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Abstract: A kinetic study of the dehydration of 9-hydroxy-10-methyl-cis-decalone-2 (1) to form 10-methyl-At:?-
octalone-2 (2) in aqueous solution has been made using hydroxide ion, hydronium ion, and a variety of tertiary
amines as catalysts, Nonlinear dependence of k.. On catalyst concentration was found with hydroxide ion and
unprotonated amines. For each catalyst a larger initial slope (kz!, kor'), proportional only to free base, was found
at low catalyst concentrations, and a smaller final slope (ks!, kowf), also proportional to free base, was found at
higher catalyst concentrations. The transition from initial to final slope occurred for all bases at k¢f = 8.1 X 107
sec”l. With lower pK, tertiary amines, additional terms in the final slope proportional to protonated amine
(k4%) and hydronium ion (kgf) were observed. With appropriately deuterated 1, it was shown that exchange at the
« position involved in the dehydration occurred at high catalyst concentrations. These complex kinetic observa-
tions were analyzed in terms of a carbanionic elimination mechanism in which general base-catalyzed a-proton
abstraction is rate determining at low concentrations of hydroxide ion or tertiary amine, and breakdown of the enol
1e or enolate anion 1~ derived from 1 is rate determining at high catalyst concentrations. The catalysis of the
breakdown of intermediate enol and enolate anion has been analyzed quantitatively by assuming values of equilib-
rium concentrations of these species and a rapid equilibrium between them. Decisions between kinetically
equivalent, plausible mechanistic possibilities for some of the kinetic terms arising from the conversion of inter-

mediate (1e == 1-) to 2 have been made with the aid of three-dimensional energy contour diagrams.

Mechanisms of B-elimination reactions have been
extensively studied recently, particularly in cases
where formation of an intermediate carbanion (Scheme
I) is favored by its conjugation with a carbonyl~¢ or
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il k L] k2 ||
—cl,‘—cl:— ——“k__ —c—cl:— — —C=C—
H X X

nitro”® group, or because it is a 9-fluorenyl anion.®-1!
Molecules with a variety of leaving groups X— have
been investigated, but the elimination of water from g-
hydroxy ketones has not been thoroughly examined,
despite the fact that such dehydrations are of consider-
able biochemical importance. There are enzymes which
catalyze B-dehydration reactions via initial conversion
of the carbonyl group to an iminium ion,!? including
2-keto-3-deoxy-L-arabonate dehydratase,!? 5-keto-4-de-
oxy-D-glucarate dehydratase,'® and a pyrrole synthe-
tase.!® Other enzymes, such as J-hydroxydecanoyl
thioester dehydrase!¢ and those catalyzing dehydrations
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in nucleotide-linked deoxy sugar synthesis, ! apparently
effect elimination of water without involvement of
nucleophilic catalysis. Evidence has been obtained,
for example, that the dehydration catalyzed by B-hy-
droxydecanoyl thioester dehydrase involves a-proton
abstraction from the substrate by a histidine imidazole
moiety and general acid catalysis of the loss of hy-
droxide ion by a tyrosine phenol moiety. !

An important reason that detailed information on
the catalysis of g-ketol dehydrations is lacking is that
these substances usually have a complicating propensity
to undergo reverse aldol reaction.!®-?* We report
here an extensive study of the dehydration of 9-hy-
droxy-10-methyl-cis-decalone-2 (1), which proceeds
quantitatively in aqueous solution to form the stable
and chromophoric 10-methyl-Al®-octalone-2 (2). In
this paper (part I) the catalysis of 1 — 2 by aqueous
solutions of tertiary amines is described, and in part
1124 the additional catalysis of this dehydration reaction
via iminium ion formation by primary and secondary
amines is considered.

Results

B-Hydroxy ketone 1 was readily prepared by the
method of Marshall and Fanta.?® The preparation of
1-C,-d,2¢ involved Jones oxidation of the correspond-
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Figure 1. Plot of k.nea Values for the conversion of 1 to 2 vs. free
imidazole concentration at pH 8.0. The initial slope (ks!), final
slope (ksf), and the intercept of the final slope (kcf) are indicated
(-—--). Thesolid curve was computed using eq 3.

ingly labeled C, alcohol, which was prepared as pre-
viously described.! This deuterated substrate was re-
quired in order to determine if the conversion of 1 to
2 would show a primary isotope effect.
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The reactions of 1 and 1-Cy-d; in dilute aqueous solu-
tion in the presence of tertiary amine buffers were mon-
itored by observing the increase in absorbance at 247
nm caused by the formation of 2, in the same manner
used to study the conversion of 3 to 2.1 These reac-
tions proceeded essentially quantitatively, giving no
observable side products. Substrate 1 gave excellent
pseudo-first-order kinetics under almost all catalytic
circumstances.

The rate of formation of 2 from 1 showed a linear
dependence on hydronium ion concentration: Koneq =
kai[H;0%], where kg = 3.0 X 10-5 M-! sec—! and
[H;0+] = au as measured by pH meter. In contrast,
nonlinear dependence of rate on catalyst concentra-
tion was found for hydroxide ion and amines. As a
typical example of the change in slope encountered with
increasing amine or hydroxide ion concentration, a
plot of kobsa vs. free amine concentration is shown in
Figure 1 for imidazole at pH 8.0. The initial slope,
ks!, at low catalyst concentrations changes to a lower
slope, ksf, at higher catalyst concentrations. The
kovsa value at which the change in slope occurs (i.e., the
intercept of the final slope) is ko' = 8.1 X 10~7. The
values of the constants kg! and kB , corresponding to
the initial and final slopes, were obtained at several
pH’s, as discussed below.

Figure 2 shows a log-log plot of the same data pre-
sented in Figure 1 and similar data for trimethylamine
and hydroxide ion. In each case the larger initial
slope ks' (kou' for hydroxide ion) changes to a smaller
final slope, kaf (kon' for hydroxide ion), at the same
ko' = 8.1 X 107 sec™?, with both slopes being propor-

2261

- 8.1x107 sec”

Rl -6 -4 -2 [o]
log Free Amine [M)

Figure 2. Plot of log of konsa Values for the conversion of 1 to 2 vs.
the log of the concentration of free base. Shown are the data
obtained where the free base is hydroxide ion (@ or ©, the two sym-
bols referring to points obtained by different experimental methods
as described in the text), trimethylamine at pH 8.5 (¥) and imidazole
at pH 8.0 (4). All three catalysts exhibit a plateau (equivalent to
a change in slope in a nonlogarithmic plot) at 8.1 X 1077 sec™!

