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I. INTRODUCTION

The thermal chlorination of paraffin hydrocarbons having five or more carbon
atoms yields, among other products, three cyclopentane derivatives: viz., hexa-
chlorocyclopentadiene (I), octachlorocyclopentene (II), and 1,2,3,3,5,5-
hexachloro-4-(dichloromethylene)cyclopentene (II1). These compounds are dis-
tinguished from other chlorination and chlorinolysis products, such as carbon
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tetrachloride, tetrachloroethylene, and hexachlorobenzene, by their unusual
chemical reactivity, which permits their conversion to a variety of new and in-

teresting compounds.

Octachlorocyclopentene (II) and hexachlorocyclopentadiene (I) are con-
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veniently taken up together, since they are interconvertible and can be prepared
by the same process. Hexachlorocyclopentadiene (I) is manufactured com-
mercially, and octachlorocyclopentene (II) can be made available economically
in large amounts.

Octachlorocyclopentene (IT) has been known since 1877, when Krafft obtained
it among other products by the chlorination of hexyl iodide at 240°C. (112). In
the older literature the compound is referred to as “perchlormesol,” a name intro-
duced by Krafft. Hexachlorocyclopentadiene (I) does not appear in the literature
until 1930 (239). It is possible, however, that the compound was known before
this time (40).

Commercial methods for the preparation of these chlorocarbons and uses for
them have been developed much more recently. The details of preparing Diels—
Alder adducts of hexachlorocyclopentadiene (I) and fungicides, insecticides,
plant-growth regulators, and flame-retardant resins derived from them have
been published only in the last few years. The extraordinary interest in these com-
pounds is reflected in the large number of derivatives which have been prepared
in a short period of time.

1,2,3,3,5,5-Hexachloro-4-(dichloromethylene)cyclopentene (II1I) was first
described in 1912 (189). Its structure, however, remained in doubt for some time
and was not fully established until recently (159, 222). Unlike the preceding
chlorocarbons, it is not available commercially and is of interest primarily for
its properties and chemical reactions.

This review covers the literature through June, 1957, and is limited to a survey
of the chemistry of the chlorocarbons indicated in formulas I, II, and II1.

1. HEXACHLOROCYCLOPENTADIENE
A. Methods of preparation

Hexachlorocyclopentadiene (I) is best prepared by a two-stage process from
pentane, isopentane, or mixtures of the two (68, 132, 133, 134, 164). The hydro-
carbons are chlorinated photochemically in the liquid phase at 80-90°C. (133,
134) until they have an average composition of approximately C;H;iCl; and a
density of 1.63-1.70 (132). The resulting polychloropentanes are then vaporized
and passed together with an excess of chlorine over a porous surface-active solid
such as fuller’s earth maintained at 300-430°C. and through an unpacked section
of tube held at 450-525°C. (68, 164). Depending on the conditions of the thermal
chlorination step and the final temperature, the intermediate octachlorocyclo-
pentadiene (II) can be isolated (137).! At 500°C. it is completely dechlorinated
(113, 115) and hexachlorocyclopentadiene (I) is obtained in 90 per cent yield.

The conversion of pentanes and hexanes to hexachlorocyclopentadiene (I) has
been studied in detail (132, 137). Chlorine is usually introduced into these hydro-
carbons by a continuous liquid-phase photochemical process (134). The subse-
quent thermal chlorination step has been examined for pentanes containing two
to seven atoms of chlorine per mole. If hydrocarbons with a relatively small

1The compound designated as hexachlorobutadiene in this paper was actually octa-
chlorocyclopentene (38).
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chlorine content, such as the dichloropentanes, are thermally chlorinated, the
molar ratio of chlorine to starting material must be confined between the rela-
tively narrow upper and lower explosive limits of 6 to 9 moles (137). Similar
difficulties are encountered in the vapor-phase chlorination of paraffin hydro-
carbons. Most suitable for the thermal chlorination are polychloropentanes or
cyclopentanes with approximately seven chlorine atoms per mole. The optimum
temperature of the thermal chlorination step in the absence of a catalyst lies
between 450° and 500°C. at short contact times. At temperatures below 450°C.
some octachlorocyclopentene (II) is produced (132). At higher temperatures,
under pressure, or with longer contact times, extensive chlorinolysis occurs and
the main products are carbon tetrachloride and hexachloroethane (137). The
molar ratio of chlorine to polychloropentanes and hexanes must be above 4.7:1
in order to obtain good yields of hexachlorocyclopentadiene (I), the optimum
ratio being 5.7:1 (132). Under comparable conditions polychloropentane,
isopentane, and cyclopentane give 54.6-55.3, 54-57, and 74.5 per cent yields of
hexachlorocyclopentadiene, whereas polychloroneopentane gives only carbon
tetrachloride and tetrachloroethylene. Polychlorinated hexanes, including neo-
hexane, under the same conditions can furnish hexachlorocyclopentadiene (I)
but in yields of only around 20 per cent (132, 133). The yields in the thermal
chlorination step can be considerably improved by the use of a porous surface-
active catalyst such as alumina, silica gel, fuller’s earth, activated carbon,
floridin, or bauxite, impregnated with chlorides of iron, nickel, or cobalt (68, 164,
165); the optimum temperature is lowered to 280—450°C. and the ratio of chlorine
to polychloropentanes can be made somewhat smaller (165). The product of this
step is octachlorocyclopentene (II), which can be isolated at this point or de-
chlorinated to I (165, 166). The thermal dechlorination of octachloroeyclo-
pentene at 450-500°C. is substantially quantitative but rather slow. It can be
rendered rapid and complete by the use of catalytic surfaces of nickel or cobalt
or their chlorides, e.g., an unpacked section of nickel pipe (166).

It is claimed that the thermal chlorination of pentane or pentene can be accom-
plished also in one stage at 500°C., either without a catalyst (28) or with barium
sulfate (251), to give hexachlorocyclopentadiene (I) directly.

The third process for preparing hexachlorocyclopentadiene (I) involves the
liquid-phase chlorination of cyclopentadiene below 50°C. The resulting tetra-
chlorocyclopentane is converted to octachlorocyclopentene (II) in 97.5 per cent
yield by catalytic chlorination over arsenious oxide or phosphorus pentachloride
at 175-250°C. (121, 181). Octachlorocyclopentene (II) is then dechlorinated
thermally in yields of 85-97 per cent (113, 121, 166).

Cyclopentadiene can be converted to hexachlorocyclopentadiene (I) in 44-85
per cent yield by chlorination with 6 to 11 moles of aqueous sodium or potassium
hypochlorite at —5° to +50°C. (31, 61, 98, 128, 203, 208, 210, 215, 239). The
two-phase reaction mixture is vigorously stirred and undesirable side reactions
are suppressed by addition of 1 mole per cent of sodium sulfamate (98). An
emulsifying agent, such as sodium lauryl sulfate, may be added (128), and
petroleum ether can be used as diluent (239). The chief by-product in this process



252 H. E. UNGNADE AND E. T. McBEE

is a pentachlorocyclopentadiene which dimerizes on standing to a solid, m.p.
214°C. (215). It probably contains 1,2,3,4,5-pentachlorocyclopentadiene (210)
and other isomers. Its formation is favored by smaller mole ratios of hypochlorite
to cyclopentadiene (203). The method of halogenation in aqueous bases also
has been used for the preparation of pentachloromethylcyclopentadiene (245)
and hexabromocyclopentadiene (203).

The cyclopentane ring can be built up by condensing trichloroethylene with
carbon tetrachloride and {5 mole of aluminum chloride at 100°C. and pyrolyzing
the resulting mixture of chlorinated hydrocarbons at 500°C. The product con-
tains 75 per cent of hexachlorocyclopentadiene (I) (173) and small amounts of
carbon tetrachloride, tetrachloroethylene, and hexachlorobenzene. The inter-
mediate chlorinated hydrocarbons consist largely of Cs and C; compounds, among
which the following have been identified: octachlorocyclopentene (173), isolated
in 74 per cent yield (198); 1,1,2,3,3,4,5,5,5-nonachloro-1-pentene (IV);
dodecachloro-3-ethyl-1-pentene, C;H,Cli2; and the unsaturated ethyleyclo-
pentane derivatives C;Clyy and C;HCly (173). The aluminum chloride-catalyzed
condensation of trichloroethylene and carbon tetrachloride can be carried out
stepwise. Intermediate compounds have been isolated and further condensed
with the original starting materials (194, 198). The following steps in the reaction
are based on this evidence:

CHCI=CCI; + CCl, 4 AlCl; — CCI,CHCICC];
CCLCHCICCI; 4 AIClL, — CCLCCl=CCl,

CCLCCl=CCl; 4 CHCI=CCl; 4 AICl; — CCl,CHCICCL.CCl=CCl,
v

CCIL;CHCICCL,CCl=CCl; 4 AICl; — C;Cls (nearly quantitative) (194)
II

The intermediate nonachloropentene (IV) also can be dehydrohalogenated with
aqueous or alcoholic potassium hydroxide (194) to give octachloro-1,3-penta-
diene in overall yields of 67-73 per cent (113).

CCI;CHCICCI,CCl=CCl;: 4+ KOH — CCly=CCICCl=CCICCl;

The latter is converted to octachlorocyclopentene in 96 per cent yield by warming
with aluminum chloride in methylene chloride (194). An alternate preparation
for hexachloropropene, which is normally preferred in the stepwise process,
utilizes the condensation of tetrachloroethylene with chloroform and aluminum
chloride and dehydrochlorination of the formed unsym-heptachloropropane (113,
190).

Among the preceding methods of preparation for hexachlorocyclopentadiene
(I), the chlorination of cyclopentadiene with sodium hypochlorite has been used
as a laboratory method (203). Other methods which belong to this category are
the dechlorination of octachlorocyclopentene (II) by heat (166) or with hydrogen
and platinum (156) and the synthesis used by Prins for the preparation of the
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compound by condensation of dichloroethylene and hexachloropropene with
aluminum chloride (40, 192).

CCl=CCICC}; 4+ CHCl=CHCI + AlCl; — CCly==CCICCIl.CHCICHCI,

(84% yield)
CCle=CCICCI.CHCICHC]; + AICl; — C¢Cls
(70% yield)

Hexachlorocyclopentadiene has been prepared in small yield from trichloro-

ethylene and chloroform by stepwise condensation and dehydrochlorination with

aluminum chloride. The isolated intermediates in the reaction are hexachloro-
propane and pentachloropropylene (194).

CHCI=CCI; + CHCI; — CHCI.CHCICCl,

CHCL.CHCICCI; + AlICI; + CCly — CCle==CCICHCl,
(93% yield)

CCl,—CCICHCI; + CHCI, + CHCl=CCl, 2%, ¢,Cls + CHClL, + CyClis
(28% yield)

B. Physical properties and absorption spectra

Hexachlorocyclopentadiene (I) has been reported as being a pale yellow (113)
or greenish yellow (194) liquid with a harsh pungent odor (113). Its viscosity
n® = 37.5 dynes/em. (36). Other physical constants are given below:

Boiling Point References Refractive Index References Density References
°C.

45-45.5/0.06 mm. (194) ny = 1.5647 (114, 115) al¥d = 1717 (70)
72/0.68 mm. (115)
78-79/1 mm. (239) e = 1.5652 132) a9 = 17119 | (32)
83-84/4 mm. (132)
94/5 mm. (113, 115) % _ 6o _
104-108/1 mm. (1989 np = 1.5614 (40, 184) d} 1.701¢ (40, 194)
108/10 mm. (113, 115) 2 25
163.6-163.8/100 mm. (114, 115) no = 1.5625 (70) df = 1.7020 (115)
228-229/740 mm. (173) s
234/atm. (104) no = 1.5629 (113, 115) af = 1.7035 (113)
236-238/760 mm. (132)
239/753 mm. (113, 115)
239/760 mm. (70)

On cooling hexachlorocyclopentadiene (I) crystallizes to a solid, whose melting
point has been reported as —77°C. (40), 7.8-8.2°C. (132), 9-10°C. (115), 9.6°C.
(70), and 10-10.8°C. (114, 115). A crystalline form, melting at —0.8° to —0.2°C,,
can be converted to the more stable form, melting at 10-10.8°C., by strong cool-
ing or seeding (114, 115). The freezing-point depression for the compound is
16.1°C./mole and the latent heat of fusion is 10.0 cal./gram (70).

Hexachlorocyclopentadiene (I) has an absorption band in the ultraviolet at
322 myu (82) and 323 mu (log ¢ = 3.17) in ethanol (138, 156, 159). When the
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allylic chlorine atoms are replaced successively by hydrogen atoms, this maxi-
mum is shifted to shorter wavelengths but the molar absorptivity is increased
(156). The infrared spectrum of the diene has two bands in the double-bond
stretching region at 6.24 and 6.36 u (1603 and 1572 em.™) (159), 6.22 (s) and
6.35 (m) u (1606 and 1575 cm.™!), and three bands in the C—Cl stretching
region at 12.45 (s) g, 14.21 (s) u, and 14.75 (s) u (803, 704, and 678 cm.™1) (243).
The Raman spectrum shows two lines in the double-bond region at 1606 and
1572 em.™! (40).

C. Biological properties and uses

Hexachlorocyclopentadiene (I) is toxic to mice and was shown to be responsible
for the toxicity of early preparations of chlordan (83). The liquid can be absorbed
through the skin, and its vapor is toxic. The physiological effects of the vapor are
believed to be similar to those of carbon tetrachloride vapor, and the material
should therefore be handled with caution (70). The LD-50 value in rats is 300
mg./kg. of body weight (70). Hexachlorocyclopentadiene is claimed to be a
fungicide (253). It is used as a dust absorbed on powdered clay or as an emulsion
mixed with dispersing agents. It has a relatively high bactericidal activity but is
apparently not injurious to plants (253). It has been used as a vulcanizing agent
for Hevea rubber and diene elastomers (118),

D. Reactions

Hexachlorocyclopentadiene (I) shows an unexpected tendency to undergo the
Diels-Alder reaction with many dienophiles at temperatures between 20° and
200°C. It condenses even with simple olefins, which normally do not react with
dienes, and with polynuclear aromatic hydrocarbons, such as naphthalene and
anthracene. The condensation is probably the most extensively investigated
reaction of the diene and has furnished a variety of new compounds which are
not accessible by other methods (see table 1).

Open-chain and eyclic olefins of the types RCH=CH, and RCH=CHR’ con-
taining from four to eighteen carbon atoms have been successfully condensed
with hexachlorocyclopentadiene (10, 33, 206, 215). Halogenated olefins do not
react with the diene I if they have two chlorine atoms or one chlorine atom and
one alkyl group on a double-bonded carbon. It appears therefore that the reac-
tion requires that halogen-containing olefinic dienophiles contain at least one
hydrogen on each of the double-bonded carbon atoms (150). The products of the
reaction are 1:1 adducts which are assigned a [2.2.1]bicycloheptene structure (V),
largely by analogy with the structures of nonchlorinated compounds.

