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ABSTRACT: Pseudo-first-order rate constants (k1) for the reaction of ethane-1,2-diol (DOL) with ionized phenyl
salicylate (PSÿ), obtained in mixed DOL–CH3CN solvent at constant [H2O] and [NaOH], obey the relationship
k1 = a[DOL]T/(1� 2KA[DOL]T), wherea is the apparent second-order rate constant,KA is the association constant
for the dimerization of DOL and [DOL]T is the total concentration of DOL. The values ofKA, in the presence of Na�

ions, decrease with increase in [H2O]. Lithium ions cause almost complete depolymerization of polymeric DOL (i.e.
KA � 0) under the experimental conditions imposed. The effect of 0.5 M urea on the structural behavior of the mixed
solvent is kinetically insignificant. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Intramolecular general acid (GA) and general base (GB)
catalysis appear to be the ubiquitous feature of many
enzymatic catalyses.1 It is widely believed that the
dielectric constant of the microenvironment of the active
site where enzyme-catalyzed reactions occur is signifi-
cantly lower than that of a pure aqueous solvent.2 It is
therefore of interest to study the effects of solvents with
low dielectric constants on intramolecular GA and GB
catalysis.

Intramolecular GB catalysis is considered to involve
the alkanolysis of ionized phenyl salicylate (PSÿ).3 The
structural behavior of mixed aqueous–alkanol solvents
has been elucidated by studies on the alkanolysis of PSÿ

where the change in the content of the alkanol changes
both the concentration of alkanol and the dielectric
constant of the reaction medium. Ethane-1,2-diolysis of
PSÿ in mixed HOCH2CH2OH (DOL)–H2O [containing

�2% (v/v) CH3CN,0.01M NaOH and 0.01M KOH] and
DOL–CH3CN [containing 5% (v/v) H2O and 0.01M
NaOH] revealed characteristically different [DOL]–rate
profiles.4 Lithium ions as compared with other alkali
metal cations produced a different effect on [CH3OH]–
rate profiles for the methanolysis of PSÿ in a reaction
medium of nearly isodielectric constant.5 Many solution
properties of CH3OH–H2O solvent are different from
those of DOL–H2O solvent.6 It was therefore decided to
study the effects of Li� and Na� ions on the rate of
ethane-1,2-diolysis of PSÿ in DOL–CH3CN solvent
containing a constant content of H2O. The results and
the probable explanations are presented in this paper.

EXPERIMENTAL

Materials. Reagent-grade chemicals obtained commer-
cially were used throughout the kinetic study. A stock
solution of phenyl salicylate was prepared in acetonitrile.

Kinetic measurements. The rate of reaction of-ethane-
1,2-diol (DOL) with ionized phenyl salicylate (PSÿ) in
mixed DOL–CH3CN–H2O solvent was studied spectro-
photometrically by monitoring the appearance of product
(phenolate ion) at 290nm. Details of the experimental
procedure are described elsewhere.7
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Thegeneralreactionschemefor thecleavageof PSÿ in
DOL–CH3CN–H2O solventis asfollows:

Salÿ � PhOH ÿ
k2

H2O
PSÿ ÿ!k1

DOL
ESÿ � PhOHÿ!

k3

H2O
Salÿ

�DOL� PhOH

where Salÿ, ESÿ and PhOH representsalicylate ion,
ionized 2-hydroxyethylsalicylate and phenol, respec-
tively, and k1, k2 and k3 are pseudo-first-orderrate
constantsfor thereactionof DOL with PSÿ, hydrolysisof
PSÿ and hydrolysis of ESÿ, respectively.Under the
presentexperimentalconditions,k1/k2> 10 (Ref. 7) and
(k1� k2)/k3> 50 (Ref. 8), hencetheseresultsshowthat
k2 andk3 arenegligiblecomparedwith k1.

All the kinetic runs were carriedout for a period of
more than three half-lives of the reactions and the
observeddata(observedabsorbanceversustime) obeyed
a first-order rate raw. Details of the data analysisare
describedelsewhere.9

A product analysisstudy has been describedin an
earlierpaper.10

RESULTS

Effects of varying the content of DOL at constant
[H2O] and [urea]

The rate of reactionof PSÿ with DOL was studiedat
35°C with 4% (v/v) H2O and0.01M NaOH andwithin
the DOL concentrationrange 5–90% (v/v) in mixed
DOL–CH3CN solvents. The reaction rates were also
studiedat 8 and 18% (v/v) H2O and within the DOL
concentrationrange 5–70% (v/v) in the absenceand
presenceof 0.5M urea.A few kinetic runswerecarried
out within the DOL concentrationrange5–70%(v/v) at
28% (v/v) H2O. The resultsare shown graphically in
Figure1.

