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Acid-catalyzed Hydrolyses of Bridged Bi- and Tricyclic
Compounds. XVII. Kinetics of Hydration and Rearrangement

of 5-Methyl- and 2,5-Dimethyl-2-norbornenols and
5-Methylene- and 2-Methyl-5-methylene-2-norborneols

MARTTI LAJUNEN and HEIKKI LYYTIKAINEN

Department of Chemistry and Biochemistry, University of Turku, SF-20500 Turku 50, Finland

The effect of a 5-methyl group on hydration and re-
arrangement rates of endo- and exo-2-norbornenols
(1 and 2, R®2=H or Me, R®*=Me) was studied.
Reaction mechanisms were concluded mainly from
solvent deuterium isotope effects to be A-Sz2 for
the hydration of the 5,6-double bond (ky/ky 0.5 to
0.6) and A-1 for the homoallylic rearrangement of
a substrate to the corresponding 3-nortricyclanol
(3, kp/ky 2.7). A replacement of S-hydrogen by methyl
increases the hydration rate by a factor of 3 x 10*—
7 x 10* and the rearrangement rate by a factor of 60.
For comparison hydration rates of 5-methylene-
2-norborneols (4 and 5, R*=H or Me) were meas-
ured. They react from 6 to 16 times slower than the
corresponding 5-methyl-2-norbornenols. The main
reason is the difference in the initial state energies.

An aqueous mineral acid affects 2-norbornenols
(I and 2) in two different ways: it isomerizes them to
3-nortricyclanols (3; homoallylic rearrangement,
k) and/or hydrates (k) them to norbornanediols
(Scheme 1).1+2 3-Nortricyclanols are, however, inter-
mediate products and are further hydrated (k%)
to norbornanediols. The extent of rearrangement
and hydration depends on the position of the
hydroxyl group (exo or endo) and on substituents.
The exo alcohols (2) are rearranged more easily than
the endo alcohols (1), e.g. in 1 mol dm~? perchloric
acid at 298 K the amount of rearrangement during
the first three half-lives is ca. 8 % (possibly even
smaller, see Ref. 3) for endo-2-norbornenol (I, R?2=
R5=H), ca. 16 %, for exo-2- norbornenol (2, R?=
R*=H), ca. 26 %, for 2-methyl-endo-2-norbornenol
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(1, R?=Me, R*=H) and almost 100 %, for 2-methyl-
exo-2-norbornenol (2, R2=Me, R®* =H). A 1-methyl
group has a greater accelerating effect on rearrange-
ment (byafactor of 4 — 10) than on hydration (1 —4).3

A replacement of hydrogen by methyl at carbon
5 increases the rate of uncatalyzed solvolysis of 2-
methyl-exo-2-norbornenyl p-nitrobenzoate in 80 9,
acetone-water at 298 K by a factor of 122 but has
no effect on the rate of reaction for the endo-epimer.*
The product formed from both epimers is 1,3-
dimethyl-3-nortricyclanol (3, R2=R®=Me). These
facts reflect a strong m-participation facilitated by
5-methyl group in the solvolysis of the exo ester.**

A methyl group at an ethylenic carbon has also a
marked effect (10 to 10°) on hydration rates of
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aliphatic alkenes and cycloalkenes if the neighboring
ethylenic carbon is protonated, but only a slight
effect (<1) if protonation occurs at the methyl-
substituted carbon.b &