Cly Cl

cy’ \Cl  CHR Cl l R
+ | — ' Cl+Cl

4 14

cl—icl  CHR 01\y R
Ci
I A

Hexachlorocyclopentadiene



Diels-Alder reactions with hexachlorocyclopentadiene

TABLE 1

Reaction

Dienophile Temperature Yield i Melting Point ! References
°C. per cent °C.
Ca:
Acetylene... .......... 180 332-334 (73, 80)
1,2-Dibromoethylene. . .. 200 16 210 (150)
cia-1,2-Dichloroethylene. . ... 180, 200 27, 38 170-190 (150, 184)
trane-1,2-Dichloroethylene 200 26 (150)
Viny! chloride........... 120-200 24 125-138 (12, 96, 97, 103, 124)
Vinyltrichlorosilane . .............. 190-200 78 Liquid (99)
Cu:
Propargyl bromide................ 85-150 95 Liquid (33)
Acrylonitrile.. ... .. 100 33 143 (188)
1,3-Dichloropropene. 130 15 78-80 (150)
Acrolein........... Refluxed 84 145-148 (238, 237, 238)
Acrylic acid . . 120 181-182.5 (238)
3-Bromopropene.. . ................ 8595 12, 87 79-80 (33, 150)
85-150 7
1-Chloropropene................... 150-160 8 197-198 (150)
3-Chloropropene. . ................. 125 90, 68 54-55 (10, 33, 150)
85-155 43 Liquid
Allyl aleohol.................... .. 85-150* 53, 98 164-165 (33, 150)
165
Cu:
Chloromaleic anhydride. .......... 178-180 40 240-247 (217, 218)
Fumaroyl chloride 134-136 (217)
Maleic anhydride. . ................ 100-170 83, 85, 89 2321, 238, 235237, | (61, 95, 100, 108, 188,
231-233, 240-241 208, 215, 217, 244,
247)
Acetylenedicarboxylic acid .. ...... 150 45 162-163 (139)
Furan.. ... 70 285-2861 (79)
130-135 16 277-280 (184)
Butynediol........................ 49-51 (217)
Thiophene....................ovnn t (172)
Allyl cyanide (238)
Allyl isothioeyanate............... b 46 114-115 (169)
Butadiene......................... 150 Liquid (61, 244)
150 2302331 (61, 244)
Butadiene monoxide. .............. 25-150 97 101-104, 87-88 (33, 116)
Dihydrofuran. .................... 135 76 219-226 (15)
Diviny!l ether 120 Liquid (46)
Methyl viny! ketone............... 80-125 41, 76 70, 74-74.5 (30, 188)
Crotonicacid...................... 171-172 (238)
Methy! acrylate . 176-178 (238)
Vinylacetate. ...................... 150 89 44 (34)
Vinylaceticaeid ................... 119-123 (238)
Dichloromethylallylsilane......... 100-120 57 Liquid (48)
Cs:
Citraconic anhydride.............. 166-188 20 243.5 (217)
236.5-240.5 (219)
Itaconic anhydride ..| 195 131-134.6 (217, 218)
Cyclopentadiene................... 70-120 70, 94, 97 154, 155, 170-180 (5, 14, 61, 67, 110, 171,
184, 207, 208, 209,
210, 215, 244)
175, 280-320 11 308t (202, 207, 209, 215, 218)
2-Methylfuran. .................... 65-75 42-42.5, 175-178 (79, 249)
Isoprene...........ocviiieiineniins 150 Liquid (81, 244)
Cyclopentene ....... 100-150 50, 84 . 160, 162-165, 165-170 | (215, 216, 249, 254)
4-Chloro-1-pentene. . 100-155 72 5 Liquid (10)
1-Pentene 100-155 21 Liquid (10)
2-Pentene 100-155 33 Liquid (10)
3-Methyl-1-butene 100-155 32 Liquid (10)




TABLE 1—Continued

Dienophile Tfﬂfg:g‘;ﬁ re J‘ Yield Melting Point References
°C. per cent °C.
Ce:
p-Benzoquinone................... 100-160 53 184, 188, 183-186 (128, 188)
Methyleyclopentadiene............ 100-150 74 Liquid (215)
Methyl maleate.................... § 80-81 (184)
Cyclohexene. ... 85-150 85, 88, 90, | 73-74, 76.7, 75, 77, | (10, 33, 215, 216, 249,
93 78 254)
120-125 51-53 (249)
150 26 Liquid (139)
Diallyl sulfide. 130 Liquid (252)
1-Hegene ....... 85-155 55, 60, 85 Liquid (10, 33, 215, 216)
2-Hexene.....,... 100-155 1 44 Liquid (10)
4-Methyl-2-pentene................ 100-155 17 Liquid (10)
3,3-Dimethyl-1-butene ............ 100-155 31 25 (10)
Diethyl vinylphosphonate......... 140-150 80 Liquid 117y
Cr:
Heptafluorobutyl acrylate......... 120 57 i Liquid (243)
Toluquinone....................... 130 56, 86 168-170 (128)
Bicycloheptadiene................. | 85-90, 100, 105 | 71, 93 ' 104-104.5, 93-95 (122, 249)
Refluxed 100 Infusiblet (122)
5-Chlorobieyclo[2.2.1]-2-heptene. . . 92-94 (184)
5, 5-Dichlorobicyclo[2. 2.1)-2-
heptene.......................... 200 119~121 (123)
Bicycloheptene.................... 115, 150 Good 76.5-77, 77-78 (123, 249)
Cycloheptene...................... 73-74 (254}
1-Heptyne.................coovin 150 18 Liquid (139)
4-Methyleyclobexene............... 85-155 75, 90, 97 | Liquid (10, 33, 215, 216)
3-Cyclohexene-1-methanol......... 130 67 Liquid (34)
Allyl butyrate..................... 85-150 80 Liquid (33)
1-Heptene...............oovuvenn 100-156 50, 54 Liquid (10, 215, 218)
3-Heptene.......................ns 100-155 45 Liquid (10)
Diethoxymethylvinylsilane. ....... 135-150 79 Liquid (48)
Diethy! propenephosphonate. ..... 100 Liquid (117)
Chs:
Phenylacetylene. .................. 115-150 21 Liquid (61, 139, 244)
3,8-Epoxy-4-cyclohexenedicar-
boxylic anhydride............... 55 62 282-283 (125)
m-Nitrostyrene.................... 125-130 83 111.5-112 (186)
Styrene...........coviiiiiiiiiiens 140-170 78 73-74, 73-78, 73.7- | (61, 188, 244, 249)
74.5
5-Methylbicyclo[2.2.1]-2-heptene . .| 150 Good 55-58 (249)
1,5-Cyclodetadiene. ................ >300t (254)
Ethyl maleate 12 67 (188)
Cyclodetene .. ..................... 82-84 (254)
4-Ethyleyclohezene................ 100-155 80, 82 Liquid (10, 215, 218)
3-Cyclobexene-1,1-dimethanol. . ... 130 91 133 (34)
1-Octene............ocovevvivennnn. 85-150 35, 86 Liquid (33, 215, 216)
Vinyltriethoxysilane............... 180-100 Liquid (99)
Cs:
Indene... .......oiiiiiiiniiiiinnns 95-100 152-156 (61, 244)
Allyl phenyl ether................. 175-185 85 Liquid (232)
§-Acetoxybicyclo[2.2.1]-2-hep-
tene.......... ... i, 95, 150 170-172, 172-173 (123, 249)
B-Ethylbicyclo[2.2.1)-2-heptene....| 150 56-58 (249)
Cyclonobene.........coeeeeiveenen. 43-44 (254)
4-Propyleyclohexene............... 100-135 75 42 (10)
Cra:
1,4-Naphthoquinone............... 130 53 118-120 (128)
Naphthalene...........ocveveninn 150-160, 158, | <1 163-164, 160 (22, 78, 79, 179, 215)
157
19, 80, 44, | 216, 211.5-213.5%, | (22, 78, 79, 81, 179,
20 210-2111, 214-215¢% 215, 216)

256
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TABLE 1—Concluded
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Dienophile Terr{:gg;ﬁre Yield Melting Point References
°C. per cent °C.
Cie—Continued:
Dicyclopentadiene................. 140-170 152, 152-155 (61, 207, 244)
150-170 252-2561 (61, 244)
Dihydrodicyclopentadiene......... 120 100-101 214)
Diisopropyl maleate............... ] 73 96-97 (184)
Ethyl propargylmalonate.......... (238)
Cyclodecena. ...................... Liquid (254)
Cu:
10-Undecenocic acid. ............... Liquid (238)
Cu:
Phenylbenzoquinone.............. 167-169 (128)
Tetracyclododecene. .. 173-175 (123)
5-Amylbicyclo[2.2.1])-2-heptene. ... | 150 Liquid (249)
Cu:
2,3-Dicarbethoxybicyclo{2.2.1]-
2,5-heptadiene................... 140-150 93 119 (122)
5-Phenylbicyclo{2.2.1)-2-heptene . .| 135140 01-92.5 (123)
Cu:
Anthracene...............ocvvuene 150-160 11, 35 233-2341, 2401, 240- | (22, 78, 79, 179, 215,
241t 216)
<1 Above 3007 (22, 215)
Cu:
1-Octadecene ............covvvvnenns 85-150 97 Liquid (33)
Cu:
Methyl oleate..................00.. 175 Liquid (11)

® In boiling xylene.
t Bis adduct.

} Isolated as acid.

§ In boiling toluene.
9§ Tetrakis adduct.

Acetylene and substituted acetylenes react to give [2.2.1]bicycloheptadienes
(VI). The product from the first member of the series, however, is probably a

polymeric adduct (73, 80).

Clg
Cl ‘ l

I

Cl

Cl
Cl

+

Ho=aw

Cl
R

— | cl{al l
Cl T R’

Cl
VI

Bicycloheptadienes such as VI have a reactive CCl, bridge which can be
hydrolyzed and eliminated by heating with sodium methoxide in methanol (139).

If the dienophile contains multiple unsaturation, the condensation reaction
often can be controlled by varying the molar proportions of the reactants to give
either 1:1 or 1:2 adducts, as is the case with butadiene, which yields a vinyl-
bicycloheptene (VII) or an octahydrodimethanobiphenyl derivative (VIII).
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[/ jCH——CH2 Cl
Cl+ Cl CH—CI CH-Cl
01

VI VIII

The 1:1 adduct derived from cyclopentadiene, 4,5,6,7,8,8-hexachloro-
3a,4,7,7a-tetrahydro-4, 7-methanoindene (chlordene or hexachlor) (IX), is of
special importance because it is the starting material for the preparation of the
commercial insecticides chlordan and heptachlor. Chlordan is an oily liquid which
is obtained by the chlorination of chlordene (IX) with chlorine in boiling carbon
tetrachloride or with sulfuryl chloride and Friedel-Crafts catalysts until a com-
position of CiHeCls is reached (74, 75, 77, 86, 94, 204, 205). The commercial
product is a mixture of compounds varying in insecticidal activity, which has
been separated by chromatographic adsorption (163, 248). In addition to chlor-
dene (IX) it contains heptachlor (X), ¢is- and frans-octachlor (XI), nonachlor
(XII), and possibly isomers of these substances (19, 167, 171, 209, 212).

Cl Cl
|
Cl 1
01 1 l Cl+Cl ’
N
Cl
X
Chlordene Heptachlor
Cl Ci
ar | I ]01 ( cl
1 Cl4C1 a4
Cl 1 Cl
-
Cl
XI XII
Octachlor Nonachlor

The commercial insecticide heptachlor, a low-melting solid, contains 1,4,5,-
6,7,8,8-heptachloro-3a,4,7,7a-tetrahydro-4, 7-methanoindene (heptachlor) (X)
besides smaller amounts of octachlor (XI) and related compounds. It can be pre-
pared (I) by the chlorination of chlordene (IX) with chlorine in carbon tetra-
chloride at 15-45°C. in the presence of porous catalysts such as alumina, silica
gel, or fuller’s earth (1, 2, 90, 104, 105, 106) or in boiling benzene in the presence
of fuller’s earth (14), (2) by chlorination with sulfuryl chloride and benzoyl
peroxide in carbon tetrachloride (74, 77), or (3) indirectly by peroxide-catalyzed
bromination at 50-55°C. to the liquid 1-bromo derivative (56, 62, 63, 64, 77) and
replacement of the bromine by chlorine. Direct exchange of bromine by chlorine
can be accomplished in good yield (85 per cent) by treating the bromo derivative
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with hydrogen chloride and aluminum chloride or ferric chloride in nitroethane
(162), or by stirring with silver chloride in ethanol (77). The bromo derivative
can be hydrolyzed to the alcohol by the use of potassium carbonate in dioxane
(62, 64) or by way of the acetate and subsequent hydrolysis (63, 64). The re-
placement of the hydroxyl group with chlorine is brought about by heating with
thionyl! chloride (62, 109). Chlordene also can be oxidized to the alcohol in one
step by refluxing with moist selenium dioxide in dibutyl ether, n-butyl acetate,
ethylene glycol, diethyl ether, or dioxane (109) or to the acetate by selenium
dioxide in acetic acid at 120-130°C. The acetate is then converted to heptachlor
by heating with hydrochloric acid and zinc chloride (overall yield = 85-90 per
cent) (110). 1-Bromochlordene reacts with benzene in the presence of mercuric
fluoride to give the insecticidal 1-phenyl derivative (45). The analogous con-
densation with naphthalene is catalyzed by ferric chloride (45). 1-Thiocyano-
chlordene is formed from the bromo compound on heating with potassium
thiocyanate in acetone (56).

The oxidation of chlordene (IX) with peracetic acid yields the corresponding
epoxide (XIII), m.p. 231-232°C. (57, 60, 184). When this oxidation is carried
out in the presence of acetic anhydride at 45°C. a diacetate is formed which can

cl 0 Cl  OH
al L /\ | OH
‘Cl 1 ’CH—Cl
Cl ] S Cl \

ol ol

XIIT XIV

be hydrolyzed to the insecticidal glycol XIV, m.p. 139-140°C. by methanolic
hydrogen chloride (58, 59).

The insecticides heptachlor (X), octachlor (XI), and nonachlor (XII) are
degraded biologically by rats and dogs to the heptachlor epoxide, m.p. 159
160°C., which is stored in the lipide tissues (24). Analogous oxidative degrada-
tion occurs in the cow, since the same epoxide can be demonstrated in the butter-
fat of the milk after feeding heptachlor (25). Heptachlor (X) and octachlor (XI)
give pink to violet colors with ethanolamine and diethanolamine, respectively, in
basic solution. These colors are used in sensitive spectrophotometric methods for
the quantitative determination of the compounds (23, 183, 187).

Both chlordene (IX) and the 1-halochlordenes can be converted to chlorohy-
drins by reaction with tert-butyl hypochlorite in acetic acid and transesterifica-
tion of the resultant acetates with methanolic hydrogen chloride. The chloro-
hydrins are accessible also from the corresponding epoxides or glycols (5, 32, 47).
In the case of chlordene (IX), the reaction with hypochlorites yields one geo-
metric isomer, while the other is obtained from the action of thionyl chloride on
chlordene glycol (32). The chlorohydrins derived from the chlordenes as well as
the epoxides are said to be potent insecticides (47).

