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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. 

(11) (a) Faleev, N. G.; Lyubarev, A. E.; Martinkova, N. S.; Belikov, V. 
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, 

(1) (a) Larock, R. C. Comprehensive Organic Transformations; VCH: 
New York, 1989. (b) Williams, D. R.; Klingler, F. D.; Allen, E. E.; Li-
chtenthaler, F. W. Tetrahedron Lett. 1988, 29, 5087-5090. (c) McDonald, 
C; Holcomb, H.; Kennedy, K.; Kirkpatrick, E.; Leathers, T.; Vanemon, P. 
/ . Org. Chem. 1989, 54, 1213-1215. 

(2) Steckhan, E. Top. Curr. Chem. 1987, 142, 1-69. 
(3) For electrochemical conversions in the presence of cyclodextrins, see: 

(a) Smith, C. I.; Utley, J. H. P. / . Chem. Soc, Chem. Commun. 1981, 
792-793. (b) Matsue, T.; Evans, D. H.; Osa, T.; Kobayashi, N. / . Am. Chem. 
Soc. 1985, 107, 3411-3417. 

(4) (a) Krampitz, L. O. Annu. Rev. Biochem. 1969, 38, 213-240. (b) 
Kluger, R. Chem. Rev. 1987, 87, 863-876. 

(5) Breslow, R. J. Am. Chem. Soc. 1957, 79, 1762-1763. 
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1985, 141-142. 
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Table I. Electrochemical Oxidation of Aldehydes" 

aldehyde 

valeraldehyde 

cyclohexanecarboxaldehyde 
2-naphthaldehyde 

benzaldehyde 
4-cyanobenzaldehyde 

4-chlorobenzaldehyde 
methyl 4-formylbenzoate 

ratio of 
aldehyde to 
hemiacetal' 

1:16 

1:6.4 
1:0.074 

1:0.10 
1:2.3 

1:0.22 
1:0.85 

thiazolium 
catalyst 

la 
lb 
la 
la 
lb 
la 
la 
lb 
la 
la 

time 

(W 
26 
26 
24 
21 
10 
21 
18 
6 

18 
18 

yield 
(%)' 

17 
20 
V 

55 
74 (76) 
54 
72 (69) 
95 (88) 
78 (81) 
85 (83) 

current 
efficiency 

(%y 
77 
83 
23 
72 
88 
60 
70 
90 
84 
80 

turnover 
number' 

1.7 
2.0 
0.7 
5.5 
7.4 
5.4 
7.2 
9.5 
7.8 
8.5 

"The oxidation used an undivided cell equipped with a glassy carbon rod cathode (6 mm o.d.) and a platinum plate anode (12 mm X 50 mm) at 
-0.3 V vs a Ag/AgCl/3 M NaCl reference electrode at 308 K. The cell contained 11-mL solutions of electrolytes in MeOH with mole ratios of 
aldehydes (1.65 mmol, 150 mM):l:MeFl:NEt3:NEt4Br = 30:1:3:30:9. b Calculated as the number of moles of product per mole of MeFl, the catalyst 
with the highest concentration. 'Determined by 200-MHz NMR of 150 mM solutions of aldehydes in 150 mM NEt3 in CD3OD. ''The reactions 
were stopped when the current dropped to <10%. 'Determined by gas chromatography. Numbers in brackets are isolated yields. -'"Calculated by (2 
X moles of product X 100)/Faradays passed. * Approximately 80% of aldehyde remained unreacted. 

Chart I 
Br' 

H 2 C ^ + CH 3 

Table II. Control Experiments Performed with 4-Cyanobenzaldehyde 
(1.65 mmol) and Thiazolium Ion la (0.055 mmol) 

Et2N 

entry 

a 
b 
C 

d 
e 
f 

MeFl 
(mmol) 

0.165 

0.165 

0.165 

atmosphere 

argon 
argon 
argon 
argon 
air 
air 

working 
electrode potential 
(V vs Ag/AgCl) 

-0.3 
-0.3 

time 
(h) 

18 
20 
20 
20 
20 
20 

yield 
(%)' 
72 
19 
124 

4 
35 
15' 

NEt2 

" Determined by gas chromatography, 
is 10%. '0% yield in the absence of la. 

