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therefore take place at the exacyclic methylene to give derivatives
of methylcyclopropane. However, m complexes can also react with
nucleophiles by attack at a basal carbon atom, as in the second
step in electrophilic addition to olefines; e.g. A corresponding

+
X
T

X

attack on the = complex corresponding to 1 can give a 3-butenyl
derivative; e.g.

There is therefore no need to postulate rearrangement of 1 or 3
to the classical ion (7) in order to account for the formation of
such products. This represents an example where the w-complex
description of nonclassical carbocations is clearly superior to the
“dotted line” representation,

Summary and Conclusions

The calculations reported here seem to account in a very sat-
isfactory manner for the experimental evidence concerning the
C.H;* system. MINDO/3 predicts both cyclopropylcarbinyl

cation (1) and a modified form (3) of the cyclobutyl cation to be
minima on the potential surface and also for the experimental
evidence concerning their structures and interconversion. These
results indicate once more the value of MINDO/3 in studies of
reactions of carbocations and emphasize the inadequacy of other
than “state-of-the-art” ab initio methods in this connection. The
structures calculated for 1 and 3 are shown to conform to current
qualitative ideas concerning molecular structure, and the calcu-
lations also account for the isomerization of cyclopropylcarbinyl
and cyclobutyl derivatives to 3-buten-1-yl derivatives. This is
without any need to postulate prior isomerization of the cyclo-
propylcarbinyl or cyclobutyl cations to the 3-buten-1-yl cation,
which is predicted by MINDO/3 to rearrange without activation
to the 3-buten-2-yl cation, as might indeed have been expected
on general grounds.

A detailed analysis of the results of the calculations for 1 and
3 has also led to reasonable descriptions of their structures in terms
of current qualitative theory. 1 is best represented as a = complex,
formed by ethylene as donor and vinyl cation as acceptor, while
3 has a curous “nonclassical” structure which can be interpreted
in terms of bonding known to occur in other nonclassical species.
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Abstract: Acetophenone enol has been generated by Norrish type II photoelimination of y-hydroxybutyrophenone, and its
rate of ketonization has been measured in dilute aqueous HCI solutions. These data, in combination with the specific rate
of acid-catalyzed enolization of acetophenone, give a value of the keto—enol equilibrium constant which is in good agreement
with another result based upon enolization and ketonization rate constants measured in NaOH solutions. The average of these
determinations gives pKg = 7.90 & 0.02. This, when combined with the known acid-dissociation constant of acetophenone
enol, leads to pK,X = 18.24 % 0.03 for the acidity constant of acetophenone ionizing as a carbon acid. The present results
allow an estimate of the specific rate of proton transfer from H;O* to the 8-carbon atom of acetophenone enolate ion, k =
(4.2 £ 1.2) X 1019 M1 571, which is so great as to suggest that this reaction occurs through proton transfer down hydrogen-bonded

solvent bridges between acid and substrate.

Simple enols have long been of interest because they are es-
sential intermediates in a number of important chemical and
biological reactions, and also because they have a fascinating
chemistry of their own.! Elucidation of this chemistry, however,
has been impeded by the thermodynamic instability of simple enols,
and also by the speed with which they revert to their keto tau-
tomers.

We have recently shown that these difficulties may be overcome
by the use of modern flash-photolytic methods.? 1t is well-known

T University of Toronto.
! University of Basel.

that Norrish type II photoelimination of structurally appropriate
carbonyl compounds produces enols,’ and the subsequent reactions
of enols so generated may be monitored by rapid spectroscopic
techniques. We have already reported our use of these methods
to generate the enols of acetophenone, eq 1,2% and acetone® in

(1) For a recent review, see: Hart, H. Chem. Rev. 1979, 79, 515-528.

(2) (a) Haspra, P.; Sutter, A.; Wirz, J. Angew. Chem. 1979, 91, 652-653;
Angew. Chem., Int. Ed. Engl. 1979, 18, 617~619. (b) Chiang, Y.; Kresge,
A.J,; Tang, Y. S.; Wirz, J. J. Am. Chem. Soc. 1984, 106, 460-462.