Equimolar proportions of hexachlorocyclopentadiene and [2.2.1]bieyclohep-
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tadiene react to give a hexachlorotetracyclododecadiene (XV), m.p. 104-
104.5°C., which is the parent compound of another series of insecticides (87, 122,
131, 171) and is sold commercially under the name of aldrin. The compound has
one unreactive chlorinated double bond and one unsubstituted double bond which

CROG

Aldrin

undergoes addition reactions with halogens, halogen acids, alcohols, and car-
boxylic acids (127, 130). The dibromo derivative gives the episulfido compound
(XVI) when refluxed with alcohol and sodium sulfide hydrate (234). Both this
compound and the episulfoxy derivative that it yields on oxidation with per
acids (235) are insect toxicants. On mild oxidation with peracetic or perbenzoic
acid or hydrogen peroxide in aqueous fert-butyl alcohol, aldrin is converted to
the epoxy compound dieldrin (XVII), m.p. 176-177°C. (7, 87, 131, 171, 178, 234).
Under more rigorous conditions, e.g., with potassium permanganate, aldrin is
oxidized to a dicarboxylic acid (XVIII). It reacts with pheny! azide to give a
triazole derivative (XIX), which forms a colored derivative when coupled with
diazotized 2,4-dinitroaniline (127). A sensitive quantitative method for the

01+01 \/E 01 O
Cl

XVII
Dieldrin
1 COOH
01+01 01+01 H+H
COOH
NCe H;
XVIII

analysis of the compound is based on the spectrophotometric determination of
the color produced (20, 21, 39).

An isomer of aldrin is produced when hexachloro[2.2.1]bicycloheptadiene (XX)
is condensed with cyclopentadiene (4, 12, 124). The required chlorinated diene
is prepared by condensation of hexachlorocyclopentadiene with vinyl chloride
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and dehydrochlorination of the adduct with alcoholic bases (12, 103, 124). The
new isomer, isodrin (XXTI), m.p. 240-242°C., can be epoxidized with peracetic

o D - gw i

/\/

XX1
Isodrin

acid to give endrin, m.p. 245°C., an isomer of dieldrin (XVII) (4, 8, 12, 180).
Similarly, isodrin yields addition compounds with hydrogen, chlorine, bromine,
hydrogen bromide, and acetic acid involving the unchlorinated double bond
(4, 124). These compounds are designated as the 8 series, as distinguished from
the addition compounds of aldrin (XV) (a series). The structural configuration
in the B series is established as endo-endo because isodrin (XXI), which belongs

(ol)
HBr
cl
Cl

cl

XXI1I

to this series, can be isomerized to a cage compound, 2,2a,3,3,4,8-hexachloro-
perhydro-1,5:2,4-ethanediylidenecyclopentale, dlpentalene (XXII) by treat-
ment with hydrogen bromide in ether (126). The configuration of aldrin (XV)
(o series) has been written as both exo-exo (XVa) and endo-exo (XVb), and

by FF

XVb

there is at present no definite proof for either form (12). The insecticidal activities
of the compounds vary considerably in the two series (167). The epoxy compound
endrin is also an effective rodenticide (71).

Other adducts of hexachloro[2.2.1]bicycloheptadiene (XX), derived from
a-substituted furans (XXIII) (91, 96, 97, 101), can be epoxidized with per acids
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TABLE 2
Diels-Alder reactions with hexachlorobicyclo(2.2.1lheptadiene
Dienophile Te&;ﬁfjgfre Yield Melting Point References
°C. per cent °C.

Furan..............coocviiinnn 165 138.7-139.8 (6, 98, 97)
Cyclopentadiene... ............. ! 65-100 58+ 240~242 (4, 12, 12¢4)
2-Methylfuran................... 155 Solid (6, 96, 97)
Furfuryl aleohol................. 122-150 162-163 (91, 101
Furfuryl methyl ether........... 122-175 93-95 (91, 101}
Furfuryl acetate................. 122-180 88-90 (91, 101)
Furfural diacetate............... 122-175 218.5-221 (91, 101}

at 75°C. to give active insecticides (XXIV) (92, 97, 101, 102). The reaction con-
ditions and the properties of the adducts are listed in table 2.

Cl Cl
¢ ;lm ;\' — CIELD\/(L 0
LN

XXII1 XXIv

The reactive unsubstituted double bond in hexachloro[2.2.1]bicycloheptadiene
(XX) also can be epoxidized with per acids. The crystalline insecticidal epoxide,
m.p. 111-112°C,, is hydrolyzed and acetylated by heating it with a mixture of
sulfuric acid, acetic acid, and acetic anhydride. Ester interchange with methano-
lic hydrogen chloride yields the corresponding glycol, which can be converted
to fire-resistant polymers by heating with dibasic acid anhydrides (103).

Pyrolysis of hexachloro[2.2.1]bicycloheptadiene (XX) at 190°C. initiates an
exothermic reaction which leads to complete isomerization to 2, 3,4-trichloro-
benzotrichloride (246). The pyrolysis product may be further converted to 2,3,4-
trichlorobenzoic acid by hydrolysis (246).

When the dienophile has multiple double bonds belonging to an aromatic
system such as naphthalene, it becomes difficult to isolate a 1:1 adduct with
hexachlorocyclopentadiene, because the remaining unsaturation in the reacting
nucleus is activated and reacts with greater ease with a second molecule of the
diene to give a bis adduct (XXVI) (22, 78, 79, 81, 179). A trace of the 1:1
adduct (XXV), which has been isolated in the case of naphthalene, probably
arises from a partial reversal of the Diels—Alder reaction. Anthracene yields a
bis adduct (XXVII) accompanied by a trace of tetrakis adduct (XXVIII) and
9,10-endofhexachlorocyclopentadiene]dihydroanthracene (22, 78, 79). The
presence of benzene or naphthalene structures in these adducts has been estab-
lished by means of ultraviolet spectra. The aromatic portion of the addition
compounds is capable of undergoing substitution reactions.
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Since the Diels—Alder addition reaction is reversible above 165°C., 8-substituted
naphthalenes (XXIX) can be prepared (in yields of 80-95 per cent) from the
bis adduct of naphthalene (XXVI) (22, 81) by substitution and pyrolysis of
the substituted intermediate (XXX), e.g.,

cl
CIQCI

‘cy ‘Cl
™

N %
) ) XXIX
C
a ya
&
XXX
X = NO,, Br, S0;CL

Other compounds which have been prepared in this way are 1,2,3,4-tetrachloro-
naphthalene and 2,3-dibromonaphthalene (22, 81).

Hexachlorocyclopentadiene can be condensed in good yields with allylic
compounds. It yields substituted [2.2.1]bicycloheptenes with allyl halides and

Cl

74
XXVI —



264 H., E. UNGNADE AND E. T. MCBEE

esters, allyl alcohol, allyl sulfide, allyl isothiocyanate, and allyl phenyl ether.
The adducts are given in table 1.

Compounds with activated double bonds undergo the Diels—Alder reaction
with hexachlorocyclopentadiene (I) quite easily. The adducts with styrene and
substituted styrenes are useful as fungicides (186) (see table 3). Butadiene
monoxide gives an adduct which is a flame-proofing agent and a stabilizer for
vinyl chloride (33, 116). Addition reactions occur readily with hexachloro-
cyclopentadiene (I) and dihydrofuran, vinyl acetate, vinyl and propeny! phos-
phonates, vinylsilanes, and acrylonitrile. The products are listed in table 1.
Divinyl ether and 2-substituted furans yield 1:1 adducts with hexachlorocyclo-
pentadiene (1), but furan and thiophene give only 1:2 adducts (79). The addition
compound from divinyl ether reacts with boron trifluoride and other Friedel-
Crafts type catalysts to give a polymer with excellent adhesive properties (46).
Unsaturated aldehydes, ketones, acids, and esters add to hexachlorocyclo-
pentadiene (I) at temperatures at or below 100°C. Some of the adducts, like
those from acrylic and vinylacetic acids, are plant-growth regulators which can
cause defoliation in deciduous plants, regulate flowering and shoot develop-
ment, and in general act as antagonists to indoleacetic acid (236, 237, 238).
Other biologically active substances in this group are prepared by condensing
the acrolein adducts of chlorinated cyclopentadienes with active methylene
compounds (236). The active substances are summarized in table 4.

p-Quinones react with hexachlorocyclopentadiene at 100-170°C. to give the
expected addition compounds (XXXI) (128, 188), which can be isomerized to
hydroquinones (XXXII) under the influence of bases at 60-120°C. (233).

0
Cl | Cl OH
Cl /l Cl L
‘ Cl+Cl l _bases, ' ClCl
Cl ] C |~
o)l | 61 OH
0
XXXI XXXII

One of the more important adducts in this group, 1,4,5,6,7,7-hexachloro-
bicyclof2.2.1]-5-heptene-2, 3-dicarboxylic acid or chlorendic acid (XXXIII),?
is obtained by heating hexachlorocyclopentadiene with maleic anhydride and
hydrolyzing the product. The same acid (XXXIII) has been reported as the
product from the oxidation of chlordene (IX) with chromic acid (67). Later
attempts torepeat the oxidation have been unsuccessful (211), I't is possible, how-
ever, to convert IX to XXXIII by degradation with nitric acid (202). Therefore,
while the spatial configuration of these products is unknown, chlorendic acid

2The simple name ‘‘chlorendic anhydride” for 1,4,5,6,7,7-hexachlorobicyclo(2.2.1]-5-
heptene-2,3-dicarboxylic anhydride conforms to the International System of Nomencla-
ture and to the system of Patterson and Capell in The Ring Indez [Chem. Eng. News 32,
873 (1954)].
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al
m{’ﬁ N o 01/ ] COOH
1 Cl‘I-Cl __H —_— K
al | - at COOH
el
IX -
Chlorendic acid

and its derivatives probably belong to the same stereochemical series as the
chlordan insecticides.

Chlorendic acid (XXXIII) and the corresponding anhydride (XXXIV) are
commercial products (217, 247). The acid is remarkably stable to alkali, since
the chlorine atoms are not appreciably affected even by prolonged refluxing
with aqueous or aleoholic bases (188, 247).

Chlorendic anhydride (XXXIV) reacts with dry ammonia in aromatic sol-
vents at 100-140°C. (247), with ammonium carbonate on heating (95, 100), or
with aqueous ammonia at room temperature (135) to give chlorendic imide
(XXXV) and with primary amines to give N-substituted imides (XXXVI)
(see table 5) (13, 247). The latter also can be prepared by alkylating an alkali
salt of the imide (XXXVII) (3, 13, 247). The second method is used for pre-
paring the mercurated fungicidal compounds (XXXVIII) which are listed in
table 3.

0 0
1 I Cl L
o | NH Cl NK  REgX 01 NHgR
] CHH-Cl I — ’ 01+01 Cl4-C1
Cl —=0 Cl ] T =0
XXXV XXXVII XXXVIII

Chlorendic imide

Chlorendic acid (XXXIII) or its anhydride (XXXIV) can be converted to
the corresponding diesters (XXXIX) by heating with simple alcohols and acidic
catalysts (247), or the esters may be prepared from hexachlorocyclopentadiene
(I) by Diels-Alder reaction with alkyl maleates (188). Monoesters, on the other
hand, are prepared from chlorendic anhydride (XXXIV) and simple monohydric
alcohols at room temperature without a catalyst. Examples of mono- and diesters
of chlorendic acid are given in table 6. The butyl ester of chlorendic acid is
recommended as a lubricant at extreme pressures (29), as are the dithiophos-
phoric acids and dithiophosphates derived from adducts of hexachlorocyclo-
pentadiene (I) and unsaturated alcohols (34). A number of these and related
extreme-pressure additives for lubricating oils appear in table 7.

Unusually flame-resistant alkyd-type resins are formed from chlorendic
anhydride (XXXIV) and polyhydric alcohols (217). Dihydric alcohols yield
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TABLE 5
Chlorendic tmides
Cl 0
cr” | X
Cl—-i—Cl NR
Cl 0
XXXVI
R Yield Melting Point References
per cent °C.
. 95, 80 276, 272-274, 279-280, 274, 277 | (13, 95, 100, 135, 184, 247)
Ethylmereuri..................... 140-141 3, 95)
Ethylthiomercuri. Solid (108)
Allyl. oo 116, 115-116 (13, 247)
a-Thienylmereuri................. 216-217 (100)
Butyl ..o 85 105 (13, 247)
Pentyl.. ..o 112, 100-102 (13, 247)
p-Chlorophenyl.................. 264, 263-264 (18, 247)
p-Sulfamidophenyl............... 325-327 (13)
231, 229-230 (13, 247)
(13)
75, 73.5-74 (13, 247)
59, 58.5-59 (13, 247)
| 95, 90-91 (13, 247)
92, 88-90 (13, 247)
| Solid (13)
Deeyl....ooeeiiie | t35, 32 (13, 247)
Dodeeyl. . oveieieeiieine | 45, 46.5-47.5 (13, 247)
Hexadecyl. . | 83, 65-66 (13, 247)
Octadecyl..................oo gy | 72, 73-79 (18, 247
TABLE 6

Esters of chlorendic acid

ol

ol ‘ COOR

‘Cl——Cl

o1 \‘//COOR'
Cl

XXXIX
R R’ Melting Point References
°C.
H 122 (247)
H 125 : (247)
H 156 i (247)
CHzs 78, 80-81 J (184, 247)
C:Hy 67 (188, 247)
CH:CH:Cl................oiiiiii. CH:CH,CI 97 (247)
CH(CHa)s.. CH(CHa): 96-97 (184)
A-CaHs. .o n-CiHs Liquid 247)
CH:CH(CsHs)CiHop.................. CH:CH(C:H;)CHo Liquid (247)




TABLE 7

Eztreme-pressure additives for lubricating oils derived from hezachlorocyclopentadiene

Molecular Formula Structure l%eolitéx:g Reference
°C.
CusHuCleO:PSs. .. ... cl o8 206207 (34)
| Pl
01‘01 —O0 SH
1
CxaHstth ............. C4H9 SC4H9 Liquid (35)
Cl Ci
Cl Cl
CuH7C]quPSz .......... B Cl Liquid (34)
Cl { O | PSSH
} Cl+Cl
o~ J
Cl N
Ci1eHuClisOsPSs. ..ol L B Cl Liquid | (34)
Cl } CH,O | PSSH
' Cl+Cl
Cl ‘/
Cl 2
CquoClsOg ............. Cl Liqu:d (29)
ar” | NCcooc.H,
‘ Cl4-C1
al ] COOC,H,
Cl
CanCan.PSz ......... 143 (34)
O PSCHCOOH
C1+Cl
CHzCOOH
ConuClmOgPSz ......... L1quid (34)
CH;0 PSCHCOOH
CI+C1
CHzCOOH
CouHuCLOPS:. ... [ a ﬁ Liquid | (34)
ar” | CH,O | PSH
i Cl4+-Cl
a~_|
Cl 2
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linear polyesters which are soluble thermoplastic resins, while polyhydric al-
cohols give thermosetting resins (247).

Chlorendic anhydride (XXXIV) can be used to acylate benzene and toluene
in the presence of aluminum chloride (135). It has not been possible, however,
to cyeclize the products (XL) to analogs of anthraquinone.

0 O
Cl |\ R Cl
o'l 0 AIC CI \
]Cl ‘ _— 01+01
cl T/__-—o 01\1 _lcoon
Cl
XXXIV

R = H, CH3

Chloromaleic, itaconic, and citraconic anhydrides undergo the Diels—Alder
reaction with hexachlorocyclopentadiene (I) at elevated temperatures
(160-195°C.). The adducts produce flame-resistant resins with glycols and
peroxides (218, 219).

Hexachlorocyclopentadiene (I) can be chlorinated photochemically (194) or
even better in the presence of aluminum chloride (176) to give octachlorocyclo-
pentene (II). When heated with aluminum chloride at 90-95°C. without a
solvent, with methylene chloride, carbon tetrachloride, tetrachloroethylene,
or hexachlorobutadiene, it is dimerized to a chlorocarbon, CyClye, m.p. 485°C.
(42, 85, 155, 194). Aluminum chloride catalyzes the addition of chloroform and
trichloroethylene to hexachlorocyeclopentadiene (I); these addition reactions
give C¢HCly and C;HCl,, originally regarded as nonachloromethyleyclopentene
(XLI) (194) and 5-(1,2,2,2-tetrachloroethyl)pentachlorocyclopentadiene (177),
respectively. More recently the structure of the trichloroethylene adduct has
been established as nonachlorobicyclo[3.2.0}-2-heptene (XLII) (226).

