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50° and 3 mm. Recrystallization from ether—pentane gave
4.6 g. (559 yield) of the diketone as a yellow solid with an
irritating odor. The nielting point was 37-38°,

Anal. Caled. for C:H:O,: C, 62.5; H, 4.17; mol. wt.,
96. Found: C, 62.3; H, 4.0; mol. wt., 96.

Its colorless di-O-methyloxime melted at 116-117° after
recrystallization from ethanol.

Anal. Caled. for CiHoN:0:: C. 54.54; H, 6.54; N,
18.17. Found: C, 54.60; H, 6.23; N, 18.35.

(ii) Oxidation in Acetone.—To a cold stirred solution of
the diol {20 g., 0.20 mole) in 200 ml. of acetone was added
dropwise with stirring a solution of chromic anhydride (30
g., 0.3 mole) in a mixture of 60 ml. of concentrated sulfuric
acid and 142 ml. of water. The reaction flask was sur-
rounded by an ice-bath, and the addition regulated so that
the temperature in the flask did not rise above 0°. After the
addition was complete the reaction mixture was stirred an
additional two hours at 0°, allowed to warm to room tem-
perature, diluted with 400 ml. of water and extracted three
times with 300 ml. of methylene chloride. The combined
extracts were washed with 100 ml. of water, dried over an-
hydrous sodium sulfate, and the dione isolated as above.
Yields are generally about 8 g. (42%,), but despite the lower
vield this procedure is more convenient than the oxidation
in acetic acid.

Cyclopentane-1,3-dione.—To a vigorously stirred mix-
ture of 5 g. of zinc dust in 25 ml. of glacial acetic acid was
added dropwise cyclopentene-3,5-dione (0.50 g.) in 25 ml.
of acetic acid. The addition took 45 minutes, during whiclh
time the flask was immersed in an oil-bath at 85°. The re-
action mixture was cooled, filtered and the acetic acid re-
moved at room temperature under vacuum. The residue
was extracted in a Soxhlet apparatus with chloroform, the
chloroform removed and cyclopentane-1,3-dione sublimed at
120° (4 mm.); yield 0.23 g. (45%) m.p. 149-150° (re-
ported!8 150-151°).

Catalytic Hydrogenation of Cyclopentene-3.5-dione.—
The dione (1.0 g.) in 25 ml. of ethyl acetate was hydrogen-
ated at room temperature and atmospheric pressure using
Adams catalyst.¥ Absorption stopped after 2.7 molar
equivalents of liydrogen had been used. The solution was
filtered and the solvent removed. Titration of an aliquot of
the oily product showed that 1ot more than 29 of acidic ma-
terial was present. The infrared spectrum showed a single
carbonyl peak at 5.75 u and an intense hydroxvl band. Gas

(27) An apparatus which is especially convenient for this hydro.
genation, and for others in which a relatively large amount of hydro.
gen is absorbed (in this case 620 ml.), is described by P. R. Story and
C. H. DePuy, in press.
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chromatography showed the presence of two compounds in
about equal amounts, one of which had the same retention
time as did cyclopentanone. The 2,4-dinitrophenyllivdra-
zone of the mixture was prepared and chromatograpled.
Roughly equal amounts of the 2,4-DNP of cyclopentanone
(m.p. 142-143°) and of cyclopentenone (m.p. 166-167°)
were isolated.

Monotosylhydrazone of Cyclopentene-3,5-dione.—To 500
mg. (0.52 mole) of the dione in 10 ml. of hot methanol was
added 915 mg. (0.049 mole) of tosylhydrazine. The mix-
ture was allowed to stand and then cooled to 0° and filtered.
Recrystallization from 95% ethanol gave 1.15 g. (809 yield)
of the monotosylhydrazone, m.p. 185-186° dec.

Anal. Caled. for CmHmOsNzS: C, 5454, I‘I, 458, N,
10.60. Found: C, 54.45; H,4.68; N, 10.9.

This tosylhydrazone was readily soluble in dilute NaOH.
It could be recovered in 909, yield by acidification after
heating at 100° with base. Although some coloring of the
solution took place, no evidence for the presence of a diazo
grouping could be found.

Cyclopentadiene Adduct.—The adduct could be prepared
in quantitative yield by mixing equimolar amounts of the
dione and cyclopentadiene in four times their volume of ben-
zene and allowing the mixture to stand at room temperature.
The adduct begins to precipitate in a very short time. After
a few hours the solution was filtered and the filtrate recrys-
tallized from a mixture of chloroform—carbon tetrachloride
and sublimed at 120-130° (1 min.). The adduct had a
melting point of 169.5-170.5°, and appeared to be 100%,
enolic.