(3) McMillan, G. R.; Calvert, J. G.; Pitts, J. N., Jr. J. Am. Chem. Soc.
1964, 86, 3602-3605. Wagner, P. J. Acc. Chem. Res. 1971, 4, 168-177.
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basic solution and our measurements of their rates of ketonization
in that medium. In this paper we describe companion experiments

UOH oH . OH
L . —
Ph Ph
OH OH
/g + H/ (1
Ph

on acetophenone in aqueous acids. The results of this work, when
combined with data we obtained before?® plus specific rates of
enolization measured here by halogen scavenging, provide the first
reliable, absolute value of the keto—enol equilibrium constant for
acetophenone in aqueous solution. This results, together with the
known acid-dissociation constant of acetophenone enol,? also leads
to the first accurate value of the acidity constant of acetophenone
ionizing as a carbon acid in a wholly aqueous solvent.

Experimental Section

Materials. y-Hydroxybutyrophenone was prepared from $-benzoyl-
propionic acid according to the method of Ward and Sherman* as
modified by Wagner and Kemppainen.® All other materials were best
available commercial grades.

Flash Photolysis. The kinetic flash-photolysis system was of conven-
tional design.® The excitation flash of 20-us width at half-height was
produced by an electrical discharge of 1000-J energy through two parallel
quartz tubes of 16-cm length and 1-cm diameter which were maintained
at a reduced air pressure of ca. 6 kPa. A stabilized xenon arc (Osram
XBO 250 W/4, Suprasil quartz) was used as a source of monitoring light;
this was passed through the 10-cm sample cell and a monochromator with
2-nm resolution and was detected by an EMI 9658 B photomultiplier.
The signal from the photomultiplier was captured by a Datalab DL 905
transient recorder, passed to a computer, and analyzed by least-squares
fitting to a single exponential. Aqueous solutions of y-hydroxybutyro-
phenone (10* M) were prepared immediately before use and were ex-
posed to no more than two flashes each. The decay kinetics of aceto-
phenone enol (acidic solutions) and enolate ion (basic solutions) were
monitored at 270 and 300 nm, respectively. Degassing the samples to
less than 0.1 Pa by the freeze—thaw technique had no significant effect
on the intensities or decay kinetics of the transient absorptions.

Enolization Kinetics, Rates of enolization of acetophenone in sodium
hydroxide solutions were determined through bromine scavenging by
monitoring the OBr™ absorbance at A 330 nm. Measurements were
made with a Cary Model 118C spectrometer with the cell compartment
thermostated at 25.0 £ 0.05 °C. Initial concentrations of acetophenone
were 1 X 10 M, those of OBr~ were 3 X 102 M, and those of NaOH
were 3~9 X 1072 M; under these conditions the reaction is a pseudo-
first-order process. Initial absorbances were of the order of 1.0 and final
values about 0.9, indicating a bromine:ketone stoichiometry of 3:1. With
the spectrometer operating in a zero-suppression mode (4 = 0.9-1.0 full
scale), good accuracy could be obtained, and the data were found to
conform to the first-order rate law precisely. Observed rate constants
were evaluated by linear least-squares analysis of the relationship between
In 7(A - A.) and time; replicate values agreed within 1-2% (see Table
S27).

Results

Observed first-order rate constants for the ketonization of
acetophenone enol were determined in aqueous HCI over the
concentration range [HCI] = 0.005~0.040 M; ionic strength was
maintained constant at 0.10 M through the addition of NaCl.
These data are summarized in Table S17 and are displayed in
Figure 1. As this figure shows, these rate constants are accurately
proportional to acid concentration; least-squares analysis gave the
hydronium ion catalytic coefficient ky+ = (1.25 £ 0.02) X 103
M1 571 and the intercept ko = 1.9 + 0.5 s7%,

This rate constant for the ketonization of acetophenone enol
(1) is 23 times that for the hydronium ion catalyzed hydrolysis
of methyl a-styryl ether (2),® which is in good agreement with

(4) Ward, H. P.; Sherman, P. D. J. Am. Chem. Soc. 1968, 90, 3812-3817.

