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Effects of urea, Na™ and Li" ions on the kinetics and
mechanism of intramolecular general base-catalyzed
glycolysm of ionized phenyl salicylate in ethane-1,2-diol-
acetonitrile solvents at a constant water concentration
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ABSTRACT: Pseudo-first-order rate constarkg) for the reaction of ethane-1,2-diol (DOL) with ionized phenyl
salicylate (PS), obtained in mixed DOL—CECN solvent at constant }@©] and [NaOH], obey the relationship

ki = o[DOL] /(1 + 2KA[DOL]+), wherex is the apparent second-order rate constidutis the association constant

for the dimerization of DOL and [DOLj]is the total concentration of DOL. The valuesky, in the presence of Na

ions, decrease with increase infB. 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 insignificantd 1998 John Wiley & Sons, Ltd.

KEYWORDS: phenyl salicylate; ethane-1,2-diol; urea; sodium salt; lithium salt; transesterification; kinetics;
intramolecular general base catalysis

INTRODUCTION <2% (v/v) CH,CN,0.01m NaOH and 0.0M KOH] and
DOL-CHsCN [containing 5% (v/v) HO and 0.0

Intramolecular general acid (GA) and general base (GB) NaOH] revealed characteristically different [DOL]-rate

catalysis appear to be the ubiquitous feature of many profiles? Lithium ions as compared with other alkali

enzymatic catalyses.It is widely believed that the  metal cations produced a different effect on [§{CHH]—

dielectric constant of the microenvironment of the active rate profiles for the methanolysis of P$ a reaction

site where enzyme-catalyzed reactions occur is signifi- medium of nearly isodielectric constahiMany solution

cantly lower than that of a pure aqueous solvetitis properties of CHOH-H,O solvent are different from

therefore of interest to study the effects of solvents with those of DOL-HO solvent® It was therefore decided to

low dielectric constants on intramolecular GA and GB study the effects of Li and N& ions on the rate of

catalysis. ethane-1,2-diolysis of PSin DOL-CH;CN solvent

Intramolecular GB catalysis is considered to involve containing a constant content of,®. The results and

the alkanolysis of ionized phenyl salicylate (AS The the probable explanations are presented in this paper.

structural behavior of mixed aqueous—alkanol solvents

has been elucidated by studies on the alkanolysis of PS

where the change in the content of the alkanol changes

both the concentration of alkanol and the dielectric EXPERIMENTAL

constant of the reaction medium. Ethane-1,2-diolysis of

PS  in mixed HOCHCH,OH (DOL)-H,O [containing 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-
*Correspondence toM. N. Khan, Department of Chemistry, Faculty 1.2-diol (DOL) with ionized ph | salicvl P
of Science, Universiti Malaya, 50603 Kuala Lumpur, Malaysia. +<-0l0 ( ) with ionized phenyl salicy a_te( $in
E-mail: niyaz@kimia.um.edu.my. mixed DOL-CHCN-H,O solvent was studied spectro-
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Thegenerakeactionschemdor thecleavagef PS in
DOL-CH;CN-H,O solventis asfollows:

ko k1 ks
Sal” + PhOI—‘_bOPSDOLEST + PhOI—hZOSaF
+DOL + PhOH

where Sal", ES™ and PhOH representsalicylate ion,
ionized 2-hydroxyethylsaliylate and phenol, respec-
tively, and ki, ko and ks are pseudo-first-orderrate
constantgor thereactionof DOL with PS™, hydrolysisof
PS  and hydrolysis of ES", respectively.Under the
presentexperimentakonditions ki/k, > 10 (Ref. 7) and
(kg + ko)/ks > 50 (Ref. 8), hencetheseresultsshowthat
k, andks arenegligible comparedwith k;.

All the kinetic runs were carried out for a period of
more than three half-lives of the reactionsand the
observediata(observedabsorbanceersusime) obeyed
a first-order rate raw. Details of the data analysisare
describecelsewheré.

