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ABSTRACT

KETO-ENOL TAUTOMERISM IN 3-DICARBONYLS STUDIED BY
NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

by Jane Louise Burdett

A study of keto-enol tautomerism in f-dicarbonyls has been
made by proton magnetic resonance techniques, Both B-diketone and
B-ketoester molecules of the type RCOCH(R')COR'" have been investi-
gated with substitution of electron withdrawing and donating groups
for R, R*, and R",

Chemical shift measurements have been made for the pure com-
pounds, and the effect of substituents on chemical shifts has been noted.
Separate signals may be seen for the acetyl methyl protons of the enol
and keto tautomers and for the a-protons of each tautomer. Occasionally
the methylene protons of the alkoxy group give different chemical shifts
for the two tautomeric forms. Identification of resonance peaks has
been made possible by varying the tautomeric equilibrium through
change of solvent and, in some cases, by the effect of temperature on
the equilibrium.

The effect of solvent on chemical shifts has been studied and in
most cases such measurements have been extended to give the chemical
shifts at infinite dilution. In general the effect of the solvent is most
pronounced on the keto and enolic a-protons and on the enolic OH proton
which is involved in the intramolecular hydrogen bond. Specifically,
dilution in various solvents has resulted in upfield shifts of the above-

mentioned protons, Benzene represents the principal exception to this
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result, and its behavior has been explained on the basis of complex
formation,

Equilibrium constants have been determined for the pure com-
pounds by integration of the relative areas under the resonance peaks
of enol versus keto tautomers, The effect of substituent on the
equilibrium constant has been noted and discussed., Extensive solvent
studies have been made on the position of equilibrium, and it may be
noted that the nonpolar solvents tend to increase the enolic tautomer,
whereas polar solvents tend to decrease the enolic content,

Long-range spin-spin couplings in both enol and keto tautomers
have been determined. These couplings are in general rather small.

In the enel tautomer the spin-spin interaction between acetyl and a-protons
increases over that in the keto as would be expected when the spin
coupling is across a double bond.

Variable temperature studies have been undertaken, Low and high
temperature effects on the chemical shift are concentrated principally on
those protons involved directly in the equilibrium--the keto and enol
a-protons and the enolic OH proton. High temperatures tend to cause
an upfield shift of these protons and result in negligible shift of other
protons.

The effect of temperature on the equilibrium constants has been
observed. An increase in temperature results in a decrease in the
enolic content. Low temperatures were particularly useful for studying
compounds with low enolic content, but line broadening precluded
extensive measurements,

Where feasible, the enthalpy of tautomerization has been obtained
from the slope of the graph of In([enol]/[keto]) versus 1/T, Finally,

free energies and entropies of enolization have been calculated.
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HISTORICAL REVIEW

Introduction--Nature of the Equilibrium

Keto-enol tautomerism in B-dicarbonyls may be considered as
an equilibrium between keto and enol forms through the anion, as

pictured below:

) =0

R-c"%_cHr'-c"Or" <> R-CP =cr'-c7° o =0

-R" «<— R-C H=-'CR'-C R",
(1)
As early as 1912 the keto-enol equilibrium in these compounds
was studied by Meyer (1) using bromine titration. This method involves

the reaction of the enolic tautomer with bromine, as seen in the following

equations:

Me-C(OH)=CH-COOEt —2X¢> MeCO-CHBr-COOEt (2a)
MeCO-CHBr-COOEt Eot L 5 MeCOCH,-COOEt + Br- + I, (2b)
I, + 25,0, ——> 2I" + S,0, . (2¢)

As stated by Meyer, one of the principal problems associated with this
method involves the fact that during the reaction more enolic tautomer
is formed and the end point is not sharp. For the molecule, R-CO-CHR'-
CO-R'", Meyer noted that the equilibrium is affected by substitution of
various groups for R, R', and R" in Equation (1), The effects of both
solvent and temperature on the equilibrium were observed. Polar sol-
vents tended to decrease enolization, as did increased temperatures (2).
Results are shown in Table I for pure compounds.

Bromine titration has also been used as a measure of the tautomeric

equilibrium by Park et al. (3), Ratnakar (4), Malawski et al. (5),



Table I. Percentage of Enol Tautomer in -Dicarbonyls

Percent Enol

Compound Pure

Liquid Gas Method Reference

Acetylacetone 76 Br, 1

60 IR 30

78 9 2 B r 55

85 NMR 71

81 NMR 23

95 Brz 51

Dibenzoylmethane 100 Br, 1

Ethyl acetoacetate 7 Br, 1

8 46 Br, 55

7 NMR 58

63 Br, 52

Ethyl benzoylacetate 29 Br, 1

Ethyl a-bromoacetoacetate 29 Br, 50

Ethyl n-butylacetoacetate 6 14 Br, 55

-~ 2 Br, 14

Ethyl a-chloroacetoacetate 46 Br, 50

Ethyl ethylacetoacetate 3 Br, 1

3 10 Br, 55

Ethyl methylacetoacetate 3 Br, 1

4 14 Br, 55

Ethyl isopropylacetoacetate 5 6 Br, 55

1 Brz 14

Ethyl n-propylacetoacetate 7 13 Br, 55

Ethyl trifluoroacetoacetate 89 NMR 18

Methyl acetoacetate 5 Br, 1

6 54 Br, 55

3-Methylacetylacetone 30 Br, 1

30 44 Br, 55

l1-Phenyl-1, 3-butanedione 100 Br, 1




Eistert and Reiss (6, 7), Kabachnik et al, (8-12), and Eistert and
Geiss (13). Results from the literature for p-dicarbonyls included
in the present study are given in Table I,

The keto-enol equilibrium is influenced by many factors, and

several of these will now be considered.

Substituent Effects

Meyer (1) noted the effect of various substituents on the tauto-
meric equilibrium. He found increased enolization in the order
OMe < OEt < OH < NHPh < Me < PH < COOR" for R" in Equation (1).
For substitution in the a-position, enolization was decreased with an
alkyl group and increased with an acyl group. However, if the un-
substituted compound is strongly enolized, an acyl group decreases
enolization. He found that bromine in the a-position increased
enolization.

Henecka (14) also found a decrease in enolization with alkyl
a-substitution and explained this on the basis of a disturbance of the
inductive and conjugative effects. He noted further that branching of
the R (or R") [see Equation (1)] alkyl group of a B-dicarbonyl decreases
enolization, which contrasts with the conclusions of Hammond (15),

Hammond has stated that branching of the end group reduces
the keto content compared to acetylacetone (15). With large groups
the carbonyl groups can only be rotated about 90o from the parallel
coplanar configuration seen in Figure 3(a). In cyclic enols there is no
serious interference with even a pair of terminal tertiary butyl groups.
Intramolecular hydrogen bonding is not possible in cyclic f-dicarbonyls
with both carbonyl groups in the ring.

