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5'-0(75p)-[/?7-170,7-170,180](3-thiotriphosphate)(chiralATP7S)8 

with chicken liver pyruvate carboxylase (EC 6.4.1.1).9 This 
enzyme catalyzes the overall reaction 

CH3COCO2- + HCO3- + ATP ^ 
pyruvate 

-O2CCH2COCO2- + ADP + P1 

oxaloacetate 

via the intermediacy of A^-carboxybiotin. The chiral ( S ^ - A T P Y S 
was incubated10 with pyruvate, bicarbonate, Co(II), and enzyme,11 

and the absolute configuration of the product inorganic 
[160,170,180]thiophosphate12 was determined to be Rp by the 31P 
NMR method independently developed by Webb and Trentham13 

and by Tsai14 (Figure 2). That is, of the stereochemical^ in­
formative resonances (the second and third peak of each set) of 
the adenosine 5'-0(2-thiotriphosphate) (ATP|3S) that derives from 
the inorganic thiophosphate product, the second peak is larger 
than the third. Pyruvate carboxylase from chicken liver therefore 
catalyzes the conversion of ATP to ADP and P1 with overall 
stereochemical inversion of the configuration at phosphorus. 
Control experiments demonstrated that no ATP7S was broken 
down when incubated under identical conditions with enzyme that 
had been inactivated with avidin,15 a potent biotin-binding protein. 

Of the three mechanisms outlined above, both the stepwise (1) 
and the concerted (2) are predicted to go with overall inversion 
at phosphorus, while the composite (3) is predicted to go with 
retention. The stepwise mechanism involves the direct transfer 
of the phospho group of ATP to bicarbonate (with inversion16) 
followed by the expulsion of inorganic phosphate. The concerted 
mechanism also begins with a direct transfer of the phospho group, 
this time to the ureido oxygen of biotin (with inversion), followed 
by a six-electron ir2S + ir2S + C2S electrocyctic rearrangement 
(with retention7). The composite mechanism, although chemically 
and enzymatically precedented, must be incorrect because it in­
volves two direct transfers (each with inversion) and would thus 
result in overall retention at phosphorus. 

In an effort to distinguish between mechanisms 1 and 2, we 
may look to three critical results in the literature. First, when 
carbamoyl phosphate, a putative carboxyphosphate analogue, is 
allowed to react with ADP and either sheep liver pyruvate 
carboxylase17 or E. coli acetyl-CoA carboxylase,18 ATP is produced 
(however, see Kluger et al.3). Second, phosphonacetic acid, a 
stable carboxy phosphate analogue, is a noncompetitive inhibitor 
of ATP with the sheep liver enzyme.17 Third, in the absence of 
bicarbonate, there is no positional isotope exchange of ATP19 with 
chicken liver pyruvate carboxylase20 and apparently no ADP-ATP 
isotope exchange with the sheep liver enzyme.17 These results are 
most simply accommodated by the stepwise mechanism 1 (but 
do not unequivocally rule out mechanism 2). Furthermore, it is 
becoming apparent that the few enzymes that might in principle 

(8) Synthesized by a modification of the procedure in: Webb, M. R. 
Methods Enzymol. 1982, 87, 301. 

(9) Purified by a modification of the procedure in: Scrutton, M. C; Fung, 
C-H. Arch. Biochem. Biophys. 1972, 150, 636. 

(10) ATPYS/CO1 1 reacts at approximately 1/200 the rate of ATP/Mg" 
under the reaction conditions. The reaction rate of ATPYS/Mg" is unde­
tectable with this enzyme, and we assume that the constraints of the active 
site require the use of a divalent metal ion that can readily coordinate sulfur 
(see: Jaffe, E. K.; Cohn, M. J. Biol. Chem. 1979, 254, 10839). 