A product analysisstudy has been describedin an
earlierpaper-®

RESULTS

Effects of varying the content of DOL at constant
[H>0] and [urea]

The rate of reactionof PS™ with DOL was studiedat
35°C with 4% (v/v) H,O and0.01m NaOH andwithin
the DOL concentrationrange 5-90% (v/v) in mixed
DOL-CHsCN solvents. The reaction rates were also
studiedat 8 and 18% (v/v) H,O and within the DOL
concentrationrange 5-70% (v/v) in the absenceand
presenceof 0.5M urea.A few kinetic runswere carried
out within the DOL concentratiorrange5—70%(v/v) at
28% (v/v) H,O. The resultsare shown graphically in
Figurel.

In orderto establisttheeffectof Li * ionsontherateof
reactionof DOL with PS™, severalkinetic runs were
carriedoutat8, 18 and28% (v/v) H,O andin theabsence
andpresencef 0.5M ureawith differentconcentrations
of DOL in DOL—CH,CN solvents containing 0.01m
LiOH. Theresultsareshownasthe plots of pseudo-first-
orderrate constantgk;) versus[DOL] in Figure?2.

It may be notedthatthe reactionmixturesat 8% (v/v)
H,0O with <25% (v/v) DOL and 18% (v/v) H,O with
<15% (v/v) DOL were initially colourlessbut became
turbid asthereactionprogressedrhereactionhalf-life at
which this turbidity appearedlecreaseavith decreasén
the content of DOL. The presenceof 0.5M urea
decreasedhis turbidity. For example,in the absenceof
ureaat 18% (v/v) H,O and15% (v/v) DOL the turbidity
appearedt 2.2 half-lives,whereassuchturbidity did not
appearuntil 3.4 half-livesin the presencef 0.5Mm urea.

0 1998JohnWiley & Sons,Ltd.
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Figure 1. Plots showing the dependence of pseudo-first-
order rate constants (k) for the reaction of DOL with PS™ on
the content of DOL in the reaction mixtures containing mixed
DOL-CH5CN solvents, 2.0 x 107 mM PS~, 0.01 M NaOH and
4% (v/v) H,O (I>), 8% (v/v) H,O 4+ 0.5 M urea (0), 8% (v/v)
H,0 (V), 18% (v/v) H,O + 0.5 M urea ([7), 18% (v/v) H,O
(A) and 28% (v/v) H,O (O). The solid lines are drawn
through the least-squares calculated points

DISCUSSION

Pseudo-first-orderate constantgk,) for the reactionof
DOL with phenyl salicylate obtainedwithin the DOL
concentrationrange 10-90% (v/v) were found to be
independenof [HO~] within the range0.01-0.054.%°
Hencetherateof ethane-1,2-diolysief phenylsalicylate
under the presentexperimentalconditions should be
independenof pH. The pH-independenhydrolysig*—*3
andalkanolysis of phenylsalicylatehavebeenshownto
involve intramolecularGB catalysis.The occurrenceof
kinetically indistinguishableéntramoleculaiGA catalysis
in thesereactionshasbeenruled out. The mechanisnof
alkanolysisof ionized phenylsalicylate(PS") hasbeen
discussedlsewheré.

The dielectric constant(e) of CH;CN (¢=37.0 at
25°C™) is similar to that of DOL (¢ = 37.7 at 25°C*°).
Therefore ¢ of mixed DOL-CHsCN solventscontaining
a constant[H,Q] and different ratios of [DOL] and
[CHZCN] may be consideredo be constantHencethe
changein k; valueswith the changein the contentof
DOL in DOL-CHsCN solventscontaining a constant
[H>0] cannot be attributed to the effect of ¢ of the
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Figure 2. Plots showing the dependence of pseudo-first-
order rate constants (k;) for the reaction of DOL with PS™ on
the content of DOL in the reaction mixtures containing mixed
DOL-CH5CN solvents, 2.0 x 107*m PS~, 0.01 M LiOH and
8% (V/vV) H,0 (A), 8% (v/v) H,O + 0.5 M urea (O) 18% (v/v)
H,0 (V), 18% (v/v) H,O + 0.5M urea () and 28% (v/v)
H,0 (0)

reactionmedium.Theratelaw for the overallreactionof
DOL with PS™ may be givenas

rate= kIDOL][PS™] (2)

