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Kinetic Hydrogen Isotope Effects in the Halogenation of 2-Oxocyclo-
hexanecarboxylic Acid and its Methyl Ester

By Brian G. Cox,* Chemistry Department, The University, Stirling, Scotland
Robert E. J. Hutchinson, T Research School of Chemistry, Australian National University, Canberra, A.C.T.,

Australia

Measurements have been made on the rates of bromination of 2-oxocyclohexanecarboxylic acid and of bromination
and iodination of methyl 2-oxocyclohexanecarboxylate. The observed rates are independent of the nature and
concentration of the halogen involved and represent the rates of ionization or enolisation of the substrates. The
reactions are base-catalysed and catalytic constants and kinetic hydrogen isotope effects for some carboxylate
anions have been determined. Under comparable conditions, 2-oxocyclohexanecarboxylic acid is halogenated
500—1000 times more rapidly than is its methyl ester. Observed isotope effects (kg/kp) in the halogenation of the
acid are high and relatively constant for the bases studied, varying between 7-2 for the uncatalysed reaction to 8-0
for acetate catalysis. Corresponding values for the ester vary between 4-2 (uncatalysed) and 7-5 (acetate catalysis)
The results indicate a considerable degree of participation of the carboxylic acid group in the halogenation reaction.

ReceENTLY Bell and Page! have reported rates of
ionization or enolisation of a number of keto-acids in
which the carboxylic acid group is suitably placed
to assist the ionization, either by donating a proton
to the oxygen atom of the ketone during the rate-
determining step (I) or by the ionized carboxylate
group stabilizing the protonated oxygen atom of the
ketone (formed in a pre-equilibrium proton transfer)
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Rate enhancements of the keto-acids as compared
with the corresponding alkyl esters were found to vary
between 20-fold and over 200-fold, indicating a significant
degree of participation by the carboxylate group.

Kirby and Meyer? have also found considerable
enhancement of the rate of ketonization of 2-hydroxy-

+ Present address: Dairy Produce Graders Office, Ministry of
Agriculture and Fisheries, Auckland, New Zealand.

cyclohex-1-enecarboxylic acid, attributable to the
catalytic effect of the neighbouring carboxylate group.

In this paper we report the rates and hydrogen isotope
effects for the halogenation of 2-oxocyclohexanecarb-
oxylate and of its methyl ester. For these reactions
the rate is independent of the concentration or nature
of the halogen involved (Bry, or I,), indicating that
the rate-determining step is the transfer of a proton
from the active C-H group to a base catalyst.

EXPERIMENTAL

Materials.—2-Oxocyclohexanecarboxylic acid, prepared
and isolated according to the method reported by Corey,?
was stable provided that it was stored at or below 0 °C.
Corey 8 has shown that addition of 2 mol. equiv. of bro-
mine to an aqueous solution of the acid in the presence of
an acetate buffer results in the rapid uptake 1 mol. equiv.
of Br, (presumably to give l-bromo-2-oxocyclohexane-
carboxylic acid), followed by a relatively slow uptake of a
further mol. equiv., during which decarboxylation takes
place, to give 2,2-dibromocyclohexanone. Methyl 2-oxo-
cyclohexanecarboxylate was donated by Dr. R. L. Hafter.
Inorganic materials were of AnalaR grade.

Kinetic Measuvements.—The rate of disappearance of

1 R. P. Bell and M. 1. Page, J.C.S. Perkin II, 1973, 1681.

2 A. J. Kirby and G. Meyer, J.C.S. Perkin 11, 1972, 1446.
3 . J. Corey, J. Amer. Chem. Soc., 1953, 75, 3297.
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bromine or iodine was followed spectrophotometrically by
measurements at 398 or 353 nm, respectively with a Gilford
2400 instrument. Kinetic measurements were made at
10-0 &+ 0-2 °C (keto-acid) and 25-0 £ 0-2 °C (keto-ester).

pK, Determinations.—The pK, value of the keto-acid
was determined by studying the absorption at 400 nm of
2,4-dinitrophenol (85 x 10°M) in solutions containing
various ratios of the neutral and anionic forms of the acid
{ca. 9 x 107%m). Measurements were carried out at
23 and 10 °C.

