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benzene is very short and is virtually independent of viscosity.?

This implies that £ is near 0. Experiments also show that f is
greater than 0.2 The observed ratio f; /f, =~ 0 for benzene cannot
be predicted by any plausible configuration of beads in a scaler
bead model, including the so-called shell models.*>*¢  Similar
arguments may be made to show that bead models are inadequate
for describing a number of other molecular rotations about axes
of high symmetry, such as those of methane or methyl groups.

Physically, the low value of the rotational friction coefficient
in small spherical molecules such as methane, or the sixfold ro-

(45) Filson, D. F.; Bloomfield, V. A. Biochemistry 1967 6, 1650. J.
Polymer Sci., Part C 1968, 25, 73.

(46) Garcia Bernal, J. M.; Garcia de la Torre, J. Biopolymers 1981, 20,
129.

tation of benzene, arises from the fact that no fluid is displaced
as the molecule rotates freely within a cage of its neighbors.
Caution is advised when modeling such systems with bead ap-
proximations; alternative approaches such as those of Hu and
Zwanzig? or of Youngren and Acrivos*’ or an explicitly aniso-
tropic bead treatment*® may be more appropriate.

Registry No. Benzene, 71-43-2; toluene, 108-88-3; bromobenzene,
108-86-1; butane, 106-97-8; cyclohexane, 110-82-7; neopentane, 463-
82-1; carbon tetrachloride, 56-23-5; chloroform, 67-66-3; ethyl iodide,
75-03-6; propyl iodide, 107-08-4; ethyl bromide, 74-96-4; hexafluoro-
benzene, 392-56-3; mesitylene, 108-67-8; p-xylene, 106-42-3; acetonitrile,
75-05-8; propyne, 74-99-7; methyl iodide, 74-88-4.

(47) Youngren, G.; Acrivos, A, J. Chem. Phys. 1975, 63, 3846.
(48) Deleted in proof.
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In the oscillatory Belousov—Zhabotinsky (BZ) reaction, bromination of the organic substrate is an important component
process. Because bromination of the organic substrate in the BZ reaction occurs via an enolization mechanism, which generally
is considered to be rate determining, the enolization rate constants are important parameters. In this paper, we report enolization
rate constants of malonic and methylmalonic acid in 1 M sulfuric acid by following with 'H NMR spectroscopy the isotopic
substitution of enol-exchangeable hydrogen atoms by deuterium. We find for the first enolization step of malonic acid a
rate constant of (1.066 = 0.003) X 1073 5! and for the second enolization step a rate constant value of (4.2 + 0.2) X 107
s~!. The corresponding value for methylmalonic acid is (5.7 £ 0.1) X 107% s™'. While earlier literature data for malonic
acid are difficult to compare with our present results, the determined enolization rate constant for methylmalonic acid is
in excellent agreement with two other experimental determinations performed in 1 M sulfuric acid. When the sulfuric acid
activity is taken into account, then methylmalonic acid enolization rates can be extrapolated to other sulfuric acid concentrations.

Introduction

The Belousov'-Zhabotinsky?? (BZ) reaction is one of the most
studied and best understood chemical oscillating reactions. Even
in a closed system the reaction exhibits an unexpected wealth of
dynamic behaviors ranging from sustained oscillations,'~* excit-
abilities,>® and chemical wave activity®>!! to bistability.”'?"'4 In
general, a BZ reaction is the simultaneous bromination and ox-
idation of an organic substrate by bromate in the presence of a
metal ion catalyst in aqueous acidic media.!>'® The basic
mechanism was elucidated by Noyes and co-workers and is now
known as the Field-Ko6rés—Noyes (FKN) mechanism.’ An im-
portant feature of the mechanism is that bromide ion acts as a
control intermediate.’ Recently, Field and Fésterling!” revised
the rate constants of the FKN mechanism and Noyes'® reviewed
the subject.

