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α-Methylstyrene and nine ortho-substituted analogs have been synthesized and the kinetics
of their acid-catalyzed hydration in aqueous solutions of sulfuric acid at 25 °C have been in-
vestigated. The kinetic acidity function HS has been constructed from the dependence of the
observed rate constants kobs on the sulfuric acid concentration. The catalytic rate constants
of the acid-catalyzed hydration kortho have been calculated as well. The identical shape of the
kinetic acidity functions for ortho- and para-derivatives confirms what the consistent mecha-
nism A-SE2 of the acid-catalyzed hydration has already proved for the corresponding para-
derivatives. The A-SE2 mechanism involves a rate-determining proton transfer of the hy-
drated proton to the substrate. From the dependence of the catalytic rate constants of the
ortho-derivatives on the catalytic rate constants of the para-derivatives, it is seen that the
logarithm of the catalytic rate constant for hydrogen as a substituent is markedly out of the
range of the other substituents and, simultaneously, that the ortho-derivatives react signifi-
cantly slower than the corresponding para-derivatives. In correlation with the substitent
constants σp

+, a reaction constant of ρ+ = –1.45 have been found. The constant is, in abso-
lute value, considerably smaller than that for para-derivatives (ρ+ = –3.07). In parallel, the
steric effects are enforced more significantly for the monoatomic substituents (slope of the
Charton’s constants 3.92) than for substituents including more atoms (slope of the
Charton’s constants 2.09). A small value of the reaction constant ρ+ has been elucidated due
to the lower conjugation between the reaction centre and the benzene ring as a conse-
quence of the geometric twist of the reaction centre out of the main aromatic plane accom-
panied by fading mesomeric interaction between the reaction centre and the substituents
attached to the benzene ring. The isopropyl group in the carbocation is twisted less out of
the aromatic plane for the monoatomic substituents and, therefore, also a small difference
in the bulk of substituents has considerable steric influence on the conjugation between the
carbocation and the benzene ring bearing substituents. On the contrary, the isopropyl group
in the carbocations with polyatomic substituents is twisted to such a degree that changes in
the bulk of substituents affect the resonant stabilization negligibly. Similar conclusions were
also deduced from the correlations of the substitution constants σI and σR

+.
Keywords: Styrene; Acidity function; Substituent effects; ortho-Effect; Kinetics; Hydration.
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The study of the kinetics and mechanisms of the acid-catalyzed hydration
of 4-substituted α-methylstyrenes based on the evaluation of kinetic acidity
functions and substitution effects has recently been reported1. The mecha-
nism referred to as A-SE2 involves an addition of the proton to the double
bond of α-methylstyrene and the formation of the cumyl cation in the rate-
determining step. As has been shown, the stability of a cumyl cation1–5,
or generally substituted benzyl carbocation2–4,6–8, plays an important role
in this reaction. The stability of such carbocations is determined by the
substrate structure and depends in particular on the substitution at the
α-position6,8, the substitution of the benzene ring1–4,7,8, and also on the sol-
vation. The influence of the substitution of the aromatic ring on the
carbocation stability is certainly considerable. For such reactions, the sub-
stitution constants σp

+ are the most suitable correlative variables, whereas
the reaction constants ρ+ range from –3.21 to –4.51 (refs1,11–16). The reac-
tion constants and their dependence on the substitution constants σp

+ indi-
cate a significant degree of proton transfer to the styrene in the transition
state of the rate-determining step of the reaction.

The physicochemical properties of ortho-substituted α-methylstyrenes,
in comparison with the meta- and para-substituted analogs, so far have
not been systematically investigated. Most attention has been paid to the
2-methyl derivatives (UV/Vis 17,18, fluorescence19,20, IR 17,21, Raman21,
NMR 22–24 spectroscopy; kinetics25,26, dipole moment27, refractometry28,
basicity in the gas phase29 as well as quantum-chemical calculations20,21,26)
and less to the 2-fluoro derivatives (kinetics30,31, dipole moment27 and iso-
tope labeling32), 2-hydroxy derivatives (UV/Vis 33 and IR 33,34 spectroscopy),
2-methoxy derivatives (kinetics25,30 and dipole moment27), 2-chloro deriva-
tives (IR spectroscopy34, kinetics30 and dipole moment27), 2-bromo deriva-
tives, 2-iodo derivatives (dipole moment27), and 2-nitro derivatives (IR
spectroscopy34). All of the mentioned reports imply that the physico-
chemical properties of the ortho-derivatives of the α-methylstyrene differ
from those observed for meta- and para-derivatives. A size of the difference
depends particularly on the bulkiness and structure of the appended sub-
stituent.

