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Hydrolysis of tert-butyl phenyl ether in aqueous perchloric acid solutions was
studied by capillary GC. The activation entropy (67 J K~ ! mol~?), the solvent
deuterium isotope effect (ky/kp=0.37) and the relative rate (k_g,opn/
kipropn~ 107) are in agreement with the unimolecular mechanism (4-1) of hy-
drolysis. The kinetic excess acidity method gives the pKgy+ value as — 1.91+ 0.03
at 283 K and the m™ parameter as 2.02 + 0.02, which also accords only with the
A-1 mechanism. The values are compared with those evaluated for the hydrolyses

of several secondary alkyl phenyl ethers.

The hydrolyses of several secondary alkyl phenyl ethers
in rather concentrated aqueous perchloric acid solutions
were recently studied in our laboratory.!? The excess
acidity method® was separately applied to the measure-
ments of the dissociation constant (Kgy;+) of the proton-
ated substrate [eqn. (1)] and to the determination of the
kinetic slope parameter (m™), which depends on the
mechanism of hydrolysis [eqn. (2)]:

log(csyy + /¢5) — log cyy+ = m*X,, + pKgy + 1

log k, — log ¢+ — log[cs/(cs + csyy+ )] ( ~loga,,)
=m*m*X, + log(k,/Ksy+) 2)

In the above equations, cg, cgy+ and cy- indicate the
concentrations of the unprotonated and protonated sub-
strate and hydronium ion (i.e. perchloric acid), respec-
tively, and X, stands for the excess acidity* and a,, for the
activity of water® in the reaction solution. The term for
water activity is included in the case of the bimolecular

R-0-Ph + H;0' o= R-g—Ph + H,0 fast
Kgge  +
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mechanism (A4-2) and excluded in the case of the uni-
molecular mechanism (4-1). The slope parameter m* de-
pends on the site of protonation and m™ on the character
of the transition state (Scheme 1; TS =transition state
and r.Ls. = rate-limiting stage).?

Difficulties appeared, however, in the extrapolations of
the pKgy+ values from the lower temperatures, where
they were measured, to the higher ones, where the rate
constants (k,,) for eqn. (2) were measured."” The lower
temperatures were used for the elimination of a possible
hydrolysis of the substrate during the pKg - measure-
ments. Therefore it would be easier and time-saving if
both pKgy,+ and the slope parameters (m* and m™) could
be evaluated at the same temperature, and preferably with
common measurements. This is possible in theory, if
eqns. (1) and (2) are combined to get eqn. (3), in which
ky=kyfcy+:

logk, ( - loga,) = m*m*X,
—log[1 + (cyg+ /[Kgpy + )10 %]
+ log(ko/Ksp +) (3)

Now the parameters m*, m™, Kgy;+ and k, (the me-
dium-independent rate constant of the rate-limiting stage)
or log(ky/Kgy+) (the logarithm of the acid-catalyzed rate
constant in the extremely dilute acid solution when
X, =0) can be estimated by the aid of a nonlinear least-
squares minimization provided that the experimental data
are accurate enough.®

The kinetic excess acidity method [eqn. (3)] is applied
in the present work to the hydrolysis of fers-butyl phenyl
ether. A measurement of its pKgy+ value by the tradi-
tional method was not succesful because of its high rate
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of hydrolysis.” The activation parameters, solvent deute-
rium isotope effect and products of hydrolysis were also
determined, and the recent kinetic data for five secondary
alkyl phenyl ethers'? were used to obtain the values of
m*, m* and pKgy - for the sake of comparison.

Experimental

Material. tert-Butyl phenyl ether was synthesized by the
usual method.® The product (369, of theoretical) was pu-
rified by distillation (purity > 999, by GC) and its 'H and
3C NMR spectra were in agreement with the structure.

Kinetic measurements. The disappearance of the substrate
in HCIO4(aq) was followed by GC (an FFAP capillary
column) with cyclopentanone as internal standard and
methylene chloride as extracting solvent.® The first-order
kinetics were always strictly obeyed, and the parallel runs
gave rate constants which were equal within the average
accuracy of 39%.

Product analysis. The products of hydrolysis were studied
by the GC and GC/FTIR methods® by using rerr-butyl
alcohol (Merck, 99.59%;), phenol (Merck, 99.59%,) and 2-,
3- and 4-tert-butylphenols (Aldrich, 99%,) as reference
compounds.