(5) Wagner, P. J.; Kemppainen, A. E. J. Am. Chem. Soc. 1972, 94,
7495-7499.

(6) Porter, G. “Techniques of Organic Chemistry”, Part 2; Weissberger,
A., Ed.; Interscience: New York, 1963; Vol. VIII, p 1055.

(7) Supplementary material; see paragraph at the end of this paper.
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Figure 1. Relationship between the hydrochloric acid concentration and
the observed first-order rate constants for the ketonization of aceto-
phenone enol in aqueous solution at 25 °C.
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the ca. 20-fold greater reactivity usually found for enols over the
corresponding vinyl ethers; e.g., 3° is 23 times more reactive than
4% and § is 28 times more reactive than 6.!!
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First-order specific rates of enolization of acetophenone cata-
lyzed by hydroxide ion were determined over the concentration
range [NaOH] = 0.03-0.09 M in solutions whose ionic strength
was maintained at 0.10 M through the addition of NaCl. The
data so obtained are summarized in Table S2.” These observed
rate constants proved to be accurately proportional to base con-
centration, and linear least-squares analysis gave the hydroxide
ion catalytic coefficient kyg- = 0.249 + 0.003 M1 s7! and a zero
intercept ky = —(2.05 £ 1.70) X 1051, This result is in good
agreement with kyo- = 0.244 M1 s7! reported earlier for an
unspecified ionic strength!? and is consistent with kyg- = 0.236
M1 57! determined at an ionic strength of 1 M.!3

Discussion

The equilibrium constant for the isomerization of acetophenone
to its enol, eq 2, is equal to the ratio of enolization to ketonization
rate constants: Kg = kE/kX, This equilibrium constant may

Q . OH
)k = )\ (2)
Ph e

therefore be evaluated from the rate constant for ketonization
catalyzed by the hydronium ion determined here, ky+* = (1.25
% 0.02) X 10* M 571, and the specific rate of enolization catalyzed
by the same species, ky+E. Rates of hydronium ion catalyzed
enolization of acetophenones have been measured by halogen
scavenging,!# but the reaction is slow and these measurements were

(8) Kresge, A. J; Sagatys, D. S.; Chen, H. L. J. Am. Chem. Soc. 1977,
99, 7228-7233.

(9) Chiang, Y.; Kresge, A. J.; Walsh, P. A. J. Am. Chem. Soc. 1982, 104,
6122-6123. '

(10) Salomaa, P.; Nissi, P. Acta Chem. Scand. 1967, 21, 1386-1389.

(11) Capon, B.; Zucco, C. J. Am. Chem. Soc. 1982, 104, 7567-7572.

(12) Jones, J. R.; Marks, R. E.; Subba Rao, S. C. Trans. Faraday Soc.
1967, 63, 111-119.

(13) Aurelly, M.; Lamaty, G. Bull. Soc. Chim. Fr. 1980, 385-388.
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therefore performed in moderately concentrated acids. Deter-
mination of a dilute solution rate constant from such data requires
extrapolation down an appropriate acidity function. The X
function!s seems to be the best currently available quantity for
this purpose,!6 and a recent analysis'“® of both old'“* and new!#®
data for acetophenone with this method gives ky+E = (1.63 £ 0.03)
X 10 M~ s7'17 This leads to Kg = (1.31 £ 0.03) X 1078, pKg

= 7.88 £ 0.01.