wherek is the apparentsecond-orderate constantfor
ethane-1,2-diolysisf PS". Equation(1) predictsthatthe
plot of pseudo-first-orderrate constants(k;, where
ki =k[DOL]y) versus total concentration of DOL
([DOL]+) shouldbe linear with zero interceptprovided
that[DOL] =[DOL]+, i.e. all the DOL moleculesexistin
monomericform, (DOL). This appeargo betrueonly at
very low contentsof DOL in the presenceof 0.01m
NaOH (Figurel). Pseudo-first-orderate constantshow
negative deviationsfrom linearity at high contentsof
DOL (Figure 1). Causesuchasself-associatiorof PS”
molecules only and associationof DOL and PS
molecules,of the non-linearnatureof sucha plot have
beenruled out® The most probablecausefor the non-
linear variation of k; againstfDOL] may be ascribedto
the self-associatio of DOL molecules.

Theconcepbf self-associationf alkanolmoleculesn
mixed aqueoussolventshas beenusedto explain the
rate—[alkanolprofilesin thealkanolysisof PS™.3~>716:17
The characteristicef self-associatiomf DOL molecules

0 1998JohnWiley & Sons,Ltd.

may provide the relationship between [(DOL)] and
[DOL]+ asgiven by the equatior®

[DOL]

[(DOL] == 2KA[DOL]

(2)

where K =[(DOL),J/[(DOL)]?=[(DOL))/[(DOL),]-
[(DOL)] = ...[(DOL)J/[(DOL) »_4][(DOL)] *° and
[(DOL)] is the concentratiorof monomericDOL.

In mixed DOL-CH;CN-H,O solvents with H,O
contentof <28%(v/v), thefollowing ion-pairformation
betweencationsandanions:

Ky
PS +M* = PS . M*

Kz
“"OH+M* = —OH-M"*

cannotbe completelyruled out. Thesereactionscanlead
to the equationprovidedthat 1 << Ky[M™] or K;[HO ],

[PSk

Sl—_ 2t
PS 1+ M)y

(3)

where[PS} and[M "]+ representhe total concentration
of phen)lll salicylate and cation, respectively, and
— —1/2
p=KiK; 7",
The enhancedeactivity of PS™ towardsa nucleophile
with hydrogenattachedto the nucleophilic site is the
consequencef intramolecularGB catalysisdue to the
ionized o-phenolic group*™*2 The ion-pair (PS".M™)
formation is expectedto decreasethe efficiency of
intramoleculaiGB catalysis.Therateof reactionof DOL
with PS".M™ is thereforeignored comparedwith that
with the free form (PS") of ionized phenylsalicylate.
Theobservedatelaw, rate= k;[PS}, andequation(1)
with [(DOL)] and[PS"] obtainedfrom equationg?2) and
(3) canyield the equation

o« - 1I/<£DOL]T ”
(1+BMJ{%) (1 + 2K4[DOL] 1)

At constantiM "]+, equation(4) is reducedto equation
(5) providedthat f remainsconstantwith changesn the
ratio of mixed solvent components, where o =k/
(1+ M 17%).

a[DOL] ¢

k=t
1T 11 2K, [DOL] ¢

()

wherea = k/(1+ gM*]¥?).

Pseudo-first-orderate constants(k;) obtainedin the
presenceof 0.01M NaOH obeyed equation (5). The
unknown parametersg and K, were calculatedfrom
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Table 1. Values of « and K, calculated from equation (5)?

[MOH] (M)  [H20] (%, viv) [Urea] (M) 10% (M ts 10°Ka (MY [DOL]Jrange (%, v/v)  No. of runs
0.01° 4 0.0 10.9+0.6° 2664+ 20° 5-90 11
8 0.0 9.09+0.76 223+ 25 5-70 10
8 0.5 9.724+0.90 245+ 30 5-70 10
18 0.0 5.364+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
0.0 8 0.0° 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[PSh=2 x 10 %M, 35°C, A = 290nm, organicco-solventCH5CN.
® MOH = NaOH.

° Error limits arestandarddeviations.

