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The phosphorus—carbon bond that occurs in a variety of natural
products elaborated by several fungi and eucaryotes' owes its
existence to the enzyme phosphoenolpyruvate phosphomutase,?
which catalyzes the interconversion of phosphoenolpyruvate and
phosphonopyruvate. To narrow the range of mechanistic postulates
for this intriguing transformation, we have determined the
stereochemical consequence at phosphorus in the enzyme-catalyzed
reaction of chiral [1%0,’0,'*0]phosphonopyruvate. Contrary to
a recent report,’ the reaction proceeds with overall retention of
the configuration at phosphorus.

[1¢0,0,!30]Phosphonopyruvate, of one configuration at
phosphorus, was synthesized as illustrated in Scheme I. Meth-
yldichlorophosphine was allowed to react with (-)-ephedrine to
produce two oxazaphospholidinones, epimeric at phosphorus.*
These materials were oxidized in situ with iodine and ['’O]H,0
to produce the epimeric cyclic methylphosphonamidates 1a and
1b, which were separated chromatographically. Although the
identity of these species was reasonably secure from the NMR
work of Inch and his colleagues,* the structure of 1a (isotopically
unlabeled) was confirmed by crystallographic analysis.* The
cuprate of 1a was generated with rers-butyllithium followed by
addition of Cul® and was allowed to react with ethyl oxalyl chloride
in tetrahydrofuran. Treatment of the crude product with
['®O]H;0* gave 2a, with its ethyl ester group intact (for the
significance of this observation, see below). This ring-opening
reaction is known to proceed by an “in-line” pathway,*’ with
inversion at phosphorus. Deprotection of 2a with trimethylsilyl
bromide gave the desired product [(R)-'%0,70,*0]phosphono-
pyruvate (3a) in good yield.

As has been established earlier,? the equilibrium of the mu-
tase-catalyzed reaction lies well toward phosphoenolpyruvate, and,
in order to proceed with the stereochemical analysis of the product
phosphoenolpyruvate (4a or 4b), the mutase reaction was coupled
to two further exergonic processes: the pyruvate kinase-catalyzed
transfer of the phospho group of phosphoenolpyruvate to ADP,
and the hexokinase-catalyzed phosphorylation of glucose by the
product ATP. Each of these two kinases is known to proceed with
inversion at phosphorus,® so that, in one incubation, the phospho
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Scheme 1. Synthesis of (R)- and
(5)-['%0,'70,!80) Phosphonopyruvate (3a and 3b, Respectively)
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group of phosphoenolpyruvate was relocated, with overall retention,
on the 6-hydroxyl group of glucose ready for stereochemical
analysis. Determination of the absolute configuration at phos-
phorus now followed established procedures, involving ring closure
to the bicyclic 4,6-phosphodiester, methylation, and 3'P NMR
analysis.” The NMR spectra of the bicyclic phosphotriesters
(methoxy axial) that derive from the mutase-catalyzed rear-
rangement of (R)- and (S)-['¢0,170,®O] phosphonopyruvate (3a
and 3b), synthesized independently from 1a and from 1b, are
shown in Figure 1. It is evident from the middle pair of peaks
in each quartet (these are the stereochemically informative res-
onances) that [(R)-1%0,70,!30]phosphonopyruvate produces
[(S5)-1%0,'"0,'80] phosphoenolpyruvate and, conversely, the S
isomer produces the R isomer. Recognition of the priority rules
for R and S assignment allows the conclusion that the mutase
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Figure 1. 3'P NMR spectral® of the axial methyl esters of the a-D-
glucopyranoside cyclic 4,6-phosphates derived from stereochemical
analysis of the a-D-glucopyranoside 6-['°0,!70,'*0] phosphates obtained
from the phosphomutase reaction of (R)- and (S5)-['%0,'70,!%0]-
phosphonopyruvate (A and B, respectively).

Scheme II. Conversion of 5 to (R)-Thiophosphonopyruvate 6 with
Inversion (as Assumed in Ref 3) or to (S)-Thiophosphonopyruvate 8
via 7 with Overall Retention
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reaction proceeds with overall retention of the configuration at
phosphorus.

In contrast to these results, a recent report? has suggested that
the stereochemical course of the mutase reaction is inversion. This
study used '®0 and sulfur to create the chirality at phosphorus,
and the substrate was therefore the [!®0]phosphorothioate of
phosphonopyruvate. While there have been occasional concerns
that the use of phosphorothioates (as distinct from phosphates)
could give misleading stereochemical outcomes, we do not believe
this to be the cause of the discrepancy. The fact that phos-
phorothioate substrates have always been found to follow a ste-
reochemical course identical with that of their all-oxy parents!?
argues against such an explanation.!! It seems more likely that
the synthesis of chiral thiophosphonopyruvate reported in ref 3
included a step in which an unnoticed inversion at phosphorus
occurred. Thus the transformation of § (Scheme II) was presumed
to go with inversion to 6, yet the free neighboring carboxylate in
5 can displace the ammonium leaving group to give 7, which then
hydrolyzes to 8. Such a well-precedented!? double displacement
reaction would thus give 8 with overall retention, instead of 6 with
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inversion, as was assumed by McQueney et al.’

We conclude, therefore, that the phosphomutase proceeds with
overall retention and follows a mechanistic route that involves
either an unremarkable phospho-enzyme intermediate or, con-
ceivably, the intramolecular participation of the substrate’s car-
boxylate group.'*
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Antivirall? and antitumor? activity associated with a wide
variety of structurally divergent modified nucleosides has stimu-
lated a great interest in the synthesis and biological activity of
new classes of nucleic acid compounds. We have been interested
in the synthesis®= and activity!%®16 of boron-containing antime-
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