Another completely independent estimate of this equilibrium
constant may be obtained from measurements made in basic
solution. In our previous study of the ketonization of acetophenone
enol in basic solutions,” we were able to determine the rate
constant for ketonization through carbon protonation of the enolate
ion by a water molecule, eq 3; that work was done at ambient

o %
o] —
/I\ + Hy0 == + HO (3)
Ph” "7 ph

temperature, but we have now repeated the experiments at 25 °C
and have obtained k;’ = (7.22 £ 0.20) X 10%s71.1® The reverse
of this reaction is hydroxide ion catalyzed enolization of aceto-
phenone, the specific rate constant of which we have determined
in the present study to be kyoF = 0.249 £ 0.003 M1 571, The
ratio of these rate constants is equal to the equilibrium constant
for this reaction, which in turn is equal to the self-ionization
constant of water divided by the keto—enol equilibrium constant
for acetophenone and the acidity constant of acetophenone enol:
ko' /kuot = K,,/(KeK,F). We have previously determined the
latter to be K,E = (4.57 £ 0.26) x 107! for wholly aqueous
solution,? and a combination of this with k" and kyg-F plus the
known value of K,,!° leads to Kg = (1.20 £ 0.07) X 1078, pK =
7.92 £ 0.03.

This result is in excellent agreement with the value obtained
in acidic solutions; the average of the two, Kg = (1.25 & 0.06)
X 1078, pKy = 7.90 £ 0.02, is the best estimate of this constant
for aqueous solution at 25 °C.2!

This value is quite different from results obtained for the
keto—enol equilibrium constant of acetophenone measured by the
classic halogen titration method, pKg = 3.46%2 and 4.72.23 That
method, however, is known to present difficulties when enol
contents become very low.2* Estimates somewhat closer to our
result are provided by several approximate methods which have
been developed recently. For example, pKg = 6.7 £ 1.0 from a
thermodynamic cycle containing an unknown quantity estimated
by using a free energy relationship,?’ and pKy = 6.6 on the as-
sumption that rates of ketonization of enols are equal to rates of
hydrolysis of the corresponding methyl enol ethers;? the latter
was once a seemingly reasonable assumption but is now known
to be not entirely correct (vide supra). Another of these recently
developed methods requires an estimate of a rate constant believed

(14) (a) Zucker, L.; Hammett, L. P. J. Am. Chem. Soc. 1939, 61,
2791-2798. (b) Cox, R. A.; Smith, C. R,; Yates, K. Can. J. Chem. 1979, 57,
2952-2959. (c) Dubois, J.-E.; El-Alaoui, M.; Toullec, J. J. Am. Chem. Soc.
1981, 103, 5393-5401.

(15) Cox, R. A.; Yates, K. J. Am. Chem. Soc. 1978, 100, 3861-3867; Can.
J. Chem, 1979, 57, 2944-2951; 1981, 59, 2116-2124.

(16) Kresge, A. J; Chen, H. J.; Capen, G. L.; Powell, M. F. Can. J. Chem.
1983, 61, 249-256.

(17) A value of 1.22 X 1075 M! 571 is estimated for this rate constant in
ref 14c on the basis of the unverified assumption that the acidity dependence
of this reaction is the same as that of the enolization of acetone.

(18) This is the average of four measurements in 0.10 M NaOH at 25.0
+ 0.2 °C,

(19) Taken as 1.59 X 10714 M2 at ionic strength = 0.10 M on the basis of
activity coefficients recommended by Bates.?®

(20) Bates, R. B. “Determination of pH. Theory and Practise”; Wiley:
New York, 1973; p 49.

(21) This equilibrium constant is made up of quantities measured at, or,
in the case of (H*], calculated for, an ionic strength of 0.10 M; it is therefore
a concentration quotient which refers specifically to ionic strength = 0.10 M.

(22) Gero, A. J. Org. Chem. 1954, 19, 1960-1970.

(23) Novak, M.; Loudon, G. M. J. Org. Chem. 1977, 42, 2494-2498.

(24) See, e.g.: Hine, J. “Structural Effects on Equlibria in Organic
Chemistry”; John Wiley: New York, 1975; pp 279-280.

(25) Guthrie, J. P.; Cullimore, P. A. Can. J. Chem. 1979, 57, 240-248.