9 MOH = LiOH.

€ The valuesof « were calculatedirom the equation:k; = ¥ + o [DOL] .

equation(5) usingthe non-lineareast-squaretechnique.
The calculatedvaluesof « andK 4 at different[H,O] and
in the absenceand presence(0.5Mm) of urea are
summarizedn Table 1. Thefitting of the observeddata
to equation(5) is evidentfrom the standarddeviations
associateavith  andK, (Table1) andfrom the plotsin

Figure 1 where the solid lines are drawn through the
least-squaresalculatedpoints.

An increasein water contentfrom 4 to 28% (v/v)
decreased: from 10.9x 10> to 3.06x 10 Mt s+
andK from 0.266t0 0.052m 1. Thedecreaséin K, due
to the increasein [H,0] is dueto the water molecules
acting as the depolymerizing agents for the DOL
structurein DOL—CH;CN solvent.Nearly 1.5- and 2.5-
fold decreasei o andK, respectivelywereobtainedn
the methanolysisof PS  under essentially similar
experimentalconditions> The value of k (2.10x 1073
M~ s Y17 for the methanolysiof PS™ in CH;OH-H,O
solventis slightly largerthank (1.52x 10 3m~* s H*
for ethane-1,2-diolysioof PS™ in DOL-H,O solvent.
However thevalueof o (10.9x 10 3m~* s7%) for DOL
is nearlythreetimeslargerthana (3.15x 10 *m~*s™)
for methanal at 4% (v/iv) H,O in mixed alkanol—
acetonitrilesolventslt seemgo beunlikelythatKlKgl/2
in DOL-CH;CN is smallerthanthatin CH;OH—-CH;CN
at 4% (v/v) H,O andthereforek shouldbe significantly
larger at 4% (v/v) H,O thank at >28% (v/v) H,O in
DOL-CH;CN solvent.The value of k hasbeenshownto
be nearly 30 timeslargerat 10% (v/v) H,O thanat 30%
(v/v)SHZO in thepresencef Na' ion for methanolysiof
PS.

Theincreasdn k with decreasén the contentof H,O
in mixed DOL-CHsCN solventsmay be attributedto the
following reasons(i) Thedecreasén the contentof H,O
in mixed DOL-CH;CN-H,O solventsis expectedto
decrease¢he numberof H,O moleculesin the solvation
shellsof monomericDOL andfree PS™ moleculesThis
characteristicjn turn, decreaseshe solvationenergyof

0 1998JohnWiley & Sons,Ltd.

(DOL) andfree PS™ becauseavater moleculesare much
better solvating molecule than acetonitrile molecules.
The decreasén the solvationenergyof (DOL) andfree
PS shoulddecreasehe apparentactivation energyfor

thereactionof DOL with PS". (ii) Themechanisnof the
reactionof DOL with PS™ involvesa transientintramo-
lecular intimate ion pair (I1,). The stability of suchan

intermediate should increase with decreasein the
dielectric constantof the reaction medium. Hencethe
decreaséan the contentof H,O in DOL-CH;CN-H,O

solventshouldstabilizethe apparentransitionstateand
consequentlyncreasethe rate constantk. Significantly
largervaluesof o for DOL (Table1) comparedwith the
corresponding/aluesof « for CH;OH® may be partially

attributed to the stabilization of the intramolecular
intimate ion pair due to internal hydrogenbonding as
shownby I, in a solventof low dielectric constantand
containinglow contentof water.

R = CH,CH,OH
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Theplotsof k; versugDOL] obtainedn mixedDOL—
CH3CN solventscontaining0.01m LIOH anda constant
contentof H,O turnedoutto belinear (Figure2). Similar
resultswere obtainedin the methanolysisof PS™ under
similar experimentalconditions® The linearity of these
plots indicates that K ~ 0 under the experimental
conditionsof theseobervationsLithium ions breakthe
alkanol structure owing to their high surface charge
density. Hence for the mixed DOL-CH;CN-H,O
solventscontaining<28% (v/v) H,0, 0.01m LiOH and
2 x 10*M phenyl salicylate, Ka ~ 0. Equation (4) is
reducedo

K[DOL]
Ky = ——— L 6
YR ©

if KA =0.