The influence of branching of a hydrocarbon chain on enolization

in derivatives of acetylacetone was studied by Rumpf and La Riviere (16),



and the percentage enol was obtained by bromine titration. Results

are given in Table II. As reported by earlier workers; increased
branching resulted in decreased enolization. The authors have stated

that a-substitution prevents coplanarity not only of the enol,- but also

of the anion. Substitution of a more bulky group in the end position

gave increased ketone form, in disagreement with Hammond et al. (17).
The high degree of enolization in dipivaloylmethane has been explained

by Hammond et al., by the fact that the end groups force the carbonyls
into a position in which electrostatic repulsion is a maximum. Therefore,
the enolic tautomer becomes energetically more favorable.

For a series of 2-phenylacetoacetic acid nitriles substituted in
the 4'-position, Malawski et al. (5), have determined the keto-enol
equilibrium by bromine titration. An electron attracting group in the
4'-position resulted in an increased enolic content, and an electron
withdrawing group in decreased enolic form. This effect must be an
electronic one, since a steric effect is not possible in this position,
according to the authors.

Filler and Naqvi (18) have found by indirect bromine titration and
by nuclear magnetic resonance that fluorine substitution on the acetyl
methyl of ethyl acetoacetate results in increased enolization., The
presence of the fluorine atoms probably makes the enols more acidic,
so that there is increased proton donor capacity and stronger hydrogen
bonding to the ester carbonyl oxygen. These results are shown in

Table IH,

Structure

Dipole Moments. Wolf (19) has determined the dipole moment of

acetylacetone in benzene at 16°C as 2.78 + 0.08 D, Wolf has also calcu-
lated dipole moments for each tautomer in several possible configura-

tions, and these values are reproduced in Table IV, Zahn (20) measured



*
Table II. Effect of Substituents on Enolization in B-Dicarbonyls

Compound K, pKe
CH;COCH,COCH;, 0.24 8.23
CH;COCH,COC,H; 0.19 8.57
CH,COCH,COCH(CH3), 0.09 8.33
CH;COCH,CO[CHCH(CH,),] 0.09 8.88
CH,;COCH,CO(C¢Hs) 0.38 8.12
CH(CH;),-COCH,CH(CH,), 0.08 8.76
CH;COCH(CH,;)COCH;, 0.03 9.2
CH;COCH(C,H;)COCH;, 0.01 < 9.5
CH;COCH|[CH(CH;), |COCH; < 0.003 <10.3
CH;COCH(C¢H;)COCH; 0.09 < 8.3
CH,;COCH(CH,)CO(C¢Hs) < 0.005 < 8.8

*
From Rumpf and La Riviere (16)

**Ke 3 [enol]/[keto]
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Table III. Influence of Halogen Substitution on Enolization in Ethyl
Acetoacetates

Percent Enol

Compound in Pure Liquid Method
Ethyl acetoacetate 6.0 NMR
Ethyl y-fluoroacetoacetate 7.2 NMR
Ethyl v, y-difluoroacetoacetate 53+ 4 NMR
Ethyl v, v, y-trifluoroacetoacetate 89 NMR
Ethyl y-chloroacetoacetate 11 Brz**
Ethyl v, v, y-trichloroacetoacetate 40-50 Br,
Ethyl é-bromoacetoacetate 4 Br,
Ethyl a, y-difluoroacetoacetate 5 Br,

*
From Filler and Naqvi (18)

Hok
Reported by authors from other references
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Table IV, Calculated Dipole Moments for Acetylacetone and Ethyl
A cetoacetate

Dipole Moment (D)

Configuration S Ethyl
Acetylacetone Acetoacetate
Free diketone 3.7 3.2
Trans diketone 1.8 1.6
Ao
Diketone (a) 3.2 2.8

- W e e e e T e e e e T T et T SR R S S P P D G D R e S P D S G e SR R S P SR G et W W W W e e G e e

Free enol; only CH3CO or

COOEt firm (b)** 3.0-2.8 2.3
Free 3.3-3.6 2.6-3.0
Chelate (c)** 3.4-4.0 2.7-3.2
Dienol (d)™* 2.2-2.6 -

*
From Zahn (20)

Aok
Letters in parentheses refer to configuration shown on page 8,



the dipole moment of acetylacetone in the gas phase and has considered
the structure of both the keto and the enol tautomers. Among the
structures shown in Figure 1, Zahn has preferred (c) for the enol and

(a) for the keto in which the carbonyl approaches the opposite methyl group.

i j
PN S AN
0=C C - Me o-c\/ G - Me
“Me 07 Me 07
(a) (b)
1? H H
/ i
T e
AN ~N
Me-C\/ £ - Me /c:c-c<
O-H--O Me ~ScH,

(c) (d)

Figure 1, Configurations of keto and enol tautomers in
acetylacetone.

These groups approach too closely to permit completely free rotation,
according to Zahn. The author discounted the presence of either

free enol or di-enol forms. The observed dipole moment was 3,00 D,-
which represents an average of enolic and ketone forms. Since the
equilibrium in acetylacetone is very far in the direction of the enol
form,’ one should compare the observed value with that calculated for
the chelate form (c), 3.4-4.0 D, Temperature studies over the range
50-200°C by Zahn indicated a dipole moment independent of temperature.
This is perhaps surprising when one realizes that increased temperature
favors the keto form (2). Lack of temperature variation may be due

either to completely free rotation or to completely hindered rotation.



"Similar calculations for ethyl acetoacetate gave dipole moments
of 3.2 D for the ketone form (a) and 2.7-3.2 for enol form (c). The
observed dipole moment in the gas phase was 2.9 D,' and no temperature
dependence of this moment was observed in the interval 394-431°K. It
has been found that the tautomeric equilibrium of ethyl acetoacetate is
independent of temperature (2).

Beyaert (21) attempted to determine the dipole moment of each
tautomer of ethyl acetoacetate, The dipole moment of the ketone form
as measured in benzene at room temperature was 3.22 D, The benzene
solution contained 16.8 percent enol. The moment of the enolic form,
as measured in carbon disulfide at -80°C, was 2,04 D, The amount of
ketone under these conditions was considered negligible, These results
do not show good agreement with the calculations of Zahn. (20).