A replacement of hydrogen at carbon 5 by
methyl in 2-norbornenols makes it possible to
investigate the effect of 5-methyl on both rearrange-
ment and hydration simultaneously. Therefore four
S-methyl-substituted 2-norbornenols [S-methyl-
endo-2-norbornenol (1, R?=H, R’ =Me), 5-methyl-
exo-2-norbornenol (2, R? =H, R® = Me), 2,5-dimeth-
yl-endo-2-norbornenol (1, R?=R3%=Me) and 2,5-di-
methyl-exo-2-norbornenol (2, R?=R*=Me)] were
synthesized and their rates of disappearance and
rearrangement were measured. For comparison the
corresponding 5-methylene-2-norborneols [ 5-meth-
ylene-endo-2-norborneol (4, R2=H), 5-methylene-
exo-2-norborneol (5, R?=H), 2-methyl-5-methy-
lene-endo-2-norborneol (4, R?=Me) and 2-methyl-
5-methylene-exo-2-norborneol (5, R?=Me)] were
prepared and investigated, and equilibrium con-
stants for isomerization 5-methyl-2-norbornenol 1t
S-methylene-2-norborneol were measured.

EXPERIMENTAL

Syntheses. 5-Methyl-2-norbornenone was pre-
pared from methylcyclopentadiene and 2-chloro-
acrylonitrile by the method of Goering and Chang.®
A reduction of the ketone with lithium aluminum
hydride in ethyl ether produced 5-methyl-endo-2-
norbornenol (34 %) and S5-methylene-endo-2-nor-
borneol (58 %) as main components. A reduction
with aluminium-2-propoxide and 2-propanol®
yielded a mixture of 5-methyl-endo-2-norbornenol
(26 %), 5-methyl-exo-2-norborneol (39 %), 5-meth-
ylene-exo-2-norborneol (14 %) and S-methylene-

endo-2-norborneol (9 %). A treatment of the ketone
with methyl magnesium iodide produced 49 ¥, of
2,5-dimethyl-endo-2-norbornenol and 48 %, of 2-
methyl-5-methylene-endo-2-norborneol. A reaction
with dimethyloxosulfonium methylide!' and a
reduction of the formed epoxides with lithium
aluminium hydride yielded 15 % of 2,5-dimethyl-
endo-2-norbornenol, 33 % of 2,5-dimethyl-exo-2-
norbornenol, 7% of 2-methyl-5-methylene-exo-2-
norborneol and 449, of 2-methyl-S-methylene-
endo-2-norborneol. The components of the mixtures
were separated on a preparative gas chromato-
graph using a Carbowax 20 M column.

A mixture of cis- and trans-1,3-dimethyl-3-nortri-
cyclanols was prepared from 1-methyl-3-nortri-
cyclanone'? with methyl magnesium iodide. The
isomers gave a single peak on GLC (Carbowax 20
M and FFAP columns).

The alcohols were identified from their IR, 'H
and '*C NMR spectra,'>!* except 2-methyl-5-
methylene-exo-2-norborneol, which could not be
isolated as pure. It was identified by GLC and
kinetic data (see later).

Kinetics. Disappearance of substrates and for-
mation of intermediate products were followed by
GLC using FFAP and Carbowax 20 M columns,
with cyclohexanone, norcamphor or camphor as
inert internal standard. The disappearance of the
bicyclic alcohols always obeyed fair first-order
kinetics, with standard errors of the mean from 1 to
3% (av. 2%). A little isomerization of alcohols
(especially of 5-methyl-2-norbornenols to 5-meth-
ylene-2-norborneols) and dehydration of norbor-
nanediols to monoalcohols occurred in the gas
chromatograph, which decreased the accuracy of
measurements.

Equilibrations. Equilibrations between 5-methyl-
2-norbornenols and S5-methylene-2-norborneols
were carried out in aqueous perchloric acids (0.1
and 1.0 mol dm~3) at room temperature (ca. 295 K)
by starting with pure substrates. Samples were
taken during several days. The isomeric pairs 5-
methyl-exo-2-norbornenol = 5-methylene-exo-2-
norborneol and 2,5-dimethyl-endo-2-norbornenol
= 2-methyl-5-methylene-endo-2-norborneol gave
fair equilibrium constants, but in the cases of 5-
methyl-endo-2-norbornenol = 5-methylene-endo-2-
norborneol and 2,5-dimethyl-exo-2-norbornenol =
2-methyl-5-methylene-exo-2-norborneol peaks of
other isomeric alcohols disturbed the analyses so
badly that no reliable results were obtained.

