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Some physical properties of pentaprismane are listed in Table
I, along with those of triprismane (Ladenburg’s benzene)'* and
tetraprismane (cubane),!® the only other known parent prismanes.
We shall report on the chemistry of pentaprismane as soon as
possible.
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The original formulation of the Isoprene Rule, and its evolution
into the Biogenetic Isoprene Rule, remains one of the major
theoretical achievements of modern organic chemistry.! On the
basis of the unifying concept that a single acyclic activated sub-
strate, farnesyl pyrophosphate (1), serves as the precursor of all
sesquiterpenes, extensive biogenetic schemes have been proposed
by several authors to account for the formation of the nearly 200
different carbon skeletons in this family of natural products.? In
spite of these theoretical achievements, however, the precise
stereochemistry of the farnesyl pyrophosphate isomer which un-
dergoes cyclization has been a subject of considerable debate.?
The difficulty stems from the realization that the formation of
six-membered rings from trans-allylic pyrophosphates requires
isomerization of the trans-2,3 double bond in order to avoid
formation of trans-cyclohexene (Scheme IA). Most available
evidence is consistent with initial formation of trans,trans-farnesyl
pyrophosphate, and attempts to explain the subsequent isomer-
ization and cyclization have generated two conflicting theories:
(1) Trans—cis isomerization—cyclization via the intermediate
tertiary allylic pyrophosphate, nerolidyl pyrophosphate (2), has
been suggested by several groups of investigators®* (Scheme IA).
(2) Various redox schemes for the trans—cis isomerization have
been proposed.’ Although differing in detail, these latter theories
all require removal of one of the C-1 hydrogen atoms. For ex-
ample, several authors have proposed that isomerization might
occur at the level of the derived unsaturated aldehyde, farnesal
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Table I. Conversion of [1-°H,,12,13-*C]Farnesyl Pyrophosphate
to Trichodiene and Distribution of the Label

1 specific
compd activity, dpm/mmol 3H/“C
1@ 1x10% 9.04 2 0.12%
5¢ 5.06 x 1044 8.70
8 5.32 x 104 9.29
11 6.14 x 10* 8.23:0.12
13 6.23 x 10* 0.0
15 5.84 x 104 4.49  0.09

@ Amount incubated, 1 X 10¢ dpm “C (10 ymol). ? Based on
recrystallization of farnesyl diphenylurethane, € Total recovered
activity, 1.8 x 104 dpm “C. 9 Diluted to 110 mg.

(3) (Scheme IB). Much of the evidence bearing on both theories
has recently been reviewed in detail’ and need not be considered
here. One of the strongest arguments favoring the redox theories,
however, has been the claim by Hanson® that conversion of farnesyl
pyrophosphate to trichodiene (5), the parent hydrocarbon of the
trichothecane family of sesquiterpene antibiotics,®” involves loss
of a C-1 hydrogen atom. Thus incubation of [1,5,9-3Hg,4,8,12-
14C,)-trans,trans-farnesyl pyrophosphate [*H/!*C atom ratio 6:3]
with a cell-free system from Trichothecium roseum was reported
to yield trichodiene [*H/'C atom ratio 5.2:3). This original report
did not verify the reported isotope ratios of either substrate or
product by recrystallization of suitable derivatives to constant
activity or substantiate the apparent isotope distribution by the
requisite chemical degradations.® Several recent studies have cast
doubt on the generality of the Sussex group’s findings. In a series
of careful investigations using enzymes from sage and fennel,
Croteau has demonstrated that several cyclic monoterpenes are
biosynthesized without loss of isotope from C-1 of geranyl py-
rophosphate and with no requirement for nicotinamide co-
enzymes.'! Independently Arigoni and Gotfredsen have found
that the whole cell biosynthesis of the sesquiterpene coccinol (6),
a metabolite of Fusidium coccineum, takes place with complete
retention of tritium from [5-H,,2-'*C]mevalonate.'? The latter
result is particularly relevant since coccinol is apparently derived
from a bisabolyl cation (4) similar to that which ultimately gives
rise to trichodiene. We have therefore reexamined the cell-free
biosynthesis of trichodiene and our results, reported below, es-
tablish unambiguously that conversion of trans,trans-farnesyl
pyrophosphate to trichodiene takes place without loss of hydrogen
Jrom C-1 of the precursor.
trans,trans-[1-*H,12,13-14C] Farnesol was synthesized as pre-
viously described!? and a portion was converted to farnesyl diphenyl
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urethane (7)'4, which was recrystallized to constant activity
(*H/™C = 9.04 % 0.12; atom ratio 2:2) (Table I). The remaining
alcohol was then used to prepare the corresponding pyrophosphate
by standard methods.'?,'s

A cell-free extract was prepared by suspending the mycelium
from 500 mL of a 4-day-old culture of Trichothecium roseum
ATCC 8685 in 30 mL of 0.1 M potassium phosphate buffer, pH
7.0, and passing the suspension through a prechilled French press
at 18000 psi and 4 °C. The extract was separated from broken
cell debris by centrifugation at 4 °C, first at 10000g for 20 min
and then at 17000g for 90 min. The resultant supernatant (~10
mg protein/mL)'® was used immediately. Initial small-scale
incubations established that neither the efficiency of conversion
of farnesyl pyrophosphate to trichodiene nor the resultant *H/'4C
ratio of the isolated trichodiene were affected by the presence of
a mixture of NAD*, NADH, and NADPH, similar to that used
in the original study.>'” Nicotinamide coenzymes were therefore
omitted during subsequent incubations.