Anal. Caled. for ClonO?Z
C,73.9; H,6.05.

Anthracene Adduct.—The dione (3.42 g., 0.036 mole) and
anthracene (6.35 g., 0.036 mole) were refluxed in 40 ml. of
benzene for four days. The precipitated adduct was fil-
tered, dissolved in NaOH and again filtered, and precipi-
tated by acidification with dilute HCl. The adduct weighed
8.7 g.(89% vield), m.p. 302-305° dec.

Reaction of Cyclopentene-3,5-dione with Aqueous Base.—
To 500 mg. of the dione in 5 ml. of water was added 53 1ul. of
0.1 N NaOH. After stirring at room temperature for 20
minutes the brownish-red solution was passed througli an
Amberlite IR 120 ion-exchange column to remove sodium
ions. The aqueous solution of the polymer was then evap-
orated to dryness leaving a tan, highly enolic powder which
was insoluble in organic solvents.

Anal. Caled. for C;H,0:-2/;H,0: C, 55.55;
Found: C, 55.44; H, 4.87.
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C, 74.1; H, 6.2. Found:

H, 4.97.

[CONTRIBUTION FROM THE DEPARTMENT OF BIOLOGICAL SCIENCES, STANFORD RESEARCH INSTITUTE]

Potential Anticancer Agents.! XXII.

The Conversion of Cyclopentene Ozxide to

Cyclopentene Sulfide

By LroN GoopmaN AND B. R. BAKER
RECEIVED MAaRrcH 31, 1959

Reaction of cyclopentene oxide (6-oxabicyvclo[3.1.0]hexane) (Ia) with potassium thiocyanate led directly to cyclopentene
sulfide (6-thiabicyclo{3.1.0]hexane) (Va) in 209, yield. On reaction of the epoxide with ammonium thiocyanate, an 119,

vield of cyclopentene thiocyanohydrin (VI) was obtained, along with 39, of cyclopentene sulfide (Va).

Treatment of

trans-2-thiocyanatocyclopentyl methanesulfonate { VIII) with aqueous sodium hydroxide gave a 639, vield of cyclopentene

sulfide (Va).

In a previous paper of this series,? a number of
methods for the conversion of cyclopentene oxide
to cyclopentene sulfide were reported which would
proceed under conditions compatible with the

(1) This work was carried out under the auspices of the Cancer
Chemotherapy National Service Center, National Cancer Institute,
Contract No. SA-43-ph-1892. For the preceding paper of this series,
«f. L. O. Ross, L. Goodman and B. R. Baker, J. Org. Chem., 24, in
press (1959).

(2) L. Goodman, A. Benitez and B. R. Baker, Turs JournaL, 80,
1680 (1958).

chemistry of nucleosides. Additional methods have
now been found and are the subject of this paper.

A number of sulfur-containing reagents cause the
direct conversion of epoxides to episulfides,?
alkali thiocyanates being the most frequently used.
A mechanism for the thiocyanate reaction was
advanced by Ettlinger! and given support by

(3) C.C.Culvenor, W. Davies and W. E. Savige, J. Chem. Soc., 1480

(1952).
(4) M. G. Ettlinger, Tx1s JOURNAL, 72, 4792 (1950).
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van Tamelen® in his studies in the cyclohexane and
cyclopentane systems and by Price and Kirk® in
their study of the stereochemistry of the reaction.
For the case of an alicyclic oxide the mechanism
may be written
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van Tamelen® reported that cyclopentene oxide
(Ia) was not converted to cyclopentene sulfide
(Va) with potassium thiocyanate at room tempera-
ture, conditions under which cyclohexene oxide
(Ib) was converted to cyclohexene sulfide (Vb) in
high yield. He also reported that cyclopentene
oxide (Ia) was recovered in about 809, yield when
it was heated with excess potassium thiocyanate at
60° for 15 hours. van Tamelen® rationalized these
results by assuming that the intermediate IIIa
represented a highly strained system of two érans-
fused five-membered rings that would be expected
to form with difficulty, if at all. In view of the
fact that allobiotin and epiallobiotin contain two
trans-fused five-membered rings” and the fact that
thiocyanate ion should at least convert cyclopentene
oxide (Ib) to the thiocyanate IIb, the reaction was
reinvestigated.

