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Thus, we have synthesized actinobolin stereoselectivity in 18 
steps from glyoxylate 5. We are currently in the process of 
preparing 5 in enantiomerically pure form and hope to use ad
vanced intermediates 11 and/or 12 in the synthesis of bactobolin 
(2). 
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The chorismate mutases are appealing targets for the design 
of enzyme inhibitors, since they lie on a pathway that is key for 
the biosynthesis of aromatic amino acids in plants and microor
ganisms.1 These enzymes are unique not only for catalyzing what 
is formally a Claisen rearrangement2 but also for the fact that 
the conversion of chorismic acid 1 to prephenic acid 3 has a 
unimolecular solution counterpart. The relationship between 
substrate binding forces and enzymatic rate acceleration can 
therefore be explored without the complications that arise from 
imperfect comparisons of multimolecular (solution) with uni
molecular (enzymatic) transformations.3 Indeed, it can be argued 
that the chorismate mutases are the ideal targets for transition-
state analogue inhibitors, in that the enzymatic rate acceleration 
should be reflected in enhanced binding of a "perfect" transi
tion-state analogue in comparison to substrate.4 This factor could 
be as much as 2 X 106.5 

Although a number of molecules designed or rationalized to 
mimic the putative transition-state conformation 2 have been 
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reported,6-8 none is bound to chorismate mutase significantly more 
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Table I. Selected Inhibitors of Mutase Activity of Chorismate 
Mutase/Prephenate Dehydrogenase 

inhibitor M (conditns4) ho/Km 
4 
5 
6 
7 

>2.5 X 10"3 (A) 
1.3 X 10"3 (A) 
7.8 X 10"4 (A) 
4 X 10"4 (BY 
7 X 10"5 (C) 

>20 
12 
7 

25 
0.05 

"Z50 is defined as the concentration of inhibitor giving 50% inhibition 
when substrate concentration equals Km; for linear competitive inhib
itors, Z50 = 2Â . 4(A) E. coli enzyme, pH 7.5, A^m(chorismate) = 1.1 X 
10"4 M; ref 6; (B) E. coli enzyme, pH 6.0, ^(chorismate) = 1.5 X 
10~5 M; ref 8; (C) A. aerogenes enzyme, pH 9.0, A^m(chorismate) = 1.3 
X 10~3 M; ref 7. 'Z50 value computed from K1 = 2 X 10"4 M. 

Table II. Comparison of Oxabicyclo[3.3.1]nonenes 8-10 and 
Adamantane-1-phosphonic Acid 7 as Inhibitors of Chorismate 
Mutase/Prephenate Dehydrogenase" 

inhibitor 

8 
9 
7 
10 

0Zi. coli enzyme, pH 7.5, 
determined in the presence 

Scheme I a 

Z50, M I50JKn, 

5.9 X 10-s 3.3 
1.7 X 10-5 0.9 
5.5 X 10"6 0.31 
1.5 X 10-7 0.008 

tfm(chorismate) = 1.8 X 10"5 M (this value 
of 0.1 mg/mL of bovine serum albumin15). 

U : R = OMe 

1 2 : R = OH 

1 3 : R = H 

> 

> / 9 . h 

a (a) NaOH/MeOH/H20, 92%; (b) C1C0C0C1/CH2C12, 95%; (c) 
(Ph3P)2CuBH4/acetone, 78%; (d) Me3SiCN/ZnI2, 71%; (e) HCl/ 
aqueous THF, 82%; (f) A'-PhSe-phthalimide/p-TSA/CH2Cl2/-78 
°C, then r-BuOOH, 83%; (g) m-CPBA/CH2 Cl2/reflux, 99%; (h) 
Me3SiBr/Ph3P/CH2Cl2; DBU/MeCN/60 0C; HCl/aqueous THF, 
77%; (i) KOH/H20/reflux, (100%). 

tightly than chorismic acid itself (Table I).9 The most potent 
inhibitor reported to date is adamantane-1-phosphonic acid (7), 
which Chao and Berchtold have reported to have a ratio of (in
hibitor /50)/(chorismate Km) of 0.05 at pH 9.7 Since the hy-
droxybicyclo[3.3.1]nonane- and hydroxybicyclo[3.3.1]-
adamantanedicarboxylic acids 5 and 6 incorporate the polar 
functionality of 2 and yet are not tightly bound, Andrews et al. 
reasoned that the orientation of these groups is crucial.6 In this 
paper, we describe syntheses of the oxabicyclic derivatives 8-10 
and our discovery that the endo isomer 10 is the most potent 
inhibitor of chorismate mutase yet reported. 