RESULTS

The disappearance rates of 5-methyl-2-norbor-
nenols (I and 2, R?=H or Me, R’=Me) and 5-
methylene-2-norborneols (4 and 5, R2=H or Me)
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Table 1a. Disappearance rate constants of 5-methyl-2-norbornenols (I and 2) and 5-methylene-2-norbor-
neols (4 and 5) in aqueous perchloric acid.

Substrate  cycio,/ | T/K k. x10%/ Substrate  cuycio,/ T/K  k,x 103/
mol dm™3 dm3mol~*s~! mol dm ™3 dm3mol~!s™!
1,R?*=H 0.100 283.2 2.14 4,R*=H 0.100 2932 1.14
R3’=Me 1.00 283.2 4.31 1.00 293.2 2.23
0.100 293.2 7.89 (1.00 298.2 2.15)°
0.104¢ 293.2 4.00 1.00 298.2 421°
(1.00 2982  13.0¢ 0.100 303.2 3.81
1.00 2082 262 0.104¢ 303.2 2.26
0.100 303.2 210 0.100 3132 142
0.100 3132 671 0.100 3232 387
1,R?= 0.100 283.2 1.80 4,R?=Me 0.100 293.2 1.20
R35=Me 1.00 283.2 4.19 1.00 293.2 2.19
0.100 293.2 7.06 (1.00 298.2 2.24)"
0.104¢ 293.2 3.57 1.00 298.2 4.09°
(1.00 2982 129y 0.100 303.2 392
1.00 2982  30.0° 0.104¢ 303.2 2.30
0.100 303.2 238 0.100 3132 148
0.100 3132 735 0.100 3232 421
2,R*=H, 0.100 283.2 1.84 5,R?=H 0.100 293.2 0.511
R3=Me 1.00 283.2 4.77 1.00 293.2 0.998
0.100 293.2 6.57 (1.00 2982 0977
0.104¢ 293.2 3.53 1.00 298.2 1.91°
(1.00 2982 12.0) 0.100 303.2 1.80
1.00 2982 31.1° 0.100 313.2 6.10
0.100 3032 222 0.104¢ 3132 3.29
0.100 3132 639 0.100 3232  16.7
2,R*= 0.100 283.2 2.16 5,R?=Me 0.100 2932 0.619
R’=Me 1.00 283.2 4.85 1.00 293.2 1.36
0.100 293.2 799 (1.00 298.2 1.25)°
0.104¢ 293.2 8.79 1.00 298.2 2.75%
(1.00 2082 15.1) 0.100 303.2 2.53
1.00 2982 34.0° 0.100 3132 7.81
0.100 3032 282 0.104° 313.2 4.19
0.100 3132 877 0.100 3232 231

“Calculated from the activation parameters, not h, corrected. b Calculated from the activation parameters, h,
corrected (see Results). ¢ Deuterioperchloric acid.

Table 1b. Activation parameters (at 298.2 K) and solvent deuterium isotope effects.

Substrate AG* AH? AS* ko/ky
- kJ mol~1! kJ mol™?! Jmol™*K™?!

No.R2R?

1 HMe 83.78(10) 81(3) —10(9) 0.507(19)
1 Me Me 83.82(3) 89(1) 16(3) 0.506(29)
2 HMe 83.98(3) 85(1) 3(3) 0.537(16)
2 Me Me 83.41(2)° 89(1)° 18(2)° 1.100(20)°
4H 88.25(12) 91(3) 10(8) 0.593(30)
4 Me 88.14(11) 92(2) 13(8) 0.587(28)
5H 90.20(8) 90(2) —-2(5) 0.539(15)
5M

e 89.60(12) 92(2) 8(8) 0.536(26)

