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The isomerization of allyl alcohols can also be readily carried 
out at 25 0C using such complexes as catalysts, the stable and 
easily prepared Mo02(OBu')2 (5)5 serving conveniently as the 
catalyst precursor. For instance, using a 2.8 X 10"2M solution 
of 5 in CD2Cl2, 50 equiv of Me2C=CHCH2OH is converted in 
2.5 h into the equilibrium mixture of this alcohol with CH2= 
CHCMe2OH (ca. 37:63), at an initial rate of 35 turnovers/h. We 
have shown by 1H NMR that in the presence of excess Me2C 
CHCH2OH the initial replacement of OBu' ligands and the 
displacement of rearranged ligand CH2=CHCMe2O by 
Me2C=CHCH2O is rapid ( « 5 min). Further, the isomerization 
rate is zero order in allyl alcohol under these conditions. These 
observations show that the allyl rearrangement step of the type 
found in complexes la-3a is turnover limiting in the catalytic 
process. 

(10) If we assume the equations (M = monomer), the rate of inversion will 

inversion •«— M ;=^ '/,M, — • inversion 

be expressed by v = ^1[M] + ^1[M2]. If AT is small, this tends toward v = 
Ar1[M] + k\t?[U]2 = /^1[M] + /t2[M]2. Allyl migration in this dimer (built 
via bridging oxo or allyloxo ligands) may also take place on a single Mo center, 
as described above. The Lewis acidity of the second Mo center would thereby 
lower the transition state by stabilizing the developing negative charge on the 
first Mo, thereby increasing the rate. We also observe that addition of excess 
MoO2(OBu1J2 (5)5 to CD3CN solutions of la, which will increase the overall 
concentration of dimeric species, increases the initial rearrangement rate. 
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In this paper a method for determination of UC/14C kinetic 
isotope effects (KIEs) in enzyme-catalyzed reactions is presented. 

The KIE was determined for the elimination reaction of L-
(/3-*C)tyrosine (*C = 11C or 14C), catalyzed by tyrosine phe-
nol-lyase (EC 4.1.99.2) from Citrobacter freundii; see Scheme 
I. This reaction was chosen as a model to develop methodology 
for determination of "C/14C KIEs in enzyme-catalyzed reactions. 

Isotope-effect studies1 are crucial in enzyme mechanism in­
vestigations in that they yield information on the kinetic mech­
anisms, rate-limiting steps, and chemical mechanisms. In favorable 
cases, transition-state structures for single steps may also be 
inferred from KIE data.2 In carbon KIE studies of enzyme 
reactions, the isotopes 12C, 13C, and 14C have so far been utilized. 
The isotope 11C is a short-lived (half-life 20.34 min) accelera­
tor-produced positron-emitting radionuclide. "C is frequently 
used in positron emission tomography (PET) studies3 in biomedical 
research and clinical diagnosis. This has accelerated the devel­
opment of rapid labeling synthesis, so that today a large range 
of "C-labeled molecules can be synthesized.4 

The "C/14C method5" is based on internal competition between 
two radioactive isotopically labeled substrates. The rate constants 

(1) See, e.g.: Melander, L.; Saunders, W. H., Jr. Reaction rates ofisotopic 
molecules; John Wiley and Sons: New York, 1980. 

(2) (a) Cleland, W. W. In Investigation of Rates and Mechanisms of 
Reactions. Part I; Bernasconi, C. F., Ed.; John Wiley and Sons: New York, 
1986; Chapter 12. (b) O'Leary, M. H. Ace. Chem. Res. 1988, 21, 450. 

(3) See, e.g.: Positron Emission Tomography and Autoradiography. 
Principles and Applications for the Brain and Heart; Phelps, M., Mazziotta, 
J., Schelbert, H., Eds.; Raven Press: New York, 1986. 
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0An asterisk (*) denotes 11 or 14; D-AAO = D-amino acid oxidase; 
GPT = glutamic-pyruvic transaminase. 

for the two isotopic (11C and 14C) reactions are calculated from 
the measurements by liquid scintillation counting of substrate and 
product fractions, isolated from the reaction mixture via a tech­
nique of quenching and HPLC separation. 

Three different methods have been used earlier to determine 
KIEs for enzyme reactions:23 the direct comparison method, the 
equilibrium perturbation method, and the internal competition 
method. The highest accuracy has been achieved by the last 
method, using an isotope ratio mass spectrometer. 

