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ABSTRACT: Rate constants,k, were determined for the solvolytic reactions of 2-bromo-2-methylbutane, 2-chloro-2-
methylbutane and 3-chloro-3-methylpentane in 10 pure diols at 298.15 K. The Gibbs energies of activation were
calculated in order to study the influence of the solvent and to provide mechanistic information about the activation
process. By combining these values with a set of infinite dilution activity coefficients,g?, the transfer Gibbs energies
of the reactants (initial state) and of the activated complex (transition state) were obtained, which allowed the solvent
effects on both states to be quantitatively analysed. Theg? values were calculated using the UNIFAC group
contribution method. The modified Flory–Huggins equation was used in the combinatorial term. The interaction
parameters were taken from the specific UNIFACg? interaction parameter table, except for theg? values of 2-
chloro-2-methylbutane and 3-chloro-3-methylpentane in diethylene glycol and triethylene glycol, which were
obtained using theg? UNIFAC–VLE interaction parameter tables. For comparative purposes all the other infinite
dilution activity coefficients of the three solutes in the diols were also calculated using the UNIFAC–VLE parameter
tables. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

In previous papers1–4 concerning the solvolysis oftert-
butyl halides in pure and binary mixtures of alcohols and
the Menschutkin reaction of triethylamine with ethyl
iodide, we provided a useful quantitative procedure for
examining solvent effects on the rate constants,k,
through the calculation of the transfer Gibbs energies of
activation,�D≠G, of the transfer Gibbs energies of the
reactants,�Gi, and of the transfer Gibbs energies of the
activated complex,�Gt.

5

In order to gain a more thorough understanding of the
thermodynamic Gibbs energy of transfer values, we have
undertaken a kinetic investigation at 298.15 K using 2-
bromo-2-methylbutane (2-Br-2-MeBu), 2-chloro-2-
methylbutane (2-Cl-2-MeBu) and 3-chloro-3-methylpen-
tane (3-Cl-3-MePe) as substrates and 10 pure diols as
solvents.

The reactions follow first-order kinetics, which were
monitored by measuring the conductance,G, at regular
intervals of time. The data were analysed according to the
Kezdy–Swinbourne method:6

Gt = Gt? (1 - ekDt)� ekDt Gt�Dt (1)

whereGt, Gt? andGt�Dt denote the conductance of the
solution at timet, infinite time andt�Dt (Dt is a constant
period of time), respectively. A computer program gives
the value ofk from the straight line with a correlation
coefficientr always better than 0.9990 for a number of
pairs of points (Gt, Gt�Dt) between 50 and 600, and a
value of Dt from 8 to 10300 min, depending on the
system under study and, consequently, on the rate of the
reaction.

The Gibbs energies of activation for solvolysis of the
three substrates in the diols were obtained from the
following transition state theory relationship:

D≠ G = - R T In (h k / kB T)p (2)

where R, h and kB are the universal gas, Planck and
Boltzmann constants, respectively, andT is the absolute
temperature.
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Since the transfer Gibbs energy of the reactantsis
givenby:

�Gi = R T In (g?j /g
?

r) (3)

wherethesubscriptj refersto a chosensolventandr to a
referencesolvent, we first need to obtain the infinite
dilution activity coefficients,g?.

In this work, the g? valuesof the solutesin the pure
diols at 298.15 K were calculatedusing the UNIFAC
groupcontributionmethod,7,8 dueto thenon-availability
of experimentaldata. For the combinatorial term, as
suggestedby Kikic et al.,9 the modifiedFlory–Huggins
equationin the Staverman–Guggenheimexpressionwas
used.For theresidualterm,groupinteractionparameters
from theUNIFAC g? specifictable10 wereused,except
for the solutes 2-Cl-2-MeBu and 3-Cl-3-MePe in
diethyleneand triethylene glycol becausethe specific
g? UNIFAC parametersfor the relevantgroupsarenot
available.10 Therefore,the g? valuesof 2-Cl-2-MeBu
and 3-Cl-3-MePein diethyleneand triethylene glycol
were calculatedusing the UNIFAC interaction para-
metersfrom the VLE tables.8,11–15For comparison,all
the other infinite dilution activity coefficientswerealso
predicted on the basis of UNIFAC–VLE parameter
tables.