RESULTS

pK. Value of 2-Oxocyclohexanecarboxylic Acid.—From
measurements of the absorption of 2,4-dinitrophenol
(DNP), at 10 °C, R = K,(keto-acid)/K,(DNP) = 1-81 + 0-2;
at 23 °C, R = 1-40 + 0-05. The K, value of 2,4-dinitro-
phenol has been given as 7-76 x 10 at 25 °C4 By
measuring the absorption of 2,4-dinitrophenol in acetate
buffers at 23 and 10 °C, we obtained values of 761 X 1073
and 6-26 x 1075, respectively. Combining these values
with the foregoing values of R gave K,(keto-acid) =
1-13 x 107, i.e. pK, = 3-95 at 10 °C. The corresponding
values at 23 °C were 1-07 X 107 and 3-90.

Bromination of 2-Oxocyclohexanecarboxylic Acid.—(i) In
acid solution. Rates were measured in dilute aqueous
perchloric acid. All solutions contained 0-05M-NaBr;
tnitial bromine concentrations were ca. 1-5 X 10 mol I'?
and keto-acid concentrations ca. 107 mol1™. Ionic strength
was maintained at 0-15 by addition of NaClO,. Reactions
were initiated by injection of ca. 30 ul of a stock solution
of the keto-acid (ca. 0-1M) to the other reactants in a
spectrophotometric cell. There was no instantaneous
reaction with bromine, indicating the absence of any
appreciable amount of enol.

The observed rate law was of the form shown in equation
(1), where RCO,H represents the keto-acid and [Br,*] the
total bromine concentration ([Br,*] = [Br,] + [Br;7)).

d[Br,*)/dt = d[RCO,H]/d = k[RCO,H] (1)

Values of the observed first order rate constant, %, are
given in Table 1. These values give R, = 1-34 4+ 0-04

TABLE 1

Rates of bromination of 2-oxocyclohexanecarboxylic
acid in dilute HClO, solutions at 10 °C
[NaBr] = 0-05 mol dm™3; ionic strength = 0-15.
[HC1O,]/mol dm™2 0-0625 0-01 0-02 0-05 0-10 0-20*
10% 2[s71 1-34 1-32 138 129 1-32 141
* Jonic strength = 0-25.

s71 and show that the rate is independent of the acid con-
centration over the range studied.

(ii) In the presence of added base. Reactions were carried
out in chloroacetate, B-chloropropionate, and acetate
buffers with varying buffer ratios. Concentrations of
NaBr, Br,, keto-acid were the same as for the reactions
in acid solution. Ionic strength was maintained at 0-15
by the addition of NaClO,. In all cases reactions were
of the first order, with the observed rate law given by
equation (2), in which RCO,H and RCO,™ represent the

—d[Br,*]/dt = —d{[RCO,H] + [RCO,"]}/dt —=
ke{[RCO,H] + RCO,7]} (2)

4 R. G. Bates and G. Schwarzenback, Helv. Chim. Acta, 1954,
37, 1069.
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neutral and ionized forms of the keto-acid. The observed
rate constants were consistent with the dominant reaction
being that between RCO,H and B (or the kinetically
equivalent reaction between RCO,” and BHY), where B
represents the added base. Under these conditions the
rate law will be given by equations (3) and (4). It can

—d{[RCO,H] + [RCO, 1}/dt = k' [RCOH]  (3)
k' = ky + kp[B] 4)

readily be shown that %, and %’ are related by equation (5).
The fraction [RCO,H]/{[RCO,H] + [RCO,7]}, ¢.e. the

ke = #[RCO,HI/{[RCO,H] + [RCO;1}  (5)

fraction of un-ionized keto-acid can readily be calculated
by using the known acidity constant of the various carb-
oxylic acids at 10 °C.> The following values of the catalytic
constants were found to fit the observed rate constants
(kBe): ky= 134 X 10°% s™; kp(chloroacetate) = 20-9 x
1072; kp(B-chloropropionate) = 78:7 x 107%; kp(acetate) =
121 X 1072 dm® mol? s. The observed rate constants
in the various buffer solutions, together with those cal-
culated from equation (4) and (5), are listed in Table 2.