% Apparent values owing to the two competing reactions, see Table 2.
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were measured in 0.100 mol dm ™3 perchloric acid.
The rate constants, activation parameters and
solvent deuterium isotope effects are collected in
Table 1. The activation parameters have been
calculated from the second-order rate constants
(ka=k/cucio,)- The rate constants at 298.2 K
calculated from the activation parameters are,
however, not real rate constants in 1.00 mol dm 3
HCIO,, which was selected as a reference state for
comparison of rates, since the second-order rate
constants do not remain unchanged when the acid
concentration varies between 0.1 and 1.0 mol dm~3.
Therefore one measurement per substrate was made
in 1.00 mol dm ™3 HCIO, and the rate constants at
298.2 K calculated from the activation parameters
have been corrected to the reference state by multi-
plying with the h, correction factor: k, (1.00 mol
dm~3)/k, (0.100 mol dm~3) (=2.3+0.3 for I and
2 and 2.0+0.2 for 4 and 5).

Small GLC peaks of 5-methylene-2-norborneols
were always observed in the hydrolyses of 5-methyl-
2-norbornenols (7 to 16 9, as estimated with the
method of consecutive reactions *3). It is, however,
difficult to conclude to what extent formation of
the S-methylene compounds occurred during the
hydrolysis (Scheme 2) and how much of it was
caused by decomposition of hydration products,
norbornanediols, and isomerization of the sub-
strates during the GLC analyses. Formation of 5-
methyl-2-norbornenols in the hydrolyses of 5-
methylene-2-norborneols was very slight or it
could not be detected at all.

The product of homoallylic rearrangement of
5-methyl-endo- and -exo-2-norbornenols (I, and 2,
R2=H, R*=Me, Scheme 1) is 3-methyl-3-nortri-
cyclanol (3, R2=H, R®*=Me) and that of 2,5-
dimethyl-endo- and exo-2-norbornenols (I and 2,
R2=R5=Me) is 1,3-dimethyl-3-nortricyclanol (3,
R2=R3%=Me, two isomers).>*"> Only a very small
GLC peak of 3-methyl-3-nortricyclanol was ob-
served in the hydrolysis of S5-methyl-exo-2-nor-
bornenol. Since the disappearance of 3-methyl-3-

Scheme 2.

nortricyclanol occurs very slowly (k,°=4.8 x 1076
dm®mol~!s™!, whichis 6.5 x 103 times smaller than
that of 5-methyl-exo-2-norbornenol in 1.00 mol
dm~3 HCIO, at 298.2 K),! the tiny peak shows that
its formation cannot be significant. The peaks of the
tricyclic alcohols were not observed at all in the
hydrolyses of S-methyl- and 2,5-dimethyl-endo-2-
norbornenols. On the other hand, the formation
1,3-dimethyl-3-nortricyclanol was clearly observed
in the hydrolysis of 2,5-dimethyl-exo-2-norbornenol.
The formation rate of the tricyclic alcohol (k,",
Table 2) was estimated by the method of consecutive
reactions.! Because of this the disappearance rates
of a mixture of 1,3-dimethyl-3-nortricyclanols was
measured (k, Table 2). The difference of the
total disappearance rate of 2,5-dimethyl-exo-2-
norbornenol (k,), Table 1 and the formation rate
(k,") gives the hydration rate (k,", Table 2) of the
substrate. However, the last rate constant may
include rates of other possible reactions of the
substrate. Actually, several GLC peaks could be
observed, but they were very small and did not
change in the way typical of intermediate products.

In the following discussion the deductions will
be drawn from the total disappearance rates in all
cases except 2,5-dimethyl-exo-2-norbornenol, which
evidently hydrolyzes via two competitive reaction
paths: 23 9 as rearrangement to 1,3-dimethyl-3-
nortricyclanol and 77 %; as hydration to norbor-
nanediols in 1.00 mol dm~3 HCIO, at 298.2 K
(Table 2). The exclusion of other possible reactions
of the substrates surely renders the kinetic data
somewhat inaccurate, but the error is, in our opinion,
not very significant. This can be seen in the reason-
able values of kinetic isotope effects and relative
rates (see Discussion).

