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ABSTRACT: The effect of solvent composition on the acidity of substituted phenols in DMZD-shistems was
examined. It is shown that in DMSO-8 mixtures with up to 35 mol% DMSO there is a linear relationship between
the K, values of monosubstituted phenols in the binary solvent mixtures of different compositions and the
corresponding i, values in water. This leads to an equation relating the slope and intercept té&¢gBMSO—

H,0) = slope[K4(H,0)] + intercept. The basis of this relationship in the Kirkwood-Westheimer equation is
examined. The significance of a possible ‘supersolvent’ is discussed. The applicability of the relationships derived
herein to other rate—equilibria relationships and solvent mixtures is considerea98 John Wiley & Sons, Ltd.
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INTRODUCTION Poh!'2and Halleet al.'® who related empirical linear
free energy relationships to the Kirkwood—Westheimer

Although the properties of binary solvent mixtures have equationt* A general expression is obtained which

been studied for many years, their continued relevancepredicts the K, value of a phenol in DMSO—D

cannot be overstatéd® This sub-discipline of physical  mixtures in the water-rich region35.5% DMSO) given

organic chemistry is constantly evolving and being its pK, value in water.

applied not only in traditional studies, such as the solvent

effect on enzyme activit,but also in emerging fields

such as supercritical fluidsOne of our ongoing interests  EXPERIMENTAL

has been the study of the effect of solvent composition on

the nucleophilic reactivity of substituted phenoxide The K, values of the phenols in 59.3 mol% DMSO were

anions with various substrates in binary mixtures of determined as described previousf}y. The results,

dimethyl sulfoxide (DMSO) and watér® a solvent  together with previously determined values in 48.6,

system which has been intensely studied. Unfortunately,35.5, 19.5 and 9.7 mol% DMSO, are collated in Table

comprehensive sets ofKp values for organic acids in 1910

aqueous binary solvent are not always available. The

need for more comprehensive sets d&f pvalues for

organic acids in various solvent mixtures prompted our RESULTS AND DISCUSSION

exploration of the factors governing the extent to which

the X, values of typical organic acids vary in aqueous pK, relationships

binary solvent mixtures.

The focus here was on exploring correlations that |n the 1970s, PoH*?proposed two different methods for
would permit the prediction ofif, values of substituted  predicting K, values of organic acids in various solvent
phenols in DMSO-KO mixtures and extend currently  systems. In his first method Poh used the sphere-in-
available datd:*'° We use the empirical models of contact model developed by Bdfto derive the

equation:

*Correspondence toR. M. Tarkka, Department of Chemistry, George Ko(sol), = [(pKg(sol) s — pKo(H>0) ] + pKo(H,O
Washington University, 725 21st St N.W.. Washington DC 20052, ~ 0(S0l)5 = [(PKo(S0Dg — PKo(H20)g] + PKo(H20)

USA. e-mail: tarkka@gwis2.circ.gwu.edu (1)
Contract/grant sponsomNSERC. . . ) . .
Contract/grant sponsorCNRS. which applies to two unsubstituted carboxylic acids
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Table 1. pK, values of phenols in DMSO-H,0 mixtures’-

R. M. TARKKA ETAL.

Phenol H,O 9.7%DMSO 19.5%DMSO 35.5%DMSO 48.6%DMSO 59.3%DMSC?

2-CN Experimental 7.22 7.54 7.97 8.88 9.53 9.71
Calculated 7.48 7.83 8.37
Difference —0.06 -0.14 -0.51

3,4,5-C} Experimental 7.68 7.85 8.01 8.77 9.43 9.96
Calculated 8.00 8.41 9.05
Difference 0.15 0.40 0.28

4-CN Experimental 7.80 8.17 8.45 9.31 10.22 10.44
Calculated 8.14 8.56 9.23
Difference —-0.03 0.11 —0.08

3,5-Ch Experimental 8.03 8.27 8.53 9.38 10.08 10.59
Calculated 8.40 8.85 9.57
Difference 0.13 0.32 0.19

