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Halogenation of Ketones

VIL* Base-Catalyzed Halogenation of Butanone-2. Evidence for two
Different Reactions

CHRISTOFFER RAPPE

Institute of Chemistry, University of Uppsala, Uppsala, Sweden

The halogenation of butanone-2 was studied. Two different base-
catalyzed reactions were found. In one reaction, Hal B I, which was
catalyzed by weak bases such as acetate and bicarbonate and operating
at pH 5.5—17, the products were mostly 3-halogenated products. The
other reaction, Hal B II, which was catalyzed by strong bases like
hydroxides and operating at pH higher than 12, resulted exclusively
in 1-halogenation. The three halogens chlorine, bromine, and iodine
were studied.

In 1904 it was proposed by Lapworth that the rate determining step in the
acid-catalyzed halogenation of ketones is the enolization of the ketone.!
Later the same author proposed the same step as being rate determining in
the base-catalyzed reaction.? In 1932 Watson and Yates proposed that the
base-catalyzed halogenation of ketones involves both the enolate anion and
the enol.® The currently accepted view is that the halogenation of ketones
can proceed by either an acid- or a base-catalyzed reaction, in both cases the
enolization or formation of the enolate anion being the rate determining step.4710

From the acid-catalyzed halogenation mono-, di-, tri-, tetrahalo and even
higher substituted ketones can be isolated, and general rules for the introduc-
tion of the halogen atoms have been found.*™3 Up to very recently, no halogeno
ketones seem to have been isolated from base-catalyzed reactions. It is con-
sidered that in the base-catalyzed halogenation of methyl ketones as in the
haloform reaction it is the methyl group, which is exclusively halogenated.4™10
Moreover, mono- and disubstituted ketones are considered to be halogenated
faster than the unsubstituted ketone in the base-catalyzed halogenation. In
the case of acetone, monochloro-, and 1,1-dichloroacetone, Bell and Lidwell
have found that the ratio of halogenation is 1:400:3000.14

* Part VI. Acta Chem. Scand. 20 (1966) 2305.
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The deuteration of ketones is another reaction where enolization is con-
sidered to be the rate and product determining step of the reaction. Like
halogenation, deuteration can be both acid- and base-catalyzed. Therefore
the orientation of the halogenation and the deuteration should follow the
same path. For the case of butanone-2 see Schemes 1.and 2.5,8,10,16,16

Recently the present author studied the deuteration of butanone-2 by
means of NMR-spectroscopy.l?,!® In the acid-catalyzed reaction 3-deutera-
tion/1-deuteration = I/III = K, was found to be about 2.5 (see Scheme 1).
Contrary to what was reported by Warkentin and Tee for the base-catalyzed
deuteration,!® the same Ky,-value (0.6—0.7) was found for reactions catalyzed
by the strong base deuterioxide as by the weak base acetate.l?,18

In the present paper the halogenation of butanone-2 is studied. In the
halogenation the three halogens chlorine, bromine, and iodine are used.
Special attention is paid to the products formed at various pH’s in the base-
catalyzed reactions.

For the acid-catalyzed bromination of butanone-2, Cardwell and Kilner
have determined the ratio II/IV = 3-bromination/l-bromination = Kg; as
271 Tt has been found that bromoketones easily rearrange in acid
media.’3,20,21 As chloroketones in general do not rearrange, it was desirable
to make the same determination of the chlorination products, see expt. 1,
Table 1. The value found here K = 2.7 is the same as the value given by
Cardwell and Kilner.1

Acta Chem. Scand. 21 (1967) No. 4



859

HALOGENATION OF KETONES VII

- - 001 urw g « 0'e1—3¢l HO®N 61
- I 66 « « 8" I1—¢31 « 8T
- L €6 « tag 8'01—¢'31 « Ll
- - 001 « o) S IT—¢'31 0 depmg o1
- a3 gL 4z « 0'01—6°01 f00%BN 9
i4 9g o¥ « « €L —18 f0DHEN i21
3 L6 - q¥p tig 0'g —¢'9 V depng e1
% % % ‘ON

HOOJ*X0°HO | HOOOXHO'HO | HOOO'HOHD L uesoeH Hd whEse) adxg

*(euogey] efowr/usdorey ejowr g°() sjucuriredxe uowusSo[RY Oy} WO} §10BIIXS OIPIOB oyf Jo uoipwsodwio) -7 9Jgm,[

"saLIojo[Ry = f ‘Z-ouousinqo[eyy- ‘11 = £ “-o[ByIp-1‘] = 2 “-O[8Y-[ = p “-O[BYBNEIE T[] = 0 “-O[BYIP-¢‘¢ = q ‘-o[ey-g = »

