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Figure l. Calculated U ( t )  vs. .$ for liquid water. 

to -1% within 500 K Metropolis steps. Each point required 
100 K bytes of core and 4 h of computer time on the IBM 
370/ 168 machine. A plot of U ( [ )  vs. [, including error bounds 
on each calculated point, is shown in Figure 1. The observed 
smoothness of the function can be understood by considering 
5 as a temperature weighting factor and the 5 coordinate as a 
transcritical tieline. The integration over was carried out by 
means of an 8-point Gaussian integration.13 

The free energy was calculated directly from the integration 
over [ and the entropy of the system was calculated using the 
free energy and the previously determined internal energy of 
the system. The results were found to be the following. Free 
energy: calculated, -4.31 f 0.07; observed: -5.74 kcal/mol. 
Entropy: calculated, -14.33 f 0.09; observed4 -13.96 cal/deg 
mol. 

A comparison of the calculated and observed values shows 
the discrepancy between the calculated and observed free en- 
ergy to be closer to that found for internal energy alone, and 
is thus ascribed to same reasons as enumerated above. The 
close accord between calculated and observed values of entropy 
indicates the statistical part of the problem to be well described 
under the assumption of pairwise additivity for this particular 
system, but further study on this point is required before any 
generalizations may be set forth. 
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Conversion of Farnesyl and Nerolidyl Pyrophosphate 
to Cyclonerodiol by a Cell-Free Extract 
from Gibberella fujikuroi 

Sir: 
Biosynthetic incorporation experiments carried out in our 

laboratory' and that of Hanson2 have established the mev- 
alonoid origin of the fungal metabolite cyclonerodiol (1)3 and 
suggested a biosynthetic pathway in which a molecule of water 
adds across the central double bond and the vinyl group of 
nerolidyl pyrophosphate, formed by the isomerization of far- 
nesyl pyrophosphate. The proposed scheme (Scheme I) is 
further corroborated by the apparent conversion of farnesyl 
pyrophosphate to 1 by cultures of Trichothecium roseum. On 
the other hand the failure of T. roseum to incorporate nerolidol 
itself has led the Sussex group to postulate an alternative cy- 
clization mechanism involving the intermediacy of a cyclo- 
propyl cation. We have independently observed that neither 
nerolidol, when fed to cultures of Gibberella fujikuroi,  nor 
nerolidyl pyrophosphate, when administered to T.  roseum, is 
incorporated into cyclonerodiol. On the assumption that the 
above negative results might be due in part to permeability 
problems with the intact organism, we have turned our atten- 
tion to developing a suitable cell-free system. We report below 
the successful conversion of both nerolidyl and farnesyl pyro- 
phosphates to cyclonerodiol by cell-free extracts of G. fu j i -  
kuroi. 

The mycelium from a four-day-old culture of G. fujikuroi,  
ATCC 12616 (1 L), grown in the usual manner,',3 was har- 
vested by filtration and washed with several volumes of cold 
distilled water, followed by 0.1 M sodium phosphate buffer, 
pH 7.6. The wet mycelium (52-57 g), suspended in 15 mL of 
phosphate buffer containing 2 mM DTE, was then passed 
through a precooled French Press under 10 000-15 000-psi 
pressure. After addition of 5 mL of phosphate/DTE buffer to 
the crushed cell mass, the suspension was centrifuged for 20 
min at  15 000 g to remove cell debris. The supernatant fraction 
(Slj) was recentrifuged a t  27 000 g for 60 min, the resulting 
cloudy S27 being filtered through a plug of glass wool to remove 
floating lipid. All centrifugations were carried out at  0-4 O C  

Scheme I 
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Table I. Conversion of Labeled Substrates to Cvclonerodiol 

Substrate, l-(DNB)2,O Acetone semicarbazone, 
- dpm (nmol) 1, dpm (nmol) dpm/mmol dpm/mmol 3, dpm/mmol 

[ 12,l 3-I4C]-FPP, 

112.13-I4C1-NPP, 
2.14 X lo6 (4600) 2.03 x 104 (43) 1.99 x 105 1.98 X lo5 Inactive 

. ,  
6.48 X lo6 (1 1 100) 4.99 x 104 ( 8 5 )  4.27 x 105 4.18 x 105 Inactive 

[ 12,13-14C]Nerolidol, 
4.70 X I O 5  (900) [9.1 X 10Ib (<0.1) <7.5 x 103 

Prepared from 1 after dilution with inactive carrier. Maximum value based on l-(DNB)2. 