Cl CHCl cl
>< c”/NCL_qy,
Cly?” \Cl, (
’ CL—L—'HCl
cl—lal cl
XLI XLII

The enhanced reactivity of hexachlorocyclopentadiene (I) in the presence of
aluminum chloride has been ascribed to the pentachlorocyclopentadienyl cation
CsClg™ (177).

The catalytic hydrogenation of hexachlorocyclopentadiene (I) with a plati-
num catalyst proceeds stepwise. When the hydrogen uptake is limited to one
molar equivalent, the product is the liquid 1,2,3,4,5-pentachlorocyclopenta-
diene. Further catalytic hydrogenation converts this diene to 1,2,3,4-tetra-
chlorocyclopentadiene (XLIII), m.p. 62-63°C. (156). The structure of the
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TABLE 8
6-Aryl-1,2,8,4-tetrachlorofulvenes*
Aryl Yield Melting Point Reference
per cent °C.
Phenyl. ..o 48 ‘ 81-82 (141)
4-Chlorophenyl.. ... ... ... ... ... 57 I 143-144 | (141)
4.Hydroxyphenyl.................... i 16 : 163-167 : (141)
4-Dimethylaminophenyl.............. ... ........ ... 51 1 126-127 | (141)
4-Methoxyphenyl................. 50 | 127-128 " (141)
3-Nitrophenyl. ... i 24 ! 144 : (141)
4-Hydroxy-3-methoxyphenyl ........................ 32 : 178-179 ; (141)
3,4-Methylenedioxyphenyl. ................... ... .| 45 ; 153-154 ' (141)
3,4-Dimethoxyphenyl......................... ... . 47 | 138-139 : (141)
SEYTYL .o ! 41 ! 144-145 (141)
Furyl. . oo | 50 109-110 ‘ (141)

* The fulvenes were prepared by refluxing equimolar quantities of aldehyde and 1,2,3, 4-tetrachlorocyclopenta-
diene in ethanol.

latter has been established by the preparation of a series of highly colored fulvenes
(XLIV) (141) (see table 8). 1,2,3,4-Tetrachlorocyclopentadiene (XLIII) on
further hydrogenation gives only cyclopentane (156).

C|HAr

01(\01 cr’ N\l

01M01 01| ‘01
XLIII XLIV

1,2,3,4,5-Pentachlorocyclopentadiene is obtained also by the reduction of
hexachlorocyclopentadiene (I) with stannous chloride in acetone (9, 156) and
with lithium aluminum hydride at —50°C. (156). The pentachloro compound is
not further reduced with lithium aluminum hydride. It reacts with this reagent
with liberation of 1 mole of hydrogen and can be recovered by hydrolysis of the
reaction mixture. It is postulated that the colored compound produced with
lithium aluminum hydride is a carbanion (156).

Other pentachlorocyclopentadienes have been obtained as by-products from
the chlorination of cyclopentadiene with hypochlorites (203, 210, 213, 215).
That they contain 1,2,3,4,5-pentachlorocyclopentadiene is quite certain, since
they can be reduced to XLIIT by the action of zinec and hydrochloric acid (213)
and condense at least in part to a crystalline dimer, m.p. 214°C. (215). The
presence of other isomers has not been rigorously excluded.

The reduction of hexachlorocyclopentadiene (I) with zine and hydrochloric
acid (9, 141, 210, 213), zinc and acetic acid (22, 227), or zinc-copper and hydro-
chloric acid gives a good yield of XLIII in one step (141, 210). Both 1,2,3,4-
tetrachloro- and 1,2,3,4,35-pentachlorocyclopentadiene undergo self-condensa-
tion to Diels—Alder dimers at room temperature or on warming. They can be
recovered from the dimers by heating. Both react readily with common dieno-
philes to give the expected Diels—Alder adducts (see tables 9 and 10). In the case
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TABLE 9
Diels-Alder reactions with 1,2,3,4-tetrachlorocyclopentadiene
Reaction
Dienophile Temper- Yield Melting Point References
ature
°C. per cend °C.
Acrylonitrile.................... ... 90-95 31 94 (227)
Acrolein............ d Good Liquid (237)
Acrylicacid........ 138-1401, 157-158% (238)
Maleic anhydride 80, 100% 94 198-200§, 185-190 9, 141, 227)
Methyl vinyl ketone............... 115 53, 56 51-51.5 (exo) (30)
30-40 67.5-68.5 (endo)
Methyl acrylate.................... 62-63f, 86.5-87% (238)
Tetrachlorocyclopentadiene. .. ... .. * 45, 61 190-182, 193, 192-193 (141, 213, 227)
Cyclopentadiene................... 80* 47, 76 Liquid (141, 213, 227
Methyl isopropenyl ketone........ 55-57%, 106-107t (30)
p-Benzoquinone................... 140 54, 60, 66 167-168, 171, 168-173 (d.) (141, 213, 227)
221-222¢ (227)
3,6-Epoxy-1,2,3, 6-tetrahydro-
phthalic anhydride.............. 85 285-286 (125)
1,4-Naphthoquinone............... 130-135 68 186-188 (d.) (227)
* The reactants were refluxed.
t The reactants were refluxed in benzene.
1 Stereoisomers.
§ Isolated as acid.
1 Bis adduct.
TABLE 10
Diels=Alder reactions with 1,2,3,4,5-pentachlorocyclopentadiene
Dienophile Telxieg::;(zgre i Yield ! Melting Point References
i |
I [ -
°C. “ per cent : °C. |
Maleic anhydride. . .. ..\ veerneiinn, 120-200 | 69 | 1s3-184.5¢ L (156)
1,2,3,4, 5-Pentachlorocyclopentadiene, ...... 25 * ‘ 217-218, 215 ! (9, 156)
Cyclopentadiene............ccoovviveneinans J 65 | 57.5 i 100-101 (156)
| !

* The dimerization reaction occurs on standing at room temperature and is essentially quantitative. It is reversed
at 340°C.
t Isolated as acid.

of the tetrachlorocyclopentadiene adduct with methyl vinyl ketone, it has been
possible to isolate exo (XLV) and endo (XLVI) forms. The endo form (XLVI)
can be converted to the exo form (XLV) by warming with sodium methoxide,
but the latter is unchanged by this reagent (30). The bromination produets of
these and related ketones are effective fungicides (see table 3) (30). Other
stereoisomers have been isolated from the adducts of XLIIT with methyl iso-
propeny! ketone (30) and with acrylic acid and acrylic ester (238).

cl COCH; o cl H

H CHyONa. COCH3

cl vl cl Cl
XLV

Cl

XLVI
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The methylene group in 1,2,3,4-tetrachlorocyclopentadiene (XLIII) is
remarkably reactive. Besides forming fulvenes with aromatic aldehydes (141),
it couples readily with diazonium salts and forms a crystalline oxime with ethyl
nitrite and hydrogen chloride (227). The conjugated system in XLIII has a
strong tendency for addition reactions. The crystalline addition compounds
with chlorine or bromine are given structure XLVII, because they can be
hydrolyzed with sulfuric acid to the known 4,3-dichloro-4-cyclopentene-1,3-
dione (XLVIII) (169, 213, 227).

0 0
01L— 101 CILJ— Cl
XLVII XLVIII

Hexachlorocyclopentadiene (I) can be dechlorinated to cyclopentadiene by
heating with zinc dust and ethanol (141), a reaction which has been used suc-
cessfully for structural elucidation in similar compounds (38, 230).

Both hexachlorocyclopentadiene (I) and some of its reduction products are
decomposed by alkali. In the case of pentachloro- and tetrachlorocyclopenta-
dienes no definite products have been isolated from such reactions. With hexa-
chlorocyclopentadiene (I) it is possible to avoid extensive decomposition by
adding sodium ethoxide (113) or potassium hydroxide in methanol, ethanol,
butanol, octanol, or ethylene glycol at temperatures of 20-60°C. at such a rate
that a low momentary concentration of alkali is present (26, 176, 182). Under
these conditions the dialkoxy ketals (XLIX) can be isolated in good yield.
Analogous thioketals are formed by the reaction of hexachlorocyclopentadiene
(I) with sodium alkyl mercaptides in alcohols or benzene (35, 182). The dihexyl
thicketal is an extreme-pressure additive for lubricating oil (35), and its maleic
acid adduct is said to have excellent rust-inhibiting properties when added to
mineral oils (35). The ketals (XLIX) are yellow liquids which give Diels—Alder
adduets with many dienophiles, the ease of reaction indicating a greater reactivity
than in hexachlorocyclopentadiene (I) (26, 136, 146, 176, 182, 184). The addition
products are listed in tables 11 and 12. The ketal bridge in the dienes or their
adducts is readily hydrolyzed with acid; thus, tetrachloro-5,5-diethoxyeyclo-
pentadiene reacts with concentrated sulfuric acid at 0-5°C. to give the dimer (L),
m.p. 166-170°C., of the intermediate cyclopentadienone (176), which also is
obtained by the reaction of hexachlorocyclopentadiene (I) with fluosulfonic
acid at 80-120°C. (147, 176).

RO OR
Cl
' N0l mso. 01( | cl
01“ 101 01‘1 T cl
~
XLIX %

L
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TABLE 11
Diels-Alder reactions with §,6-dimethoxy-1,2,8,4-tetrachlorocyclopentadiene
Dienophile T e Yield Melting Point | References
°C. per cent °C.

Acrylonitrile............... i . 70 88-89 (136)
Acrolein. ..o » 65 Liquid (136)
Acrylicacid ...t » ‘ 6 163-164 (136)
Allyl bromide...............oooii * 90 63-64 (136)
Allylaleohol................oiiiin * i1 83.5-84.5 (136)
Maleic anhydride. ............co oo b 81 106-197, 1929 (146, 176, 184)
FUuran........oooiviiiiiiiiic e 130-135 55 243 (184)
Thiophebe. ... ... 140 310-311 (184)
Butadiene. .........coiiiii i 140 ; 16 206-207 (184)
Methy! vinyl ketone..................cov. 0 * 38 86-87 (136)
Cyclopentadiene. ..................cco.ovuen t 76 Liquid (26, 184)
p-Benzoquinone................. .l * 82 162-164 (136)
Methyl maleate................ccov it t 44 103-104 (184)
§-Chlorobicyclo[2.2.1]-2-heptene............. 125-130 64 113-114 (184)
Phenylacetylene.................oiii § 17 89-90 (136)
p-Chlorostyrene............cooviiiinnennn * 92 101-102 (136)
Styrene............. . 94 82-83 (136)
Ethyl maleate t 36 81 (184)
Indene.............ociiiiiiiiiinii * 52 120-121 (136)
Isopropyl maleate................... oo t : 56 124-125 (184)

* The reactants were refluxed for 48 hr. without solvent.

t Refluzed in toluene.

1 Refluxed in xylene.

§ 2,3,4,5-Tetrachlorobiphenyl was formed when the compounds were refluzed with benzene.
9 Isolated as acid.

TABLE 12
Diels-Alder reactions with §,5-diethozy-1,2,3,4-tetrachlorocyclopentadiene
Dienophile TeIr{':;:g%are Yield Melting Point References
°C. per cent °C.
Maleic anhydride..........coooiiiiiiiiienn 125-145°* 85, 88 213-215 (146, 182)
219-220 (184)
Furan..... ... 130-135 36 141-143% (184)
Thiophene. ..........coiiiiiiiiiiiiiiian 135-140 8 177-179% (184)
Butadiene. ........oviiiiiiiiiiiiiee e 140 25 235-237% (184)
Cyclopentadiene.............. Room temperaturet 63 49-50 (182, 184)
Methyl maleate................. .. 1 55 80 (184)
5-Chlorobicyclo[2.2.1]-2-heptene . 125-130 110-111 (184)
Ethyl maleate...........covciiiiinnnenenns t 71 (184)
Isopropyl maleate...........cooveineninnnins t 94-96 (184)

*® Refluxed in xylene.
t Refluxed in toluene.
1 Bis adduet.

The structure of the diketone (1) is based on its method of formation, the
conversion to hexachloroindone by boiling water, and its thermal degradation
to octachlorodihydroindone by loss of carbon monoxide and further isomerization
by heat to octachlorohydrindone (256, 262, 263). The structure of L is further
confirmed by infrared and ultraviolet absorption measurements. Two carbonyl
bands at 5.53 and 5.81 u (1809 and 1721 em.™!) correspond to strained-ring and
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conjugated keto groups (158). The ultraviolet absorption spectrum in hexane
shows high- and low-intensity bands characteristic of conjugated carbonyl com-
pounds with increased absorptivities and superimposed fine structure attributable
to the strained-ring carbonyl group and the isolated double bond (158). From
aqueous solutions the diketone L is obtained as a hydrate (147), a property
observed with other chlorinated strained-ring carbonyl compounds.

The Diels—-Alder adducts of the ketals XLIX can be hydrolyzed to bridge
carbonyl compounds, pyrolyzed, and dehydrogenated to aromatic systems. As
an example, the adduct of tetrachloro-5,5-dimethoxycyclopentadiene with
acrylic acid has been hydrolyzed to 7-keto-1,4,5,6-tetrachlorobicyclo[2.2.1]-5-
heptene-2-carboxylic acid (LI). The carbonyl bridge is eliminated on refluxing
with nitrobenzene, and the 1,6-dihydrotetrachlorobenzoic acid is converted to
2,3,4,5-tetrachlorobenzoic acid (LII) by oxidation with potassium permanga-
nate in acetone (136). 5-Phenyl-1,2,3,4-tetrachlorobicyclo[2.2.1]-2-hepten-7-

cl cl

Cl'l ,WCOOH o/ HCOOH
c=0

Cl"\‘ - CI\
Al ¢l
LI LII

one is obtained from the hydrolysis of the styrene adduct of tetrachloro-5,5-
dimethoxycyclopentadiene and 5-bromomethyl-1,2,3,4-tetrachlorobicyclo[2.2.1]-
2-hepten-7-one from the analogous hydrolysis of the allyl bromide adduct of
the same ketal (136). The carbonyl bridge in these compounds is readily elimi-
nated by heating. Hydrolysis by sulfuric acid of the corresponding maleic anhy-
dride adduct at 90°C., for instance, yields 4,5-dichlorobenzene-1,2,3-tricar-
boxylic anhydride directly (176). The bridge carbonyl is reactive toward carbonyl
reagents, such as dinitrophenylhydrazine (136) and Grignard reagents (136),
and is very likely strained in view of the high frequency of its infrared absorption
band (5.56 g, 1798 em.™?, for 5-bromomethyl-1,2,3,4-tetrachlorobicyclof2.2.1]-
2-hepten-7-one) (158).

Tetrachloro-5,5-dimethoxyeyclopentadiene reacts with excess bromine in
carbon tetrachloride, and the product can be hydrolyzed to 2,3,4,5-tetrachloro-
4,5-dibromo-2-cyclopentenone by stirring with concentrated sulfuric acid at
35°C. and pouring the mixture on ice. Alkaline hydrolysis of the dibromoketone
gives the crystalline 5-bromo-2,3,4,5-tetrachloropentadienoic acid (145).