The present method may become an alternative and complement 
to that based on mass spectrometry and has certain advantages;5 

e.g., the largest practical mass range of carbon isotopes is utilized, 
resulting in relatively large isotope effects. The kinetic techniques 
involved in the "C/14C method are quite easy to use. HPLC is 
a versatile technique which can be applied to many different 
systems. Moreover, no cumbersome workup or degradation of 
the samples is required. Neither are the analyses sensitive to 
unlabeled impurities, as long as these do not cause scintillation 
quenching. The UC/14C method has recently been demonstrated 
to be useful in the determination of carbon5 and deuterium515 

isotope effects for some organic reactions. In the present study, 
the UC/14C method described earlier51 was used with some 
modifications. 

The synthesis of L-[/3-nC]tyrosine was performed using a 
multienzymatic reaction route;6 see Scheme II. The radiochemical 
yield was 30% (decay corrected), and the total synthesis time, 
including purification, was usually 50 min. The same reaction 
route was used for the synthesis of L-(|8-14C)tyrosine, except that 
in the l4C-labeling synthesis (14C)methyl iodide was used as 
starting material. 

The KIE experiments were performed under first-order reaction 
conditions. The conditions were chosen so that the reverse reaction 
was negligible. In the KIE experiments, the 11C- and 14C-labeled 
tyrosines were mixed with a standard solution of unlabeled tyr­
osine. The kinetic experiments were performed in the following 
way: equal volumes (400-1000 fiL) of thermostated enzyme and 
substrate solutions8 were mixed and replaced in the thermostat. 
The reaction mixture was agitated during the entire experiment. 
At time intervals, small volumes (50-100 ^L) of the reaction 
mixture were withdrawn and immediately added to vials containing 
trifluoroacetic acid, cooled in an ice bath. During the first 10 
min of the reaction, 10-15 samples were withdrawn from the 

(6) Bjurling, P.; Watanabe, Y.; Oka, S.; Nagasawa, T.; Yamada, H.; 
Langstrom, B. Acta Chem. Scand. 1990, 44, 183. 

(7) Langstrom, B.; Lundqvist, H. Radiochem. Radioanal. Lett. 1979, 41, 
375. 

(8) The tyrosine phenol-lyase stock solution, purified from C. freundii, had 
a protein concentration of 56.7 mg mL"1 and a specific activity of 1.2 (jimol 
of tyrosine) min"1 (mg of protein)"1. The enzyme concentration was a 200-fold 
dilution of the stock solution containing 0.2 mM PLP, and the L-tyrosine 
concentration was 0.6 mM. The experiment was performed in phosphate 
buffer at pH 6.8 and 18 0C. 
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Figure 1. Part of the mechanism for the @-tyrosine phenol-lyase-cata-
lyzed elimination reaction of tyrosine. P is a phosphate group and E the 
enzyme. 

reaction mixture. The vials were then centrifuged at 5000 rpm 
for a few minutes; 5-10 /iL of the quenched reaction mixtures 
were injected on an HPLC column,9 and the separated labeled 
substrate and product were collected in liquid scintillation bottles. 
The radioactivity of the fractions was measured immediately, and 
after total decay of the 11C, the 14C-radioactivity was measured 
with a liquid scintillation counter. The ratio IcnZk14 = In (1 — 
/i,)/ln (1 - /u ) , where/is the fraction of reaction, was calculated 
for each reaction point. 

The results from three KIE experiments, performed in phos­
phate buffer pH 6.8 at 18 0C,10 were 1.068 ± 0.017 (n = 10), 
1.083 ± 0.013 (n = 11), and 1.051 ± 0.012 (« = 14), where n 
is the number of reaction points and the standard deviation is 
reported. The mean UC/14C KIE value is 1.067 ± 0.009. 

