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The reaction of sulfur tetrafluoride with aryl fluoroformates or perfluoroalkyl esters is a new, general, and

direct method for synthesis of aryl perfluoroalkyl ethers.

are discussed.
substituents.

Aryl trifluoromethyl ethers have been synthesized
by the reaction of hydrogen fluoride or antimony
fluorides with aryl trichloromethyl ethers, which were
in turn prepared by chlorination of anisoles or phenyl
esters of chlorothiocarbonic acid.2 Although these
methods are fairly general, the aromatic substituents

Ck SbFa
ArOCH3-—> ArOCCI:,------- > ArOC?3
S
1
ArOCCI

are limited to inert groups such as nitro, halogens, and
acid halides. A very low yield of phenyl trifluoro-
methyl ether has been obtained along with fluorobenzene
by the irradiation of trifluoromethyl hypofluorite
(CFOF) in benzene.3 The trifluoromethoxy group
was shown to be stable to normal chemical transforma-
tions of the aromatic ring such as reduction of nitro
groups, hydrolysis of nitriles, diazotization of amino
groups, and nitration (ortho-para orientation).24
Potential dyes4 and pharmaceutical chemicals5 con-
taining the OCF3group also have been reported.

Aryl difluoromethyl ethers have been prepared by
reaction of phenols with difluorocarbene generated from
chlorodifluoromethane or dibromodifluoromethane.6

(1) This work was reported in preliminary form by W. A. Sheppard,
J. Am. Chem. Soc., 83, 4860 (1961).

(2) (a) British Patent 765,527 (1957); (b) L. M. Yagupolsky, Dokl.
Akad. Nauk SSSR, 105, 100 (1955); Chem. Abstr., 50, 11270 (1956); (c)
N. N. larovenko and A. S. Vasileva, J. Gen. Chem. USSR 28, 2539 (1958).

(3) J- A. C. Allison and G. H. Cady, J. Am. Chem. Soc., 81, 1089 (1959).

(4) (@ L. M. Yagupolsky and V. I. Troitskaya, J. Gen. Chem. USSR,
27, 587 (1957); (b) L. M. Yagupolsky and M. S. Marenets, ibid., 27, 1479
(1957); (c) L. M. Yagupolsky and V. I. Troitskaya, ibid., 31, 845 (1961).

(5) (@) L. M. Yagupolsky and V. I. Troitskaya, ibid., 30, 3102 (1960);
(b) French Patent 1,245,552 (1960); (c) B. Blank and I. F. Kerwin, U. S.
Patent 3,021,368 (1962).

(6) (@' T. G. Miller and J. W. Thanassi, J. Org. Chem. 25, 2009 (1960);
(b) R. F. Clark and J. H. Simons, J. Am. Chem. Soc., 77, 6618 (1955).

The chemical and physical properties of these ethers

In particular, the perfluoroalkoxy groups are shown to possess exceptional stability as aromatic

This class of a-fluorinated ethers is hydrolyzed by acid
and decomposes on standing if not pure. Aryl tetra-
fluoroethyl ethers are readily obtained by the base-
catalyzed addition of phenols to tetrafluoroethylene7
and appear to have stability more nearly comparable
to that of the trifluoro- than that of the difluoroanisoles.

Results and Discussion

Synthesis.—The reaction of sulfur tetrafluoride8
with aryl fluoroformates9 or perfluoroalkyl estersD
provides a general direct synthesis of aryl perfluoroalkyl
ethers (eqg. 1). The reaction was run in a “Hastelloy” -
lined pressure vessel at autogeneous pressure and

0

1
ArOCX + SF, —
X = ForR,

Ar()CF2X (1)

required a temperature of 160 to 175° for several
hours with anhydrous hydrogen fluoride as catalyst.
In most cases, the product was obtained in a yield of
50 to 80% and was isolated by distillation in a high
state of purity after removal of hyrogen fluoride with
sodium fluoride or a base wash. Examples of this
reaction are given in Table I.

