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Hydration rates of 1-methylcyclobutene, methylenecyclobutane, 1-methylcyclo-
pentene and methylenecyclopentane were measured spectrophotometrically in
aqueous perchloric acid. The activation parameters and solvent deuterium iso-
tope effects are in agreement with the rate-determining protonation of the double
bond (A—Sg2 or Adg2 mechanism). The Gibbs energy difference between the
transition states for hydration (protonation) of the exo and endo cycloalkenes
was observed to be small (1.2 kJ mol™') in the case of the rigid cyclobutane deriv-
atives and large (11.8 kJ mol™!) in the case of the flexible cyclopentane deriva-
tives, which is in agreement with earlier measurements with a rigid 2-methyl-2-
norbornene/2-methylenenorbornane pair (0.8 kJ mol™!) and with a flexible
1-methylcyclohexene/methylenecyclohexane pair (11.5 kJ mol™). The origin of
the large differences is probably the changes of conformation occurring during the
protonation of the flexible 1-methylcycloalkenes. The conformational changes

possibly also cause small solvent deuterium isotope effects.

Recently, the transition state energies for acid-
catalyzed hydration of the rigid olefins 2-methyl-
2-norbornene (1) and 2-methylenenorbornane
(2) were compared with those for the flexible ole-
fins 1-methylcyclohexene (3) and methylenecy-
clohexane (4).' The energy difference between
the exo and endo cycloalkenes was very small (0.8
kJ mol™') in the case of the bicyclic olefins 1 and
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2, but rather large (11.5 kJ mol™!) in the case of
the monocyclic olefins 3 and 4. The mechanism of
hydration was concluded to be the same, i.e.
A-S;2 of Adg2, in all cases, and thus the tran-
sition states for hydration are the transition states
for the rate-determining protonation of the car-
bon-carbon double bond (Scheme 1).

The intermediate in the reaction, the 1-methyl-
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Scheme 1.

1-cycloalkyl cation, is common for the protona-
tions of the exo and the endo cycloalkenes. Thus,
the energies of the transition states should be
quite similar (the transferring proton is very
small) if the transition states lie close to the inter-
mediate carbocation (this requirement is prob-
ably fulfilled), and if there are no special effects
prevailing in the protonation step. Evidently,
such an effect does not exist in the protonation of
the bicyclic olefins 1 and 2,! although the pucker-
ing of the double bond in the initial state could be
a good candidate in the case of 2-methyl-2-nor-
bornene.>* The out-of-plane bending of the
double bond and the unsymmetrical p orbitals
would rationalize both the high rates of addition
to norbornene and the occurrence of an attack
mainly from the exo direction.>* However, such a
special effect seems to exist in the hydration of
1-methylcyclohexene, being probably a change of
conformation during the protonation.’

To obtain more data for comparison, the acid-
catalyzed hydrations of 1-methylcyclopentene (5)
and methylenecyclopentane (6), which are rather
flexible molecules like their cyclohexane analogs
3 and 4, and 1-methylcyclobutene (7) and methy-
lenecyclobutane (8), which are quite rigid like
their bicyclic analogs 1 and 2, were studied.

Experimental

Materials. 1-Methylcyclopentene (Aldrich, purity
99% by GLC), methylenecyclopentane (Fluka
AG, 98%) and methylenecyclobutane (EGA-
Chemie, 97 %, containing 3 % of spiropentane)
were used without further purification. 1-Methyl-
cyclobutene was prepared by isomerization of
methylenecyclobutane on sodium-on-alumina
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catalyst.’ Its purity was 75% and it contained
19 % of starting material, 3% of spiropentane
and a total of 3 % of three unidentified hydrocar-
bons. The substrates were analyzed by capillary
gas chromatography (XE 60 column) and by IR,
'H NMR and *C NMR spectroscopy.>”

