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Abstract: The enol isomer of isobutyraldehyde was generated in aqueous solution by reaction of its lithium and ,potassium 
enolates with water and of the trimethylsilyl enol ether with fluoride ion, and rates of ketonization of the enol were measured 
in HCl, DCl (in D2O), and NaOH solutions and in CNCH2CO2H, HCO2H, CH3CO2H, CH2ClPO3H-, and H2PO4" buffers. 
Rates of enolization of isobutyraldehyde were also determined, by iodine scavenging, in HClO4 and NaOH solutions. The 
reaction rates in HCl and NaOH give two independent estimates of the keto-enol equilibrium constant for isobutyraldehyde 
in aqueous solution at 25 0C, which are in good agreement with each other and whose average is KE = (1.37 ± 0.09) X 10-4, 
pKE = 3.86 ± 0.03. The ketonization rates in NaOH solution also provide an estimate of the acidity constant of isobutyraldehyde 
enol ionizing as an oxygen acid, ATa

E = (2.37 ± 0.14) X IO-12 M, pAfa
E = 11.63 ± 0.03, which, when combined with KE, gives 

the acidity constant of the keto form of isobutyraldehyde ionizing as a carbon acid, K^ = (3.23 ± 0.29) X 1O-16 M, pK^K 

= 15.49 ± 0.04. The ketonization reaction in buffer solutions shows both general-acid and general-base catalysis, consistent 
with two parallel reaction paths involving rate-determining /3-carbon protonation of both enol and enolate ion. Analysis of 
the data in terms of this scheme shows enolate to be 108 times more reactive than enol. Arguments are advanced to the effect 
that all of the present data are consistent with stepwise reaction mechanisms and do not require a concerted reaction path. 

The equilibrium between simple monofunctional aldehydes and 
ketones and their enol isomers, eq 1, is generally quite mobile, 
and its position usually favors the carbonyl isomer quite strongly. 
This has made direct observation of simple enols difficult and has 
hampered the development of their chemistry. 
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Simple enols can, however, be produced in greater than 
equilibrium proportions by, for example, the rapid reaction of alkali 
metal enolates with water, eq 2. The isomerization of enols to 
their keto tautomers may, moreover, be slowed markedly by an 
appropriate selection of double-bond substituents.1 We have 
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shown, for example, that the enol of isobutyraldehyde can be 
generated in aqueous solution from lithium isobutyraldehyde 
enolate and that its conversion to isobutyraldehyde in that medium 
is sufficiently slow to allow rate measurements by conventional 
or stopped-flow methods.2 In this paper we describe that work, 
which was published before only in preliminary form, in full. We 
also show that this enol can be produced in aqueous solution from 
its potassium salt as well as by reaction of its trimethylsilyl ether 
with fluoride ion, eq 3. We also report measurements of the rate 
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(1) (a) Hart, H. Chem. Rev. 1979, 79, 515-528. (b) Toullec, J. Adv. Phys. 
Org. Chem. 1982, IS, 1-77. (c) Nugiel, D. A.; Rappaport, Z. J. Am. Chem. 
Soc. 1985, 107, 3669-3676. 

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

of enolization of isobutyraldehyde, determined by iodine sca
venging, which, when combined with our rates of ketonization, 
provide the keto-enol equilibrium constant for this system in 
aqueous solution. Our rate measurements in basic solution give 
a value of the acidity constant of isobutyraldehyde enol ionizing 
as an oxygen acid, and that, in combination with the keto-enol 
equilibrium constant, provides the acidity constant of isobutyr
aldehyde ionizing as a carbon acid. 

Experimental Section 
Materials. Isobutenyl trimethylsilyl ether was prepared from iso

butyraldehyde and trimethylsilyl chloride, and it was converted to lithium 
isobutyraldehyde enolate by treatment with methyllithium in tetra-
hydrofuran solution.3 When this method of forming lithium enolates is 
used, triphenylmethane or 2,2'-bipyridine are sometimes employed as 
indicators to determine whether sufficient methyllithium has been sup
plied. We found, however, that triphenylmethane, even at the very low 
concentrations required for this purpose, was not soluble in the essentially 
aqueous solutions formed when small quantities of this lithium enolate 
stock solutions were added to water for kinetic determinations and that 
the suspensions thus formed, through barely discernible as such by the 
naked eye, interfered badly with kinetic measurements. Bipyridyl indi
cator, on the other hand, presented no difficulty; nevertheless, we used 
no indicator most of the time and simply supplied a 10% excess of me
thyllithium to ensure complete formation of the lithium enolate. 

Potassium isobutyraldehyde enolate was made from isobutyraldehyde 
and potassium hydride.4 Metal enolate stock solutions were stored under 
argon in Pierce Reacti vials fitted with Pierce Mininert valves; samples 
for kinetic measurement were withdrawn by hypodermic syringe. Iso
butyraldehyde for kinetic determinations was fractionally distilled under 
argon; all other materials were the best available commercial grades. 
Solutions were prepared by using deionized water, purified further by 
distillation, or D2O (Merck Sharp & Dohme, 99.8 atom % deuterium) 
as received. 

(3) House, H. O.; Gzuba, L. J.; Gall, M.; Olmstead, H. D. J. Org. Chem. 
1969, 34, 2324-2336. House, H. 0.; Gall, M.; Olmstead, H. D. /. Org. 
Chem., 1971, 5(5,2361-2371. 

(4) Brown, C. A. J. Org. Chem. 1974, 39, 3913-3918. 
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Kinetics of Ketonization. Rates of ketonization of isobutyraldehyde 
enol were measured spectroscopically by monitoring the decrease of 
strong absorption due to enol at X = 205-220 nm. Determinations of 
HCl and buffer solutions were made by using a Cary 118C spectrometer 
with the cell compartment thermostated at 25.0 ± 0.05 0C. Aqueous 
acids or buffer solutions contained in 3-mL cuvettes were first allowed 
to come to temperature equilibrium with the cell compartment; reactions 
were then initiated by injecting ca. 1-̂ L portions of stock solution of 
enolate in tetrahydrofuran, or trimethylsilyl enol ether in dioxane, into 
the cuvettes. Final concentrations of enol in the reaction mixtures were 
of the order of 10"4 M. 