(26) Guthrie, P. J. Can. J. Chem. 1979, 57, 797-802.
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to be encounter controlled and gives pKg = 8.15 £ 0.30.1% Al-
though these newer methods provide values which are in good to
moderate agreement with our result, it must be remembered that
they rely on extraempirical assumptions. Our result, on the other
hand, is based completely on experimentally determined quantitites
and is, in that sense, an absolute value.

The good agreement between our result and the last of the
approximate values mentioned above means that the estimate of
the rate constant which this method uses is essentially correct.
Our result allows this rate constant, that for the encounter-con-
trolled reaction of bromine with acetophenone enol, to be fixed
more precisely. Thus, we now obtain k = (2.8 £ 0.2) X 10° M!

, as opposed to the estimate made before, k = 5 X 10° M1 57!
Wthh was considered to be good only to within a factor of 2.14c

The keto—enol equilibrium constant determined here may be
combined with the acid—dissociation constant of acetophenone enol,
which we measured before,” to give the acidity constant of the
ketone ionizing as a carbon acid. The result, K,X = KgK.E = (5.74
%+ 0.42) X 1071% pK, = 18.24 + 0.03,2 is somewhat less than the
value we reported earlier,” but that result was based upon a
keto—enol equilibrium constant?® which is now superseded by the
present work. Our present result does agree with an early estimate
made by using rate—equilibrium relationships, pK,* = 19.2 £ 1.0,
but it is significantly different from pK,X = 15.8 + 1.0 based
upon an indirectly estimated pK,E?® and a value of K¢ measured
by halogen titration.? The present result shows acetophenone
to be a considerably stronger acid in water than it is in dimethyl
sulfoxide solution, for which pK,X = 24.7 has recently been de-
termined;? this is to be expected on the basis of the solvent effect
on the stability of the enolate ion product of this ionization re-
action.

It is interesting that the present measurements of the rate of
ketonization of acetophenone enol in acid solutions show a sig-
nificant uncatalyzed term or “water” reaction: the relationship
between kg and [HCI] extrapolates to the intercept k, = 1.9
% 0.5 s™! at zero acid concentration (see Figure 1). This term
could, in principle, represent reaction by two different stepwise
routes: (1) carbon protonation of the enol by water to give ox-
ygen-protonated acetophenone plus hydroxide ion followed by
conversion of these products to acetophenone and water, eq 4,

OH oH*
+ HO —=
P X Ph

+ HOT &—=

jk + H0 (@)
Ph

or (2) ionization of the enol to enolate ion and a solvated proton
followed by ketonization of enolate by the latter, eq 5.

OH o 0" . 0
T i —
Ph N A Ph

In acid solutions the latter reaction will show an overall zero-order
dependence upon [H;0%], for H30% is produced in the equilibrium
forming the enolate ion and is then consumed in the subsequent
carbon-protonation step. The specific rate of reaction by the route
of eq 4, however, must be very much slower than the observed
value of kg, inasmuch as ky+ for ketonization of the enol is only
1250 M~1s7!; simple application of the Brosted relation with an
exponent of one-half predicts a rate constant for this route of the
order of 107*s™!. All of ko may thus be assigned to reaction by
the route of eq 5. The observed rate constant for this process is
equal to K,Eky+, where ky+ is the specific rate of the second step,
carbon protonation of enolate by H;0*. Since K, is known kH+
may be evaluated as ko/K.E = (4.2 £ 1.2) X 1010 M~!

(27) Bell, R. P. Trans. Faraday Soc. 1943, 39, 253-259.

(28) Novak, M.; Loudon, G. M. J. Am. Chem. Soc. 1976, 98, 3591-3597.

(29) Bordwell, F. G.; Bartmess, J. E.; Hautala, J. A. J. Org. Chem. 1978,
43, 3095-3101.



