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the swpension until all of the solid bromine addition corn- 
pound was converted to the heavy orange oil, tris(n-butyl) 
phosphine sulfide hydrobromide. The oil, following sepsra- 
tion from the hexane layer, was taken up in ether, and vashed 
cautiously with aqueous sodium carbonate until carbon 
dioxide evolution ceased. The ether layer was dried over 
anhydrous sodium carbonate, and following evaporation of 
the ether, the residue was carefully vacuum distilled. A 
number of distillations were necessary to  obtain a pure 
product in yields of 25-4077,. Tris(n-buty1)phosphine sulfide 
is a pale yellow oil possessing the following properties: 
b.p. 137-138” at 1.1 mm.; n y  1.4945; dza, 1.0330 g./rnl. 

Anal. Calcd. for CIIH~TPS: C, 61.49; H, 11.61; P, 13.22; 
S, 13.68. Found: C, 61.69; E, 11.76; P, 13.28; S, 13.83. 

Tris(n-butyl)phosphine, tris( n-buty1)phosphine oxide, and 
tris(n-buty1)phosphine sulfide are characterized by infrared 
absorption bands a t  718 and 742 cm.+ which is the region 
of the P-C m d  the P S  stretch. However, tris(n-butyl)- 
phosphine sulfide shows a much stronger intensity in the 
742 ern.-’ band than do the other compounds. This suggests 
that the 1’-S and P-C vibrations in the tris(n-butyl)- 
phosphine sulfide molecule overlap at this frequency. 
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Studies have been initiated in this laboratory 
into the biosynthesis of caldari~mycin,~~” a chIo- 
rine-containing metabolite of the mold, Caldario- 
myces fumago. Clutterbuck et aL6 isolated this 
compound in 1940 and proposed 2,2-dichloro-l,3- 
cyclopentanediol as the most likely structure for 
caldariomycin. Caldariomycin is optically active, 
therefore the natural product was designated as 
one of the trans-hydroxyl isomers (VIa or VIb). 
Since the structure assignment was based largely on 
degradative studies and represented a choice be- 
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tween possible alternatives, we proceeded to 
establish the structure of caldariomycin by syn- 
thesis. 

We now wish to report the synthesis of a racemic 
mixture of the trans-hydroxyl isomers of caldario- 
mycin by the following steps: 

I III J N  

3,5-Cyclopentenediol (I) was separated from a mix- 
ture of 3,4- and 3,5-cycl~pentenediols~ by fractional 
distillation and was oxldized with chromic acid in 
acetone according to the procedure of DePuy 
and Zaweski.? The product, 3,5-cyclopentenedione 
(11), obtained in 45% yield, was then reduced with 
hydrogen over 10% palladium-on-charcoal in 
chloroform to yield 1,3-cyclopentanedione (111). 
After recrystallization of I11 from ethyl acetate, 
111 was chlorinated with a slight excess of sulfuryl 
chloride. After recrystallization from ether and 
sublimation, a compound was obtained in 80% 
yield giving the correct analysis of 2,2-dichloro- 
1,3-cyclopentanedione (IV), In addition, the strong 
ultraviolet absorption associated with I11 had been 
almost completely eliminated, and a sole carbonyl 
band was observed in the infrared spectrum a t  5.62 
p. Both these spectral features are indicative of the 
hindrance of any resonance in the formerly highly 
enolized @diketone grouping. On the basis of this 
evidence and the analytical data, the compound 
was designated as 2,2-dichloro-1,3-cyclopentane- 
dione. 

Hantzsch* has proposed structure IV for a com- 
pound) m.p. 1 1 8 O ,  obtained from a base-catalyzed 
chlorination of phenol. In contrast to IV obtained 
by the chlorination of 111, the Hantzsch product 
exhibited color with ferric chloride reagent. This 
latter result would not be expected of IV, since 
enol formation is strongly inhibited in this com- 
pound. In addition, prior to carrying out the pres- 
ent synthesis, we attempted to  prepare IV by 
Hantzsch’s procedure without success. It seems 
most probable, therefore, that Hantzsch incorrectly 
assigned structure IV to his compound. 