The square of the apparent dipole moment has been determined by
Le Fevre and Welsh (22) for ethyl acetoacetate in several solvents,

These workers have assumed the following relationship,

o= Xowe' + Xp’ (3)

where p is the apparent dipole moment, X, and X, are mole fractions

of enol and ketone tautomer, respectively, and (T and ) are dipole
moments of enol and keto tautomers, respectively, Le Fevre and Welsh
criticized Zahn's gas phase moment measurements, since the percentage
of enol tautomer was not accurately known. They have assumed the

structures in Figure 2 for enol and keto tautomers.

Me CH o Me CH, o
Rt M e
o_ _.0 © o o ©

H/
(2) (b)

Figure 2. Configurations of keto and enol tautomers in ethyl
acetoacetate.
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Structure (a) gave a calculated moment of 2.2 to 1.4 D, and structure

(b) 2 moment of 3.5 to 2.7 D, for values of the angle © between 60°

and 120°, Apparent moments are listed in Table V, Dielectric con-
stant measurements in Le Fevre and Welsh's work have been con-
verted from weight fractions to mole fractions for the purposes of this
thesis, These values have been plotted graphically for several solvents.
The graphs deviate from linearity as would be expected for a decrease of

percentage keto tautomer on dilution.

Configuration of the Keto Tautomer. Possible structures for this

tautomer are seen in Figure 3. Although Le Fevre and Welsh (22) have

R|
|
R CH R R R 0 R"
N N
I Il ~ ™ A
o o o” “cHr” o R~ “cHRY o

(a) (b) (c)

Figure 3, Configurations of the keto tautomer of B-dicarbonyls,

pictured structure (a) for the keto tautomer, molecular models show that
the carbonyls in this orientation have maximum electrostatic repulsion,
Reeves (23) has pictured acetylacetone as structure (a) since the methyl
groups are equivalent in the proton NMR spectrum. Hammond et al. (17),
have suggested that acetylacetone exists as either (b), (¢), or both,

Bulky groups on the end positions tend to force the molecule into the

enol form rather than into the less favorable keto configuration (a).

For some compounds with bulky end alkyl groups the carbonyl groeups
may only be rotated about 90° from their parallel coplanar configuration
in structure (b). Zahn has suggested structure (c) as the most important

for the diketone form.
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Table V.* Percentages of Enol Tautomer, Dielectric Constants,r and
Apparent Dipole Moments for Ethyl Acetoacetate in Various

Solvents
Percentage Enol
Solvent Observed Calculated™™ "Lapp solvent

Chloroform 0 - 3.36 -

Ether 14 19 2.42 4,27
Carbon tetrachloride 25 53 3.07 2,23
Benzene 25 52 2,93 2.27
Toluene 39 49 2.75 2,37
Carbon disulfide 43 44 2.60 2.63
Hexane 63 63 1.70 1,89

*
From Le Fevre and Welsh (22), using literature values for observed

enolic percentages.

ok
Calculated from Equation (6).
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Configuration of the Enol Tautomer. The enol tautomer might

exist in any of the forms seen in Figure 4.

R! R!
[}
Me CR! R H c H ¢
N A
\c/ \C/ \O_C/ e -R" O-C\\/ X
5 I e O CH, R
\H ///
(a) cis-enol (b) trans-enol (c) di-enol

Figure 4. Configuration of the enol tautomer in 3-dicarbonyls.

The cis or intramolecularly hydrogen bonded species, (a), has been
suggested by Sidgwick (24) and many workers since that time have
assumed that this was the preferred configuration, Referring to Meyer's
work, Sidgwick observed that the preference for the enolic tautomer in
nenpolar solvents indicates the presence of a chelated enolic structure,
According to Sidgwick's calculations, the sum of the angles in the chelate
ring structure is 720° or that of a plane hexagon, which indicates a ring
entirely free of strain., Sidgwick noted that the chelate enol tautomer is
less polar than the diketone form and will have a lower boiling point
than it or the free enolic tautomer, Hammond (15) stated that enols

have a coplanar ring of six atoms which gives minimum electrostatic
repulsion and maximum resonance stabilization. He has further sug-
gested that a-methylacetylacetone may exist to some extent in the trans
enol form,i since infrared measurements show a weaker hydrogen bond
than in acetylacetone,

Henecka (14) suggested the presence of trans enol in compounds

with large groups in the a-position. Bromine titration indicated the
presence of enol. However, the colorimetric reaction of ferric chloride,
which involves only the cis enolic tautomer was negative, The fact that

bromine titration indicates the presence of enol, but the ferric chloride
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reaction negates the possibility of cis enol, lends support to the

presence of a trans enol tautomer, In this reaction the iron atom

replaces the proton in the intramolecular bond.

FeC13 + C6H902~ OH ——> FeClZC(,H903 + HC1 (4)

Eistert et al. (25), have called attention to the possibility of
two cis- and two trans-enolic forms for the molecule, R'COCH,COR,
where R and R' differ. In cis enols the chelate structure essentially
eliminates the difference between the two forms. For p-ketoesters
the keto carbonyl is predominantly enolized. These authors suggest
the presence of a trans enol-solvent complex in a solution of acetyl-
acetone in methanol.

Kabachnik et al, (8), hypothesized that the keto-enol equilibrium
of trans-fixed f-dicarbonyl compounds is independent of solvent.
Eistert and Geiss (13) found infrared and ultraviolet evidence indicating
that these equilibria were actually dependent upon the solvent. In

hydrophobic solvents enolic trans-fixed compounds were ketonized,

whereas in hydrophilic solvents they were not. Kabachnik, et al. (9),
extended this study to a series of compounds by ultraviolet and infrared

spectroscopy and attempted to show the applicability of the relationship

K, = EL + E'L, (5)

where Ke is the equilibrium constant, E and E! the cis and trans
enolizability of the solute, and L. and L' the tendency of the solvent

to enhance cis and trans enolizability in the given solute. They have
demonstrated that for f-dicarbonyls with bulky substituents in the
a-position, the equilibrium is independent of the solvent, They have
argued that a large percentage of trans enol exists in compounds with

bulky a-substituents. In another work Kabachnik et al, (10), found that
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enolization was essentially independent of the solvent for alkyl tetronic
acids and for cyclic acetals of malonic acid., Only dimedone seemed to
agree with Eistert and Geiss' hypothesis that the trans enol form pre-
dominated in hydrophilic solvents and the keto in hydrophobic solvents.
They further examined (10) enolization in a number of compounds and
showed that the equilibrium depended to a considerable extent upon the
type of compound.