(11) The reaction mixture (30 mL, incubated at 30 0C for 6 h) contained 
chiral ATP7S (20 j»mol), pyruvate carboxylase (200 units9), CoSO4, (0.5 
mM), sodium pyruvate (40 mM), potassium bicarbonate (40 mM), and re­
duced glutathione (0.66 mM) in Hepes buffer (266 mM, pH 7.8). Acetyl-
CoA (0.5 ^mol) was added every 30 min.9 

(12) Purified by ion exchange chromatography on DEAE-Sephadex.8 

(13) Webb, M. R.; Trentham, D. R. J. Biol. Chem. 1980, 255, 1775. 
(14) Tsai, M.-D. Biochemistry 1980, 19, 5310. 
(15) Green, N. M. Biochem. J. 1966, 101, 774. 
(16) On the basis that normal displacements at phosphorus invert the 

configuration: Knowles, J. R. Annu. Rev. Biochem. 1980, 49, 877. 
(17) Ashman, L. K.; Keech, D. B. J. Biol. Chem. 1975, 250, 14. 
(18) Pokalis, S. E.; Guchhait, R. B.; Zwergel, E. E.; Lane, M. D.; Cooper, 

T. G. / . Biol. Chem. 1974, 249, 6657. 
(19) Midelfort, C. F.; Rose, I. A. J. Biol. Chem. 1976, 251, 5881. 
(20) Wimmer, M., private communication. 

catalyze concerted electrocyclic mechanisms, e.g., anthranilate 
synthase21 or phosphoenolpyruvate carboxylase,7 evidently follow 
stepwise pathways. 

Finally, in mechanism 1, how does the enzyme "activate" the 
nonnucleophilic ureido N1 nitrogen atom of biotin so that it may 
attack carboxy phosphate? If by using acid-base chemistry the 
enzyme could tautomerize the ureido group into the enolic form 
(a mechanism for which has been proposed22), the N1 nitrogen 
would become approximately 1010 times more nucleophilic.6 

Interestingly, Mildvan, Lane, and co-workers have recently shown 
that the N1 nitrogen of biotin is unusually reactive compared with 
that of desthiobiotin or O-heterobiotin which may be due to a 
transannular interaction between the ureido carbonyl group and 
the biotin sulfur atom.23 It thus appears that the ureido N1 

nitrogen of biotin, by whatever means, is nucleophilic enough to 
attack carboxy phosphate in these enzymatic reactions. 
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(21) Tamir, H.; Srinivasan, P. R. Proc. Natl. Acad. Sci. U.S.A. 1970, 66, 
547. 

(22) Stallings, W. C. Arch. Biochem. Biophys. 1977, 183, 189. 
(23) Fry, D. C; Fox, T. L.; Lane, M. D.; Mildvan, A. S. J. Am. Chem. 

Soc, in the press. 
(24) Washout of label in the analysis,8 a somewhat low 18O content (71%) 

in the chiral ATPYS used, and the small amount of [16O1
17O1

18O] thio­
phosphate analyzed (less than 20 ^mol) prevent exact quantitation of the 
spectrum. The intensities of the second and third peaks in each group clearly 
indicate, however, that the inorganic thiophosphate analyzed was predomi­
nately of the Rt configuration.13 
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Most organic conducting salts of ir-conjugated donor molecules 
known so far have a structure consisting of sheetlike networks of 
electron-donor molecules.1 Each of these donor sheets, separated 
by a layer of counteranions, is typically composed of stacks of 
donor molecules. Thus intermolecular interactions take place 
within as well as between adjacent donor stacks. Despite such 
two-dimensional (2D) networks most conducting salts of donor 
molecules are one-dimensional (ID) metals because interactions 
between adjacent stacks are typically much weaker than those 
within each stack.1,2 This situation can be significantly altered 
with bis(ethylenedithio)tetrathiafulvalene, C10S8H8, (BEDT-TTF 
or simply ET), as shown by Kobayashi et al.3 for (ET)2ClO4-

(1) (a) Williams, J. M. Prog. Inorg. Chem. 1985, 33, 183. (b) J. Phys. 
(Les UUs, Fr.) 1983, 44 (C3), 767-1714. (c) "Extended Linear Chain 
Compounds"; Miller, J. S., Ed.; Plenum Press: New York, 1982-1983; Vol. 
1-3. (d) Williams, J. M.; Beno, M. A.; Wang, H. H.; Leung, P. C. W.; Emge, 
T. J.; Geiser, U.; Carlson, K. D. Ace. Chem. Res. 1985, 18, 261. 