Sulfur trioxide, chlorosulfonic acid, sulfuryl chloride, or fuming sulfuric acid
(41, 44, 144) reacts with hexachlorocyclopentadiene (I) at 35-80°C. with the
formation of sulfur-containing compounds which on hydrolysis give an insecti-
cidal monoketone hydrate in yields of 70-72 per cent. The anhydrous ketone,
C1oCly0, forms solvates with water, acids, alcohols, amines, and thiols, has a
strained-ring carbonyl band at 5.6 p (1786 cm.™!) (44), and absorbs like a
saturated monoketone in the ultraviolet (155). On being heated with phosphorus
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pentachloride at 125-150°C. it is converted to a chlorocarbon, C;Clis, m.p.
485°C., identical with the product of the self-condensation of hexachlorocyelo-
pentadiene (I) with aluminum chloride (41, 42, 43, 44, 85, 155, 194). According
to more recent work the pure chlorocarbon C;,Cliz (m.p. 485°C.) is unaffected
by sulfuric acid, nitric acid, sulfur trioxide, and zinc dust and hydrochloric acid
(155). In view of the reported reactions, physical properties, and absorption
spectra, the originally proposed structure of dodecachlorotetrahydro-4,7-
methanoindenone (41, 42, 43, 44) for the ketone and the Diels—Alder dimer
structure for the chlorocarbon CyClis are no longer tenable and the compounds
are best represented by the caged structures shown in formulas LIIT and LIV
(155).

O clh,
cl < al d
ci Cl | Cl
cl Cl cl cl
L cl cl
cay” © <
LIII LIV

When hexachlorocyclopentadiene (I) is dechlorinated with hydrogen and
palladium on carbon at atmospheric pressure (138, 231), it is converted in part
(20 per cent) to C1oCliy, m.p. 123-124°C., which also can be prepared in 73 per
cent yield by coupling I with cuprous chloride or powdered copper in 80 per cent
methanol or ethanol at 25°C. (or below) (138, 225), or by refluxing with copper
in toluene (119), or with copper bronze in petroleum ether (b.p. 90-100°C.). The
structure of the compound has been established as bis(pentachlorocyclopenta-
dienyl) (LV) by catalytic reduction to bicyclopentyl (LVI) and by its absorption
spectra (138, 153).

cLa oo

K] >~

CT Cl & CIa LVI
LV

Photochemical chlorination of LV at 15°C. gives a 65 per cent yield of a
C1oClyz isomer, m.p. 220-221°C. This compound can be isomerized to LIV by
aluminum chloride in boiling methylene chloride (138) or by heating with anti-
mony trifluoride and pentachloride at 150°C. Since it cannot be reduced to bi-
cyclopentyl and possesses isolated double bonds, it has been assigned the Diels—
Alder dimer structure shown in formula LVII. Pyrolysis of LV at 250°C. gives
an 85 per cent yield of perchlorofulvalene (LVIII), m.p. 347°C., which on
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chlorination also furnishes LVII (138, 153). The structure of perchlorofulvalene
(LLVIII) is based on its reduction product, bicyeclopentyl (LVI), and its absorp-

Cl,
1 - Cl ¢l Cl cl
01+01 —>=<—
CI ¢1 O
LVIII
LVII

tion spectra (153). The bicyclopentyl series is also accessible by thermal chlorina-
tion of the dimer of 1,2,3,4,5-pentachlorocyclopentadiene. The product, a
bis(perchlorocyclopentenyl), is identical with the product obtained from the
exhaustive chlorination of bicyclopentyl (154).

Molecular oxygen acts on hexachlorocyclopentadiene (I) at 90-150°C. with
formation of a mixture of hexachlorocyclopentenones (170).

Hexachlorocyclopentadiene (I) is hydrolyzed by stirring with excess concen-
trated sulfuric acid at 80-90°C. (142, 176). The resulting 2,3,4,4,5-pentachloro-
2-cyclopentenone (LIX), m.p. 82-83°C., is identical with the compound of
Zincke and Meyer (194, 262), which was prepared by reduction of hexachloro-2-
cyclopentenone (LX) with stannous chloride in acetic acid. It absorbs 1 mole of

i i
Cl’ \Cl 8aCl, ClY NCl,
o SnCl
cl—Icy, CH,COOH cl— ¢y,
LIX LX

bromine at 25°C., and the bromoketone formed is cleaved by 10 per cent aqueous
potassium hydroxide to give 5-bromotetrachloropentadienoic acid (142, 145,
176). 2,3,4,4,5-Pentachloro-2-cyclopentenone (LIX) is dehydrochlorinated
with great ease. The reaction is brought about by stirring with potassium iodide
in acetone (142, 176), sodium acetate in water, and very likely by dissolving in 95
per cent ethanol (158). The product in the first two cases is the dimer of the
unstable tetrachlorocyclopentadienone (L); in the last one it is probably a
halochromic salt of the diketone (L), since the ultraviolet spectrum of the alco-
holic solution of LIX is identical with that of the solution of the diketone (L) in
alcoholic hydrochloric acid (142, 158). The structures of these ketones are con-
firmed by their absorption spectra (158).

At higher temperatures (100~120°C.) the reaction of hexachlorocyclopenta-
diene (I) with sulfuric acid goes further, and the predominant product from the
hydrolysis is 1,2,5-trichlorocyclopentene-3,4-dione (LXI), m.p. 68.3-68.6°C.
(194). The dione (LXI) can be perchlorinated to tetrachlorocyclopentene-3,4-
dione (LXII), m.p. 51-51.2°C. (194), by treating with hydrochloric acid and
potassium chlorate. Both diketones are claimed to possess fungicidal activity
(175).
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U HCl, KCl0, U
Cl Cl Cl, Cl

LXI LXII

The action of concentrated sulfuric acid on 1,2,3,4-tetrachlorocyclopentadiene
(XLIIT) at room temperature gives an 80-82 per cent yield of 2,3,4-trichloro-2-
cyclopentenone (LXIII), m.p. 27-28°C. (140, 227). On bromination, LXIII
absorbs first 1 mole of bromine, and then more slowly a second, with elimination

0
i

Cl” NCl Cl
| |+ HS0, -

Cl—Cl Cl—-Cl1
XLIII LXIII

of hydrogen bromide. Both LXIII and its monobromo derivative are dehydro-
halogenated to dienone dimers by the action of sodium acetate (140).
Hexachlorocyclopentadiene (I) can be condensed with trichloroethylene and
aluminum chloride (113, 148, 177). At 80°C. the product is C,;HCl, (XLII),
which can be dehydrochlorinated to isomeric chlorocarbons, C;Cls. The liquid
chlorocarbon C;Cls, originally believed to be octachloro-1- or 2-vinyleyeclo-
pentadiene, is obtained by heating C;HCl, (XLII) with aluminum chloride at
110°C. (148, 177). It reacts with methanolic potassium hydroxide at 40-45°C. to
give a ketal (LXIV), m.p. 39°C., which is hydrolyzed by sulfuric acid at 5°C. to
an unstable red oily dienone, isolated usually as the dimer (LXV), m.p. 207°C.
The position of the trichlorovinyl group in these compounds was regarded as
uncertain, and the hydrolysis step was written tentatively as follows (148, 177):

CH,0 OCH, o
CCL=COl ¢
cl’ N\CCI=CCl, oo O L CCl=C0l,
+ H,80, 2%, | o |
cl—Ici Cl \\ Cl
LXIV ¢ <

LXV

When the compound C;HCl, (XLII) is dehydrochlorinated with potassium
hydroxide in methanol at 42-45°C., the C;Cls isomer (LXVI), m.p. 53°C,, is
formed (113); it can be hydrolyzed to an «,B-unsaturated ketone, C,HCI,O
(LXVII), by concentrated sulfuric acid at 90-95°C. (177). These and other
reactions and the absorption spectra of the compounds can be explained by
assuming that a bicyclo[3.2.0lheptane ring system is formed in the aluminum
chloride-catalyzed reaction of hexachlorocyclopentadiene (I) with trichloro-
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ethylene (226). The subsequent reactions are then formulated by the following
equations:

/Cl\ Cl Cl /C{ Cl
7\ 7
CH;0H
Clz———c1 Cl 8 CL———— TR
H LXVI
XLII
H,80.| [PCl; H,80,
v
Cl ‘Cl Cl /C{ Cl
N VA Cl
i(\f Cl KOH Cl( -—w
| CH,0H _
O=—7%r— & = O=—=-r
H
LXVII LXVIII

Further degradation with methanolic base converts the chlorocarbon C;Clg
(LXVI) to a methoxy compound (IXIX), the structure of which is established
by its facile hydrolysis to the unsaturated ketone LXVIII. The latter in turn
has been further hydrolyzed to a diketone (LXX) by the action of sulfuric acid
at 125°C.

cicl clel
‘ Cl Cl//\‘
]1 | f. o H
) ol
OCH,
LXVI LXIX

two KOH
steps PCL oy, OH/
e

C1Cl
f\'__w 80, HO Cl o
PCls
O=—0ra ff

(,1
LXVIII

The reconversion of LXX to LXVIII with phosphorus pentachloride, the
oxidation of LXX to chloroacetic acid, and the absorption spectra of the ketones
are in agreement with the assigned structures (226).
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On heating with hexachloropropene at 218°C., hexachlorocyclopentadiene is
converted in 51 per cent yield to 1,2,3,3,5,5-hexachloro-4-(dichloromethylene)-
cyclopentene (III) (159).

The fluorination of hexachlorocyclopentadiene (I) with antimony fluorides
and fluorochlorides at 50-100°C. yields 1,2-dichlorohexafluorocyclopentene
(LXXI) plus CsF:Cl; and smaller amounts of other halogenated 1,2-dichloro-
cyclopentenes of unknown structure, which arise from the addition of fluorine
and the replacement of chlorine atoms (88, 157, 160, 161). Since 1,2-dichloro-
hexafluorocyclopentene can be oxidized to hexafluoroglutaric acid with
potassium permanganate (52, 55, 88, 161), its structure is certain.

F, COOH
£ \Cl (0]

/
oL or
F2u01 \COOH

LXXI LXXII
Hexafluoroglutarie acid

Fluorine-containing cyclopentadienes have been prepared only by the dehalo-
genation of fluorination products of octachlorocyclopentene (I1I) (157, 215). In
this fashion CsCleF; yields CsClF (LXXIII) by treatment with zine and sulfurie
acid (215), zine dust and hydrochloric acid (157), platinum-catalyzed hydrogena-
tion, or pyrolysis above 480°C. (157). The structure of this compound has been
established by pyrolyzing its Diels—Alder adduct (LXXV) with acetylene-
dicarboxylic ester (LXXIV). Both fluorine atoms are eliminated and the end-
produet is tetrachlorophthalic ester. The adduct, therefore, possesses a CF.
bridge, and the diene a CF; group (157).

- ICOOCHS Cl
Clﬁm 4 mﬂ JIrF COOCH,
01’ |Cl + 1 ~ a | _Jcoocs,
IXXOL  (oocn, LXXV

LXXIV

The liquid diene LXXIII dimerizes so readily at room temperature to a
colorless solid, m.p. 280-281°C., that this dimer always is a by-product in the
preparation of the diene. The latter is regenerated from the dimer by pyrolysis
at 480°C. (157). The tendency of 1,2,3,4-tetrachlorocyclopentadienes to react
with dienophiles appears to be parallel to the ease of dimerization and depends
largely on the type of CX, group in the diene. Dimerization of such dienes occurs
in the order CF:>CH,>CHCI, while a CCl, group inhibits the reversible
dimerization and Diels—Alder additions with CCl=CCl compounds. The di-
fluorodiene LXXIII is extraordinarily active in the Diels-Alder reaction, giving
gsome adducts at room temperature within a few minutes. The properties of the
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TABLE 13
Diels-Alder reactions with §,5-difluoro-1,2,3,4-tetrachlorocyclopentadiene
Dienophile varg;g*j;gm Yield | Melting Point References
°C. per cent °C.

Acrylicacid. ... e 70 72 116-116.5 (157)
Maleic acid 90, 100 88, 55 179-180, 182 (157, 202, 215)
§,5-Difluoro-1,2,3, 4-tetrachlorocyclopentadiene. 25 ! hd 280-281, 274 (157, 215)
Cyclopentadiene .. 65, 35 I 74, 80 | 3940, 37 (157, 215)
p-Benzoquinome. ......... ... i i 85, 45 56, 40 125-126, 123-124 (157, 215, 218)
Methyleyclopentadiene 35 75 Liquidf (215)
Dimethy! acetylenedicarboxylate.................... ‘ 120-175 ; 46 71-72 (157)
P-Chlorostyrene. ......coviiiiiiiii it i ‘i 25 175 90-91 (157)
g 3 TP | 25 ]‘ 95 | 4546 I (157)

* The dimerization is essentially quantitative.
t Boiling point = 108-114°C./0.3 mm.

adducts are listed in table 13. Although the stereochemistry of the adducts is
still unknown, it is assumed that the cyclopentadiene and maleic anhydride
adducts belong to the same series, because the former can be degraded with nitric
acid to the same dicarboxylic acid which results from the hydrolysis of the
anhydride (202). 5,5-Difluoro-1,2,3,4-tetrachlorocyclopentadiene (LXXIII)
reacts with potassium hydroxide in methanol to give a methoxy diene which has
been assigned the structure LXXVI, based on the hydrolysis product 4,4-
difluoro-2,3, 5-trichlorocyclopentenone (LXXVII) (157), arising also directly
from the action of fuosulfonic acid on the diene LXXIII. The diene structure in
LXXVI is further confirmed by the preparation of an adduct with maleic
anhydride (157).

OCH;
cl Cl Cl Cl

Cl J Ci Fy
LXXVI LXXVII

The analogous dechlorination of CsClFy gives CsCloFy (LXXVIII), a liquid
cyclopentadiene, which is further characterized only by its adduct with cyclo-
pentadiene (LXXIX) and the chlorination product of the latter (M 344) (215).
The assigned structures are presumably tentative.

F, /F
Fhm F |
LJ + CiHy — &-FF
F Cl Cl
Cl
LXXVIII LXXIX

Many derivatives of hexachlorocyclopentadiene have been used as insecticides
or have been claimed to possess insecticidal activity (37, 84, 167, 171, 240). The
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compounds appearing in table 14 are chosen from this group. Since many of these
substances are toxic, threshold limit values have been published for the more
common insecticides such as aldrin, dieldrin, and chlordan (241). Other insecti-
cidally active compounds have been obtained by chlorinating Diels—Alder ad-
ducts of cyclopentadiene and various dienophiles which possess the same carbon
skeleton as the active adducts of hexachlorocyclopentadiene. These chlorination
products, however, do not necessarily have the same arrangement of the chlorine
atoms and are therefore probably not related to hexachlorocyclopentadiene. A
few examples of this kind are referred to here (18, 76, 89).

HI. OCTACHLOROCYCLOPENTENE
A. Methods of preparation

Octachlorocyclopentene (I1I) has been prepared from cyclopentane derivatives,
from open-chain paraffins or chloroparaffins with five or more carbon atoms,
and from trichloroethylene and carbon tetrachloride. It can be prepared in
nearly quantitative yield by the chlorination of hexachlorocyclopentadiene at
40-45°C. in the presence of aluminum chloride (176).