The keto-enol equilibrium of a-alkylacetylacetones has been
investigated by Kabachnik et eil.( 11). Ultraviolet absorption spectra
appear to indicate the presence of both cis and trans enolic forms, and

the relative amounts of cis and trans forms are influenced by the solvent,

For a-ethyl, a-propyl, a-butyl, and a-isobutyl acetylacetone, both cis

and trans forms appear to be present, For a-methyl acetylacetone, only
cis seems to exist, whereas in a-isopropyl and a—ffvs-butyl acetylacetone,r
only trans may be present, The amount of trans enol has been considered
constant, and a graph of 1/L versus 1/I has been made, where L is the
solvent enolizability toward cis enol and I the intensity of the absorption
peak. This graph gives an approximately linear relationship for solutions
in hexane, ethanol, ether, and in 67, 75, and 85 percent aqueous methanol.
Values for )\max and the extinction coefficients are given in Table VIII

for ethyl-, isobutyl-, and isopropylacetoacetates.

Bratoz et al. (26), found infrared evidence in the form of a weak
absorption band at 3570-3600 cm-! which suggested the possibility of a
small amount of trans enol in acetylacetone, but this has not been con-
firmed by others. Rasmussen et al. (27), have recognized that not only
the formation of an intramolecular hydrogen bond but also the separation
in space of the oxygen atoms may be important in influencing enolization
of B-dicarbonyls. Certain trans-fixed pf-diketones which cannot form

intramolecular hydrogen bonds may form dimers involving the enolic

tautomer,
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Shigorin (28) has measured the frequencies and intensities of the
infrared bands of the enol and keto forms of several f-dicarbonyls.
Evidence was presented in support of the existence of dienol forms in
equilibrium with enol forms. In a later work Shigorin (29) has intro-
duced deuterium into f-dicarbonyls and has tabulated Raman frequencies
for the C-D bond and for the C=CH and C=CD double bond. The presence

of dienol was confirmed, according to the author.

Infrared Absorption. Infrared data are available for g-diketones

in work by Mecke and Funck (30), Rasmussen et al. (27), Park et al. (3),
Angell and Werner (31), Bellamy and Beecher (32), Bratoz et al. (26),
Holtzclaw et al. (33), Hammond et al. (17), Tamm and Albrecht (34),
Murthy et al. (35), Powling and Bernstein (36), Kuratani (37), Belford

et al, (38), Shigorin (29), and in Sadtler Standard Spectra Nos. 3505,
5437, 5774, and 11982 (39). Spectra for p-ketoesters may be found in
Le Fevre and Welsh (22), Rasmussen and Brattain (40), Hunsberger

et al. (41), Bratoz et al. (26), Murthy et al. (35), Powling and Bernstein
(36), Kuratani (42), Belford et al.(38), Shigorin (28), Shigorin (29),
Bafikowska (43), and in Sadtler Standard Spectra Nos. 65, 101, 8013,
8017, 14640, 17508, and 18941 (39). Data from these references are
summarized in Tables VI for B-diketones and in Table VII for B-ketoesters.
In general the following frequencies may be listed for groups of principal

interest in the tautomeric equilibrium,

Group Frequency, cm~ . Reference

Free OH intermolecular 3650-3590 sharp Bellamy (44)
Intramolecular hydrogen bond 3570-3450 sharp Bellamy (44)

Chelated OH 3200-2500 broad Bellamy (44)

Normal conjugated carbonyl 1695-1672 Rasmussen et al, (27)
Carboxyl carbonyl 1733 Bellamy and Beecher (32)
Carbonyl not chelated 1709 Mecke and Funck (30)
Conjugated chelate carbonyl 1639-1538 Bellamy (44)

C=C 1650 Mecke and Funck (30)
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In B-diketones Rasmussen (27) has found the OH frequency at about
2700 cm~!, The OH peak is often very broad due to its chelated nature
and may be masked by the strong CH stretch band near 3000 cm-}, The
strength of the hydrogen bond is given in some measure by the frequency,-
since a lower stretching frequency indicates a more nearly symmetrical
bond, according to Rundle and Parasol (45). Rundle and Parasol have
indicated that very broad bands which are characteristic of strong bonds
become sharper as the bond becomes symmetrical. For a symmetrical
bond, the OH bond length is longer, with a resulting lowering of the OH
frequency. In compounds which appear symmetrical, such as nickel or

-! and

palladium dimethylglyoxime, the OH frequencies are 1775 cm
about 1600 cm=~!, respectively, and the peaks are sharp. With increased
hydrogen bonding, the peaks become first broadened and finally sharp
once again,

Mecke and Funck (30) showed that for the cis-enol form of acetyl-
acetone the observed frequencies for the C=0 and C=C bonds are between

those for the normal CO and CC single and double bonds. Several struc-

tures have been written for the hydrogen-bonded species in Figure 5,

|
=N _C PN /é\

(a) (b) (c) (d)

Figure 5. Possible structures for the intramolecularly hydrogen-
bonded molecule.

Structures (a) and (d) together would lead to a symmetrical hydrogen
bond, Forms (a) and (d) then could explain the lowering of the OH
Stretching frequency. Structures (b) and (c) might explain the displace-

ment of the double bond frequency even though the hydrogen atom were
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not symmetrically located according to these workers, Rasmussen
et al. (27) have also suggested that structure (b) is stabilized by the
hydrogen bond of (a).

Bellamy and Beecher (32) have pointed out that the frequencies of
the carbonyl stretch are essentially the same for acetylacetone,'
benzoylacetone, dibenzoylmethane, a-thenoyltrifluoroacetone, and di-
medone. These workers have assumed that the contribution of structure
(b) [Figure 5] is the same in all these compounds. They have further
calculated that form (b) contributes about 20-25 percent in aliphatic =
B-dicarbonyls. The authors have concluded that, since the equilibrium
constants of enols vary widely, the proportion of resonant form (b) is
not a determining factor in their ionization. Consequently, no relation-
ship would be expected between the carbonyl frequencies and the equi-

[

librium constants.
The chelated carbonyl stretching frequency occurs about 100 cm™!

below that for the normal conjugated carbonyl group and is a much more

intense peak (27). Hunsberger et al. (41), have suggested that the dif-

ference in carbonyl stretching frequencies may depend on the relative

importance of structures such as

(e) (f)

Figure 6. Conjugated structures for the enol tautomers in
B-dicarbonyls.

