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Abstract: The pH-independent hydrolysis of four estersmethoxyphenyl 2,2-dichloroethanoatéa),
p-methoxyphenyl 2,2-dichloropropanoatkby), p-methoxyphenyl 2,2-dichlorobutanoatéc), and p-methox-

yphenyl 2,2-dichloropentanoatid), in dilute aqueous solution has been studied as a function of the molality

of added cosolutes ethanol, 1-propanol, and 1-butanol. The rate constants for the neutral hydrolysis decrease
with increasing cosolute concentration. These kinetic medium effects respond to both the hydrophobicity of
the ester and of the monohydric alcohol. The observed rate effects were analyzed using both a thermodynamic
and a kinetic model. The kinetic model suggests a molecular picture of a hydrophobically stabilized encounter
complex, with equilibrium constantse; often smaller than unity, in which the cosolute blocks the reaction
center of the hydrolytic ester for attack by water. The formation of these encounter complexes leads to a
dominant initial-state stabilization as follows from the thermodynamic model. Decreases in both apparent
enthalpies and entropies of activation for these hydrolysis reactions correspond to unfavorable enthalpies and
favorable entropies of complexation, which confirms that the encounter complexes are stabilized by hydrophobic
interactions.

Introduction Scheme 1

Hydrophobic interactions are important noncovalent driving . t
forces for inter- and intramolecular binding and assembly R_CC|2_&_OOOM6 +2H0 n-CC|2—¢—o©—OMe

processes in aqueous chemistry and biochemistfese O g
interactions vary from relatively weak pairwise intermolecular R=H (1a), Me (1b), Et (1) or n-Pr (1d) : 0O
contacts to cooperative bulk association processes. The driving o

force for these hydrophobic interactions usually originates from R-CCl,—C—OH + Ho_@om

a delicate balance between enthalpic and entropic effects, largely

due to changes in hydration of the interacting solutes. Both

experimenta and computational studighave contributed to ~ hydrophobic cosolutes, was chosen for detailed analysis. The
our present understanding of these rather complex phenomenahydrolyses ofla—d proceed via the mechanism shown in
In addition to chemical equilibria, hydrophobic interactions Scheme £/

often play a key role in chemical reactidnand catalytic All these reactions are water-catalyzed between pH 2.0 and
processes. 5.5. The reactions proceed via a dipolar activated complex in
The pH-independent hydrolysis of activated estprsieth- which two water molecules, one of which, acting as a general
oxyphenyl 2,2-dichloroalkanoateka—d, in the presence of  base, are involvewith three protons in flight
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E-mail: J.B.F.N.Engberts@chem.rug.nl. classical dynamics, revealed that proton tunneling is involved
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32, 1545, tational requirements. Consistent with these views, strongly
(2) (a) Mayele, M.; Holz, MPhys. Chem. Chem. Phy200Q 2, 2429.  npegative entropies of activation have been found for this
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103 2496. (d) Pertsemlidis, A.; Saxena, A. M.; Soper, A. K.; Head-Gordon,  Previous studiéshave shown that the hydrolysis of activated
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the present study, these rate retardations are interpreted usingcheme 2

both a thermodynamic model and a kinetic model.

The thermodynamic model for interactions between a reacting
molecule and an inert hydrophobic cosolute was developed
several years ag:18This model interprets the rate retardations
in terms of the effect of added cosolute on activity coefficients
of initial and transition states of the ester undergoing hydrolysis.

Keo

0 o
R—CClgf'E—oOOMe R—ccré&—o@om

K(mc=0)

ec

These coefficients were re-expressed using the procedures

described by Wood in terms of pairwise solutesolute
interaction parameters. The analysis leads to

[ k(m,)
In

k(m:=0)
Here k(my) is the (pseudo-)first-order rate constant in ran
molal aqueous solution of cosolutekfm.=0) the rate constant
in the absence of added cosoluRthe gas constant, aridthe
temperature in Kelvin. Significantlyglx — ge] is the difference