9T | LE 8% - 8 (4} - L 9¢ Uy « 001 L'01—6°01 f00%eN (41
- ¥g 8L - - ¥ - 4 02 | 99y ¢ ¢ 0'8 —1I'8 « 41
9l | 9L 81 - i4 82 - € Ly | 490 ¢ 08 08 —1'8 ¢ 01
€L | 08 - 9 4 ¥ - (4} 9L 9z « ge L'e —T1'8 f00H®EN 6
8¢ | @L € - 4 (4 L 9 09 « « ¢ 8y —&'9 ¢ 8
L | ¥8 g - - 6 g 9 SL « ¢ 0’8 ¢'g —8'L « L
8% | 08 9 g 4 9 - 9 VL « ¢ K 0'g —8L IVOEN 9
0¢g | 0L €1 6 - 4 - 8 L9 ¢ g - 9 — 1L « g
89 | 001 - - - €1 - - L8 « 10 - 0'¢ —T'L g depmng i
89 | 9L o1 g 4 € - 14 gL « fag - 9’ —¢9 ¢ €
€L | 001 - - - 4} - - 88 L4 ¢ - ¥e —¢€9 V Jeyng (4
Lg | 001 | — - - i | - - eL - 10 - 10H I

0 % % % % % % % uoForey Amby ‘ON

PHY v.\_ﬂ.v D b f ] P 2 q D euny, | uefoH eseq amby Lo i) adxm
! .

*(ouogey ejow/ucBorey ojowr gz1°0) syucmiriedxoe uonrueSo[BY OY} WOIJ S}0BIIXS OIU0ISY oy} Jo uonisodwio) ‘I 9quf

Acta Chem. Scand. 21 (1967) No. 4



860 CHRISTOFFER RAPPE

As mentioned above, the products from the base-catalyzed halogenation
have been only little studied. In a recent paper, the present author discussed
the existence of two different mechanisms for the base-catalyzed halogenation
of ketones.? In these experiments about 2.5 equiv. base/equiv. halogen were
used.

The orientation of the halogenation of butanone-2 was studied in a series
of experiments, where various bases were used in large excess, usually 8—10
equiv. base/equiv. halogen. The following bases were used: an acetdte buffer
with pH = 6.3 (buffer A), sodium acetate, a phosphate buffer with pH = 7.1
(buffer B), sodium bicarbonate, sodium carbonate, a phosphate buffer with
PH = 12.2 (buffer C) and sodium hydroxide. The pH of the reaction mixture
was studied during and after the reaction. The products were analyzed by
NMR as in Ref. 22 and the values are given in Table 1. In the experiments
with buffers B and C and bicarbonate the reactions were run in two-phase
systems, and in the other experiments in one-phase systems.

The orientation of the halogenation is given by the Ku.-values, 3-halo-
genation/1-halogenation (I1/IV, see Schemes 1 and 2). As the amount of halogen
used is difficult to calculate in the case of chlorine, bromine was preferably
used.

As has been pointed out before it is difficult to estimate whether halo-
forms and 1,3-substituted polyhalo ketones are formed from a primary 1-
or 3-halogenation.?? Therefore it was found favourable to interrupt the
syntheses before the bromine colour disappeared, in which case the amount
of these compounds was small. If they were present, the same approximation
was made here as before: two-thirds of these compounds are formed from a
primary 3-halogenation, one-third from a primary 1-halogenation.2?

In the carbonate- and hydroxide-catalyzed reactions the amount of
bromoform was high even when the syntheses were interrupted after one
minute (expt. 12). Therefore the direction of substitution could not be deter-
mined by analyzing the ketonic extracts. Acidic extracts were collected and
analyzed by NMR. In Table 2 these results are given together with the corre-
sponding values from the acetate- and bicarbonate-catalyzed reactions.

The results in Tables 1 and 2, especially those where the reactions were
performed in the buffers, where the pH was rather constant, shows that the
orientation of the substitution (Ku.) is dependent of the pH of the reaction
mixture. It was found to be independent of the halogen (chlorine and bromine)
and base used. Moreover, the results were about the same in one- and in two-
phase systems.

At least two different mechanisms are operating in the base-catalyzed
halogenation of butanone-2. One mechanism, here and subsequently called
Hal B I, operates at pH 5.5—7, giving mainly substitution in the methylene
group, 3-halogenation (Kya = 7—7.5). The other mechanism, called Hal B
II, operates in more alkaline solutions, pH over 12. Here the tendency for
halogenation of the methyl group (1-halogenation) is great, ¢.e. the haloform
reaction (Kua = 0). The results from reactions in solutions with pH’s 7—12
can be best interpreted if both reactions, Hal B I and Hal B II, are taking
place. They are competitive reactions.