2,4-Ch, Experimental 7.65 8.01 8.31 9.08 10.17 10.67
Calculated 7.97 8.38 9.01
Difference —-0.04 0.07 -0.07

3,4-Ch Experimental 8.51 8.78 9.10 10.08 10.67 11.41
Calculated 8.94 9.46 10.27
Difference 0.16 0.36 0.19

2-Br Experimental 8.45 8.96 9.64 10.57 11.37 11.68
Calculated 8.88 9.38 10.19
Difference -0.08 -0.26 -0.38

Phenol Experimental 9.88 10.62 11.21 12.44 13.59 13.95
Calculated 10.49 11.18 12.30
Difference -0.13 -0.03 -0.14

3-CH30 Experimental 9.65 10.35 11.05 12.24 13.11 13.68
Calculated 10.23 10.90 11.96
Difference -0.12 -0.15 -0.28

4-Cl Experimental 9.35 9.85 10.18 11.52 12.45 12.91
Calculated 9.89 10.52 11.52
Difference —-0.04 0.34 0.00

4-CH0 Experimental 10.27 10.70 11.47 12.90 13.97 14.53
Calculated 10.93 11.67 12.88
Difference 0.23 0.20 -0.02

@ This work.

(denotedA andB) in two differentsolvents pneof which
is typically H,0.

The requirementof this modelis that all carboxylic
acidsexperiencethe samerelative changein pK, upon
transfer from a given solvent to a secondsolvent®
Clearly, this is not the casefor phenolsin DMSO-H,0O
mixtures: the changein pK, value of phenolsupon
changingthe DMSO contentin the solventis strongly
dependentiponthe pK, valueof the phenolin H,O. Poh
showed that Eqn(1) is only modestly successfulfor
carboxylicacids,with anaverageerrorof 0.43 pK, units
for the systemsinvestigated.This first model of Pohis
thus inappropriatefor the study of the pK, values of
phenolsin DMSO-H,O mixtures.

Oneshortcomingof Poh’sfirst methodis that specific
solute—solveninteractionsare excluded.He addressed
this problemwith his secondnethod? by comparingthe
empirical Hammett—Taftrelationship*’~2°

log(Ka/Ko) = p*o” (2)

whichimplicitly accountdor all experimentalariables,
to the Kirkwood—Westheimecavity** model:

0 1998JohnWiley & Sons,Ltd.

log(Ka/Ko) = €1 cos¢,/2.30%g TDgl? (3)

The K, and Ky valuesin Eqgn (2) representthe
dissociationconstantsof the substitutedand unsubsti-
tuted acids, respectively,c* is the substituentconstant
and p* is the reaction constant. For systemswhere
resonanceeffectsare important,s* can be replacedby
the appropriatesubstituentonstant(c ™, for example).

In the Kirkwood—Westheimeequation[Eqn (3)], e is
the electronicchargey is the bonddipole moment,¢ is
theanglebetweernthedipole axisandtheline joining the
reactionsite to the midpoint of the dipole axis, Dg is the
effective dielectric constant (which is used to make
allowancedor deviationsin thelocal dielectric constant
of the solvent around the solute moleculesfrom its
macroscopiwalue,e,), kg is the BoltzmannconstantT is
the absolutetemperatureand| is the distancebetween
thereactionsiteandthe midpointof thedipole.It is noted
thatthis modeldoesnot accountfor specificinteractions
suchashydrogenbonding.