The synthetic route leading to the racemic inhibitors 8 and 10 
is outlined in Scheme I. Ester acid 12 obtained from controlled 
hydrolysis of the Diels-Alder adduct 11 is converted to the al
dehyde 13 by the method of Fleet10 and thence to the cyanohydrin 
14 as described by Evans." Selenocyclization12 of 14 followed 
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employed and that inhibitors were assayed under different conditions, we 
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by oxidative elimination lead exclusively to the bicyclo[3.3.1] 
regioisomer 15 as a mixture of nitrile epimers. As precedented 
by work in the shikimate series,13 this material undergoes ep-
oxidation with a peracid from the exo face and furnishes the 
desired allylic alcohol 16 on rearrangement via the bromohydrin 
silyl ether. Alkaline hydrolysis of 16 gives a 6:1 mixture of the 
exo and endo isomers 8 and 10. In addition to the expected 
predominance of the more stable exo isomer 8, the stereostructure 
of these compounds was readily assigned on the basis of the NMR 
coupling pattern of the hydrogens at the 3-position: exo isomer 
8, dd, J = 3.2, 12.2 Hz; endo isomer 10, dd, J = 3.0, 7.2 Hz. An 
additional compound, the unsaturated derivative 9, was obtained 
on hydrolysis of a side product from a related synthesis.14 

Compounds 8-10 as well as adamantane-1-phosphonic acid (7) 
were evaluated as inhibitors against the chorismate mutase/ 
prephenate dehydrogenase from E. coli. The assays were per
formed at pH 7.5 using conditions similar to those reported by 
SampathKumar and Morrison.15 The results detailed in Table 
II indicate that the exo and unsaturated derivatives 8 and 9 are 
not significantly better as inhibitors than their saturated carbo-
cyclic analogue 6. In contrast, the endo isomer 10 is bound some 
100-fold more tightly, with an Z50 value of 1.5 X 10"7M at pH 
7.5. The true K1 value could therefore be as low as 4 X 10"8M 
for the active enantiomer. At this pH adamantane-1-phosphonate 
is a considerably weaker inhibitor than 10. The crucial element 
in the efficacy of the endo isomer 10 is its chair conformation and 
the resulting orientation of the bridge-carboxylate moiety over 
the unsaturated ring. In contrast to the endo isomer of the sat
urated carbocycle 4,6 which adopts the chair-boat conformation 
for steric reasons, 1H NMR analysis indicates that the tetra-
hydropyran ring of 10 is in the chair conformation as shown.16 

Although the binding enhancement observed with 10 falls short 
of that expected for a "perfect" transition-state analogue, these 
results confirm the supposition that orientational effects are critical 
for a chorismate mutase inhibitor and point the way for future 
improvements. 
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Supplementary Material Available: Experimental details of the 
synthesis of 8 and 10 and their enzymatic evaluation (8 pages). 
Ordering information is given on any current masthead page. 
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Computer-simulation techniques that can reliably predict 
relative free energies of reactions have great potential usefulness 
in chemistry, biochemistry, and pharmacology. Such techniques 
could be used to calculate relative solubilities, relative free energies 
of binding for ligand-receptor complexes, and relative free energies 
of activation (i.e., relative reaction rates). In particular, the ability 
to calculate relative free energies of solvation is of special interest. 
For example, relative free energies of solvation (or more precisely, 
relative free energies of desolvation) often play a major role in 
determining the relative binding affinity of two ligands at a 
common receptor site. 

One simulation technique used to compute the free energy of 
reaction is the umbrella sampling technique.1"4 In this approach, 
one uses molecular dynamics or Monte Carlo simulations to 
compute the free energy change as a function of reaction ad
vancement along some predefined reaction coordinate. This 
method has been used to study molecular association complexes1"3 

and a chemical reaction4 in water. In principle, this method could 
be used to predict relative free energies of solvation for two 
molecules L and M by, e.g., gradually immersing the molecules 

L(g)-*L(aq) AA1 (1) 

M(g) -* M(aq) AA2 (2) 

and computing AA1 and AA1 in separate simulations. The relative 
free energy of solvation, AAA = A^l2 - AA1, would then be 
computed as the difference of the two simulation results, AzI1 and 
AA2. The umbrella sampling technique possesses several short
comings, however, which limit its usefulness in relative free energy 
calculations.5 

An alternative simulation approach applies perturbation theory 
techniques to a set of reactions forming a closed thermodynamic 
cycle in order to compute relative free energies of reaction.5 The 
type of free energy obtained (e.g., Helmholtz free energy A, or 
Gibbs free energy G) depends on the type of ensemble used in 
the simulation (see below). In the perturbation-thermodynamic 
cycle approach, two hypothetical reactions would be defined: 

L(g) -* M(g) AA3 (3) 

L(aq) — M(aq) A^4 (4) 

Reactions 1-4 form a closed thermodynamic cycle; thus, AAA 
= AA2 - AA1 = AA4 - A^l3, since A is a thermodynamic state 
function. A perturbation technique5"7 is used to compute AA1, 
and, if necessary, A^l3. Potential energy functions V1 for the 
L/solvent system, VM for the M/solvent system, and Vx for a 
"hybrid" system are defined, where 

Vx = XKM + (1 - \)VL (5) 

Molecular dynamics or Monte Carlo simulations based on one 
or more of these potential functions are then carried out. For each 
simulation, the free energy for values of X about X1 is obtained 
from the perturbation result 
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