As a convenient procedure for the preparation of
aryl trifluoromethyl ethers, phenols were treated with

(7) (@) D. C. England, L. R. Melby, M. A. Dietrich, and R. V. Lindsey,
Jr., ibid., 82, 5116 (1960); (b) a,a-difluoroperhalogenalkyl aryl ethers,
ArOCFiCCh, were reported by H. Hahn, Ber., 96, 48 (1963), prepared
chlorination of ArOCFaCChH [from base-catalyzed addition of phenols to
I,I-dichloro-2,2-difluoroethylene, E. T. McBee and R. O. Bolt, Ind. Eng.
Chem., 39, 412 (1947); U. S- Patent 2,516,403 (1950); Chem. Abstr., 45, 2964
(1951)].

(8) (@) C. W. Tullock, F. S. Fawcett, W. C. Smith, and D. D. Coffman,
J. Am. Chem. Soc., 82, 539 (1960); (b) W. R. Hasek, W. C. Smith, and V. A.
Engelhardt, ibid., 82, 543 (1960).

(9) I1.J. Emeleus and J. F. Wood, J. Chem. Soc., 2183 (1948).

(10) (a) R. F. Clark and J. H. Simons, J. Am. Chem. Soc., 75, 6305 (1953);
(b) M. Green, Chem. Ind. (London), 435 (1961).
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Table |

Preparation op Aryl Perfluoroalkyl Ethers from Fluoroformates or Perfluoroalkylcarboxylates"

0
HF

1
ArOCRf + SF4— > ArOCFRf

—————— Reactant (ester of formate), g. (mole)--——---—--m SF4 g. (mole)
0
]
cthbécf 264 (1.89) 216 (2.0)
0
]
CsHsOCF 183 (1.30) 150(1.4)
O
1
2-0NCEHDCF 24 (0.13) 16 (0.15)
O
|
2,4-BrCeH30CF> 20 (0.067) 8 (0.074)
O
]
CeHSOCCF3 28.5 (0.15) 19 (0.18)
0
]
4-02NCethOCCF3 23.5 (0.10) 15 (0.14)
O
3-0NCEH4LOCCF3 155 (0.66) 86 (0.80)
0
]
CEHZC(CF2XF3 22.5 (0.078) 10 (0.10)
0
]
4-0NCEHADC(CFYXLF3 33.5 (0.10) 15 (0.14)

Reactions run in

pattern was 2 hr. successively at each temperature of 100, 150, and 160 or 175°.

Characterized by FOn.m.r. analysis in pentane solution.

carbonyl fluoride91*in an autoclave at 100°; without
isolation of the fluoroformate intermediate, the sulfur
tetrafluoride then was added, and the reaction mixture
was heated for several hours at 150-175°. The hydro-
gen fluoride by-product from the carbonyl fluoride
reaction served as catalyst for the sulfur tetrafluoride
reaction. For example, the yield of ether from phenol
and to and p-nitrophenols was 60 to 80% over-all for
the two steps. The reaction is applicable to substituted
phenols, including hydroquinone and resorcinol, pro-
vided that substituents on the aromatic ring do not
react with hydrogen fluoride or sulfur tetrafluoride.
The ethers prepared by the two-step method are
listen in Table II.

Trifluoroacetate and heptafluorobutyrate esters of
phenols were prepared from the corresponding anhy-
dride®or acid chloride (the latter in the presence of a
tertiary amine). By reaction of these esters with sulfur
tetrafluoride (hydrogen fluoride catalyst) as described
previously, the new aryl pentafluoroethyl and hepta-
fluorobutyl ethers were obtained. This method ap-
pears to be general for the preparation of aryl perfluoro-
alkyl ethers. However, the yield of ether dropped with

(11) M. W- Fallow, E. H. Mann, and C. W. Tullock, Inorg. Syn., 6, 155
(1960). A,convenient synthesis of carbonyl chloride from sodium chloride,
and phosgene in acetonitrile is described by F. S. Fawcett, C. W. Tullock,
and D. D. Coffman, 3. Am. Chem. Soc., 84, 4275 (1962).