Rates of ketonization in sodium hydroxide solutions were too fast to 
be determined by this method, and measurements were therefore made 
by using a Durrum-Gibson stopped-flow spectrometer. Aqueous sodium 
hydroxide solutions were mixed in a 1:1 ratio with an essentially aqueous 
solution of enol in a buffer formed by adding 30 /uL of lithium enolate 
in tetrahydrofuran to 5 mL of 0.004 M aqueous acetic acid. The half-life 
of the enol in this buffer is ca. 15 min, which is sufficient time to load 
the solution into the stopped-flow machine and carry out several rate 
measurements before the absorbance decrease becomes too small to be 
useful. 

Rate data obtained by both of these methods were found to conform 
to the first-order rate law well, and observed rate constants were evalu
ated by linear least-squares analysis of the relationship between In (A -
AJ) and time. 

Kinetics of Enolization. Rates of enolization of isobutyraldehyde were 
measured by using iodine to scavenge the enol as it formed. Determi
nations in HClO solution were done under zero-order conditions with a 
500-fold excess of aldehyde over I2. Reaction solutions also contained 
iodide ion, and measurements were made by monitoring the decrease in 
I3" absorption, either at the absorption maximum, Xn,,, = 350 nm, or at 
the I2-I3

- isosbestic point, X = 470 nm. Solutions containing HClO4,12, 
NaI, and NaClO4 (to keep ionic strength constant at 0.10 M) were first 
allowed to come to temperature equilibrium with the cell compartment 
of the Cary 118C spectrometer; reactions were then initiated by adding 
a known volume of isobutyraldehyde with a calibrated microsyringe 
(Hamilton CR-700-20). Absorbance decreases, -dA/dt, were accurately 
linear over the entire course of the reaction, and first-order rate constants 
were calculated by using either eq 4 for the determinations made at the 

k = {-&A/dt)/e[\\] (4) 

* = {(-(L4/d0/«[Al]Hl +(AV[I-])) (5) 

isosbestic point or eq 5 for those using \max. In these equations, e is the 
molar extinction coefficient of I3" or I3" + I2 (e = 675 M"' cm"1 at X = 
470 nm and i = 26 000 M"1 cm"1 at X = 350 nm),s [Al] is the iso
butyraldehyde concentration, and K is the equilibrium constant for the 
I3" = I2 + I" reaction (K = 1.5 X 10"3 M).5 

Rates of isobutyraldehyde enolization in sodium hydroxide solutions 
were measured under first-order conditions by using a slight excess of I2 

(2-5 X 10"5 M, stoichiometric concentration) over aldehyde (1.5-2.0 x 
10"5 M). The reaction was followed by monitoring either the decrease 
in absorption at X = 260-265 nm or the somewhat stronger increase at 
230 nm; similar results were obtained by the two methods. Reaction 
mixtures were made by first allowing ca. 1.2-mL portions of aqueous 
sodium hydroxide contained in cuvettes to come to temperature equilib
rium with the Cary 118C cell compartment, then adding ca. 6 ^L of 
aqueous I2/I" stock solution ([I2]/[I"] = 0.4-0.7, both stoichiometric 
concentrations), and finally adding ca. 2 ixL of aqueous isobutyraldehyde 
stock solution. Solutions of I2/I" in sodium hydroxide are not stable, but 
blank runs showed negligible decomposition over the times required for 
3-4 half-lives of the enolization reactions. Because of this instability, end 
points were not measured and first-order rate constants were calculated 
by least-squares fitting to an exponential function. 

Concentrations. Values of [H+] and concentrations of other solution 
species needed for the kinetic analyses described below were obtained by 
calculation using literature values of ionization constants for CNCH2C-
O2H,6 HCO2H,7 CH3CO2H,8 CH2ClPO3H-,9 and H2PO4 '10 plus ionic 
activity coefficients recommended by Bates," determined experimentally 
(for CH2ClPO3H" and CH2ClPO3

2-)5 or calculated by the Debye-Huckel 

(5) Harper, E. T.; Bender, M. L. J. Am. Chem. Soc. 1965, 87, 5625-5632. 
(6) Feates, F. S.; Ives, D. J. G. J. Chem. Soc. 1956, 279S-2812. 
(7) Harned, H. S.; Embree, N. D. J. Am. Chem. Soc. 1934, 56, 

1042-1044. 
(8) Harned, H. S.; Ehlers, R. W. J. Am. Chem. Soc. 1933, 55, 652-656. 
(9) Kresege, A. J.; Tang, Y. C. J. Org. Chem. 1977, 42, 757-759. 
(10) Grzybowski, A. K. J. Phys. Chem. 1958, 62, 550-555. 
(11) Bates, R. G. Determination of pH; Wiley: New York, 1973; p 49. 

[Hydrochloric Acid] / IO"2 M 

Figure 1. Relationship between hydrochloric acid concentration and 
observed first-order rate constants for the ketonization of isobutyr
aldehyde enol in aqueous solution at 25 0C: (O) HCl in H2O and (A) 
DCl in D2O. 

equation with an ion-size parameter of 4.5 A (for CNCH2CO2"). 