The equilibration of 5-methyl-2-norbornenols
and 5-methylene-2-norborneols gave at room tem-
perature (ca. 295 K) the following equilibrium
constants (K,) and standard Gibbs energies (AG®=
—RTlIn K. ): 5-methyl-exo-2-norbornenol = 5-
methylene-exo-2-norborneol, K,=4.92+0.17 and

HO

OH
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Table 2. Rate constants of rearrangement to 1,3-dimethyl-3-nortricyclanol (k,") and hydration (k,") of 2,5-
dimethyl-exo-2-norbornenol (2, R?=R%=Me) and disappearance rate constants (k,?) of a mixture of 1,3-
dimethyl-3-nortricyclanols (3, R?=R>=Me) in aqueous perchloric acid, and activation parameters (at

298.2 K) and solvent deuterium isotope effects.

Substrate CHCI04 T/K k. x 103/ k2 x 103/ kS x 103/
mol dm ™3 dm3®mol~!s™! dm3®mol~1s™! dm3mol~!s™!
2,R?= 0.100 283.2 0.512 1.65
R5=Me 1.00 283.2 1.12 3.73
0.100 293.2 1.89 6.10
0.104° 293.2 5.07 3.72
(1.00 298.2 3.61% 11.5¢
1.00 298.2 7.90¢ 26.1¢
0.100 303.2 6.39 21.8
0.100 313.2 223 65.4
3,R*= 1.00 283.2 0.282
R5=Me 1.00 288.2 0.613
1.00 293.2 1.11
1.00 298.1 231
1.00 298.2 2.34°
1.00 303.2 4.62
0.100 303.2 2.39¢
0.104° 303.2 3.114
AG* /kJ mol~? 86.96(5) 84.09(4) 88.04(7)
AH?/kJ mol ! 90(1) 88(1) 97(2)
AS*/Jmol~'K~* 10(5) 14(3) 28(8)
kp/ky 2.68(25) 0.610(58) 1.30(7)

“ Deuterioperchloric_acid. b Calculated from the activation parameters, not h, corrected. °Calculated from the
activation parameters, h, corrected (see Results). ¢ The values of the rate constants decreased slightly towards the end of

the run.

AG®(298.2 K)=—3.95+0.09 kJ mol™!, and 2,5-
dimethyl-endo-2-norbornenol == 2-methyl-5-methy-
lene-endo-2-norborneol, K,=3.92+0.28 and AG®
(2982 K)= —3.3940.18 kJ mol .

DISCUSSION

The solvent deuterium isotope effects on the total
disappearance rates of 5-methyl- and 2,5-dimethyl-
2-norbornenols and S-methylene- and 2-methyl-
5-methylene-2-norborneols (kp/ky; 0.51 t00.59, Table
1) are typical of slow protonation of the carbon-
carbon double bond by the A—Sz2 mechanism,
an exception observed for 2,5-dimethyl-exo-2-nor-
bornenol, when kp/ky=1.10.! 3616 However, the
isotope effect calculated in the last case for the
difference of rates of total disappearance and re-
arrangement (0.61, Table 2) is in agreement with the
A—Sg2 hydration. The isotope effects measured in
this work for the hydration of methylenenorborneols
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(0.54 to 0.59) are normal and thus inverse to what
(3.3) Paasivirta et al.!” measured for the addition of
formic acid to methylenenorbornane.

