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among the six possible directions and consequent 
observation of averaged atomic coordinates. The 
possibility of the molecule having different structures in 
the solid state and in solution is ruled out by nearly 
identical solution and KBr pellet ir spectra. 

The stereospecificity of the additions observed so far 
and the effectiveness of electron-rich11 olefins in inter­
cepting the intermediate lead us to postulate that the 
reactive species is singlet tetrachlorocyclobutadiene. A 
control experiment showed that cyclohexadiene does 
not add to IV under the reaction conditions, and we 
would not expect the pentachlorocyclobutenyl anion 
to add to either styrene or cyclohexadiene. 

This strikingly straightforward synthesis of a sub­
stituted cyclobutadiene probably rests heavily on the 
ability of chlorine both to accept and to donate electron 
density, with resulting "push-pull"12 stabilization as 
indicated. 

cr"S: i c r~Vl 
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Separation of the Cyclization and Rearrangement 
Processes of Sterol Biosynthesis. Enzymic Formation 
of a Protosterol Derivative 

Sir: 
The biosynthesis of sterols is presumed to involve 

cyclization of 2,3-oxidosqualene1,2 to the cation 1 
(or its functional equivalent) and subsequent rearrange­
ment by a sequence of 1,2 shifts to lanosterol (2).3'4 

The driving force for the over-all rearrangement comes 
at least in part from the relief of repulsive interactions 
in 1 which are associated with the B ring (obligatory 
twist-boat geometry) and its substituents, especially the 
methyl group attached to C-8. This communication 
reports the results of a study of the action of 2,3-oxido-
squalene-sterol cyclase on the unnatural substrate 3 
which by the normal mode of cyclization would produce 
the cation 4, a structure lacking the methyl substituents 
at C-8 and C-14 of 1 and, therefore, less strained and 
less apt to rearrange to a lanosterol analog. This study 
demonstrates that the structure (4) produced by cycliza­
tion of the substrate 3 undergoes proton elimination 
to form the unrearranged protosterol derivative 10.5 

(1) (a) E. J. Corey and W. E. Russey, J. Amer. Chem. Soc, 88, 4751 
(1966); (b) E. J. Corey, W. E. Russey, and P. R. Ortiz de Montellano, 
ibid., 88, 4750 (1966); (c) W. E. Russey, Ph.D. Thesis, Harvard Uni­
versity, 1966. 

(2) (a) E. E. van Tamelen, J. D. Willet, R. B. Clayton, and K. E. 
Lord, J. Amer. Chem. Soc, 88, 4752 (1966); (b) J. D. Willet, K. B. 
Sharpless, K. E. Lord, E. E. van Tamelen, and R. B. Clayton, / . Biol. 
Chem., 242,4182(1967). 

(3) R. B. Woodward and K. E. Bloch, J. Amer. Chem. Soc, 75, 
2023 (1953). 

(4) For a comprehensive review see R. B. Clayton, Quart. Rev. 
(London), 19, 168(1965). 

(5) The term protosterol is used here to mean the tetracyclic system 
corresponding to the presently hypothetical precursor 1. Fusidic acid 

The unlabeled oxido derivative 3 was synthesized by 
terminal epoxidation6 of the corresponding hexaene (5), 
which in turn was prepared by the sequence: 4-geranyl-
2-butyn-l-ol7 -*• 4-geranyl-/ra«.y-2-buten-l-ol (LiAlH4-
THF, followed by H2O)7 -*- l-bromo-4-geranyl-/rans-
2-butene (PBr3)

8 -*• 5 (Ni(CO)4 in dimethylformamide, 
yield 90 %),9,10 purified chromatographically by the 
thin layer technique (tic).11 The 10,15-tritium-labeled 
hexaene 6 was obtained by a similar sequence with the 
modification of the reagents in the first step ( C = C 
reduction) to LiAlH4-NaOCH3, followed by tritium 
oxide,7 and the 11,14-tritium-labeled hexaene 7 resulted 
from an analogous modification with LiAlH4-AlCl3, 
followed by tritium oxide as reagents for the propargylic 
reduction.7 Epoxidation8 of 6 and 7 afforded the tri-
tiated substrates 8 and 9. Radiocarbon-labeled oxide 3 
was synthesized by conversion of the unlabeled oxide 
3 to the trisnoraldehyde (H3O+, followed by sodium 
periodatela) which was transformed to labeled 3 using 
14C-labeled diphenylsulfonium isopropylide.12 