Shortly after publication of the mechanism,’ Field and Noyes
presented a simplified mathematical model of the FKN scheme,
the so-called Oregonator model,'® which has been very successful
in simulating and predicting various types of dynamic behaviors
of BZ systems, including oscillations induced by silver ion2%2! or
oscillations induced by other bromide ion removing reagents.?>24

Despite the success of the Oregonator model, criticism arose
concerning to the stoichiometry of the bromide-regenerating step,?

tPermanent address: Production Laboratories, Statoil, P.O. Box 300 Forus,
N-4001 Stavanger, Norway.

and subsequently Noyes®® presented a revised version of the
Oregonator model.?” A characteristic feature of that model is

(1) Belousov, B. P. Sb. Ref. Radiat. Med., Medgiz, Moscow 1958, 145.
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its independence of the catalyst.

However, experimental results indicate that the catalyst itself
has a considerable influence on the dynamics of BZ reactions,
This led Ruoff and Noyes?® to propose an amplified Oregonator
scheme. This model does not only omit, as in the case of the
revised Oregonator, the criticized stoichiometric f-factor of the
original’® Oregonator, but is also able to model excitability of a
reduced steady state induced by silver ions and excitability of an
oxidized steady state induced by bromide ions. The amplified
Oregonator also simulates how oscillations in batch conditions
during a single run might change from reduction pulses to oxi-
dation pulses. Finally, this model is even able to simulate tem-
porary bistability in a closed system.?

The amplified Oregonator model implies that for almost every
BZ system it should be possible to do semiquantitative simulations
by considering only (i) the attack of the oxidized form of the
catalyst on the organic substrate and (ii) the bromination rate
of the organic substrate via enolization, as long as no considerable
amount of bromine (Br,) builds up.?®

Because bromination of the organic substrates used in BZ
reactions proceeds via an enolization mechanism, the knowledge
of enolization rate constants is necessary to simulate the dynamic
behavior of BZ systems with different organic substrates.?®

This paper describes a relatively simple NMR procedure by
which the enolization rate constants of various organic substrates
can be estimated in strong aqueous acidic solutions by following
the isotopic substitution of enol-exchangeable hydrogen atoms by
deuterium. As an example, we have determined the enoclization
rate constants of malonic acid and methylmalonic acid in 1 M
D,SO,. Although the first observation of such an isotopic ex-
change has qualitatively been described by Halford and Anderson®
and Miinzberg and Oberst™ as early as 1936, to our knowledge
no kinetic investigation of malonic and methylmalonic enolization
rates exists in strongly acid aqueous media at 25 °C,

Methods of extracting enolization rate constants directly from
NMR records of a complete BZ system will be the subject of
another paper.’!

Experimental Section

The 'H NMR spectra were obtained on a Bruker CXP 200
pulse Fourier transform NMR spectrometer, operating at a fre-
quency of 200 MHz. Sixteen scans for each record were accu-
mulated over a bandwidth of 1.5 kHz with 16K data points and
a 35° pulse angle.

All chemicals were of analytical grade, except methylmalonic
acid (MeMA) which was of purum quality (>99%, Fluka,
Switzerland). All chemicals were used without further purifi-
cation.

The experiments were performed directly in the spectrometer
at 25 & 2 °C. The reaction volume was 0.75 mL (the spectrometer
was equipped with a 5-mm probe), and all spectra were obtained
with sample spinning under a nitrogen atmosphere and continuous
stirring of the reaction medium. Peak areas in the spectrum were
determined by using a mechanical integrating device (“PLANIX
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77, Tamaya, Japan) by taking the average of three area mea-
surements for each peak. The estimated uncertainty of this
procedure was less than 1%.