__ 2
RTm,

z[gcx — galm, — NpMm, (1.1)

in interaction Gibbs energies between the cosolute ¢ and the

reactants x on one hand and the activated complex the
other hand. Furthermord/; is the molar mass of wateN is

the number of water molecules involved in the rate-determining
step, andp is the practical osmotic coefficient for the aqueous
solution where the molality of added solutenis In the present
study,N = 2 (vide supra). Further, the solutions are very difite,
and henceg can be taken as unitymy, is the (hypothetical)
ideal reference state and corresponds to 1 moitkdhe
difference Pex — det] is denoted ass(c). This analysis of the
kinetic results, which involves a direct link between thermo-

products (See Scheme 1)

In the analysis of previously reported kinetic data for this
class of systems, emphasis was placed mainly on the hydro-
phobicity of the cosolute3Rate retardations by added cosolutes
follow an additivity scheme in which each methylene unit makes
a common contribution t&(c), the SWAG approach (Savage
Wood additivity of group interactionsj. For hydrolysis reac-
tions similar to those involving esterka—d, the change in
standard Gibbs energy of activation is largely caused by a
stabilization of the initial state by hydrophobic interactihs.

In a different approach, the severe orientational requirements
on the water orientation in the activated comg§lprompts the
idea of formation of an encounter complex between ester and
added solute, in which the cosolute blocks the reaction center
from attack by water.

A kinetic scheme based on this molecular picture (Scheme
2) emerges in which ester molecules that are not solvated by
cosolute molecules react with a rate constlm.=0). The
hydrolysis rate constant for the ester in the encounter complex
is assumed to be zero. This assumption leads to the following
expression for the observed rate constant

dynamics and transition-state theory, has also been employed

for completely different reactions, including ketenol tau-
tomerizatior?! rate-determining electron-transfer reactiéhand
aquation of iron(ll) complexes in aqueous solutiéhs.

(10) Karzijn, W.; Engberts, J. B. F. Nletrahedron Lett1978 1978
1787.

(11) Blokzijl, W.; Jager, J.; Engberts, J. B. F. N.; Blandamer, M1.J.
Am. Chem. Socd986 108 6411.

(12) Engbersen, J. F. J.; Engberts, J. B. FINAm. Chem. S0d.974
96, 1231.

(13) Blokzijl, W.; Engberts, J. B. F. N.; Blandamer, M.JJ.Phys. Chem.
1987 91, 6022.

(14) (a) Streefland, L.; Blandamer, M. J.; Engberts, J. B. FJ.NRhys.
Chem.1995 99, 5769. (b) Kerstholt, R.; Engberts, J. B. F. N.; Blandamer,
M. J.J. Chem. Soc., Perkin Trans.1®93 49. (c) Engberts, J. B. F. N.;
Kerstholt, R.; Blandamer, M. J. Chem. Soc., Chem. Comm891, 1230.

(15) Benak, H.; Engberts, J. B. F. N.; Blandamer, MJ.JChem. Soc.,
Perkin Trans. 21992 2035.

(16) (a) Apperloo, J. J.; Streefland, L.; Engberts, J. B. F. N.; Blandamer,
M. J. J. Org. Chem200Q 65, 411. (b) Noordman, W. H.; Blokzijl, W.;
Engberts, J. B. F. N.; Blandamer, M.J1.0rg. Chem1993 58, 7111. (c)
Hol, P.; Streefland, L.; Blandamer, M. J.; Engberts, J. B. FINChem.
Soc., Perkin Trans. 2997, 485. (d) Blokzijl, W.; Engberts, J. B. F. N,;
Blandamer, M. JJ. Am. Chem. S0d99Q 112 1197.

(17) Correlations between kj(and several solvent parameters yield less
satisfactory results. For example, Kp(for individual probes correlates
reasonably well with the relative permittivigyfor aqueous solutions within
a series of concentrations using only one cosolute. Plottitg Wws(relative
permittivity for solutions of different alcohols, however, results in different
correlations for different alcohols.

(18) Blandamer, M. J.; Burgess, J.; Engberts, J. B. F. N.; Blokzijl, W.
Annu. Rep. R. Soc. Chem., Sectl9®Q 45.

(19) Savage, J. J.; Wood, R. H. Solution Chem1976 5, 733.

(20) The concentration range of the cosolute was deliberately kept small
in order to avoid complexities in the kinetic data due to 2:1 and higher
order interactions.

(21) Blokzijl, W.; Engberts, J. B. F. N.; Blandamer, M.JJ.Chem. Soc.,
Perkin Trans. 21994 455.