In the UV/Vis spectra of the ortho-substituted α-methylstyrenes, the
longest-wavelength band is shifted hypsochromically17,33 whereas one
older report states that no absorption band appears in this range18. The
IR 17,21,33,34 and Raman21 spectra differ considerably while the substitution
effects are fairly seen for the valence vibration νO–H of 2-hydroxy derivative.
From the recorded 13C NMR spectra, it has been shown that the ortho-sub-
stitution in α-methylstyrenes tends to reduce the deshielding effect on the
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vinyl group at C-1 (ref.22). The 13C NMR chemical shifts of 4- and 5-sub-
stituted 2-methylcumyl cations measured in the presence of SbF5/FSO3H/
SO2ClF at –80 °C correlate significantly with the substitution constants.
When comparing the reaction constants to other derivatives, the ortho-
methyl substitution does not affect the stabilization of the carbocation. The
influence of the ortho-substitution is kinetically important in particular for
those reactions in which the rate of an intermediate formation in the
rate-determining step depends on the stabilization of the reaction centre
through resonance effects. When comparing ortho- and para-derivatives,
the relative rate of the dichlorocarbene addition to α-methylstyrene25 de-
crease for the methoxy derivative 5.5 times and for the para-methyl deriva-
tive even 11.7 times. Similar relations were also found for the reactions
with peroxyl radicals26.

The described substitution effects in the ortho-position of α-methyl-
styrenes are frequently explained as a twist of the double bond placed in
the side chain from the main aromatic plane. This supposition is further
supported by the observed dipole moments27,28 and the steric hindrance of
resonance, particularly seen in the UV/Vis spectra17,18,33, in the measured
gas-phase basicity29 as well as in the chemical reactions25,26. The dihedral
angle between the substituted benzene ring and the vinyl group estimated
from the dipole moment of 2-α-dimethylstyrene, amounts to 71–75° (ref.27).
Quantum-chemical calculations of the same compound give the dihedral
angles of 30–60° (ref.20), 112° (C2C1–CαCβ, ref.21), and 73° (ref.26). According
to ab initio calculations, the vinyl group is twisted out of the benzene plane
already for α-methylstyrene (two energetic minima around 40 and 140°, re-
spectively) as well as for 2-methylstyrene (two energetic minima around
150 and 210°, respectively)35. Even the styrene itself is not a planar mole-
cule36. Theoretical calculations predict the dihedral angle to be 27°. The re-
lated torsion vibrations of the core-en bond for ortho- and meta-substituted
styrenes have already been reported37.

According to the above statements is it clear that from the whole spec-
trum of effects referred38–68 to as the ortho effect, the acid-catalyzed hy-
dration of 2-substituted α-methylstyrenes involves, in particular, the twist
of the isopropenyl group or the respective cation of the isopropyl group
from the benzene plane. The corresponding dihedral angle depends on the
bulkiness of the appended substituent. A twist of the side group bearing
the reaction centre affects in particular the resonant stabilization of the
π-electron system, the mesomeric interaction between the ortho-substitu-
ents and the reaction centre, and also the solvation of the reaction centre.
The above-mentioned effects will surely have different impacts on either
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the alkene as a reactant or on the carbocation as an intermediate. Accord-
ing to the Hammond postulate, the transition-state energy in the rate-
determining step is given by the energy of the carbocation and, therefore,
the rate constant will depend in particular on its stabilization.

With respect to the specific character of the interaction between the reac-
tion centre and the ortho-substituents in concrete molecules and reactions,
a quantitative interpretation of the ortho-substitution effects seems to be
difficult. However, two standard approaches based on the similarity princi-
ple are already known. The first, older and less commonly approved ap-
proach involves the Hammett correlations in order to propose universal
substitution constants σortho (refs42,45). The second uses combinations of the
substitution constants describing the electronic effects separately42,69,70

(inductive or mesomeric), whereas a description of the additional effects,
in particular the description of the steric effects, is realized by adding other
terms to the correlation equation. Recently, quantum-chemical approaches
are also increasingly applied for the description of such experimental
data61,62,65.

From the above discussion it is clear that the substitution effects on the
acid-catalyzed hydration of 2-substituted α-methylstyrenes can be im-
mensely complex and their evaluation and interpretation may be quite
complicated. To the best of our knowledge, no effort has been made to
solve the above problems and thus this topic is the challenge and aim of
this work.

RESULTS AND DISCUSSION

Kinetic Acidity Function

The dependence of the observed rate constants kobs for the acid-catalyzed
hydration of 2-substituted α-methylstyrenes (Scheme 1) on the sulfuric acid
concentration are summarized in Table I. Using these values, we con-
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structed71 the kinetic acidity function H (ref.72). Figure 1 depicts the con-
structed H-function versus the concentration of the sulfuric acid used, as
well as the kinetic acidity function for 4-substituted α-methylstyrenes
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TABLE I
Wavelengths λ used for the kinetic measurements, number of the experimental measure-
ments n, range of molar concentrations c of catalytic sulfuric acid, the catalytic rate con-
stants log kortho of the acid-catalyzed hydration of ortho substituted α-methylstyrenes and
their standard deviations sk