Results and discussion

Disappearance rate constants of ferz-butyl phenyl ether in
aqueous perchloric acid solutions at different tempera-
tures and acid concentrations, as well as in deuterioper-
chloric acid, are listed in Table 1, together with the ac-
tivation parameters and solvent deuterium isotope effect.
The positive activation entropy (67 J K~ ! mol ') and the
isotope effect (ky/kp = 0.37) are typical of the unimolecul-

Table 1. Disappearance rate constants of tert-butyl phenyl
ether in aqueous perchloric acid at different temperatures and
acid concentrations, as well as the activation parameters at
298 K and the solvent deuterium isotope effect at 293 K.

c(HCl0,)/
T/K mol dm ™37 X,° ky/107%s7"
283.2 0.996 0.71(5)
293.2 0.994 3.84(19)
298.2 0.992 8.00(12)
298.2 1.000 8.3(3)°
303.2 0.990 17.6(8)
308.2 0.987 36.5(7)
313.2 0.986 67.4(17)
293.2 1.245 6.84(14)
293.2 1.246 18.42(16)*
283.2 0.996 0.288 0.71(5)
283.2 1.526 0.411 1.86(2)
283.2 2.03 0.529 4.21(24)
283.2 2.49 0.649 8.84(4)
283.2 2.80 0.733 15.08(24)
283.2 3.04 0.804 22.2(6)
283.2 3.49 0.953 37.7(5)
283.2 3.99 1.136 86.2(17)
283.2 4.54 1.357 219(5)

Kinetic parameters:

AH™=110.7(14) kJ mol™"’
AS*=67(5) J K~ mol™'
k,/k5=0.372(11)

®Temperature corrected. "Excess acidity,* temperature cor-
rected.® °Calculated from the activation parameters. “Mea-
sured in DCIO,(D,0).

ar hydrolysis mechanism (A4-1; the calculated ky/kp, lim-
its for this mechanism are 0.3 and 0.5).° The very high
relative rate of hydrolysis [k, guopn/kipropn = 107 in 1 M
HCIO,(aq) at 308 K]* also supports this mechanism.!°
The observed products: isobutene, tert-butyl alcohol, phe-
nol and traces of 2- and 4-tert-butylphenols, are typical

Table 2. Parameters of the excess acidity method evaluated by both the nonlinear least-squares minimization [eqn. (3)] and
egns. (1) and (2) for the hydrolyses of alkyl phenyl ethers (R—O—Ph) in HCIO,(aq). The term for water activity is excluded from

the equations.

R T/K Eqn. m* PKgy* m* log(k,/Kgy+)
tert-Bu 283 3 1.00(2) -1.91(3) 2.02(2) —4.70(1)
isoPr? 308 3 0.98(1) —-6.33(11) 1.44(3) -9.7(2)
288, 308" 1,2 1.00 -6.13 1.46(5) -9.9(2)
cyclo- 279 3 1.00(2) -5.94(11) 2.02(3) -13.0(2)
Pent? 279 1,2 0.97 -5.83 2.01(6) -12.8(3)
cyclo- 279 3 1.00(5) -5.48(30) 2.07(9) -13.0(2)
Hex® 279 1,2 0.96 -5.76 1.93(11) —13.2(5)
exo-2- 308 3 1.06(2) —3.74(4) 1.43(2) -6.42(2)
NB® ¢ 308 2 - - [1.37(4)° [-6.26(7)]°
endo-2- 308 3 0.99(1) —-5.73(5) 1.54(1) —10.04(5)
NB® ¢ 288, 308° 1,2 1.01 -5.56 1.55(3) -10.15(10)

2Ref. 2. PEqn. (1) at 288 K and eqgn. (2) at 308 K; pKy,,+ assumed to be independent of temperature. °“NB=norbornyl. “Ref. 1.
SH

°Calculated by assuming that m*=1.01 and pKg,+=—5.56."
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of the hydrolysis of alkyl phenyl ethers via carboca-
tions.'?

The excess acidity method? is applied to the hydrolysis
of tert-butyl phenyl ether by fitting the experimental log k,
values (k, = k,/cy+; Table 1) according to eqn. (3) versus
X, and c(HCIO,) of the reaction solution by the aid of the
nonlinear least-squares minimization using guessed initial
values for the parameters and altering them systemati-
cally. The averages of the best values with standard de-
viations are given in Table 2, together with the corre-
sponding parameters re-evaluated by eqn. (3) for the
hydrolyses of some secondary alkyl phenyl ethers."” The
values of m* and pKgy- as recently measured by em-
ploying eqn. (1) and the values of m™ and log(ky/Ksy+)
as calculated by eqn. (2) are also given for comparison.
In the latter cases the correction term, log[cg/
(cs +cgyy+)], was calculated by using the parameters of
eqn. (1).