(22) Bietti, M.; Baciocchi, E.; Engberts, J. B. F. 8l.Chem. Soc., Chem.
Commun.1996 1307.

(23) Blandamer, M. J.; Burgess, J.; Cowles, H. J.; De Young, A. J,;
Engberts, J. B. F. N.; Galema, S. A.; Hill, S. J.; Horn, I. MChem. Soc.,
Chem. Commuril988 1141.

k(m=0)

1+ K. m (1.2)

k(m) =

Here Kec is the equilibrium constant for encounter complex
formation in kilograms per molem; the molality of added
cosolute, andk(m;) the observed (pseudo-)first-order rate
constant in anm, molal solution.

In the present study, both the hydrophobicity of the cosolute
molecules and of the reacting ester were varied. The results of
the analysis based on both eqns 1.1 and 1.2 are reported.
Furthermore, the isobaric activation enthalpies and entropies for
the hydrolysis oflc in the presence of hydrophobic cosolutes
were determined in order to obtain more information on the
thermodynamics of encounter complex formation and to un-
derstand the relation between the thermodynamic description
and the molecular picture of rate inhibition. We show that both
approaches account for the kinetic data.

The study of the thermodynamics and kinetics of encounter
complexes in aqueous solution has immediate relevance for a
mechanistic understanding of reactions in aqueous media.
Generally, the formation of an encounter complex constitutes
the first step in the activation process of a bimolecular reaction.
Insight into factors governing encounter complex formation aids
in a quantitative analysis of second-order rate constants for such
chemical transformations.

Results and Discussion

Hydrolysis of 1a—d in the Absence of CosolutegPseudo)-
first-order rate constants at 298.2 K for the hydrolysidafd
in water are summarized in Table 1.

(24) Karzijn, W.; Engberts, J. B. F. NRecl. Tra. Chim. Pays-Bag983
102 513.
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Figure 1. Hydrolysis of1b (O), 1c (@), and1d (a) as a function of

. . ) .
the concentration of 1-butanol. The lines are the best fits using eq 1.1. Figure 2. Absolute values 06(c) in J kg mot*for different probe-

cosolute combinations.
Table 1. (Pseudo-)First-Order Rate Constants for the ) o
Water-Catalyzed Hydrolysis dfa—d in Water at 298.2 K For the small range of cosolutes studied, however, definite
compd 16k (me=0)/s* compd 16k (M=0)/s" conclusions about additivity cannot be drawn. The effects of
added longer chain alcohols were not examined because their
solubility ranges are small. As was observed for similar
hydrolytic probe and cosolute systems, the methylene units
Table 2. G(c) Values for the Hydrolysis of Esteta—d in closest to the hydrophilic group are partially shielded by the

Agqueous Solution at 298.2 K in the Presence of Short-Chain hydrophilic_ hydration S_he_“ of th(_a pc_)lar moiety, reducmg their
Alcohols® hydrophobic effect® Similar shielding effects by nonionic

hydrophilic groups have been found by other autiRérs.
It is possible to write the observes(c) values (Table 2) as

la 30.9 lc 3.06
1b 11.7 1d 2.73

G(c) for given cosolute (J kg mof)

ester EtoH n-ProH n-BuOH matrices that can be written as a matrix product (eq 3 is a least-
la —304(5) —474(8) —709(10) squares analysis),
1b —338(9) —555(22) —833(29)
1c —400(4) —592(22) —1044(54)
1d —466(22) —634(52) —1213(70) —304 —474 —709 1
aThe numbers in brackets are standard errors based on a least-squargs 338 —555 —833 =-301.1 1.15
fit of the kinetic data using eq 1.1. —400 —592 —1044 1.34
—466 —634 —1213 1.51

Increasing hydrophobicity of the alkyl chain in the alkanoate
moiety of the ester retards the rate of hydrolysis. Previously,
the influence of alkyl groups on the water-catalyzed hydrolysis ) ) )
of activated amides was studied using Charton’s expanded©’ I matrix notation,
branching equatiof?26The size of the data set in Table 1 does

(1 1.50 2.49) (1.3)

not allow a similar analysis. Unfortunately, the data set cannot G(c) = aec (1.4)
be expanded due to the severe solubility problems encountered
with more hydrophobic esters. Here a is a constant denoting the interaction betwgen

