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of the O,, peaks at 530.1 and 528.4 eV are consistent with a 
formulation of Ba2+Pb2+[02J2-02-. The O,, binding energy for 
peroxide dianions in N a 2 0 2  and Ba02 are 530.4 and 530.9 eV, 
respectively; 02- binding energies are about 528-529 eV.9 The 
absence of a feature at about 289 eV rules out the presence of 
C032-  on the surface whose 01, spectrum interferes with that of 
peroxide dianion.1° The Pb 4f7/2 photoelectron peak was markedly 
asymmetric; qualitatively similar XPS peak shapes have been 
observed in both atomic and synthetic metals.” The surface 
composition is Bal ,oPbl ,7[02-]  2.002-z,I. 

The photoelectron spectrum, shown in the upper traces of Figure 
1, of a used catalyst after several hundred turnovers is more 
complex than that of the unused catalyst. New features at 534.1 
and 292.5 eV in the 01, and CIS regions, respectively, are assigned 
to the HCO,- ion since the O / C  atomic intensity ratio is 3.1 and 
the binding energies for these two new peaks are similar to those 
observed in NaHC03.9 A broad, unresolved signal extending from 
285 to 289.5 eV appears different from the high binding energy 
shoulder of adventitious carbon in the 02-annealed sample and 
probably includes some C032-. If the 531.3 eV 01, peak were 
derived solely from carbonate, the corresponding CIS  carbonate 
peak would be both very broad (>3 eV) and centered at unrea- 
sonably low binding energies (C288.5 eV). Thus the 531.3 eV 
feature arises from both carbonate and the peroxide of BaPb03. 
Therefore the 528.2 01, peak and the Pb 4f7/2 peak a t  137.4 eV 
(not shown) are assigned to BaPbO,. The Ba 3d5/2 spectrum (not 
shown) may be deconvoluted into three Gaussian components that 
correspond to BaPbO,, Ba(HC03)2, and BaC03.  The overall 
surface composition is Ba3,9Pbl,0C2,708,7. These results indicate 
that (1) BaPb03, hence the peroxide dianion, remains a t  the 
surface, (2) the surface becomes partially covered with BaCO, 
and Ba(HC03)2,  and (3) the surface becomes deficient in lead. 
Bulk analytical results show that about 20% of the lead is lost 
under relevant catalytic conditions. 

The unusual nature of the peroxide ions in BaPb0, deserves 
comment. Relativistic stabilization of the Pb 6s bandI2 may cause 
an oxidation of the 0 2p band with the result that BaPb03 is better 
described as Ba2+PbZ+[02]2-02- rather than Ba2+Pb4+[O2-I3. 
Independent evidence,” consistent with this hypothesis, is provided 
by an analysis of the IR reflectance spectra of the BaPb,-,Bi,03 
system which indicates unusually low effective charges on the 
oxygen atoms that vary from -1.18 for x = 1 to -0.6 for x = 0.35. 
The XPS and IR results13 provide evidence concerning charge 
distribution, not local geometry. Classical inorganic peroxides 
exist as diatomic, through-space spin-coupled species la  with 0-0 
distances of 1.45-1 S O  A.I4 Crystallographic analysesI5 of 
BaPbO,, based on a profile refinement of powder data and which 
unfortunately includes high-R factors, indicates 0-0 contacts 
of -3.0 A. These results suggest that a nonclassical through-bond 
species l b  may occur in BaPb0, and perhaps in other super- 
conducting oxides8J6 reported to exhibit similar XPS features 
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attributed to peroxide anions, as well. 
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5-Enolpyruvylshikimate-3-phosphate synthase (EPSP synthase, 
E.C. 2.5.1.19) catalyzes the reversible transfer of the carboxyvinyl 
moiety of phosphoenolpyruvate (PEP) to the 5-hydroxyl group 
of shikimate 3-phosphate (S3P). From a commercial standpoint, 
it is the most important enzyme in the shikimic acid pathway since 
it is the target of the broad spectrum herbicide glyphosate ( N -  
phosph~nomethylgylcine).~-~ A number of isotope labeling and 
kinetic ~ t u d i e s ~ , ~  have supported the proposal of Levin and 
Sprinsod that the enzymatic reaction proceeds via an addition- 
elimination mechanism (Scheme I), and the isolation of tetrahedral 
adduct 1 by Anderson et aL7 has provided the final proof. We 
now report the synthesis of the two diastereomers of phosphonate 
2, a stable analogue of intermediate 1, and their evaluation as 
reaction intermediate analogue inhibitors of EPSP synthase. 