The value of the parameter m*, which depends on the
site of protonation, stays practically constant in Table 2
(m*=1.00+0.03) and does not markedly differ if it is
evaluated by eqn. (1) (m*=0.99 +0.03) or by eqn. (3)
(m* =1.01+0.03). Neither does it seem to depend upon
the temperature (279-308 K), which result is similar to
those reported earlier.'""!

The values of the parameter m™, which indicates the
character of the transition state, are mostly equal in
Table 2 within the limits of experimental error if they are
calculated by eqgn. (2) or (3). They can roughly be divided
into two categories: those close to two (av. 2.01 + 0.05),
which have been measured at 279 or 283 K, and those
close to 1.5 (av. 1.48 +0.06), which have been measured
at 308 K. They are both in agreement with the 4-1 mecha-
nism.? It seems possible that m* decreases with increas-
ing temperature, as was recently observed in the hydra-
tion of unsubstituted and substituted norbornenes.'*> The
latter reaction follows the 4-Sg2 mechanism (the rate-
determining proton transfer), in which m* (=a = Bron-
sted «)® measures the progress of proton transfer from
the hydronium ion to the substrate (0 <o <1) in the rate-
limiting stage of the reaction. Accordingly it is possible
that the parameter m”* also depends on the position of
the transition state between the protonated substrate and
the carbocation intermediate in the A-1 mechanism and
decreases with increasing temperature, although the
change from 2 to 1.5 within ca. 30 K seems too large.
Thus more studies, especially with one substrate at sev-
eral temperatures, are needed.

The pKgy+ values as calculated from eqn. (1) or (3) in
Table 2 do not differ more than 5% (av. 3%), if the mea-
surements were made at the same temperature or at dif-
ferent temperatures (279-308 K). Thus no clear tempera-
ture dependence or independence of the basicities of the
alkyl phenyl ethers can be seen. However, the pKgy+ val-
ues for isopropyl phenyl ether, namely —6.33 at 308 K
and -6.13 at 288 K, presented in Table 2, as well as
the value —5.80 at 273 K measured by Arnett and
Wu,” hint at a slight decrease of the basicity with in-

HYDROLYSIS OF tert-BUTYL PHENYL ETHER

creasing temperature, which is opposite to that estimated
by eqn. (4):"!

PKsu~+, 12 = [T()/T)]pKsu-+, rqy )

This equation, in the deprotonation of the protonated
substrate, is based on the assumption that AG° ~AH°,
ie AS°=~0.1

The pKgyy+ value for zert-butyl phenyl ether (- 1.91 at
283 K) is much less negative than those for several sec-
ondary alkyl phenyl ethers (Table 2 and Ref. 7), but in
accord with a high basicity predicted by Arnett and Wu.”
The reason for this exceptional value is probably the size
of the tert-butyl group, which decreases the m-electron
interaction between the oxygen atom and the phenyl
group.'® Thus its basicity becomes close to those mea-
sured for dialkyl ethers.!#-1®

All the kinetic parameters evaluated in Tables 1 and 2
are typical of the 4-1 mechanism in the hydrolysis of zert-
butyl phenyl ether. However, the solvent deuterium iso-
tope effect [0.37(1) at 293 K] is practically equal to that
[0.39(2) at 298 K] measured for the 4-2 hydrolysis of
oxetane.® Therefore the effect of water activity (included
in the 4-2 mechanism) is also tested in the case of tert-
butyl phenyl ether. By employing the values of m* and
pKgy- in Table 2, the plots of eqn. (2) with and without
the term log a,, are presented in Fig. 1. Both plots are
rectilinear (r=0.9994 and 0.9992, respectively), and thus
the linearity does not give any proof of the mechanism,
but the slopes, i.e. m*m*, 2.17(3) and 2.02(3), respec-
tively, and the similar m™ values (m* = 1.00) completely
eliminate the 4-2 mechanism, for which m™ ~ 1 as was
recently observed in the hydrolysis of oxetane.®
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Fig. 1. Excess acidity plots for the hydrolysis of tert-butyl
phenyl ether in HCIO ,(aq) at 283.2 K with inclusion (O) and
exclusion ([J]) of the activity of water (at 298.2 K). The
straight lines obey egn. (2).
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The pKgy- value for exo-2-norbornyl phenyl ether, as
evaluated by eqn. (3), is exceptional, because it is two
units less negative than that for endo-2-norbornyl phenyl
ether (Table 2). If this difference is real, the great rate
ratio between the hydrolyses of the exo and endo epimers
(4170 at 308 K when X, = 0) is more a result of the higher
basicity of the exo epimer (Ksy+ | opao/ Ksh -, exo = 98) than
of the faster departure of phenol from the protonated exo
substrate (Ko ..o/ko, engo = 43). This seems strange,'” and
requires further study.
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