Thermodynamic Model. Rate constants for the hydrolysis methoxyphenyl 2,2-dichloroacetate and ethanol. The veetors
of the esterda—d decrease upon increasing cosolute concentra- andc identify the increment in interaction upon increasing the
tion (e.g. Figure 1%° The decrease in rate constant is more hydrophobicity of ester and cosolute, respectively, as a multi-
pronounced for the more hydrophobic cosolutes, in accord with plication factor. In this matrix notation, the SWAG theory should

previous observatiorfsl4-16 lead to constant increments in batlandc. Indeed, this pattern
Analysis of the kinetic data using eq 1.1 yields tB¢c)- is effectively followed ine, the differences being 0.15, 0.19,

values summarized in Table 2. and 0.17 (0.1 0.02), indicating that the interactions between
Assuming the (standard) chemical potential of the transition probe and cosolute are additive with respect to the probe.

state to be largely unaffected by the cosolute, a neg&i{e However, interactions between probe and cosolute do not seem

signifies a lowering of the chemical potential of the initial state. to be additive with respect to the cosolutes, most probably as a
G(c) decreases upon increasing the hydrophobicity of both addedresult of the small range of cosolutes, which was constrained
cosolute and ester, indicating increasing stabilization of the by the solubility of the higher alcohols.

initial state ester. The results are summarized in Figure 2(please Molecular Description. The observed decrease in rate

note that—G(c) is plotted in Figure 2). ' constant upon increasing the hydrophobicity of the ester is
~In Figure 2, the ordinate shows a scale having constant accounted for in terms of the formation of an encounter complex
increments for one methylene unit. The coordinate redG(ds by hydrophobic probe and cosolute. Encounter complexes are

values which follow an approximate additivity scheme in accord formed in solution as a result of random movements of

with the SWAG theory?? leading to nearly constant decreases molecules and (de)solvation processes. The chances of encounter

in G(c) upon lengthening the alkyl moiety in the ester with one complex formation increase with increasing size and concentra-

methylene unit (i.e. stepping either down in Table 2 or sideways tion of the solutes. In fact, the occurrence of encounter

in Figure 2). complexes is necessary for any bimolecular reaction to occur
(25) Charton, M.J. Chem. Soc., Perkin Trans.1®83 97. and the concept of encounter complexes is commonly used in

(26) Mooij, H. J.; Engberts, J. B. F. N.; Charton, Recl. Tra. Chim.
Pays-Basl988 107, 185. (27) Cheng, Y. K.; Rossky, P. Biopolymers1999 50, 742.
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Figure 3. Hydrolysis of 1b—d as a function of the concentration of 1-butanol. The lines are the best fits using eq 1.2.

Table 3. Thermodynamic Parameters for the Hydrolysislaf-d in the Presence of Short-Chain Alcohols

for given cosolute

EtOH n-ProH n-BuOH
compd Kec (M:™1) AeG° (kJ mol?) Kec (M:™1) AeG° (kJ mol?) Kec (M:™1) AeG° (kJ mol?)
1b 0.34+0.02 2.67£0.15 0.56+ 0.05 1.44+0.22 0.86+ 0.07 0.37£0.20
1c 0.45+ 0.02 1.98+0.11 0.64+ 0.01 1.11+0.08 1.09+0.10 —0.21+0.23
1d 0.51+0.03 1.67+0.15 0.71+£ 0.04 0.85+ 0.14 1.214+0.12 —0.47+0.25
2.67 1.44 0.37 1

bimolecular photochemical reactioffsOn the basis of typical
sizes of solvents and solutes, equilibrium constants for formation {1.98 1.11 —0.21|=10.0—7.5{1.07|(1 1.11 1.28)
of these randomly formed complexes are commonly estimated \1.67 0.85 —0.47 1.10

to range from 0.2 L mot* to values slightly larger than unify. (1.5)
In agueous solution, encounter complexes will be stabilized by ) ) .

hydrophobic interactions and the stabilization will increase with OF» In matrix notation,

an increased hydrophobicity of the encounter complexes con- . o G
stituents. AecGO = AecG(nonlnteract)— GGec Gec (1.6)