Finally, through the relationship that correlatesthe
respectivetransferGibbsenergies:

�Gt = �Gi � �D≠ G = �Gi � D≠ Gj - D≠ Gr (4)

it waspossibleto calculatetheGibbsenergiesof transfer
for theactivatedcomplex.

In the following sections the new experimentalk
valuesare presented,g? calculationsare detailed,then
thecalculationof transferGibbsenergiesis describedand
finally solventeffectsontheinitial stateandthetransition
statearediscussed.

EXPERIMENTAL

The diols usedwere ethane-,propane-and butane-1,2-
diol [1,2-Et(OH)2, 1,2-Pr(OH)2 and 1,2-Bu(OH)2, re-

spectively], propane-and butane-1,3-diol[1,3-Pr(OH)2
and 1,3-Bu(OH)2, respectively], butane-1,4-diol[1,4-
Bu(OH)2], butane-2,3-diol[2,3-Bu(OH)2], butane-1,5-
diol [1,5-Bu(OH)2], diethylene glycol [CH2OCH2

(CH2OH)2] and triethylene glycol [(CH2OCH2)2

(CH2OH)2]. They wereobtainedfrom BDH andMerck
andtheywerecarefullydriedoverappropriatemolecular
sievesto keepthecontentof waterlessthan0.02%.16

The substrates, 2-bromo-2-methylbutane(2-Br-2-
MeBu), 2-chloro-2-methylbutane(2-Cl-2-MeBu)and3-
chloro-3-methylpentane (3-Cl-3-MePe),of the highest
purity commerciallyavailable(>99%), all from BDH,
wereusedwithout further purification.

Conductancemeasurementswere carried out with a
Wayne-KerrB905 bridgeregulatedandcontrolledby a
computer.Themeasurementswereperformedat leastin
triplicate. The temperaturein the reaction cells was
maintainedconstantat 25.00� 0.01°C.

RESULTS AND DISCUSSION

The rate constantsfor the threesubstratesin the diols,
given in Table 1, are the meansof the separatekinetic
runs; the accuracyis better than 2%. Equation(2) was
usedto calculatetheGibbsenergiesof activation,which
arealsogiven in Table1.

The ratedatain Table1 canbe analysedthroughtwo
different approaches:substrateandsolventeffects.

Substrate effects

From the point of view of substrateeffects,it is worth
pointing out that, first, k valuesalwaysincreasefrom 2-
Cl-2-MeBu to 2-Br-2-MeBu.The orderof the rateratio
hasa meanvalue of 40 when 2,3-Bu(OH)2, diethylene
andtriethyleneglycol areexcluded.In a previousstudy
we comparedthe rateconstantsof tert-butyl chloride(t-
BuCl) and tert-butyl bromide (t-BuBr) in mono- and
dialcohols.17 The rateratio obtainedfor the samesetof
diols is similar: 37.Thethreementionedsolventsexhibit

Table 1. Dielectric constants, rate constants and Gibbs energies of activation for the solvolysis of alkyl halides in diols at 298.15 K

2-Br-2-MeBu 2-Cl-2-MeBu 3-Cl-3-MePe

Solvent e 106k (sÿ1) D≠G (kJ molÿ1) 106k (sÿ1) D≠G (kJ molÿ1) 106k (sÿ1) D≠G (kJ molÿ1)