Results 
Reaction Identification. The essentially aqueous solutions 

formed when lithium or potassium enolates of isobutyraldehyde, 
dissolved in tetrahydrofuran, are added to large excesses of water 
show, at first, a strong absorbance of UV light at X = 200 nm. 
Such absorption is characteristic of carbon-carbon double bonds 
bearing hydroxy or alkoxy substituents, and this initial UV 
spectrum is in fact quite similar to that of methyl isobutenyl ether. 
This strong initial absorbance begins to decrease immediately upon 
formation of these solutions, at rates which depend upon the acidity 
or basicity of the medium; it is eventually replaced by a much 
weaker band with Xn^x = 282 nm. The final spectrum is identical 
with that of isobutyraldehyde; that isobutyraldehyde is formed 
is also evident from the reaction product's NMR spectrum and 
GC retention time, as well as from its 2,4-dinitrophenylhydrazone 
derivative which did not depress the melting point of an authentic 
sample. 

Isobutyraldehyde enol was also generated in aqueous solution 
by the reaction of its trimethylsilyl ether with fluoride ion (eq 3). 
Trialkylsilyl enol ethers are known to produce enolate salts upon 
treatment with fluoride in aprotic solvents, and this reaction is 
in fact a useful synthetic method.12 Trimethylsilyl enol ethers 
also undergo acid-catalyzed hydrolysis in aqueous solution, through 
nucleophilic attack on silicon, to give enols, which then ketonize.13 

When this method of generating isobutyraldehyde enol was used 
here, the trimethylsilyl enol ether was added directly to aqueous 
buffer solutions containing fluoride ion, and the immediately 
ensuing decrease in carbon-carbon double-bond UV absorbance 
was monitored. This decrease could in principle have been due 
to the disappearance of either the silyl enol ether or the enol. The 
fact that rate constants based upon this change agreed well with 
those determined by using enol generated from alkali metal 
enolates shows that the reaction being monitored was in fact 
ketonization of the enol and that conversion of the silyl ether to 
enol is fast in the solutions employed and ketonization is rate-
determining. 

Ketonization Rates. Rates of ketonization of isobutyraldehyde 
enol were measured in hydrochloric acid solutions, both in H2O 
and in D2O; the data are summarized in Table Sl1 4 and are 
displayed in Figure 1. The absorbance change used to follow 
the reaction was large, and kinetic results of good quality could 

(12) Colvin, E. W. Silicon in Organic Synthesis; Butterworths: Toronto, 
1981; pp 218-221. 

(13) Novice, M. H.; Seikaly, H. R.; Seiz, A. D.; Tidwell, T. T. J. Am. 
Chem. Soc. 1980, 102, 5835-5838. 

(14) Supplementary material. See paragraph at end of paper regarding 
availability. 
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Figure 2. Relationship between sodium hydroxide concentration and 
observed first-order rate constants for the ketonization of isobutyr-
aldehyde enol in aqueous solution at 25 0C; each circle represents the 
average of seven to eight separate rate determinations. The insert shows 
these data plotted according to eq 8. 

be obtained; it may be seen in Figure 1 that replicate determi
nations agree with each other well and that observed first-order 
rate constants are accurately proportional to acid concentration. 
Linear least-squares analysis gives the biomolecular rate constants 
kH+ = (5.85 ± 0.11) X 10"1 M"1 s"1 and fcD+ = (2.06 ± 0.02) X 
10"' M"1 s_1, which provide the isotope effect kH*/kD* •— 2.84 ± 
0.06. 

Rates of ketonization of isobutyraldehyde enol were also 
measured in sodium hydroxide solutions. These data are sum
marized in Table S214 and are displayed in Figure 2. They show 
that the ketonization reaction is catalyzed by hydroxide ion at 
low [HO"] but that this catalysis becomes saturated as [HO-] 
is increased. This behavior can be interpreted in erms of a rapidly 
established acid-base equilibrium between enol and hydroxide ion 
followed by rate-determining ketonization of the enolate ion 
through proton transfer to carbon from water, eq 6;215 saturation 

.OH 

HO" 

U 

+ H2O 

+ HO (6) 

of the catalysis then occurs when [HO"] is sufficiently high to 
drive the preequilibrium completely to the right and convert the 
less reactive enol completely to the more reactive enolate. The 
rate law for this process is given in eq 7, in which K^ and K„ are 

= WV^)[HO-] = kJC* 
kobsd - (JT1E/JrJ[H0T] + 1 Jf1E+ [H+] ( 7 ) 

the acidity constant of the enol and the autoprotolysis constant 
of water (and whose ratio ATa

E/ATw is the equilibrium constant for 
the first step) and k0' is the rate constant of the rate-determining 
step. This rate law requires that l/kobsi be a linear function of 
[H+], eq 8, and the insert of Figure 2 shows that the experimental 

l A « t a d - O A o ' ) + [H+]/*0 'tfa
E (8) 

data do conform to this prediction. Linear least-squares analysis 
of the relationship between l/kobsi and [H+] gives slope and 
intercept parameters (Table S2) which lead to the values k0' = 
6.55 ±0.15 s"1 and K* = (2.37 ± 0.14) X 10"12 A/,16pATa =11.63 
± 0.03. 

The pA"a of isobutyraldehyde enol in aqueous solution has not 
been measured before, but the presently determined value is nicely 

(15) (a) Chiang, Y.; Kresge, A. J.; Tang, Y. S.; Wirz, J. J. Am. Chem. 
Soc. 1984, 106, 460-462. (b) Chiang, Y.; Kresge, A. J.; Wirz, J. J. Am. 
Chem. Soc. 1984, 106, 6392-6395. 