The kinetic scheme (Scheme 2), assuming the encounter
complex is inert, is strongly supported by a computer simulation
of the hydrolysis reactioh.Since the hydrophobic interaction
with the cosolute occurs close to the reaction center, the critical
orientation of the water molecules for attack at the ester carbonyl

group is disturbed and hydrolysis is largely inhibifédThis tions) of finding a cosolute molecule near the reaction center.

model leads to Fh? kinetic description given by eq 1.2. Nonlinear AeG(noninteract) was restricted as the size of the data set does
!east-square_s _f|tt|ng of the observed rate data_ to eq 1.2 resunsnot allow independent determination of all variabl€sis the
In the equilibrium constants and standard Gibbs energies of g,y o apie interaction betwegmmethoxyphenyl 2,2-dichloro-
encpurlner corr|1plexf fﬁm}‘?‘t'orﬁeﬁ’ as given |213:I'able 3. propanoate and ethandBe® and Gee are the increments in
Typica ex_a_mP es of the fits are s own n F|ggr e interaction upon increasing the hydrophobicity of ester and
The equilibrium constants for formation of pairwise encounter cosolute, respectively. Again, the increment is given as a
complexes are in general smaller than unity. The equilibrium multiplication by a number 1. The interaction becomes more
constants increase upon increasing the hydrophobicity of thefayorable upon increasing the hydrophobicity of ester and

Here, AcG(noninteract) is the unfavorable standard Gibbs
energy term associated with bringing ester and cosolute together
if there were no favorable interactions between the two. In the
present analysisheG(noninteract) has been set to 10:0RT
In(0.018)), corresponding to the chance (based on mole frac-

ester and/or the hydrophobic cosolute.

Rewriting AeG® in a matrix expression similar to eq 1.3 leads
to eq 1.5 as determined using a weighed least-squares fit

(28) (a) Kavarnos, G. J.; Turro, N. Chem. Re. 1986 86, 401. (b)
Hubig, S. M.; Kochi, J. KJ. Am. Chem. Sod 999 121, 1688. (c) Weng,

H. X.; Roth, H. D.J. Phys. Org. Chem1998 11, 101. (d) Rathore, R;
Hubig, S. M.; Kochi, J. KJ. Am. Chem. S0d 997, 119, 11468.

(29) North, A. M.The Collision Theory of Chemical Reactions in Liquids
Methuen: London, 1964.

(30) If interaction between ester and cosolute occurs far from the reaction
center, there will be no difference between the interaction with reactant or
activated complex, resulting in the absence of a kinetic effect.

(31) The rate decreases cannot be caused by the decreased wat
concentration alone. Based on known densities of aqueous solutions (se
e.g.: Jolicoeur, C., Lacroix, GCan. J. Chem1976 54, 624), the water

cosolute, in accord with the encounter complex being increas-
ingly stabilized by hydrophobic interactions.

Activation Parameters. Enthalpies and entropies of activa-
tion for the hydrolysis ofL.c as a function of the concentration
of ethanol, 1-propanol, and 1-butanol are summarized in Figure
4. Apparent enthalpies of activatiaxfHapy for the hydrolysis
reaction according to Scheme 2 are given by

Kec[R'Y.l A

AHpe = ATH, — ——— A H°
app v T T KR

(1.7)

ZHere, AeH° is the enthalpy of formation of the encounter

complex andA*H,° is the enthalpy of activation for the

concentration in the dilute aqueous solutions used in the present study canhydrolysis reaction in the absence of cosolute.

be calculated. Considering that the hydrolysis reactions are second order

in water, the decreased water concentration in, for example, arGsblution

of 1-propanol would result in a rate decrease of 6.5%, whereas experimen-

tally rate effects around 25% are found for the different probes.

Using a nonlinear least-squares analysis based on eq 1.7 with
Kec Values as obtained from fitting the kinetic data to eq 1.2,

the enthalpies of encounter complex formation were calculated.
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Figure 4. Activation parametersA¥Hap, (O) and —TA*S,,, (@), at 25°C of the hydrolysis oflc in the presence of ethanol, 1-propanol, and
1-butanol.