(iil) Kinetic deuterium isotope effects. A solution (0-1m)
of 2-oxo[1-H]cyclohexanecarboxylic acid was prepared
by dissolving 2-oxocyclohexanecarboxylic acid in D,0O
and leaving the solution for at least 8 half lives. Bromin-
ation reactions were carried out by adding ca. 50 pl of this
solution to ca. 2-5 ml of a solution containing appropriate
amounts of Br,, NaBr, and various buffers in a spectro-
photometric cell. The observed rate constants were
analysed in terms of equations (4) and (5) as for the corre-
sponding [*H]ketone. For the slowest brominations of
the deuteriated ketones, a correction to the observed
infinity value was required to allow for the effect of the
subsequent bromination reaction (to give 2,2-dibromo-
cyclohexanone). The rate of the first bromination step
was always at least 10 times that of the subsequent step
so that corrections were small.

Table 3 lists the observed rate constants for the bromin-
ation (%.D) in chloroacetate, B-chloropropionate, and acetate
buffers. The resulting catalytic constants [equations
(4) and (5)], together with the kinetic isotope effects, are
listed in Table 4. .

(iv) Reactions in D,O as solvent. Rates of bromination
in D,0 containing 0-06M-DClO, (prepared by dilution of
12M-HCIO, with D,0) were measured. Reaction solutions
(after addition of ca. 50 yul of keto-acid in H,O per 2-5 ml
of reaction mixture) contained 97% D,0. The results
gave £o(D;0) = 6-30 (1-0-03) X 1073 s72, which corresponds
to a solvent deuterium isotope effect [k(H,0)/%k(D;0)] of
2-1,.

Halogenation of Methyl 2-Oxocyclohexanecarboxylate.—
Rates and deuterium isotope effects for the bromination and
iodination of the keto-ester were determined in chloro-
acetate and acetate buffers at 25 °C. The reactions are
considerably slower than those of the keto-acid and for
some reactions (particularly for the deuterio-compound)
evaporation of Br, during the reaction was a problem.
For this reason iodination rates only were obtained in some
cases. For the bromination reactions, initial bromine
concentrations were ca. 10® mol 1%, sodium bromide
concentrations 0-2 mol 1'%, and initial ketone concentrations

5 R. A. Robinson and R. H. Stokes, ‘ Electrolyte Solutions,’
2nd edn., Butterworths, London, 1959.
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TABLE 2

Rates of bromination of 2-oxocyclohexanecarboxylic acid in various buffer solutions at 10 °C
[NaBr] = 0-05m; ionic strength = 0-15

Base (B) 102[{B]/mol dm3 ve

(H,0) 4

CICH,CO4- 1-80 1-02
3:00 1-02
4-30 1-02
540 1-02
4-00 0-515
5-00 0-212

CICH,-CH,-CO,~ 1-50 2:20
2:50 2-20
3:50 2-20
4-50 2:20

MeCO,~ 1-00 9:0
2-00 4.0
2-50 4-0
3-50 4-0
4-50 4-0
3-00 2:33
3-00 1-00
4-00 0:50
5-00 0-20

* y = [A]/[B] where A represents the acidic component of the buffer.

from equations (4) and (5). 9 See Table 1.

% RCO,H ¥ 102k, (obs.)[s™t 103%, (calc.) ¢/s!

100 13-4 13-4
93-0 15-3 16-0
93-0 170 18-2
93-0 20-8 20-7
93-0 22-6 23-0
87-0 18-3 18-9
72-0 16-3 17-2
61-0 15-2 154
61-0 21-0 20-2
61-0 25-2 25-0
61-0 30-4 29-8
580 15-3 147
38-0 14-9 14-3
38-0 16-8 16-6
38-0 21-1 21-2
38-0 25-3 25-8
26-4 12-7 131
13-3 6-60 6-60

7-1 5-20 4-40
2-98 2-53 2:20

b o/ Of un-ionized form of keto-acid. ¢ Values calculated

TABLE 3

Rates of bromination of 2-oxo[1-*H]cyclohexane-carboxylic acid in various buffers at 10 °C
[NaBr] = 0-05M; ionic strength = 0-15

Base (B) 102[B]/mol dm™3 ya
(H,0)