(2) (a) Whangbo, M.-H.; Walsh, W. M„ Jr.; Haddon, R. C; Wudl, F. 
Solid State Commun. 1982, 43, 637. (b) Whangbo, M.-H.; Williams, J. M.; 
Beno, M. A.; Dorfman, J. R. J. Am. Chem. Soc. 1983, 105, 645. (c) Mori, 
T.; Kobayashi, A.; Sasaki, Y.; Kobayashi, H. Chem. Lett. 1982, 1923. (d) 
Grant, P. M. Phys. Rev. B 1982, 26, 6888. 

(3) Kobayashi, H.; Kobayashi, A.; Sasaki, Y.; Saito, G.; Enoki, T.; Ino-
kuchi, H. J. Am. Chem. Soc. 1983, 705, 297. 
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Figure 1. Stereoview of the crystal structure of (ET)Ag4(CN)5. Partially shaded ellipses, Ag; crossed, S; open, C and N. Thin lines denote the nearest 
intermolecular S---S contacts (3.90 A) between ET molecules. Heavy lines indicate the "necklace" formed by the polymeric anion. 

(C2H3Cl3)^2, where ET molecules exhibit more side-by-side than 
face-to-face interactions within a 2D network. Subsequent syn­
thesis and characterization of new conducting ,8-(ET)2X salts with 
linear anions, X" = I3",4 IBr2",5 and AuI2",6 showed that these salts 
are not only 2D metals but also ambient pressure superconductors 
with transition temperatures (rc 's) of 1.5, 2.8, and 5 K, respec­
tively. Our recent attempt to prepare ET salts of the Ag(CN)2" 
anion led not only to an expected 2:1 salt a'-(ET)2Ag(CN)2,7 

which band electronic structure calculations reveal to be a ID 
metal like /3-(ET)2ICl2,

8 but also to a totally unexpected salt 
(ET)Ag4(CN)5, which contains a three-dimensional (3D) network 
of ET+ cations. In this paper, we describe the crystal9 and band 
electronic structures of (ET)Ag4(CN)5, the first example of a 3D 
donor-network organic conductor. 

As shown in Figure 1, every ET+ cation of the 3D donor 
network in (ET)Ag4(CN)5 is surrounded by four ET+ cations in 
a quasi-tetrahedral arrangement such that every nearest-neighbor ^ u r e 2- ? i sP" si°n of <he *w° h i ghf occupied bands ^+ and *_ of the 
CT-+ • • ,„ t„ • . • ,„i„* o c . „» „ M n n , ,,v 3D network of ET cations, where the dashed line refers to the Fermi ETT pair interacts via two equivalent S---S contacts of 3.902 (4) , , _, . . , .. c. , „ .„ , ,, , . ,. . . . . . j r ,. iL , , ,? , ... , , , , , , J . ' level. The inset shows the first Brillouin zone for the tnclinic primitive 
A, exceeding the van der Waals radu sum of sulfur ( ~ 3.6 A). u n i t c e l l w i t h t w o E T + c a t i o n s a n d w i t h t h e p r j m i t i v e v e , t o r s -_ ^ a n d 

C1. In units of the corresponding reciprocal vectors 3*„ b*t, and c*„ the 
special wavevector points of the first Brillouin zone are defined as follows: 
T = (0, 0, 0), X = (0, 0.4790, 0.4790), Y = (0.5, 0, 0.5), Z = (0.5, 0.5, 
0), K = (1, 0.5, 0.5), L = (0.5, 0.2481, 0.2481), M = (1, 0.5210, 0.5210), 
N = (0.5, 0.7519, 0.7519), and D = (0.5, 0.5, 0.5). a*, b*, and c* are 
the reciprocal vectors corresponding to the orthorhombic primitive unit 
cell vectors. 