Table 4. Thermodynamics of Encounter Complex Formatiortof description explains previous observations of the neg&iag

with Short-Chain Alcohols signifying initial state stabilization, being accompanied by a
AeG® (kI mol?)  AedHC (kI moll) TAeS (kJ mol?) strong enthalpic destabilization of the initial statalirectly in

ethanol 1.98f 0.11 4.95+ 0.50 2 97+ 0.52 terms of the thermodynamics of encounter complex formation.

1-propanol 1.1H 0.08 7.71+ 0.92 6.60+ 0.93 Using the molecular model of encounter complex formation,

1-butanol  —0.21+0.23 6.68+ 0.82 6.894+ 0.85 the observed thermodynamics, including tAg) values, can

be fully accounted for.

Using the standard Gibbs energies of encounter complex Th'e.i.nhererllt gdvantage of the .mollecular description is.its

formation, the entropies of encounter complex formation were Possibility for linking the observed kinetics and thermodynamics

obtained, Table 4. to a molecular picture of two interacting molecules. However,
The formation of encounter complexes is enthalpically One has to keep in mind that an important contribution to the

opposed and entropically favored, as expected for hydrophobicthermodynamlcs of interaction is caused by water molecules

interactiond in which water molecules are liberated from their 0eing released from restricted positions in the hydration shells

orientationally restricted positions in the hydration shells of the of those molecules.

ester and cosoluf@. Increasing the hydrophobicity of the .

cosolute results in a more favorable entropic term, while the Conclusion

changes in the enthalpy are less pronounced. The entropic effect |nert cosolutes can influence reactions in solution by forming
being most pronounced, leads to a lowering of the standard encounter complexes. In aqueous solution, these encounter
Gibbs energy of encounter complex formation and eventually complexes can be stabilized by hydrophobic interactions. This
even to a favorable standard Gibbs energy of encounter complexresuits in enhanced cosolute effects on chemical reactions as
formation Kec > 1). Moreover, from the standard entropy and  the unfavorable entropy term associated with bringing the
enthalpy of encounter complex formation, it is anticipated that mglecules together is partially or completely (depending on
both the entropy and the enthalpy of the initial state are concentration) compensated by the release of water molecules
increased. This, assuming no change in the standard Gibbsrom the hydration shell. For the water-catalyzed hydrolysis of
energy of the activated complex, is in accord with the observa- the activated esters used in the present study, the formation of
tion that, with increasing molality of added alCOhOl, the decrease encounter Comp|exesy with equi”brium constamts: often

in apparent entropy of activation is more pronounced than the smajler than unity, leads to an initial state stabilization as given
decrease in apparent enthalpy of activation. by G(c). The stabilization of the encounter complex by

Comparison of the Models.Both the thermodynamic model  hydrophobic interactions results in a decrease in both apparent
and the molecular description fit the observed rate decreasesenthalpy and apparent entropy of activation.

A link between the two descriptions can be derived Kgam.
<1, Experimental Section

k(m,) Kinetics. Aqueous solutions were prepared by weight immediately
In{ ————=p =—In{1+ Kecmc} ~ —K dn, (1.8) before use. Water was distilled twice in an all-quartz distillation unit.
k(m=0) All reactions were monitored at 288 nm and at 25®.1 °C (in the
determination of th&(c) values) and at least six different temperatures
Comparison of eq 1.8 and eq 1.1 shows that the terms in eq 1.1in the interval between 204 0.1 and 50t 0.1°C (except for the 1.5
describing the interaction between ester and alcohol and themol% 1-propanol and the 0.5 mol% 1-butanol solutions for which
term for the lowering of the water activity in eq 1.8 are replaced Measurements were performed at four and five temperatures, respec-
by an equilibrium constant. Hence, the lowering of the standard tively). Reactions were followed for at least six half-lives using a Perkin-

Gibbs energy of encounter complex formation, as given by the E/Me" lmbda 2, lambda 5, or lambda 12 spectrophotometer. Good to
excellent first-order kinetics were obtained, the error in the rate constants

increa;ir_]g equilibrium constants, is equivalent to a stabilization being 2% or less. Esters were injected as-20L of stock solutions

of the initial state, as revealed by the negat(e). containingla—d in acetonitrile into about 15 mL of an aqueous solution
The entropy and the enthalpy of the initial state both are of cosolute in the concentration range ef2mol % (up to 1.68 mol

increased by the encounter complex formation between estery for 1-butanol, below the solubility limit of 1.92 mol %) followed

and cosolute, as described before. Therefore, the molecularby sonication of the solution for 5 min. The sonicated solutions were