' Theoretical yield from MeFl 

o-(CH2)ro 
CH 3 H3C 

1b 

MeFl can be regenerated electrochemically at -0.3 V without 
causing oxidative destruction of la/b. Therefore, we developed 
an unprecedented electrochemical regeneration cycle of the two 
coenzymes (Scheme I). 

Using inexpensive la and MeFl as catalysts, aromatic aldehydes 
give a 55-85% yield of methyl esters with high current efficiency 
(Table I). The much lower yields of aliphatic esters (<20%) are 
presumably due to the competing formation of hemiacetals, which 
significantly lowers the equilibrium concentration of aldehydes 
and hence the rate of formation of the "active aldehyde" inter­
mediate, the slow step under the chosen reaction conditions (Table 

I). In the case of 4-cyanobenzaldehyde, the electron-withdrawing 
effect of the cyano group increases the reaction rate significantly 
and compensates for the decrease in equilibrium concentration 
of the aldehyde due to hemiacetal formation. 

The supramolecular catalyst lb significantly enhances the 
rate9b,n a n ( j yield 0f aromatic ester formation (Table I). This 
catalyst forms tight inclusion complexes with benzene and 
naphthalene substrates in methanol. The increased rates are 
probably a result of (i) entropically favorable orientation and 
proximity effects and (ii) microenvironmental effects14 in the 
apolar cyclophane cavity. Rates of thiazolium-catalyzed reactions 
increase with reduced solvent polarity since the relevant reaction 

(14) (a) Diederich, F.; Lutter, H.-D. J. Am. Chem. Soc. 1989, Ul, 
8438-8446. (b) Jencks, W. P. Adv. Enzymol. Relat. Areas MoI. Biol. 1975, 
43, 219-410. (c) Jordan, F.; Kuo, D. J.; Monse, E. U. J. Org. Chem. 1978, 
43, 2828-2830. 
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transition states are less polar than the ground states.15 The 
acidity of the macrocyclic thiazolium ring is enhanced by the 
apolar environment provided by the cavity.14a In deuterated 
acetate buffer (pD 4.7), the rate of H/D exchange at C-2 of the 
thiazolium ring in lb is about 2.6 times faster than that measured 
for la. 

The results of control experiments (Table II) show that the high 
yield obtained in entry a is due to the efficient regeneration of 
MeFl at the anode. Direct oxidation at the anode (entry b) is 
not an efficient enough process to trap all of the "active aldehyde" 
intermediates.I6,17 

The full scope of the supramolecular electrochemical process 
mediated by lb and the very useful oxidation of aldehydes to 
carboxamides are now under investigation. 
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(15) Crosby, J.; Stone, R.; Lienhard, G. E. J. Am. Chem. Soc. 1970, 92, 
2891-2900. 

(16) The redox potential of the "active aldehyde" intermediates cannot be 
determined. For redox potentials of related enamines, see: (a) Bordwell, F. 
G.; Satish, A. V.; Jordan, F.; Rios, C. B.; Chung, A. C. J. Am. Chem. Soc. 
1990,112, 792-797. (b) Barletta, G.; Chung, A. C ; Rios, C. B.: Jordan, F.; 
Schlegel, J. M. J. Am. Chem. Soc. 1990, 112, 8144-8149. 

(17) For electrochemical oxidation of aldehydes catalyzed by cyanide 
(+1.7 V vs SCE), see: Chiba, T.; Okimoto, M.; Nagai, H.; Takata, Y. Bull. 
Chem. Soc. Jpn. 1982, 55, 335-336. For electrochemical oxidation of al­
dehyde catalyzed by iodide (+0.6-0.8 V vs SCE), see: (a) Okimoto, M.; 
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The hydrolytic action of /3-lactamases is the primary mechanism 
of bacterial resistance to |8-lactam antibiotics.1 Within the past 
several years a variety of new /3-lactam drugs have been developed 
that show resistance to the action of these enzymes.2 Carba-
penems constitute a group of such /3-lactamase-resistant molecules, 
and they possess potent activity against a wide spectrum of 
bacteria.3 Studies on the mechanism of action of class A j3-
lactamases with carbapenems by Knowles and colleagues have 
indicated a biphasic profile for hydrolysis of carbapenems, with 
an initial fast phase for substrate turnover leading to a slower one 
within minutes.4-5 It was demonstrated that subsequent to active 

(1) Bush, K. Rev. Infect. Dis. 1988, 10, 681. Sanders, C. C ; Sanders, W. 
E. / . Infect. Dis. 1985, 151, 399. 