Cl, Cly
Cl{ }Cl - Cl { IC]
Cl Cl Cl Cl
I II

A two-stage synthesis from cyclopentadiene utilizes the photochemical liquid-
phase chlorination to tetrachlorocyclopentadiene, which is then subjected to
thermal chlorination over arsenious oxide or phosphorus pentachloride at
175-250°C. (121, 181).

A good commercial method for preparing octachlorocyclopentene (II) is the
thermal chlorination of polychloropentane, isopentane, or mixtures of these
chloroparaffins (137, 165). The remaining methods of preparation are suitable
as laboratory methods.

Highly chlorinated olefins, such as octachloro-1,3-pentadiene (113, 191, 193)
and 1,1,2,3,3,4,5,5,5-nonachloro-1-pentene (IV) (194), are obtained from
the condensation of trichloroethylene and carbon tetrachloride with aluminum
chloride (173, 198) and can be cyclized to octachlorocyclopentene (II) by means
of aluminum chloride in high yields. Since octachlorocyclopentene (II) is an
intermediate in several methods for the preparation of hexachlorocyclopentadiene
(I), a more detailed discussion of these methods is found in Section II,A.

Still other methods, which give octachlorocyclopentene (II) in smaller yields,
have primarily historical value and are included for the sake of completeness.
To this group belongs the exhaustive thermal chlorination of iodchexane,
heptaldehyde, heptylic acid, 1,1-dichloroheptane (112), a mixture of octenes,
diisoamyl, 1-iodohexadecane, Pennsylvania crude oil, and ozocerite (50).

Hexachloro-2-cyclopentenone (LX) (195, 260) and 2,3,4,4,5-pentachloro-2-



H. E. UNGNADE AND E. T. MCBEE

290

D 0

|

IDD=1D0D 10
(FLD) pmbry e} 0D
~07 e}
D
/:\
FL1) DD IOYHD
:o/\?o
|
€72)] €81 0D MDY
_o_ f6]
'e] 0
/:\
(sLm) G'88-G°18 0 0°10°0
10 _ 10
e} 0
_
(T¥e) 8% 0 0100
Do
SIDUIY Jutog Sunjfapy Inpnng B[DUWLIO IB[NIIOIN

auatpwiuadoroLo

-2 ¢ I-[AUTAOI0[O1I)-T-0I0[Y9BIUd

0101

ouvjuadojoLo(ausfAyjamr
91p)-F-0IO[Y2BIRL,-£‘€‘C 1

auojuado(oLo(ouaAyJouw0lo[yo

-1p)

-§-OJOTYOBXIFL-G ‘G L‘C G T

auoudjuad

-019K9-g-0IO[YORXI-C G+ T T

suoudjuad

~0[2£9-Z-0I0[YIBXOH-G‘C TP 2T

¥ H'TIdV.L

2u21pNIUad0]9fi20.401YIDTIY ULOLf PaalidD SPUNOdUL0? JDPIIIISUT



291

PERCHLOROCYCLOPENTENES AND CYCLOPENTADIENES

(%2 ‘19)

(ost ‘ge ‘om)

(1)

(32D

(gom)

pmbry

GG-$¢ ‘pmbry

SIT-TII

110)
9 0
0 6_
*HO=HD _ o)
e
te)
10)
o
~O+ﬁ0_
DHD _ 0
te)
o) D=0
J'e} o)
/:\
100
_J o)
o) 0

IDHDIDHD [f0)

D
P
o
0 _oio_
_ o)
0

*IO'H®D

HO'H®D

OO

SIDFHYD

O ID*H™D

auaydoy-g-[1'g glo[eLorg
-0IO[qOBXAY-£ 1T e T  [-[AUIA-C

suaqdoy-z-[1'g glopLd1qororyo
-8x0q-L L ‘p°¢ g T-1AyjomoIory)-g

auojuado[aLo
-1- (9UA[AY32WOIO[YOTP)-F-[AULA
-010[o1I}-Z-0I0[YdBIURJ-G ‘G ‘¢ [

auatprluadoroLo-¢*1-(1AYy3e
-0I0TY2LI)-g‘ §‘ )-g-0oI0[qoBIUB g

eudrday-g-[1'g glofoLorq
-010[qoBXaY-L L F ¢ g  1-Axody-9‘g




E. UNGNADE AND E. T. MCBEE

H,

292

(2L ‘%L

auaputousyom
-L‘y-oiphyEne)-eL Ly ug

‘%9 ‘g9 ‘29 ‘9) pmbry g 0 IDIATH'D ~0I0[Y2eBXaY-8‘8‘ . ‘9 G ‘p-omorg-T
D
T
um_ 1o _ 0 QuIpuUIOUBY UL
_ -1 ‘p-0IpAyBIier-8L L Fieg
(L2 “v2) YO1-L6 0D OIGTHD -010[YoUxaY-8°8* L 9 ¢ ‘T-omolg-g
(921 ‘¥%D) LPT-9%1 e} SLOMOPHD 8INJONIE UMOUNU[)
’ 12
10
12 10
I ®
®) 1o aua[siuad
(¥61 “LL1 2y -[po]wingoroo- fg-ousyjem
‘eG1c8 ‘gF ‘o¥) g8% ap0In -§'g* I-01pAY¥1900I0[I8I3POC]
<
13"
e o)
( |
ouo-g-uarejuad
(gst ¥ 12 -[po]wInqopao- gg-ouayjowm
‘W ‘2¥ ‘1H) 678 ‘098-81E / o'MDYD -7 ‘€ [-01pAYBI200IO[[OBOI(]
3, (o]
S30UAIJY Jutog U aImPNNng T[NULIO] JR[UIIO aweN

panunuo)~ 1 HI4V.L



293

PERCHLOROCYCLOPENTENES AND CYCLOPENTADIENES

(9

(121
‘291 ‘€91 ‘291
‘01T ‘901 ‘S01
‘P01 ‘06 ‘L8
‘08 ‘2L ‘¥L ‘29
‘T ‘FL‘S ‘D)

(9)

(&L ‘v

(9)

G8-€8

pmbry
‘8'56-9°36 ‘€6
526 ‘$6-26
‘e6-26 ‘96-96

691-291

GI-2I11

1q

0
0
H 0
4D _
10
|-

O'IO'H*D

n—Ommc -O

Od’IO'H™D

DI HD

O I HD

QUBPUIOUBYISW
-1 ‘$-0IpAyBI)93-8L° L ‘T BEL-0I0[YO
-e3doq-88L°9 gy 1-Axody-¢°g

Jopyosydey

auBpUIOUBYIOW-,‘§
-0IpAyBI}121-8.° L 7 BE-0I0[ovXIY
-88°L9°g‘y-Axodoa-gg-oron(g-T

auBpuUIOUBY}IW-/ ‘}
-0IpAyYBI191-82° 2 ‘T BE-0I0TYO
-8390-8°8°£9°¢ ‘¥ ‘¢ g-omoay-|

aUBPUIOUBY)OW-/, ‘§
-0IpAYeI)9)-8/‘ L ‘F  BE-0I0[[OBXOY
-8°8°L‘9"g ‘¥ £Axodoe-¢‘g-omorg-1




MCBEE

E. UNGNADE AND E. T.

H.

294

0]}
S
(¥¥2 ‘S1Z ‘602 _ o+ __o
‘807 ‘203 “1LI _
‘01T ‘29 ‘19 ‘31) SGT “‘¥S1 0 TO*HD
A
7
| ™S
A1 _
10 _ 0
(g12) pmbry D 0D YO HOYD
0
0
D+ _
gl D
(602) igq e} SO HD
0
10
HO—— 0D+10
0
X _
(L¥) JAdl D g 8] OO H'D
10
0 10
0HD
1 16
[ [4 \
(121 “291 ‘61) £21-231 0 (6] SIOSH®D
‘Do
SIDUIIIPY jutog SunpPp unpNIg B[MULIO ] IT[NOI[O

V-D-H 10[qa8xaY ‘2uapIo[yo
{QUApUIOUBY)OU-  ‘ F-0IPAYBI)IIY
RIAVAS QLIS U RIS} 8 i A M 2

e W

QUBpUIOUBY )W
-1 F-0IpAYRIN-BL L P BE-0IO[O
-8XaY-8‘8‘ L 9 g p-omoiqu(I-5‘ T

QUOPUIOURY)SW- ), F-01pAYBI}0)
-8 )" Bg-010[qOBXSY-8 8 L 9
-'g‘§-0WOIqG-| JO UMPAYOIO[)-£‘G

IO[[o8B3UUD “AO[YIBUON

IWeN

panuuio)—y1T HTdV.L



295

PERCHLOROCYCLOPENTENES AND CYCLOPENTADIENES

(z8)
05))]
(8%2
‘0¥g ‘C1% ‘60T
‘G0% ‘TLT ‘€91
‘%6 ‘26 ‘08
‘LL ‘8L ‘%L “6T)
(L%

(g1 ‘281

g gl
-gel ‘201-26

SST-L 85T
&
001-86 ‘80T
-¢"90T ‘S'901
-G"G0T ‘90T
-$0] :sue1) ‘o
FO1-101
‘G 801201
‘F0T-201 :810 ‘¢

6V1-L¥1

pinbry

(O

D

mol_i
N
D Jd

18]

0
0
jlonute)
0
0
10
7
)
DD
©
0
o)
_, 0
m ~O_
_ )
e
0
0
o
~O+—O‘
l 0
e}
0}
|
0
atd 7
7 o)
L~
e

OO H™D

O ID°H'D

SIOPH'D

O ID*H™D

erH:Oome—O

SUBPUIOUBY]OW-/ ‘F-0IPAYBI}I]

-84, ‘p*Be-010[q981d0Y 88

-12'9¢‘$°g-Ax0IpAy-T pue -£x01p
-fy-g-oro[qoeldoH-8°8°L9°C ‘¥

AUOPUTOUBY)IW-/ ‘ -0Ip
-AyeI1ya)-e, ‘) ‘Fvg-oroyyoridey
-8'8°2°9¢ % T Jo uLpAyoroyD-¢‘g

8901 punod
-wod ‘uBpIo[yd ‘Ol W ‘I0[Yo®I0

QUAPUIOUBYIUL- / ‘ F-0IpAYBI)9}
-BL Ly Rg-0I0[2eX9Y-8°8 L 9
-‘g‘g-olony-1 Jo uLpLYoIO[Y)-£‘g




H. E. UNGNADE AND E, T. MCBEE

296

_O

D410
h/\ﬁ_\ ©

duapurIouByjaUL
-1‘p-0apLyrne)-sL ‘L v eg-o101yo

(99) £8-98 SN°IO"H™O -BXaY-8‘g‘L 9 g ‘p-ounfoorq I, T
D
D*HOIDD suaydey
| -g-[1'g gloppAo1qosoyyouxey-, ‘),
(LL ‘%2) pinbry IOFHTO -‘pg g 1-(14doad-g-o10[qo1([-Z ‘ 1)-§
0
\_ o)
0410 _ UBPUIOUBY UL
HO _ 0 -2 ‘p-oapAyB1yor-uL‘ Ly Bg-0101Y0
(69 ‘89) 0FI-681 HO 0 I0PH™D -8X9Y-8°8* L9 ¢ F-Ax0IpAyIq-Z ‘1
|
o+
*HO=0 _
auaqdey-g-[1'g glopoLo1qoioryo
vz ‘19) pmbiy L DYHD -BX0Y-2‘ 23 gz T-|Auodoidosy-¢
Do
SUIY jutog JunpPpy NN BNUWIO,] 1B[NOI[O QuIeN

panuuo)—y1 A1V



297

PERCHLOROCYCLOPENTENES AND CYCLOPENTADIENES

(392)

(e1Z ‘g8 ‘on)

(22)

(26)

(26 ‘96)

pmbry

8.

pmbry

L15-51¢8

9°6S1-L"8E1

\5
P 10
*HO=HD*HDS*HD o 10
i
\_O
18]
oto |
~O\ D
r\ﬁ_ [
D (0]
HO D _
\_O
0 + D+D _O
\_O
| | q_a/_a
N
D

mo D e-m-.—o

e.—o c~m=o

JOQHHZO

}O'ID'HMD

O*10°H™D

opyns [4®
[£zuaqouvyour-¢ ‘ g-0I0[JIeXdY
1N~uhamn*\uM«N}OHﬂV%ﬁMﬂhGUHI@«WnNnM

ausyeyjydeu
-ousyowW-§¢ [-0IpAYBI00-88°‘8‘ L 9
- Bp ' [-0I0[qOUXOH-6°6 T 8T 1

auaipejuadopoAo[Lyreumx
pus *1)%) jo Jonpp¥ paIBULIONY)

QUIBY?}

-ydsuousyjow-§* [-0apLye100

-88‘8 L9 g By ‘¥ 1-Axodo- £ ‘9
-8X0-8‘G-0I0[qOeXo-OT ‘01 ‘¥‘¢‘3 ‘T

auoreyydruousyjew
¥ T-01pAqexoy-88‘3 ‘¢ ey § 1
-BX0-8‘G-0I0[qOBXI-OT ‘01 ‘% ¢ ‘T




T. MCBEE

UNGNADE AND E.

H. E.

298

12
12
A1 suasjuad|pojeiuad
-o[oLoauapiLpausyla-§‘g:G 1
(921) 68%-88C o) IIDFHED -orpAqrodoIo[yoexoy-8‘F°¢‘L ®E ‘g
(ve1 ‘a1 ‘v 0¥Z ‘g¥3-0%C (891198 g) ULIPOST
D
_O.IO —
(121 £01 7 \/i
‘TET ‘23T “28) |-00T ‘S F0T-H01 IO HFD 811 prnodurod ‘ (sa11es ©) ULP[Y
N
5_ + oo ‘_O auareyydeucuwRyjauI
/_\ _ -Ip-8G“p* [-0APAYLXOY-TE S G T
(¥ez “0gD) 1659 0 10'HTO -y 1-o101qoe3do 01019 ¥ 8 G
OHD (o]
N e
[ o | wio __o opAyop[eyIydeu-g-ousyjow
. /7 ,\ “*[-0IpAYEXaY-LR ‘G BY F T
(zo1) 10 FOPIOPH™O ~8X0-8G-0I0[[IBXOH-0T ‘01 ‘F°€ 5 ‘1
Do
$3DUIIOYY julog Sunjap amjnng P[NULIO,] IB[NII[OP JureN

penunuo)—y1 H'TAdV.L



299

PERCHLOROCYCLOPENTENES AND CYCLOPENTADIENES

(g82)

(%31 ‘D)

(L6 ‘96)

(081
‘S8LT‘GL ‘8 ‘%)

(¥¢2
‘8.1 “1LT
‘181 28 ‘D

('p) 202

162-062

priog

974

LLT-291

‘e ‘UL
~0L1 ‘9L1-GL1

SO’ID*HYD

O ID*H™D

O° IO H*'D

O 1D*H*D

auaey}
-ydrwuouryjlowip-g‘¢‘y‘ 1-01pLy

-BJ00-¥8‘8* L 9 ¢ vp } [-Ax0JNS

-1da-29-0101qoBXeH-0T ‘0L ‘7°¢‘C 1

suasypydeuoUByOWIP-§ G F T
|Ohﬁ%£ﬁaoolﬂwawmhn©am.«_ﬂwaﬁhﬂ
-0I0[Y9BXaU-(O[ «Oﬁ ¢ ﬁ. e AN ¢ [-0703[-9

aus[ey)

~ydruoueyjow-‘ [-orpAyBxoy

-¥8°8g vy [-8x0-8 ¢-[Ayjour
~G-0I0[YOvXIF-0T 0T ‘¥ €5 I

(801198 g) unpuy

(801198 P)ULIP[AI(Y



E. UNGNADE AND E. T. MCBEE

H.

