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The effect of deuterium in the solvent on the aqueous acid-catalyzed rates of hydration of 2-methyl-2-butene and 1-methyl-
l-cyclopentene has been determined. The results provide evidence that a facile proton transfer from hydronium ion to
olefin precedes the rate-determining step. Since it has been shown that the conjugate acid formed cannot be a carbonium

ion, the existence of a w-complex is implied.

Ciapetta and Kilpatrick using the chloroacetic
acids made a determined effort to detect general
acid catalysis in the hydration of isobutylene by
aqueous acids.* Only specific hydronium ion catal-
ysis was found. This result suggests, though it does
not require, that the hydration mechanism involves
a reversible proton transfer from hydronium ion to
isobutylene preceding the rate-determining step.

On the other hand, Levy, Taft and Hammett
have shown that olefin removed after 509, of the
original has reacted contains no isomer in the hydra-
tion of either 2-methyl-2-butene or 2-methyl-1-bu-
tene. This result excludes a reaction sequence in
which carbonium ion is formed in a preliminary pro-
ton transfer, since these two olefins lead to the same
carbonium ion (with all a-hydrogen atoms equiva-
lent), which equilibrates at 25° to give 899, 2-
methyl-2-butene and 11%, 2-methyl-1-butene.’

We have obtained the equivalent result by carry-
ing out the hydration of 2-methyl-2-butene by one
molar nitric acid in 509, deuterated water. If a
carbonium ion were formed preceding the rate-de-
termining step it could be detected readily by the
appearance of deuterium in the unreacted olefin
during the course of the hydration reaction. The
elimination of proton is substantially favored over
that of the deuteron in the reverse step, both sta-
tistically (7 to 1) and kinetically (approximately 2
to1).8

H CH,
pe=ed
I{‘zc CHQ

D

| cH, H CH,
/c=c< or >c=c<
H,C CH, H CH(D)(CHy)

The olefin removed after one-half time of the re-
action doesnot contain a detectable amount of deu-
terium. In Fig. 1, (A) is the infrared spectrum of a
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sample of pure 2-methyl-2-butene, (B) is that for
a sample removed after the first half-life of a hy-
dration experiment in 509, deuterated water; (C)
is that for a sample of deuterated 2-methyl-2-bu-
tene.’
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Fig. 1.—Infrared spectra: (A) pure 2-methyl-2-butene;
(B) olefin sample removed after the first half-life of the
hydration of 2-methyl-2-butene in 50% deuterated water;
(C) sample of deuterated 2-methyl-2-butene.

One is clearly faced with only two alternatives:
either the reaction involves a rate-determining pro-
ton transfer with a large Brénsted a (so that the
only detectable catalyst is hydronium ion), or there
is a preliminary proton transfer to give a conjugate
acid of the olefin which loses in the reverse step the

(7) Prepared by shaking the olefin with acidified D20 for an ex-

tended period under conditions such that the hydration reaction is
appreciably reversible (about 50°); c¢f. ref. 13.
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same proton added, i.e., not all of the a-hydrogen
atoms are equivalent in this conjugate acid.

In order to distinguish between these two alter-
natives we have determined the effect of D,O con-
tent of the solvent on the rate of hydration of two
olefins, 2-methyl-2-butene and 1-methyl-1-cyclo-
pentene. According to generally accepted theory
of the isotope effect, a rate-determining proton
transfer is retarded by replacing H;O+ by D,0+.#
An example is provided by the mutarotation of
glucose for which the hydrogen-ion catalytic con-
stant is 309, less in D;O than H,0.* On the other
hand, the process involving the proton transfer pre-
ceding the rate-determining step is generally facili-
tated by 200 to 3009, in DO relative to H,O. This
factor is attributed primarily to the greater acid
strength of D;O*.

Bell,® following Gross,'® has suggested that a
safer criterion for distinguishing between these two
iechanisms is the following: The rate-determining
proton transfer process should be retarded linearly
with the mole fraction of deuterium, %, in the sol-
vent, as Hamill and LaMer have observed for the
mutarotation of glucose.® The solvent isotope
effect (either facilitating or retarding) for the pre-
liminary proton transfer mechanism should follow
a relationship (non-linear in #) derived by Butler
and his students based essentially upon the relative
acidities of H,O+ and D;O*.1% That is, according
to this approach, a rate greater in D,O than in Hy,O
is not the necessary criterion of a preliminary pro-
ton transfer, but instead it is the correlation of the
solvent isotope effect by Butler's equation.

We have applied both criteria in an attempt to
elucidate the olefin hydration mechanism.