(———-—- ). The points are experimental and the solid lines were
computed using eq 3 and the rate constants in Table I.
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Figure 3. Plot of kobsa values for the conversion of 1 to 2 vs. free
amine concentration for N-methylimidazole at pH 6.2 (@), pH 5.5
(©), and pH 5.0 (A). The solid lines were computed using eq 3.
The computed lines for pH 5.0 and 5.5 coincide.

tional to free base concentration. The values of kgi
listed in Table I were obtained at low pH to avoid inter-
ference from hydroxide ion catalysis. As shown in
Figure 3, using N-methylimidazole, the initial slope
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Table I. Rate Constants for the Reaction of 1 to Form 2 in Aqueous Solution at 25°

Catalyst pK.® Initial slopes, M1 sec™! Final slopes, M~1sec™! No. of runs
Hydronium ion kal = 3.0 X 108 kgt = 2.0 X 10% 10
Hydroxide ion 15.7 koa =1.56 X 10! kogf = 1.31 X 10— 39
Quinuclidine 10.95 =4.8X 102 kgt = 7.2 X 108 80
Triethylamine 10.75 kg =4 X 10°¢ kpf = 2 X 108 24
Trimethylamine 9.76 kgt = 4 X 10-8 kpf = 1.1 X 10-5 104
Diazabicyclo[2.2.2]octane 8.70 ksl = 2.4 X 1073 kgf = 5.4 X 10-¢ 12
N-Methylmorpholine 7.41 kst =7 X1 kpf = 1.8 X 1077; kaf = 1.5 X 10~¢ 60
N-Methylimidazole 7.06 ksl = 3.6 X 1078 kpf = 2.3 X 1077; kaf = 2 X 10-¢ 84
Imidazole 6.95 kst = 5.1 X 108 kpf = 6.7 X 1077; kaf = 5.8 X 107 92
Dimethylcyanomethylamine 4.20 kst = 5.1 X 10°¢ ¢ 32

Constant term

ket = 8.1 X 1077 sec™!

@ The sources of all the pK. values are given in ref 2,
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Figure 4. Plot of konsa values for the conversion of 1 to 2 vs. free
trimethylamine concentration at pH 9.9 (¥), pH 9.6 (©), and pH
8.5 (A). The solid lines were computed using eq 3, as were the
intercepts (@) which reflect hydroxide ion catalysis.

obtained by plotting kobsa vs. free amine concentration
is invariant with a change in pH, indicating the absence
of a significant term proportional to protonated amine
concentration.

The final slopes proportional to free amine concen-
tration (ksf) weére usually measured at pH’s above the
amine pK, so that high concentrations of free amine
could be attdined. For amines with pK, > 8 the final
slopes of plots of kevsa US. [free amine] were invariant
with changing pH, as illustrated in Figure 4 for tri-
methylamine. For lower pK, tertiary amines, the situ-
ation was more complicated, as discussed below. Val-
ues of ksf are also listed in Table I.

The pattern of large initial slope changing to the
smaller final slope at 8.1 X 10-7 sec~! is present for all
of the amines at pH’s near neutrality, but at higher
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b Determined indirectly; no change in slope observed.

¢ Not measurable; see text,
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Figure 5. Plot of kobsa Values for the conversion of 1 to 2 vs. free
imidazole concentration at pH 6.14 (©), pH 6.40 (¥), pH 7.05 (®),
and pH 8.0 (4). The solid lines and the intercepts (© ) were com-
puted usingeq 3.

hydroxide ion concentrations only the final slope is
observed, with the intercept being equal to the hy-
droxide ion catalysis at that pH. Such extrapolation
to zero buffer concentration was not generally useful
for determining data on hydroxide ion catalysis, how-
ever; due to the change in slope which occurs at very
low buffer concentrations in most cases. Hydroxide
ion catalysis was therefore studied in the absence of
buffer. The values of kousa Obtained for unbuffered
solutions at pH >10 were plotted vs. hydroxide ion
concentration to yield kow!. The values of konsa Ob-
tained at pH <9 were plotted vs. hydroxide ion con-
centration to obtain kou!, and these constants are listed
in Table I. Special procedures were required to mea-
sure Konea values at pH’s near neutrality for these un-
buffered runs. Because these reactions were very slow,
it was necessary to use high concentrations of 1 and a
long path length cell, and to observe only a very small
fraction of the reaction. It was also necessary to pro-
tect the reaction mixture against CO. absorption. The
points obtained in this manner are marked with squares
in Figure 2.

Three of the amines with pK. = 7, imidazole, N-
methylimidazole, and N-methylmorpholine, diverged
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Figure 6. Pseudo-first-order plot of —In (1 — (A4+/A4x)) vs. ¢ (sec)
obtained for the conversion of 1-Ci-d: to 2 at pH 12.40 in the ab-
sence of buffer. The points are experimental and the lines were
computed using the method described in the text and eq 4 for k_i/k»
= 25(—-—), k_i/ke = 5(-—--),and k_,/ks = 12(——).

from the pattern outlined above. In addition to the
final slope term proportional to free amine (measured
at pH’s well above the pK,), these amines yielded final
slope terms proportional to protonated amine con-
centration (k") and hydronium ion concentration
(kuf). As shown in Figure 5, with imidazole as the
catalyst, the final slope increases as the pH is decreased
owing to the presence of the kA [R;NH*] term, and the
kobsa value at which the change from the initial kg!
slope occurs increases with decreasing pH owing to the
ku[H;O+] term.