300

0
— ~
P 0
O BTH © o ouseyydeuousyjomrp
\ - -8°¢ % 1-0IpAYBI00-88°8° 249G BT
(621 ‘egl) €5T-55Y 0 HOEHED - ‘¥ 1-o20[qoeydo-01 ‘0T ‘9P S ‘2 T
0
- 7
P _ o 10
ag m‘_vm T _5 auaejydsuousyjowIp-g‘¢‘H
7 - - ‘T-0IpAYe100-v8°8 L 9‘G vF p T
(¥e1) TTI1-011 0 DI HED -010[q2BX5Y-QT ‘01 ‘% ¢ ‘g [-owo1g-9
7 \—O
o | >N
%) I11-011 - oo _
(631) 121-611 ; = suareyydeuousylowip
(v21) i rad td - _ - -8°¢ ¥ [-01pAyr)00-88°]° L 9°C ¥
(og1) 951 0 IO"HED - ‘B I-010192RI0-0T 0T L 9‘ % 8 T
D
\\_ -~
-~ A‘, 10 ausyey)
S HTH ans _~O -ydeuouryjewip-g8‘¢ ¥ [-01pAY
_\ _\ -8100-88°8° L9 ¢ e} ‘§ [-opy[us
vz ‘181) 202661 0 S IO'H™D -1de-£‘g-ox0[yoexXo-0T ‘0L ‘F'€‘3 1
D
N
10
suajsjydBuUOUBYjOUI
0O (o] 10+10 _ o -5 ﬂnOh.@%;\quOtaw»w.hh@ﬁm.d%
_ _ - - ‘% 1-£xodo- 4 ‘ 9-8x0-8‘G-1Aq1°Wa
(26) *HO 10 *0'ID*H*D -G-0I0[{OBXH-01 ‘01 ‘%€ 2°1
Do
£IDUARJIY jutog Sunjep aInpnng B[nwIo] ITNJOW ureN

panujuo)—y1 HTdV.L



301

PERCHLOROCYCLOPENTENES AND CYCLOPENTADIENES

(9%)

(Q1Z ‘4 0D

(L3

va1 ‘)
{621 ‘€T1)

(¥z1)
{61 ‘gen)

prublg

prbry

prubry

0%
FEI-GE1

615812
8L-LL

D

\\
f D
- PNO+0K _
D 10

[te] !

0
e
0
o]
*HO L/_\ o)
e}
)
7 —
_HJO
H+H 0+HD _
HO H _ o)
~ L~
0

D

H+H

*FO'KYHYD

e_oﬂ;mmw—o

O IDVHTD

O'ID'BYD

e—Oo qma_o

JUBPUIOURYIOUL- /"
-0ipAYB1303-8L° 4§ BE-AXOY oW
“1p-8°8-0I0[OEXIH-L 9G¥ T |

susreyydeuousyjow-‘ |
-01pAYEI00-88 8 L 9 G BFF ]
-1Aq10w-9-010IBXIH -6 ‘6 ‘F £ ‘T [

SUIPUIOUBY}OW-1,‘ §
-01pAyBI10}-RL Ly BE-Ax0y oW
-Tp-8°8-0I01YIBIUD -2 9°C ' T

audvy)
-ydruousyjawip-g‘¢‘§ 1-01pAy
-R300-88°8° L9 G v} ‘B T-0101yn

-eXeq-01 ‘01 ‘¥ ¢ 2 [-Ax01pLH-9

suapeyjydsuousyjowip
-8‘Q ¥ [-o1pAyBlo0-eg‘g L9’
-“ep  [-010[YoBXIH-0I ‘01 F°E %’ T




MCBEE

UNGNADE AND E. T.

H. E.

302

e \ /
EATO
.O

sudreydsuocusyjow-§ |

spupiqus o1yyd

suavyydBuouByjaur

aua[BY)

~ -01pAYB120-88°8* 19 G BH F° T
(512 ‘O1) pmbry 3 YIDYHTD -1£499-9-0101q0BXOH-6 6 P € 2T
(0]
AN
C ic( 0.5
\ -OUBY)ouW-9‘ -0IpAYBI107-9°L‘G 1
(Z81) S1%-¢12 0 _o SOMDMTHAYD -Ax0y3o1p- L  L-010[(oRIRT -9 b g
ﬁo C
~OI*I—O — l.Va‘HIOhﬂvxﬁH—\—NGUOvdw-wah-wumna‘wV
_ O -‘p*1-LAxo0da- 4 ‘9g-BX0-8*G-[AY oW
(26) ‘HO _o OO HEYD -1P-8°G-0U0[YoRXI[ -0 ‘01 ‘F £ 5T
HO /]
/ N
N T
_ 0 0o _ -ydeuouryjaw-y* J-oapLyBxey
/‘ ///_\ 10 ndw.w.m.ndwxﬁ.ﬂ.d%va.menﬂﬁwa
(96) *HO jfe} O IDYHY'D -1p-8°g-010[yaexaH-0L ‘01 ‘P € 5 1
o)
Pl
o 10
0+0 _
"HD ; P ousydoy-g-[1'g glojkay
(¥¥g ‘981 ‘19) 9L-6L D TOCHE'D -OXO[qIBXaY-L‘ L P g G  [-AuoY I -¢
"Do
$IOUIIYIY juog Junop ANPNIIG T[MWIO] IBNIOP aureN

panuuo)—y1 HIdVIL



303

PERCHLOROCYCLOPENTENES AND CYCLOPENTADIENES

(oD

(z81)

(ve1 ‘»

(621 ‘g2D)

(¥ez ‘181)

t44

piog

802302

aLI-0L1

gl-ell

Plos

10
[0 gie) _
O e

‘HO 00O

—

o

\
\

~ "~

(0] H+H

H*OO -
D

OF10

—

D

‘HOODO*HO D

>~
Lk
0

? ~Ow um:o

No v—o w-mzo

ch mo ammZM

wOe —O u-m :O

—.Oe —Ooumzo

auasyydsuouryjour-y ‘[
-01pAY8300-B8 L QG VY BT
-{Adoad-g-010[qo%XO-6 6 F €T 1

JUIpUIOURYJIUT
-1 p-odpAyuala)-8L ‘L F g
-£X0(191p-8‘8-0I0[YIBIIDT- L 9‘C'Y

[usvY)

-ydBuouByIoWIp-8 ¢ §‘ [-04pAYy

-8100-88°8° L9 ¢ ‘Bp §* T-00[{D
-exa-0L ‘01 ‘¥ ¢‘g‘ 1-£x0390Y-9

sua[eyjydsuousyjow

-1p-8°¢ P 1-0apLyryoo-vg‘y

-1°9‘g v ‘¥ 1-Axodo- ) ‘g-£x0y)o
-9-OIOTYoBXAH-0L ‘0L ‘¥°2°Z2‘1

suapeyjydeuousyjom-* [

~01pAqe100-88°8 L 9 g vy p 1

-£x0da- ) ‘9-BX0-8‘¢-[AyjomLx0)
~90%8-G-0I0[YIBXO-OL ‘01 ‘¥¢ ‘G 1




MCBEE

UNGNADE AND E. T.

H. E.

304

10

]
= N
Lgo+-ong _
o} _ 10
\\
(92) pinbry 10 0
10
e
H'D 00D 10
H+H 10410 _
H*D 00D 10
e
(2D 611 1D
P 10
o
H+H H+H 10410 _
_ 0
L ~ "
(6z1 ‘g31) eLI-¢L1 0
10
_ r 1D
_ 0D+
_ ife}
~
() G 82-LL H*O 0D
.'\VQ
$SRUIRPY juiog unpPR ampung

WD THYD

vOe —o:mm—o

L) ~Oe_m=r\

e—oemio

B[UULIO ] YP[NIB[O

suspuloueyoW- £ §

-0apAyr1y9)-8.° L ‘P ug-£xoingq
-1p-8°8-0I0[qIEXOH-L 'S F "1

aus|8y)

-ydsuousyjourip-g‘G‘§* 1-01pAq
-BX9Y-88 ‘8 G B ‘¥’ [-010[qOEXY
-01°01 % € g 1-Ax0y1eqreal(]-L‘9

QuUeIBIY UL

-OUBIWHI-OL ‘6°8‘¢ F* [-01pAY
-809pOP-80T ‘0186 6 8889
-4BF T-0I0[YOBXOH-ET ‘BI ‘¥ €T T

auapulourylaw
- p-oaphAyeriel-el L piug

-0I0[YoBX9Y-8°]* £ 9 G p-1AudY ][

papnpuo)—¥1 HTAV.L



305

PERCHLOROCYCLOPENTENES AND CYCLOPENTADIENES

WHED = 190 H'YD = nd (HD = 1d FFHD = O &

(92)

(an

pubr]

pmbry

19
7
e
[
PO 0+0P0O ;
7o) ' 0
\\
10 s
0
|
*HOXHD) 7 0
{io} *

©O
*HOOO0D(*HD) Af 10
\\
0

qu—O ovmeuo

uom;ogmcao

dugpulouryjlouI-,‘§

-0IpAyur)el-eL‘ L § eg-Axo1L100

-1p-8‘8-0IO[YBXI-L ‘G F T 1

9180UB}00

-g-ouatdey-¢-[1°Z gjoja4Lo1q£300
-€-0I0[qaRXaY-£ L9 G P T Ay




306 H. B. UNGNADE AND E. T. MCBEE

cyclopentenone (LIX) (262), originally derived from the chlorination products
of catechol, are converted to octachlorocyclopentene (II) by heating with
phosphorus pentachloride at 250-280°C. Equally laborious and lengthy are the
following methods of preparation, which involve the reaction with phosphorus
pentachloride at 240-350°C. of (Z) 1,2,3,3,5,5-hexachloro-4-(dichloromethy-
lene)cyclopentene (I1I) (230), derived from the thermal chlorination of paraffins
with six or more carbon atoms, (2) tetrabromocyclopentenedione (xanthogallol)
(49), a bromination product of catechol, (3) dibromodichlorocyclopentanetrione
(51), and (4) 3-chloro-5,6-dihydroxy-2-(dichloromethyl)pyridine, which can be
prepared from the products of the degradation of phenol with sodium hypo-
chlorite (66).

B. Physical properties and structure

Octachlorocyclopentene (II) is occasionally confused with hexachlorobuta-
diene, particularly in the older literature (72). It is possible to distinguish
between the substances when the melting points or boiling points are given (38).
Hexachlorobutadiene is a liquid under ordinary conditions (m.p. —21°C.) and
boils at 215°C., whereas octachlorocyclopentene, b.p. 283°C., has a melting
point variously reported between 38° and 41°C. (72)® and is obtained without
difficulty as colorless plates from 95 per cent ethanol (137) or ethanol containing
5 per cent tetrachloroethylene (38). The constants listed below have been re-
ported for the olefin.

Boiling Point References nglig?g References Re{;ﬁ?}:{ive References Density Reference
°C. °C.
89/0.55 mm. (115) 37.5 (198) nil = 15680 | (194) dil = 1.822 | (194)
;?g/ilg/flm;l 8;2) 116) 22-38 823;- nid = 1.5683 | (113, 116) | @45 = 1.814 | (115)
~21e/1. 7 mom. 50 - * 45
123/3.8 mm. a1s) 38-38.2 | (113, 115) np = 18660 | (187) df® = 1818 | (18
128-129/5 mm. (178) 39 (38, 50, 112, || "y = 1.5662 | (38) a8 = 1817 | 31
134/6.0 mm. 113, 115) 173, 176)
140/10 mm. asn)* 39-39.5 | (115)
142-143/12 mm. (194) 39-40 (194, 199)
183/20 mm. (49) 40 (48, 230)
283-284/733 mm. (112) 40-41 (262)
280 (d.)/751 mm. (115) 41 (51, 260)
283/atm. (38, 260)

* Octachlorocyclopentene was erroneously labelled hexachlorobutadiene by McBee, Hass, and Pierson (137).

The molecular refraction of octachlorocyclopentene (II) agrees closely with
the values calculated from atomic refractions (38). Its Raman spectrum
contains only one double-bond line at 1606 cm.™ (111) and is in agree-
ment with the proposed structure (40). The chlorocarbon II has a broad absorp-
tion band in the ultraviolet in ethanol, Amsx = 228 mu (log ¢ = 4.00) (158, 159),
Mmax = 230 mpu (log e = 4.00) (82, 138). The following bands have been assigned in

3 The melting point given by Hoffmann (32°C.) (66) was probably obtained from rather
impure material.
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the infrared between 3 and 15 u: 6.22 u* (1607 ¢cm.™*) C=C stretching, 12.35 u
(810 em.™) and 14.76 u (677 ecm.~?) C—Cl stretching vibrations (158).

C. Reactions

Attempts to convert octachlorocyclopentene (II) to perchlorocyclopentane
have failed (223). It either resists addition of chlorine or under drastic condi-
tions undergoes chlorinolysis to hexachloroethane (114, 115). Octachlorocyeclo-
pentene (II) loses 1 mole of chlorine on refluxing with aluminum chloride in
methylene chloride (194) or when heated at 450-510°C. (113, 121, 173). The
thermal dechlorination is catalyzed by nickel or cobalt or their chlorides (166).
At its boiling point (280°C.), octachlorocyclopentene (IT) is normally stable, but
it can act as a chlorinating agent when it is boiled in the presence of a suitable
acceptor such as a phthalocyanine (250). Prolonged heating at higher tempera-
tures converts octachlorocyclopentene to hexachlorobenzene (112), which
normally accompanies the thermal dechlorination product hexachlorocyclo-
pentadiene (I) only in small amounts (113). On chlorinolysis with antimony
pentachloride and iodine at 450°C., octachlorocyclopentene (II) is almost com-
pletely broken down to carbon tetrachloride (50). It is stable toward bromine in
carbon tetrachloride and decolorizes permanganate in acetone or in aqueous
alcohol only slowly (51). On stirring with concentrated sulfuric acid at 105°C.,
it is hydrolyzed to give hexachlore-2-cyclopentenone (LX), m.p. 28°C., in good
vield (149, 158, 176, 194). The same ketone (LX) is formed by hydrolysis of the
ketal LXXX, which is obtained by treating octachlorocyclopentene (II) with
sodium methoxide (176). The structure of this ketone (LX) and that of the non-
conjugated isomer, which is formed on heating hexachloro-2-cyclopentenone
(LX), are based on extensive chemical and spectroscopic evidence (16, 158, 176,
195, 255, 257, 258, 259, 260, 261, 264). Pentachloropentadienoic acid, m.p. 124~
125°C., is a by-product in the hydrolysis of IT with sulfuric acid (194). It can be
prepared by the cleavage of hexachloro-2-cyclopentenone (LX) with alkali (176).
When heated at 150-300°C., pentachloropentadienoic acid loses hydrogen chlo-
ride and yields a solid, m.p. 78.5-80°C. (CyCLO,), of unknown structure. This
compound, possibly a lactone, is an effective insecticide (65).