Kinetic measurements. The disappearance of the
substrates in aqueous perchloric acid was fol-
lowed by UV spectroscopy at 195 nm without ni-
trogen atmosphere.! The solubility of the olefins
was poor and thus low initial concentrations (ca.
3x10~* mol dm~3) were used. The first-order rate
constants were calculated from linear correla-
tions between In(A~A.) (A = absorbance) and
time (¢). Fair linear correlations were obtained
for 1-methylcyclopentene and methylenecyclo-
butane (r = 0.999), but the plots for methylenecy-
clopentane were generally slightly curved for the
reaction in HCIO, (linear for DCIO,), possibly
due to isomerization of the substrate to its more
stable isomer, 1-methylcyclopentene. In the case
of the curved plots the initial slopes were em-
ployed for calculations of the rate constants.

The hydration rate constants for 1-methylcy-
clobutene (7), which contained 19 % of methyle-
necyclobutane (8), were calculated on an SM 5
computer from eqn. (1)

Ay— A,
AO_’Am

=a(l—ekt) + (1—a)(l—ek) (1)

where A;, A, and A, are absorbances of the
impure substrate in the beginning, at time ¢ and at
the end of a run (ca. 10 half-lives); a stands for
[4,/(A;+ Ag)y, i.e. the contribution of 7 of the
total initial absorbance (spiropentane causes no
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noteworthy absorbance at 195 nm), and &, and k;
are the first-order rate constants for isomers 7
and 8. The rate constants calculated for the im-
purity by eqn. (1) were similar (to within 20 %) to
those measured for pure methylenecyclobutane.

All measurements of the rate constants were
repeated at least once, often several times, and
their values were generally in agreement to
within 5 %.

Product analyses. The hydration products of all
four olefins were studied by stirring ca. 1 g of the

substrate with 50 cm® of 1 mol dm~* HCIO, at
room temperature for 15-20 half-lives in a tightly
stoppered flask. The solution was extracted with
CH,Cl,, the organic solution was dried over
K,CO, and Na,SO,, the solvent was distilled off
carefully and the residue was analyzed by GLC
and IR, and by 'H and ®C NMR spectro-
scopy.!®!! The only product from 1-methylcyclo-
pentene and methylenecyclopentane  was
1-methyl-1-cyclopentanol and the only product
from methylenecyclobutane was 1-methyl-1-cy-
clobutanol, which was also the dominant

Table 1. Rate constants for hydration of 1-methylcyclopentene (5), methylenecyclopentane (6), 1-methylcyclo-
butene (7) and methylenecyclobutane (8) in 1.00 mol dm™2 aqueous HCIO, at different temperatures, and
activation parameters and solvent deuterium isotope effects at 298.2 K.

Substrate  Temp./K k,/1074 Activation parameters and
dm®mol~' s7' solvent isotope effects.

5 283.2 2.59
288.2 5.18
293.2 9.68
298.2 18.3
298.2 17.5% AG” = 88.76+0.06 kJ mol™*
298.2 15.2° AS* = -11£7JK "' mol™!
303.2 30.1 AH* = 8612 kd mol™!
308.2 41.9°¢ K/kp= 1.20£0.01

6 283.2 38.9
288.2 70.1
293.2 116.0
298.2 164 AG” = 83.121+0.08 kJ mol™’
298.2 170° AS* = —-65+10 J K ~' mol™!
298.2 98.2° AH* = 6413 kJ mol™'
303.2 256 Kky/kp= 1.67+0.06

7 288.2 0.383
293.2 0.884
298.2 1.60
208.2 1.592 AG* = 94.70+0.09 kJ mol™*
298.2 1.134° AS* = +4£13 JK "' mol™
303.2 2.81 AH* = 9614 kJ mol™"
308.2 6.02 ky/kp= 1.41£0.14

8 283.2 0.650
288.2 1.45
293.2 2.86
298.2 5.89
298.2 5.63¢ AG* = 91.5710.07 kJ mol™’
298.2 4.12° AS* =178 JK' mol™’
303.2 10.38 AH* = 9742 kJ mol™!
308.2 17.7°¢ ky/kp= 1.43+0.02

aCalculated from the activation parameters. “Measured in DCIO,(D,0). °Excluded from the calculations of the

activation parameters.
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Scheme 2.

