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The acid hydrolysis of 1 assisted by the neighbouring amide group was kinetically investigated and salt effects were
studied; the thermodynamic activation parameters calculated for the acid hydrolysis of other substrates (3–6) 
indicate that the methyl group in the side chain works on the enthalpic or on the entropic factor depending on the
size of ring formed.
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In our studies1-5 on the acid ether cleavage of the substrate 13

anchimerically assisted by an amide function we ascertained
the mechanism of the hydrolytic process reported in Scheme
1 and deduced the kinetic Eqn (1) which describes the overall
law rate of the following reaction scheme S + H+ SH+ →
[Cyclic intermediate]+ + H2O → 2 (S indicating the substrate
1)

k
obs

= [k
0

[H+]/(KSH
+ + [H+])] F (1)

where k0 is the slow step rate constant at the reference state,
KSH+=[S][H+]/[SH+], F=fSH+/f‡ being the ratio of activity
coefficients of SH+ and the transition state.

Scheme 1 The salts are: LiCl, LiClO4, NH4Cl, (CH3)4NCl

To obtain further knowledge about such an assisted reaction
we extended our study to salt effects by performing kinetic
measurements both at constant ionic strength and at constant
acidity. The pseudo first order rate constants, measured at
71.2°C in the range 1–7.72 M HCl and at ionic strength I=8.7
M (LiCl), fit well the equation 1 which describes a hyperbola
when F=constant (Fig. 1). From the fitting of Eqn (1), k0F =
(7.5±0.7)10-3s-1 and KSH+= 6.3±1.1 M/dm3 (in the pH scale)
were calculated. Kinetic measurements at constant ionic
strength allowed us to evaluate the meaningful apparent KSH+
of the protonated substrate which ionises outside of the pH
range, recognising that the extrapolation of the acidity con-
stant from H0 scale to pH scale is of dubious worth.7

Kinetic data obtained at I=6.5 M (LiClO4) fit well to the
Eqn (1) showing that also in this case the fSH+/f‡ ratio can be
considered constant, analogous to that observed for LiCl 
(Fig. 1): the values of k0F=(2.3±0.8)10-3 and KSH+=
0.85±0.1M/dm3 were calculated.

On the basis of the pKSH+ = -2.2±0.2 measured at 70°C and
I=8.7 M (LiCl) by using acidity function H0, at [HCl]<3.5 M
(H0> –1.2)6 the substrate will be essentially unprotonated and
the Eqn (1) becomes 

kobs= (k0[H+]/KSH+) F (2) 

that represents a straight line, as observed also at I=6.5 M
(LiCl) (Fig. 1). Thus, this behaviour is largely due to [H+] and

KSH+ values, the latter changing with both the ionic strength
and the nature of the salt.

To evaluate the salt effects connected to the change in ionic
strength at constant acidity, kinetic measurements were per-
formed at 3.03 M HCl in the presence of increasing amounts
of lithium and ammonium salts. By plotting the lnkobs against
the ionic strength, a linear relationship with different slopes
was found according to 

lnkobs = lnk + bI (3)

where k represents the rate constant measured at 3.03 M HCl
in the absence of the salt and b is an empirical value.8,9a Thus,
the influence on the kobs exerted by the ions in solution,
substantiated by the good fit to the Eqn (3), is primarily due to
the change in activity coefficients of both the reactant species
and the transition state (i.e. the ‘primary salt effect’) which is
generally significant only at high values of ionic strength
where the Debye–Huckel equation is not valid.9b

The thermodynamic activation parameters, obtained at 3.03
M HCl and I=8.7 M (LiCl), compared with those previously3

found in the absence of salt, show that the LiCl causes a
decrease in free activation energy (∆∆F‡ = 8 kJ/mol) due to a
remarkable enthalpic advantage (∆∆H‡ = 21.6 kJ/mol) which
exceeds the unfavourable change in entropy (∆T∆S‡ =13.6
kJ/mol). We believe that the decrease in ∆F‡ caused by the
presence of LiCl can be ascribed both to the increased ability
to protonate the substrate, i.e. KSH

+ decrease, (secondary salt* To receive any correspondence E-mail: porzi@ciam.unibo.it

Fig. 1 Dependence of the rate constant vs. [HCl] for the
hydrolysis of 1 at 71.2°C at I=8.7M (LiCl) (��), at I=6.5M (LiCl) (∆)
and (LiClO4) (●).
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effect) and to the increase in the fSH
+/f‡ ratio (primary salt

effect).9c

We have also subjected to kinetic investigation new sub-
strates (3–6) in order to examine the effect of both the methyl
group in the side chain and the chain length on the hydrolytic
process.

The hydrolysis, performed in 7.42 M HCl at various tem-
peratures, affords the respective five- or six-membered cyclic
compounds 7–10 (Scheme 3).

A direct comparison of the relative rate constants (krel) mea-
sured at 79.8°C in 7.42 M HCl, shows that the reaction rate
increases in the order 5<4<6<3<1 (Table 5). The thermody-
namic activation parameters indicate that the presence of CH3
in the side chain causes an appreciable rate increase. Probably,
CH3 forces the terminal reactant groups together in a restricted
geometry (‘proximity effect’12) favouring the intramolecular
attack. Nevertheless, while the rate enhancement for 3 with
respect to 4, is caused by an enthalpic gain (∆∆H≠ =14.2/kJ/
mol) which exceeds the unfavourable entropy change (∆T∆S≠

= 4.9 kJ/mol/K), for substrate 6 the decrease of the free acti-
vation energy in comparison with 5 is practically due to an
entropic gain (∆T∆S≠ = 8 kJ/mol/K), the unfavourable

enthalpy change being smaller (∆∆H≠=1.4 kJ/mol). Thus, the
introduction of CH3 in the side chain works on the enthalpic
or on the entropic factor depending on the size of ring formed.
The elongation of the chain by one CH2 in the absence of the
methyl group (compare 4 with 5), causes an unfavourable
entropy change accompanied by a smaller enthalpic advan-
tage, while in the presence of CH3 (compare 3 and 6) the rate
decrease is prevalently due to an enthalpic factor.

The experimental data reveal that for all the substrates
investigated the rate constants decrease when ∆H≠ increases
except for the substrate 5 that, in comparison to 4, gives a
more favourable enthalpy change although it shows the lowest
relative rate. 
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Table 5 Thermodynamic activation parameters for the hydrolysis of 3–6 at 7.42 M HCla

3 4 5 6 1c

krel
b 103.7 5.4 1 12.8 126.4

∆G≠ kJ/mol 107 ± 1 116.3 ± 2 120.2 ± 5 113.6 ± 2 106 ± 3
∆H≠ kJ/mol 95.8 ± 1 110 ± 1 106 ± 4 107.4 ± 2 95 ± 2
∆S≠ J/mol/K –34.8 ± 3 –19.4 ± 4 –44.6 ± 10 –19.2 ± 5 –35 ± 6
T∆S≠ kJ/mol –11.2 ± 1 –6.3 ± 1 –14.2 ± 3 –6.2 ± 2 –11 ± 2
aStandard errors are calculated according to ref. 10; bcalculated at 79.8°C, in 7.42MHCl;
cvalues from ref. 3.

Scheme 3