0)
Cl, (OCHa)e
Cl2 C]. CHSONE 012 Cl H+ 012 Cl
g — e — oL
Cl, Cl Cl Cl Cl, Cl
II LXXX LX

Chemical reducing agents or catalytic reduction acts on octachlorocyclo-
pentene (II) by removing chlorine. The catalytic hydrogenation with platinum
oxide as catalyst can be stopped after 1 mole of chlorine is removed or it can be
continued to give 1,2,3,4,5-pentachloro- or 1,2,3 ,4-tetrachlorocyclopentadiene
(156). Lithium aluminum hydride in ether reduces octachlorocyclopentene (IT)

4 The previous value (158) is in error.
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to 1,2,3,4,5-pentachlorocyclopentadiene in 74 per cent yield (156), while zine
dust in acetic acid brings about its reduction to 1,2,3,4-tetrachlorocyclo-
pentadiene (22).

Octachlorocyclopentene (II) can be fluorinated with antimony trifluoride
and antimony pentafluoride or the trifluorodichloride to give fluorine com-
pounds from CiCLF to C;ClFe (55, 120, 157, 215). The structure of CsCl;Fs
(LXXTI) is derived from its oxidative degradation to hexafluoroglutaric acid
(LXXII) (52, 55, 88, 161). Further fluorination of LXXI with antimony penta-
fluoride gives only very small amounts of fluorination products (55); cobalt
trifluoride, on the other hand, reacts with LXXI at 90-200°C. to yield dichloro-
octafluorocyclopentane (LXXXI). Perfluorocyclopentene (LXXXII) is formed
when LXXXI is dechlorinated with zinc in ethanol (53). Both LXXI and
LXXXII can be chlorinated photochemically to C;ClF¢ and C;Cl Fs, respec-

F, F;
QO Zn + C.H,OH F@F
—— 7
F, FCl Cl, F, F
ILXXXI LXXXII

tively (53, 55), a reaction which is not possible in the case of octachlorocyclo-
pentene (II). The halogens in 1,2-dichlorchexafluorocyclopentene (LXXI) are
subject to displacement reactions with bases (54, 69). Methanolic potassium
hydroxide, for instance, will displace either one chlorine atom or one chlorine
atom plus two fluorine atoms with formation of the methoxy compounds
LXXXIII and LXXXIV. One chlorine atom in LXXI can be replaced by hy-
drogen by heating LXXTI with zinc in formamide (69). Heating of LXXI with

Cl Cl

m@oom m@o CH,

F2 Fz F2 (O CHS)Z
LXXXIII LXXXIV

aluminum chloride brings about an exchange of the allylic fluorine atoms with
chlorine atoms (69).

Recent evidence for the dechlorination product of Cs;CleF2 (157) permits the
assignment of two alternative structures (LXXXVa and b) for this compound,
but does not allow a choice between them.

F, Cla
012@01 Fz@Cl
oo oLl
LXXXVa LXXXVb

The structures proposed for C;Cl,F, by different authors (120, 215) are in
agreement. Unfortunately, however, the evidence for the structures of com-
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pounds LXXXVI and LXXXVII, which are derived from C;Cl,F; by dechlor-
ination and Diels—Alder reactions (215), has not been published and the de-

F, F
7’ \al F |

[ r ]|
F—Cl Cl |
1

LXXXVI LXXXVII

chlorination reaction still allows two isomeric structures (LXXXVIIIa and b)
for CaCl4F4 (120)

F, CIF
011;@01 Fz[ ]' Cl
ClFf—c1 cr—Ulap

LXXXVIIIa LXXXVIIIb

. 1,2,3,3,5,5-HEXACHLORO-4-(DICHLOROMETHYLENE )CYCLOPENTENE

1,2,3,3,5,5-Hexachloro-4-(dichloromethylene)cyclopentene (I11I), m.p. 183°C.,
is one of the six isomers of C¢Cly which have been described in the literature
and the only one for which a five-membered ring structure has been estab-
lished beyond doubt. The compound was first described by Prins in 1912 (189),
It is related to hexachlorocyclopentadiene (1), from which it can be synthesized
(194), and represents an end-product in the thermal chlorination of six-carbon-
atom and higher paraffins (159).

A. Methods of preparation

Unlike the preceding compounds, hexachloro-4-(dichloromethylene)cyclo-
pentene (III) is not commercially available and the various methods of prepara-
tion are laboratory methods. The compound was first isolated (189, 190) from
the dechlorination of hexachloropropene (LXXXIX) with copper bronze in
methanol at 60-70°C. This reaction is still used for preparative purposes. It pro-
ceeds stepwise and the intermediates can be isolated if the reaction conditions
are carefully controlled (230). The reaction sequence is written as follows:

CClL=CCICCl; — CCL=CCICCLCCLCCI=CCl; —
LXXXIX XC
CClL=CCICCl=CCICCI=CCl, — III
XCI

The dechlorination of the intermediate decachloro-1,5-hexadiene (XC) can be
carried out with alcoholic potassium hydroxide, which gives a 90 per cent yield
of octachlorohexatriene (XCI). The latter is rearranged in nearly quantitative
vield to C¢Cls, m.p. 72°C., by treatment with fuming nitrie acid or to C¢Cls (I1I),
m.p. 183°C., by treatment with chlorine at 200°C. (230).
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Decachloro-1,5-hexadiene (XC) is isomerized to decachloro-2,4-hexadiene by
heating at 120°C. At higher temperatures either diene is dechlorinated and
isomerized to C¢Cls, m.p. 183°C. (196). The aluminum chloride-catalyzed
cyclization of the decachlorohexadienes leads to 1,2,3,3,4,5,5-heptachloro-
4-(trichloromethyl)cyclopentene (XCII), m.p. 131-132°C. (196), which is
cleaved to octachlorocyclopentene (IT) by refluxing with aluminum chloride in
methylene chloride. Prins regarded this reaction as evidence for a five-membered
ring in the compound (196).

Cl  CCl
Cl,
Cly” NCl; 012[ ]ch
_AlGL | + CcCL
Cl==1 CH:Cl:  ol==q1
XCII II

1,2,3,3,4,5,5-Heptachloro-4-(trichloromethyl)cyclopentene (XCII) can be
thermally dechlorinated to III, although in poor yield, and has been prepared
from III by chlorination with liquid chlorine under pressure (221).
Hexachloropropene (LXXXIX) can be dechlorinated to CsCls (III), m.p.
183°C., in good yield by cuprous chloride at 60°C. (143) and in poor yields by the
use of aluminum in ether (221, 224) or granulated zinc (221). Aluminum in ether
is a more vigorous dechlorinating agent and the reaction with hexachloropropene
(LXXXIX) usually does not stop at the C¢Cls stage, as it does with copper. The
products contain C¢Cls besides C¢Cls compounds. Dechlorination with zinc gives
not only C¢Cls compounds but also trichloroacrylic acid as by-products (221).
Besides the octachlorohexatriene isomers CsCls, liquid (a), and C¢Cls, m.p.
72°C. (8) (230), a chlorocarbon C¢Cls, m.p. 94°C., is obtained by condensing
dichloroethylene and carbon tetrachloride with aluminum chloride (199) and an
isomer, m.p. 93°C., by the dehydrochlorination of 1,1,2,3,3-pentachloropropene
with potassium hydroxide (197). All four of these isomers can be converted to
Ce¢Cls (III), m.p. 183°C., by thermal isomerization at temperatures of 200-
280°C. (199, 221, 230). The CsCl; isomers melting at 93° and 94°C. are rear-
ranged to C.Cl; (IIT), m.p. 183°C., also by heating with aluminum chloride in
carbon tetrachloride (199).
1,2,3,3,5,5-Hexachloro-4-(dichloromethylene)cyclopentene (III) has been
prepared in 64 per cent yield by heating a mixture of hexachloropropene
(LXXXIX) and hexachlorocyclopentadiene (I) under reflux at 218-240°C. The
reaction gives carbon tetrachloride and tetrachloroethylene as by-products. If
these are allowed to accumulate in the reaction mixture, the temperature drops
and the reaction stops. It can be pushed to completion by removing the low-
boiling chlorocarbons as fast as they are formed (159). The chlorocarbon III can
be prepared in good yield by condensing hexachlorocyclopentadiene (I) with
chloroform and aluminum chloride and dehydrochlorinating the condensation
product (CsHCly) with ethanolic potassium hydroxide (194).
The thermal catalytic chlorination of hexane or higher open-chain paraffins or
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of methyleyclopentane yields the high-melting C4Clg isomer besides other products
(159). In small amounts the chlorocarbon III has been isolated among other
products from the reaction of trichloroethylene with aluminum (168), from the
condensation of trichloroethylene with chloroform and aluminum chloride (189,
194), from the thermal dechlorination of octachloro-1,3-pentadiene (114, 115),
and from the thermal chlorination of 1,1,2,5,6,6-hexachloro-1,3,5-hexatriene
(228).

B. Properties

1,2,3,3,5,5-Hexachloro-4-(dichloromethylene)cyclopentene (III) is a color-
less crystalline solid for which the following melting points have been given:
179-180°C. (143, 222); 181-182°C. (222); 181-183°C. (222); 182°C. (222);
182-183°C. (114, 115, 159); 182.5-183.1°C. (199); 182.7-183.1°C. (199); 183°C.
(168, 190, 194, 196, 197, 199, 220, 221, 224, 229, 230); 183-184°C. (17, 159, 189);
184-185°C. (189). It crystallizes in prisms from acetone (143), carbon tetra-
chloride (199), petroleum ether, ligroin, methanol, ethanol, chloroform, or ben-
zene (159, 229), or from mixtures of these solvents (114, 199, 222). It is mod-
erately soluble in carbon tetrachloride (9 g. per 100 g.) and carbon disulfide (17),
difficultly soluble in ethanol and methanol (159, 222), and insoluble in water
(159).

The compound absorbs in the ultraviolet Amex = 223 mu, log ¢ = 4.28 in
ethanol (159); Amex = 226 my, log ¢ = 4.28 in ethanol (230)%; Apex = 224 my,
log ¢ = 4.29 in heptane (152)] and in the infrared N(C==C) = 6.05 and 6.20
(1610 and 1653 cm.™) (152, 159)]. It has two Raman lines in the C=C region at
1603 and 1640 cm.™! (17). On heating above 250°C, it starts to decompose to give
hexachlorobenzene (159, 230). The decomposition is complete at 500°C. (114).

C. Structure

The structure of C¢Cls, m.p. 183-184°C., was written first as an eneyne (190)
and later as an open-chain triene (191). A five-membered ring structure was es-
tablished by a new synthesis from hexachlorocyclopentadiene (194) and by de-
chlorination to the red hexachlorofulvene (221). Additional data from Raman
spectra (17) and from degradation produets of the compound with acids led to a
consideration of the structures IIIa and IITh.

(”3012 (‘301,
C12 I C]- Clz Clz
Cl Cl Cl Cl
IITa IITb

The conjugated structure IIIa could be eliminated by a study of the ultraviolet
and infrared absorption spectra (159). The isomer melting at 72°C. and the

§ Estimated from the curve.
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liquid isomer have been shown to be octachlorohexatrienes (220, 230). The struc-
tures of the other isomers, melting at 45°C., 93°C., and 94°C., remain uncertain.

D. Reactions

On dechlorination with aluminum (221) or with hydrogen and platinum (159)
the colorless chlorocarbon CsCly (III), m.p. 183-184°C., is converted to the red
erystalline hexachlorofulvene, m.p. 153-154°C., from which it can be regenerated
by direct chlorination (221). When it is chlorinated under pressure with liquid
chlorine, a mixture of two decachloro compounds results. One of these, m.p.
131-182°C., is identical with the compound prepared by Prins by cyclization of
the decachlorohexadienes with aluminum chloride (196) and regarded as a
trichloromethylheptachlorocyclopentene (XCII). The isomer melting at 39°C.
has been assigned the dichloromethyleneoctachlorocyclopentane structure
(XCIII) (221).

cl ccl c|3012
01{ jcb 012@(312
cl—=lcy Clo—Cl,

XCII XCIII

The chlorocarbon III and its isomers, a-C4Clg (0il) and §-C¢Clgy (m.p. 72°C.),
undergo chlorinolysis with phosphorus pentachloride at 300°C. to give carbon
tetrachloride and octachlorocyclopentene (II) (230). Pyrolysis of the three
isomers at 350°C. in a sealed tube yields chlorine and hexachlorobenzene (230).

Sulfuric acid, a mixture of sulfuric and nitric acids, or fuming nitric acid con-
taining selenium (159) on heating converts III to a diketone C¢ClL,02, m.p.
232-233°C. (159, 189, 200, 221), which is hydrolyzed by bases to chloroacetylene
(159, 189, 190, 221) and dichloromaleic acid (159, 221). On being heated with
phosphorus pentachloride at 250°C., the diketone gives back the starting ma-
terial (I1T) (222). When the hydrolysis reaction of III is carried out with fuming
nitric acid containing selenium, the same diketone is accompanied by a monoke-
tone (XCIV), m.p. 84-85.5°C., which also can be reconverted to the chlorocarbon
III by heating with phosphorus pentachloride (159, 221, 222) and is regarded
as an intermediate in the reaction (221). On the basis of these transformations,
the ketones have been assigned structures XCIV and XCV (222).

CClL COl,
0 o || o
VA NN
cl=la1 cl==c1
XCIV XCV

The diketone XCV possesses two active chlorine atoms (222). When it is boiled
with methanol, ethanol, or dioxane and the mixture is poured into water, it is
converted to 4,5-dichloro-4-cyclopentene-1,3-dione (XLVIII) (151, 159, 222).
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Further chlorination of XLVIII yields tetrachlorocyclopentene-1,3-dione
(XCVI); bromination yields the corresponding tetrabromodiketone (151). On

0] 0] O Cl O
L L
CI Cl Cl Cl

XLVIII XCVI

chlorination, the diketone XCV absorbs only 1 mole of chlorine (222) and the
resultant hexachlorodiketone contains one active chlorine atom (222), thus pre-
sumably retaining the endocyclic double bond (structure XCVII). The action
of methanolic potassium hydroxide on III leads to products of unknown struc-
ture with the composition CioH;13Cl:04 and possibly C;H¢Cl1,0,. Both are converted
to the dichlorodiketone XLVIII by acid hydrolysis (151).

Hexachloro-4-(dichloromethylene)cyclopentene (III) undergoes halogen ex-
change with aluminum bromide which results in the introduction of four, six, or
seven atoms of bromine without change of the carbon skeleton (152). The struc-
tures of the bromo compounds have been established by the oxidative degrada-
tion previously described for the chlorocarbon III (159, 222). As an example,
1-chloro-2,3,3,5,5-pentabromo-4-(dibromomethylene)cyclopentene  (XCVIII)
is converted to XCIX by oxidation with nitric acid and the diketone is cleaved
to XCX by refluxing with ethanol (152).

Cl CCl, CBr,
0 0 |
NN Br’ M\Br
Cl Cl Cl=—=Br
XCVII XCVIII
CBI‘Z
0] | 0] 0 0
NN A VAV
Cl Br Cl Br
XCIX XCX

A dibromo analog of III is obtained when hexachlorofulvene (XCXI) is bro-
minated. The compound is presumably the 3,5-dibromo compound XCXII,
since it gives the diketone XCV on hydrolysis with nitric acid, as does III (221).

CI012 (-|7C12
Cl Cl BrCl ClBr
+ Br, —
Cl Cl Cll==C1

XCX1I XCXTII
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1,2,3,3,5,5-Hexachloro-4-dichloromethylenecyclopentene (III) reacts with
trichloroethylene and aluminum chloride at 25°C. to give CsHCly;, m.p. 158-
159°C., of unknown constitution (143).

The authors are indebted to Dr. Leonard T. Capell and to the late Dr. Austin
M. Patterson for naming the three cage compounds which occur in Section
II,D.
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