Results
The rates of hydration at unit pressure of gase-
ous 2-methyl-2-butene by 0.973 A nitric acid of
varying D,O-H,O content content were measured
at 30.00°. The results are given in Table I. The
experimental procedure used has been previously
described. !

TABLE I
Rate CoNsTANTS, k,, FOR THE HYDRATION oF GASEOUS 2-
METHVYL-2-BUTENE BY 0.973 3 NITRIC ACID SOLUTIONS OF
Varving DyO-H.O ConteENT AT 30.00° 1xv UNITS OF 10¢
MoLES-1., "1-mIN. 1

na kp p.e.b kn/kH
0.000 2.58 0.03 (1.00)
.252 2.50 .01 0.97
506 2.60 .03 1.01
.589 2.61 .025 1.01
.843 2.44 .01 0.95
.957 2.23 .01 0.86
1.000 2. (0.82)

12 (extrap.)
b

s = 2(D)/Z(H + D). p.e. = probable error of %,
based upon the reproducibility of two to four experiments.
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The rates of hydration at unit pressure of gaseous
l-methyl-1-cyclopentene by 0.0909 M nitric acid of
varying D,O-H,0 content at 35.20° have been ob-
tained from measurements on the rate of the re-
versible dehydration of 1-methyl-1-cyclopentanol.
The general experimental procedure and equations
have been described earlier.’? The modification in
procedure necessary to prevent the results from
being affected by deuteration of the carbinol is
described in a subsequent paper.!* The results are
given in Table II.

TasLE 11
RATE CONSTANTS, kp, FOR THE HYDRATION OF GASEOUS 1-
METHYL-1-CYCLOPENTENE BY 0.0909 A{ NITRIC ACID OF
VarYING D;0-H,O CONTENT AT 35.20° 1N Uxnits or 107
MoLEs-L. ~l-MIN. 7}

” kp p.e. fen/ku
0.000 11.76 (.22
299 11.69 Y .99
. 423 12.29 .20 1.05
514 12.76 .40 1.08
.650 12.98 .44 1.10
.748 13.60 .58 1.16
.872 13.50 .50 1.15
.903 13.40 .69 1.14
937 13.01 .42 1.11
1.000 12.7 (extrap.) (1.08)

Butler’s Equation.—This relationship has been
derived on the basis of the following assumptions:
(1) There is a proton transfer from solvent to sub-
strate, S, preceding the rate-determining step

fast
S Mt 7T SHY
K
r.d.
SH+ > products
r

(2) The activity coefficient ratio, fm+-fs fy, 1S
the independent of the H,O-D,O composition (fy is
the activity coefficient for the reaction transition
state); (3) The ratio of the specific rate constants,
rp/ru, for the rate-determining reaction of the
deutero conjugate acid of the substrate to that for
proto conjugate acid is independent of the H.O-
D20 composition.

From the Bréusted rate equation one obtains the

expressions:
In IT,0
by = -—d—(ll\?-(—s—) = rrKu(air+)n ffi (D
(an*)in = act. of the proton in ordinary water defined as
@H0+/ @10
K = thermodynamic equil. constant for the proton

transfer step
711 = rate constant for rate-determining reacn. of
protonated substrate
Iﬂ DgO

kp = *%@ = 7’DKD(GD+)Df"-f—; (2)
(ap*)p = act. of the deuteron in heavy water defined
as apo/ap,0
thermodynamic equil. constant for the denteron
transfer step
D = rate constant for rate-determining reacn. of
deuterated substrate

Kp

(12) R. W. Taft, Jr., J. B. Levy, D. Aaron and I,. P. Hammrett,
ihid., T4, 4735 (1952).
(13) R, W, Tuft, Jr., aud 13, ., Purlee, in preparation.
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for a given acid conceniration assumption 2 leads to

ko _ (r0) (Kn) -

kr ra Kg
For H,0-D,0 mixtures
ko = raKulas+)afs/fe + roKplaphafs/fs  (4)

n = mole fraction of deuterium in the solvent
ZD/ZH + D and thus assumptions 2 and 3 give,
dividing eq. 4 by 1, for a given acid concentration

ka _ (amt)a

kx (amtm
From the experimental kp/ku ratio and the func-
tions (au*)n/(au*)m and (ap+)n/(ep*)p, which
Nelson and Butler have obtained from experimental
and theoretical values for the equilibria between the
isotopic species in acidified D,0-H.0 mixtures, the
kn/ku ratio can be calculated as a function of ».10P
Applied to the rate of hydration of olefins at unit
pressure, S becomes olefin, and assumption 2 re-
duces to fu+/fx = constant. In making the calcu-
lations we have used the functions tabulated by
Nelson and Butler. We note, however, that Nelson
and Butler use the value 3.27 for the equilibrium
constant for the reaction H,O + D;O = 2 HOD.
Urey has recently found this value to be incorrect,
and instead the value 3.96 (very near the statistical
value of 4.00) should be used.* The calculations
of kn/ku values are only slightly sensitive to the
value of this equilibrium constant provided that the
same values for the other constants given by Nelson
and Butler are used. We are presently re-examin-
ing the treatment of, and the data pertinent to, the
Butler equation.