The deuterium isotope effect calculated for the
rearrangement rate of 2,5-dimethyl-exo-2-norbor-
neneol to 1,3-dimethyl-3-nortricyclanol (2.7, Table
2) is typical of the fast equilibrium protonation of
the 2-hydroxyl group and of the subsequent rate-
determining unimolecular elimination of a water
molecule producing a carbocation (A4-1 mecha-
nism).? [ The value measured for the disappearance
of the 1,3-dimethyl-3-nortricyclanol mixture (1.3,
Table 2) hints of rate-determining water addition
to the pre-equilibrium protonated substrate (4-2
mechanism; cf. Ref. 18), but the value is approxi-
mate owing to the somewhat abnormal kinetics
of the mixture of two isomers in 0.1 moldm ~ 3 LCIO,
(L=H or D) and requires checking.]

The activation entropies calculated for the total
disappearance rates of the substrates (—10 to +20
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Jmol™! K~ at 298.2 K, Table 1) are partly more
positive than values typical of slow protonation
of the carbon—carbon double bond (<0).!-16:1°
The abnormality is, however, so small, especially
when the experimental scattering is taken into
account, that it seems unnecessary to give it a
special explanation. It may be due to side reactions
(see Results).

The activation entropies calculated for the hy-
dration and rearrangement of 2,5-dimethyl-exo-2-
norbornenol (14 and 10 J mol~* K ™!, respectively,
Table 2) are equal within the limits of experimental
error. This is not a reasonable result and is probably
caused by experimental scattering, since usually
the activation entropy of the A4-1 mechanism is
more positive than that of the 4 — S g2 mechanism.?
(The activation entropy is very sensitive to the
experimental error and thus it is not as reliable an
indication of the reaction mechanism as the solvent
deuterium isotope effect.) The value 28 Jmol ! K !
for the disappearance of 1,3-dimethyl-3-nortri-
cyclanol is typical of the A-1 mechanism. This
mechanism has been proposed for the hydrolysis
of 3-methyl-3-nortricyclanol (AS* =34 J mol ™!
K ™!, kp/ky=2.1)}-2° [This comparison also makes
the isotope effect (1.3) measured for the disappear-
ance rate of 1,3-dimethyl-3-nortricyclanol doubtful
(see above).]

Based on the isotope effects (and activation pa-
rameters) it is probable that the disappearance of
the substrates, with the exception of 2,5-dimethyl-
exo-2-norbornenol, occurs totally or nearly totally
via hydration of the 5,6-double bond by the 4 —Sz2
mechanism (k*, Scheme 1). In the case of the excep-
tion mentioned, the 4—1 rearrangement to 1,3-
dimethyl-3-nortricyclanol (k‘, Scheme 1) competes
with the hydration. Thus it is possible to compare
the hydration rates of 5-methyl-2-norbornenols (I
and 2, R?>=H or Me, R’>=Me) with those of 2-
norbornenols (I and 2, R*2=H or Me, R®*=H)!*?
and also with those of 5-methylene-2-norborneols
(4 and 5, R?=H or Me). Here the comparison is
made with the h, corrected rate constants in 1.00
mol dm ™3 HCIO, at 298.2 K calculated from the
activation parameters (Tables 1 and 2).

A replacement of hydrogen at carbon 5 by methyl
increases the protonation rate of 5,6-double bond
by a factor of 3 x 10*—7 x 10* (the lower value is
for the endo-2-norbornenols and the higher value
for the exo-2-norbornenols),''?> The rate enhance-
ments are very similar to that measured recently
for the A—Sz2 hydration of 2-norbornenone (2 x

10*).!16 They are also in agreement with that
observed for the hydration of aliphatic alkenes
(10° to 10°) and cycloalkenes (e.g. 7x 10%). 68
This shows that the protonation occurs at carbon
6 (Markovnikov rule), and most probably from the
exo direction, since the effect of the position (exo or
endo) of the hydroxyl group and the nature of the
2-R-substituent (H or Me) upon the hydration rate
is slight (see Tables 1 and 2). A similar small effect
of the 2-methyl group has been observed earlier
in the hydration of 2-norbornenols and 2-nor-
bornenylmethanols.!'>2!  However, the rate
enchancing effect of the replacement of 2-hydroxyl
by hydrogen has been observed to be marked (110—
250, depending on the position of the hydroxyl
group).!'22 The observations agree better with the
new inductive substituent constants (g,) by Grob
et al.?3 than with the more classical ones (e.g. g;).2*