Compd 2-X λ, nm n c, mol l–1 log kortho sk

1a H 254 18 0.65–4.71 –3.842 0.030

1b CH3 228 15 2.03–5.70 –4.698 0.039

1c CF3 232 14 5.70–8.77 –6.598 0.024

1d OH 238 15 0.40–3.88 –3.317 0.029

1e OCH3 236 17 0.51–4.16 –3.544 0.019

1f OC2H5 238 17 0.51–4.16 –3.628 0.029

1g SCH3 252 12 2.51–5.45 –4.624 0.024

1h F 234 15 2.76–6.67 –5.207 0.032

1i Cl 208 13 5.23–8.09 –6.317 0.026

1j Br 246 11 6.18–8.55 –6.602 0.038

FIG. 1
Comparison of the kinetic acidity functions for 4-substituted (�) and 2-substituted (�)
α-methylstyrenes, respectively, in aqueous sulfuric acid at 25 °C



obtained under the same reaction conditions. The almost identical shape
of the dependence for both kinetic acidity functions implies that the con-
clusions made for the A-SE2 (refs73,74) mechanism of the acid-catalyzed
hydration for para-derivatives1 hold true also for ortho-derivatives. The
mechanism A-SE2 involves the rate-determining transfer of a hydrated pro-
ton to the substrate – 2-substituted α-methylstyrene.

The Relationship Between ortho- and para-Substitution for α-Methylstyrenes

An analysis of the relationship between ortho- and para-substitution on a
uniform substrate51, in the same reaction and under the same conditions,
seems to be a proper tool to evaluate the ortho-effect. An advantage of this
approach is its simply defined physical model without external parameters
(substitution constants with unequal reliability). Nevertheless, the experi-
mental errors of both variables (random quantities) remain a limitation.
The relationship between logarithms of both catalytic rate constants of the
acid-catalyzed hydration of the ortho- and para-substituted α-methyl-
styrenes is illustrated in Fig. 2. This picture demonstrates that the logarithm
of the catalytic rate constant for hydrogen as a substituent is markedly out
of the range of the other substituents and, simultaneously, that the ortho-
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FIG. 2
Relationship between the logarithms of the catalytic rate constants of the acid-catalyzed
hydration of 2-substituted (log kortho) and 4-substituted (log kpara) α-methylstyrenes in aqueous
sulfuric acid at 25 °C. The points except hydrogen are fitted by weighted linear regression with
marked 95% confidence region the regression line



derivatives react significantly slower than the corresponding para-deriva-
tives. The apparently inhomogeneous results are most likely caused by the
superposition of many factors, which affect both the reactant and also pre-
dominantly the carbocation formed within the reaction. The following
factors are probably the most crucial ones: (i) a decrease in the conjugation
between the reaction centre and the benzene ring caused by the geometric
twist of the reaction centre from the benzene plane, (ii) a change in the
mesomeric interaction of the reaction centre and the substituent depending
in particular on the extent of such a twist, (iii) steric hindrance preventing
the access of the reagent to the reaction centre, (iv) steric hindrance of the
solvation stabilization of the carbocation evolving in the rate-determining
step of the reaction, (v) specific interactions of the reaction centre with the
substituent. The weighted linear regression of logarithms of the catalytic
rate constants for ortho-substituted α-methylstyrenes (excluding outliers for
hydrogen) on the logarithms of catalytic rate constants for para-derivatives
and on Charton’s steric constants υ (ref.43) provided the following relation-
ship (1)

log kortho = –(2.0 ± 0.3) + (0.91 ± 0.09) log kpara (1)

n = 9, s = 0.375, R = 0.964, F(1,7) = 92.4 .

The regression coefficient for Charton’s steric constants was statistically not
significant and, therefore, it is not stated in Eq. (1). On the other hand,
from the statistical insignificance of the regression coefficient for the con-
stants υ, we cannot deduce that steric effects were not involved. The outlier
log kortho for the monatomic substituent – hydrogen and the frontier value
log kortho for Br as a substituent on the other side of the 95% confidence
region of the regression line (Fig. 2) strongly indicate the significance of
steric effects. Since ortho-substitution involves a wide range of the above-
mentioned factors, the steric effects in Eq. (1) could not be simply described
by adding the steric constants υ or other related constants to the correla-
tion relationship.

Interpretation of ortho-Substitution Through the Constants σp
+

The substitution constants σp
+ (refs3,4,75) are best suited1 for a quantitative

description of the substitution effects in the reactions involving carbo-
cations as intermediates. Figure 3 illustrates the dependence of logarithms
of the catalytic rate constants of the acid-catalyzed hydration for 2-sub-
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stituted α-methylstyrenes on the substitution constants σp
+. The relation-

ships depicted in Figs 2 and 3 correspond to each other – with the
hydrogen substituent as an outlier, whereas the Br and CH3S substituents
lie within the limits of the confidence region of the regression line. The
linear regression of logarithms of the catalytic rate constants for ortho-sub-
stituted α-methylstyrenes on the substitution constants σp

+, including the
values for hydrogen, provided the following relationship (2)

log kortho = –(5.45 ± 0.26) – (2.28 ± 0.48)σp
+ (2)

n = 10, s = 0.702, R = 0.859, F(1,8) = 22.5

and relationship (3) excluding the hydrogen values

log kortho = –(5.70 ± 0.15) – (2.52 ± 0.26)σp
+ (3)

n = 9, s = 0.373, R = 0.965, F(1,7) = 93.4 .