When the dichloro diketone (IV) was reduced 
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with sodium borohydride, a compound wa.. ob- 
tained in 75% yield giving the analysis C&O&lr. 
Although this formula is identical with that of 
caldariomycin, the infrared spectrum of the re- 
duction product was similar but differed signifi- 
cantly from that of the natural product. The OH 
stretching at 2.78 p, the CH stretching at 3.41 p, 
and the -CH2- deformation at 6.90 1.1 were 
essentially the same in both cases, while the C-0 
stretching (or OH deformation) appeared a t  8.94 p 
with caldariomycin and at  9.05 p with the synthetic 
compound. In addition, there were noticeable 
variations in the fingerprint region. The two spectra 
were close enough to suggest that this compound 
was, in all likelihood, 2,2-dichloro-cis-l,3-cyclo- 
pentanediol (V). 

A lithium aluminum hydride reduction of the 
dichloro diketone (IV) in ether also yielded the 
cis compound (V) in lower amounts (50%); but, 
in addition, there was obtained 20% of a compound 
giving the identical analysis and the same infrared 
spectrum as natural caldariomycin. The purified 
compound melted at  89-90 ', whereas caldariomy- 
cin melts at 121 '. However, this was to be expectfed 
as caldariomycin is optically active, and the syn- 
thetic compound would be a racemic mixture of 
the trans-hydroxyl isomers (VIa and VIb). 

It was found that caldariomycin is far less 
soluble in chloroform than the synthet'c product 
(VIa and VIb), and this solubility difference was 
taken advantage of in an isotope dilution experi- 
ment designed to prove that the former compound 
was indeed one half of the racemic pair. This 
process involved the utilization of biologically pre- 
pared Ci3'j-labeled caldariomycin. Equal amounts 
of ClS6-lsbeled caldariomycin and the synthetic 
racemic mixture were combined and recrystallized 
several times from chloroform. The resulting spe- 
cific radioactivity of the crystals upon successive 
recrystallizations is presented in Fig. 1. As may be 
observed, the constant specific activity of the 
caldariomycin after seven recrystallizations is 
equal to the theoretical amount assuming that the 
C13'j-labeled caldariomycin had equilibrated with 
half its weight of unlabeled material. It may be 
concluded, therefore, that caldariomycin is identi- 
cal with 50y0 of the synthetic trans isomers ob- 
tained by the lithium aluminum hydride reduction 
of 2,2-dichloro-1,3-cyclopentanedione. 

Further effort was made to separate the synthetic 
D,L-caldariomycin into its two optical antipodes. 
Reaction of caldariomycin with two equivalents of 
d-camphor-10-sulfonyl chloride yielded a product 
which gave a correct analysis for the di-d-camphor 
sulfonate derivative of caldariomycin. When the 
same esterification was performed on the synthetic 
D,L-caldariomycin, a crystalline product was ob- 
tained, having the same optical rotation as the 
caldariomycin derivative. Upon admixture of the 
two esters, there was no depression in melting point. 
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Fig. 1. Recrystalliiation of Cl36 labeled caldariomycin 
with synthetic D,bcaldariomycin. Forty milligrams of 
ClJB-labeled natural caldariomycin (860 c.p.m./mg.) was 
mixed with 40 mg. of synthetic D,tcaldariomych and re- 
peatedly crystallized from chloroform until caldariomycin, 
m.p. 121.5", of constant specific radioactivity was obtained 
(seven crystallizations). After four crystallizations the 
melting point was 118-120". The theoretical specific radio- 
activity (- - -) of the crystals, assuming a dilution of the 
ClJB-labeled caldariomycin with one half its weight of un- 
labeled material, would be 66.6% that of its original specific 
activity. 

Since caldariomycin is quite base labile, the 
ester derivatives have to be saponified by methods 
other than a' kaline hydrolysis. Limited attempts 
to cleave the sulfonic acid ester derivatives with 
lithium aluminum hydride and produce caldario- 
mycin were unsuccessful. 

The equivalence of the derivatives of caldario- 
mycin and a portion of the synthetic product plus 
the radioactive dilution experiment provide con- 
clusive evidence that caldariomycin is identical 
with one half of the synthetic racemic pair (VIS 
or VIb). It has thus been established that caldario- 
mycin has the structure 2,2-dichloro-trans-l13- 
eyclopentanediol as originally postulated by Clut- 
terbuck et aL5 

EXPERIMENTAL' 

5,5-Cycloper~tanedione. 3,5-Cyclopentanediol was oxidized 
with chromic acid in acetone according to  the procedure of 
DePuy and Zaweski.' 