(32) The changes In*H° andA*S as a function of cosolute concentra centrifuged, decanted, and diluted to about 20 mL. Of the resulting
tion are consistent with recent computer simulations, which show a favorable solution, 6-7 mL aliquots were transferred into a 2'00.0 cm path Iength
entropy of association of two methane molecules in water, provided a stoppered quartz cuvette. The resulting concentrations Qf hydrolytic
sufficiently close approach in the aqueous medium. See: Smith, D. E.; probe were about 16 mol dm2 or less. All these precautions were
Zhang, L.; Haymet, A. D. JJ. Am. Chem. S0d.992 114, 5875. taken in order to prevent problems due to the low solubility of the




Encounter Complexes Formed by Hydrophobic Esters

Scheme 3
(I? 1) SOCly (u) LDARI, -78°C \ 9
H-CCl,~C-OH H-CCl,~C-OMe R-CCl;-C-OMe
2) MeOH
R'=Et, nPr
iOH, -7° Q SOClp, & Q
HO2-PrOH, LIOH, 770 R-CCl—C-OH =225 R-GCl,~C~Cl

HO 0O-Me fo)

R-CClz—é—oOo—Me

R=H (1a), Me (1b), Et (1c) or n-Pr (1d)
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OCHjs, s). °C NMR (CDCk, ppm): 6 11.9, 17.0, 45.6, 52.8, 84.3,
166.6. IR (CCl, cnmrh): 1748, 1768.

(c) 2,2-Dichlorobutanoic Acid was synthesized from methyl 2,2-
dichlorobutanoate according to a literature proceduréd NMR
(CDCly): 6 (ppm): 1.19 (3H, €15CHy, t), 2.47 (2H, CHCH,CCl,, q),
13C NMR (CDCE, ppm): ¢ 7.0, 36.1, 83.4, 165.3, IR (C&lcm=1):
1732.

(d) 2,2-Dichloropentanoic Acidwas synthesized analogously using
methyl 2,2-dichloropentanoatédd NMR (CDCls, ppm): 6 1.00 (3H,
CHZCH3, t), 1.65 (2H, CHCHchz, sextet), 2.41 (2H, Ck@HzCClz,
m). 3C NMR (CDCE, ppm): 0 11.9, 17.1, 45.5, 84.3, 166.6. IR (CCI
cm™Y): 1734.

(e) 2,2-Dichloropentanoyl Chloride. A mixture of 1.94 g (11.4
mmol) of 2,2-dichloropentanoic acid and 2.74 g (23 mmol) of SOCI
was refluxed for 3 h. Distillation of the reaction mixture under reduced
pressure gave 1.13 g (6 mmol, 53%) of 2,2-dichloropentanoyl chloride.
13C NMR (CDCk, ppm): 6 13.1, 18.3, 46.6., IR (CGlcmY): 1779,

more hydrophobic esters. The pH of all solutions was adjusted to 3.6 1799,

+ 0.3 using aqueous HCI. The pH was checked again at the end of

each kinetic experiment and was found to be &.®.3, well within

(f) 2,2-Dichlorobutanoyl Chloride and 2,2-Dichloropropanoyl
chloride were synthesized analogously from 2,2-dichlorobutanoic acid

the pH range in which solely water-catalyzed hydrolysis takes place. gnd 2,2-dichloropropanoic acid, respectively.

Materials. Cosolutes were of analytical grade and were purchased

(1) 2,2-Dichlorobutanoyl Chloride.*H NMR (CDClz, ppm): 6 1.20

from Merck. The esters were synthesized using the route shown in (34 CH;CH,, t), 2.53 (2H, CHCH.CCh, g). 3C NMR (CDCE,

Scheme 3.

The starting materials for the syntheses were purchased from Aldrich

ppm): 6 7.0, 36.0, 88.5, 165.5. IR (Cglecm™): 1773, 1802.
(2) 2,2-Dichloropropanoyl Chloride. *H NMR (CDClz, ppm): 6

and were used as received. NMR spectra were recorded on Variany 36 (3H, G4,CCl, t). IR (CCl, cnl): 1778, 1795.