In orderto establishtheeffectof Li� ionsontherateof
reaction of DOL with PSÿ, severalkinetic runs were
carriedoutat8,18and28%(v/v) H2O andin theabsence
andpresenceof 0.5M ureawith different concentrations
of DOL in DOL–CH3CN solvents containing 0.01M

LiOH. Theresultsareshownastheplotsof pseudo-first-
orderrateconstants(k1) versus[DOL] in Figure2.

It maybenotedthat thereactionmixturesat 8% (v/v)
H2O with �25% (v/v) DOL and 18% (v/v) H2O with
�15% (v/v) DOL were initially colourlessbut became
turbidasthereactionprogressed.Thereactionhalf-life at
which this turbidity appeareddecreasedwith decreasein
the content of DOL. The presenceof 0.5M urea
decreasedthis turbidity. For example,in the absenceof
ureaat 18%(v/v) H2O and15%(v/v) DOL the turbidity
appearedat 2.2half-lives,whereassuchturbidity did not
appearuntil 3.4 half-lives in thepresenceof 0.5M urea.

DISCUSSION

Pseudo-first-orderrate constants(k1) for the reactionof
DOL with phenyl salicylate obtainedwithin the DOL
concentrationrange 10–90% (v/v) were found to be
independentof [HOÿ] within the range0.01–0.05M.10

Hencetherateof ethane-1,2-diolysisof phenylsalicylate
under the presentexperimentalconditions should be
independentof pH. The pH-independenthydrolysis11–13

andalkanolysis3 of phenylsalicylatehavebeenshownto
involve intramolecularGB catalysis.The occurrenceof
kinetically indistinguishableintramolecularGA catalysis
in thesereactionshasbeenruledout. Themechanismof
alkanolysisof ionizedphenyl salicylate(PSÿ) hasbeen
discussedelsewhere.3

The dielectric constant (e) of CH3CN (e = 37.0 at
25°C14) is similar to that of DOL (e = 37.7 at 25°C15).
Therefore,e of mixedDOL–CH3CN solventscontaining
a constant [H2O] and different ratios of [DOL] and
[CH3CN] may be consideredto be constant.Hencethe
changein k1 valueswith the changein the contentof
DOL in DOL–CH3CN solventscontaining a constant
[H2O] cannot be attributed to the effect of e of the

Figure 1. Plots showing the dependence of pseudo-®rst-
order rate constants (k1) for the reaction of DOL with PSÿ on
the content of DOL in the reaction mixtures containing mixed
DOL±CH3CN solvents, 2.0� 10ÿ4

M PSÿ, 0.01 M NaOH and
4% (v/v) H2O ("), 8% (v/v) H2O� 0.5 M urea (◊), 8% (v/v)
H2O (!), 18% (v/v) H2O� 0.5 M urea (&), 18% (v/v) H2O
(~) and 28% (v/v) H2O (*). The solid lines are drawn
through the least-squares calculated points
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reactionmedium.Theratelaw for theoverall reactionof
DOL with PSÿ maybegiven as

rate= k[DOL][PSÿ] (1)

where k is the apparentsecond-orderrate constantfor
ethane-1,2-diolysisof PSÿ. Equation(1) predictsthatthe
plot of pseudo-first-orderrate constants (k1, where
k1 = k[DOL]T) versus total concentration of DOL
([DOL]T) shouldbe linear with zero interceptprovided
that[DOL] = [DOL]T, i.e.all theDOL moleculesexistin
monomericform, (DOL). This appearsto betrueonly at
very low contentsof DOL in the presenceof 0.01M

NaOH(Figure1). Pseudo-first-orderrateconstantsshow
negativedeviationsfrom linearity at high contentsof
DOL (Figure1). Causessuchasself-associationof PSÿ

molecules only and association of DOL and PSÿ

molecules,of the non-linearnatureof sucha plot have
beenruled out.10 The mostprobablecausefor the non-
linear variationof k1 against[DOL] may be ascribedto
theself-association of DOL molecules.