The following equationis obtainedfrom Eqns(2) and
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Figure 1. Plots of the pKj values of phenols in 9.7 mol%
DMSO vs pK; values in H,0

(3) if the solventshaveno effectonp, andif theionized

moleculehasareasonablyixed geometry(e.g.phenols):

ps/pw = (De)w/(DE)s (4)

In solventsin which hydrogenbonding effects are
important, pdp,, valueswere found to be significantly
different to the valuesthat canbe calculatedfrom Eqns
(3) and (4). To account for these discrepancies,a
hydrogenbondingfactor, Fyg, wasintroduced suchthat

ps/pw = Frg(De)w/(De)s (5)
Halle et al.*® useda similar approachto model the
aciditiesof organicacidsin DMSO-H,O mixtures.It was

shownthat

(PKa)s = [(P)s/ (P)w](PKa)w —
[(P)s/ (P)w](PKo)w + (PKo)s  (6)

Combiningthe approachesf Poht? andHalle et al.*®

andsimplifying leadsto

11.54
114
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Figure 2. Plots of the pK; values of phenols in 19.5 mol%
DMSO vs pK; values in H,0
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Figure 3. Plots of the pKj values of phenols in 35.5 mol%
DMSO vs pK; values in H,0O

(PKa)s = Fr[(De)w/ (De)s| (PKa)w + constant (7)

which predicts that a plot of pK, valuesin a mixed
solventagainstpK, valuesin H,O will belinear.

Thevalidity of the Eqn(7) canbetestedusingthe pK,
valuesof phenolsin DMSO-H,0 mixtures.Plotsof pK,
valuesof substitutedphenolsin DMSO-H,O mixtures
against their pK, valuesin H>0, using the data in
Table1!°**areshownin Figs.1-5.Thesolventmixtures
usedin thesestudieswere30,50,70,80and85vo0l.%. In
the presentwork, we choseto usemole % DMSO rather
than volume % DMSO becausemole % has a readily
understoodphysical significanceand becausemole %
DMSO valuesdo not vary with temperatureThus, 30,
50, 70, 80 and 85 vol.% correspondo 9.7, 19.5, 35.5,
48.6and59.3mol%, respectively.

Eachof Figs 1-5is describedy a simple equationof
the form y=mx+ b, wherex is the pK, value of the
phenolin H,O andy is the pK, at a given DMSO-H,0O
composition For thesespecificsolventmixtures,the pK,

pKa (DMSO-H20)
=3 =

pKa (H20)

Figure 4. Plots of the pK; values of phenols in 48.6 mol%
DMSO vs pK; values in H,0
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Figure 5. Plots of the pK; values of phenols in 59.3 mol%
DMSO vs pK, values in H,O

valuescanbefitted to the following setof equations:

pKa(9.7mol%DMSO) =
1.13pK,(H,0) — 0.659r2 = 0.998) (8)
pKa(19.5mol%DMSO) =
1.27pK4(H20) — 1.45(r2 = 0.970)  (9)
pKa(35.5mol%DMSO) =
1.47K4(Ho0) — 2.23(r> = 0.975)  (10)
PKa(48.6 Mol%DMSO) =
1.58pK,(H20) — 2.27(r> = 0.963)  (11)
PKa(59.3mol%DMSO) =
1.59pKa(H20) — 1.86(r> = 0.922)  (12)

Oneof the motivationsof theseinvestigationsvasthe
desire to obtain a general expression,valid for any
solvent composition,which can predict pK, values of
substitutedohenolsin binary solventmixtures.Sincethe
plotsin Figsl-5areall linear,it seemedeasonabl¢hata
universalexpressionmay exist for all solventcomposi-
tionsif a relationshipcan be found betweenthe ‘slope’
term, Fug[(De)w/(Dg)s, and the ‘intercept’ term and
solventcomposition,i.e.

pKa(DMSO—H,0) = slope[Ka(H20)] + intercept
(13)

Plots of the slopetermsagainstsolventcomposition
and intercept terms against solvent composition were
therefore constructed(Figs 5 and 6 respectively)and
were found to be reasonablylinear up to approximately
35.5mol% DMSO. In thesewater-richsolventcomposi-
tions, the slope terms and intercept terms can be
describedby

0 1998JohnWiley & Sons,Ltd.