Gemini 200 {H: 200 MHz) and VRX 300H: 300 MHz) spectrom-

(g9) p-Methoxyphenyl 2,2-Dichloroacetate (la)was synthesized

eters. IR spectra were recorded using a Perkin-Elmer 841 infrared according to a literature procedtfre.

spectrophotometer. Methyl dichloroacetate was obtained by reacting

(h) p-Methoxyphenyl 2,2-Dichloropentanoate (1d).To 3 mL of

dichloroacetic acid with thionyl chloride and subsequent esterification gpsolute ether, equimolar amounts (6 mmol) of 2,2-dichloropentanoyl

with methanoB® *H NMR (CDCls, ppm): 6 3.92 (3H, OG3, s), 5.97
(1H, HCCl,, s). IR (CCh, cmrt): 1773, 1753.

(a) Methyl 2,2-Dichlorobutanoate. An adapted literature proce-
dure* was used. To a solution of 5.8 mL (40 mmol) of anhydrous
diisopropylamine and 20 mL of sodium-dried tetrahydrofuran (THF),
14.4 mL of a 2.5 M solution of BuLi in hexane (36 mmol) was added
slowly at—78 °C. After stirring for 5 min, 4.0 g (28 mmol) of methyl

chloride andp-methoxyphenol and pyridine were added. The mixture
was stirred fo 3 h atroom temperature. Pyridine salts were filtered
off, and the solvent was evaporated. The crude ester was dissolved in
petroleum ether (40:60). On cooling, a two-phase system was formed.

The upper colorless layer was separated, and the solvent was removed
by evaporation, yielding the crude ester. The ester was further purified
by column chromatography over silica, using 1:1CH/n-hexane as

2,2-dichloroacetate were added and stirring continued for another 15 the eluent!H NMR (CDCl;, ppm): ¢ 1.07 (3H, GHsCHa, t), 1.82 (2H,

min. Next, 2.9 mL (28 mmol) of ethyl iodide was added. The mixture

CHsCH,CH,, sextet), 2.53 (2H, CKCH,CCl, m), 3.81 (3H, CHO,

was stirred for another 15 min and then allowed to reach room g) 7,00 (4H, phenyl, AB system).

temperature. The reaction mixture was poured out into a saturated NH

(i) p-Methoxyphenyl 2,2-Dichlorobutanoate (1c) ando-Methox-

Cl solution, and 60 mL of ether was added. The ether layer was yphenyl 2,2-Dichloropropanoate (Lb)were synthesized analogously.

separated from the aqueous layer and washed with water and brine.

(1) p-Methoxyphenyl 2,2-dichloropropanoate!H NMR (CDCls,

The ether layer was dried over sodium sulfate and filtered, and ether pom): § 2.43 (3H, GH3sCCl, s), 3.85 (3H, CHO, s), 7.00 (4H, phenyl,

was removed by evaporation. Distillation in a Kugelrohr apparatus (120 AB-system)

°C, ca. 10 mmHg) gave 4.153 g (24 mmol, 60%) of prodi#dtNMR
(CDCls, ppm): 6 1.16 (3H, CHCHs, t), 2.46 (2H, CHCH,CCl,, m),
3.89 (3H, O3, s)*C NMR (CDCk, ppm): 6 8.0, 37.1, 52.8.

(b) Methyl 2,2-Dichloropentanoatewas synthesized analogously
using propyl iodide!H NMR (CDCl, ppm): ¢ 1.00 (3H, CHCHj, t),
1.59 (2H, CHCH,CH,, sextet), 2.40 (2H, CHCH,CCl,, m), 3.89 (3H,

(33) Urry, W. H.; Eiszner, J. R.; Wilt, J. WI. Am. Chem. So0d.957,
79, 918.

(34) Villieras, J.; Disnar, J. R.; Perriot, P.; Normant, JS¥nthesid4975
524.

(2) p-Methoxyphenyl 2,2-Dichlorobutanoate.'H NMR (CDCls,
ppm): 6 1.36 (3H, GH3CH,, t), 2.58 (2H, CHCH.Cl,, q), 3.81 (3H,
CH30, s), 7.00 (4H, phenyl, AB-system).
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