The relationship between the carbonyl frequency and double-bond
character has been investigated by these workers. A linear relation-
ship has'been found between the difference in chelated and unchelated
S8tretching frequency and the double bond character, using Pauling's
values for percentage double-bond character and neglecting ionic

character.
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Rasmussen and Brattain (40) have assigned the 1650 cm-! band
to the chelated carbonyl of ethyl acetoacetate, in disagreement with
earlier Raman results. Rasmussen et al,. (27),- also noted a chelated
carbonyl absorption band both intense and much shifted from the normal
region. It was suggested that the greater participation of ionic struc-
tures leads to greater decrease in the double-bond character of the
carbonyl bond than would occur for simple conjugation. The increased
charge on the carbonyl oxygen results in the observed high intensity.
It was assumed that the G=C stretching frequency is hidden under the
carbonyl absorption. Bellamy and Beecher (32) have stated that the
carbonyl frequencies are determined almost entirely by the character
of the double bond involved since its length effectively determines the
O. . .O distance. Unlike the results of Hunsberger et al. (41), a linear
relationship between double bond character and the difference in carbonyl
stretching frequency for a chelate and non-chelate bond was not found
to hold for aliphatic compounds with unconjugated double bonds. A graph
of double bond character of B-diketones versus the actual stretching
frequency, however, shows a linear relationship. In assigning double-
bond character, Pauling's values were used, and the contribution of
ionic and Dewar forms to the resonance hybrid was ignored. For pB-keto-
esters such a plot is less satisfactory, probably because the second
oxygen of the ester group has greater effect on the carbonyl to which it
is attached,

Stretching frequencies have been measured by Raman spectroscopy
by Shigorin (46) for several B-dicarbonyls. The results are seen in

Tables VI and VII,

Ultraviolet Absorption. Ultraviolet absorption of f-dicarbonyls

has been studied by Belford et al. (38), Hammond et al. (17), Murthy
£et al, (35), Rasmussen et al. (27), Bankowska (43), and Kabachnik et al. (11).



22

Values for )‘max and of extinction coefficients are given in Table VIII,
Rasmussen, et al. (27), have pointed out that a simple conjugated
system will have two maxima at 2350 and 3200 X, with extinction co-
efficients of 10,000 and 40, respectively. For the conjugated chelate
systems studied here, however, only one maximum of considerable

intensity was observed.

Summary of Structural Work on Keto-Enol Tautomers., (1) The

Keto Tautomer., Dipole moment measurements for ethyl acetoacetate

and acetylacetone appear to indicate the presence of structure (b),
Figure 3., Structure (a) has been discounted because of strong electro-
static repulsion. Structure (c) would lead to a dipole moment sub-
stantially lower than the experimental values and lower than the enolic
tautomer., However, the boiling point data would indicate that the enol
form is less polar since it distils at a lower temperature. Also in favor
of structure (b) is the fact that little rearrangement would be necessary
in order to form the coplanar anion which has been proposed as an
intermediate in the keto-enol equilibrium reaction. This writer's calcu-
lations for structure (b) give a dipole moment of 3.0 D, in good agree-
ment with Zahn's calculations (20). The presence of a small amount of
the trans structure (c) cannot be discounted as a possibility. However,
compounds with large bulky groups on one or both ends show an in-
crease in percentage of enol tautomer, presumably because of steric
hindrance in structure (b) (Figure 3), whereas in structure (c) the nen

bonded interactions are negligible.

(2) The Enol Tautomer. The presence of the cis-enol form has

been clearly established by both infrared and nuclear magnetic resonance
measurements., Kabachnik's evidence for the existence of trans enol
in a-alkyl substituted B-ketoesters depends on the absence of the chelated

Carbonyl absorption peak in infrared measurements (9). It is possible,
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however, that the C=C absorption peak masks the chelate carbonyl
absorption band. His assumption that the percentage of trans enol

is independent of the solvent appears unsubstantiated since bromine
titration is neither precise nor accurate as an analytical tool, and
since the ultraviolet spectra and graphs of equilibrium constant versus

enolizability of solvent toward cis enol both suggest the opposite con-

clusion. The present writer would prefer to have positive evidence in

the form of free OH stretching bands in dilute nonpolar solvents,
Ultraviolet evidence given by Kabachnik et al, (11), for isobutylacetyl-
acetone does, however, appear to indicate two conjugated forms each

of which depends upon solvent in both intensity and maximum wave-
length. Shigorin's suggestion of a trans enol form for ethyl acetoacetate
in inert solvents from infrared and Raman data does not appear to be
proven by the facts (28). T he present writer feels that additional solvent
studies of the OH stretching frequency would be needed, and a clear
distinction should be made between the intramolecular and intermolecular
hydrogen bond in terms of stretching frequency and solvent dependency.
Further studies of Shigorin (47, 48) do not appear to provide new evi-

dence for the existence of trans enol in other B-dicarbonyl compounds.,

As has been mentioned, Bankowska (43) was unable to reproduce Shigorin's
infrared evidence for free or intermolecularly linked OH bands for ethyl
a-chloroacetoacetate.

Shigorin's Raman spectra of ethyl acetoacetate and acetylacetone '
do not appear to support the presence of dienol forms (28). The substi-
tution of deuterium in f-dicarbonyls has provided evidence which may
suggest the presence of a small amount of dienol structure (29). Shigorin
has concluded that the low intensity of the O-D band in certain compounds
indicates the presence of the dienol form. He also notes that the intensity
of the C=C-H intensity increases in deuterated over that in the undeuterated

compound. In a compound with mobile protons on the acetyl methyl and
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in the a-position, these two facts together would substantiate Shigorin's
claim, In this case, the data could only be explained by a structure such
as the following:

oD OH

| |
CH,=C-CH=C-R

However, there is no evidence from NMR that the acetyl methyl protons
are labile, Dipole moment measurements indicate that the enol form

of both acetylacetone and ethyl acetoacetate is an intramolecularly

bonded species, A free hydroxyl group would result in a larger dipole
moment than that for the keto tautomer, contrary to the evidence, The
present writer has attempted to calculate the dipole moment for the

enolic tautomer, If one considers the proton symmetrically placed
between the oxygen atoms with an OHO angle of 1500, and takes the OH
dipole moment from water, the calculated dipole moment is 3,5 D, higher
than the observed value. If the dipole moment for the OH bond is taken

as 1,7 D as in free hydroxyl groups, the calculated moment is 2.9 D,

Effects of Temperature and Pressure

Meyer's observation of an increase in keto tautomer in acetyl-
acetone with an increase in temperature and the independence of the
keto-enol equilibrium in ethyl acetoacetate from temperature changes
have been noted, The latter observation does not agree with expected
results or with the work of Briegleb(52). In a study of acetylacetone
and ethyl acetoacetate in various solvents by bromine titration, Gross-
mann (49) has found that the keto concentration increases with a rise
in temperature, although the rate of achieving equilibrium varied from
1-2 hours for alcohol solutions to 1-2 days for inert solvents.