(16) This equilibrium constant is a concentration quotient at ionic strength 
= 0.10 M. 
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Figure 3. Relationship between A&ob!d/A[HAj and I H T ' tor the ke
tonization of isobutyraldehyde enol in aqueous H2PO4YHPO4

2- buffer 
solutions at 25 0C: (O) enol generated from lithium enolate, (•) enol 
generated from potassium enolate, and (A) enol generated from tri-
methylsilyl enol ether. 

consistent with a recent estimate, pKa
E = 11.7 ± 1.0, based upon 

free-energy relationships.17 

Rates of ketonization of isobutyraldehyde enol were also 
measured in aqueous buffer solutions of cyanoacetic, formic, and 
acetic acids and of chloromethylphosphonate and biphosphate ions. 
The data, which are summarized in Table S3,14 show both gen
eral-acid and general-base catalysis. The results were analyzed 
according to the reaction scheme given in eq 9, in which keton-

OH O" 

yj ==£= y/ + H+ 

H° 
ization occurs by two parallel reaction paths, one involving 
rate-determining carbon protonation of the enol and the other 
rate-determining carbon protonation of the enolate ion. (This 
scheme is based upon the currently accepted reaction mechanism 
for the enolization of simple aldehydes and ketones,lb'18 which, 
according to the principle of microscopic reversibility, should occur 
by the same mechanism as the ketonization of simple enols.) This 
scheme requires general-acid catalysis for that part of the ke
tonization process occurring through rate-determining protonation 
of the enol and specific hydroxide ion general-acid catalysis for 
ketonization occurring through the enolate ion; the latter will of 
course appear operationally as general-base catalysis. 

The rate law for this scheme, eq 10, predicts that observed 
general-acid catalytic coefficients, determined as slopes of plots 

ôbsd = W H A ] + W K . E [ H A ] / [ H + ] (10) 

of 
ôbsd vs- [HA] at constant [H+], A/^sd/AfHA], will be linear 

functions of [H+]"1, eq 11. This was found to be the case. Figure 
3 shows our most extensively documented example of this behavior, 

(17) Guthrie, J. P.; Cullimore, P. A. Can. J. Chem. 1979, 57, 240-248. 
Guthrie, J. P. Can. J. Chem. 1979, 57, 1177-1185. 

(18) (a) Bell, R. P.; Jones, P. J. J. Chem. Soc. 1953, 88-93. (b) Lienhard, 
G. E.; Wang, T.-C. J. Am. Chem. Soc. 1969, 91, 1146-1153. Toullec, J. 
Dubois, J. E. J. Am. Chem. Soc. 1974, 96, 3524-3532. (c) Hegarty, A. F. 
Jencks, W. P. J. Am. Chem. Soc. 1975, 97, 7188-7189. (d) Albery, W. J. 
Gelles, J. S. /. Chem. Soc, Faraday Trans. 1 1982, 78, 1569-1578. (e) 
Albery, W. J. /. Chem. Soc, Faraday Trans. 1 1982, 78, 1579-1590. 
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A*obsd/A[HA] = kHA + kHA'KE/[H+] (H) 

that for series of H2P04"/HP04
2" buffer solutions of constant 

buffer ratio but varying buffer concentration; in such solution series 
[H+] and [HO-] remain constant, and contributions to kobsd from 
catalysis by these species, and by solvent, are fixed. 

Figure 3 also demonstrates that rates of ketonization of iso
butyraldehyde enol measured with enol generated in three different 
ways are independent of the source of the enol; it may be seen 
that data obtained by using lithium enolate (open circles), po
tassium enolate (filled circle), and isobutyraldehyde trimethylsilyl 
enol ether (triangles) are in good agreement with each other. 

The slope of the line correlating the data of Figure 3 is equal 
to kHA'Kz

E, and since A â
E is known from the rate measurements 

in sodium hydroxide solutions, kHA may be evaluated. The in
tercept of the line in this particular case, however, is zero; 
least-squares analysis gives the value -(0.48 ± 2.65) X 10"2 M"' 
s"1, and kHA therefore cannot be determined. This is because at 
the low acidities of these biphosphate buffers ([H+] = (0.7-12) 
X 10'7M), little if any reaction occurs by direct protonation of 
the enol, and essentially all of it takes place through the enolate 
ion. The same proved to be the case for buffer solutions of 
chlorophosphonate ion and also acetic acid; only in the more acidic 
media provided by formic acid and cyanoacetic acid buffers could 
reaction via direct carbon protonation of the enol be detected. 

The cyanoacetic acid buffers, however, presented another 
problem, for "buffer failure"19 occurred. Cyanoacetic acid is a 
fairly strong acid, and it therefore dissociated to a significant extent 
in the buffer solutions employed; this changed the buffer ratio 
from its stoichiometric value, and the extent of the change in
creased regularly with decreasing buffer concentration. Conse
quently, [H+] dropped significantly along a series of buffer so
lutions of constant stoichiometric buffer ratio but decreasing buffer 
concentration. This variation in [H+] changed the contribution 
to &obsd from catalysis by H+, it also changed the relative amounts 
of reaction occurring through enol and enolate, and that invalidated 
the procedure of obtaining observed general-acid catalytic coef
ficients as slopes of plots of fcobsd vs. [HA] and then analyzing these 
quantities according to eq 11. 

This problem was handled by fitting the data to an expression 
in which [H+] is an additional independnet variable. The complete 
rate law for a reaction scheme such as that of eq 9 involving 
rate-determining protonation of both enol and enolate ion will 
contain terms for each of the three available acids, H2O, H+, and 
HA, reacting with each of the two substrate species. This is shown 
in eq 12, where unprimed rate constants refer to reactions of the 

*obsd = (*o + *H+[H+] + *H A[HA])[H+] / ( [H+] + *.E) + 
(*.' + W [ H + ] + kHA'[HA])KE/([H+] + KE) (12) 

enol and primed rate constants to reactions of the enolate ion; each 
group of three rate constants is multiplied by a fraction, [H + ] / 
([H+] + A:a

E) or RZf(IH+] + KE), which denotes the portion 
of substrate in the enol or the enolate form. This rate law, when 
applied to cyanoacetic acid buffers, can be simplified to eq 13, 

fcobsd = K + W H + ] + W H A ] + k0'K
E/[H+] + 

V * a E + W K a E [ H A ] / [ H + ] (13) 

Table I. Summary of Rate Constants for the Ketonization of 
Isobutyraldehyde Enol in Aqueous Solution at 25 0C 

for in these solutions [H+] » K^ 
"hydroxide ion" term, k0'K*/[H+ 

(=2.4 X 10-12 M). The 
moreover, will make a neg

ligible contribution, for k0'K^ = 1.6 X 10"" M"1 s"1, and values 
of /:H+[H+] may be calculated, since kH* is known from mea
surements made in hydrochloric acid solutions. This leads to eq 
14, in which observed rate constants corrected for hydronium ion 
contributions are related to the two independent variables [HA] 
and [H+]. 