For the preparative scale experiment the incubation mixture
contained 1600 mg of S;; protein (obtained from 2.4 L of T.
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roseum culture), 2 mmol of MgCl,, 0.08 mmol of MnCl,, 0.1
mmol of dithiothreitol, 4.0 mmol of potassium phosphate buffer,
pH 7.0, and 10 umol of [1-*H,12,13-1*C]farnesyl pyrophosphate
in a total volume of 220 mL. After 2 h at 30 °C the reaction was
quenched by addition of 12 N sodium hydroxide (25 mL) and
95% ethanol (25 mL), allowed to stand for 30 min, and then
extracted with 120 mL of n-pentane containing 5 mg of carrier
trichodiene. After purification by preparative TLC (silica gel,
hexane), the recovered trichodiene *C activity (1.8 X 10* dpm)
corresponded to the formation of 0.05 nmol of trichodiene/mg
protein per hour. The reisolated trichodiene was mixed with an
additional 105 mg of trichodiene and converted to the previously
described 9,10-epoxytrichodiene (8),° by reaction with 1.05 equiv
of m-chloroperbenzoic acid in methylene chloride.'® A portion
of the epoxide 8 was converted first to the 9,10-diol (10), (3%
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protons with J = 4.9 and 11.5 Hz, characteristic of an axial proton. Assuming
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study of the epoxidation of 4-substituted cyclohexenes.?
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HCl!O,, THF:H;0, 1:1/48 h/0 °C) and thence to the corre-
sponding 9,10-bis(dinitrobenzoate) (11) which was recrystallized
to constant activity and isotope ratio *H/*C = 8.23 % 0.12; atom
ratio 1.8:2), mp 220 °C dec. Rearrangement of a further portion
of the epoxide with lithium perchlorate in benzene?! (4 equiv/48
h/reflux) gave the 10-ketone (12) which epimerized to the more
stable equatorial isomer 13 and lost all tritium activity (>99%)
upon exchange with sodium deuteroxide in refluxing dioxane-D,0
for 30 h. The latter experiment thus located all the tritium isotope
at the expected site,” C-11, of trichodiene.?2 In further confir-
mation of the above results, the corresponding 9-hydroxy-10-
phenylselenide (14), obtained by reaction of the remaining epoxide
with sodium phenylselenide (EtOH/20 h/reflux), lost one-half
the total tritium activity upon treatment with sodium periodate
(H,0/THF/MeOH/0 °C/3 h and then reflux/4 h) and elimi-
nation of the selenoxide to yield the allylic alcohol (15).23
The above described experiments (Scheme IIT) conclusively
demonstrate that the enzymatic cyclization of trans,trans-farnesyl
pyrophosphate to trichodiene takes place without loss of isotope
from C-1 of the precursor. This result, together with the previously
cited findings of both Croteau and Arigoni, as well as related
studies by Arigoni on the biosynthesis of a group of closely related
cadalane- and humulane-derived sesquiterpenes? clearly exclude
all redox mechanisms proposed to date and strongly favor an
alternative isomerization—cyclization mechanism involving the
tertiary allylic isomer nerolidy! pyrophosphate.?* As illustrated
in Scheme IV, isomerization of trans,trans-farnesyl pyrophosphate
will give nerolidy! pyrophosphate, a conversion which we have
previously shown takes place with syn stereochemistry via the
allylic cation—pyrophosphate anion pair.!*> Rotation about the 2,3
single bond and anti allylic displacement? via the cisoid ion pair
generates the bisabolyl cation en route to trichodiene. All op-
erations are assumed to take place at a single enzyme active site.
It is unnecessary to invoke cis,trans-farnesyl pyrophosphate as
an intermediate, since, as previously pointed out,'* further reaction
of this substrate would proceed by way of the same ion pair from
which it had been formed. Indeed, for bornyl pyrophosphate
synthetase, Croteau has already demonstrated that the Vi,,,/ K,
for geranyl pyrophosphate is more that 20 times that for the cis
isomer, neryl pyrophosphate.!!® A coherent picture of terpenoid
cyclization has therefore begun to emerge. Further investigations
of the stereochemistry of farnesyl pyrophosphate isomerization—
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cyclization are in progress and the results will be reported in due
course.?8
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A reaction which has certainly been studied in great mechanistic
detail is the rearrangement of vinylcyclopropane to cyclopentene.
The bulk of the accumulated evidence is compatible with a di-
radical mechanism. Kinetic data (log 4 = 13.6, E, = 49.7
kcal/mol)! are consistent with the formation of the allylically
stabilized 1,3-diradical intermediate 2, as are numerous elegant
stereochemical investigations.? (That is not to say that
“completely equilibrated” diradicals are involved, since stereo-
selectivity certainly is observed in a number of substituted vi-

nylcyclopropane systems.)
9 — O
2 3
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As expected, radical-stabilizing substituents in the 2 position
lower the activation energy for the rearrangement. For example,
trans-2-methyl-, -phenyl-, and -methoxyvinylcyclopropanes each
rearrange with cleavage of the C,~C, bond and with lowered
activation energies (48.6, 44.7, and 41.0 kcal/mol, respectively).*
In recent years we have probed the quantitative effect of fluorine
substituents, particularly gem-difluoro substituents, on thermal
isomerizations of cyclopropane systems. The 9 kcal/mol incre-
mental lowering of E, for homolytic cleavage of 1,1-difluoro-
2,3-dimethylcyclopropane® was consistent with the theoretical
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