Each ET+ cation is located at the intersection of three twofold 
rotation axes so that only one-quarter of an ET+ is crystallo-
graphically unique. The 3D network of ET+ cations is interwoven 
with honeycomblike polymeric networks of silver cations and 
cyanide anions parallel to each plane of ET+ cations (i.e., be plane). 
Each ET+ cation is surrounded by a silver cyanide "necklace" 
consisting of 10 Ag+ cations and 10 CN" anions. There exist two 
kinds of Ag+ cations in the structure: one silver is bonded to the 
carbon atoms of two CN" anions in linear coordination, while the 
other has trigonal-planar geometry. Two coordination sites of 
the latter are occupied by nitrogen atoms of two CN" anions, and 
the third one by either end of a disordered CN" anion.10 Each 
Ag+ cation has two long Ag---S contacts (3.18 and 3.34 A, for 
the two Ag+ sites, respectively) with sulfur atoms of the ethyl-
enedithio bridges of ET+ cations. 

It is important to examine whether or not (ET)Ag4(CN)5, with 
its 3D network of ET+ cations, is a 3D metal as well. To date, 
crystals of insufficient size for electrical property measurements 
have been obtained, so that we have probed this question by 
performing tight-binding band electronic structure calculations.48,11 

The (ET)Ag4(CN)5 crystal structure has eight ET+ cations per 
face-centered unit cell. Our calculations, which are summarized 
in Figure 2, were based upon the primitive triclinic unit cell 
containing two ET+ cations.12 Figure 2 shows the dispersion 

(10) We have refined the crystal structure by assuming 50% C and 50% 
N for each of the atomic positions of the disordered CN" anion. 

(11) Our tight binding band calculations were based upon the extended 
Huckel method: Hoffmann, R. J. Chem. Phys. 1963, 39, 1397. We used 
double-f Slater-type orbitals adapted from: Clementi, E.; Roetti, C. At. Data 
Nucl. Data Tables 1974, 14, 177. The H111, values were calculated from a 
modified Wolfsberg-Helmholtz formula: Ammeter, J. H.; Burgi, H.-B.; 
Thibeault, J. C; Hoffmann,.R. J. Am. Chem. Soc. 1978, 100, 3686. See ref 
4g for details. 

(4) (a) Yagubskii, E. B.; Shchegolev, I. F.; Laukin, V. N.; Kononovich, 
P. A.; Karatsovnik, A. V.; Zvarykina, A. V.; Buravov, L. I. JETP Lett. (Engl. 
Trans!.) 1984, 39, 12. (b) Shibaeva, R. P.; Kaminskii, V. F.; Yagubskii, E. 
B. MoI. Cryst. Liq. Cryst. 1985, 119, 361. (c) Crabtree, G. W.; Carlson, K. 
D.; Hall, L. N.; Copps, P. T.; Wang, H. H.; Emge, T. J.; Beno, M. A.; 
Williams, J. M. Phys. Rev. B 1984, 30, 2958. (d) Williams, J. M.; Emge, 
T. J.; Wang, H. H.; Beno, M. A.; Copps, P. T.; Hall, L. N.; Carlson, K. D.; 
Crabtree, G. W. Inorg. Chem. 1984, 23, 2558. (e) Jacobsen, C. S.; Williams, 
J. M.; Wang, H. H. Solid State Commun. 1985, 54, 937. (f) Mori, T.; 
Kobayashi, A.; Sasaki, Y.; Kobayashi, H.; Saito, G.; Inokuchi, H. Chem. Lett. 
1984, 957. (g) Whangbo, M.-H.; Williams, J. M.; Leung, P. C. W.; Beno, 
M. A.; Emge, T. J.; Wang, H. H.; Carlson, K. D.; Crabtree, G. W. J. Am. 
Chem. Soc. 1985, 107, 5815. 