Theconceptof self-associationof alkanolmoleculesin
mixed aqueoussolventshas beenused to explain the
rate–[alkanol]profilesin thealkanolysisof PSÿ.3–5,7,16,17

Thecharacteristicsof self-associationof DOL molecules

may provide the relationship between [(DOL)] and
[DOL]T asgiven by theequation18

[(DOL)] � [DOL]T

1� 2KA[DOL]T

�2�

where KA = [(DOL)2]/[(DOL)] 2 = [(DOL)3]/[(DOL)2]-
[(DOL)] = …[(DOL)n]/[(DOL)nÿ1][(DOL)] 19 and
[(DOL)] is theconcentrationof monomericDOL.

In mixed DOL–CH3CN–H2O solvents with H2O
contentsof �28%(v/v), thefollowing ion-pairformation
betweencationsandanions:

PSÿ �M� �
K1

PSÿ �M�

ÿOH�M� �
K2 ÿOH �M�

cannotbecompletelyruledout.Thesereactionscanlead
to theequationprovidedthat1<< K2[M

�] or K2[HOÿ],

[PSÿ� � [PS]T
1� ��M��1=2T

�3�

where[PS]T and[M�]T representthe total concentration
of phenyl salicylate and cation, respectively, and
b = K1K

ÿ1=2
2 .

Theenhancedreactivityof PSÿ towardsa nucleophile
with hydrogenattachedto the nucleophilic site is the
consequenceof intramolecularGB catalysisdue to the
ionized o-phenolic group.11–13 The ion-pair (PSÿ.M�)
formation is expected to decreasethe efficiency of
intramolecularGB catalysis.Therateof reactionof DOL
with PSÿ.M� is thereforeignored comparedwith that
with the free form (PSÿ) of ionizedphenylsalicylate.

Theobservedratelaw, rate= k1[PS]T, andequation(1)
with [(DOL)] and[PSÿ] obtainedfrom equations(2) and
(3) canyield theequation

k1 � k[DOL]T

�1� ��M��1=2T ��1� 2KA[DOL]T�
�4�

At constant[M�]T, equation(4) is reducedto equation
(5) providedthatb remainsconstantwith changesin the
ratio of mixed solvent components, where a = k/
(1� b[M�]1=2

T ).

k1 � �[DOL]T

1� 2KA[DOL]T

�5�

where� � k=�1� ��M��1=2T �:
Pseudo-first-orderrate constants(k1) obtained in the
presenceof 0.01M NaOH obeyed equation (5). The
unknown parameters,a and KA, were calculatedfrom

Figure 2. Plots showing the dependence of pseudo-®rst-
order rate constants (k1) for the reaction of DOL with PSÿ on
the content of DOL in the reaction mixtures containing mixed
DOL±CH3CN solvents, 2.0� 10ÿ4

M PSÿ, 0.01 M LiOH and
8% (v/v) H2O (~), 8% (v/v) H2O� 0.5 M urea (*) 18% (v/v)
H2O (!), 18% (v/v) H2O� 0.5 M urea (&) and 28% (v/v)
H2O (◊)
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equation(5) usingthenon-linearleast-squarestechnique.
Thecalculatedvaluesof a andKA at different[H2O] and
in the absence and presence (0.5M) of urea are
summarizedin Table1. The fitting of the observeddata
to equation(5) is evident from the standarddeviations
associatedwith a andKA (Table1) andfrom theplots in
Figure 1 where the solid lines are drawn through the
least-squarescalculatedpoints.

An increasein water content from 4 to 28% (v/v)
decreaseda from 10.9� 10ÿ3 to 3.06� 10ÿ3 Mÿ1 sÿ1

andKA from 0.266to 0.052Mÿ1. Thedecreasein KA due
to the increasein [H2O] is due to the water molecules
acting as the depolymerizing agents for the DOL
structurein DOL–CH3CN solvent.Nearly 1.5- and2.5-
fold decreasesin a andKA, respectively,wereobtainedin
the methanolysis of PSÿ under essentially similar
experimentalconditions.5 The value of k (2.10� 10ÿ3