Acta Chem. Scand. 21 (1967) No. 4
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In addition to the Kua-values, .e. the orientation of substitution, the two
reactions Hal B I and Hal B II behave differently with respect to polyhalogena-
tion. Reaction Hal B I yielded measurable amounts of monosubstituted prod-
ucts, especially with small amounts of halogen, while reaction Hal B II
yielded almost exclusively 1,1,1-trisubstituted ketones (and subsequent carbon-
carbon fission) even when only very little halogen was consumed.

In this connection it can be of interest to discuss the behaviour of other
ketones with regard to pH and acid-/base-catalyzed reactions. Hsii and Wilson,
who studied the racemization of 2-o-carboxybenzylindan-1-one, reported that
in a buffer of 2 9, of sodium acetate in 16.0 N acetic acid the racemization is
mainly a base-catalyzed reaction.?® «-Haloketones are known to undergo
base-catalyzed reactions in even more acidic solutions. Watson and Yates
have reported that the bromination of 1,1,3-tribromoacetone is a base-catalyzed
reaction in 2 N hydrochloric acid.®

Todine is considered to behave like the other halogens, bromine and chlo-
rine, in the base-catalyzed halogenation of ketones, giving a haloform reaction.
The iodoform test of methyl ketones and methyl carbinols has been carefully
investigated.24726

The iodination of butanone-2 in an acetate buffer has recently been studied
by Schellenberger and Hiibner.?” These authors used radioactive iodine for
the halogenation, and in this reaction they considered that only monosubsti-
tuted iodoketones were formed, but they did not isolate any products from
this reaction. Thereafter they treated the reaction mixture with excess iodine
in strong alkaline solution and the radioactivity of the components formed in
the haloform fission was determined. From this determination a K -value of
0.37 can be calculated. However, the authors considered both iodinations to
be base-catalyzed reactions, but the interesting fact that the two reactions
gave different products was not discussed in the paper: it seems to have been
overlooked. In view of the results of the deuteration and bromination in
acetate buffers obtained in this paper and in Refs. 17, 18, and 22, it was of
interest to reexamine the iodination of butanone-2. Moreover, the method
according to which Schellenberger et al. obtained their K -values seems a
little questionable. According to the same method they found the K -value
for the acid-catalyzed iodination to be 450,27 the corresponding chlorination
(expt. 1, Table 1) and bromination gave Ky, = 2.7.1

A series of base-catalyzed iodinations was performed using the same ex-
perimental conditions as for the halogenations above. The K, -values were
determined in the same way, and the results are given in Tables 3 and 4.

In this NMR-determination it was found that the direction of iodination
in an experiment where the pH of the solution was changed from 6.3 to 5.7
(buffer A, expt. 20) gave a K -value of 7.2. This is the same as the value from
the brominations and chlorinations in experiments with the same pH and
quite different from the value given by Schellenberger and Hiibner.?” This
indicates that reaction Hal B I operates at pH 5.5—7 in the iodination too.
In reactions performed in solutions with pH 12, reaction Hal B II operates
(the haloform reaction).

The results from one of the bicarbonate-catalyzed iodinations (expt. 22)
gave greater amounts of l-substitution (lower K, -values) than from the
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bromination experiment using the same amount of base (expt. 9). This is due
to two reasons.

Above, it was proposed that in the pH interval 7—12 the two reactions
Hal B I and Hal B II are competitive reactions. Due to the slower hydrolysis
of iodine as compared with the other two halogens, the iodination with bicar-
bonate was performed at higher pH than the bromination, where the lower pH
value was reached rather soon. This difference in the pH favours reaction Hal
B II (1-halogenation) over reaction Hal B I (3-halogenation), cf. also expt.
10 (K3 = 1.6, pH = 8).

Moreover, in unpublished results it was found that the iodination rate in
reaction Hal B I was 20—30 times slower than the bromination rate, while
the difference for the two halogens in reaction Hal B II was only 4—5 times.
Therefore, at constant pH the amount of iodination according to reaction
Hal B II is more favoured than the iodination according to reaction Hal B I
compared with the corresponding bromination.

