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Abstract The electrochemical reduction of 3-phosphate-cyclohex-1-ene-1-carboxylic acid 13 has been studied
as a model for the chorismate synthase reaction. An electrochemical reaction occurs only when 13 is fully
protonated. However the reaction results in loss of the carboxyl group rather than the phosphate.
Copyright © 1996 Elsevier Science Lid

Chorismate synthase is the last enzyme on the trunk of the shikimate pathway before it branches at
chorismate to form the aromatic amino acids and other aromatic <:ompounds.1 It catalyses the conversion of enol
pyruvoyl shikimate 3-phosphate (EPSP) 1 to chorismate 2 (Scheme 1). The reaction involves the loss of the C-
3 phosphate group and removal of the hydrogen from the 6-proR position.2 Although the reaction can be
considered formally as an E2' elimination, the mechanism is not known in any detail. The importance of this
reaction, and the general paucity of mechanistic information about reactions involving cleavage of bonds from
carbon to a phosphate group, has prompted us to study both the enzyme reaction and the non-enzyme reaction.
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The enzyme mechanism has recently been the focus of intense study by several groups. We have shown
that the reaction proceeds with a kinetic isotope effect due to deuteriation at C-6,3 and that the rehybridisation at
C-3 is partially rate 1imiting.4 The enzyme reaction has an absolute requirement for a reduced flavin cofactor
(FMNHz),5 and there are spectroscopic changes in the flavin associated with catalysis.6 These observations
prompted speculation that the reaction may involve radical intermediates. Subsequently it was shown that
incubation of chorismate synthase with (6R)-6-fluoroEPSP 3 leads to irreversible formation of the semiquinone
radical form of the flavin on the enzyme.7 If the reaction with EPSP does go via a one electron mechanism, two
different substrate radical intermediates can be envisaged (Scheme 1), depending on whether a hydrogen atom is

@ Now at: Dept of Molecular Sciences, James Cook University, Townsville, Queensland 4811, Ausuaiia,



1286 M.-E. THEOCLITOU et al.

abstracted from C-6 to form 4, or whether electron donation to EPSP triggers cleavage of the C-3 phosphate (C-
OP) bond to give 5.
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In a recent model study Giese generated 7 as a model for 4 (Scheme 2), and isolated 40% of the
(chorismate-like) elimination product 8.8 In this paper we attempt to generate a radical equivalent to § by
electrochemical reduction of model compounds 12 and 13. The reduction could occur by putting an electron
either into the & system of the «,B—unsaturated carboxyl group9 or onto the phosphate, to promote C-OP bond
cleavage. There is good precedent for the reductive loss of a leaving group (acetate) adjacent to an o,f—
unsaturated carboxyl in the electrochemical reduction of cephalosporanic acids. 10 There is also precedent for loss
of phosphate adjacent to a radical centre in studies on DNA cle:z\vage.11

Our first synthetic target was the fully protected phosphotriester 12. The synthesis from methy!
cyclohexene-1-carboxylate 9 is shown in Scheme 3. Allylic oxidation using chromium trioxide in acetic acid-
water forms the 3-keto compound 10, which is then reduced to the allylic alcohol 11 by sodium borohydride.
The phosphotriester 12 was formed by reacting 11 with diethyl phosphochloridate in the presence of 1-
methylimidazole in anhydrous ether. The fully-deprotected carboxylic acid phosphate 13 was then obtained by
sequential base and acid hydrolyst:s.]2
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(i) CrO3, AcOH, H,0, 2h at 20°C then 16 h at 80°C, 34% (ii) NaBH,, MeOH, 23°C, 46 h, 65% (iii) (Et0)2POCI,
1-methylimidazole, Et,0, 0°C, 1.5 h, 70% (iv) (a) KzCO3, MeOH, 23°C, 24h, 61% (b) HCl, 23°C, 1 h, 90%

The electrochemical experiments were carried out under argon in an electrochemical cell with a platinum
working electrode, and tetra-n-butylammonium perchlorate in dimethyl formamide as the elect.rolyte.13 Cyclic
voliammograms were recorded by scanning from 0 V to -2.8 V at a standard rate of 100 mV secl. The cyclic
voltammogram showed no signal above the background signal when the fully protected triester 12 (2 mM) was
dissolved in the electrolyte. The triester was therefore hydrolysed to the carboxylate phosphate 13 to more
closely model the substrate in the enzymatic reaction. Solutions of 13 were adjusted to pH 1.5, 2.3, 6.0, and 9.5
using sodium hydroxide before being lyophilised to generate 13 predominantly as the triacid, and the mono-, di
and tri-sodium salts respectively. Each of these different species was used in electrochemical experiments.

Figure 1 shows the cyclic voltammogram obtained for 13 (sample pH previously adjusted to 1.5). There
is a concentration-dependent signal at ca. -2.1 V corresponding to a one electron reaction. The absence of a
reverse peak suggests the process is either irreversible or the electrochemical step is followed by a fast chemical
step, i.e. an electrochemical reaction. Diagnostic tests confirmed an electrochemical reaction was occuring:
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Ip/v1/2 decreased slightly with increasing v (Ip is the current and v the scan rate); and the peak potential became
marginally more negative with increasing scan rate. This latter effect was more marked in the presence of FMN
(0.4 mM), as would be expected if FMN reduced the size of the transfer coefficient. A weaker signal was seen
in the cyclic voltammogram recorded for the sample of 13 prepared at pH 2.3, but no signals were seen for the
more alkaline samples. This suggests that the electrochemical reaction requires 13 to be fully protonated.
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Figure 1 Cyclic voltammogram of a solution of 13 (2 mM) scanned from

-0.8 Vto -2.8 V. The scan rates are (a) 50, (b) 100, and (c) 200 mV s-1. The
background signal is from reduction of the tetraalkyl ammonium cation.

In order to identify the product of the electrochemical reaction, 13 (12 mM) was electrochemically
reduced at a constant voltage of -2.1 V. A product formed slowly (11% conversion after 16 h). This was
isolated and purified by preparative thin layer chromatography. The structure was unambiguously assigned as
cyclohex-2-enyl phosphate 15, formed by decarboxylation of 13.14 There was no evidence for 14, the product
expected from reductive cleavage of the C-OP bond. The cleavage could either generate the vinyl radical (as
shown) or the vinyl anion as an intermediate. The observed decarboxylation is reminiscent of the electrochemical
oxidation of carboxylate anions (the Kolbe reaction).
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The experiment described in this paper shows that a model system with a phosphate next to an o,p-
unsaturated acid does not undergo C-OP cleavage under strongly reducing electrochemical conditions. In the
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context of the chorismate synthase reaction, this result contrasts with the observation of C-OP bond cleavage to
form a chorismate-like diene when the C-6 radical is generated from 6.8 However whereas it is possible to
envisage electron donation to EPSP 1 from the enzyme-bound reduced flavin to form radical §, it is difficult to
see how the radical 4 could be formed on the enzyme. Although the electrochemical experiments described were
intended to model the chorismate synthase reaction, the observed decarboxylation has similarities to the reaction

catalysed by pyruvate formate-lyase. This enzyme uses a radical process to cleave the C1-C2 bond of pyruvate
and release the carboxyl group as formate. '
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