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Halogenation of Ketones

VIIL.* Studies on the Mechanisms of the two Base-Catalyzed Halogena-
tions of 2-Butanone. Indications of Non-Enolic Mechanisms

CHRISTOFFER RAPPE

Institute of Chemistry, University of Uppsala, Uppsala, Sweden

The mechanisms of the two base-catalyzed halogenations of
2-butanone (Hal BI and Hal B IT) have been studied. In both reactions
brominations were found to be faster than iodinations. Halogenations
in D,0 provided additional support for the hypothesis that halogena-
tion of this ketone follows another mechanism than the base-cata-
lyzed deuteration, in which reaction an enolization is involved. Non-
enolic ketonic components are proposed in both halogenations.

According to the currently accepted mechanism, both base-catalyzed
halogenation and deuteration of ketones proceed via the enolate anion
(or enol). This means that the orientation and the reaction rate for the two
reactions would be identical or nearly identical.l™?

Recently, the present author studied the orientation of the halogenation
and deuteration of 2-butanone.?,® The ratio 3-substitution/l-substitution was
called Ky, and K, respectively, for the two types of reaction. The value
for K,, was found to be 0.6—0.7 for all base-catalyzed reactions (pH 6—14).8
Unexpectedly, it was found that in the halogenation two different reactions
existed, one operating at pH. 5.5—7 and the other at pH’s over 12. The two
reactions were called Hal B I and Hal B II, respectively. Moreover, it was
also unexpected to find that the orientation of halogenation did not agree
with the orientation of deuteration. The K ,-values for reaction Hal B I
using the three halogens chlorine, bromine, and iodine was found to be 7.0—
7.5, and for reaction Hal B II the value was found to be 0.°

From these disagreements it was concluded that contrary to the currently
accepted opinion, neither of the two halogenations proceeds via the same
mechanism as the deuteration, or at least the rate determining step is not
identical in the two reactions. If the traditional enolate mechanism operates
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in both cases, it becomes difficult to explain how the same base could catalyze
the formation of different anions in the two reactions.

In the present investigation the mechanisms of the two reactions Hal B 1
and Hal B IT will be studied in two ways: by a cursory comparison of the
reaction rates of bromination and iodination, and from halogenations using
D,0 as solvent. In all experiments 2-butanone was used, and the discussion
is valid only for 2-butanone and probably for structurally similar monoke-
tones.

STUDIES OF THE RELATIVE RATES OF HALOGENATION

The generally accepted theory of the formation of enols or enolate anions
as being the rate determining step in all base-catalyzed halogenations and
deuterations of ketones is based mainly on kinetic investigations.’™? These
investigations have been performed in different ways: a) comparison of the
reaction rates for different halogens, b) comparison of the rates of racemiza-
tion, deuteration and halogenation, c¢) examination of the complete kinetic
expression.

The rate of base-catalyzed halogenations is reported to be of first-order
with respect to base and ketone, and independent of the concentration and
nature of halogen; see for instance Refs. 10—14. However, exceptions from
this general behaviour are reported, but these exceptions are generally not
discussed. It was observed by Bartlett that the hydroxide-catalyzed chlorina-
tion of acetone was several hundred times slower than the corresponding
bromination and iodination.!® On the other hand, Van Arendonk and Cupery
have reported that in the haloform reaction of acetophenone, hypochlorite
reacted much faster than hypobromite and hypoiodite.

Hsii and Wilson have found that the rate of the acetate-catalyzed racemiza-
tion and bromination of d-2-o-carboxybenzylindan-l1-one are equal.l’” For
optically active phenyl-sec-butyl ketone Hsii, Ingold and Wilson have found
that the rate of deuterioxide-catalyzed racemization in a dioxane/D,0O solu-
tion is the same as the rate of the deuteration in the same solvent.!® It seems
that these two investigations are the only ones where the rate of racemization
is compared with the rate of deuteration and halogenation for base-catalyzed
reactions.