Data for these kaf and kuf terms were relatively
difficult to obtain because the final slopes can only be
observed at high concentrations of free amine. With
high-pK, amines, which have relatively large ks’ terms
and relatively small kaf terms, the latter could not be
detected. Final slope terms for a fourth low-pK,
amine, dimethylcyanomethylamine, could not be mea-
sured because the catalyst decomposed too rapidly
under conditions appropriate for determination of kaf.
The value of ku' and the values of k,f for imidazole,
N-methylimidazole, and N-methylmorpholine listed in
Table I are those which give the best fit with experimental
data, but they are somewhat uncertain because of the
experimental limitations outlined above.

The dehydration of 1-Ci-d, exhibited a primary ki-
netic isotope effect with both amines and hydroxide ion.
In Figures 6 and 7 are shown plots of In (1/(1 — A4,/
Az)) vs. time for 1-C;-d; with hydroxide ion and tri-
methylamine, respectively. Such plots with 1 as sub-
strate are straight lines with slope = kopsa, but with
1-Ci-d, they are curved, showing a large initial isotope
effect which diminishes as the reaction progresses.
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Figure 7. Pseudo-first-order plot of —In (1 — (4/A4.)) for the
conversion of 1-C;-d: to 2 vs. ¢ (hr) at pH 8.50 with (a) 0.44 M and
(b) 0.15 M total trimethylamine buffer concentrations. The points
are experimental and the lines were computed using eq 4 for (a)
k_i/k: = 90and (b) k_1/k; = 37.

The slope eventually approximates that for 1 under the
same reaction conditions.

Discussion

The kinetic behavior of elimination reactions of the
type shown in Scheme I depends on the nature of the
leaving group X-. When X~ is a good leaving group
like acetate ion,!%37 benzoate ion,* or chloride ion,®
general base catalysis has been observed and mech-
anisms involving rate-determining o-proton abstrac-
tion have been postulated (k; > k-;). When X~ is a
poorer leaving group like hydroxide ion”® or meth-
oxide ion,*?® specific base catalysis has been observed,
and rate-determining breakdown of an equilibrium
concentration of carbanion to form product has been
proposed (k—; > k).

Fedor’s study® of the elimination reaction of g-
phenoxy ketones, where the leaving group ability is
intermediate between the types discussed above, pro-
vides the closest parallel in kinetic behavior with the
present study. First-order dependence on general
base at low catalyst concentration, changing to zero-
order dependence on general base at higher catalyst
concentrations, was observed.® In the absence of com-
plex formation, such a downward-curving slope with
increasing catalyst concentration is indicative of a
change in rate-determining step, and, therefore, of
the existence of an intermediate.?” For the g-phenoxy
ketone elimination reaction, this behavior was inter-

(27) W. P. Jencks, “Catalysis in Chemistry and Enzymology,”
McGraw-Hill, New York, N. Y., 1969.
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preted as indicating a change from a situation where
ks > k- to one where k-, > k, in Scheme L.

The data for the dehydration of 1 can be explained by
a fundamentally similar, but substantially more com-
plicated, mechanistic proposal. Considering the rate
data in Figure 1, and ignoring hydroxide ion catalysis
for the moment, a proposed mechanism must predict
that d[2])/dr = kgs[B][1] at low values of [B] and that
d[2)/dt = (ksi[B] + kc")[1] at high [B]. The mech-
anism in Scheme II satisfies these conditions if (k,B[B]

Scheme 11

kB[B]  k:B[B] + ko©
]
k-1B[B]

+ ks©) > (k_,B[B]) at low [B] and (k_,B[B]) > (k.B[B] +
k.C) at high [B]. As discussed below, in order to ac-
count most reasonably for all of the observed kinetic
terms it is necessary to postulate that the intermediate
species in the dehydration can be either the enol 1e or
the enolate anion 1-, although Scheme II as written
requires thatI = 1le.

OH OH
le 1~

A steady state assumption on I in Scheme II yields
eq 1. At low values of [B], d[2])/d¢ = k:B[B][1], con-

k:P(B] + ki
%57B] + kopB] + ko] D

sistent with observed data when k;® = kgi. If, at high
concentrations of [B], k_;B[B] > (k.B[B] + k;C), then an
equilibrium concentration of I will exist where K =
[I)/[1] = kB/k_B. Under such conditions d[2)/d¢ =
K(k.B[B] + k.©)[1], which is consistent with observed
data when Kk,® = kgf and Kk.¢ = kof. By multiplying
the numerator and denominator in eq 1 by K, and by
using the equalities above, d[2])/dr may be expressed
entirely in terms of the measured kg!, kgf, and kcf values
listed in Table I, as shown in eq 2.

ksfB] + kcf
kgiB] + ks[B] +kcf

While the data obtained are consistent with Scheme
I1, no specific mechanisms are implied at this point for
the individual terms. For example, if I can be either
le or 1-, then kp[B] may be due to any reaction of 1e
with B or any reaction of 1- with BH*, because these
would be Kkinetically equivalent. Individual mech-
anistic details of this type are considered later.

The same procedures employed with Scheme II can
be used to formulate the mechanism in Scheme III,
which yields the general rate expression for the forma-
tion of 2 from 1 given in eq 3. As in eq 2, d[2)/df is

d[2]
d

d[2)/dt = ki[B]

d[2)/dr = ksiB] n @

Tl (ksi[B] + kon[OH™] + kx'[H:O*]) X

Scheme 111
EOCH[OH ") + hHE[H:0+] + le[B_]_\

k=1°2[OH "] + k-1H[H:0*] + k. P[B]

ksB[B] + kOH[OH =] + kH[HO*] + kA [BH*] + ke
I -—_— 2

listed in Table I are used in eq 3, it accurately predicts
the konea values measured for all of the catalysts studied,
as indicated by the fit of measured with computed rates
in Figures 1-5. Equation 3 also predicts the absence
of initial slope at high pH’s indicated in Figure 4 for
trimethylamine. At high pH’s the equilibrium be-
tween 1 and I is established by hydroxide ion alone
(k_1 > k), and an initial slope caused by free amine
(which requires k, > k-;) cannot be observed under
such conditions.