In these laboratories it was shown that reaction
of Ia with potassium thiocyanate at about 100°
gave a 209, yield of cyclopentene sulfide (Va).
This was accompanied by a non-distillable, viscous
residue which contained 249, sulfur, showed no
infrared absorption bands characteristic of -SH or
~SCN groups, but did show distinct ~OH absorp-
tion bands; this residue may have resulted from
opening of the episulfide Va under the alkaline
reaction conditions. When the reaction was
carried out at 60-75° approximating van Tame-
len’s® conditions, the distillable product was largely
the episulfide Va, accompanied by some of the
epoxide Ia. Clearly, the conversion (Ia — Va) is
much more difficult than that of Ib to Vb, but, if
the above mechanism is accepted, the formation
of intermediate ITIa is possible; the presence of the
two heterocyclic atoms in IITa must make the
system more flexible than a carbocyclic system.

When the reaction of cyclopentene oxide (Ia)
and ammonium thiocyanate was carried out at
100°, only about 3% of episulfide Va was ob-
tained. This was accompanied by about 119, of
the thiocyanohydrin VI and a large, non-distil-
lable residue whose infrared spectrum indicated it
to be a low molecular weight polymer arising from
the reaction of cyclopentene oxide and water.

(5) E. E. van Tamelen, THIS TOURNAL, 78, 3444 (1951).

(6) C. C. Price and P. F. Kirk, ibid., 75, 2306 (1953).

(7) B. R. Baker, M.V, Querry, W. L. McEwen, S. Bernstein, S. R,
Safir, L. Dorfman and Y. SubbaRow, J. Org. Chem., 12, 186 (1947);

S. A. Harris, R, Mozingo, D. E. Wolf, A. N. Wilson and K. Folkers,
THrs JoURNAL, 67, 2102 (1945).
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Aqueous potassium thiocyanate is much more
basic than aqueous ammonium thiocyanate, and the
conversion of Ia to Va seems to require that the
intermediates be in the anionic form, as suggested
by the proposed mechanism.*® An authentic
sample of the thiocyanohydrin VI was prepared
in 63% vyield by the reaction of the epoxide Ia
thiocyanic acid, as described by van Tamelen.’
The material prepared by this method showed
strong infrared ~SCN absorption at 4.65 u which
was accompanied by appreciable absorption at
4.75 u, probably attributable to the presence of
frans-2-hydroxycyclopentyl isothiocyanate (VII)
in the distillate. The extraneous 4.75 u band was
present only in trace amounts in the thiocyano-
hydrin VI isolated fron the reaction of Ia with am-
monium thiocyanate, and did not increase as a
result of distillation; it is known that some thio-
cyano compounds rearrange to the more stable
isothiocyanate isomers upon heating.® When VI
was heated with aqueous potassium carbonate, a
mixture of epoxide Ia and, predominantly, the
episulfide Va resulted. The episulfide Va pre-
sumably resulted from the sequence IIa — IIla
— IVa — Va and the epoxide probably resulted
from the reversion of Ila, as suggested by the
mechanism. Under milder alkaline conditions,
van Tamelen® converted VI to unidentified,
undistillable products; it is surprising that he
did not isolate cyclopentene oxide (Ia) from this
transformation.

The thiocyanohydrin VI was converted in good
yield to its mesylate VIII and its tosylate IX.
The latter was a well-defined crystalline compound.

OR OR
o — &
SCN S~
VIII, R=S0,CH;
IX, R=S0,CsH,CH;-p

When the mesylate was stirred at room temperature
with aqueous sodium hydroxide, cyclopentene
sulfide (Va) was obtained in 639, yield. Ounly alow
yield of Va could be obtained from the tosylate IX
under alkaline conditions, but this could be at-
tributed to its low solubility and the necessity of
carrying out the reaction at a temperature higher
than the melting point of IX. Similar circum-
stances were responsible for the low yields of Va
formed from a number of intermediates in the
previous work.?

Several attempts to prepare Va by the reaction of
Ia with thiourea®?® gave only traces of Va. Most
of the epoxide Ia was converted to undistillable
material, probably as a result of hydrolysis of the
intermediate in that reaction which would cor-
respond to ITa.

(8) Houben-Weyl, "Methoden der Organischen Chemie,”” Band IX,
Georg Thieme Verlag, Stuttgart, 1955, p. 866.

(9) F. G. Bordwell and H. M. Andersen, THis JourNaL, 78, 4959
(1953).