/b (2212 (5)

(ap+)p

Discussion

Figure 2 shows a plot of the hydration rates,
kn/ku, as a function of #, the mole fraction of deu-
terium in the solvent. The radius of each circle
gives the probable error of the 2-methyl-2-butene
points estimated from the results of two to four
experiments under identical conditions. The dark
vertical lines give the probable errors of the 1-
methyl-1-cyclopentene points obtained in the same
manner. The 2-methyl-2-butene data are more
precise, having been obtained by direct measure-
ment.

The full line in Fig. 2 gives the relationship be-
tween rate and # predicted by the Butler equation
for a kp/ku ratio of 0.82. This is the value obtained
from the trimethylethylene data by extrapolation
ton = 1.00. The dashed line in Fig. 2 is that pre-
dicted for the kp/ku ratio of 1.08 obtained for 1-
methyl-1-cyclopentene. It is apparent that the
hydration rates of both olefins follow the Butler
equation within the precision of these measure-
ments.

The acid-catalyzed rates of decomposition of a
diazoacetic ester, the inversion of sucrose, the bro-
mination of acetone, the hydrolysis of acetal, ethyl
orthoformate, ethyl formate, methyl acetate and
some epoxides have been reported to follow the
Butler equation with reasonable accuracy.® The
unique forms which this relationship may assume

(14) H. C. Urey, J. Chem. Soc., 569 (1947).

(15) J. G. Pritchard and F. A. Long, THIS Jourwrar, T8, Dec.
(1956).
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Fig. 2.—~Hydration rates of trimethylethylene and 1-
methylcyclopentene-1 as functions of H,O-D;O content of
the solvent.

(¢f. Fig. 2, for example) and the fact that the rela-
tionship has been derived on the basis of a proton
transfer preceding the rate-determining step, imply
that reactions which involve a rate-determining
proton transfer will not follow this equation. This
conclusion is supported by the fact that the rates of
mutarotation of glucose are linear with respect to #,
and deviate widely from the Butler equation as il-
lustrated in Table III.

TaBLE III

IsoToPE EFFECT ON THE MUTAROTATION OF GLUCOSE.
FAILURE OF BUTLER'S EQUATION TO APPLY

(ka/ku)
n Obsd.2 Caled. eq. 5
0.20 0.95 0.99
.40 .89 .99
.60 .84 .99
.80 .78 .93
1.00 .72 (.72)

¢ Interpolated values.

Thus our results in H,0-D,O mixtures provide
evidence according to the present mechanistic the-
ory of the solvent isotope effect that there exists a
preliminary reversible proton transfer from hydro-
nium ion to olefin. Since the resulting conjugate-
acid of the olefin cannot be a carbonium ion, the
only reasonable structure suggested by bond theory
is that of a w-complex. Its structure is pictured as
planar about the C=C double bond with a proton
embedded in the m-orbital perpendicular to this
plane.’® The w-proton is clearly not equivalent to
those originally bonded (by sp? or sp? orbitals) in
the olefin. All of the data on the olefin hydration
reaction appear to be uniquely consistent with the
m-complex as the conjugate-acid produced from
olefin in the reversible proton transfer step, pro-
vided that only the proton bonded to the w-orbital
exchanges rapidly with the acidic media. Solubil-
ity data indicate that the r-complex is a high energy
intermediate as are the conjugate-acid intermedi-
ates in other reactions which follow the Butler
equation.?’

(18) M. J. S. Dewar, J. Chem. Soc., 406 (1946); C. C. Price, '"'Mecha-
nisms of Reactions at the Carbon—Carbon Double Bond,’’ Interscience
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Comnsequently, it appears that step 1 in the hydra-
tion reaction is best represented by the equation

H,C CH;, fast
c=c< + DO+ T—>
CH, <

D
H,C | CH;+
C=C DO
[ H> <CH3] b

The near unit isotope effect (kp/ku =< 1.0) ob-
served in the present reactions is the first case of its
kind reported. The reactions listed above which
follow Butler’s equation have kp/km ratios sub-
stantially greater than unity—generally from two to
three. However, according to the accepted mech-
anisms for these reactions the added proton is not
directly involved in the rate-determining step,
and thus the #p/ru ratio of eq. 3 is probably near

unity for these reactions.