(>90%) product from 1-methylcyclobutene
(small, unidentified extra peaks were seen in the
BC NMR spectrum).

Results and discussion

The hydration rate constants for the cycloalkenes
5-8 in 1.00 mol dm™* aqueous perchloric acid at
different temperatures are listed in Table 1 to-
gether with the activation parameters and solvent
deuterium isotope effects. The rate constants and
isotope effect for 1-methylcyclopentene at 298.2
K are very similar to those measured by Tidwell
et al.'? in 1 mol dm™? sulfuric acid, and the rate
constants for the cyclobutane derivatives 7 and 8
are in fair agreement with those measured by Taft
et al.”® in 0.973 mol dm™3 nitric acid, especially

+
Ot (ot O
7 10 8

when one takes into account the rather com-
plicated experimental method used by the Taft
group.

The negative activation entropies of hydration
for the cyclopentane derivatives 5 and 6 (Table 1)
are typical of the slow proton transfer from a hy-
dronium ion to the carbon-carbon double bond
(A-S;2 or Adg2 mechanism)," but the slightly
positive values for the cyclobutane derivatives
are not general in the case of this mechanism, al-
though not unique either.”® The solvent deute-
rium isotope effects are also typical of the slow
protonation of the double bond in strong mineral
acid.'-'z'”

1-Methylcyclopentene and methylenecyclo-
pentane produce on protonation (Scheme 2) a
1-methyl-1-cyclopentyl cation (9), which is

Scheme 3.
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quickly decomposed by water to 1-methyl-1-cy-
clopentanol. In the protonation of 1-methylcyclo-
butene and methylenecyclobutane, the interme-
diate is a 1-methyl-1-cyclobutyl cation (10),
which produces 1-methyl-1-cyclobutanol in the
aqueous solution. The structure of the cation 10
has been of great interest.!*'¢'8 According to the
most recent deuterium isotope perturbation stud-
ies, the ®C NMR spectra of the cation under sta-
ble ion conditions are consistent with a symmetri-
cal o-bridged methylcyclobutonium structure
(11) at 119 K'"8 and with either the degenerate
equilibrium mixture of three bicyclobutonium
ions (12)"7 or the rapidly equilibrating bisected o-
delocalized 1-methylcyclopropylcarbinyl cations
(13) exchanging through the classical 1-methylcy-
clobutyl cation (10)*® at higher temperatures
(183-223 K) (Scheme 3).

If the equilibrium constants for the 1-methylcy-
cloalkenes and methylenecycloalkanes are
known, the energy differences between the tran-
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Fig. 1. The Gibbs energy diagrams for protonation
(hydration) of 1-methylicyclopentene and methylene-
cyclopentane in 1.0 mol dm~2 aqueous perchloric
acid at 298.2 K (numerical values in kJ mol™).
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sition states for protonation can be calculated for
the endo and exo cycloalkenes from their Gibbs
energies of activation (Table 1). The equilibrium
constants have been measured at 298.2 K without
solvent over sodium-on-alumina catalyst for the
cyclopentane compounds [K(6=5) = 1084 + 54
kJ mol™!] and for the cyclobutane derivatives
[k(8=17) = 5.66 + 0.16 kJ mol~']."” The former
value is in fair agreement with that (1144 + 51)
measured in acetic acid with p-toluenesulfonic
acid as catalyst at the same temperature.” Thus,
it is probable that the equilibrium constants are
also similar in aqueous perchloric acid.