The complete kinetic expression has been carefully studied in the case of
halogenation of acetone in acetate buffers, and it was found to be complicated.
It contained six terms one of which was [HOAc] [OAc™].1%:2° On this basis it
was suggested by Swain that a concerted mechanism for the formation of the
enol was of major importance in the base-catalyzed enolization and halogena-
tion of ketones.? However, Bell and Jones have advanced some general
arguments against this interpretation. These authors consider the direct
formation of the enolate anion as the rate determining step in the base-cata-
lyzed halogenation of ketones.'® For a comprehensive discussion of this subject
see Ref. 3.

In addition to the objections given above against the kinetic investiga-
tions, it can be noted that in all the kinetic investigations concerning methyl
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ketones it was assumed that the halogenations resulted in the trihalo ketones.
In view of the results in Ref. 9 this seems to be an oversimplification.

Moreover, the kinetic determinations are very often performed with
iodometric titrations.2%2¢ However, it was found by Bankowska that both
chloroacetone and bromoacetone react with potassium iodide giving free
iodine; bromoacetone about five times faster than chloroacetone.?” A test by
the present author on a polybromoketone (1,1,3,3-tetrabromo-2-butanone)
gave an immediate strong colour of iodine. It can be expected that in acid
media iodoketones also give free iodine. In view of these observations it is
eagily understood that kinetic investigations carried out with iodometric
titrations are of limited importance. It seems to be necessary to carry out a
kinetic investigation of the halogenation of ketones, using a more direct
method for the determination of the components. One possible method would
be the “isotope dilution technique.”

Both halogenation and deuteration of ketones are considered to be general
acid- and base-catalyzed reactions.?® Bell and Lidwell have studied the catalytic
constants for the iodination of acetone and some halogenated acetones.?l As
bases, they used hydroxides and salts of carboxylic acids (e.g. acetate, tri-
methylacetate, chloroacetate, and glycolate). In a Brgnsted plot they found
the catalytic constants for the weak bases to give a straight line, while the
constants for hydroxides were three to four powers of ten too small. In spite
of this, the base-catalyzed halogenation of ketones is considered to be a general
base-catalyzed reaction.?’,28 However, the behaviour is in better accordance
with two different base-catalyzed halogenations, which is now suggested.?

As comparison it can be noted that in the base-catalyzed deuteration of
ketones, which has recently been studied by the present author, a Brensted
plot including the bases acetate, bicarbonate, carbonate, and deuterioxide,
gives a straight line.® In this investigations 8 it was found that for deuteration
the difference in the catalytic rate constants between acetate and hydroxide
was 104, while Bell and Lidwell # found the difference for the same catalysts
in the iodination of acetone to be 108.

In the present paper a preliminary, brief investigation of the halogenation
rates was performed. First it may be noted, that eventual disappearance of
the halogen colour does not indicate complete consumption of halogenating
agent. In many cases the reaction mixture after acidifying became strongly
coloured by free halogen. Thus the time of decolorization is no accurate
measure of the halogenation rate.

The halogenation rates of 2-butanone for the two halogens bromine and
iodine have been roughly determined and compared. Sodium acetate and
sodium hydroxide have been used as bases. The experimental conditions are
given in Table 1. Samples were taken and, in the absence of any better method,
iodometrically titrated.

The comparison of the reaction rates for the two halogens shows that the
brominations were faster than the iodinations. The greatest difference (a factor
of 30) was found in aqueous solutions of the acetate-catalyzed halogenations,
reaction Hal B I. Here 15 %, of the bromine had reacted after 1 h, while an
equivalent amount of iodine had reacted after 30 h (expts. 1 and 2, Table 1).
Since these two experiments were performed in two-phase systems, it was
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HALOGENATION OF KETONES VIII 1827

desirable to study the behaviour in a one-phase system. A mixture of water
and DMF (1/1) was chosen, and in this solvent the ratio of the reaction rates
was 22, see expts. 3 and 4, Table 1.

In the hydroxide catalyzed reactions (Hal B II) it was found that about
90 9, of the halogens had reacted when the colour disappeared. Therefore, the
time of decolorization is an acceptable measure of the reaction rate. It was
found that bromine reacted 5 times as fast as iodine, see expts. 5 and 6, Table 1.