In comparison with the corresponding relationship for the para-deriva-
tives1, the relationships in Eqs (2) and (3) are not as close (para: s = 0.242,
R = 0.990). The reaction constant in its absolute value is smaller for
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FIG. 3
Dependence of the logarithms of the catalytic rate constants of the acid-catalyzed hydration
for 2-substituted α-methylstyrenes log kortho on the substitution constants σp

+ in aqueous sul-
furic acid at 25 °C. The points except hydrogen are fitted by weighted linear regression with
marked 95% confidence region the regression line



ortho-derivatives (para: ρ+ = –3.07). This implies that the substituent effects
are not perfectly described and that the influence of the ortho-substitution
is lower than that for the para-position. However, an inclusion of the steric
constants υ into Eq. (2) leads to a tighter relationship (4)

log kortho = –(4.34 ± 0.41) – (1.90 ± 0.36)σp
+ – (2.14 ± 0.71)υ (4)

n = 10, s = 0.494, R = 0.942, F(2,7) = 27.3 .

The regression coefficient for the steric constant υ is, in contrast to Eq. (1),
statistically significant. Its large negative value (e.g. the steric constant for
the alkaline hydrolysis of phenyl-2-substituted benzoates76 amounts to 1.4)
indicates an important steric retardation of the reaction as a consequence
of the steric effects. The reaction constant ρ+ is smaller in comparison with
Eqs (2) and (3), respectively. The large residual standard deviation s and, on
the contrary, the little explained variability (100R2 = 89%) hinder a relevant
physicochemical interpretation of the obtained relationship. Hence, a sys-
tematic analysis was performed in order to extract the statistically most
accurate explanatory variables based on the substitution constants. The fol-
lowing relationship has been found (5)

log kortho = –(3.97 ± 0.16) – (1.45 ± 0.15)σp
+ –

– (3.92 ± 0.38)υ(1) – (2.09 ± 0.26)υ(>1) (5)

n = 10, s = 0.186, R = 0.993, F(3,6) = 144

where the variables υ(1) and υ(>1) refer to Charton’s steric constant for the
monatomic and polyatomic substituents (for others 0), respectively. Having
statistically significant regression coefficients, no outliers, and normal resi-
due distribution, Eq. (5) is also statistically valid. The residual standard de-
viation s is even smaller than those for the para-substitution (see above).
The small reaction constant ρ+ (e.g. compare with the following data4 for
para-substitution: styrene, H2O–H2SO4, ρ+ = –3.69, s = 0.21; α-CF3-styrene,
H2O–H2SO4, ρ+ = –5.36, s = 0.176; α-MeO-styrene, H2O–H2SO4, ρ+ = –2.26,
s = 0.118 and also refs11–16) implies that interaction in ortho-derivatives
between the reaction centre and the substituent is significantly decreased
compared to those observed for para-substitution. This could be explained
due to a lower degree of conjugation between the reaction centre and the
benzene ring as a consequence of the geometric twist of the reaction centre
out of the main aromatic plane, accompanied by the vanishing of the
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mesomeric interaction between the reaction centre and the substituent, de-
pending on the extent of such a distortion. Regression coefficients for υ(1)
and υ(>1) both have negative signs, hence the catalytic rate constant de-
creases with the increasing bulkiness of substituent. The regression coeffi-
cient for υ(1) in Eq. (5) is almost five-times higher than those for υ(>1). This
further implies that the monoatomic substituents affect the rate constant
more considerably than the polyatomic ones. This is most likely due to a
small twist of the isopropyl group in the carbocation generated from the
monoatomic-substituted α-methylstyrenes, where even small differences in
the nature of substituents distinctively affect the entire conjugation between
the carbocation and the substituents attached to the benzene ring. On the
contrary, the isopropyl groups in the polyatomic-substituted α-methyl-
styrenes are twisted to such an extent that changes in the bulkiness of the
substituents affect the resonance stabilization to a negligible extent.

Interpretation of ortho-Substitution Through the Constants σI and σR
+

The relationship of log kortho on the substitution constants σI and σR
+ in-

cluding the steric constants υ(1) and υ(>1) is given by Eq. (6)

log kortho = –(3.93 ± 0.21) – (2.25 ± 0.67)σI – (1.51 ± 0.20)σR
+ –

– (3.67 ± 0.63)υ(1) – (2.00 ± 0.36)υ(>1) (6)

n = 10, s = 0.233, R = 0.991, F(4,5) = 68.2 .
When comparing Eq. (6) with (5), relationship (6) is much less tighter
whereas regression coefficients for the variables υ(1) and υ(>1) are consistent
having analogical interpretation as for Eq. (5). When comparing Eq. (6)
with equation obtained for para-substitution1, both regressions are statisti-
cally similar whereas the reaction constants ρI and ρR

+ for ortho-substitution
are roughly half-size (para: s = 0.227, R = 0.992, ρI = –4.16, ρR

+ = –2.94), and
the reaction constant ρR

+ has changed slightly more than ρI.
A systematic analysis of the statistically most accurate explanatory vari-

ables based on the substitution constants σI and σR
+ provided an even sta-

tistically tighter relationship (7)

log kortho = –(3.82 ± 0.17) – (3.02 ± 0.59)σI – (1.53 ± 0.16)σR
+(conjug) –

– (3.21 ± 0.55)υ(1) – (1.76 ± 0.31)υ(>1) (7)

n = 10, s = 0.192, R = 0.994, F(4,5) = 101
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where σR
+(conjug) is equal to σR