Mÿ1 sÿ1)17 for themethanolysisof PSÿ in CH3OH–H2O
solvent is slightly larger than k (1.52� 10ÿ3 Mÿ1 sÿ1)4

for ethane-1,2-diolysisof PSÿ in DOL–H2O solvent.
However,thevalueof a (10.9� 10ÿ3 Mÿ1 sÿ1) for DOL
is nearlythreetimeslargerthana (3.15� 10ÿ3 Mÿ1 sÿ1)
for methanol5 at 4% (v/v) H2O in mixed alkanol–
acetonitrilesolvents.It seemsto beunlikely thatK1K

ÿ1=2
2

in DOL–CH3CN is smallerthanthat in CH3OH–CH3CN
at 4% (v/v) H2O andthereforek shouldbe significantly
larger at 4% (v/v) H2O than k at >28% (v/v) H2O in
DOL–CH3CN solvent.Thevalueof k hasbeenshownto
benearly30 timeslargerat 10%(v/v) H2O thanat 30%
(v/v) H2O in thepresenceof Na� ion for methanolysisof
PSÿ.5

The increasein k with decreasein thecontentof H2O
in mixedDOL–CH3CN solventsmaybeattributedto the
following reasons.(i) Thedecreasein thecontentof H2O
in mixed DOL–CH3CN–H2O solvents is expectedto
decreasethe numberof H2O moleculesin the solvation
shellsof monomericDOL andfreePSÿ molecules.This
characteristic,in turn, decreasesthe solvationenergyof

(DOL) andfree PSÿ becausewatermoleculesaremuch
better solvating molecule than acetonitrile molecules.
The decreasein the solvationenergyof (DOL) andfree
PSÿ shoulddecreasethe apparentactivationenergyfor
thereactionof DOL with PSÿ. (ii) Themechanismof the
reactionof DOL with PSÿ involvesa transientintramo-
lecular intimate ion pair (I 1). The stability of such an
intermediate should increase with decreasein the
dielectric constantof the reactionmedium. Hencethe
decreasein the contentof H2O in DOL–CH3CN–H2O
solventshouldstabilizethe apparenttransitionstateand
consequentlyincreasethe rate constant,k. Significantly
largervaluesof a for DOL (Table1) comparedwith the
correspondingvaluesof a for CH3OH5 may be partially
attributed to the stabilization of the intramolecular
intimate ion pair due to internal hydrogenbonding as
shownby I 2 in a solventof low dielectric constantand
containinglow contentof water.

Table 1. Values of a and KA calculated from equation (5)a

[MOH] (M) [H2O] (%, v/v) [Urea] (M) 103a (Mÿ1 sÿ1) 103KA (Mÿ1) [DOL]range(%, v/v) No. of runs

0.01b 4 0.0 10.9� 0.6c 266� 20c 5–90 11
8 0.0 9.09� 0.76 223� 25 5–70 10
8 0.5 9.72� 0.90 245� 30 5–70 10

18 0.0 5.36� 0.42 119� 15 5–70 10
18 0.5 4.89� 0.29 112� 11 5–64 10
28 0.0 3.06� 0.18 51.8� 6.7 5–70 10

0.01d 8 0.0e 0.885� 0.032 25–90 8
8 0.5 0.979� 0.041 25–70 6

18 0.0 1.05� 0.02 15–80 9
18 0.5 1.01� 0.04 15–64 8
28 0.0 1.10� 0.02 10–70 9

a [PS]0 = 2� 10ÿ4
M, 35°C, � = 290nm, organicco-solventCH3CN.

b MOH = NaOH.
c Error limits arestandarddeviations.
d MOH = LiOH.
e Thevaluesof a werecalculatedfrom theequation:k1 = 	� a [DOL]T.
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Theplotsof k1 versus[DOL] obtainedin mixedDOL–
CH3CN solventscontaining0.01M LiOH anda constant
contentof H2O turnedout to belinear(Figure2). Similar
resultswereobtainedin the methanolysisof PSÿ under
similar experimentalconditions.5 The linearity of these
plots indicates that KA � 0 under the experimental
conditionsof theseobervations.Lithium ions breakthe
alkanol structure owing to their high surface charge
density. Hence for the mixed DOL–CH3CN–H2O
solventscontaining�28% (v/v) H2O, 0.01M LiOH and
2� 10ÿ4 M phenyl salicylate, KA � 0. Equation (4) is
reducedto

k1 � k[DOL]T

1� ��Li��1=2T

�6�

if KA = 0.
Equation(6) predictsthattheplot of k1 versus[DOL]T

should be linear with essentiallyzero intercept if b
remainsconstantwith changein thecontentof CH3CN in
DOL–CH3CN solvents with a constant [H2O]. This
seemsto be true at � 18% (v/v) H2O. The linear plots
at 8% (v/v) H2O revealednegativeintercepts.The large
negativeinterceptsrevealthechangein bwith thechange
in thecontentof CH3CN at low contentof DOL in DOL–
CH3CN solvents containing a constant [Li �]T and
[H2O].5