HALOGENATION IN DEUTERIUM OXIDE

Halogenations performed in deuterium oxide provided a possibility for a
direct comparison between the rate of halogenation and the rate of deutera-
tion. Various catalysts were used. The reswts of these experiments are given
in Table 2. The values given in this table are peak areas and equivalents of
protons exchanged.

Expts. 7—11 are reactions with sodium acetate as catalyst, where D,0 is
present in a large excess compared with halogen. The pD was found to be 6.8
during the reactions. At this pD, halogenation Hal B I dominates,® and this
reaction gives mainly 3-halo-2-butanones, which could be detected by NMR.
In this way it was found that 50—60 9, of the bromine had reacted after
4 h, when the colour had just disappeared. Due to the much slower rate of
lodmatlon the iodine colour still persisted after 12 h, When only small amounts
of iodoketones (the 3-iodo isomer) were found.

In expts. 7, 8, and 10 the products were distilled and the fraction of 2-
butanone was analyzed by NMR. This compound was found to be deuterated
both in the methyl and in the methylene group, see Table 2. In blank tests
(expts. 9 and 11), where no halogen was added, 2-butanone was deuterated
to the same extent during the same time using the same amount of catalyst.

In expts. 12—18, where the stronger bases sodium carbonate and sodium
deuterioxide were used the pD was higher, about 10 (sodium carbonate) or
about 13 (sodium deutenoxnde) At these higher pD’s reaction Hal B II is
favoured and at pD 12 this halogenation is operating alone.® Samples 12, 14,
and 16 were taken just after disappearance of the bromine colour, the other
samples after longer times. The NMR-analyses could be performed without
distilling the products, and the values are given in Table 2.

DISCUSSION

The halogenations in the present investigation gave further indications
for the proposed hypothesis that both halogenation and deuterations of
2-butanone do not proceed via the same enolate anion (or enol) mechanism.
Especially the halogenations in D,0 gave valuable information about the
ketonic component in the two halogenation reactions.

Before discussing these two mechanisms it will be useful to discuss the
mechanism of the base-catalyzed deuteration of ketones.
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HALOGENATION OF KETONES VIII 1829

Base-catalyzed deuteration of ketones. As mentioned above, the mechanism
of the enolization of ketones has been much discussed. However, in these
papers the discussion was based only upon halogenation experiments. During
the last decade several works have been published, where the mechanism of
the enolization is discussed from measurements of isotope effects or from
deuteration experiments.2*34 In all these papers it is generally accepted that
an enolization of the ketone is involved in the deuteration reaction, and it
seems difficult to find any plausible alternative mechanisms. The detailed
view of the enolization mechanism is discussed.

From a determination of the isotope effect in the enolization, Swain and
co-workers propose a concerted mechanism for the enolization, especially when
acetate buffers were used.?2 Although no termolecular term seems to have
been reported, the nature of the termolecular transition state has been dis-
cussed. On the basis of primary and secondary isotope effects, Emmons and
Hawthorne 3! suggest that this approximates an enolate anion, while Shechter
et al.3 propose that the transition state approximates the starting ketone.

On the contrary, other authors discuss a stepwise bimolecular mecha-
nism.33,3¢ Hine ef al.3* have studied the deuteration exchange of isobutyral-
dehyde-2-d in aqueous buffers of tertiary amines and oxygen bases. In these
buffers large deviations from the Brensted catalysis equation were observed,
especially for 2- and 6-methylsubstituted pyridines. These deviations were
explained on the basis of steric hindrance in the formation of the enolate
anions.34

Recently the present author found satisfactory agreement between the
results from an extended Hiickel calculation of the two anions derived from
2-butanone and the observed orientation of the base-catalyzed deuteration.
The agreement between the calculation and the observed orientation of
substitution in reactions Hal B I and Hal B II is not so good.®

Reaction Hal B I. First, it can be noted that the brominations according to
reaction Hal B T is 20—30 times faster than the corresponding iodinations,
which is in disagreement with the traditional enolate anion (or enol) mecha-
nism.

However, the most instructive information about the mechanism of this
reaction was obtained from the halogenations in D,O using sodium acetate
as catalyst; expts. 7—11, Table 2.