‘Hastelloy’-lined pressure vessel of 140-, 240-, or 1000-ml. capacity at autogenous pressure.

(Rt = For (CF2,F)
- Yield-
HF, g. Product G. %
0 CEBH3CF3 19 6
0
]
CEeHBOCF 213 81
10 CeHaOCFa 120 57
0
]
CeHBOCF 13 7
6 2-0NCEHADCF3 18.5 69
3 2,4-Br,C,H,OCFs 6.9 32
7 CEH5OCF2XF3 19.4 61
5 4-0NCEH4AOCFXF3 17.8 69
25 3-0ONCEHADCFXF3 142 83
7 CHID(CF2XLF3 <1.9
5 4-ONCEHD(CFj)XTF3 10.7 30

Normal heating

s See ref. 18. ¢ Product not isolated in pure form.

increasing chain length of the perfluoroalkyl group;
thus, p-nitrophenyl nonafluoro-a-butyl ether was ob-
tained in only 30% vyield compared to 80% and 69%
for the corresponding trifluoromethyl and pentafluoro-
ethyl ethers, respectively.

Phenyl chloroformate also reacted with sulfur tetra-
fluoride in the presence of hydrogen fluoride, but the
yield of phenyl trifluoromethyl ether was only a few
per cent.

From a limited exploration of conditions, it is con-
cluded that the temperature for the sulfur tetrafluoride
reaction is critical. At temperatures below 150° the
carbonyl group reacted to only a small extent, and the
major portion of the fluoroformate or ester was re-
covered. At temperatures over 175° the formation of
tar increased, and the yield of ether decreased. It is
considered likely that the main side reactions leading to
tars are Friedel-Crafts-type condensations (see the
subsequent discussion of by-products). The yield of
ether was also extremely low if hydrogen fluoride was
not used as a catalyst and in one experiment where
titanium tetrafluoride replaced hydrogen fluoride tar
formation became predominant.

The amount of hydrogen fluoride generally used,
particularly when it was present as by-product in the
fluoroformate preparation, is greatly in excess of that
needed as a catalyst. It is possible that the hydrogen
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Tabte Il

Preparation of Aryl Trifluoromethyl Ethers by Two-Step Method from Phenols"

I SF4
ArOH  COF2 HF  ArOCF--—> ArOCF3
cof2 Yield-------mmmv
g (mle) Sk, g (hole) Product G. %
CaHeoH 235 (2.5) 200 (3.0) 270 (2.5) cthocf3 375-437 46-621
4-CEH4OH)2 55 (0.50) 100 (1.5) 120 (1.1) 4-CEH4OCF32 68.4 56
13 7
3-CEH4OH)2 16.5 (0.15) 25 (0.38) 35 (0.32) 3- CeH4{OCF3?2 6.4 17
4-0NCEHDH 139.1(1.0) 100 (1.5) 120 (1.1) 4- 0NCEH4OCF3  166.4 81
3-0NCEHLOH 65 (0.47) 50 (0.75) 60 (0.55) 3- 02NCEH4HCF3 73.9 76
4-CHTEHAHOH 27 (0.25) 25 (0.38) 30 (0.28) 4- CH3CaH40CF3 12.0 27
3-CHXEHLOH 108 (1.0) 90 (1.35) 130 (1.2) 3-CH&BCH4OCF3 16.2 9
72.9 38
4-CICEHLOH 32 (0.25) 25 (0.38) 30 (0.28) 8.4 58
o]
1
4-C1C8HAOCFc 4.9 n
3-ClCeH40H 32 (0.25) 25 (0.38) 30 (0.28) 3- CICEH40CF3 22 .7 46
2-CIC6H4OH 32 (0.25) 25 (0.38) 30 (0.28) 2- CICEH4CF3 8.4 17
4-BrCeH40H 34.6(0.20) 20 (0.30) 24 (0.22)  4- BrCeH40CF3 13.2 27
o]
1
4-BrCeH40CF 7.8 18
3-BrCH4OH 43.2(0.25) 25 (0.38) 32 (0.30) 3- BrCeH40CF3 10.8 18
A4-FCEHOR 15 (0.13) 15 (0.22) 17 (0.16) 4- FCEHAOCFj 10.1 42
3-FC@H40H 15(0.13) 15 (0.22) 17 (0.16) 3-FCsH40CF3 7.7 32
o C 3~ 2w o 35 (0.14) 25 (0.38) 33 (0.30) 2.5 (no SOIVSem)
31.0 (solvent, 40g.
of CAHEIN02)
56
HO—<~">-0—"}-OH 35 (0.17) 30 (0.45) 40 (0.37) 3.1 5