slope= 1.36y + 1.00(r? = 0.999 (14)
intercept= —6.33y — 0.061(r?> = 0.987) (15)

where y representsthe mole fraction of DMSO
(0.01x mol% DMSO). Substitutingeqns,(14) and(9)
into Eqn, (13) yields

PKa(DMSO—H,0) =
[(1.36x + 1.00)pKa(H,0)] — 6.33y — 0.061 (16)

which predictsthe pK, value of any phenolin DMSO-
H,O mixtures in the H,O-rich region (DMSO < 35.5
mol%), giventhe pK, valuein H,0. The validity of Eqn
(16) for mediaup to 35.5mol% DMSO is demonstrated
by comparison of the experimental values to the
calculatedvalues,asshownin Tablel. Thereis excellent
agreemenbetweenthe empirically and experimentally
determinedvalueswith the averageabsoluteerror being
only 0.17 pK4 units.

Thefindingin thiswork of anequatiorthatpredictsthe
pK, value of phenolsin DMSO-HO mixturesbasedon
the pK, valuein waterlooks toward extensionto other
ionization equilibria (carboxylic acids, anilinium ions,
etc.), i.e. whether these processeswill be subjectto
similar behavior.It is plannedto undertakesuchstudies
in the future.

Somefurther commentsare necessargoncerningthe
35.5 mol% DMSO composition as the limit of the
applicabilityof Eqn(16). Figures6 and7 showthatasthe
DMSO-richregionis approached>35.5mol% DMSO),
curvature sets in: neither the ‘slope’ terms nor the
‘intercept’ termsarelinear outsidethe water-richregion.
At presenta physicaldescriptionof why the slopevaries
in anon-linearway (or evenwhy it variesin alinearway
in thewater-richregion)is notfully apparentHowever it
is not surprisingthat there is a progressivechangeof
behaviorbetweenthe water-richregionandthe DMSO-

Slope

0 10 20 30 40 50 60
Mole % DMSO

Figure 6. Dependence on the solvent composition of the
‘slope’ term of the pK;(DMSO-H,0) vs pK;(H,0) plots
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Intercept
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Figure 7. Dependence on the solvent composition of the
‘intercept term’ of the pK;(DMSO-H,0) vs pK;(H,0) plots

rich region. DMSO and H,O are known to havea very
strongtendencyto form aggregateaomplexesThe 2:1
complex (33.3 mol% DMSO) is particularly stable.
Evidencefor this phenomenons that many physical
propertiesof DMSO-H0 areknownto exhibit extrema
at 33.3 mol% DMSO, including heat of mixing,**
viscosity,density*? energy—volumeoefficient?® partial
molal entropy, the heat of solution of hydrogeR,
freezingpoint® and adiabaticcompressibility?®

Turningto thebehaviorin DMSO-richmixtures,much
fewer data are available here concerningequilibrium
processedyutanumberof kinetic studiesof nucleophilic
processes,e.g. reactions of phenoxide anions with
carbon®®® sulfur®® and phosphoru®’ esters havebeen
reported.In theseinstancesa smoothdependencef the
log(rate) on mol% DMSO hasbeenfound, which does
not correlate however,with solventcompositionin the
water-rich region. Again, this break in the observed
behavioroccursaround35 mol% DMSO, thusproviding
further evidencefor the key significanceof this solvent
compositionin discussion®f reactivity relationshipsin
DMSO-H,0O mixtures.

Supersolvent

An interestingphenomenorwas discoveredduring the
developmenbf this model.Extrapolationof the plots of
pKa vs solventcompositioninto the hypotheticalregion
of negative DMSO contentshowsthat the plots may
intersectat a fixed point of approximately—90 mol%
DMSO andpK, = 3 (Fig. 8). At this hypotheticalsolvent
composition,which we have called ‘supersolvent,’all
phenols have the same pK, value, regardless of
substituent Although the commoninterceptpoint may
in fact be fortuitous,and otherlines may be drawnsuch
that no commoninterceptpoint occurs,we nonetheless
believethatthis phenomenoiis interestingandworthy of
discussion.