Scheme I1 

and the extract was kept a t  ice-bath temperatures. Extracts 
were freshly prepared just prior to use and typically contained 
6-8 mg of protein/mL as determined by the method of 
Lowry.5 

Extracts were assayed for cyclonerodiol synthesizing activity 
in the following manner. A 20-mL stoppered tube containing 
10- 15 mL of crude enzyme, 0.10 mL of 0.1 M magnesium 
chloride, and 0.6 mg of [ l-3H2]farnesyl pyrophosphate9 (9.48 
X l o6  dpm) was incubated a t  26 O C  for 4 h. The reaction was 
stopped by addition of 10-15 mL of acetone, and the solution 
was extracted hrith ether after filtration through Celite. Carrier 
cyclonerodiol (2-3 mg) was added to the concentrated ether 
extract which u a s  then purified by TLC. Typically the ether 
extract contained 50% of the initial radioactivity, 1% being 
found as cyclonerodiol and 25% in a zone of nonpolar material 
corresponding to C1 5 alcohols. The activity of the cyclonerodiol 
could be confirmed by conversion to the corresponding bis- 
(d in i t r~benzoate) ,~  and recrystallization to constant activity. 
Incubation with a boiled enzyme preparation yielded <0.4% 
ether-extractable material and inactive cyclonerodiol. The 
extracts were markedly unstable, all cyclonerodiol synthesizing 
activity being lost after 2-3 h at  27, 1 h a t  30, or storage 
overnight a t  4 O C .  

The specificity of labeling was established by incubating 
[12,13-14C]-FPP11 with the crude enzyme extract from a 2-L 
culture. The resulting cyclonerodiol was diluted with inactive 
carrier and a portion converted to the bis(dinitrobenz0ate). The 
remainder was treated with osmium tetroxide-sodium per- 
iodate to give acetone, isolated as the semicarbazone, and the 
hemiacetal 2, which was converted to the corresponding 
crystalline lactone 3 by Jones oxidation3 (Scheme 11). The 
semicarbazone, when recrystallized to constant activity, was 
found to contain >99% of the activity of the parent bis(dini- 
trobenzoate), while 3 was inactive (Table I). 

Repetition of the incubation with [ 12,13-'4C]ner~lidyl 
pyrophosphate12 gave cyclonerodiol in 0.8% yield. Degradation 
as above showed that 98% of the label resided in the terminal 
isopropylidene group, as expected. Finally, incubation of 
[ 12,l 3-14C]nerolidol, dilution with inactive cyclonerodiol, and 
recrystallization of the derived bis(dinitrobenzoate), indicated 
that the conversion, if any, was <0.01%. 

Although nerolidol is a well-known sesquiterpene alcohol 
which has been isolated from the essential oils of numerous 

higher plants,I4 there is very little experimental evidence 
concerning the metabolic role of nerolidol. An early suggestion 
that nerolidyl pyrophosphate might be a precursor of squalene 
was disproved by Rilling.I5 By analogy to a number of in vitro 
chemical cyclization experiments, nerolidyl pyrophosphate has 
been suggested as a possible intermediate in the formation of 
six-membered rings from farnesyl pyrophosphate,16 but this 
hypothesis has never been substantiated either by enzymatic 
experiments or by feedings to whole cells. The study reported 
here is the first example of the enzymatic conversion of nero- 
lidyl pyrophosphate to cyclized material. The intact incorpo- 
ration of nerolidyl pyrophosphate into cyclonerodiol further 
supports the biosynthetic scheme elaborated in Scheme I.]' 
The failure to utilize nerolidol as the free alcohol suggests that 
cyclization precedes pyrophosphate hydrolysis. Furthermore 
the location of label in 1 derived from FPP corroborates 
Hanson's earlier results which were based on 3H/'4C ratios 
and whole cell feedings.* Finally, it should be noted that the 
availability of a suitable cell-free system provides an oppor- 
tunity for determining the stereochemistry of formation of 
nerolidyl pyrophosphate itself from farnesyl pyrophosphate. 
The results of such a study will be communicated in the near 
future. 
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2-Methylpentadienyl- and 
2,4-Dimethylpentadienylpotassium: First Examples 
of U-Shaped, though Open-Chain, Organometallics 