Racemic tritium-labeled oxide 9 (0.275 /umol, specific 
activity 4 X 106 dpm/^mol) was incubated anaerobically 
with a solution of 2,3-oxidosqualene-sterol cyclase 
(60 ml in 0.1 M phosphate buffer at pH 7.4) prepared 
from 25 g of hog liver microsomes13 for 5 hr at 37°, and 
the extracted lipid was subjected to two successive tic 
separations using silica gel (buffered to pH 7) and 3 % 
ethyl acetate in benzene. In addition to unchanged 
oxide 9 (R{ 0.65), there was obtained a new labeled 
product, Rf 0.3, in 38% yield (based on utilization of 
one antipode of 9). This material was further purified 
by the following sequence of operations: (1) tic using 
10% AgNO3 on silica gel and 20% ethyl acetate in 
chloroform (R1 0.4); (2) acetylation with acetic anhy­
dride (10 /J.I) and pyridine (10 /xl) at 25° for 16 hr and 
tic separation using silica gel-benzene (R1 0.5); (3) 
tic separation using 10% AgN03-silica gel with 
35:65 chloroform-petroleum ether (bp 30-60°) mixture 
(Rf 0.25). Analysis by gc at this stage using a 10-ft, 
0.125-in. column of 2% OV-I (Supelco, Inc.) silicone on 
silanized support (Gaschrome Q) at 250° showed the 
product to have retention time (tr) (flow rate 60 ml/ 
min) 18.3 min and the only important impurity to be 
cholestanyl acetate (tr 21 min).14 The mass spectrum 
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of the labeled product was obtained using a mass spec­
trometer (LKB Instrument Co.) coupled to a gc appa­
ratus fitted with an OV-I column16 which cleanly sepa­
rated the gc peaks due to cholestanyl acetate and prod­
uct. The mass spectrum of the acetate showed a molec­
ular ion at mje 440 and major fragments corresponding 
to loss of 15 (CH3), 60 (CH3COOH), and 75 (CH3 and 
CH3COOH) as expected for structure 10 which has been 
derived for the enzymic product from 3. In accord with 
the steroidal formulation 10 is the finding that the 
formation of the transformation product was completely 
prevented when 2,3-iminosqualene, a potent inhibitor of 
the enzyme 2,3-oxidosqualene-sterol cyclase,16 was 
added to solutions of the enzyme and the substrate 9. 

It has also been demonstrated that in the conversion 
of the labeled substrates 8 and 9 to the enzymic cycliza-
tion product no tritium is lost. Specifically, a mixture 
of 14C-labeled 3 and 8 having a ratio 3H/14C of 1.65 
yielded enzymic product in which this ratio was 1.62, 
and a mixture of 14C-labeled 3 and 9 having a ratio 
3H/14C of 1.48 afforded enzymic product of 3H/14C 
ratio of 1.47. This result allows the exclusion of a 
structure analogous to lanosterol and a number of 
other partially rearranged structures with a double bond 
in the steroid nucleus, e.g., A13,14 or A8,14 derivatives. 

Further information regarding the cyclase trans­
formation product from 3 was obtained by chemical 
degradation. Hydroxylation of the tritium-labeled 
acetate of the cyclase product with a very large excess 
of osmium tetroxide in ether-pyridine solution for 40 
hr at 25 ° followed by glycol cleavage with excess sodium 
periodate in ethanol-water for 18 hr at 25° afforded 
after tic on silica gel with 10% ethyl acetate in benzene 
a labeled product (91 % yield) of R1 0.32 whose chroma­
tographic behavior was indicative of the presence of a 
single carbonyl function in addition to the acetoxy 
group. Especially revealing was the fact that this 
product was chromatographically indistinguishable 
from 3/3-acetoxy-5-pregnen-20-one. Treatment of the 
oxidation product under drastic conditions with alka­
line silver oxide did not result in the generation of acidic 
material, arguing against the presence of an aldehyde 
function. Reaction with alkaline sodium hypoiodite, 
however, did afford an acidic product (71 % yield), 
as would be expected for a methyl ketone of structure 11. 
The acid generated by hypoiodite cleavage, for which 
structure 12 follows, was converted to a neutral product 
13 by treatment with ethereal diazomethane. This 
ester, Rf 0.38 using silica gel tic with 10% ethyl acetate 
in benzene as solvent, was converted to an acetate with 
acetic anhydride-pyridine which was shown to be 
totally inert to osmium tetroxide. The mass spec­
trum15 of the hydroxy methyl ester clearly indicated 
structure 13, the molecular ion occurring at m/e 348 
with important additional peaks representing loss of the 
fragments H2O, CH3OOC, CH3, and C3H4COOCH3. 
Although these data do not allow independent confirma­
tion of the stereochemistry, they do provide an unam-

(14) Using the same gc conditions, ?r values (min) were 24.0 for cho-
lesteryl acetate, 33.0 for 24,25-dihydrolanosteryl acetate, and 36 for 
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biguous argument for the gross protosterol structure 
10 for the enzymic cyclization product from 3. As­
suming that 2,3-oxidosqualene-sterol cyclase operates 
without stereochemical variability, the stereochemistry 
follows as shown in structure 10. 

During the final stages of this work, a publication 
appeared which described the action of rat liver cyclase 
on the 2,3-oxidonorsqualene having hydrogen in place 
of methyl at C-15 to form the norlanosterol lacking 
methyl at C-13, i.e., the normal cyclization-rearrange-
ment sequence.17 

There are a number of interesting aspects of the bio­
synthesis of 10 from 3 which can be posed as questions 
for future research. (1) Is the further rearrangement 
to the lanosterol series prevented mainly because of the 
altered internal energetics of the substrate 3 or because 
of an effect on the enzyme-substrate interaction? (2) 
Is the rearrangement process the result of conforma­
tional (and other) changes in the cyclizing enzyme or of 
catalysis by a different enzyme? (3) Would the 2,3-
oxidonorsqualene having H in place of CH3 at C-IO 
be converted by 2,3-oxidosqualene-sterol cyclase to a 
norlanosterol or a norprotosterol? Further study 
relevant to these points is planned. 

1,R = CH3 2 
4, R = H 

10 11, X = CH3IR = CH3CO 
12, X = 0H;R = H 
13, X = 0CH3;R = H 
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