(5) (a) Williams, J. M.; Wang, H. H.; Beno, M. A.; Emge, T. J.; Sowa, 
L. M.; Copps, P. T.; Behroozi, F.; Hall, L. N.; Carlson, K. D.; Crabtree, G. 
W. Inorg. Chem. 1984, 23, 3839. (b) Carlson, K. D.; Crabtree, G, W.; Hall, 
L. N.; Behroozi, F.; Copps, P. T.; Sowa, L. M.; Nunez, L.; Firestone, M. A.; 
Wang, H. H.; Beno, M. A.; Emge, T. J.; Williams, J. M. MoI. Cryst. Liq. 
Cryst. 1985, 125, 159. 

(6) (a) Wang, H. H.; Beno, M. A.; Geiser, U.; Firestone, M. A.; Webb, 
K. S.; Nunez, L.; Crabtree, G. W.; Carlson, K. D.; Williams, J. M.; Azevedo, 
L. J.; Kwak, J. F.; Schirber, J. E. Inorg. Chem. 1985, 24, 2465. (b) Carlson, 
K. D.; Crabtree, G. W.; Nunez, L.; Wang, H. H.; Beno, M. A.; Geiser, U.; 
Firestone, M. A.; Webb, K. S.; Williams, J. M. Solid State Commun., sub­
mitted for publication. 

(7) Beno, M. A.; Emge, T. J.; Leung, P. C. W.; Rust, P. R.; Sowa, L. M.; 
Wang, H. H.; Williams, J. M. Solid State Commun., in press. 

(8) (a) Emge, T. J.; Wang, H. H.; Leung, P. C. W.; Rust, P. R.; Jackson, 
P. L.; Carlson, K. D.; Williams, J. M.; Whangbo, M.-H.; Venturing E. L.; 
Schirber, J. E.; Azevedo, L. J.; Ferraro, J. R. J. Am. Chem. Soc, in press, 
(b) Emge, T. J.; Wang, H. H.; Beno, M. A.; Leung, P. C. W.; Firestone, M. 
A.; Jenkins, H. C; Cook, J. D.; Carlson, K. D.; Williams, J. M.; Venturini, 
E. L. Azevedo, L. J.; Schirber, J. E. Inorg. Chem. 1985, 24, 1736. 

(9) X-ray data from two crystals (grown by electrocrystallization5* using 
BEDT-TTF and (Bu4N)Ag(CN)2 in THF) were collected on an automated 
Picker and on a Nicolet P3/F diffractometer. The cell data are (298 K): 
space group Fddd, Z = 8, a = 13.24 (1) A, b = 19.48 (2) A, c = 19.62 (2) 
A, V= 5060 (8) A3, p0 = 2.6 (1) g/cm3, pc = 2.48 g/cm3. 5215 reflections 
(9-26 scan, Mo Ka radiation, graphite monochromator, X = 0.7107 A) were 
collected in the range 4° < 26 < 50° to yield two sets of 1128 unique, allowed 
reflections each from the two diffractometers (Rm = 0.041, wRln = 0.021) 
which were corrected for absorption (,u = 37 cm"1, Tmin = 0.44, 7"max = 0.71). 
Full-matrix least-squares refinement (two scale factors, all non-hydrogen 
atoms anisotropic, hydrogen included, but fixed) yielded R = 0.075, wR = 
0.043, GOF = 2.542 for 1690 (of the total 2256 allowed reflections from the 
two sets) observed (F > 2cr) reflections. Some systematically absent reflections 
carry very weak intensity, suggesting short-range order of the disordered CN" 
anion. 
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relationships of the two highest occupied bands \p+ and tp- along 
some wavevector directions of the first Brillouin zone (see the inset 
of Figure 2). The \p+ and u/_ bands are largely represented by 
bonding and antibonding combinations of the HOMO's of two 
ET+ cations in each unit cell. It is noted from Figure 2 that the 
\p+ and ip- band overlap slightly. Since there are two electrons 
per unit cell of (ET+)2 to fill these bands, the top portion of the 
i/<+ band is empty and the bottom portion of the ^. band is filled. 
Consequently, (ET)Ag4(CN)5 is expected to be a semimetal.13 