+ for the conjugating substituents and 0 for
the others (H, CH3, CF3). The reason for such selection may be seen in an
overestimated value of σR

+ for the substituent CH3 (–0.29, ref.68) in Eq. (6).
It is also worthwhile to notice that the reaction constant ρR

+ almost did not
change, whereas the reaction constant ρI increased. When comparing the
absolute values of ρI and ρR

+ constants for ortho- and para-substitutions,
ρI and ρR

+ values for the ortho-substitution are lower within a factor of one-
third and one-half, respectively. This is unambiguous evidence that the
ortho-substitution of the acid-catalyzed hydrolysis of α-methylstyrenes acts
as a steric hindrance-factor, affecting in particular, the resonant stabiliza-
tion of the carbocation.

EXPERIMENTAL

1H NMR spectra were recorded in CDCl3 (10% solutions) at 360 MHz with a Bruker AMX
360 instrument at 25 °C. Chemical shifts are reported in ppm relative to the signal of HMDS
(0.05 ppm). Coupling constants (J) are given in Hz. The particular protons are marked as fol-
lows (X = ortho-substituent).

Preparation of ortho-Substituted α-Methylstyrenes. General Method

The general method involves an addition of Grignard reagents to the appropriate carbonyl
compounds (ketones, esters, and acyl chlorides). The ethereal solution of the substrate was
added dropwise to a stirred solution of the Grignard reagent (3 equiv.) in ether over the pe-
riod of 1 h at 25 °C. The reaction mixture was refluxed for an additional 2 h, cooled and
poured on ice. Upon acidification with sulfuric acid, the organic phase was separated,
washed with Na2SO3 (10% aqueous solution) and water, dried (Na2SO4), and the solvent
evaporated. The crude alcohol was purified by vacuum distillation accompanied by either
spontaneous or P2O5-induced dehydration. This protocol provide a straightforward and gen-
eral approach to the target compounds with simple methodology and easy work-up. No at-
tempts were undertaken to further optimize the preparative yields.

α-Methylstyrene (1a) was synthesized from benzoyl chloride and methylmagnesium iodide
following the general procedure and purified by vacuum distillation with added P2O5. Yield
41%, b.p. 48 °C/14 mbar (ref.25, b.p. 57 °C/13 mbar), nD

20 = 1.5342 (ref.25, nD
20 = 1.5330).

1H NMR (360 MHz, CDCl3): 7.44 d, 2 H, 3J = 9.0 (H-2,6); 7.30 t, 2 H, 3J = 9.0 (H-3,5); 7.24 t,
1 H, 3J = 9.0 (H-4); 5.34 s, 1 H (H-8); 5.05 s, 1 H (H-9); 2.09 s, 3 H (H-7).
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2-Methyl-α-methylstyrene (1b) was synthesized from acetone and 2-methylphenyl-
magnesium bromide following the general procedure and purified by vacuum distillation
with added P2O5. Yield 10%, b.p. 47–50 °C/11 mbar (ref.17, b.p. 172–173 °C/760 mbar),
nD

20 = 1.5147 (ref.17, nD
20 = 1.5152). 1H NMR (360 MHz, CDCl3): 7.08–7.15 m, 4 H

(H-3,4,5,6); 5.16 s, 1 H (H-8); 4.82 s, 1 H (H-9); 2.29 s, 3 H (2-CH3); 2.01 s, 3 H (H-7).
2-Trifluoromethyl-α-methylstyrene (1c) was synthesized from 2-(trifluoromethyl)benzoyl

chloride and methylmagnesium iodide following the general procedure and purified by
vacuum distillation with added P2O5. Yield 9%, b.p. 31 °C/6 mbar, nD

20 = 1.4512. 1H NMR
(360 MHz, CDCl3): 7.60 d, 1 H, 3J = 8.1 (H-3); 7.42 t, 1 H, 3J = 8.1 (H-5); 7.29 t, 1 H, 3J = 8.1
(H-4); 7.19 d, 1 H, 3J = 8.1 (H-6); 5.17 s, 1 H (H-8); 4.84 s, 1 H (H-9); 2.03 s, 3 H (H-7).

2-Hydroxy-α-methylstyrene (1d) was synthesized from 2-hydroxyacetophenone and methyl-
magnesium chloride in THF following the general procedure and purified by vacuum distil-
lation with spontaneous dehydration. Yield 63%, b.p. 55 °C/1 mbar (ref.33, b.p. 92–93 °C/
16 mbar), nD

20 = 1.5446 (ref.33, nD
20 = 1.5463). 1H NMR (360 MHz, CDCl3): 8.20 s, 1 H

(2-OH); 7.65 d, 1 H, 3J = 7.8 (H-3); 7.24 t, 1 H, 3J = 7.8 (H-5); 7.11 d, 1 H, 3J = 7.8 (H-6);
7.01 t, 1 H, 3J = 7.8 (H-4); 5.32 s, 1 H (H-8); 5.09 s, 1 H (H-9); 2.06 s, 3 H (H-7).