1,2-Et(OH)2 37.7 142�10 89.3 49.7 97.6 71.8 96.7
1,2-Pr(OH)2 28.59 155 94.8 3.75 104.0 4.88 103.3
1,3-Pr(OH)2 34.98 384 92.5 7.71 102.2 14.9 100.6
1,2-Bu(OH)2 22.35 43.6 97.9 1.31 106.6 2.02 105.5
1,3-Bu(OH)2 28.57 64.9 96.9 2.08 105.5 2.52 105.0
1,4-Bu(OH)2 30.86 96.7 95.9 2.68 104.8 3.79 104.0
2,3-Bu(OH)2 21.65 20.7 99.8 1.07 107.1 1.35 106.5
1,5-Pe(OH)2 27.17 37.7 98.3 1.12 107.0 1.72 105.9
Diethyleneglycol 31.69 178 94.4 3.21 104.4 3.66 104.1
Triethyleneglycol 23.69 103 95.8 1.32 106.6 3.04 104.5
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different valuesfrom the mean:the smallestvalue for
2,3-Bu(OH)2 (ca 20) and the highest values for
diethyleneglycol and triethylene glycol (ca 80). The
agreementbetweenthesevariationsandthosepresented
before17 is satisfactory,showinga consistentbehaviour
of the different substrates.Second,whencomparingthe
experimentalrateconstantsfor 2-Cl-2-MeBuand3-Cl-3-
MePe,thesituationis similar,althoughtherateratiosare
substantiallysmaller.Again,anexceptionallyhigh value
is obtainedfor triethyleneglycol. It shouldbenotedthat
theseconsiderationsalso apply to t-BuCl and t-BuBr.
Third, is found that the influence of the substituents
(Cl → Br) is more importantthan the replacementof a
methylgroupby anethylgroupin thesubstratemolecule.

The resultscanbe summarizedask2-Cl << k2-Br and
k2-Cl< k3-Cl for the solvolytic reactions of tert-alkyl
halidesin diols. Themolarvolumesfor the threesolutes
are123cm3 molÿ1 for 2-Cl-2-MeBu,128cm3 molÿ1 for
2-Br-2-MeBuand136cm3 molÿ1 for 3-Cl-3-MePe.It is
interesting that the changeof the halide ion is more
importantthanthechangeof themolar volume.

Solvent effects

A different approachto the problem is the analysisof
solventeffects.Among the varioussolventeffects that
influencethe rate constants,we note the following. (i)
When the solvolysis is performed in alcohols with
neighbouringOH groups(1,2- and1,3-),anacceleration
in reaction rates with a decreasein the length of the
carbon chain is observedfor all substrates.This is a
consequenceof sterichindrance,whichis moreimportant
whenthe increaseof thecarbonchaintakesplacein the
two terminalcarbons.Analysisof theresultsin Table1 in
Ref. 17, concerningthe solvolysisof t-BuCl andt-BuBr
in thesamediols, leadsto similar conclusions.(ii) When
eachmemberof thealcoholicseriesdiffers from thenext
lower one by the addition of a methylenegroup, the
increasein the numberof thesegroupsleadsto a large

stericinhibition of solvation,whichcausesadecreasein k
values.This is also true on going from diethyleneto
triethyleneglycol. (iii) An interestingconclusionthatcan
be drawn from the rate constantsfor the reaction in
butanediolsis that the reactionin 2,3-Bu(OH)2 proceeds
differently. In otherwords,thepositionof thefunctional
groupsis the moststericallyhindered,which is in some
way responsiblefor the lowestk value.Thesamecanbe
observedfor propanediolson going from 1,3- to 1,2-
Pr(OH)2. Diols are associated through inter- and
intramolecularhydrogenbonds.Whenthe two hydroxyl
groups are situated in adjacent positions, a strong
intramolecularinteraction exists, weakeningthe inter-
molecularcohesion.

UNIFAC g` values

In Table 2 are summarizedthe infinite dilution activity
coefficientsfor thethreealkyl halidesin the10purediols
at 298.15K. This tablecontainsthe g? valuesobtained
from the UNIFAC group contribution method,7,8 as
mentionedbefore. The model has already been used
previously,1–4 anda brief descriptionandpresentationof
the relevantequationsweregiven in Gonçalveset al.1

For the combinatorial term, the modified Flory–
Hugginsequationwas usedin the Staverman–Guggen-
heimexpression.9 Fortheresidualterm,groupinteraction
parametersfrom theUNIFAC g? parametertable10 were
used, except for 2-Cl-2-MeBu and 3-Cl-3-MePe in
diethylene and triethylene glycol, owing to the non-
availability of parametersfor the relevantgroups.For
these two g? values UNIFAC–VLE parameterswere
used.8,11–15Forcomparison,all theotherinfinite dilution
activity coefficients were also calculated using the
UNIFAC–VLE parametertables(Table2).