1,3-Cglopentanedione. Palladium-charcoal catalyst (780 
mg.) was added to  3,5-cyclopentanedione (7.5 g.) in chloro- 
form (50 ml.), and the mixture was stirred under a hydrogen 
atmosphere until the theoretical amount of hydrogen uptake 
had been achieved. It was found that on allowing the mixture 
to  remain longer under hydrogen, the uptake approached 
twice theoretical and the yield was markedly diminished. 
The palladium-charcoal catalyst was filtered and repeatedly 
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5208 NOTES VOL. 26 

extracted with hot acetone until no more product was ob- 
tained. The combined acetone and chloroform solutions 
were evaporated to  dryness, and after two crystallizations 
from ethyl acetate, 2.6 g. of lI3-cyclopentanedione (36%) 
was obtained, m.p. 151.5-152.5", A::: 

2,d-Dichloro-1,s-cyclopentanedione. To 1,3-cyclopentane 
dionc (1  g., 0.01 mole) in a very small amount of dry benzene, 
was added slowly with stirring a slight excess of sulfuryl 
chloride (3.0 ml., 0.025 mole). As thc reaction proceeded, 
more benzene was introduced, and when all the material 
had gone into solution, the benzene was evaporated and the 
remaining substance recrystallized twice from ether to give 

242 mp e 20,000. 

1.34 g .  of 2,2-dichloro-1~3-cyclopentanedione (SO%), m.p. 
83.50, hQ6% ethsnol 

msr 277 mu. e 160. 
Anal .  C'alcd. for CaH40zC12: C, 35.95; E, 2.41; C1, 42.42. 

Found: C, 35.70; H, 2.44; C1, 42.88. 
2,2-Dzchloro-cas-l,5-c yclopentanediol. 2,2-Ilichloro-1,3-cy- 

clopentanedione (100 mg., 0.6 mmole) was added with stir- 
ring to an ice-cooled solution of sodium borohydride (29 mg., 
0.76 mmole) in water (5 ml.) and iimpropyl alcohol (5 mL). 
Water was added after 20 min.; the solution extracted with 
ether three times and the ether solution dried. The organic 
solvents mere then evaporated, and the residue was re- 
crystallized from chloroform to give a compound (75 mg., 
75%), m.p. 135.5", giving the correct analysis €or 2,2-dichloro- 
1,3-cy clopentanediol . 

Anal .  Calcd. for CsHsOeCL2: C, 35.17; H, 4.70; C1, 41.43. 
Found: C ,  35.58; €I, 4.81; C1, 41.08. 

Although the infrared spectrum of this compound, 
2.76, 3.41, 9.03, 9.90, 10.22, 11.31, 11.66 p, wm similar to  
caldariomycin, 2.74, 3.41, 8.97, 9.72, 10.29, 11.31., 
12.00 p, it was not identical. 
2,2-Dichloro-trans-l,S-cyclopentanediol. In a three necked 

50-ml. flask equipped with a reflux condenser, mechanical 
stirrer, and a flow of nitrogen gas was placed lithium alnmi- 
num hydride (550 mg., 15 mrnoles) in ether (25 ml.). 
The mixture was brought to  a temperature of -2" and 
maintained there while 2,2-dichloro-l,3-~yclopentanedione 
(1.5 g., 9 mmoles) in ether was added dropwise over a 0.5- 
hr. period. After the addition was completed, the reaction 
mixture waz stirred for 10 more min., whereupon the con- 
tents of the flask were poured into icecold 2N hydrochloric 
acid (100 rnl.). The acidic solution was extracted with seven 
equal volumes of ether. The ether solution wa3 dried over 
niagnesium sulfate and evaporated to  dryness. Chloroform 
(6  ml.) was added to the solid materid and the mixture 
heated until no more of the crystals went into solution. 
The chloroform solution was held a t  -20" for several hours 
for crystallization. The crvstals were separated from the 
supernatant liquor and determined to be identical with the 
product of thr sodium borohydride reduction ('750 mg., 
50%). When the mother liquor was evaporated down and 
the remaining crystals sublimed at 95' under reduced pres- 
sure (water aspirator), a compound (300 mg., 2070), m.p. 
89-90", was obtained giving thc correct analysis for cal- 
dariomycin and exhibiting the identical infrared spectrum 
as the natural product. 