2-Methoxy-α-methylstyrene (1e) was synthesized from methyl 2-methoxybenzoate and
methylmagnesium iodide following the general procedure and purified by vacuum distilla-
tion with spontaneous dehydration. Yield 45%, b.p. 77–79 °C/2–3 mbar (ref.27, b.p. 56–60 °C/
1 mbar), nD

20 = 1.5338 (ref.27, nD
20 = 1.5296). 1H NMR (360 MHz, CDCl3): 7.15–7.21 m, 2 H

(H-3,5); 6.83–6.89 m, 2 H (H-4,6); 5.13 s, 1 H (H-8); 5.04 s, 1 H (H-9); 3.80 s, 3 H (2-OCH3);
2.10 s, 3 H (H-7).

2-Ethoxy-α-methylstyrene (1f) was synthesized from ethyl 2-ethoxybenzoate and methyl-
magnesium iodide following the general procedure and purified by vacuum distillation with
spontaneous dehydration. Yield 22%, b.p. 55 °C/4 mbar, nD

20 = 1.5227. 1H NMR (360 MHz,
CDCl3): 7.16–7.22 m, 2 H (H-3,5); 6.83–6.89 m, 2 H (H-4,6); 5.09 s, 1 H (H-8); 5.05 s, 1 H
(H-9); 4.02 q, 2 H, 3J = 7.8 (2-OCH2CH3); 1.57 s, 3 H (H-7); 1.38 t, 3 H, 3J = 7.8
(2-OCH2CH3).

2-Methylthio-α-methylstyrene (1g) was synthesized from methyl 2-(methylthio)benzoate
and methylmagnesium iodide following the general procedure and purified by vacuum dis-
tillation with spontaneous dehydration. Yield 20%, b.p. 98 °C/12 mbar, nD

20 = 1.5781.
1H NMR (360 MHz, CDCl3): 7.15–7.23 m, 2 H (H-3,5); 7.06–7.09 m, 2 H (H-4,6); 5.23 s, 1 H
(H-8); 4.94 s, 1 H (H-9); 2.40 s, 3 H (H-7); 2.08 s, 3 H (2-SCH3).

2-Fluoro-α-methylstyrene (1h) was synthesized from 2-fluorobenzoyl chloride and methyl-
magnesium iodide following the general procedure and purified by vacuum distillation with
added P2O5. Yield 23%, b.p. 49 °C/21 mbar (ref.27, b.p. 62 °C/28 mbar), nD

20 = 1.5059 (ref.27,
nD

25 = 1.5031). 1H NMR (360 MHz, CDCl3): 7.31 t, 1 H, 3J = 7.6 (H-5); 7.22–7.27 m, 1 H
(H-3); 7.10 d, 1 H, 3J = 7.5 (H-6); 7.01–7.06 m, 1 H (H-4); 5.24 s, 1 H (H-8); 5.04 s, 1 H (H-9);
2.16 s, 3 H (H-7).

2-Chloro-α-methylstyrene (1i) was synthesized from 2-chlorobenzoyl chloride and methyl-
magnesium iodide following the general procedure and purified by vacuum distillation with
added P2O5. Yield 21%, b.p. 39–40 °C/5 mbar (ref.30, b.p. 75 °C/14 mbar), nD

20 = 1.5337
(ref.30, nD

25 = 1.5329). 1H NMR (360 MHz, CDCl3): 7.30 d, 1 H, 3J = 7.6 (H-3); 7.11–7.28 m,
3 H (H-4,5,6); 5.20 s, 1 H (H-8); 4.94 s, 1 H (H-9); 2.07 s, 3 H (H-7).

2-Bromo-α-methylstyrene (1j) was synthesized from 2-bromobenzoyl chloride and methyl-
magnesium iodide following the general procedure and purified by vacuum distillation with
added P2O5. Yield 30%, b.p. 56–57 °C/4 mbar (ref.27, b.p. 55–65 °C/0.9 mbar), nD

20 = 1.5576
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(ref.27, nD
20 = 1.5530). 1H NMR (360 MHz, CDCl3): 7.49 d, 1 H, 3J = 8.0 (H-3); 7.20 t, 1 H,

3J = 7.6 (H-5); 7.15 d, 1 H, 3J = 7.6 (H-6); 7.06 t, 1 H, 3J = 7.6 (H-4); 5.18 s, 1 H (H-8); 4.89 s,
1 H (H-9); 2.05 s, 3 H (H-7).

Kinetic Measurements

A solution of respective α-methylstyrenes (2–5 µl) in methanol was added to a cell contain-
ing 2 ml of aqueous sulfuric acid (c = 0.017–9.58 mol l–1) kept at 25 ± 0.1 °C. The cell con-
tent was mixed, and the absorbance decrease was monitored spectrophotometrically (UV/Vis
spectrophotometer HP 8452A) at suitable wavelengths (Table I) for a period of at least 5 half-
lives. The kinetic dependencies obtained were treated by a known algorithm77 to calculate
the observed rate constants kobs.

Construction of the Kinetic Acidity Function

The obtained dependencies of the logarithm observed rate constants log kobs on the sulfuric
acid concentration were treated by a known algorithm to construct the kinetic acidity func-
tion71. Likewise, the catalytic rate constants log kortho were obtained this way.