Briegleb et al. (50), have studied the temperature dependence of

the keto-enol equilibrium of a-chloro- and a-bromoacetoacetic ester in
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the gas state. The enolic content of the a-chloro- and a-bromoaceto-
acetic ester over the range 0-160° and 0-1000,. respectively,' is less
than that of ethyl acetoacetate itself at the same temperatures.
Earlier work provides temperature studies on acetylacetone (51) and
ethyl acetoacetate (52). Equilibrium constants and thermodynamic
quantities for these compounds are given in Table IX,

The effect of pressure on the tautomeric equilibrium of aceto-
acetic ester was studied first by Kabachnik et al. (53). The equilibrium
constants were determined in two percent solutions in various solvents,
The observed shift of the equilibrium to the enol form with increased
pressure in water and methanol has been interpreted as a solvation
effect. The authors have assumed that the trans enol form, although
low in concentration, is in greatest concentration in aqueous solvents
and in methanol, and is most readily solvated. In ethanol and chloroform,
increased pressure gave smaller equilibrium constants, and in the pure
compound and in inert solvents, no effect was observed. Le Noble (54)
has questioned whether the systems in Kabachnik's study were in
equilibrium., In the pure liquid, Le Noble found for ethyl acetoacetate
a decrease in the equilibrium constant from 0.0834 to 0,0685 from 1
atm to 3700 atm. For an equilibrium constant which is the ratio of enol
to ketone tautomer, one would expect an increase in the equilibrium
constant with increasing pressure, which was observed. Le Noble has
pointed out that the molar volume of [-C(OH)=CH] is less than that of
COCHj,;, and that this difference is even greater for the intramolecularly
hydrogen-bonded species. According to him the molar volume of the

enol is greater than that of the diketone by about 1.0-1.5 ml/mole.
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Solvent Effects

Bromine Titration. Meyer (1) has studied the effect of solvent

on enolization in acetylacetone and ethyl acetoacetate by bromine titra-
tion in 3-5 percent solutions in various solvents. The percentage of
enol tautomer and equilibrium constants have been determined, and
results are shown in Table X. A marked increase in the percentage of
enol may be noted in the nonpolar solvent, hexane, over that in more
polar solvents., Bromine titration has been used by Kabachnik (9) in a
study of the effect of solvent on the tautomeric equilibrium in ethyl
acetoacetate, Percentages of enols are given in Table XI, which
indicates greatest enolization in nonpolar solvents., More recently
Kabachnik et al. (10), followed the enolization of a-substituted f-keto-
esters, These results are also shown in Table XI. For all compounds

the greater enolization is in the direction
67 percent aqueous MeOH < MeOH < EtOH < benzene,

but it should be noted that concentrations are not recorded.

Dipole Moments. The effect of the solvent on the apparent dipole

moment of ethyl acetoacetate has been noted by Le Fevre and Welsh (22).
Percentages of the enol form have been taken from literature values

and extrapolated to infinite dilution. The moments have been rearranged
in order of increasing percentage of enol tautomer, as shown in Table V,
Calculated values are those obtained from assuming a simple relationship
between the solvent dielectric constant and the equilibrium constant, as

shown in the following equation,
E=100e P €Ak (6)

Where E is the percentage enolic tautomer, M e and p) are dipole

Mmoments for the enol and keto tautomer, respectively, and € is the
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¢
Table X.  Percentages of Enol Tautomer and Equilibrium Constants
for Enolization of Acetylacetone and Ethyl Acetoacetate in
Various Solvents

Ethyl acetoacetate Acetylacetone

Solvent T C Percent K_** Percent K **
Enol Enol

Water 0 0.4 0.004 19 0.24

Formic acid 20 1.1 0.011 48 0.9

Methanol 0 6.9 0.074 72 2.6

Melt 20 7.4 0.079 76 3.2
0. 084

Chloroform 20 8.2 0.089 79 3.8
0. 10635

Ethanol 0 12,7 0.15 84 5.3

Benzol 20 18.0 0.22 85 5.7

Heptane -- -- 0. 92553k -- --

Hexane 20 48 0.9 92 12

*Bromine titration by Meyer (1) in 3-5 percent solutions.
*%Kg = [enol]/[keto].
*x%From Kabachnik (9).
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dielectric constant of the solvent. There does not appear to be a good
relationship between the solvent dielectric constant, as expressed in
Equation (6), and the tautomeric equilibrium, although some agreement

may be noted between observed and calculated values,

Raman Spectroscopy. From the vibrational spectrum of OH,

Shigorin (28) has noted that an intermolecular bond between keto and

enol forms is preferred in pure ethyl acetoacetate. In inert solvents

such as hexane, carbon tetrachloride, and carbon disulfide at low concen-
trations, the enol tautomer forms an intramolecular hydrogen bond. The
formation of this bond is then followed by displacement of the equilibrium
toward the enol form (28). The present writer does not find adequate

evidence for these conclusions.

Infrared Spectroscopy. Infrared techniques were used by Powling

and Bernstein (36) to shcw the effect of solvent on the keto-enol equi-
librium in acetylacetone, ethyl acetoacetate, benzoylacetone, and other
compounds, Free energies and heats of tautomerization for these sub-
stances vary in a linear fashion with the solvent parameter [(€-1)/2€+1)]

(p/M). Tables XII and XIII for free energies and enthalpies of tauto-

merization, respectively, incorporate not only the authors' results but
also values taken from the literature by them. For the purpose of this
thesis values at infinite dilution have been extrapolated from figures in
reference (36). The trend for both free energies and enthalpies is in the
same general direction for all compounds, and algebraically smaller
values are found in the gas phase, or in a nonpolar solvent such as
hexane, than in polar solvents,

In an infrared study Kuratani has found ethyl acetoacetate more
€nolizable in the nonpolar solvents carbon disulfide, hexane, ether, and

benzene than in methanol and pyridine (42). In a more recent work,
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*
Table XII. Free Energy of Tautomerization for f-Dicarbonyls in
Various Solvents

Compound 25°C
AF kcal/mole
Solvent Acetyl- Ethyl aceto- 1-Phenyl-1, 3-
acetone acetate butanedione
Gas phase -1.4 +0,2 -
Ethanol -1.0 +1.2 +1.,0
Methanol -0.6 +1.5 +1.5
Water +0.5,+1,0 +3.3 -
Acetic acid -0.6 +1.7 +1.7
Formic acid -0.1 +2.7 -
fk
n-Hexane -1.4 +0.2 -
ok
Toluene -1,1 +0.8 +0.9
%ok
Benzene -1.0 +0.9 +1.2
%ok
Decalin -1.2 - -
Kk
Hexachloroethylene -1.1 - -
%ok
Chloroform -0.8 +1,4 +1.5
ok
Bromoform -0.7 - -
ok
Acetone -0.5 +1.5 -

&
Values interpolated from figures in Powling and Bernstein (36).