Inhibitors 2r and 2s are synthesized from (-)-shikimic acid as 
shown in Scheme 11. Rhodium diacetate-catalyzed couplings of 
acetonide 39 with methyl (dibenzy1phosphono)diazoacetate 4,” 
followed by alkylation of the potassium salt of the resulting ether 
5, affords compound 6 in 63% overall yield. Acid-catalyzed 
cleavage of the acetonide moiety, followed by cyclization to lactone 
7, takes place in 79% yield. The free hydroxyl group of 7 is 
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"(a) Rh2(OAc)4, benzene, A; (b) KH, MeI, THF (63%); (c) p -  
TsOH, aqueous MeCN; p-TsOH, benzene, A (79%); (d) LDA, 
Bn4P207, THF, -78 - 10 OC (25% - 8r, 46% - 8s); (e) TMSiBr; 
aqueous NaOH (45%); (f) TMSiBr; aqueous NaOH (81%). 

Table I. Inhibition of EPSP Svnthase" 
inhibitor competing substrateb Ki b M )  

2r EPSP 0.015 & 0.001 
2r PI 0.09 * 0.01 
2s EPSP 1.13 f 0.07 

glyphosate (apparent K{)  0.4 
'Determined at 25 OC in potassium-HEPES buffer, pH 7.5. bFor 

experiments in competition with EPSP, [Pi] = 50 mM ( K ,  = 1.36 f 
0.06 mM); for experiments in competition with Pi, [EPSP] = 50 pM 
( K ,  = 2.32 & 0.12 pM). CGlyphosate binds to the E43P complex 
(Padgette et ai., ref 16). 

phosphorylated by formation of the lithium alkoxide and treatment 
with tetrabenzyl pyrophosphate1'J2 to provide the diastereomers 
8r and 8s in 25% and 46% yield, respectively, after chromato- 
graphic separation. The stereochemistry of these isomers was 
assigned by 2D NMR.I3 Deprotection is accomplished by 
treatment with trimethylsilyl bromide (to cleave the phosphorus 
benzyl estersI5) and aqueous base (to hydrolyze the methyl ester 
and lactone moieties), and the inhibitors are isolated as their 
sodium salts in good overall yield after purification by ion exchange 
chromatography (2r, 45% yield; 2s, 81% yield). 

Analogues 2r and 2s were evaluated as inhibitors of EPSP 
synthase from Petunia hybrida.16 The enzymatic reaction was 

2s Pi 2.1 0.2 
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Figure 1. Lineweaver-Burk plot for inhibition of EPSP synthase by 
isomer 2r in competition with EPSP: [Pi] = 50 mM, [2r] = 0 (0), 6 nM 
(A), 10 nM (W), 25 nM (A), and 50 nM (0) .  Each point represents an 
average of two or three determinations; the data were fit using Cleland's 
COMP pr~gram. '~  

followed in the reverse direction (EPSP + P, - PEP + S3P), using 
a coupled assay with pyruvate kinase and lactate dehydrogenase 
to allow PEP release to be monitored spectrophotometrically.2~~7 
The inhibitors were evaluated both by varying EPSP a t  saturating 
concentrations of phosphate (50 mM) and by varying phosphate 
a t  saturating EPSP (50 wM) (Table I, Figure 1). The kinetic 
behavior of these inhibitors reveals that they are competitive with 
respect to both EPSP and phosphate. In the ordered binding 
sequence described by Anderson et al.,s EPSP binds first, so that 
competition with this substrate is to be expected. Because substrate 
equilibration is rapid and phosphate can pull the equilibrium, E 
+ EPSP - EsEPSP by converting E-EPSP to E-EPSPsP,, inhib- 
ition can also be overcome a t  high phosphate concentrations, even 
though this substrate and the inhibitors do not compete for the 
same form of the enzyme.'* 

With a K, of 15 nM, isomer 2r represents the most potent 
inhibitor of EPSP synthase yet reported, binding more than an 
order of magnitude more tightly than glyphosate. It thus conforms 
to the expectation that an enzyme should show high affinity for 
a mimic of an unstable reaction intermediate as well as to tran- 
sition state analogues. Also important is the fact that the R-in- 
hibitor binds two orders of magnitude more tightly than the 
S-diastereomer 2s. If, as seems likely, the phosphonate group of 
these inhibitors prefers to bind in the site normally occupied by 
the phosphate moiety of 1, we can infer that the side chain of 
intermediate 1 also has the R configuration. 
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