aReactions run in “Haselloy-lined pressure vessel of 140-, 240-, or 1000-ml. capacity at autogenous pressure.
tern was 1 hr. at 100° followed by 2 to 3 hr. at 140° (or higher temperatures above phenol melting point) for the COF2reaction;
successively at 100, 140, or 150°, and 160 or 175c for the SF3reaction.

FOn.m.r. analysis only.

fluoride also may serve as a solvent.22 The use of an
inert solvent such as nitrobenzene also was found neces-
sary for the reaction of high-melting phenols, such as
4.,4'-dihydroxydiphenyl sulfone. It is concluded that
the reactants must be liquids or in solution for the
reaction with carbonyl fluoride or sulfur tetrafluoride to
proceed to completion at a reasonable rate.

As by-products in several reactions, small amounts
of the fluoroformate intermediates were isolated as a
higher boiling fraction after distillation of the trifluoro-
methyl ethers. From hydroquinone the. main by-prod-
uct was the carbonate, 1, and as expected its relative

0
OCO r\ —ocf3

1

CF30 -

amount compared to I,4-bis(trifluoromethoxy)benzene
increased when the molar ratio of COF2to hydroquinone
was decreased. An unusual by-product was formed in

Normal heating pat-
2 hr.

6 See ref. 18. c Boiling point 93° (30 mm.), characterized by

the reaction of ra-cresol. Only a 10% yield of the nor-
mal product, m-tolyl trifluoromethyl ether, was isolated;
the main product in 40% yield was a sulfide which, on
basis of analysis and spectral properties, was assigned
one of two structures, 2aor 2b.

Structure 2a is preferred since the OCF3group direct
electrophilic reagents predominantly to the para posi-

(12) The use of hydrogen fluoride as a catalyst was demonstrated in the

original report on the use of sulfur tetrafluoride as a fluorinating agent; see
ref. 8b. P.ecently, D. C. Martin and F. Kagan, J. Org, Chem., 27, 3164
(1962), described the reaction of sulfur tetrafluoride with the carbonyl func-
tions of staroids and stated that high yields of fluorinated steroids were
obtained only when the sulfur tetrafluoride contained 20% hydrogen fluoride.
In discussing these results, the authors commented that the concentration
of hydrogen fluoride was critical.
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tion. The formation of this sulfide is postulated to
occur via a Friodel- Crafts-t.ype reaction of thionyl
fluoride with tolyl trifluoromethyl ether, followed by an
oxidation-reduction reaction with the remaining thionyl
fluoride. As an analogy, the reaction of anisole with
thionyl chloride is reported to give 4,4'-bis(methoxy)-
diphenyl sulfide.13 In sulfur tetrafluoride chemistry,
this is the first example of formation of a sulfide in
reactions with an aromatic derivative.

The preparation of o-nitrophenyl trifluoromethyl
ether also requires special comment. Because of hy-
drogen bonding of the OH with N 02 carbonyl fluoride
does not react with the phenol unless sodium fluoride is
used as a base. In this case, the intermediate fluoro-
formate must be isolated and charged into a clean
autoclave with hydrogen fluoride and sulfur tetra-
fluoride.

For comparison purposes a number of aryl tetra-
fluoroethyl ethers also have been synthesized by the
literature procedure.7 The fluoroalkyl ethers prepared
in this work are tabulated in Table Ill, and physical
properties and analytical data are given.