There was a time delay of approximately 10 min between
mixing of the reagents and the start of NMR measurements,
resulting from inserting the stirring equipment into the sample
tube and fine shimming (i.e., improving the magnetic field ho-
mogeneity) of the sample. Although during these 10 min the
concentration of nondeuteriated malonic acids may be reduced
by up to 40%, there was no difficulty in extrapolating the observed
exponential decay back to the initial conditions (+ = 0). The
extrapolated intensity at t = 0 is then equivalent to the initial
amount of undeuteriated malonic acid, and all other concentrations
are calculated from this reference intensity.

The reproducibility of our measurements was found to be within
10~15%, which we believe is due to temperature changes inside
the NMR instrument.

Results

Malonic Acid. When malonic acid or 2-substituted malonic
acids are dissolved in D,SO, with D,O as a solvent, two isotop-
ic-exchange reactions occur where hydrogen atoms are replaced
by deuterium. The first reaction is the very rapid exchange of
the carboxylic protons by D32

CH,(COOH), + 2D* — CH,(COOD), + 2H* (R1)

while the second process (R2) is the much slower exchange of the
hydrogens attached to the central carbon:

CH,(COOD), + D* — CHD(COOD), + H*  (R2)

The overall process R2 proceeds via two steps with the enol form
of the malonic acid as an intermediate.* The sequence R2a~d
illustrates the incorporation of deuterium (only one carboxyl group
of the malonic acid is shown). Reaction R2a is a rapid pre-

~CH,—C=0 + D* [-CH,—C(0OD),1%  (R2a)

oD
[-CH,—C(OD),]* —= —-CH=C(OD), + H* (R2b)
enol
rapid
~CH=C(OD), + D* —— [~-CHD—C(OD),]* (R2¢)

enol

+ rapid

[-CHD—C(0OD),} -CHD—C==0 + D' (R2d)

oD

equilibrium followed by the slow expulsion of H* with formation
of the enol. Although all steps are potentially reversible, reaction
R2b is practically irreversible because any formed H* is rapidly
“absorbed” in the D,SO,/D,0 medium

H* + D,0 — D,HO* — D* + HDO (R3)

and only approximately 1% of the total available hydrogen is 'H*.

In substitution reactions, where a central malonic acid hydrogen
is replaced by deuterium or a bromine atom, the rate-determining
step is the formation of an enol intermediate.?436

Figure 1A shows a 'H NMR spectrum of malonic acid dissolved
in 1 M D,SO4/D,0. We observe a single peak due to the two
hydrogens attached to the central carbon.

Figure 1B shows the change of the malonic acid peak against
reaction time. The appearance of the triplet is caused by the
spin—spin coupling between the incorporated deuterium (a spin

(32) Eigen, M. Ber. Bunsen-Ges. Phys. Chem. 1963, 67, 753.

(33) Pedersen, K. J. J. Phys. Chem. 1934, 38, 619.

(34) Lapworth, A. J. Chem. Soc. 1904, 85, 30.

(35) Bell, R. P. Acid Base Catalysis; Oxford University Press: New York,
1941.

(36) Hammett, L. P. Physical Organic Chemistry, McGraw-Hill: New
York, 1940.
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Figure 1. (A) '"H NMR spectrum of malonic acid in 1 M D,SO,. The
single left peak is due to residual water protons from the solvent and the
acidic protons from malonic acid. The singlet in the middle is due to the
two protons in the undeuteriated malonic acid. (B) Time behavior of
NMR composite signal from MA(H,) and MA(DH). The signal is
composed of the MA(H,) singlet peak and the MA(DH)}) triplet. The
triplet peak is caused by a coupling between the spin 1 nucleus, deuter-
ium, and the spin !/, nucleus, '"H. (C) Final NMR spectrum when the
two central hydrogen atoms have been replaced completely by deuterium.
MA(D,) is not observable in the 'H NMR spectrum.

1 nucleus) and the remaining hydrogen (a spin !/, nucleus) in
CHD(COOD),.

Figure 1C shows the final 'H NMR spectrum of malonic acid
at the end of the reaction when both hydrogens have been replaced
by deuterium: the malonic acid peaks have disappeared.