If the values of the initial slopes kon! and kg' repre-
sent rate-determining formation of I, they are rate con-
stants for general base-catalyzed a-proton abstraction
from 1 to form 1-. As such, they should form a Bren-
sted plot similar to the one obtained for the same amines
with keto acetate 3, in which a-proton abstraction is
known to be rate determining.! In Figure 8 the values
of log k8! and log kon' and the rate constants for gen-
eral base-catalyzed «-proton abstraction (kg) from 3
with the same amines are plotted against the amine
pK.’s. Both the Bronsted 8’s and the absolute values
of the constants are similar. The fact that ks' and
kou' values for 1 are slightly smaller than the corre-
sponding ks and kou values for 3 is consistent with
Fedor’s finding of a very small increase in a-proton
abstraction rate with increasing leaving group ability
for 4-(4-substituted-benzoyloxy)-2-butanones. ¢

A prediction demanded by the proposed mechanism
in Scheme III is that there will be no a-proton exchange
under catalytic conditions producing a point on the
initial slope, where k, > k_;. For a point on the final
slope, however, k_; > k, and exchange should occur.
This has been tested quantitatively by comparing the
ratio k_;/k, measured in exchange experiments on 1-
Ci-d: with the ratio calculated for the mechanism in
Scheme III from the constants in Table I. Figure 6
shows the pseudo-first-order plot obtained for the for-
mation of 2 from 1-Ci-d, at pH 12.40 with no amine
catalyst. Such a plot for substrate 1 yields a straight
line with a slope equal to Kkosea for those conditions.
With 1-Ci-d,, however, the slope at the beginning of
the reaction (kevsa'=%) was about one-sixth the value
observed for 1 under the same conditions. As the re-
action progressed, the slope increased to a final value
(kovsa’= =) that was close to the kobsa value for 1 under
the same conditions. This increase in kobsq, reflecting
a diminution of the primary kinetic isotope effect,
occurs because 1-C)-d; becomes protonated at C;
through isotopic exchange via I (Scheme IV). Similar
behavior was observed in the dehydration of deu-

': ksf[B] + koulOH™] + kaTBH*] + kuTHsO+] + kcf
ksi[B] + kou'[OH-] + ku'[H;0*] + ks[B] + kou/[OH-] + ki[BH*] + kulHs0*] + kcf

expressed entirely in terms of the measured initial
slopes (kou', kg!, ku') and the measured final slopes
(kow!, ksf, kaf, kuf, kc’). When the observed slopes
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terated 9-fluorenylmethanol.’® Itis not known whether
the exchange of H for D at C, involves one or two of
the deuterium atoms at that site; therefore, species 1,



Scheme IV
1-Ci-d,

k1D

ka1 ks
1 k‘_—, I—~—2
I, and 2 in Scheme IV and the related discussion may
contain either one or no deuterons at C,.

When k_j/k, is large, exchange is rapid and only a
small fraction of a half-life is needed to protonate 1-
Ci-d;. Many half-lives are required if the ratio k_i/k.
is small. Thus, in principle there is a method for deter-
mining k_,/k. under any given catalytic circumstances.
In order to obtain values of k_,/k, it is necessary to use
the integrated rate equation for the process outlined in
Scheme IV with experimental values inserted for
kobsa' =0 and kowsd' =, varying k_i/k, until the best fit
is obtained.

If it is assumed that no elimination reaction occurs
without the intermediacy of I, and if a steady state
assumption is made on [I], then

kiPk, kik,
k_]_ + k2 k—l + k2

where kP is the rate constant for the conversion of 1-
Ci-d, to 1. More O’Ferrall® has solved a closely
analogous kinetic problem by integration of an almost
identical equation. In the same manner, the present
expression may be put into a form suitable for integra-
tion by utilizing the stoichiometric relationships among
[1], [1-Ci-d:]), and [2]. After integration, algebraic
manipulation can be used to obtain eq 4 which is of

) 1 — (kaPlky)
—ln<l—¥‘—>=—ln | _ (F®\ (ka2 t ks >><
2= () (=)

I — (kiP/ky)

[exP(_le’)]+<l T <le <k_1 - k2>> %
) (=

kikot
p(‘ﬁ?)} @

the form —In (1 — ([2)./[2].)) = f(¢).22 The equivalent
function —In (1 — A4,/A.) can be plotted vs. time to
obtain pseudo-first-order plots such as the one in Figure
6. The initial kopsqa value, kopsa ™=, which embodies the
kinetic isotope effect, can be measured and set equal
to kiPks/(k_y + k), since this is the rate at which I is
formed from 1-C;-d,, times the fraction of I which goes
to product. Similarly, the measured final kevsa value,
kobsa™™™, is equal to kiko/(k_y + k,). Thus k® =
(Kobsa"™)/(ka/k—y + ks) and ky = (Kobsa'™*)/(ko/(k—y +
ks)). If a ratio of k-, to k, is chosen, the function of ¢
in eq 4 becomes completely defined, and if this ratio
is varied a series of computed curves like those in Figure
6 can be obtained.

The best fit with the experimental data for the hy-
droxide ion catalyzed runs at pH 12.40 was found when
k_i/k, = 12. This ratio may be compared with that
predicted by Scheme III and the observed values of
kou[OH™), kou[OH-], and k¢f under the same condi-

(28) For details, see D. J. Hupe, Ph.D, Thesis, Dartmouth College,
1972.

d[2)/dr = kJI] = [1-Ci-ds] + (1
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Figure 8. Bregnsted plots of log ks! values from Table I (@) vs.

tertiary amine pK.'s, and of log k» values from ref 1 (©) vs. the
same amine pK.'s. The slopes are 8 = 0.59. The points for the
diamine diazabicyclo[2.2.2]octane have been corrected according
to the equation given by Jencks, ref 27, p 173.

tions. With hydroxide ion as the sole catalyst, kox':
[OH_] = k;, and kon[OH_] + kot = k1[k2/(k_1 +
ks)], so that

koHi[OH_] - kl -
kouTOH™] + kof  ki[ks/(k_y + k»)]
ka+ ke ko
P
Thus k_]_/kg = {koﬂl[OH_]/(kOHf[OH_] -+ kcf)} - 1.
At pH 12.40 this predicts that k_;/k, = {(0.156 X 2.5 X
10-2)/[(1.31 X 102 X 2.5 X 10-%) + (8.1 X 10-)]} —
1 =119 — 1 = 10.9, in good agreement with the
value of 12 measured in the exchange experiment.