The slopes{a = k/(1� b[Li�]1=2
T )} of the linear plots

of k1 versus[DOL]T werecalculatedby the linear least-
squarestechniqueand the resultsobtainedaresummar-
ized in Table 1. The valuesof a slightly increased(ca
20%)with increasein thecontentof H2O from 8 to 28%
(v/v). Similar observationswere madein the methano-
lysisof PSÿ at0.01M LiOH.5 Thevalueof a ataconstant
[H2O] is significantlylargerat0.01M Na� thanat0.01M

Li� (Table 1). The value of k may not be expectedto
changewith changein cation from Li� to Na� ion.17

Hencethelower a valuesin thepresenceof Li� ionsare
theconsequenceof thelargerb valuesin thepresenceof
Li� ionscomparedwith Na� ions.

The proposalthat KA � 0 in the presenceof Li� does
not necessarilymean that k1 should be larger in the
presenceof Li� than Na� where KA ≠ 0. The rate of
ethane-1,2-diolysisof ionized phenyl salicylate is
proportional to the concentrationof both monomeric
DOL, [(DOL)], andfreeionizedphenylsalicylate,[PSÿ]
[equation(1)]. In termsof equation(4), the decreasein
KA shouldincreasek1 providedthatb remainsunchanged
with the changefrom Li� to Na�. Significantly lower
valuesof a in the presenceof Li� comparedwith Na�

indicatethat b valuesare larger in the presenceof Li�

thanNa�. HencealthoughKA � 0 in thepresenceof Li�,
thevaluesof k1 aresmallerfor Li� thanfor Na� simply
becausethe a valuesare smaller for Li� than for Na�

(Table1). Similar resultswereobtainedin themethano-
lysis of PSÿ wherethe respectivevaluesof k, b andKA

are 2.18� 10ÿ3 Mÿ1 sÿ1, 0.94Mÿ1=2 and 20.5Mÿ1 for

K�, 2.42� 10ÿ3 Mÿ1 sÿ1, 2.70Mÿ1=2 and 19.2Mÿ1 for
Na� and 1.80� 10ÿ3 Mÿ1 sÿ1, 11.5Mÿ1=2 and 0.0Mÿ1

for Li� at 30%(v/v) H2O and30°C.5

Urea moleculesare known to reduce hydrophobic
interactions.20 Urea molecules are expected to be
preferentially solvated by water molecules in DOL–
CH3CN–H2O solvent.Hencethepresenceof ureashould
increaseboth a and KA owing to entrapmentof water
moleculesby the solvationshellsof the ureamolecules.
However,thepresenceof 0.5M ureaat 8 and18%(v/v)
H2O did not producea detectableeffect on a andKA at
0.01M NaOH andon a at 0.01M LiOH (Table1). This
showsthat undersuchconditions,the concentrationof
ureawasnot sufficientto causea significantdecreasein
thenumberof watermoleculesin thesolvationshellsof
DOL andCH3CN molecules.Thevaluesof a andKA are
not appreciablydifferent at 4 and8% (v/v) H2O (Table
1).Theuseof higherconcentrationsof urea(>0.5M) was
restrictedowing to relatively low solubility of urea in
CH3CN.

Many solution propertiesof polyhydric alcoholsand
mixed aqueouspolyhydric alcohols are very different
from thoseof monohydricalcoholsand mixed aqueous
monohydricalcohols.6,21 However,the effectsof [Li�]
and [Na�] on rates of intramolecular general base-
catalyzedmethanolysis5 andethane-1,2-diolysisof PSÿ

in mixed alkanol–acetonitrile solvents containing a
constant[H2O] appearedto beinsensitiveto thedifferent
solutionpropertiesof thesemixed solvents.
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