Solutions were 0.1 M and were considered infinitely dilute,

*
Solvent considered inert,
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*
Table XIII. Enthalpy of Tautomerization for Acetylacetone and Ethyl
Acetoacetate in Various Solvents

Compound AH kcal/mole

Solvent Acetylacetone Ethyl acetoacetate
Gas phase -2.4 -2,0
Decalin -2.3 -
Hexane - -2.0
Tetrachloroethylene -2.2 -
Carbon tetrachloride - -1.3
Bromoform -2.1 -
Ether - -1.0
2—Pentanol - -2,0
Ethanol - -1.6
Methanol - -1.3

*
Values interpolated from figures in Powling and Bernstein (36).
Solutions were 0,1 M and were considered infinitely dilute.
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Kuratani has concluded that acetylacetone is also more enolizable in
nonpolar solvents than in polar solvents (37).

Infrared studies of the effect of solvent on the tautomeric
equilibrium in dimedone were made by Angell and Werner (31),

For this compound the keto form is preferred in nonpolar solvents,
The authors have concluded that, where intramolecular hydrogen bond-
ing cannot stabilize the enol form, the keto form is preferred. In
acetonitrile and dioxane both keto and enol forms are present.

Mecke and Funck (30), in infrared studies of acetylacetone, have
found that the percentage of enol increased from an acetonitrile solution
through the pure liquid to hexane solutions., These results are in
Table XIV, The percentage enol has been determined for a number of
B-dicarbonyls by Conant and Thompson (55) in absolute alcohol and in

hexane, and these values are also in Table XIV,

Ultraviolet Spectroscopy. In an ultraviolet study of a-acylphenyl-

acetonitriles, Russell (56) has concluded that in hydroxylic solvents, the
keto-enol equilibrium is determined by solvation, whereas in non-
hydroxylic solvents, it is determined by chelation.

The effect of solvent on the equilibrium constant for acetylacetone
has been recorded by Hammond et al. (17). Where this constant is
defined as kenol/ketd, the values are 1.4 and 0.15 in acetonitrile and
water, respectively,

Murthy et al. (35), have determined the tautomeric equilibrium
of ethyl acetoacetate and acetylacetone in several solvents from the

equation,
€

E = 100(€° ), (7)
a

where E is the percentage enol, €, is the observed molar extinction
coefficient, and €, the assumed value for the enol tautomer. Results

of these calculations are shown in Table XV, The authors have plotted
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Table XIV. Percentages of Enol Tautomer for p-Dicarbonyls in Various
Solvents

]

Percent Refer-
Compound Enol Solvent Molarity ence

Acetylacetone 90 hexane 1/10(vel) 30
45 CH;CN 1/10(vol) 30

92 hexane 0.1 55

83  ethanol' 0.1 55

Dibenzoylmethane ~100 ether - 1
Ethyl a-butylacetoacetate 10 hexane 0.1 55
6 ethanol 0.1 55

Ethyl a-ethylacetoacetate 15 hexane 0.1 55
4 ethanol 0.1 55

Ethyl a-methylacetoacetate 12 hexane 0.1 55
5 ethanol 0.1 55

Ethyl a-isopropylacetoacetate 6 hexane 0.1 55
Ethyl a-n-propylacetoacetate 14 hexane 0.1 55
Ethyl acetoacetate 49 hexane 0.1 55
10 ethanol 0.1 55

13 ether - 1

1-Phenyl-1, 3-butanedione 84 ether - 1

s
Absolute ethanol in all cases.
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*
Table XV, ©Percentages of Enol Tautomer for Ethyl Acetoacetate
and Acetylacetone in Various Solvents

Perc entage Enol

Solvent Ethyl Acetoacetate Acetylacetone
Cyclohexane 43 88
Dioxane 8 73
Diethyl ether 25 85
Ether /CH;CN (50/50) 7 68
Ether/CH;3;CN (75/25) 7 71
Acetonitrile 4 55
t-Butanol 10 80
i-Propanol 11 85
Ethanol 8 73
Methanol 6 70
Water 0.5 16

By
‘From Murthy et al. (35), calculated from extinction coefficients.
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the percentage of enol tautomer against the carbonyl stretching fre-
quency and the n —>1r* frequency in various solvents, The trends in
both infrared and ultraviolet data indicate the stabilization of the
carbonyl groups of the keto form by polar solvents, In the case of
polar solvents which cannot donate protons, the solvent blue shifts

are determined mainly by the dielectric constant of the solvent,

In proton-donating solvents, however, the major contribution is hydro-

gen bonding.

Nuclear Magnetic Resonance Spectroscopy. Nuclear magnetic

resonance (NMR) spectroscopy has been used by Reeves (23) for the
determination of the keto-enol ratio for acetylacetone in various solvents,
At infinite dilution the percentage enol was found to be 73 in acetic acid,
91 in cyclohexane, 58 in pyrrole, and 100 in triethylamine., In diethyl-
amine only enol was observed, but keto may be present as an inter-
mediate among rapidly interconverting forms, according to Reeves

and Schneider.(57). Giessner-Prettre (58) has observed the effect of
solvents on the equilibrium in ethyl acetoacetate, In this compound an
increase in enol content was noted in carbon tetrachloride, dichloro-
ethylene, and benzene. No change in enol content was observed in
either chloroform or pyridine, In pyrrole a decrease in the percentage

of enol was found.

Kinetics and Thermodynamics

In a study of equilibrium constants over a range of solvents of
different polarities, Kosower (59) has plotted graphically log Keq versus
Z, an empirical measure of solvent polarity., The source of equilibrium
constant values is not given, but the figure shows that this basis of com-

paring the effect of various solvents on the equilibrium has some merit,
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Equilibrium Constants and Thermodynamic Quantities. Equi-

librium constants for enolization have been determined by Meyer (1);
Kabachnik (9), and Hammond et al. (17). The present writer has
calculated constants from the data of Conant and Thompson (55).

For the purposes of comparison, equilibrium constants have also been
calculated from nuclear magnetic resonance data of Reeves (23),
Jarrett et al. (69), Giessner-Prettre (58), and Filler and Naqvi (18).
These data are given in Table XVI,

Free energies of enolization have also been determined by
Conant and Thompson (55) using indirect bromine titration. Measure-
ments in the gas phase were made by noting the effect of a change of
temperature on the composition of the distillate, but only over a short
temperature range, Determinations were also made in the pure liquid
and in hexane and alcohol solutions, and results are seen in Table XVII,

Dewar (60) has stated that, other things being equal, a ketone is
more stable than the corresponding enol because the sum of bond
energies in H-C-C=0 is greater than that in C=C-O-H. Powling and
Bernstein (36) estimate that the open chain end is about 18 kcal less
stable than the diketone from bond energies. The present author has
used Pauling's (61) bond energies to obtain a difference of 15 kcal/mole.
In B-diketones where there is the possibility of intramolecular hydrogen
bonding, one must consider the additional energy obtained from this
hydrogen bond. Wheland (62) estimates that the intramolecular hydrogen
bond of acetylacetone stabilizes the end tautomer by 5-10 kcal, and the
conjugated system further stabilizes this tautomer by 2-3 kcal.