By the same means, the values of k_;/k, obtained in
exchange experiments with trimethylamine at pH 8.50
with 0.44 and 0.15 M total amine concentrations may
be compared with the computed values. The best
fits in Figure 7 were obtained with k_;/k, = 90 and 37,
respectively, for the two amine concentrations. The
corresponding values computed from the constants in
Table I using k_i/k: = [(kou'[OH-] + ku'[R;N])/
(kou'TOH™] + kuf[R;N] + kuf[H*] + kof)] — 1 are 83
and 31, again in good agreement with the exchange ex-
periment values. The evidence is excellent then that
the mechanism of dehydration of 1 involves rate-deter-
mining general base-catalyzed a-proton abstraction at
low concentrations of hydroxide ion and free amine,
accounting for the large initial slopes, while at high
concentrations the breakdown of an equilibrium con-
centration of intermediate to product is the slow step.

Both keto acetate 3 and ketol 1 exhibit terms in their
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Table II. Rate Constants for the Reactions of 1, 1~ to 1e with General Acids and Bases in Aqueous Solution at 25°

Catalyst pK.® ki, M~1sec™! k—,, M~1sec! ks, M1 sec™! ka, M1 sec™1
Hydronium ion kH = 30X 10°% k- =7.3X 100 kH = 4.05 X 10V = 4.8 X 108
Hydroxide ion 15.7 k2 = 1.56 X 10! k_H:0 = 1.42 X 1008
Quinuclidine 10.95 kB =45X%X10"2 kA =25X%X1 kot = 4.0 X 10!
Triethylamine 10.75 k2 =4 X 103 k2 =35X 103 kA = 1.8 X 10
Trimethylamine 9.76 kB =4x 108 k-2 = 3.5 X 10¢ koA =9.4 X 10!
Diazabicyclof2.2.2]octane 8.70 kB =25X%X10"3 ko2 = 2.5 X 10° keA = 5.4 X 10?2
N-Methylmorpholine 7.41 kB =7X 105 koA = 1.4 X106 koA = 3.4 X102 kit =3.6 X 107!
N-Methylimidazole 7.06 k2 =36X 103 kA =1.6X10 kA =1.0 X 10® kA =5X%X 10!
Imidazole 6.95 kB = 5.05 X 1075 kA =2.8X10° ket = 3.7 X 103 kit = 1.4 X 10!
Dimethylcyanomethylamine 4.20 kB =51x10¢ k-2 =1.6X107
Water -1.7 koH:0 = 1.42 X 107 1be

@ The sources of all the pK, values are given in ref 2,

b Calculation of these rate constants involved division by 55 M to account for [H:0].

¢ Equivalent to the first-order rate constant for 1=~ — 2 = k,C = 7.83 X 10! sec™! (see text).

rate expressions proportional to hydronium ion con-
centration, with rate constants kg = 8.0 X 10~5 M-!
sec™! and ku! = 3.0 X 10=% M~-! sec™}, respectively.
The similarity in magnitude of these rate constants
suggests that hydronium ion catalyzed enolization,
which does not involve the differing leaving groups, is
rate determining. Unlike the other catalysts discussed
above, hydronium ion does not exhibit a change in
slope with increasing catalyst concentration. The
mechanism proposed in Scheme V is consistent with

Scheme V

kH[H;0 +] koH [H30 *] + ko€
—1l¢ —— > 2

~ 1€
ka1H[H30 +]

the observed data if (k,"[H;0%] + kc?) > k_,H[H;0™).
Evidence for the rapid hydronium ion catalysis of 1e
to 2 has been obtained while studying the reaction of 1
with amines, as described below. It is this catalysis
which ensures that enolization is rate determining at
all values of [H,O0+].

Scheme VI shows the assignments for all the kinetic
Scheme VI

-

+,O{OH "] \

KRN

k-, 2OH,0)

k., R,NH"]
fast

le

terms considered so far (ks!, kon!, and kg'). In this
scheme k;°F is the rate constant for hydroxide ion
catalyzed enolate ion formation, and k2 = kou' be-
cause the initial slope has been assigned to rate-deter-
mining oa-proton abstraction. Similarly kB = kg!
and k,® = kgl

In order to be able to deal with absolute values of
rate constants in Scheme VI for the reactions of the
intermediate enol 1e or enolate anion 1-, it is necessary
to know the equilibrium concentrations of these species
with respect to 1. In the absence of experimental data
on the equilibrium concentrations of 1~ and 1e, it was
assumed that the ionization constant and enol content
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of 1 are similar to those of cyclohexanone.*® The
measured enol content for cyclohexanone is Kz =
[enol}/[ketone] = 4.1 X 10-¢ and the ionization con-
stant is K,X = [enolate anion]H+]/[ketone] = 10187,
A pK.F of 11.3 for the enol can be calculated from these
data. Using these assumed equilibrium constants,
the measured slopes in Table I may be translated into
the rate constants listed in Table II.

Microscopic reversibility demands the existence of
the k_1H7°[H20], k_lA[RsNH+], and k_1H[H30+] terms
also shown in Scheme VI. Their values may be cal-
culated from the forward rate constants mentioned
above and the assumed equilibria. For example, if
k_A[RNHH1-] = KkB[R;NJ[1] at equilibrium, then
since K, = [R;N]H;O0+]/[R,.NH+*] and 10-167 =
[1-]H;0+)/[1], one can determine that k,* = kBK,/
10187, The k_*, k_,#:°, and k_,¥ constants listed
in Table II were all calculated in this manner.

The mechanisms responsible for the conversion of
intermediate I to 2, manifested in final slope kinetic
terms proportional to free amine (ks’), hydroxide ion
(kox’), hydronium ion (ku'), protonated amine (kaf),
and a constant (kc), remain to be considered. It is
assumed that 2 can be formed from either le or 1-,
which are in rapid equilibrium. The possibility that
either one of these species may be the actual interme-
diate leads, as we shall see, to certain ambiguities in
assignment of mechanisms.