0 1998JohnWiley & Sons,Ltd.
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Figure 8. 'Supersolvent’ plot. Plots of the pK; values of
phenols in DMSO-H,0 mixtures vs mol% DMSO, with plots
extended into the region of imaginary solvent composition,
to show the common intersection point

Thequestiorthatthesupersolvenposess, ‘whatis the
physicalpropertyof the solventwhich causesll phenols
to havethe sameacidity?’ In other words, all phenols
havethe samepK, value asthe referencephenolin that
solvent.This ideais representedby the equation

(PKa)s = (PKo)s (17)

Examinationof Eqns (4) and (6) showsthat for the
relationshipin Eqn (17) to betrue, [(D)g)w/(Dg)g] must
be zero,which holdswhen (Dg)s the effective dielectric
constant,is infinitely large. Under theseconditions,an
electroniceffect exertedby the substituenplaysno role
in theionizationof the organicacid: the solventdoesall
of the work.

Applicability to other rate-equilibria relationships
and solvent mixtures

The linear relationshipthat we have observedbetween
pK, values of substituted phenols in DMSO-H,0O
mixturesandthe correspondingK, valuesin H,O [Figs
1-5andEq (16)] will be of valuein the main becausef
its predictive capability. A partial surveyindicatesthat
other properties,suchasionizationsof different classes
of organicacidsandbasesaswell asreactionrates,show
in many casege.qg. protontransferfrom carbonacids?’
heatsof transfef® andanionica-complexformatiorf®29
similar behavior. Moreover, available evidenceshows
that this type of behaviorpersistsin mixturesof DMSO
with commonalcohols??3°

A theoreticalbasisof the relationship[Egn (16)] is at
presentonly imperfectly understoodA primary condi-
tion is clearly that plots of the given property(e.g.pKa)
are a linear function of mol% DMSO in the H,O-rich
region.Theclassicainstanceof thisis the plot of the H_
acidity functior?*?versusmol% DMSO, which afteran
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almostlinear portion in the H,O-rich region displaysa
sharplyupwarddeviationin the DMSO-richregion.This
is generallyaccountedor in termsof a combinationof
factors: strong H-bonding between H,O and DMSO
moleculesandthe progressivedesolvationof OH™ with
decreasindd,O content?33A similar reasoningnay be
usedin accountingfor the increasingvaluesof the slope
parametersn the pK,; (DMSO-H,0) vs pK4(H,0) plots
asthe pK, of the phenolincrease$Eqgns(8)—(12)].Here,
also, the correspondingndividual plots of pK, vs mol%
DMSO show an increasing upward deviation in the
DMSO-richregion. A plausibleexplanationis that with
relatively strongly acidic phenolswhere the negative
chargeon the conjugatebaseis delocalizedover the
benzeneing aswell asresidingin part on the anionic
oxygen,efficientsolvationcanpersistin the DMSO-rich
regionsinceDMSO is knownto interactefficiently with
chargedispersedspecieshroughdipole—dipoleinterac-
tions. On the other hand,in the caseof weakly acidic
phenolswith lesschargedispersalin the corresponding
anions solvationthroughH-bondingwith H,O molecules
will bethe predominanstabilizationmechanismandin
the DMSO-rich media where this stabilization is not
available,substituent®n thebenzeneing will assumea
correspondingl greaterole. Thisin turnwill bereflected
in agreatersensitivityof the pK; to mediumeffect(mol%
DMSO) changeshencethe increasingslopeparameters
in Eqns(8)—(12).

Althoughthe perhapsuniquepropertiesof DMSO and
its mixtures with water and alcohols have been of
immense value in both mechanistic and synthetic
chemistry? adequatetheoretical treatmentsof these
(and by andlarge other) mixed solventshaveyet to be
published, to the authors’ knowledge. Hence the
empirical relationshipsobservedhere, and that can be
anticipatedfrom the presentstudy, will continueto be
usedasa predictivetool in organicchemistry.
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