(2) For reviews see: Pratt, R. F. In Design of Enzyme Inhibitors as Drugs; 
Sandler, M., Smith, H. J., Eds.; Oxford Press: Oxford, UK, 1989; pp 
178-205. Fisher, J. In Antimicrobial Drug Resistance; Bryan, J. T., Ed.; 
Academic Press: New York, 1984; pp 33-79. 

(3) Mendell, L. Can. Med. Assoc. J. 1988, 139, 505. Jones, R. N. Am. 
J. Med. 1985, 78, Suppl. 6A, 22. Aukenthaler, R.; Wilson, W.; Wright, A.; 
Washington, J.; Durack, D.; Geraci, J. Antimicrob. Agents Chemother. 1982, 
22, 448. Cullman, W.; Opferkuch, W.; Slieglitz, M.; Werkmeister, U. An­
timicrob. Agents Chemother. 1982, 22, 302. Kropp, H.; Sundelof, J.; Hadju, 
R.; Kahan, F. Antimicrob. Agents Chemother. 1982, 22, 62. Kropp, H.; 
Sundelof, J.; Kahan, F.; Birnbaum, J. Antimicrob. Agents Chemother. 1980, 
17, 993. 

(4) Easton, C. J.; Knowles, J. R. Biochemistry 1982, 21, 2857. 
(5) Charnas, R. L.; Knowles. J. R. Biochemistry 1981, 20, 2732. 
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Figure 1. Hydrolysis of imipenem (20 MM) by the wild-type TEM-I (2 
MM) and the Arg-244-Ser mutant (2 MM) /3-lactamases, in 0.1 M po­
tassium phosphate buffer, pH 7.0, at room temperature (—). Extrapo­
lation of the linear second phase of hydrolysis by the wild-type enzyme 
to time zero (- - -) and inhibition of activity of the wild-type (O) and the 
Ser-244 mutant (•) TEM-I ^-lactamases (as monitored for the turnover 
of benzylpenicillin) are indicated. 
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site acylation of a ^-lactamase (at Ser-70) by these molecules, 
the A2-pyrroline analogue 2 may either undergo deacylation or 
tautomerize to the corresponding A'-derivative (3). The ester bond 
of 3 is kinetically more resistant to hydrolysis because of a less 
favorable substrate positioning in the active site (Scheme I). We 
present evidence here that the highly conserved arginine-2446 is 
the essential source of proton for the A2 - • A' tautomerization 
of carbapenem antibiotics, as depicted in Scheme I. 

High-resolution crystal structures for two class A ^-lactamases 
from Staphylococcus aureus PCl7 and Bacillus licheniformis 
749/C8'9 have been reported recently. The information from 
crystal structure, in conjunction with kinetic findings from our 
laboratory, indicated that the substrate carboxylate forms hy-

(6) Arginine-244 is conserved in the majority of class A ^-lactamases: 
Ambler, R. P.; Coulson, A. F. W.; Frere, J. M.; Ghuysen, J. M.; Joris, B.; 
Forsman, M.; Levesque, R. C ; Tiraby, G.; Waley, S. G. Biochem. J. 1991, 
276, 269. In a few known class A ^-lactamases that do not possess arginine 
at position 244, the Arg-220 side chain has been shown to occupy the same 
space as that of Arg-244 in the majority of class A enzymes: Jacob-Dubuisson, 
F.; Lamote-Brasseur, J.; Dideberg, O.; Joris, B.; Frere, J. M. Protein Eng. 
1991,4, 811. 

(7) Herzberg, O.; Moult, J. Science 1987, 236, 694. 
(8) Moews, P. C ; Knox, J. R.; Dideberg, O.; Charlier, P.; Frere, J. M. 

Proteins 1990, 7, 156. 
(9) Knox, J. R.; Moews, P. C. / . MoI. Biol. 1991, 220, 435. 
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