In Ref. 8 it was found that the catalytic constants of acetate are larger
than those of acetic acid. Thus we can neglect the enolizing effect of the acid
formed in the halogenation. The only enolizing species is, therefore, acetate,
which is present in the same quantities in all experiments. Since part of the
acetate is consumed in the halogenation of the ketone and in the hydrolysis
of the halogen, we can predict a slightly decreased amount of enolization in
these experiments (expts. 7, 8, and 10). If we assume that both halogenation
and deuteration take part via the enolate, (the observed difference in the
orientation of these two reactions could be explained by assuming that the
deuterating and the halogenating agents differ in the efficiency in capturing
the enol) the orientation and the amount of substitution should follow two
rules.
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1. The sum of deuterated and halogenated ketones in the experiments
where the amount of deuterated ketones is small, would be slightly smaller
than the amount of deuterated ketones in the experiments without any
halogen added.

2. Since 3-halogenated ketones are the main products in the halogenation,
1-deuteration would be favoured, resulting in lower K -values in these ex-
periments.

The observed behaviour is quite different. The sum of halogenated and
deuterated ketones is larger than the amounts of deuterated ketones in the
experiments where no catalyst was consumed during the reaction. Moreover,
the amount and orientation of deuteration is independent of added halogen.
Therefore it can be adduced that the halogenation according to reaction Hal
B I is a reaction with the unenolized ketone.

Reaction Hal B I1. In aqueous hydroxides the difference in rate between
bromine and iodine was a factor of 5. Although this value is lower than that
for Hal B I, it remains in conflict with a traditional enolate mechanism.

The general features for halogenation in D,0, assuming both halogenation
and deuteration to proceed via enolates, which are discussed above for reac-
tion Hal B I, are also valid for reaction Hal B II. However, in this case 1-
halogenation is strongly favoured, which would result in higher K-values.

Due to the higher catalytic constants of the stronger bases, it is not possible
to compare the rate of deuteration in experiments without and with added
halogen. However, the observed behaviour differs in three ways from the
predicted one:

1. In expts. 12 and 14, where the samples were taken just when the bromine
colour had disappeared, no deuteration of the ketone could be detected.

2. The rate of deuteration is independent if halogenation is going on. The
samples with sodium deuterioxide are taken during the halogenation (expt.
16), and after all halogen was consumed (expts. 17 and 18). The values of
deuteration in these samples gave good first-order plots.

Table 3. Composition of the halogenations in D,0 (0.36 g 2-butanone in 5 ml D,0).

Fﬁ‘st' Catalyst Amc;;unt Halogen Amcéunt Time
7 NaOAc 0.50 Br, 0.20 4h
8 » » I, 0.32 »

9 » » — — »
10 » » I, 0.32 12h
11 » » — - »
12 Na,CO, 0.60 Br, 0.20 3 min
13 » » » » 12 min
14 Na,CO, + 0.50 4 0.125 » » 2 min

NaOD

15 » » » » 5 min
16 NaOD 0.20 » » 6 min
17 » » » » 10 min
18 » » » » 21 min
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HALOGENATION OF KETONES VIIL 1831

3. The orientation of deuteration is independent of added halogen.

From this it follows that deuteration and Hal B II are not competitive
reactions, which the traditional enolate mechanism predicts. The results can
indicate that Hal B II is a reaction with the unenolized ketome.

EXPERIMENTAL

The NMR-spectra were recorded on a Varian model A-60 spectrometer. The pD-
determinations were made on a Vibret laboratory pH meter using the equation %

pD = pH meter reading + 0.4

Halogenation in D,0. The composition of the different runs are given in Table 3. With
the exception of expts. 12 and 13, the runs were carried out in one-phase systems. Samples
were withdrawn and extracted with 0.3 ml of carbon tetrachloride. In those experiments
where the halogen colour still persisted, sodium bisulfite was added to destroy halogen.
The organic phase was analyzed by NMR. Integrals were recorded until a predominant
trace was apparent, thus averaging to zero temporary instabilities within the instrument.
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