Anal. Calcd. for CsHsOAC12: C, 35.17; H, 4.70; C1, 41.43. 
Found: C, 35.58; H,  4.83; C1, 41.10. 

d-Camphor-10-sulfonyl chloride. d-Camphor-10-sulfonic 
acid (1  g., 0.43 mmole) %as treated with thionyl chloride 
(1 ml., 1.4 mmoles) and heated a t  60" until the reaction had 
stopped. The solution was then poured into water, and the 
solid material separated by centrifugation. The residue was 
recrystallized once from acetone-water to give 970 mg. 
(go%), m.p. 67-70'. 

Caldariwnycin-bis-d-camphor sulfonate. To a solution of 
caldariomycin (100 mg., 0.59 mmole) in anhydrous pyridine 
(0.5 ml.) in a 15-m1. glass centrifuge tube was added d- 
camphor-10-sulfonyl chloride (300 mg., 1.2 mmoles). 
The tube warmed immediately and a precipitate formed. 
After 5 min., exceFs 2N hydrochloric acid ( 5  ml.) was added, 
and the mivture vigorously stirred. The precipitate was ob- 
tnincd by centrifugation and dried overnight under redured 

pressure over phosphorus pentoxide. A sample recrystallized 
from 95% ethanol rneltedat 142-143", fa12 $36" (acetone). 

A n a l .  Calcd. for CzsH3eO&Cli: C, 50.08; H, 6.01; C1, 
11.85. Found: C, 50.14; H, 6.28; C1, 12.08. 

Reaction of D,tcaldariomycin with d-camphor-10-sulfonyl 
chloride. The synthetic D,L-caldanomycin (204 mg., 1.2 
mmoles) was mixed p;ith the d-camphor-10-sulfonyl chIoride 
(620 mg., 2.4 mmoles) according to the procedure used for 
the natural material. A product was obtained (189 mg.), m.p. 
125-135', which, after 4 recrystallizations from acetone- 
water, melted at  13&142", [01]Zgs +37". Upon admixture of 
this material with the similar derivative of caldariomycin, 
no depression of the melting point was observed, m.p. 139- 
143". 

The infrared spectra of the dicamphor sulfonate deriva- 
tives of natural caldariomycin and the synthetic product 
were identical, A%:" 3.38, 5.73, 7.23, 8.48, 10.35, 11.22, 
11.82 p. 

Attempted cleavage of caldarimycin-camphor sulfonate 
derivative. To a solution of lithium aluminum hydride (74 
mg., 2 mmoles) in anhydrous chloroform (20 ml.) was added 
caldariomycinbis-&camphor sulfonate (200 mg., 0.33 m- 
mole) in anhydrous chloroform (20 ml.). The mixture 
was stirred for 1 hr. at 20" and then added carefully to 
mater (50 ml.). The water layer was extracted several 
times with ether; the ether solutions washed once with 
water, dried over magnesium sulfate, and evaporated to 
dryness. The residue was redissolved in chloroform (0.5 ml.) 
and cooled to -20". No caldariomycin appeared even upon 
seeding. 

C136-labeled caldariomycin. Caldariomyces funlago was 
grown on the Czapek-Dox medium described by Clutterbuck 
et al.6 in the presence of potassium chloride36 (10,000 c.p.m./ 
c o l e ) .  Cddariomycin, labeled with Cl36, was isolated as 
previously described.5 
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The wide use of arylhydrazones as analytical 
derivatives of aldehydes and ketones for spectro- 
scopic analysis necessitates an understanding of 
any changes in stmcture which may occur 
in solution. Any isomerization may require the 
reporting of a time factor for purposes of abtaining 
reproducible spectra of these derivatives. 

Thus phenylhydrazones of aliphatic aldehydes 
and ketones have been shown4 to exist originally as 
the hydrazone isomer (I) and to isomerize rapidly 
in solution to the more stable benzeneazoalkane 
(11). 
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