK1KAm
app�Dn�

1� KAm
app�Dn�

�9�
which is the rearrangedform of Eqn (7). The non-linear
least-squarescalculatedrespectivevaluesof kns

M f N
M K1

andKAm
appare(4.59� 2.80)� 10ÿ2 dm3 molÿ1 sÿ1 and

13.2� 3.2 dm3 molÿ1, respectively,for piperidine and
0.2� 4.0 dm3 molÿ1 sÿ1 and 9.1� 1.2 dm3 molÿ1,
respectively,for pyrrolidine.The fitting of the observed
datato Eqn(9) maybeseenfrom theplotsin Fig.3 where
solid linesaredrawnthroughthecalculatedpoints.

The calculatedvaluesof kns
M f N

M K1 are associated

Figure 3. Plots of Y versus [SDS]T for the reaction of PSÿwith
(*) n-butylamine, (~) piperidine and (&) pyrrolidine, where
Y = kn (1� K1 [Dn]), and plots showing the dependence of W
on [SDS]T for the reaction of PSÿ with (!) piperidine and (◊)
pyrrolidine, where W = (kn w f N w ÿ Y)/Y
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with extremelyhigh standarddeviationsand therefore
thesevaluesarenot statisticallyreliable.The maximum
contributionof kns

M f N
M K1 KAm

app[Dn], obtainedat the
highest[SDS]T ( = 0.2mol dmÿ3), turnedoutto be27and
30% for piperidinolysis and pyrrolidinolysis of PSÿ,
respectively.Hencekns

M f N
M K1 KAm

app [Dn] may be
neglectedcomparedwith kn

W f N
W in Eqn(9).Undersuch

conditionsEqn(9) is reducedto

�kn
Wf N

W ÿ Y�=Y � KAm
app�Dn� �10�

whereY= kn (1� K1[Dn]). The observeddataappeared
to fit Eqn (10) (Fig. 3) and the calculatedvalues of
KAm

app are 10.1� 1.8 dm3 molÿ1 for piperidine and
6.3� 0.7 dm3 molÿ1 for pyrrolidine.

Althoughthecalculatedvaluesof kns
M f N

M K1 arenot
veryreliable,asconcludedearlier,thevaluesof kns

M f N
M

may be calculatedfrom thesevaluesas 9.6� 10ÿ3 sÿ1

for piperidine and 4.2� 10ÿ2 sÿ1 for pyrrolidine with
K1 = 4.8 dm3 molÿ1. The value of kns

M f N
M

( = 8.1� 10ÿ3 sÿ1) for n-butylaminolysisof PSÿ may
be calculatedfrom the relationshipkns

M f N
M K1 = kn

W

f N
W, whereK1 = 8.9 dm3 molÿ1. The valuesof second-

orderrateconstants(kn
M f N

M = V kns
M f N

M with V = 0.14
dm3 molÿ1)1b turnedout to be1.1� 10ÿ3 dm3 molÿ1 sÿ1

for n-butylamine, 1.4� 10ÿ3 dm3 molÿ1 sÿ1 for
piperidineand5.9� 10ÿ3 dm3 molÿ1 sÿ1 for pyrrolidine.
Thesecalculatedvaluesindicatethat kn

W f N
W/ kn

M f N
M

are65 for n-butylamine,225 for piperidineand135 for
pyrrolidine. Although these calculatedvalues of kn

W

f N
W/kn

M f N
M arenot reliablebecauseof the largeerrors

in the kn
M f N

M values,they do indicatethat the rate of
aminolysis of PSÿ is much slower in the micellar
pseudophasethan in the aqueouspseudophase.Similar
resultswere obtainedin the nitrosationof piperidine14

and pyrrolidine15 with 2-bromoethyl nitrite and 1-
phenylethylnitrite in thepresenceof SDSmicelles.

Themicellar-mediatedreactionsarebelievedto occur
in an environment of significantly low dielectric
constant.29 An increasein CH3CN content from 2 to
50–60%(v/v) in mixed aqueoussolventsdecreasedthe
rate of n-butylaminolysis,piperidinolysisandpyrrolidi-
nolysisof PSÿ by nearly6–8-fold.30 A furtherincreasein
CH3CN contentfrom 50 or 60% to 80 or 90% (v/v) did
not bring any appreciablechange in kn. Hence the
significantlylow rateof aminolysisof PSÿ in themicellar
pseudophasecomparedwith that in theaqueouspseudo-
phasecannotbeattributedonly to a mediumeffect.