It shouldbenoticedthatfor thesolvent1,2-ethanediol,
interaction parametersfor the hydroxy group (‘OH’)
were used,insteadof the diol group (‘DOH’), because
relevant parametersare not available. The solvents

Table 2. In®nite dilution activity coef®cients g? for the alkyl halides in diols at 298.15 K

2-Br-2-MeBu 2-Cl-2-MeBu 3-Cl-3-MePe

Solvent UNIFAC UNIFAC–VLE UNIFAC UNIFAC–VLE UNIFAC UNIFAC–VLE

1,2-Et(OH)2 53.5 26.6 18.2 26.5 31.2 44.9
1,2-Pr(OH)2 24.4 14.3 9.8 13.9 15.3 21.4
1,3-Pr(OH)2 24.3 14.3 9.8 13.9 15.3 21.4
1,2-Bu(OH)2 14.2 9.3 6.5 8.9 9.4 12.8
1,3-Bu(OH)2 14.2 9.3 6.5 8.9 9.4 12.8
1,4-Bu(OH)2 14.2 9.3 6.5 8.9 9.4 12.8
2,3-Bu(OH)2 14.2 9.3 6.5 8.9 9.4 12.8
1,5-Pe(OH)2 9.5 6.8 4.8 6.4 6.6 8.8
Diethyleneglycol 4.4 9.3 — 13.6 — 20.9
Triethyleneglycol 2.0 5.6 — 9.6 — 14.0
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diethyleneandtriethyleneglycol wereconsideredto be
built from thestructuralgroups‘CH2,’ ‘OH’ andtheether
group ‘CH2O.’ Although in the UNIFAC g? specific
parametertable10 both solventsare recommendedto be
consideredas only one group each(group ‘DEG’ and
group ‘TEG,’ respectively), no parametersfor the
relevant interactions are available. In the UNIFAC–
VLE parametertables these two groups, ‘DEG’ and
‘TEG,’ arenot defined.

As canbeseenfrom Table2, for someinfinite dilution
activity coefficientsdifferent resultsare obtainedwhen
usingthetwo UNIFAC interactionparameterstables,g?

andVLE. This hasalreadybeenpointedout by Bastoset
al.10 for high values of g?. This is probably a good
indication that the g? values calculated using the
UNIFAC g? specificparametertable are more reliable
thanthosecalculatedfrom theUNIFAC–VLE parameter
tables.

It is interestingthat,exceptfor theoutstandingcaseof
diethyleneandtriethyleneglycol onpassingfrom 2-Cl-2-
MeButo 2-Br-2-MeBu,theg? valuesbehavesimilarly to
k values: g?2-Cl< g

?
2-Br and g?2-Cl< g

?
3-Cl. On the

other hand, we may observethat, as expectedthe g?

valuesalways decreasewith an increasein the carbon
chainlength.

Gibbs energies of transfer

The solvolytic reactions were also analysedby the
methodof initial stateandtransitionstatecontributions,
equations(3) and(4). Valuesfor the varioushydroxylic

solventsarepresentedin Table3,with 1,2-Et(OH)2 asthe
referencesolvent.

The transfer Gibbs energies of activation, �D≠G,
measurethe differencebetweenthe Gibbsenergyof the
reaction in a chosensolvent and that in the reference
solvent.Therefore,for the structuralreasonspresented
above,2,3-Bu(OH)2 showsthehighestvalues.

Table 3 showsthat �Gi are alwaysnegativeand �Gt

are, in general, positive. The effects on the Gibbs
energiesof activationare, in mostcases,mainly due to
transitionstateeffects,althoughthesolventeffectsonthe
reactantsare not negligible. It is important to mention
that, althoughg? valuesfrom both sourcesmay differ
considerably,the transferGibbs energiesfor the initial
stateandfor the transitionstatefollow the samepattern
and lead to a common interpretation. It would be
interesting to treat transfer values for diethylene and
triethyleneglycol, but we contendthat this is not yet
possible.The inclusionof thesevalues,however,canbe
interestingfor testing different models,particularly if
experimentalg? valuescouldbeobtained.