Several contributions to the elucidation of the mechanism of 
tyrosine phenol-lyase action have recently been reported.11 For 
reviews, see, e.g., Snell and DiMari12 and Miles.13 The chemical 
mechanism involves the formation of an aldimine between L-
tyrosine and pyridoxal 5-phosphate (PLP). The substrate a-proton 
is abstracted by an enzyme-bound base (see Figure 1; B1, pATa = 
7.6'lc) with the formation of a quinonoid structure (I). Another 
base (B2, pÂ a = 8.012c) then abstracts the hydroxyl proton, and 
the first base (B1) returns a proton to the aromatic C-4 position 
with the formation of a cyclohexadienone moiety (II). The ac­
tivated carbon-carbon bond now breaks with simultaneous elec­
tron-push from the PLP, and electron-pull when the hydroxyl 
proton is returned by the base B2. Phenol is released, and after 
transamination and hydrolysis, pyruvic acid and ammonia are 
released from the enzyme. In a study of the pH dependence of 
kinetic parameters and the primary deuterium KIE of tyrosine 
phenol-lyase from C.freundii, it was concluded that the a-proton 
abstraction was a partially rate-limiting step.llc 

For the nonenzymatic malonic acid decarboxylation, a reaction 
in which carbon-carbon bond breaking (as in the present case) 
is accompanied by formation of a double bond to the isotopic 
carbon atom,14 k]2/ku for acid labeled in the 2-position was 
determined to be 1.076 by Ropp and Raaen.15 Using the relation 

(9) A RP C-18 column was used, and the mobile phase was 0.01 M acetic 
acid, pH 3.5: methanol (75:25, v/v) isocratic flow 2.0 mL min"'. 

(10) The optimum is pH 8, but because of a slow sampling technique, the 
rate of the reaction was decreased by lowering the pH and temperature. 
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M. Enzyme Microb. Technol. 1983, 5, 219. (b) Palcic, M. M.; Shen, S.-J.; 
Schleicher, E.; Kumagai, S.; Sawada, S.; Yamada, H.; Floss, H. G. Z. Na-
turforsch. 1987, 42c, 307. (c) Kiick, D. M.; Phillips, R. S. Biochemistry 1988, 
27, 7333. (d) Faleev, N. G.; Ruvinov, S. B.; Demidkina, T. V.; Myagkikh, 
I. V.; Gololobov, M. Y.; Bakhmutov, V. I.; Belikov, V. M. Eur. J. Biochem. 
1988, 177, 395. 

(12) Snell, E. E.; Di Mari, S. J. The Enzymes, 3rd ed.; Boyer, P. D., Ed.; 
Academic Press: New York and London, 1970; Vol. 2, p 335. 

(13) Miles, E. W. Coenzymes Cofactors 1986, 1, 253. 
(14) Westheimer, F. H.; Jones, W. A. J. Am. Chem. Soc. 1941, 63, 3283. 
(15) Ropp, G. A.; Raaen, V. F. / . Am. Chem. Soc. 1952, 74, 4992. 

In (ku/kiA)/\n (kn/ku) s 1.65b between the different carbon 
isotope effects, the 12C/ 14C KIE corresponding to our value may 
be estimated to be 1.04. Our results, in combination with earlier 
conclusions,110 therefore suggest that the C-C bond breaking is 
at least partially rate limiting. 
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The direct oxidation of aldehydes to esters under mild conditions 
is a useful transformation in organic synthesis.1 Here we describe 
an efficient, one-pot synthesis of aromatic methyl esters by 
electrochemical oxidation of aldehydes, mediated by two coenzyme 
catalysts: the thiazolium ions la/b and flavin MeFl. The use 
of the macrocyclic catalyst lb in electroorganic synthesis elegantly 
combines the principles of electrocatalysis2 with molecular rec­
ognition (Chart I).3 

Thiazolium ions are known to catalyze the oxidation of al­
dehydes to esters.4 The thiazolium ylide 25 reacts to give the 
"active aldehyde" 3 (Scheme I).6 This reactive intermediate can 
condense with another aldehyde to give an acyloin or can be 
oxidized to give the 2-acylthiazolium ion 4. This ion reacts readily 
in alcohol7 to give an ester (Scheme I). Stoichiometric amounts 
of oxidizing agents like nitrobenzene,8 potassium ferricyanide,9 

and flavins10 cause solubility problems and complicate product 
isolation. Also, the thiazolium catalyst is destroyed oxidatively 
in basic solution by ferricyanide,9,11 iodine,12 and air.1113 Attempts 
to regenerate catalytic amounts of MeFl with air resulted in the 
oxidation of la/b by air (Table II, entry e).13 

Our investigation by cyclic voltammetry shows that the anodic 
peak potential of la/b in a 0.05 M solution of NEt4Br in MeOH 
is ~0.2 V (vs Ag/AgCl at 0.02V s"1), while that of MeFl is ca. 
-0.47 V (£1/2 ca. -0.52 V at 0.02V s'1)- Under argon atmosphere, 
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