Themicellesaredynamicmolecularaggregatesandas
suchthemicellarpseudophasemaynotbeexpectedto be
similar to the aqueouspseudophasein termsof medium
properties.Experimentalobservationsindirectly show
that the micellar pseudophaseis non-homogeneousin
termsof polarity, concentrationof wateranddistribution
of different typesof micellizedmolecules.Henceit may
not be unreasonableto proposethat different average
locationsof aminesand PSÿ moleculesin the micellar

pseudophasearepartly responsiblefor thelowervalueof
kn

M comparedwith kn
W.

The values of Kam
app of 13 or 10 dm3 molÿ1 for

piperidineand9 or 6 dm3 molÿ1 for pyrrolidine may be
comparedwith the correspondingvalues(3.0–5.5dm3

molÿ1 for piperidine14 and 1.4 dm3 molÿ1 for pyrroli-
dine15) obtainedby a spectrophotometrictechnique.A
recentcompilationof a largenumberof KS valuesshows
a considerablespreadin the experimentalvaluesof KS

determinedby different techniques.31

Effect of [NaOH] on aminolysis of phenyl salicy-
late in the presence of constant [Am]T and [SDS]T

at 35°C

The apparentbase ionization constant[Kb(ap)] of the
aminein thepresenceof SDSmicellescanbedefinedby
theequation

Kb�ap� � �NH��T�ÿOH�T
�N�T

� ��NH�W� � �NH�M ����ÿOHW� � �ÿOHM ��
�NW� � �NM �

�11�
or

Kb�ap� � Kb�1� KOH�Dn���1� KNH�Dn��
1� KN�Dn� �12�

where KOH [Dn] = [ÿOHM]/[ÿOHW] and Kb = [NH�W]
[ÿOHW]/[NW]. In Eqn11,[ÿOH]T = [ÿOH]ad� [ÿOH]re,
where [ÿOH]ad and [ÿOH]re representhydroxide ion
concentrationsproducedby addedNaOH and by the
reactionbetweenamineandwater,respectively.

Scheme1 andEqn(11) leadto

kobsÿ k00 �
�kn

W � kns
MK1KN�Dn���ÿOH�ad�Am�T

�1� K1�Dn���1� KN�Dn��fKb�ap� � �ÿOH�Tg
�13�

where k0
0 is the observedrate constantat [ÿOH]ad= 0.

Equation(13) is similar Eqn(2) with a = (kn
W� kns

M K1

KN [Dn])[Am] T/{(1 � K1 [Dn])(1� KN [Dn])} and b =
Kb(ap).

It is evidentfrom Eqns(7) and(13) thata/[Am]T must
be equal to kn provided that Kam

app= KN and
f N

W = f N
M = 1 at 0.02 mol dmÿ3 [NaOH] ( = [ÿOH]ad).

This prediction appearsto be correct only at 0.1 mol
dmÿ3 SDSfor n-butylamineand�0.05 mol dmÿ3 SDS
for piperidineandpyrrolidine(Tables1 andTable2). At
lower values of [SDS]T, the a/[Am]T values are
considerablylower than the correspondingkn values.
The most obviousreasonfor sucha discrepancyis the
considerableuncertaintyin thea valuesat low [SDS]T, as
discussedearlier.

The value of Kb(ap) ( = 0.017mol dmÿ3) obtainedat
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0.05mol dmÿ3 SDSfor piperidinemaybecomparedwith
the values of Kb(ap) of 0.032 in the nitrosation of
piperidine by 2-bromoethyl nitrite and of 0.029 mol
dmÿ3 in the nitrosationof piperidine by 1-phenylethyl
nitrite at 0.055mol dmÿ3 SDSand25°C.14 Althoughthe
valuesof Kb(ap) arenot very reliable at lower valuesof
[SDS]T, an attemptwasmadeto fit the Kb(ap) valuesto
Eqn (12) by considering1� KOH [Dn]. The non-linear
least-squarestechniquegavethe respectiveKNH andKN

values as 494� 178 and 61� 28 dm3 molÿ1

with cmc= 0.009mol dmÿ3 and447� 147and54� 23
dm3 molÿ1 with cmc= 0.008 mol dmÿ3 for piperidine
and970� 195and91� 22dm3 molÿ1 with cmc= 0.009
mol dmÿ3 and 817� 28 and 74� 3 dm3 molÿ1

with cmc= 0.008mol dmÿ3 for pyrrolidine.Thereason-
ably goodfit of the Kb(ap) valuesto Eqn (12) (Table 2)
appearsto be fortuitousasthe calculatedKN valuesare
significantly larger than the experimentally observed
values.

Pseudo-first-orderrate constants(kobs) obtained for
aminolysisof PSÿ at a constant[Am]T and[SDS]T with
variousconcentrationsof NaOH were also treatedwith
theequation

KAm
app� kn

Wf N
W�Am�T ÿ �kobsÿ k0�X
�kobsÿ k0�X �Dn� �14�

whichis therearrangedform of Eqn(5) wherek0 = kobsat
[Am]T = 0 and X = (1� K1 [Dn]). The assumption
involved in the use of Eqn (14) is that the rate of
aminolysis is negligible in the micellar pseudophase
comparedwith that in aqueouspseudophaseunder the
experimentalconditionsof this study.