A numberof otherconclusionscanbedrawnfrom the
thermodynamic results. (i) From the �Gi and �Gt

contributions,it can be deducedthat the initial stateis
more stabilized in 1,2-Et(OH)2 than in the other diols
and,conversely,the transitionstateis morestabilizedin
all the other alcohols than in 1,2-Et(OH)2. The Gibbs
energies of stabilization for the transition state are
explainedby the expenditureof lessenergyin solvents
of lower dielectric constant.Somecorrelationexists,in
fact,between�Gt ande values,17 ascanbeseenfrom the
datain Tables1 and 3. (ii) At the molecularlevel, the

Table 3. Gibbs energies of transfer for the solvolysis of alkyl halides in diols at 298.15 K (kJ molÿ1)

2-Br-2-MeBu 2-Cl-2-MeBu 3-Cl-3-MePe

Solvent �D≠G -�Gi
a �Gt

a �D≠G -�Gi
a �Gt

a �D≠G -�Gi
a �Gt

a

1,2-Et(OH)2 0 0 0 0 0 0 0 0 0
1,2-Pr(OH)2 5.5 2.0 3.5 6.4 1.5 4.9 6.7 1.8 4.9

1.5 4.0 1.6 4.8 1.8 4.9
1,3-Pr(OH)2 3.2 2.0 1.2 4.6 1.5 3.1 3.9 1.8 2.1

1.5 1.7 1.6 3.0 1.8 2.1
1,2-Bu(OH)2 8.6 3.3 5.3 9.0 2.6 6.4 8.8 3.0 5.8

2.6 6.0 2.7 6.3 3.1 5.7
1,3-Bu(OH)2 7.6 3.3 4.3 7.9 2.6 5.3 8.3 3.0 5.3

2.6 5.0 2.7 5.2 3.1 5.2
1,4-Bu(OH)2 6.7 3.3 3.4 7.2 2.6 4.6 7.3 3.0 4.3

2.6 4.1 2.7 4.5 3.1 4.2
2,3-Bu(OH)2 10.5 3.3 7.2 9.5 2.6 6.9 9.8 3.0 6.8

2.6 7.9 2.7 6.8 3.1 6.7
1,5-Pe(OH)2 9.0 4.3 4.7 9.4 3.3 6.1 9.2 3.9 5.3

3.4 5.6 3.5 5.9 4.0 5.2
Diethyleneglycol 5.2 6.2 ÿ1.0 6.8 — — 7.4 — —

2.6 2.6 1.6 5.2 1.9 5.5
Triethyleneglycol 6.5 8.2 ÿ1.7 9.0 — — 7.8 — —

3.9 2.6 2.5 6.5 2.9 4.9

a Valuesin the first row from g? (UNIFAC) andin the secondrow from g? (UNIFAC–VLE) in Table2.
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resultscanbediscussedin termsof dipolarity andalsoin
termsof hydrogen-bondpropertiesof the solvents.Two
effectsappearto be important:the interactionsbetween
solventmoleculesand the interactionsbetweensolvent
and substrate–activatedcomplex molecules. It seems
that, in the initial state,the clevageof hydrogenbonds
and cavity formation are more relevant than dipole–
dipole interactionsbetweenthe substrateand solvent
molecules(alkyl halideshavesmall dipolemoments).A
comparisonof solventeffectson the activatedcomplex
with solvent effects on substratesshows an opposite
situation.Sincethe activatedcomplexis closeto an ion
pair, the free molecules of the most polar alcohols
interactstronglywith theactivatedcomplexandcaneven
increasesolvent–solventinteractionsinsidethecybotatic
region. (iii) The Gibbs energy of transfer, for each
solvent,is almost insensitiveto the natureof the alkyl
halide.

CONCLUSION

The preceding discussion shows the possibility of
distinguishing solvent effects on the initial state and
activatedcomplex.Althougha critical point involvesthe
largedifferencesprovidedby thetwo computationsused
to obtain the activity coefficients,the sequenceof the
transferGibbs energiesfor the initial stateand for the
transition state follow the samepattern and lead to a
commoninterpretation.

Mechanisticdifferencesareprobablythe basisof the
observeddata. This is why we chosea ‘wellknown’
reaction to perform the first studies. In future work,
however,we hope to analysein more detail possible
differencesin thereactionpathwaysof thesubstratesand
their significance.
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