— Va
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Experimental®®

Reaction of Cyclopentene Oxide (Ia) with Potassium Thio-
cyanate.—A\ mixture of 10.2 g. (0.105 mole) of potassium
thineyanate, 3.90 g. (46.4 mmoles) of cyclopentene oxide
(1a)? and 30 ml. of water was lieated, with stirring, at reflux
for 2 hours. Tlie resultant enlorless mixture contained two
layers and was extracted with four 30-ml. portions of pen-
tane and one 30-ml. portion of methvlene chloride. Tlie com-
Dined extracts were dried over inagnesium sulfate; the sol-
vents were distilled from tlie filtrate through a short Widimer
colnmn and the residue was distilled ¢z vacuo throngh a short
Vigreux column to yield 0.95 g. (209,) of cyclopentene sul-
fide (Va), b.p. 68° (85 mm.), n%p 1.5240 (lit.6 b.p. 68-70°
(66 mm.), n%p 1,5222), whose infrared spectrum was identi-
cal with that of previous sainples of Va.? Tlie residue from
the distillation (2.8 g.) was a viscous, vellow liquid, A=
3.00 (OH), no SH near 3.9 or SCN at 4.65 .

Anal. Found: C, 55.5; H,8.11; S, 24.4.

Essentially the same yield of Va resulted when equimolar
quantities of Ia and potassium thiocvanate were used in the
above reaction.

Wlen the reaction was carried out approximatiug van
Tainelen’s? conditions by lieating a mixture of 6.05 g. (76.4
mmoles) of potassium thiocyanate, 4.20 g. (50.0 mmoles) of
cyclopentene oxide (Ia) and 8.75 ml. of water at 60-75° for
15 hours, the final mixture had the saine appearance as that
deseribed above. The niixture was worked up as above and
distillation at atmospheric pressure through a short Vigreux
colunin furnished two fractions as follows: (1) 0.12 g., b.p.
80-120°, n¥p 1.4402; and (2) 1.10 g., b.p. 120-135°, »¥D
1.4928. Fraction 1 was essentially pure cvclopentene oxide
(1a, #®p 1.4355) and fraction 2 was a mixture of about 659,
of Va and 359 of Ia. The infrared spectra of these frac-
tions corroborated the refractive index data. The residue
froimn the distillation (1.8 g.) contained 23.19, sulfur and
showed strong—OH and appreciable -SCN absorption in the
infrared.

Reaction of Cyclopentene Oxide (Ia) with Ammonium
Thiocyanate.—A mixture of 8.00 g. (0.105 mole) of ammo-
nium thiocyanate, 8.90 g. (46.4 mmoles) of cvclopentene
oxide (Ia) and 30 ml. of water was heated, with stirring, at
reflux for 2 hours. The mixture was extracted with four 25-
ml. portions of pentane and these extracts were dried over
magnesium sulfate. The mixture then was extracted with
thiree 25-ml. portions of methylene chloride; these extracts
were washed with 15 ml. of water and theu dried over mag-
nesium sulfate.

The dried pentane extracts, after filtration, were distilled
through a short Widmer column and the residue was
evaporatively distilled at & mm. (hath temp. 50-85°) to
yield 0.20 g. of product, #%p 1.5124, whose infrared spec-
trum showed it to be largely cvelopentene sulfide (Va) con-
taining about 109 of the epoxide Ia.

The dried methylene chloride extracts, after filtration,
were evaporated in vacuo to leave 4.05 g. of a viscous, red
oil, whicli was evaporatively distilled twice to give 0.70 g.
(1197) of colorless distillate collected at 1.0 mm. (bath temp.
90-100°), n®p 1.5272, whose infrared spectrum agreed well
witly that of VI prepared from thiocyanic acid (¢f. below),
Aim 295 (OH), 4.64 (SCN), 9.10 and 9.27 (C-OH); only
a trace of NCS ahsorption at 4.74 . The residue from the
evaporative distillation was a viscous liquid whose infrared
spectrum showed strong OH absorption and no otlier ab-
sorption bands readily attributable to other functional
groups.

trans-2-Hydroxycyclopentyl thiocyanate (VI) was prepared
from 12.6 g. (0.15 mnle) of Ia as described by van Tamelen.®
The distilled product was collected in two fractions: (1) 6.1
g., h.p. 106-111° (2.0 mm.), »¥®p 1.5265; and (2) 7.4 g.,
b.p. 111° (2.0 mim.), »%p 1.5257, for a total vield of 63%.
Fraction 1 showed much stronger -NCS infrared absorption
at 4.75 u than did fraction 2; otherwise, both fractions had
spectra very similar to that for V1 isolated from the reaction
of I and gmimonium thincyanate.