The valuesof kobs at different [NaOH] were usedto
calculate KAm

app from Eqn (14) with K1 = 4.8 dm3

molÿ1, cmc= 0.009mol dmÿ3, [SDS]T = 0.1 mol dmÿ3,
[Am]T = 0.01mol dmÿ3 andkn

W f N
W = 0.315dm3 molÿ1

sÿ1 for piperidine and 0.803 dm3 molÿ1 sÿ1 for
pyrrolidine (kn

W f N
W valueswereobtainedat 0.02 mol

dmÿ3 NaOHand[Dn] = 0). Theseresults,summarizedin
Table 3, reveal a decreasein KAm

app with increasein
[NaOH]. The KAm

app values were not calculated at
[SDS]T < 0.1mol dmÿ3 becauseas[Dn] → 0, [Dn]

ÿ1 →
? andkn

W f N
W [Am]T ÿ (kobsÿ k0) X → 0, andhence

undersuchlimits slight errorsin thecmc and kn
W f N

W

wouldaddalargeamountof uncertaintyto thecalculated
valuesof KAm

app.
Thedecreasein KAm

app with increasein [NaOH] may
beexplainedasfollows. By definition,

KAm
app� f�NH�M � � �NM �g=f��NH� W� � �NW���Dn�g

�15�
The following equation can be easily derived from
Scheme1 andEqn(15):

KAm
app� �KNHKw;W � KNKa;

N
W�ÿOHW��=

�Kw;W � Ka;
N

W�ÿOHW��
�16�

whereKw,W = [H�W] [ÿOHW].
The non-linear least-squarestechniquewas used to

calculateKNH and KN from Eqn (16) using the known
valuesof kw,W ( = 2.43� 10ÿ14 mol2 dmÿ6) and Ka,

N
W

( = 8.96� 10ÿ12 mol dmÿ3 for piperidine and
7.31� 10ÿ12 mol dmÿ3 for pyrrolidine).The calculated
respective values of KNH and KN are 93� 3 and
ÿ0.3� 0.9 dm3 molÿ1 for piperidine and 95� 5 and
ÿ6.5� 2.0 dm3 molÿ1 for pyrrolidine. The negative
valuesof KN with significantlyhigh standarddeviations
merely indicate that the valuesof KN are not different
from zero.The experimentallydeterminedvaluesof KN

( = 3.8dm3 molÿ1 for piperidine14 and1.4dm3 molÿ1 for
pyrrolidine15 at 25°C) were also usedto calculateKNH

from Eqn (16) andthesecalculatedvaluesturnedout to
be 70� 16 dm3 molÿ1 for piperidineand 65� 22 dm3

molÿ1 for pyrrolidine.Althoughthecalculatedvaluesof
KNH areassociatedwith high standarddeviations,these
KNH valuesappearto be realistic becausethe cetyltri-
methylammoniumbromidemicellarbindingconstantsof

Table 3. Values of KAm
app calculated from Eqn (16) at different [NaOH] in the presence of 0.1 mol dmÿ3 SDS and 0.01 mol dmÿ3

amine

Piperidine Pyrrolidine

103[ÿOH]T
a

(mol dmÿ3)
KAm

app

(dm3 molÿ1)
(Kam

app)calc
b

(dm3 molÿ1)
103[ÿOH]T

a

(mol dmÿ3)
Kam

app

(dm3 molÿ1)
(Kam

app)calc
b

(dm3 molÿ1)

3.868 39.2 38.1 4.180 40.2 38.4
5.196 30.7 31.7 4.836 36.7 34.8
7.464 25.0 24.6 6.250 26.9 28.7

11.72 15.8 17.2 7.788 21.4 23.8
21.04 10.0 10.4 12.01 13.4 15.4
30.74 7.0 7.3 21.24 7.3 7.2
40.57 7.1 5.6 40.69 3.5 1.1

a Total concentrationof hydroxideion ( = [ÿOH]ad� [ÿOH]re).
b Calculatedfrom Eqn(16)with [ÿOHW] � [ÿOH]T andKNH = 93� 3 dm3 molÿ1 andKN =ÿ0.3� 0.9dm3 molÿ1 for piperidineandKNH = 95� 5
dm3 molÿ1 andKN =ÿ6.5� 2.0 dm3 molÿ1 for pyrrolidine.
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relatively more hydrophobicsubstratessuchas ionized
acetylsalicylic acid32 and N-hydroxyphthalimide33 are
120and102dm3 molÿ1, respectively.
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