Correlation Valuation

The substitution constants used were taken from the literature43,69. The dependence of loga-
rithms of the catalytic rate constants log kortho on substitution constants were examined by
multivariate graphical display methods and subsequently treated by multiple linear regres-
sions (including t-test, F-test, assessing multicollinearity, and residual analysis). Residuals in
all of the presented regressions had normal distribution and outliers were not detected. The
OPstat Program78 was employed for all statistical calculations.

This work was supported by the Ministry of Education, Youth and Sport of the Czech Republic
(MSM 0021627501).

REFERENCES

1. Pytela O., Trlida B.: Collect. Czech. Chem. Commun. 2007, 72, 1025.
2. Harrison A. G., Houriet R., Tidwell T. T.: J. Org. Chem. 1984, 49, 1302.
3. Tsuno Y., Fujio M.: Chem. Soc. Rev. 1996, 129.
4. Tsuno Y., Fujio M.: Adv. Phys. Org. Chem. 1999, 32, 267.
5. Nakata K., Fujio M., Nishimoto K., Tsuno Y.: J. Phys. Org. Chem. 2003, 16, 323.
6. Creary X.: Chem. Rev. 1991, 91, 1625.
7. Mishima M., Kang C. H., Fujio M., Tsuno Y.: Chem. Lett. 1992, 2439.
8. Mishima M., Inoue H., Itai S., Fujio M., Tsuno Y.: Bull. Chem. Soc. Jpn. 1996, 69, 3273.
9. Richard J. P., Jagannadham V., Amyes T. L., Mishima M., Tsuno Y.: J. Am. Chem. Soc.
1994, 116, 6706.

10. Allen A. D., Rosenbaum M., Seto N. O. L., Tidwell T. T.: J. Org. Chem. 1982, 47, 4234.
11. Deno N. C., Kish F. A., Peterson H. J.: J. Am. Chem. Soc. 1965, 87, 2157.
12. Durand J.-P., Davidson M., Hellin M., Coussemant F.: Bull. Soc. Chim. Fr. 1966, 43.
13. Schubert W. M., Keeffe J. R.: J. Am. Chem. Soc. 1972, 94, 559.

Collect. Czech. Chem. Commun. 2009, Vol. 74, No. 1, pp. 85–99

ortho-Effect on the Acid-Catalyzed Hydration 97



14. Ellis G. W. L., Johnson C. D.: J. Chem. Soc., Perkin Trans. 2 1982, 1025.
15. Cox R. A.: Can. J. Chem. 1999, 77, 709.
16. Freeman F.: Chem. Rev. 1975, 75, 439.
17. Murray M. J., Gallaway W. S.: J. Am. Chem. Soc. 1948, 70, 3867.
18. Suzuki H.: Bull. Chem. Soc. Jpn. 1960, 33, 619.
19. Lewis F. D., Zuo X.: J. Am. Chem. Soc. 2003, 125, 2046.
20. Lewis F. D., Zuo X.: J. Am. Chem. Soc. 2003, 125, 8806.
21. Ribeiro-Claro P. J. A., Teixeira-Dias J. J. C., Delmas C., Pouchan C.: Vib. Spectrosc. 2000,

24, 29.
22. Dhami K. S., Stothers J. B.: Can. J. Chem. 1965, 43, 510.
23. Brown H. C., Periasamy M.: J. Org. Chem. 1982, 47, 4740.
24. Evilia R. F., Pan D., Timberlake J. W., Whittenburg S. L.: Tetrahedron Lett. 1991, 32, 871.
25. Sadler I. H.: J. Chem. Soc. B 1969, 1024.
26. Opeida I. O., Suprun W. Y.: J. Chem. Soc., Perkin Trans. 2 2000, 1273.
27. Bergmann E., Weizmann A.: Trans. Faraday Soc. 1936, 32, 1327.
28. Zaitsev B.: Izv. Akad. Nauk SSSR, Ser. Khim. 1973, 9, 1968.
29. Galli C., Speranza M.: Org. Mass Spectrom. 1989, 24, 139.
30. Bachman B., Finholt R. E.: J. Am. Chem. Soc. 1948, 70, 622.
31. Barson C. A., Fenn D. R.: Eur. Polymer. J.: 1988, 24, 815.
32. Ali H. M., Barson C. A., Coe P. L.: J. Labelled Compd. Radiopharm. 2006, 22, 559.
33. Oki M., Iwamura H.: Bull. Chem. Soc. Jpn. 1966, 39, 470.
34. Nyquist R. A.: Appl. Spectrosc. 1986, 40, 196.
35. Haefelinger G., Knapp W., Zuschneid T., Dietrich F. P.: J. Phys. Org. Chem. 2005, 18, 800.
36. Celebre G., De Luca G., Longeri M., Pileio G., Emsley J. E.: J. Chem. Phys. 2004, 120,

7075.
37. Fateley W. G., Carlson G. L., Dickson F. E.: Appl. Spectrosc. 1968, 22, 650.
38. Watson H. B.: Modern Theories of Organic Chemistry, 2nd ed., p. 241. Oxford University