For example, there are several kinetically equivalent
plausible postulates for a general base mechanism
which would account for the ksf, kon', and kcf terms
(where the general base in the latter two cases would be
hydroxide ion and water, respectively). After elimina-
tion of mechanisms with transition states in which only
a single proton transfer occurs between two electro-
negative atoms (and which are therefore unlikely as
rate-determining steps®), the two mechanisms in
Scheme VII appear to be the most reasonable. Scheme
VIla, in which the general base, B, assists in abstrac-
tion of the enolic proton, may be criticized because the
pK. of the enol (11.3) is very close to the pK. of the
general bases abstracting the proton, and because un-
stable hydroxide ion is generated. This scheme thus
violates the concept® that general acid-base catalysis
is likely to occur where needed most and in a manner
such that unstable (i.e., very high or low pK.) species
are not produced. Scheme VIIb, on the other hand,

(29) R. P. Bell and P. W. Smith, J. Chem. Soc. B, 241 (1966).
(30) Reference 27, Chapter 3.
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Figure 9. Energy contour diagram for the conversion, according to
the mechanism in Scheme VIIa, of enol 1¢ to 2 in the presence of a
general base B with pK, of its conjugate acid = 8 and pH 8. Mo-
tion of the proton between the enol oxygen and B is shown on the
vertical axis, and cleavage of the bond between the 8 carbon and
the hydroxyl oxygen is shown on the horizontal axis, The energy
levels of the corners of the diagram and of the transition states are
in kcal/mol relative to 1 and were calculated as described in the
text. The separation between the lines is 2 kcal/mol, The favored
pathway will be via the enolate anion (upper left-hand corner).
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seems more satisfactory because the general acid serves
to avoid formation of hydroxide ion.

Energy contour diagrams of the type shown in Fig-
ures 9, 10, and 12 have been used by More O’Ferrall?!
and extensively by Jencks?? to illustrate and systematize

(31) R. A. More O’Ferrall, J. Chem. Soc. B, 274 (1970).
(32) W. P, Jencks, Chem. Rev., 72, 705 (1972).
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Figure 10. Energy contour diagram for the conversion, according
to the mechanism in Scheme VIIb, of enolate anion 1~ to 2 in the
presence of a general acid HB with pK, = 8 and pH 8. Motion of
the proton between the §-hydroxyl group and B is shown on the
horizontal axis, and cleavage of the bond between the 8 carbon and
the hydroxyl group is shown on the vertical axis. The energy levels
of the corners of the diagram and of the transition states are in
kcal/mol relative to 1, and were calculated as described in the text.
The separation between the lines is 2 kcal/mol. The favored path-
way will be through the center of the diagram consistent with the
observed general acid catalysis with o =< 0.5.

this type of argument. The diagrams in this paper
have been constructed in the manner described by
Jencks,®? with energies of intermediates calculated
using the assumed equilibrium constants discussed
above and assumed pK.’s. The pK, of 4 was taken to

+OH, +OH,
4 5 6

be —4, by analogy with known?? values for protonated
enones. Similarly, the pK, of 5 was assumed to be
—2.5, in keeping with known values?* for protonated
alcohols. It is difficult to find analogs of 6, but the
inductive effect of the oxy anion should be small
through four bonds, and a pK, of about — 1 seems rea-
sonable. The fact that the conversion of 1 to 2 in
aqueous solution goes essentially to completion indi-
cates that [2]/[1] > 10% at equilibrium and therefore
that AG > —4 kcal for the overall process. The en-
ergy barriers in these diagrams for the conversions 1-
—2 4+ OH-,1le -4 + OH~,5 >4 + H;0, and 6 —
2 + H,O were calculated using the expression AGF =
—2.303RT log (kh/xT) from first-order rate constants
for these processes obtained from the kinetic data using
certain assumptions, as discussed below.

Figure 9 shows the energy surface constructed for
Scheme VIla assuming that the pH is 8§ and that BH*

(33) G. C. Levy, J. D, Cargioli, and W. Racela, J. Amer. Chem. Soc.,

92, 6238 (1970).
(34) N. C. Deno and J. O. Turner, J. Org. Chem., 31, 1969 (1966).
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Figure 11. Brgnsted plot of log of the second-order rate constants
for the reaction of 1~ with general acids (k.®, kA, k2H:°) vs. the
pK.'s of the acids. Theslopeisa = —0.5.

has pK. = 8. The proton transfer to form the enolate
anion (along the B-H axis in Figure 9) requires little
activation energy, whereas formation of 4 and hy-
droxide ion is estimated below to require about 28
kcal of activation energy. Therefore, the preferred
path of reaction should involve formation of interme-
diate 1~ in the upper left-hand corner. Since proton
transfer is complete at the transition state for this
mechanism, a Bronsted 8 of 1.0 would be expected??
and hydroxide ion should be the only effective catalyst
for the reaction. This prediction is inconsistent with
the general base catalysis observed and therefore VIla
is not a reasonable mechanism.

A similar surface generated for Scheme VIIb, shown
in Figure 10, is more consistent with the observed
catalysis by general bases. Because the expulsion of
hydroxide ion from 1~ involves the considerable activa-
tion energy necessary to break the O-C bond, a diagonal
route will be of lowest energy, consistent with general
acid catalysis. The energy barrier of 16 kcal indicated
in Figure 10 for the uncatalyzed decomposition of 1~
to 2 plus hydroxide ion was calculated from the value
of k,®, determined as discussed below.