(10) Boiling points and tnelting points are uncorrected; the latter
were obtained with the Fisher-Johns apparatus.
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Reaction of VI with Aqueous Potassium Carbonate,—A
mixture of 5.8 g. (40 mmoles) of thiocyanolydrin VI (frac-
tion 2, above), 16.56 g. (0.120 mole) of potassinm carbonate
and 40 ml. of water was refluxed, with stirring, for 2 lours.
The solution was extracted witlh three 25-1nl, portions of pen-
tane and one 25-nl, portion of mnethylene chloride and the
combined extracts were dried over magnesium sulfate. Af-
ter filtration, the solvents were removed by distillation
through a short Widnier column. The residue was evapora-
tively distilled at 90 um. (bath temp. 48-90°); vield 0.70
g., #¥D 1.5045. Vapor-phase cliromatography!! iudicated
the presence of 829, episulfide Va and 189, epoxide Ia, in
fair agreement withh the proportions calculated from the
refractive index. In addition, vapor-phase cliromatog-
raphy! of the distilled solvents shiowed that almost 0.07 g. of
a mixture of Va aud Ta was present in the pentane-metlivl-
ene chloride distillate.

trans-2-Thiocyanatocyclopentyl p-Toluenesulfonate (IX).
—To a chilled (0°) solution of 1.43 g. (10.0 mmoles) of thio-
cyanohydrin VI (fraction 2, above) in 6 ml. of reagent-
grade pyridine was added 2.86 g. (15.0 mmoles) of p-tolu-
enesulfonyl chloride. The mixture was left 18 hours at 0°
protected from 1moisture, tlhien was poured onto 50 g. of a
mixture of ice and water, yielding a tan oil. The oil was
dissolved in 60 ml. of methylene chloride; the solution was
washed with 75 ml. of enld 1 N hydrochloric acid and with
100 ml. of water. After being dried over magnesium sulfate,
the solution was filtered and the filtrate evaporated in vacuo,
leaving 2.80 g. (949%,) of oil which slowly solidified to a solid,
m.p. 42-52°. Two recrystallizations from 67% aqueous
ethanol gave an analyvtical sample, m.p. 53.5-54.5%; A\KJr
4.66 (SCN), 7.35-7.40 (CH; and -0S0;), 8.41 and 8.5¢
(-0S0;), 12.31 u {p-disubstituted phenyl).

Amnal. Caled. for CnHﬁNOgSg: C, 525,
21.8. Found: C,32.6; H, 5.18; S, 21.7.

When 5.94 g. (20 mmoles) of tlie tosylate IX was lieated,
with stirring, at 55-65° for 8.5 hours in 100 nl. of water
containing 1.65 g. (40 mmoles) of sodiutn hivdroxide, only
0.20 g. (10%) of cyclopentene sulfide (Va) could be isolated
from the reaction mixture alarge distillation recidue (2.9 g.)
remajned. Titration of the reaction mixture showed that
15 mmoles of base was present at the end of the reaction
perind.

trans-2-Thiocyanatocyclopentyl Methanesulfonate (VIII).
—The mesylate VIII was prepared from 5.0 g. (35 mmoles)
of VI and 5.0 g. (563 mnioles) of methanesulfonyl chloride in
21 ml. of pyridine accordiug to the procedure described for
the preparation of IX. The product was a yellow liquid
yvield 6.8 g. (88%,); A= 4,65 (SCN), 7.35-7.48 and 8.49 u
(-080s); a small amount of absorption at 4.77 (NCS) was
present due to the impurity in the VI used. This material
was made without further purification.

A mixture of the crude mesylate (6.67 g., 30.0 mmoles),
2.48 g. (60.0 mmoles) of sodium hydroxide and 110 mil. of
water was stirred at room temperature for 28 lhours. The
final basic solution was adjusted to pH 7 withh 8.0ml. of 1 N
hydrochloric acid and then extracted with two 40-ml. por-
tions of methvlene chloride. The extract was dried over
nmagnesium sulfate, filtered and the solvent removed from
the filtrate by distillation through a short Vigreux column at
atmospheric pressure. Distillation of the residue in vacuo
vielded 1.90 g. (63.39) of cyclopentene sulfide (Va), b.p.
67-68° (62 mm.), n20p 1.5246, wlhose infrared spectrum was
in complete agreement with that of authentic Va.
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H, 5.09; S,

(11) The vapor-phase chromatography was performed on a 6-foot
LAC colamn (Wilkens Instrument Co., Walnut Creek, Calif.) at a
temperatare of 123° by Mrs. H. H. Johnson of the Analytical Chemis-
try Section of Stanford Research lnstitute,