CICH,CO 1-80 1-00

3-:00 1-00

4-20 1-00

5-40 1-00

CICH,-CH, CO;~ 1-50 220

2-50 2-20

3-50 2-20

4-50 2:20

MeCO,~ 1-50 4-00

2:50 4-00

3:50 4-00

4-50 4-00

9 y = Buffer ratio = [A]/[B].
constants listed in Table 4. # Average of 3 runs.

ca. 7 X 1074 mol I'Y. There was no evidence of significant
concentrations of enol in the aqueous solutions. The
iodination of the corresponding ethyl ester is known to be
reversible 8 under conditions where either [I7] or [H*] is
high. Todination reactions were carried out in solutions

TABLE 4

Catalytic constants for the bromination of 2-oxocyclo-
hexanecarboxylic acid and kinetic deuterium isotope
effects at 10 °C

Base (B) 102kgH 9/ 10%2%kg2/
dm?® molls! dm? molls1l jpH/iBD
(H,0) » 1-34 0-185 7-2,
CICH,-CO,~ 20-9 2-69 77,
CICH,-CH,CO,~ 78-7 10-3 7-64
MeCO,~ 121 15-1 8:0,
s Catalytic constants for [H]ketone. & %, in sl

with [I"] 46 x 1078 mol 1%, [ketone] ca. 8 X 10 mol 17,
and initial [I,] 4 [I,7] ca. 5 X 107® mol 1"1. Under these
conditions, the reactions were of zero order in iodine
concentration over at least 909, of the reaction. The
effective extinction coefficient of iodine in the presence

¢ R. P. Bell and H. L. Goldsmith, Proc. Roy. Soc., 1951, 4,
210, 322.

b o/, Un-ionized form of keto-acid.

o, RCO,H 108%P,, (obs.)/s™ 103D, (calc.) ¢/s
100 1-85 (4-0-05) ¢ 1-85
90 2-05 2:11
90 2.33 2-40
90 2.55 2-69
90 2.95 2-98
61-0 2.05 2.07
61-0 2-65 2-70
61-0 3-29 3-33
61-0 395 396
38-0 1-60 1-56
38-0 2.12 2-13
380 2.77 2-71
380 3-27 3-28

¢ Calculated from equations (4) and (5) by using catalytic

of 4-6 X 1073m iodide was taken to be 2:0 X 10% at 353 nm.
This value was obtained from quoted values of ;- and the
formation constant of I;7.7 In all cases the observed rate
law was of the form shown in equations (6) and (7), where B
represents the added base, RCO,Me represents the keto-
ester, and X,* either Br, + Bry~or I, + I;".

—d[X,*]/dt = —d[RCO,Me]/df = k[RCO,Me] (6)

(7)

The observed rate constants in the buffers are listed in
Table 5 and the resulting catalytic constants and deuterium
isotope effects in Table 6.

The results in Table 5 show excellent agreement between
rates of bromination and iodination for the [*H]ketone.
Rate constants for iodination of the [2H]ketone are ca. 7%,
higher than those for bromination (in acetate buffers).
This indicates that the ketone is only ca. 98-5%, deuteriated,
the remaining 1:59%, ['H]ketone being responsible for the
slightly higher rate of iodination where the initial rate of
consumption of the ketone was measured. For this
reason the bromination rates were used in evaluating

ke = ko + kp[B]

" J. Awtrey and D. Connick, J. Amer. Chemn. Soc., 1951, 78,
1842.



616

kHp/kDy for acetate catalysis. The quoted isotope effects
for chloroacetate and the uncatalysed reaction may be
ca. 6% too low for the same reason. Values of AHg in
Table 5 may be compared with those obtained by Bell

TABLE 5

Rates of bromination and iodination of methyl 2-oxo-
cyclohexanecarboxylate (i) and its l-deuterio-deriv-
ative (i) in buffers at 25 °C