The final slopes proportional to general base con-
centration (ksf) are therefore proposed to reflect the
specific base-general acid mechanism shown in Scheme
VIIb. Using this scheme and the previously assumed
equilibrium constants, the rate constants k,* for general
acid catalysis of the reaction of 1~ to 2 can be computed
from the values of kgf listed in Table I. Since k.*-
[R;NH*][1-] = ks{[R;N][1], then k.2 = kgiK,/10-167,
where K, is the dissociation constant for the protonated
amine. The values of k. thus computed are listed in
Table II and their logarithms are plotted vs. amine pK,
to afford the Bronsted plot for the conversion of 1- to
2 shown in Figure 11. A Bronsted « of 0.5 is obtained
for this catalysis by ammonium ions.
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Also included in Figure 11 are points calculated from
the values of kc' and kou! by assuming that BH* in
Scheme VIIb is hydronium ion and water, respectively.
Such “end points” are often troublesome because the
hydroxide ion or hydronium ion used or generated in
such catalysis may be of sufficiently high energy to dis-
tort the energy surface markedly from the pattern
established by weaker acids and bases. The point in
Figure 11 at pK. = 15.7 represents the second-order
rate constant, k.*:°, which was calculated from kog'
by assuming that water catalyzes the loss of hydroxide
ion from 1-, just as protonated amines do, using 55 M
as the water concentration. However, if Figure 10
were reconstructed for the case where BH* is water
(pK. = 15.7) and B is hydroxide ion, the upper-left and
upper-right corners of the energy contour would be
equivalent, with a negligible energy barrier between
them. The second-order reaction of 1- with water to
form 2, OH-, and H,O would be energetically equiva-
lent to the first-order decomposition of 1- to form 2
and OH-, and it would be pointless to postulate general
acid catalysis by water.?® The first-order rate constant
for the unimolecular decomposition of 1~ to 2, k.°, is
therefore simply the k»™:© value on the Brensted line
X 55 M = 7.83 X 101 secl. This value of k.° was
important in the construction of Figure 10, as noted
above.

The other “end point” in Figure 11 at pK, = —1.7
can be assigned as the rate constant for hydronium ion
catalysis of 1~ to 2, calculated from kcf. This point
deviates by two positive logarithmic units from the
line drawn through the protonated amine and water
points, and has an absolute value, 4.05 X 10 M-!
sec—!, which is roughly equal to the diffusion-controlled
limit for reactions in aqueous solution.?¢ This sug-
gests that the reaction of 1~ with hydronium ion follows
a substantially different path from that of 1- with pro-
tonated amines. Since the pK., of 6 is probably slightly
higher than that of hydronium ion, the proton transfer
in the first step is probably slightly exothermic and
occurs at a diffusion-controlled rate.?® If the inter-
mediate 6 has no appreciable lifetime and breaks down
to product with a rate greater than k_,, then assignment
of the k¢! as rate-determining formation of 6 is reason-
able. Evidence that k, is indeed very large can be ob-
tained by extrapolation of Fedor’s data® for the rate
constants (k) for unimolecular decomposition of a
series of enolate anions (7). A plot of log k. vs. pK. of

o~

|
Y—O—O—CHZCH=CCH3 LN
7
I
Y—@—O" + CH,—CHCCH,

the corresponding phenol forms a slope yielding k. =
1011 sec—! for a pK, of —1.7. The energy barrier in
Figure 10 for the conversion of 6 to 2 is shown as =2
kcal/mol, consistent with a kcf term which reflects rate-

(35) W. P. Jencks, J. Amer. Chem. Soc., 94, 4731 (1972), formulates
this type of argument as a rule for the reverse reaction, stating that
hydroxide ion will not act as a general base catalyst for the nucleophilic
addition of water.

(36) Reference 27, pp 207-211.



determining, diffusion-controlled proton transfer from
H;Ot to 1- to form 6. Such an interpretation seems
much more consistent with the rest of this study than
does postulation of the kinetically equivalent rate-
determining water catalyzed decomposition of 1e.

The fact that the 8-phenoxy enolate anions 7 do not
show general acid catalysis for the formation of enone®
is also consistent with Scheme VIIb, but not VIla.
The energy map in Figure 10 for mechanism VIIb is
altered when the leaving group is phenoxide rather than
hydroxide ion so as to favor passage through the upper
left-hand corner. Since a = 0 for this path, catalysis
of the breakdown of enolate anion would not be expected
to be observable.

The final slopes kaf and kuf, proportional to pro-
tonated amine and hydronium ion, respectively, rep-
resent general acid catalysis of the conversion of inter-
mediate to product. Two possible, kinetically equiva-
lent, mechanisms for these terms are shown in Scheme
VIII. Scheme VIlla postulates general-base abstrac-

Scheme VIII

fast + fast
(al &= 1le + BH &= B + 5§ —

+

-+
— BH + 2 + HO

| OH,
B---H
+
fast +
(1 &~ le + BH — , —

HO }
HO
B--H

ast
e 2

4 + HO + B

tion of the enolic proton from 5. As in the analogous
mechanism VIla above, there is presumably little need
for general base catalysis of the removal of this proton
and accordingly this pathway is considered to be un-
likely.

Scheme VIIIb, involving general acid catalysis of re-
moval of hydroxide ion from 1e, is shown in Figure 12.
Substantial energy barriers exist for either of the step-
wise processes involving 1e — 4 or le — 5. A more
favorable path is available through the center of the
energy diagram, consistent with the rough value of «
~ 0.7 for general acid catalysis obtained from a line
drawn through values of log kuf and log kaf plotted vs.
pK.’s. The mechanism shown in Scheme VIIIb ac-
cordingly is assigned to these observed ka' and kuf
terms, with BH* being protonated amine and hy-
dronium ion, respectively. The rate constants in
Table II for the reaction of le with protonated amine
(ks*) or hydronium ion (k;®) were calculated using the
assumed enol content?* and the observed values of
kAf and ka.

The energy barrier of ~6 kcal/mol shown in Figure
12 for the conversion of 5 to 4 plus water was obtained
from k;¥ and the pK. of 5, by assuming that ks_[5] =
k3:H[H3;O*)[1e]. The energy barrier of ~28 kcal in
Figures 9 and 12 for the conversion of 1e to 4 plus hy-
droxide ion was obtained by extrapolation of log ks®
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Figure 12, Energy contour diagram for the conversion, according
to the mechanism in Scheme VIIIb, of enol 1e to 2 in the presence of
a general acid HB* with pK, = 8 at pH 8, Motion of the proton
between BH* and the hydroxyl group is shown on the horizontal
axis, and cleavage of the bond between the 8 carbon and the hy-
droxyl oxygen is shown on the vertical axis, The energy levels of
the corners of the diagram and of the transition states are in kcal/
mol relative to 1 and were calculated as described in the text. The
separation between the lines is 2 kcal/mol. The favored pathway
will be through the center of the diagram consistent with the ob-
served general acid catalysis with o 22 0.7.

and log k;* values to a pK, of 15.7, followed by division
of the second-order rate constant thus obtained by
[HyO] = 55 M (analogously to the determination of
ks from k.H°) to give the desired first-order rate con-
stant.