W - WH+] = 
k0 + kK*'K* + W H A ] + W K a E [ H A ] / [ H + ] (14) 

(19) Keeffe, J. R.; Kresge, A. J. Techniques of Chemistry, 4th ed.; Ber-
nasconi, C. F., Ed.; Wiley: New York; Vol. 6, Chapter 10, in press. 

catalyst 

H+ 

D+ 

CNCH2CO2H 
HCO2H 
CH3CO2H 
CH2ClPO3H-
H2PO4 

H2O 

k, M-' 

enol 

5.85 X 10"' 
2.06 X Kr1 

5.72 X 1(T2 

2.2 X 1(T3 

1 S " 1 

enolate 

1.7 X 10s 

1.11 X 106 

1.91 X 105 

8.81 x 10" 
5.08 X 10" 
1.18 X 10~l 

"Ionic strength = 0.10 M. 

Least-squares fitting of the data to this equation gave kohs -
W [ H + ] = (3.75 ± 2.46) X 10~4 + (5.72 ± 0.41) X 10"2[HA] 
- (3.99 ± 1.97) X 10-5 [HA]/[H+]. This result shows that there 
was insufficient reaction through the enolate ion in these fairly 
acidic buffers to determine knA, which is the converse of the 
situation in the more basic biphosphate buffers discussed above, 
where kHA could not be determined. It shows also that the in
teresting quantity k0 + kH'kE = (3.75 ± 2.46) X 10"4 s"1), from 
which an estimate of kH+' might be obtained, was not well-defined 
by these experiments. 

Fortunately, this latter quantity may be evaluated somewhat 
more precisely by measurements made in formic acid and acidic 
acid buffers where it makes a stronger contribution to observed 
rates. In these solutions, buffer failure did not occur, and the data 
were therefore analyzed in the usual way by determining observed 
general-acid catalytic coefficients as slopes of plots of A:obs against 
[HA]. The intercepts of such plots represent reaction through 
all solvent-derived species and contain all of the nonbuffer acid-
containing terms of eq 13, as shown in eq 15. Since the rate 

intercept = k0 + kn*'KE + W H + ] + k0'K
E/[H+} (15) 

and equilibrium constant coefficients of the last two terms of eq 
15 are known, these terms can be calculated, and the remainder, 
^o + W^a E > may be determined from these intercepts. Data 
from five determinations in acetic acid buffers and two in formic 
acid buffers give k0 + k^'KE = (3.93 ± 0.49) X 10"4 s">, which 
is in good agreement with the less precise results obtained from 
cyanoacetic acid buffers. The weighted average of these two values 
is k0 + kH+'K?

E = (3.92 ± 0.48) X 10"4 s"1. 
This quantity could in principle also be determined from in

tercepts measured in the more basic chloromethylphosphonate and 
biphosphate ion buffers. These solutions, however, gave values 
of this quantity which were consistently greater, by factors of 2-4, 
than results obtained from the more acidic carboxylic acid buffers. 
This difference might be an experimental artifact, for buffer 
catalysis in the more basic solutions was very strong and the 
intercepts were only small fractions of overall observed rates. 
Alternatively, the difference could signify incursion of a competing 
reaction which appears only in these solutions. Any such inter
ference, however, would be minor and would have no significant 
impact on the results of this kinetic analysis. 

The quantity k0 + kH*'KE determined above may be used to 
estimate kH+', for A3

 E is known and k0 is likely to make an in
significantly small contribution. This may be shown by estimating 
k0 from the known value of kH* by using the Bronsted relation 
with an exponent a = 0.5, a reasonable value for this system, to 
calculate the ratio k0/kH+. This procedure gives t 0 s 6 X 10"8 

s"1, which is 4 orders of magnitude less than the experimental result 
k0 + kH+'KE = (3.92 ± 0.48) X 10"4 s~'. Elimination of k0 and 
the use of KE = 2.37 X 10"!2 M then lead to W = 1-7 X 108 

M-' s-'. 
The various catalytic coefficients determined by this analysis 

are listed in Table I. They provide two comparisons of specific 
rates for /3-carbon protonation of enol and enolate by the same 
acid; when the acid is hydrogen ion, the enolate reaction is 3 X 
108 times faster than the enol reaction, and when it is formic acid, 
the ratio is 5 X 108. These very large rate differences demonstrate 
the very powerful activating effect of a negatively charged oxygen 
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[ I+ ] / ICr 

Figure 4. Relationship between iodide ion concentration and observed 
second-order rate constants for the iodination of isobutyraldehyde in 
aqueous solution at 25 0C. 

substituent upon electrophilic addition to carbon-carbon double 
bonds. 

Enolization Rates and Keto-Enol Equilibrium Constants. Rates 
of enolization of isobutyraldehyde were measured in dilute per
chloric acid solution by using iodine to scavenge the enol as it 
formed, eq 16. The halogenation of carbonyl compounds under 

H H0"-
> 

Jf + I " (16) 

acidic conditions such as this is sometimes appreciably reversible,20 

and the effect of reversibility is to give an observed rate constant 
lower than the true value for the forward direction. Since the 
rate of the reverse reaction depends upon iodide ion concentration, 
we measured rates of acid-catalyzed iodination at several different 
values of [I-] in order to determine whether reversibility was 
occurring in the present case. 