®

10%(B]/  10%5,/  10%pe/  10%ee.
Base (B) mol 171 st st st
CICH,-CO,~ ¢ 3-60 5-44 5-90 5-30
7-30 7-92 771 8:27
10-9 10-5 11-6 11-0
14-5 13:5 14-3 13-8
18-2 16-5 16-3 16-6
MeCO,~ ¢ 3-60 31-7 30-1 31-6
7-30 59-1 58-6 61-4
10-9 89-3 87-0 90-5
14-5 121 126 120
18:2 154 159 150
(ii)
CICH,-CO,- 3-60 1-06 1-04
7-30 1-48 1-50
10-9 1-92 1-95
14-5 2-44 2-40
18-2 2-88 2-87
MeCO,~ 3-60 4-74 4-39 4-48
7-30 9-17 8-61 8-47
10-9 13-3 12-4 12-4
145 16-8 151 16-3
18-2 22-4 21-0 20-3

o Calculated from equations (6) and (7), by using catalytic
constants from Table 6. ® Buffer ratio ([A]/[B]) = 0-5.
¢ Buffer ratio ([A]/[B]) = 1-5.

TABLE 6

Catalytic constants and kinetic deuterium isotope effects
for the halogenation of methyl 2-oxocyclohexane-
carboxylate at 25-0 °C

10%kH/ 10%kgP/

Base (B) dm?® mol! s! dm3 mol? s kgH/[kg?
(H,0) 2-50 @ 0-59 42,
CICH,CO,~ 77-5 12-5 6-2,
MeCO,~ 807 108 7-4,

kg in s71. ® From bromination results.

and Goldsmith ¢ for the iodination of ethyl 2-oxocyclo-
hexanecarboxylate. Their results were as follows: %, =
0-97 x 1073 s™1; kgy(chloroacetate) = 31-7 X 107 dm? mol™?
s71; kp(acetate) = 535 x 1073 dm3® mol?s™1. As expected,
values are very similar for the bases compared.

DISCUSSION

The observed independence of the halogenation rates
of halogen concentrations and the equivalence of the
bromination and iodination rates confirm that the
rate-determining step is enolisation or ionization of the
active C-H group. The results summarised in Tables 4
and 6 show that the replacement of the ester group in
methyl 2-oxocyclohexanecarboxylate with a carboxylic
acid group results in considerable enhancement of the

J.C.S. Perkin II

ionization rate. Allowing for the temperature difference,
the rates are increased by ca. 500—1000-fold, depending
on the catalysing base.

Although the range of bases studied is limited it is
possible to estimate the Bronsted p coefficient for the
two substrates by using the catalytic constants for the
carboxylic acids. The results in Table 4 for 2-oxo-
cyclohexanecarboxylic acid follow the Bronsted equa-
tion with a coefficient 8 = 0-42; c¢f. 0-57 for the methyl
ester and previously reported values for the ethyl ester
of 0-63 (ref. 2) and 0-67 (ref. 6); the latter results
were obtained for a much wider range of bases than in
the present study. These reductions in 8 are consistent
with the transition state occurring at an earlier stage
in the reaction pathway for the keto-acid as expected
if the carboxylic acid group is assisting the ionization
to a greater extent than the ester group.

The observed isotope effect for the enolisation of the
keto-acid is insensitive to the nature of the catalysing
base, varying only from 7-2 to 8 for water and -acetate
catalysis and being approximately constant for the
carboxylic acids. The values are also near the maximum
expected on the basis of simple vibrational zero-point
energy difference between the substrate C-H and C-D
bonds. This contrasts sharply with the corresponding
results for the keto-ester which show a variation from
4-2 to 7-5 aver the same range of bases.

While all the above factors indicate a considerable
degree of participation of the carboxylic acid group in
the enolization reaction it is difficult to decide whether
this involves the transition state (I), in which the
carboxylic acid donates a proton during the ionization
reaction, or the transition state (II) in which the carb-
oxylate group stabilises the protonated oxygen atom
of the ketone group. Indeed although the transition
state (II) may be formally regarded as resulting from
general acid catalysis of RCO,~ by BH* and the transi-
tion state (I) from general base catalysis of RCO,H
by B, the only difference between the two is in the
degree of proton transfer of the proton between the
carboxylate group and the carbonyl oxygen atom.
The observed solvent deuterium isotope effect (kg,of
kp,0 = 2-1) is quite high® and may indicate some motion
of the carboxylate proton during the rate-determining
step. However this result is not conclusive, as a
similar value has been observed for the ionization of
ethyl 2-oxocyclopentanecarboxylate.®

We thank Professor R. P. Bell (University of Stirling)
for discussion.
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