Our calculations further reveal that the top portion of i/-+ is empty 
for the wavevectors in the vicinity of a line from the midpoint of 
KY to Y, from Y to L, and from L to the midpoint of LM. 
Likewise, the bottom portion of ^ . is filled for the wavevectors 
in the vicinity of a line from the midpoint of YK to K, from K 
to Z, from Z to N, and from N to the midpoint of NM. That 
is, the semimetallic nature of the ^ + and \p_ bands is present in 
all directions of the (ET)Ag4(CN)5 crystal, which is therefore 
expected to be a 3D metal. Nevertheless, a number of nesting 
wavevectors exist, which could lead to charge density wave in­
stability. 
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(12) The lattice parameters of the triclinic primitive cell are: a, = 13.80 
A, 6, = 11.82 A, C1 = 11.75 A, a, = 71.69°,/3, = 54.78°, and T t = 53.93°. 
The primitive basis vectors are defined as 3, = '/2(5 + ?), 6, = 1J2(C + a), 
and c, = >/2(5 + *). 

(13) Ashcroft, N. W.; Mermin, N. D. "Solid State Physics"; Saunders 
College/Holt, Rinehart and Winston: Philadelphia, 1976. 

Table I. Kinetic Constants for Irreversible Inhibition of Isomerase" 

inhibitor KhixU 

FIPP 
FDMAPP 
NIPP 

0.22 ± 0.07 
0.4 ± 0.04 
1.2 ± 0.3 

0.09 ± 0.04 
0.6 ± 0.09 

15.2 ± 4.7 

'Measured at 37 °C in 10 mM HEPES, pH 7.0, 1 mM DTT, 2 mM 
MgCl2, 0.01% BSA; SA 0.7-1.2 i*mo\ min"1 mg" 

Table II. Stability of Isomerase-Inhibitor Complexes0 

inhibitor 

FIPP 

FDMAPP 

treatment 

7 days, 4 0C6 

70% ethanoF 
6 M urea"1 

0.5% SDS, 100 0C, 90 se 

5% BME, 0.5% SDS* 
70% ethanoF 
6 M urea'* 
0.5% SDS, 100 0C, 90 se 

5% BME, 0.5% SDS* 

3H 

retained 

23 000 
4 400 

20 900 
4 400 

23 000 
8 700 

15 300 
8 700 

18 900 

dpm 

released 

558 
72 
54 
93 

16 700 
69 

139 
87 

13 200 

% dpm 
released 

2.4 
1.6 
0.3 
2.1 

73 
0.8 
0.9 
1.0 

69 

"Filtration requires 45 min. 'Buffer A, 10 mM HEPES, 10 mM 
BME, pH 7. cIn 100 ML of buffer A diluted to 2 mL with 70% etha-
nol. ''In 100 ML of buffer A diluted to 2 mL with 6 M urea. eIn 
standard electrophoresis sample buffer, 30 mM imidazole, 20 mM 
HCl, 15% glycerol, pH 7.0. 

the biosynthesis of all isoprenoids. During the isomerization the 
pro-R proton at C2 of IPP is lost to water3 and a proton from 
water is added to the si face of the double bond.4 The functional 
groups that catalyze the antarafacial protonation-deprotonation 
are unknown and conclusive evidence for the mechanism of the 
isomerization is lacking.1'5 We decided to investigate the 
mechanism for isomerization with fluorinated analogues and by 
inhibition with a reactive intermediate analogue patterned after 
our experiments conducted with farnesyl diphosphate synthetase6"8 

and squalene synthetase.9 To our surprise these analogues were 
potent irreversible inhibitors of IPP:DMAPP isomerase. In this 
paper we report the first examples of active-site-directed inac-
tivation of the enzyme by covalent modification. 