The simplified reaction scheme that describes the exchange of
the central hydrogens by deuterium is

k H

MA(H,) + D* — MA*(H) + H* (R4)
kP

MA*(H) + D* == MA(HD) + D* (RS)

where R4 is the sum of processes R2a and R2b and RS is the sum
of processes R2c and R2d, and with the assignments

CH,(COOD), = MA(H,)
CHD(COQD), = MA(HD)
CD,(COOD), = MA(D,)
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Figure 2, Concentration of different isotopic species of malonic acid vs
time determined from NMR peak intensities. The concentration of
MA(D,) is calculated from the material balance equation 1. The solid
lines are calculated from eq 7-9.

The species with an asterisk are the enol forms.
Similarly, equations R6 and R7

k. H

MA(HD) + D* — MA*(D) + H* (R6)
k D

MA*(D) + D* —k<__—>’D MA(D,) + D* (R7)
-2

describe the exchange of the second methylene hydrogen by
deuterium in malonic acid. R4 and R6 are practically irreversible
due to the proton “absorption” in the D,SO,/D,0 medium (R3).

The species MA(D,) cannot be observed by 'H NMR, but its
concentration can be calculated by the mass-balance equation:

[MA(Hy)]o = [MA(H,)] + [MA(HD)] + [MA(D;)] (1)

The concentrations of the enol forms MA*(H) and MA*(D)
are too low to be taken into consideration in the mass balance
equation (1).

By assuming that the intermediate enol forms of malonic acid
are in a steady state, i.e.

d[MA*(H)]/dt =0 2)
d[MA*(D)}/dt =0 3
eq R4-R7 generate the rate equations
d[MA(Hy)]/dt = —k{'[D*][MA(H,)] 4
d[MA(HD)] /dt = KI[D*][MA(H,)] - k‘f[D*][MA(HDz]
5)
d[MA(D,)] /dt = K¥[D*][MA(HD)] (6)

Equations 4—6 can be solved analytically and have the solutions
[MA(H,)] = [MA(H,)], exp(-Ki't) Q)

[MA(HD)] =
(IMA(H,)]o/ (KT - KE))(exp(-K¥'t) - exp(-K}'1)) (8)

IMA(D,)] = (IMA(H)]oKE /(KT - K1) exp(-Ki't)} -
{(IMA(H,) 1o/ (KT - KE)) exp(-K¥0)} + [MA(H,)], (9)

where K; = k,[D*].

Figure 2 shows the experimental concentrations of MA(H,),
MA(HD), and MA(D) as a function of time in | M D,SO,. The
solid curves in Figure 2 were obtained by first determmmg K
from eq 7 by a nonlinear least-squares fit, inserting K into e%
8, and then determining K. This analysis yields Kl and X;
values of (1.066 % 0.003) X 107 s™! and (4.18 £ 0.2) X 107 “,
respectively. The MA(D,) concentration was obtained by inserting
the calculated rate constant values into eq 9.

Methylmalonic Acid. In methylmalonic acid there is only one
exchangeable hydrogen atom on the central carbon atom.
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Figure 3. (A) 'H NMR spectrum of methylmalonic acid (MeMA)
dissolved in 1 M D,SO,. (B) Intensity of the quartet peak (2.17 ppm)
representing nondeuteriated methylmalonic acid (MeMA(H)) vs time.
(C) Final '"H NMR spectrum of MeMA in 1 M D,SO,,

Figure 3A shows the 'H NMR spectrum of methylmalonic acid
in 1 M D,SO,. The quartet peak (next to the water peak) arises
because the single proton attached at the central carbon couples
with the three equivalent methy! protons. This quartet gives an
unique and quantitative measure of the undeuteriated methyl-
malonic acid (MeMA (H)) concentration in the system. Figure
3B shows the quartet peak versus reaction time, and Figure 4
shows the logarithm of the peak area against time for three
different D,SO, concentrations.