Sir: 
Whereas 2-alkenylpotassium compounds (e.g., butenyl- 

potassium, derived from anion 1) show a strong preference for 
the endo configuration,’ a clear predominance of the most 
out-stretched, so-called “W” form was reported for pentadi- 
enyllithium (2-Li) in tetrahydrofuran* as well as pentadi- 
enylpotassium 2-K) in liquid a m m ~ n i a . ~  At  equilibrium, the 
alternative “S”- (sickle-) and “U”-shaped structures were 
represented only by minor populations, if a t  all. 

endo -1 z9 exo-1 

2 

1 x  

1 1 

H3C 
+A H& 
OH OH 

E-5 E - 4  

1-Methylpentadienyl metal (hexadienyl meta1)5.6 and 3- 
methylpentadienyl metal6 compounds are also reported to exist 
preferentially as zigzag-like W anions.’ In contrast, the IH 
N M R  spectrum of 2-methylpentadienyllithium did not allow 
an unequivocal structure assignment, although it was tenta- 
tively attributed to a mixture of anions having the W form 
(W-3) and the sterically less hindered sickle form (that is, 
exo-S-3). Generally, the N M R  approach will fail or lead to 
ambiguous conclusions, when applied to a multispin system 
of low symmetry or to a multicomponent mixture.8 Under such 
circumstances, structure elucidation by chemical derivation 
is more reliable. 

Of course, pentadienyl metal compounds or pentadienyl 
anions may react with an electrophile a t  any electron-rich site, 
that is, a t  any of three carbon atoms. Fortunately, the dim- 
ethoxyboration-oxidation sequence9 was found to provide 
extreme regioselectivity. If there are terminal allylic positions 
available, they will be hydroxylated exclusively. Thus, no 2- 
methyl- 1,4-pentadien-3-01, the product derived from electro- 
philic attack to the central atom, is formed when 2-methyl- 
1,4-pentadiene was successively treated with the metalating 
agent (sec-butyllithium, butyllithium/potassium tert-bu- 
toxide,1° or trimethylsilylmethylpotassiumll), fluorodi- 
alkoxyborane, and alkaline hydrogen peroxide.12 Still, a variety 
of hydroxylated derivatives has to be considered. Let us call 
the pentadienyl terminus adjacent to the methyl group the 
“head end” and the more distant terminal position the “tail 
end”. Then every torsional isomer should give rise to one “head 
product” and one “tail product” (following the full-line arrow 
or, respectively, the broken-line arrow in Scheme I).  Because 
of the steric bulk of the methyl group, the tail products should 
prevail slightly. 

If the pentadienyl metal compound were present as a single 
torsional isomer, it would yeidl just one pair of such products, 
the configuration of which should disclose the shape of the 
organometallic precursor. Such a straightforward situation 
was met, when 2-methylpentadienylpotassium (3, M = K) was 
submitted to the dialkoxyboration-oxidation procedure at  -78 
OC. (Z)-4-Methyl-2,4-pentadien- 1-01 ((2) =4, 41%) and 
(2)-2-methyl-2,4-pentadien-l-01 ((Z)-S, 22%) were identified 
as the almost exclusive products, the two corresponding E 
isomers being barely detectable (total yield 2%).13 On the other 
hand, 2-methylpentadienyllithium (3, M = Li) was converted 
into 10% (2)-4, 12% (2)-5, and 55% E isomers.I4 A similar 
product composition resulted from 2-methylpentadienylpo- 
tassium after keeping it for 24 h a t  -40 “C in the presence of 
4,7,13,16,2 1,24-hexaoxa- 1 ,lo-diazabicyclo[ 8.8.81 hexacosane 
(“Kryptofix 222”). 

Under the same conditions, both pentadienyllithium and 
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