)3t
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X 10— mole-1.~!-atm.=!, Assuming the same rel-
ative solubility in 0.973 M nitric acid, the kp/kx ra-
tio for rates at unit concentration of dissolved olefin
is 0.90. Inasmuch as kp/ku values of slightly less
than unity are observed for both the hydration of 2-
methyl-2-butene and previously investigated reac-
tions which are thought to involve a rate-deter-
mining proton transfer from hydronium ion,%
there is a certain probability that the olefin hydra-
tion is also of this kind. The fact that kp/ku for
1-methyl-1-cyclopentanol is greater than unity as
well as the other results discussed above argue for
alow probability of such a mechanism.

The present results do not appear to distinguish
between the following reasonable paths for the
rate-determining and subsequent steps of the over-
all reaction given here.

Evidence favoring path 2 has been presented.®

The recent results of Dostrovsky and Klein are

If the mmechanism of this exchange in-

N | | 4+ fast of interest in this connection.” The
Path 1 | —C=C _l + H,0 __rd_> N ——(IZ—Cl:—— acid-catalyzed O exchange between ¢
| step 2 [ o | ] butyl alcohol and water has been found
H _] H OH, I OH to be about twenty-fold greater than
- Oi T+H20 + 11,0+ the rate of formation of isobutylene.
2 fast

N St r.d, [ +
Path 2 | —C=C— —_— —C—C—
| step 2 | @
H H

In the olefin hydration reaction, however, the
near unit isotope may be accounted for on the fol-
lowing basis. The rate-determining step (step 2)
involves the transfer of the hydrogen from its posi-
tion in the w-complex to an adjacent carbon atom
to form a conventional C-H bond. The rate of this
internal hydrogen migration is retarded by deu-
terium (a factor of about two has been observed for
the isotope effect in hydrogen migration reac-
tions®). Thus the observed kp/kxm ratios of near
unity may be attributed (eq. 3) to the resultant,
kp/ku = Kprp/Kurn, of the two opposing factors,
the preliminary equilibrium step which is favored
by D (Kp/Ku = 2.0), and the rate-determining
step which is retarded by D (rp/rm == 0.5). The
fact that the kp/ku ratio is in one case slightly
greater than unity and in the other slightly less is
also reasonably accounted for on the basis of small
differences in the effect of structure on the opposed
factors.

Alternately, we may make the equivalent con-
clusion that the observed isotope effect indicates
that the proton is as strongly bound in the reaction
transition state as in the ground state. According
to the mechanistic theory of the isotope effect, this
condition indicates that the proton is probably in-
troduced in a step preceding the rate-determining
one.

The latter argument appears to be somewhat
more convincing if the conventional rate constants
for dissolved olefin at unit concentration are used.
We have determined the solubility of 2-methyl-2-
butene in both light and heavy water at 30.00°.
The value obtained in the former is 4.89 = 0.03 X
10~% mole-1.71-atm. ™, and in the latter 4.40 = 0.03

(18) Cf. P. D. Bartlett and J. D. McCollum, THis JoURNAL, 78,
1448 (1956).

volves a rate-determining formation
of the carbonium ion from the protonated f-butyl
alcohol as proposed by these authors, then the
formation of 7w-complex {rom ¢butyl alcohol by
path 2 must involve a subsequent rate determining
step (z.e., step 2), in accord with the evidence pre-
sented in Fig. 1.
It should be mentioned that the structtllre repre-

senting the solvated carbonium ion, [—d—C—] +,
qH ©

is not well defined. It is not presently known, for
example, whether the interactions between the
positive carbon and water molecules of the solvent
are sufficient to preserve the stereochemical integ-
rity so that the hydration—dehydration process 1s
stereospecific as Hammond and Nevitt have ob-
served for the hydrogen bromide addition to di-
methylcyclohexenes in glacial acetic acid.?!

The olefin hydration reaction and the decom-
position of diazoacetic ester make an interesting
study in contrast. Both reactions exhibit specific
hydronium ion catalysis and both follow the Butler
equation in H,O-D,O mixtures (for the latter, zp/
ku = 2.13%). In contrast to our present findings,
Roberts, et al.,?? have obtained convincing evi-
dence of the formation of a conjugate acid of diazo-
acetic ester with both a-H atoms equivalent: [No—
CH,—CO,C.H; 1+,
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