J. Am. Chem. Soc. 1984, 106, 6395-6401 6395

This is a very large rate constant. Its size shows that the
activating effect which a negatively charged oxygen substituent
exerts upon electrophilic attack of H;O* on carbon—carbon double
bonds is very powerful indeed. This activation is many orders of
magnitude greater than that of a nonionized hydroxyl group, as
shown by the ratio kg+'/ky™ = (3.3 £ 0.9) X 107.

Although this ratio is very large, it is nevertheless an order of
magnitude smaller than those we have observed for other enolate
ion—enol pairs. 3% This suggests that in this case ky is reduced
because the enolate reaction here might be a diffusion-controlled
process, an idea reinforced by the very large value of this rate
constant. This rate constant is, in fact, so great as to imply that
proton transfer occurs via hydrogen-bonded solvent bridges be-
tween the substrate and H;0*. Such a Grotthuss chain mecha-
nism is the accepted mode of proton transfer between oxygen and
nitrogen acids and bases in aqueous solution,*! but it has heretofore
been generally believed that such solvent bridges do not play a
role in proton transfers involving carbon.3?

It is possible, on the other hand, that the uncatalyzed term
observed here is due to reaction by a non-diffusive process, for

(30) Kresge, A. J.; Pruszynski, P., unpublished work.

(31) Eigen, M. Angew Chem., Int. Ed. Engl. 1964, 3, 1-19. Grunwald,
E.; Eustace, D. “Proton Transfer Reactions”; Caldin, E. F., Gold, V., Eds;
Chapman and Hall: London, 1975; Chapter 4.

(32) See, e.g.: Albery, W. 4. “Proton Transfer Reactions”; Caldin, E. F.,
Gold, V., Eds.; Chapman and Hall: London, 1975; pp 289-290.

example, a concerted cyclic proton switch down a chain of water
molecules which moves H* directly from enol oxygen to the
{3-carbon atom in a single reaction step. Another possibility which
retains the general stepwise character of eq 5, but yet avoids
diffusive encounter, involves ionization of the enol and then
protonation on carbon of the enolate ion by the solvated proton
before these ions, once formed, can diffuse apart; a “one-encounter”
mechanism of this kind has been proposed for the corresponding
uncatalyzed term in the ketonization of acetone enol.*®
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Abstract: The characterization of the initial product upon reacting apomyoglobin with hemin is shown to be the holoprotein
with the hemin 1:1 rotationally disordered about the a-v-meso axis. Determination of the rate of equilibrium of the disordered
state as a function of pH and hemin 2,4 substituents has shown that the rate is highly pH dependent with a minimum near
neutral pH and that the relative rates at any pH depend critically on the 2,4 substituent; the slowest rate is observed for native
hemin (2,4-vinyl), the fastest for deuterohemin (2,4-hydrogen), and intermediate for mesohemin (2,4-ethyl). Competitive
reconstitution for two different hemins reveals that the forward rate is independent of the 2,4 substituent, and hemin replacement
reactions yield the relative binding constants for the various hemes. These two sets of data yield the relative dissociation rates
for the various hemes which are shown to be semiquantitatively the same as the heme reorientation rates, indicating that disruption
of the heme cavity is the rate-determining step in the reorientation. However, competition experiments between heme reorientation
and heme replacements reveal that reorientation occurs faster than replacement, dictating that the reorientation occurs by
an intramolecular mechanism, i.e., without leaving a “protein cage”.

Both the equilibrium structure and the mechanism of formation
of myoglobin from heme and apoprotein have long been considered
to be well understood. X-ray studies®* have revealed a highly
folded protein with a unique orientation of the heme and optical
stopped-flow studies.*’ had indicated a single bimolecular reaction
between heme and apoprotein which yielded the native holoprotein
within | ms.

Both of these views have recently been shown to be untenable
on the basis of high-resolution 'H NMR data on sperm whale
myoglobin.%” First, the solution '"H NMR spectrum clearly shows
that there are two slowly interconverting protein forms in solution
at equilibrium which differ in the orientation of the heme by a
180° rotation about the a-y-meso axis®® (Figure 1). The dom-
inant (~90%) component has the same heme orientation as found
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