The composition of the acidic extracts are given in Tables 2 and 4. From
these tables it is evident that the haloform reaction is preferably performed in
media where the pH is higher than 12 throughout the whole reaction, in this
cagse the amount of «-halogenated acids is very low. The main acidic component
in reactions performed at pH 5—7 was monohalo propionic acid. As the pH
of the solvent increases, the amount of unhalogenated proplomc acid in-
creases.

Cullis and Hashmi studied the acidic components from hydroxide-catalyzed
haloform reactions. They used chromatographic methods, and they also found
small amounts of monohalogenated acids.24 26

As said before, in both the acid- and base-catalyzed halogenation and
deuteration of ketones, the rate and product determining step in the two
reactions is considered to be the enolization. This means that the two reac-
tions should give the same orientation in the substitution; K, (3-deuteration/
1-deuteration) = Kua (3-halogenation/l-halogenation); see Schemes 1 and 2.

As has been pointed out above, we have two different base-catalyzed
halogenations working at different pI-I. In the case of butanone-2 the K-
values for these two reactions are 7.0—17.5 for reaction Hal B I working at pH
5.5—17 and Kya = O for reaction Hal B 1I working at pH higher than 12.
The base-catalyzed deuteration of butanone-2 gave a value K, = 0.6—0.7,
which value is independent of pH, the base used, and the concentration of
the base.!”,® In neither of the two halogenatxons does the orientation of
substitution follow the same path as the deuteration.

This comparison of the orientation of substitution of the two reactions
indicate that the base-catalyzed halogenation and deuteration of ketones
cannot follow the same mechanism. Both kinds of base-catalyzed halogena-
tions of ketones can be assumed to partly or completely follow another mecha-
nism than the deuteration. In this situation an investigation has been started
to find modifications of the accepted mechanism or other possible mechanisms
for the reaction.

Acta Chem. Scand. 21 (1967) No. 4
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Table 5. Composition of the halogenation experiments where the ketonic extracts were analyzed.

Eﬁgf" Butanone-2 Hr;? Catalyst Amount Halogen Amgount
1 200 - HC1 250 ml Cly —_
2 9.2 - Buffer A 350 ml » —
3 » — » 175 ml Br, 2.0
4 » - Buffer B 150 ml Cl, —
5 » — » » Br, 2.0
6 18.5 70 NaOAc 75 g » 4.0
7 » 350 » 24 g » »
8 » » » »* » »
9 » 70 NaHCO, 7.5 g » »

10 » 350 » 24 g » »
11 » » » » » »
12 » » Na,CO, 27 g » »
20 9.2 — Buffer A 1756 ml 1, 3.2
21 » — Buffer B 150 ml » »
22 18.5 70 NaHCO, 75 g » 6.3
23 » 350 » 24 g » »
24 » » Na,CO, 27 g » »

* 5 ml HOAc added.

Table 6. Composition of the halogenation experiments where the acidic extracts were analyzed
(4.6 ml of butanone-2).

Eiﬁ:‘ I;:IO Catalyst Amount Halogen Am;unt
13 - Buffer A 350 ml Br, 4.0
14 350 NaHCO, 24 g » »
15 » Na,CO, 27 g » »
16 - Buffer C 200 ml Cl, —_
17 - » » Br, 4.0
18 - » » » 1.0
19 100 NaOH 15 g » 4.0
25 350 NaHCO, 24 g I, 6.3
26 » Na,CO, 27 g » »
27 — Buffer C 200 ml » 1.6
28 100 NaOH 15 g » 6.3

EXPERIMENTAL

The NMR-spectra were recorded on a Varian model A-60 spectrometer. The pH-

determinations were made on a Vibret laboratory pH meter.
. Buffer A was prepared from 25.0 g of sodium acetate, 0.5 ml of acetic acid and 350 ml

of water.

Buffer B was prepared from 36.0 g of disodium phosphate and 2.0 g of monosodium
phosphate in 150 ml of water.

Buffer C was prepared from 38.0 g of trisodium phosphate, 2.0 g of disodium phosphate
and 200 ml of water.

Acta Chem. Scand. 21 (1967) No. 4
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Halogenations. The composition of the different runs are given in Tables 5 and 6.
The reactions were performed at room temperature. In the experiments with buffers B
and C and bicarbonate the reactions were run in two-phase systems, in the other ex-
periments in one-phase systems. The mixtures were thoroughly stirred, carbon tetra-
chloride was added and the heavier organic layer separated, the solvent was evaporated
and the residues were analyzed by NMR. The acidic extracts were prepared by extracting
the reaction mixtures with carbon tetrachloride, acidifying and re-extracting with ether,
the ether was evaporated and the residues were analyzed by NMR.
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