All of the observed slopes in Table I have now been
assigned to specific mechanisms and the rate constants
involved in those mechanisms have been computed and
listed in Table II. Scheme IX summarizes the entire
Scheme IX

£ HOH" !
by [RN]

k,TH,0™] + ky*[R;NH™]

+1,C
k-, "2O(H;0) :

ko, MRyNHY)
fast 2

B HH,07

£MH,0% +

k_,MR,NH'
le

mechanistic scheme for the dehydration of 1 to form 2.

The evidence for general acid-base catalysis of the
breakdown of intermediate to product amply observed
in this investigation had been found in none of the pre-
vious studies of carbanionic elimination reactions,?
including those involving relatively poor leaving

(37) T.I.Crowell and A. W, Francis, Jr., J. Amer. Chem. Soc., 83, 591
(1961), have observed general base-catalyzed addition of water to nitro-

styrenes to give stabilized carbanions, in an example of the reverse
reaction.
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groups.>781011  In all’81.1! but one of those studies,
no attempt was made to study changes in rate with
varying buffer concentrations, so that such catalysis
could not have been detected. However, in Fedor’s
study® of the loss of methanol from 3-methoxy ketones,
the rate depended only on hydroxide ion concentration
and not on the concentration of amine buffers. We
have no explanation for the discrepancy between
Fedor’s observations and those presented here. Our
observations of the importance of general base catalysis
for the formation of carbanionic intermediate and of
general acid catalysis of expulsion of hydroxide ion
from that intermediate are consistent with the mech-
anism proposed for the action of B-hydroxydecanoyl
thioester dehydrase. %18

Experimental Section

Materials. 9-Hydroxy-10-methyl-cis-decalone-2 (1) was pre-
pared by the method of Marshall and Fanta.?s 1,1,3,3,8,8-Hexa-
deuterio-9-hydroxy-10-methyl-cis-decalone-2 (1-C,-d?) was pre-
pared by oxidation of 1,1,2,3,3,8,8-heptadeuterio-2,9-dihydroxy-10-
methyl-cis-decalin, which was obtained as previously described.!
To a solution of 0.62 g (3.35 mmol) of this labeled diol in 30 ml of
reagent grade acetone was added 1.0 ml (8.0 mmol) of 8 N Jones
reagent® at room temperature. After 15 min the reaction mixture
was poured into 150 ml of a 5% aqueous KHCO; solution, which
was then extracted with four 30-ml portions of ether. The extracts
were combined, washed with 20 ml of saturated aqueous NaCl
solution, dried over MgSQ., and evaporated to yield a solid residue
which afforded, after recrystallization from 1:1 ether-hexane, 0.40
g (66%) of 1-Cy-dy, mp 119-120°; ir (KBr) 2.94, 4.5-4.8, and 5.86

Liquid amines used as catalysts were purified either by two re-
crystallizations of the hydrochloride from 1:1 methanol-1-pro-
panol, or by distillation twice from barium oxide directly before
use. The solid amines, imidazole and 1,4-diazabicyclo[2.2.2]-
octane, were purified by recrystallization twice from ether.

Apparatus. A Unicam SP 800B spectrophotometer equipped
with an automatic cell changer and timed by a Cary 1116100 pro-
gram timer was used to obtain data on four runs simultaneously.
The temperature within the cuvettes was maintained at 25.0 &= 0.1°
by circulating water with temperature controlled by a P. V. Tamson
bath through the cuvette housing, A Cary 14 spectrophotometer,
similarly equipped, was used for ultraviolet wavelength scans and for
the experiments involving the very slow reaction of 1 at pH’s near
neutrality, which necessitated special procedures. A 10-cmsilica cell
was constructued so that a magnetic stirring bar could be placed in
its bottom and a pH meter electrode fitted into its top, within the
cell compartment of the Cary 14, This arrangement allowed both
stirring of the reaction mixture and constant monitoring of the pH
during the reaction, while the cell remained sealed to prevent CO,
absorption. Measurements of pH were made with a Radiometer

(38) A. Bowers, T. G. Halsall, E, R. H Jones, and A. J. Lemin,
J. Chem, Soc., 2548 (1953),
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Model 26 pH meter equipped with a GK2302C combination elec-
trode.

Kinetics. The methods used to obtain konsq values for the forma-
tion of 2 from 1 were identical with those previously described! for
the conversion of keto acetate 3 to 2, except as follows. For a series
of kousa values obtained by varying amine concentration at con-
stant pH, it was desirable to correct for small differences in kopsa
values caused by unavoidable minor variations in pH. This was
accomplished by correcting all kobsq values obtained in such a series
by choosing a hydroxide ion concentration, [OH"].o;, and using the
expression

kobsd cor = kobsd uncor (fOH[OH_]obsd - fOH[OH_]cor)

The value of fog[OH~] was computed from eq 3, using the rate
constants in Table I. The values of k. In this paper which are
part of a series at a specified pH are all £obsd cor values.

The rates of dehydration of 1 in unbuffered aqueous solution
near neutrality were obtained using relatively concentrated solu-
tions of 1 (~3 X 102 M) in doubly distilled water which had been
boiled just prior to use. The solution within the 10-cm cell de-
scribed above was stirred magnetically, and the pH of the solution
was continually monitored with the pH meter electrode inserted
in the solution. A seal was obtained between the electrode and the
neck of the cell by use of a neoprene ring and Parafilm. The de-
sired pH for each run was obtained by the appropriate addition of
several drops of dilute NaOH solution, followed by sealing of the
system, and measurement of pH after waiting 1 hr for the hydra-
tion of any CO, present. The absorbance reading at 247 nm was
then taken at intervals of 30-60 min, and koneq was computed using
the first reading as 4o. The pH control was excellent and drifts of
less than 0.1 pH unit were obtained in each case after the initial sta-
bilization period. Since the A4, at these concentrations of 1is high
(A42%7 ~ 500), less than 0.19 of the reaction was observed. The
substantial absorbance of ketol 1 at these concentrations was as-
sumed to be constant throughout the run.
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