Press, London 1941.
39. Taft R. W.: J. Am. Chem. Soc. 1952, 74, 3120.
40. Taft R. W.: J. Am. Chem. Soc. 1953, 75, 4231.
41. Taft R. W. in: Steric Effects in Organic Chemistry (M. S. Newmann, Ed.), Chap. 13. Wiley,

New York 1956.
42. Shorter J.: Correlation Analysis of Organic Reactivity. Wiley, New York 1982.
43. Charton M.: Steric Effect in Drug Design, pp. 57–91. Springer-Verlag, Berlin 1983.
44. Decouzon M., Ertl P., Exner O., Gal J. F., Maria P. C.: J. Am. Chem. Soc. 1993, 115,

12071.
45. Pytela O., Liška J.: Collect. Czech. Chem. Commun. 1994, 59, 2005.
46. Böhm S., Decouzon M., Exner O., Gal J. F., Maria P. C.: J. Org. Chem. 1994, 59, 8127.
47. Kulhánek J., Pytela O.: Collect. Czech. Chem. Commun. 1995, 60, 829.
48. Kulhánek J., Pytela O.: Collect. Czech. Chem. Commun. 1997, 62, 913.
49. Decouzon M., Gal J. F., Maria P. C., Böhm S., Jimenez P., Roux M. V., Exner O.: New J.

Chem. 1997, 21, 561.
50. Kulhánek J., Exner O.: J. Chem. Soc., Perkin Trans. 2 1998, 1397.
51. Pytela O., Prusek O.: Collect. Czech. Chem. Commun. 1999, 64, 161.
52. Exner O., Fiedler P., Buděšínský M., Kulhánek J.: J. Org. Chem. 1999, 64, 3513.
53. Kulhánek J., Decouzon M., Gal J. F., Maria P. C., Fiedler P., Jimenez P., Roux M. V.,

Exner O.: Eur. J. Org. Chem. 1999, 1589.

Collect. Czech. Chem. Commun. 2009, Vol. 74, No. 1, pp. 85–99

98 Prusek, Bureš, Pytela:



54. Fiedler P., Kulhánek J., Decouzon M., Gal J. F., Maria P. C., Exner O.: Collect. Czech.
Chem. Commun. 1999, 64, 1433.

55. Císařová I., Podlaha J., Böhm S., Exner O.: Collect. Czech. Chem. Commun. 2000, 65, 216.
56. Hnyk D., Borisenko K. B., Samdal S., Exner O.: Eur. J. Org. Chem. 2000, 2063.
57. Böhm S., Exner O.: Chem. Eur. J. 2000, 6, 3391.
58. Pytela O., Kulhánek J., Jirásková E., Nevěčná T.: Collect. Czech. Chem. Commun. 2001, 66,

1638.
59. Böhm S., Exner O.: New J. Chem. 2001, 25, 250.
60. Pytela O., Kulhánek J.: Collect. Czech. Chem. Commun. 2002, 67, 596.
61. Pytela O, Otyepka M., Kulhánek J., Otyepková E., Nevěčná T.: J. Phys. Chem. A 2003,

107, 11489.
62. Otyepková E., Nevěčná T., Kulhánek J., Exner O.: J. Phys. Org. Chem. 2003, 16, 721.
63. Buděšínský M., Kulhánek J., Böhm S., Cigler P., Exner O.: Magn. Reson. Chem. 2004, 42,

844.
64. Tinant B., Declerck J.-P., Všetečka V., Exner O.: J. Phys. Org. Chem. 2004, 17, 721.
65. Böhm S., Fiedler P., Exner O.: New J. Chem. 2004, 28, 67.
66. Fiedler P., Böhm S., Kulhánek J., Exner O.: Org. Biomol. Chem. 2006, 4, 2003.
67. Exner O., Böhm S.: Collect. Czech. Chem. Commun. 2006, 71, 1239.
68. Böhm S., Exner O.: Polish J. Chem. 2007, 81, 993.
69. Exner O.: Correlation Analysis of Chemical Data. Plenum Press, New York 1988.
70. Pytela O.: Collect. Czech. Chem. Commun. 1996, 61, 704.
71. Pytela O.: Collect. Czech. Chem. Commun. 1997, 62, 645.
72. Pytela O., Štumrová S., Ludwig M., Večeřa M.: Collect. Czech. Chem. Commun. 1986, 51,

564.
73. Cox R. A.: Can. J. Chem. 1999, 77, 709.
74. Cox R. A.: Adv. Phys. Org. Chem. 2000, 35, 1.
75. La Macchia G., Gagliardi L., Carlson G. S., Jay A. N., Davis E., Cramer C. J.: J. Phys. Org.

Chem. 2008, 21, 136.
76. Bauerová I., Ludwig M.: Collect. Czech. Chem. Commun. 2001, 66, 770.
77. Pytela O., Večeřa M., Vetešník P.: Chem. Listy 1979, 73, 754.
78. Pytela O.: OPstat, version 6.10; http://webak.upce.cz/~koch/cz/veda/OPgm.htm.

Collect. Czech. Chem. Commun. 2009, Vol. 74, No. 1, pp. 85–99

ortho-Effect on the Acid-Catalyzed Hydration 99