Rates of iodination were measured at three different values of 
[I"], and at each [T], over a range of concentrations of perchloric 
acid (0.02-0.10 M). The data are summarized in Table S4.14 

Observed first-order rate constants proved to be directly pro
portional to acid concentration, and second-order hydrogen ion 
catalytic coefficients were evaluated by linear least-squares analysis 
of the relationship between kobs and [H+]. As Figure 4 shows, 
these catalytic coefficients did decrease somewhat with increasing 
[I"], showing that this iodination is in fact slightly reversible. The 
data were therefore extrapolated to zero [I"] to give the enolization 
rate consatnt £H

+E = (4-66 ± 0.12) X 10"5 M"1 s"1. This result 
is in reasonably good agreement with a value, /:H+E = (4.95 ± 0.03) 
X 10-5 M"1 s_1, reported before.21 

This rate constant may be combined with the hydrogen ion 
catalytic coefficient for the ketonization reaction determined above, 
A:H+

K = (5.85 ± 0.11) X 10"' M-1 s"1, to calculate the isobutyr
aldehyde keto-enol equilibrium constant, KE, according to the 
relationship KE = fcH+E/A:H+K. In doing this, however, it is nec
essary to take into account the fact that isobutyraldehyde is in 
rapid equilibrium with a significant amount of aldehyde hydrate 
and that the measured enolization rate constant therefore refers 
to an initial state which is an equilibrium mixture of aldehyde 
and hydrate, eq 17. Fortunately, the hydration equilibrium 

OH 

OH 
H y 

OH 

(17) 

constant for isobutyraldehyde has been determined accurately,22 

(20) Bell, R. P.; Gelles, E. Proc. R. Soc. London A 1952, 210, 310-322. 
(21) Talvik, A. J.; Hidmaa, S. O. Org. React. (N.Y., Engl. Transl.) 1968, 

5, 121-125. 

and the necessary correction can easily be made. The result, KB 

= kH+H\ + Kh)/kH*K = (4.66 ± 0.12) X 10"5(1 + 0.600)/(5.85 
± 0.11) X 10"1 = (1.27 ± 0.04) X 10-4, is the keto-enol equi
librium constant for this system referred to an initial state con
sisting of free aldehyde only. 

Rates of enolization of isobutyraldehyde monitored by iodine 
scavenging were also measured in sodium hydroxide solutions. 
Three sets of determinations, each over a range of hydroxide ion 
concentrations ([HO-] = 0.02-0.10 M), were made; the data are 
summarized in Table S5.14 

Analysis of these data must also take into account the aldehyde 
hydration reaction plus an additional rapid equilibrium involving 
ionization of the hydrate, eq 18, which occurs to a significant extent 

PH K- \ /°" 
\ { +HO" zr^ y—( + H5O (18) 

OH OH 

at the hydroxide ion concentrations used here. Once again, a good 
value of the equilibrium constant is available, Kh- = 1.03,22 and 
the correction can readily be made. Since this correction depends 
upon [HO"], eq 19, and since [HO"] was varied in these sets of 

fccorr = *obsd!l + * h ( l + Kh- [H(T] ) I (19) 

rate measurements, the correction was applied to individual values 
of observed first-order rate constants. The rate constants so 
corrected proved to be accurately proportional to [HO -], and 
second-order hydroxide ion catalytic coefficients were obtained 
by linear least-squares analysis. The three sets of determinations 
gave three values whose average is kH0

 E = (1.42 ± 0.11) X 10"1 

M"1 s"1. 
The immediate product of the hydroxide ion catalyzed enoli

zation reaction is enolate ion, but this can be converted to enol 
by a rapidly established equilibrium whose equilibrium constant 
is equal to the autoprotolysis constant of water divided by the 
acidity constant of the enol, eq 20. Since the overall reaction 

HO" t-y + H5O 

\ °H 

V = / + HO" (20) 

is the keto-enol interconversion, it follows then that the keto-enol 
equilibrium constant, KE, is equal to the ratio of rate constants 
for the first step of eq 20 multiplied by the equilibrium constant 
for the second, as in eq 21. All of the quantities on the right-hand 

Kf = (21) 

side of eq 20 are now known, and KE can therefore be evaluated. 
The result, KE = (1.46 ± 0.14) X 10"4, is in good agreement with 
the value obtained above from measurements made in acid so
lutions, KE = (1.27 ± 0.04) X 10"4. The average of these two 
determinations is ATE = (1.37 ± 0.09) X 10"4, pKE = 3.86 ± 0.03.16 

This quantity has not been measured directly before, but recent 
approximate estimates have put it at pKE — 2.8 ± l.l;17 the 
agreement between this and our empirically founded result shows 
that the assumptions upon which these estimates were based are 
not unreasonable. 

The two equilibrium constants which our investigation has 
determined, KE and K^, constitute two legs of a thermodynamic 
cycle whose third step is the ionization of isobutyraldehyde as a 
carbon acid, eq 22. The equilibrium constant for this third leg, 
K^K, may therefore be calculated from the known values of KE 

and ATa
E. The result is /sTa

K = (3.23 ± 0.29) X 10"16 M, pATa
K = 

15.49 ± 0.04. 