In a similar way the deuteriated compound can be indirectly
identified by the coupling between the deuterium nucleus and the
methyl protons. Theoretically, the methyl protons in the deu-
teriated methylmalonic acid (MeMA (D)) should be seen in the
spectrum as a triplet peak, but because of the quadrupole prop-
erties of the deuterium nucleus, we observe only a broad “singlet”.
Although there is a substantial overlap between the CH; doublet
in MeMA(H) and the CH; “singlet” in MeMA(D), it has been
possible to resolve the two peaks and to calculate the intensity
of each of them.

We have confirmed experimentally that, within our experi-
mental error, a mass balance holds:

[MeMA(H)], = [MeMA(H)] + [MeMA(D)]  (10)
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1E+03
= 'y
é b M
; 1w
1£+02

T T T T T T T
[ 168880 20098 3000 40009
TIME , seconds
Figure 4. Logarithm (base 10) of quartet peak intensity of MeMA(H)
vs time for three different D,SO, concentrations. The solid lines are
calculated from eq 11.

As we have done for MA, we can also here describe the in-
corporation of deuterium into MeMA by the reaction scheme

k H
MeMA(H) + DY — MeMA* + H* (R8)
enol
k D
MeMA* + Dt =—= MeMA(D) + D* (R9)
enol k4P

with the corresponding first-order rate equation for [MeMA(H)]:
d[MeMA(H)] /dt = -k [MeMA(H)] (an

where K; = k,[D*]. Equation 11 can be solved analytically with
the solution

[MeMA(H)] = [MeMA], exp(-K!r) (12)

where [MeMA(H)], is the initial MeMA concentration.

The enolization rate constant K*! is calculated by finding the
best least-squares fit of eq 12 to our experimentally observed peak
areas. K%' was found to be (5.7 £ 0.1) X 107% 57!, and the solid
lines in Figure 4 show the calculated fit.

Figure SA shows K} as a function of the D,SO, concentration.
We observe that this rate constant is a concave function of the
sulfuric acid concentration. However, when taking into consid-
eration the activity of the deuteriated sulfuric acid (Figure 5B),*7*
we observe a linear relationship between K and the sulfuric acid
activity (Figure 5C). We have not incorporated the activity of
the methylmalonic acid in our treatment, because this is of
marginal significance.

Discussion

It is well-known that halogenation of compounds containing
a reactive C-H group is usually kinetically of zero order with
respect to halogen. The interpretation of Lapworth®* is now
generally accepted®® that the rate-determining step is the for-
mation of a reactive enol, and enolization rates of malonic acid
can therefore be determined indirectly from halogenation ex-
periments. For malonic acid, however, only a few quantitative
bromination®** and deuteriation*! experiments have been reported;
but the experimental conditions under which these experiments
were performed are so different from our experimental conditions
that it is very difficult to make a quantitative comparison.

Also, for MeMA the few existing halogenation experiments*?
differ very much from our experimental conditions so that a direct
comparison of estimated enolization rate constants is almost im-

(37) Robinson, R. A. Trans. Faraday Soc. 1939, 35, 1229,

(38) Stokes, R. H. Trans. Faraday Soc. 1948, 44, 295.

(39) West, R. W. J. Chem. Soc. 1924, 125, 1277.

(40) Bafna, S. L.; Bhale, V. M.; Bhagwat, W. V. Agra Univ. J. Res., Sci.
1955, 4, 341.
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53, 2544,
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Figure 5. (A) K of MeMA as a function of D,SO, concentration. (B)
Activity coefficient of H,SO, as a function of concentration. The data
were taken from ref 34 and 35. (C) K} of MeMA vs D,SO, activity.

possible. However, in the case of MeMA, Ruoff and Schwitters*?
estimated the enolization rate constant in 1 M H,SO, using
induction-period-length data in the corresponding cerium-catalyzed
BZ reaction. These results are in excellent agreement with the
enolization data presented in this and in another! paper.