The Gibbs energy diagrams are presented in
Figs. 1 and 2. They show that the energies of the
transition states for protonation of the methylene-
cycloalkanes are higher than those for the
1-methylcycloalkenes in both cases. The differ-
ence is large (11.8 kJ mol™!) for the cyclopentane
derivatives and very similar to that (11.5 kJ
mol~') measured for the corresponding cyclohex-
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o
Fig. 2. The Gibbs energy diagrams for protonation
(hydration) of 1-methylcyclobutene and methylene-

cyclobutane in 1.0 mol dm~2 aqueous perchloric acid
at 298.2 K (numerical values in kJ mol™").



ane derivatives 3 and 4; however, the difference
is small (1.2 kJ mol™!) for the cyclobutane deriva-
tives, as it was (0.8 kJ mol™!) for the norbornane
compounds 1 and 2.! The observations inspired
us to search for similarities in the protonations of
the cyclopentane and cyclohexane olefins, and in
the protonations of the cyclobutane and norbor-
nane olefins.

The large difference in the transition state en-
ergies for protonation of 1-methylcyclohexene
and methylenecyclohexane was recently sug-
gested to be due to the conformational change
between 1-methylcyclohexene and the 1-methyl-
cyclohexyl cation, and not due to any change of
conformation in the protonation of methylenecy-
clohexane.! A similar rationalization is also pos-
sible for the protonation of the cyclopentane ole-
fins. The most stable conformation of 1-methyl-
cyclopentene is an envelope, and that of
methylenecyclopentane is a twist or half-
chair,!?? the latter also being the probable con-
formation of the 1-methylcyclopentyl cation ac-
cording to NMR deuterium isotope perturbation
studies® (MINDO/3 calculations, however, sug-
gest a flat envelope conformation, although both
planar and slight twist conformations are very
close to it in energy®). Thus, the favourable con-
formational change takes place in the protona-
tion of 1-methylcyclopentene but not in that of
methylenecyclopentane.

The conformation of 1-methylcyclobutene is
evidently rigid planar, and that of methylenecy-
clobutane is nearly planar according to molecular
models ( a slight pucker is, however, probable
when the barrier to planarity is 1.92 kJ
mol~').*% The conformation of the 1-methyl-
cyclobutyl cation in aqueous media at ambient
temperatures is unknown, because its structure is
unknown (see above). According to MO calcula-
tions (which refer to the gas phase), it may be a
planar classical 1-methylcyclobutyl cation (10), a
puckered methylbicyclobutonium cation (11) or a
bisected 1-methylcyclopropylcarbinyl cation (13),
all of which represent energy minima, or it may
be an equilibrium mixture of them all.?%? The
possibility of the planar cation 10 being the initial
1-methylcyclobutyl cation formed in protonation
is consistent with the small difference between
the energies of the transition states for protona-
tion of 1-methylcyclobutene and methylene-
cyclobutane, since no marked conformational
changes are needed.

HYDRATION OF CYCLOALKENES

The solvent deuterium isotope effects are of in-
terest because of the rather low value (ky/kp =
1.20) measured for the hydration (protonation)
of 1-methylcyclopentene. A still lower value
(1.13) was recently measured for 1-methylcyclo-
hexene.! They both possibly reflect the confor-
mational changes occurring between the initial
states and the transition states, since the values
measured for methylenecyclopentane (1.67) and
methylenecyclohexane (1.51) are normal, as are
also those for 1-methylcyclobutene (1.41),
methylenecyclobutane (1.43) and Z-methylene-
norbornane (1.67),! whose protonation does not
cause any considerable changes of conformation.
The high value for the rigid 2-methyl-2-norbor-
nene (2.15), however, shows that there are also
other factors, e.g. reaction rate and/or acid con-
centration, which influence the isotope effect.!>?

Generally, the magnitudes of isotope effects
seem to be within narrower limits (1.43-1.86) for
the protonation of the methylenecycloalkanes
than for the protonation of the 1- (or 2-) methyl-
cycloalkenes (1.13-2.15; data for 7 pairs of iso-
mers from this work and from Refs. 1 and 15).
An explanation may be the smaller structural
changes occurring in the former case than in the
latter case.
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