Discussion 
The results obtained here show that the ketonization of iso

butyraldehyde enol is an acid-catalyzed reaction, that the form 

(22) Green, L. R.; Hine, J. J. Org. Chem. 1973, 38, 2801-2806. 
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OH 
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0" 

y=/ + H+ 

of the catalysis is general acid, and that the hydrogen ion catalyzed 
process has a considerable kinetic isotope effect, kH*/kD+ = 2.8. 
This evidence suggests a reaction mechanism in which proton 
transfer occurs in the rate-determining step. A simple scheme 
consistent with this idea involves slow proton transfer from the 
catalyzing acid to the /3-carbon atom of the substrate followed 
by either rapid proton loss from the hydroxy carbocation so formed 
to give aldehyde or rapid reaction of this cation with water to give 
aldehyde hydrate, eq 23. Both aldehyde and aldehyde hydrate 

H A + ) = / —K + y J (23) 

are present in comparable amounts in an aqueous solution of 
isobutyraldehyde, and the hydration-dehydration equilibrium is 
set up several orders of magnitude more rapidly than the keton-
ization reaction occurs.22 

This reaction mechanism is similar to the currently accepted 
scheme for the hydrolysis of simple vinyl ethers, which, on the 
basis of similar evidence, is also considered to occur by rate-de
termining protonation of the substrate at the /3-carbon, eq 24.23 

,OR OR+ 

- H + 

,OR 

1OH 

HA + s=-' — - —U - ^ r < — - — u + HOR 

" H OH 
(24) 

The similarity extends to an order of magnitude likeness in rate 
constant, kH+ = 0.59 M"1 s""1 for the ketonization of isobutyr
aldehyde enol and kH* = 0.025 M"1 s"1 for the hydrolysis of 
isobutenyl methyl ether,24 and to a remarkable coincidence of 
isotope effect, kH+/kD+ = 2.84 ± 0.06 determined here for the 
ketonization of isobutyraldehyde enol and fcH+/£D+ = 2.78 for a 
vinyl ether of the same reactivity as isobutyraldehyde enol, pre
dicted from a correlation of isotope effects with reaction rate.23b 

A modest difference in kH* is to be expected for the enol and the 
vinyl ether reacting by the same mechanism,15b,2S for a hydroxy 
group is known to be better than alkoxy at stabilizing adjacent 
positive charge in dilute aqueous solution.26 The coincidence of 
isotope effects, however, must be fortuitous, because the enol 
hydroxy group presents an additional exchangeable site not 
available in the vinyl ether which will become deuterated when 
the ketonization reaction is carried out in D2O. 

The influence of this additional isotopic substitution on the 
isotope effect may be assessed by using fractionation factor 

(23) (a) Salomaa, P.; Kankaanpera, A.; Lajunen, H. Acta Chem. Scand. 
1966, 20, 1790-1801. Kresge, A. J.; Chiang, Y. J. Chem. Soc. B 1967, 53-57, 
58-61. Kresge, A. J,; Chen, H. L.; Chiang, Y.; Murrill, E.; Payne, M. A. 
Sagatys, D. S. J. Am. Chem. Soc. 1971, 93, 413-423. (b) Kresge, A. J. 
Sagatys, D. S.; Chen, H. L. J. Am. Chem. Soc. 1977, 99, 7228-7233. (c) 
Okuyama, T.; Fueno, T.; Nakatusji, H.; Fujimoto, J. J. Am. Chem. Soc. 1967, 
89, 5826-5831. Kreevoy, M. M.; Eliason, R. E. J. Phys. Chem. 1968, 72, 
1313-1316. 

(24) Salomaa, P.; Nissi, p. Acta Chem. Scand. 1967, 21, 1386-1389. 
(25) Dubois, J. E.; El-Alaoui, M.; Toullec, J. J. Am. Chem. Soc. 1981,103, 

5393-5401. 
(26) de la Mare, P. B. D. Tetrahedron 1959, 5, 107-115. de la Mare, P. 

B. D.; Newman, P. A. J. Chem. Soc, Perkin Trans. 2 1984, 1797-1802. 
Kresge, A. J.; Chen, H. J.; Hakka, L. E.; Kouba, J. E. J. Am. Chem. Soc. 
1971, 93, 6174-6181. Kresge, A. J.; Mylonakis, S. G.; Sato, Y.; Vitullo, V. 
P. J. Am. Chem. Soc. 1971, 93, 6181-6188. 

{4>2*)\ 

theory.27 This theory expresses kinetic isotope effects as ratios 
of fractionation factors for all exchangeable hydrogenic sites in 
the initial state, 0,IS, to those for all exchangeable hydrogenic sites 
in the transition state, cf>*, kH*/kD* = Trrf^/irfij*. It follows, 
then, that for vinyl ether hydrolysis, eq 25, kK*/kD* = /3/(02*)20i*> 
whereas for enol ketonization, eq 26, kH+/kD+ = P<fit

is/ 
i*03*. The value of the transition-state fractionation factor 

(25) 

I * 

Lfi+ + = 
»+ 

L 2 O - L - -

»+ 

f* =JJ 

V *i* 

PL 

L3O+ + = / 

8+ 
.OL 

(26) L2O L--

t ! 

for the hydrogen undergoing transfer, 0,*, as well as that for the 
hydrogens in the secondary position, 02*, will t>e governed by the 
extent of proton transfer at the transition state, which should be 
similar for vinyl ether and enol substrates of the same reactivity; 
4>i* and 02* can therefore be expected to be the same for the two 
systems when a comparison is made on the basis of the same 
reaction rate. The fractionation factor for the hydrogen of the 
enol hydroxy group in the initial state, 0,IS, moreover, is likely 
to be unity. This leaves 03* in the expression for the isotope effect 
on the ketonization reaction as the only significant difference 
between the two isotope effect expressions. This fractionation 
factor, 03*, will have a value significantly lower than unity because 
the hydrogen to which it refers is bound to an oxygen atom which 
is taking on positive charge: whereas fractionation factors for 
hydrogens in uncharged O-L bonds are unity, those for the hy
drogens in positively charged O-L bonds are lower; e.g., the 
fractionation factor for the hydronium ion, /, is equal to 0.69. This 
analysis thus predicts that the isotope effect for enol ketonization 
will be significantly greater than that for vinyl ether hydrolysis. 
Such a difference has in fact been observed; kH+/kD+ = 4.8 has 
been measured for the ketonization of acetaldehyde enol,28 whereas 
kH+/kD+ = 3.1 is predicted for the hydrolysis of a vinyl ether of 
the same reactivity. 