Equation(6) predictsthatthe plot of k; versugDOL]+
should be linear with essentially zero interceptif f
remainsconstantvith changedn thecontentof CH;CN in
DOL-CHsCN solvents with a constant [H,O]. This
seemgo be true at > 18% (v/v) H,0. The linear plots
at 8% (v/v) H,O revealednegativeintercepts.The large
negativanterceptgevealthechangen f with thechange
in the contentof CH;CN atlow contentof DOL in DOL—
CHiCN solvents containing a constant [Li "]+ and
[H,0].°

The slopes{a = k/(1 + BILi *]¥?)} of the linear plots
of k; versus[DOL]+ werecalculatedby the linear least-
squaregechniqueandthe resultsobtainedare summar-
ized in Table 1. The valuesof « slightly increasedca
20%) with increasen the contentof H,O from 8 to 28%
(v/v). Similar observationsvere madein the methano-
lysisof PS™ at0.01m LiOH.® Thevalueof o ataconstant
[H,O] is significantlylargerat0.01m Na* thanat 0.01m
Li*™ (Table 1). The value of k may not be expectedto
changewith changein cation from Li™ to Na" ion.*’
Hencethe lower o valuesin the presencef Li " ionsare
the consequencef thelarger § valuesin the presencef
Li* ionscomparedwith Na* ions.

The proposalthat K, =~ 0 in the presenceof Li " does
not necessarilymean that k; should be larger in the
presenceof Li* than Na" where K5 #0. The rate of
ethane-1,2-diolysisof ionized phenyl salicylate is
proportional to the concentrationof both monomeric
DOL, [(DOL)], andfreeionizedphenylsalicylate,[PS]
[equation(1)]. In termsof equation(4), the decreasen
Ka shouldincreasek; providedthatf remainsunchanged
with the changefrom Li* to Na'. Significantly lower
valuesof « in the presenceof Li* comparedwith Na"
indicatethat g valuesare largerin the presenceof Li*
thanNa'. HencealthoughK, ~ 0 in thepresencef Li ™,
the valuesof k, aresmallerfor Li ™ thanfor Na* simply
becausehe « valuesare smallerfor Li* thanfor Na"
(Table 1). Similar resultswere obtainedin the methano-
lysis of PS™ wherethe respectivevaluesof k, f andKa
are2.18x 10 3m~* s7%, 0.94m %2 and 20.5m* for

0 1998JohnWiley & Sons,Ltd.

Kt 2.42x103m st 2.70M %2 and 19.2m* for
Na" and1.80x 10 3m~* s7%, 11.5M %2 and 0.0M *
for Li™ at 30% (v/v) H,O and30°C.°

Urea moleculesare known to reduce hydrophobic
interactions?®® Urea molecules are expected to be
preferentially solvated by water moleculesin DOL—
CHsCN-H,O solvent.Hencethe presencef ureashould
increaseboth o and K5 owing to entrapmentof water
moleculesby the solvationshellsof the ureamolecules.
However,the presencef 0.5m ureaat 8 and18% (v/v)
H,O did not producea detectableeffecton o andK, at
0.01m NaOHandon o at 0.01m LiOH (Table 1). This
showsthat under such conditions, the concentrationof
ureawasnot sufficientto causea significantdecreasén
the numberof watermoleculesin the solvationshellsof
DOL andCHsCN moleculesThevaluesof o andK, are
not appreciablydifferent at 4 and 8% (v/v) H,O (Table
1). Theuseof higherconcentrationsf urea(>0.5M) was
restrictedowing to relatively low solubility of ureain
CHsCN.

Many solution propertiesof polyhydric alcoholsand
mixed aqueouspolyhydric alcohols are very different
from thoseof monohydricalcoholsand mixed aqueous
monohydricalcohols®?* However, the effects of [Li ']
and [Na'] on rates of intramolecular general base-
catalyzedmethanolysi3 and ethane-1,2-diolysisf PS
in mixed alkanol-acetonitrile solvents containing a
constan{H,0] appearedo beinsensitiveto thedifferent
solutionpropertiesof thesemixed solvents.
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