Upon incubation with the allylic fluoro analogues FIPP and 
FDMAPP and with ammonium analogue NIPP,10 IPPiDMAPP 

Isopentenyl Diphosphate:DimethylaIlyl Diphosphate 
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Isopentenyl diphosphate:dimethylallyl diphosphate isomerase 
(EC 5.3.3.2) catalyzes the conversion of the homoallylic substrate 

y^^^rpp — * X^^-"^ 

IPP 
OPP 

DMAPP 

to its allylic isomer by an antarafacial [1.3] transposition of 
hydrogen.1 This reaction provides electrophilic DMAPP2 for 
subsequent prenyl transfer reactions and is a mandatory step in 

In "Biosynthesis of Isoprenoid 
L., Eds.; Wiley: New York, 1981; 

(1) Poulter, C. D.; Rilling, H. C 
Compounds"; Porter, J. W., Spurgeon, S 
Vol. 1, pp 209-219. 

(2) Abbreviations used: BME, /?-mercaptoethanol; BSA, bovine serum 
albumin; DMAPP, dimethylallyl diphosphate; DTT, dithiothreitol; FIPP, 
3-(fluoromethyl)-3-buten-l-yl diphosphate; FDMAPP, (Z)-4-fluoro-3-
methyl-2-buten-l-yl diphosphate; IPP, isopentenyl diphosphate; NIPP, 2-
(dimethylamino)ethyl diphosphate; SDS, sodium dodecyl sulfate. 

<S*~v^-OPP 
FIPP 

"OPP 
FDMAPP 

Ni+ 
- - ^ O P P 
NIPP 

isomerase12 was irreversibly inactivated in a pseudo-first-order 
time-dependent manner. Kinetic constants for the inactivation 

(3) Popjak, G.; Cornforth, J. W. Biochem. J. 1966, 101, 553-568. 
(4) Clifford, K.; Cornforth, J. W.; Mallaby, R.; Phillips, G. T. J. Chem. 

Soc. D 1971, 1599-1600. 
(5) Cornforth, J. W. Chem. Soc. Rev. 1973, 2, 1-20. 
(6) Poulter, C. D.; Satterwhite, D. M. Biochemistry 1977, 16, 5470-5478. 
(7) Poulter, C. D.; Argyle, J. C; Mash, E. A. J. Biol. Chem. 1978, 253, 

7227-7233. 
(8) Poulter, C. D.; Wiggins, P. L.; Le, A. T. / . Am. Chem. Soc. 1981, 103, 

3926-3927. 
(9) Sandifer, R. M.; Thompson, M. D.; Gaughan, R. G.; Poulter, C. D. 

J. Am. Chem. Soc. 1982, 104, 7376-7378. 
(10) Syntheses of 3-(fluoromethyl)-3-buten-l-ol and (Z)-4-fluoro-3-

methyl-2-buten-l-ol will be reported elsewhere. 2-(Dimethylamino)ethanol 
was purchased from Aldrich Chemical Co. Diphosphates were synthesized 
by the procedure of Davisson et al.11 and were fully characterized by IR and 
1H, 13C, and 31P NMR spectroscopy. 

(11) Davisson, V. J.; Woodside, A. B.; Poulter, C. D. Methods Enzymol. 
1985, 110, 130-144. 

(12) Isomerase was isolated from the mycelia of Chviceps sp. strain SD58, 
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