Because this expected difference is not found in the present case, 
there must be another factor operating here which reduces the 
observed isotope effect on enol ketonization and brings it into 
coincidence with the value expected for vinyl ether hydrolysis. This 
offsetting factor could be produced by a steric effect of the two 
i3-methyl groups in isobutyraldehyde enol; these groups might 
stiffen the bending vibrations of the hydrogen being transferred 
in the transition state, thus increasing the isotopically sensitive 
zero-point energy of the transition state and making the isotope 
effect smaller than it would otherwise be. An argument of this 
kind was recently advanced to explain the observed lowering of 
kinetic isotope effects on the hydrolysis of ketene acetals having 
bulky groups in the /3-position.29 

It has been suggested, on the other hand, that the larger than 
expected isotope effect on the ketonization of acetaldehyde enol 
is evidence for a difference in reaction mechanism between enol 
ketonization and vinyl ether hydrolysis and that ketonization in 
fact occurs by a concerted process in which the enolic hydroxy 
group proton is lost in the same reaction step as another proton 
becomes bound to the /3-carbon atom, eq 27.28 

An additional argument for different mechanisms for enol 
ketonization and vinyl ether hydrolysis was made on the basis of 
a difference in solvent effects on the two reactions.28 It was found 

(27) Kresge, A. J. Pure Appl. Chem. 1965, 8, 243-258. Schowen, R. L. 
Prog. Phys. Org. Chem. 1972, 9, 275-332. 

(28) Capon, B.; Zucco, C. J. Am. Chem. Soc. 1982, 104, 7567-7572. 
(29) Kresge, A. J.; Straub, T. S. J. Am. Chem. Soc. 1983,105, 3957-3961. 
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HA + 
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A--

8+ 
- H - - B 

-JT HB (27) 

that a change in reaction medium from pure water to 60-70 mol 
% aqueous dimethyl sulfoxide produced a 50-fold depression in 
n the rate of hydrolysis of ethyl vinyl ether, which is reminiscent 
of the behavior of A-I reactions, whereas the same solvent change 
produced a much smaller, only 4-fold, depression in the rate of 
ketonization of acetaldehyde enol, reminiscent of the behavior of 
A-2 reactions. 

Such a difference in solvent effect, however, might be expected 
even if ketonization and vinyl ether hydrolysis were both occurring 
by the same stepwise mechanism. The difference in behavior of 
A-I and A-2 reactions30 has been rationalized in tt erms of dif
ferential solvation of reactants and transition state,30b using ar
guments similar to those now employed to explain differences in 
various concentrated-acid acidity functions. In both A-1 and A-2 
reactions, rapid protonation of the substrate by hydronium ion 
is followed by rate-determining reaction of the substrate conjugate 
acid, but in the A-I process this rate-determining step is uni-
molecular, whereas in the A-2 process it is a bimolecular attack 
of water in which the water molecule is taking on positive charge. 
There is thus a greater difference in the number of positively 
charged O-H bonds, which are the principle sites for solvational 
stabilization, between the initial-state hydronium ion and the 
rate-determining transition state in the A-I process than in the 
A-2 process; the A-I process will consequently experience the 
greater solvent effect. A similar difference in the balance of 

positively charged O-H bonds between initial and transition states 
exists for vinyl ether hydrolysis and enol ketonization proceeding 
by a stepwise mechanism, for the enol has an O-H bond not 
present in the vinyl ether. The solvent effect on vinyl ether 
hydrolysis should therefore be stronger than the solvent effect on 
enol ketonization, even if both reactions occur by the same stepwise 
mechanism. 

A concerted reaction mechanism for the ketonization of enols 
of course implies a concerted mechanism for the reverse process, 
the enolization of carbonyl compounds. It has been known for 
some time that the rate law for the enolization of acetone contains 
a third-order term18a'c,d'31 and that this third-acid term very 
probably represents a concerted reaction path; a similar term has 
recently been detected in the enolization of cyclohexanone.32 It 
is believed, however, that, at least in the case of acetone, the 
concerted mechanism is of minor importance.lb,18a,c,e'33 
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Transannular Bond Formation between the Amino and the 
Sulfonio Groups in 
6,7-Dihydro-6-methyl-5i/-dibenzo[6,g][l,5]thiazocinium Salts. 
The First Example of a Sulfurane with an Apical Alkyl Group 
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Abstract: A series of S-substituted 7V-methyl-6,7-dihydro-5//-dibenzo[t,g][l,5]thiazocinium salts (5a-e) have been prepared 
from the S-chloro derivative (5e), which was obtained from the corresponding sulfoxide (6) and thionyl chloride. An excellent 
linear relationship is observed between the 1H and the 13C NMR chemical shifts of the A'-methyl group and Hammett's am 
substituent constants at the sulfur. The structures of 5a-e have been shown to be ammoniosulfuranes with a distorted 
trigonal-bipyramidal geometry around the sulfur atom. The nitrogen atom lies well within the sum of the van der Waals radii 
of N and S, and the N-S distance (2.10-2.50 A) shortens according to the increase of electron-withdrawing character of the 
substituent on the sulfur atom. Additional evidence for (methylammonio)sulfurane (5a) came from the low reactivity (1/1300) 
of transmethylation to pyridine compared with its related diphenylmethylsulfonium tetrafluoroborate (11). In connection with 
transmethylation of S-adenosylmethionine, intramolecular interactions between the amino and sulfonio groups are discussed 
for some methylsulfonium salts (5a, 13, 14, and 16) in which the nitrogen base (amino or pyridyl group) is substituted at the 
side chain. 

In the last decade, many kinds of sulfuranes (1) have been 
synthesized and most of the stable isolable ones share the feature 

of a five-membered ring linking an apical electronegative group 
and an equatorial aromatic ring carbon on the sulfur.1 Not-
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