Powling and Bernstein (36) have determined the heats of tauto-
merization of acetylacetone in dilute solutions in decalin, tetrachloro-
ethylene and bromoform, and in the gas phase., The optical densities
of the enol and keto carbonyl stretching frequency bands were measured

to obtain the concentrations of the tautomers. Measurements were made
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%
Table XVI., Equilibrium Constants for f-Dicarbonyls

30k
Ke
Pure 0.1M 0.1M
Compound Gas Liquid Hexane Alcohol
Acetylacetone 11 3.6 11,1 4.88
4.4%
5.66%
Ethyl acetoacetate 0.93 0.082 0.96 0.111
0.0753°%®
Ethyl a-n-butylacetoacetate 0.163  0.0650 0.111 0.0650
Ethyl a-ethylacetoacetate 0.11 0.031 0.170 0.0363
Ethyl a-methylacetoacetate 0.16 0.043 0.131 0.0537
Ethyl a-isopropylaceto- 0.066 0.051 0.0638 -
acetate
Ethyl a-n-propylaceto- 0.15 0.075 0.168 -
acetate
Ethyl trifluoroacetoacetate - 8.09'8 - -
Methyl acetoacetate 1.19 0.062 - -
3-Methylacetylacetone 0.79 0.44 1,44 0.460

*
Calculated for purposes of this thesis from data in Conant and
Thompson (55), and calculated from other references given as super-

scripts.

ek
K, = enol/keto.
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*
Table XVII. Free Energies of Tautomerization for f-Dicarbonyls

o
aF?d © kcal/mole
Pure 0.1M 0.1M
Compound Gas Liquid Hexane Alcohol
Acetylacetone -1.3 -0.7 -1.3 -1.0
-1.4,-1.8%
Ethyl acetoacetate 0.1 1.5 0 1.2
+0.2-0%
Ethyl a-n-butylaceto- 1.1 1.6 1.3 1.6
acetate
Ethyl a-ethylacetoacetate 1.3 2,1 1.1 2,0
Ethyl a-methylaceto- 1.1 1.9 1,1 1.7
acetate
Ethyl a-isopropylaceto- 1.6 1.8 1.6 -
acetate
Ethyl a-,lrl-propylaceto- 1.1 1.5 1.1 -
acetate
Methyl acetoacetate -0.1 1.6 - -
3-Methylacetylacetone 0.1 0.5 -0.2 0.4
1-Phenyl-1, 3-butanedione 2,13 - - -

From Conant and Thomson by bromine titration at 25°C, unless
specified by superscript, in which case values have been obtained
from Powling and Bernstein (36) by extrapolation of figures to infinite
dilution,
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in the gas phase at 5 mm pressure, and in 0,1 M solution, which
was assumed to be infinite dilution. Temperature ranges were
25-200° and 25-100° for the gas and solution determinations,
respectively. It may be shown that the heat of isomerization in the

gas phase is related to that in dilute solution by the equation,

AH = AH bt

€ - P 2_ 2
gas soln 2¢ + 1 ) M (pi- pz), (8)

soln

where € is the solvent dielectric constant, p the density of the solvent,
M the molecular weight of the solvent, p; and p, the dipole moments

of the less stable and more stable isomer of the solute, respectively.

A plot of AHS against the solvent property will give a straight line

with a slope e?;lxr:al to -(p.f - p.%) and the intercept AHgas' Data have
been plotted graphically for acetylacetone from measurements made by
Powling and Bernstein, and the extrapolated value for AHgas’
-2.4 kcal/mole, agrees very well with that found experimentally.
Literature values have supplied data for a plot of ethyl acetoacetate
from which the extrapolated AHgas is -2.0 kcal/mole. Literature
values of AF were plotted versus the solvent property. AH and AF
values, interpolated for the purposes of this thesis, are given in
Tables XII and XIII, respectively, for 0.1M solutions in various solvents,
From nuclear magnetic resonance measurements of acetylacetone
at various temperatures, Reeves (23) has found that increasing the
temperature favors the keto form. By plotting log(c,/c;) versus I/TOK,

Reeves has determined the enthalpy difference between tautomers as

-2.7 12 0.1 kcal/mole.

Rates of Enolization. Reid and Calvin (63) have studied the rate of

enolization in water for compounds with a trifluoromethyl group.
These workers have found that the rate of formation of the enolate ion

is the rate determining step in the reaction,
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_d_&et_oL = - ke [keto] . (9)

dt

Rate constants for enolization and AHactivation for enolization are
shown in Table XVIII, Also included in the table are values of AF?s,.
AS?S, and AH® for enolization.

Bankowska (43) has studied the enolization of ethyl a - and -
chloroacetoacetates. Following distillation, ethyl a-chloroacetoacetate
reached the equilibrium mixture in alcohol and ether solution within a
few days. In nonpolar solvents the enol concentration changed only
slightly over several weeks, but pyridine catalyzed enolization in
these solvents and also changed the position of equilibrium. Infrared
spectra indicated the presence only of cis enol, in contrast to the work
of Shigorin (28). Infrared and ultraviolet data are given in Tables VI-
VII and VIII, respectively.

The enol content of ethyl a-chloroacetoacetate was measured
bromometrically by Bankowska (64). A difference in the attainment of
equilibrium following distillation was noted in various solvents. In polar
solvents equilibrium was attained quickly, but in nonpolar solvents, the
rate of approaching equilibrium was slow and increased with the addition
of pyridine. Only cis enol appeared to be present both from infrared
and ultraviolet spectra. The slow rate of tautomerization in nonpolar
solvents has been explained by a weakening of the basicity of the

a-chloroester from the inductive effect of the chlorine atom.

Rates of Ionization and Ionization Constants., Pearson and Mills

(65) have determined the rate of ionization of B-dicarbonyls in water by

measuring bromine uptake conductimetrically. The reactions are

H,O0 + HA A, H,0' + A~ (10a)
k
2

Br, + A~ X, ABr+ Br , (10b)
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where Equation (10a) is the rate determining step, and the ionization

constant is given by the following relationship:
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