The rate increasing effect of the 5-methyl group on
the homoallylic rearrangement of 2-methyl-exo-2-
norbornenol, 60, is of the same order of magnitude
as that observed by Brown et al.* in the uncatalyzed
solvolysis of the corresponding exo-2-p-nitro-
benzoates (122, see above).

Hydration of 5-methylene-2-norborneols (4 and
5) is 6 to 16 times slower than S5-methyl-2-nor-
bornenols (I and 2). A reason for the rate retardation
might be found in the relative energies of the
substrates. The equilibrium data in Results and the
Gibbs energies of activation in Table 1 make the
comparison possible. The initial state of S-methyl-
exo-2-norbornenol is 4.0 kJ mol~! higher in energy
than that of 5-methylene-exo-2-norborneol and the
transition state of the hydration of S5-methyl-exo-
2-norbornenol is 2.3 kJ mol ~! lower in energy than
that of 5-methylene-exo-2-norborneol. Respectively,
the initial state of 2,5-dimethyl-endo-2-norbornenol
is 3.4 kJ mol~! higher and the transition state 0.9
kJ mol ! lower in energy than those of 2-methyl-
S-methylene-endo-2-norborneol. This means that
the main reason for the rate difference between the
5-methylene-2-norborneols and 5-methyl-2-nor-
bornenols is the energy difference of the initial
states.

The situation can be compared with another
methylenecycloalkane — 1-methylcycloalkene pair,
namely with methylenecyclobutane (6) and 1-meth-
ylcyclobutene (7), for which the equilibrium constant
over a sodium-alumina catalyst K(6=7)=5.66+
0.16 at 298 K and the ratio of hydration rates k*(6)/
K(7)=2.6 at 298 K (both the initial and transition
states are in 0.972 mol dm ™3 HNOj; the rate ratio
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Scheme 3.

is 5.8 when the initial states are in the gas phase
and the transition states in the acid).2>? In this
case the initial state of 1-methylcyclobutene is 4.3
kJ mol~! lower in energy than that of methylene-
cyclobutane and the transition state of hydration
of 1-methylcyclobutene is 2.0 kJ mol™! lower in
energy than that of methylenecyclobutane. Also in
this case the main reason for the rate difference is
the difference in the initial state energies. (The rate
ratio, 5.8, when the initial states are in the gas phase,
hints of even a smaller energy difference between
the transition states, but the energy difference of
the initial states is unknown.)

The transition states of hydration of 1-methyl-
cycloalkenes and methylenecycloalkanes are in all
the three cases quite similar in energy (AG®(Tss)=
1 to 2 kJ mol™ ). The observed energy differences
in this work are, however, larger than the experi-
mental errors (50.3 kJ mol™'). This eliminates a
hydration mechanism in which both isomers hydrate
via a common transition state of the reaction (7S,,
Scheme 3), which should lie after a common
cationic intermediate (I) in the reaction coordinate
(¢f. Refs. 17 and 27). Besides, this mechanism
(A-1 or A-2) conflicts with solvent isotope effect,
general acid catalysis and addition of only one
deuterium atom per alkene molecule to the ethylenic
carbons in deuterium oxide.?873° A more probable
reason for the similar transition state energies is that
the separate transition states (7'S; and 75,, Scheme
3) lie before the common intermediate (I; A—Sg2
mechanism), but so close to it that the transition
states structurally resemble each other.3° The small
size of the transferring proton also makes steric
hindrances slight in both cases. The situation of the
transition states in the hydration reactions of
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bicyclic olefinic alcohols will be further studied
in our laboratory.
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