In general, if a hydrogen transfer from the solvent or some acid
solute is rate-determining, a normal isotope effect will arise in
this particular reaction step. If, on the other hand, there is a rapid
preequilibrium, in which the reactant is converted to its conjugate
acid, as in step R2a, the (enol) intermediate will be present in
a higher steady-state concentration in the heavy medium, because
the dissociation of weak acids is generally smaller in the deuteriated
solvent system.**%  Therefore, the rate of the subsequent
(rate-determining) formation of the enol should be faster in the
heavy system, provided this last step does not show an isotope

(43) Ruoff, P.; Schwitters, B. Z. Phys. Chem. (Munick) 1983, 135, 171.

(44) Wiberg, K. B. Chem. Rev. 1958, 55, 713.

(45) Melander, L. Isotopic Effects on Reaction Rates; Ronald: New York,
1960, p 126.
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effect. 45 Most of the accelerations of rate due to the use of D,0
as a solvent are on the order of 1.3-3.0.4% We therefore expect
that enolization rates performed by this technique might be faster
by a factor of 1.3-3.0 compared to rates observed in H,SO,.
However, for MeMA, comparison with enolization rates in
H,S0,* indicate that in this case the expected increase in en-
olization rate in the heavy medium is negligible.

For malonic acid no previous experimental data of enolization
rates in 1 M sulfuric acid exist. However, from our methylmalonic
acid results we expect that for the first malonic acid enolization
step the measured rates in 1 M D,SO, should be very close to
rates one would obtain in 1 M H,SO,. In the second enolization
step of malonic acid, however, one deuterium atom has already
been incorporated, such that K¥ is subject to a secondary kinetic
isotope effect. Therefore this rate constant may vary (at room
temperature) by a factor of about 1.2, which generally is expected
to arise from changes in the carbon hybridization. The secondary
isotope effect may generally affect the rate constant in either
direction.*® Because of the statistical constraints K would be
precisely twice as large as K} if there were no isotope effects. Our
observed K} /K3 ratio of 2.55 shows that in this case the secondary
kinetic isotope effect retards K3 by a factor of about 1.3
(=2.55/2).

In acid media, enolization is known to show general acid ca-
talysis.*” Taking, for example, methylmalonic acid, K} can in
principle be expressed as a sum of separate contributions: 4’

Kll-l = kl + kz[D+] + k;[DzSOd + k4[HSOA_] (13)

where the first term often arises because of the catalysis by un-
dissociated water.* Figure 5C shows that K¥! is in fact expressed
as

K =k, + k(a(D,SO,)) (14)

where a(D,SQO,) is the activity of D,SO,. The advantage of such
a formulation is that methylmalonic acid enolization rates can
be estimated for other sulfuric acid concentrations than those
investigated by us, by simple extrapolation of the experimental
data of Figure 5C, and by use of the activity coefficients of sulfuric
acid of Figure 5B.

Conclusion

We have used a relatively simple NMR procedure to estimate
enolization rate constants of organic compounds containing a
reactive CH group. The experiments have been performed in 1
M D,SO, at 25 °C but are expected to apply also to 1 M H,SO,.
As an example we have determined the rate constant of the first
enolization step of malonic acid and methylmalonic acid, with the
values (1.066 % 0.003) X 103 s7! and (5.7 £ 0.1) X 1073 57,
respectively. The second enolization step of malonic acid ((4.18
% 0.19) X 10 s7!) is subject to a secondary kinetic isotope effect,
which decreases the rate constant by a factor of about 1.3. Finally,
the observed methylmalonic acid enolization rate constant increases
linearly with sulfuric acid activity. This makes it possible to obtain
enolization rate constants for other sulfuric acid concentrations
by simple linear extrapolation and use of the sulfuric acid ac-
tivity—concentration relationship.
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