Physical and Spectral Properties—The melting
points, boiling points, and densities of selected aryl
fluoroalkyl ethers are summarized in Table 1V and com-
pared with those of anisole, phenetole, and benzotri-
fluoride. In this series, as is generally recognized,
the complete replacement of aliphatic hydrogen by fluo-
rine causes a marked decrease in boiling point. ForO0CF3
groups a melting point decrease also is observed, and this
phenomenon is particularly significant when the 0CF3
group is in the meta position in aromatic derivatives. It
also is noted that the density of the ethers increases with
increasing fluorine content. These ethers are all color-
less and have a sweetish odor with typical aromatic char-
acter.

Table IV

Physical Properties of Aryl Fluoroalkyl Ethers
X of CsHsX
(or CgHiX) M.p., °C B.p., °C Density, dZ»
OCHs -37 155 1.00
OCHZXCH3 -30 172 0.97
cf3 -29 102 1.19
OCFj -50 106 1.23
OCFZXF3 -29 115 1.30
ocfZfthi 147
OCFjH1 145

(Extrapolated) 1.18
tw(OCH3J3?2 -52 217 1.08
- (OCF32 -55 123 1.41

The infrared spectra of these ethers show typical
strong C -0 absorption at 7.8 to 8 juand very strong C-F
absorption in the 8-9-g region. The remainder of the
spectra contains absorption typical of the aromatic
nucleus and substituents. The ultraviolet spectra are
in general similar to those of the corresponding tolyl
derivatives. The FB n.m.r. spectra of aryl trifluor
methyl ethers show a single resonance in the region of
—700 to —800 c.p.s. at 40 Me./sec. with reference
(external) to CFZ1CFZC1 (no solvent). This resonance
is approximately 1600 c.p.s. downfield to that of a
normal CF3group. In some cases, a small amount of
spin-spin coupling (about 1c.p.s.) between the ortho-H

(13) F. Loth and A. Michaelis, B er 27, 2543 (1894).
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and the FDO was noted. The pentafluoroethyl group
has resonances at +814 and +709 c.p.s. with relative
intensity of 2 to 3. The downiield shift of the fluorines
on the carbon adjacent to oxygen is apparent also in
the spectra for the aryl nonafluoro-n-butyl ethers which
have the normal n-heptafluoropropvl group resonances
(CF2 at +2347 c.p.s.) and the ()CI'2 resonance at
+618 c.p.s. Quantitative correlations of the FBO
n.m.r. chemical shifts with substituents and quantita-
tive measurements that show that the perfluoroalkoxy
groups are halogen-like in inductive and resonance
effects on the aromatic ring and adjacent groups are
described in other publications.14

Chemical Properties.—The inert character of the
OCF3group when attached to an aromatic residue was
indicated in earlier reports.24 Numerous additional
chemical transformations clearly have demonstrated
the unusual stability of the OCF3group to strong acids
and bases (including organometallic reagents) as well as
to strong oxidizing and reducing conditions. Repre-
sentative reactions for preparation and reactions of the
anilines and preparation of benzoic acids are shown by
eq. 2 and 3. In general, yields were comparable to
those of analogous reactions described in the literature.
The OCFXF3 OCFXFXFXF3 and <)CFXFXH
groups, when attached to the aromatic ring, although
not examined so thoroughly, also appear to have

)
0(CF2nX 0(CF2nX
Mg or
Buli
Br MgX
(or Li)
0(CF2nX
€)
CH3
Y 2Brz
0(CF2nX
CHBr2

stability comparable with that of the OCF3 group.
The thermal stability of the aryl trifluoromethyl ethers
is exceptional, and these compounds do not show ex-
tensive degradation in the gas phase (as determined by4

(14) W. A. Sheppard, Am. Chem. Soc., 85, 1314 (1963);
and \V. A. Sheppard, ibid. 85, 1310 (1963).
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mass spectrometric analysis) until heated to approxi-
mately 600° in a sealed nickel tube.

In substitution studies on the aryl perfluoroalkyl
ethers, it was found that the ()Rr group orients an
attacking electrophilic reagent to the ortho para
positions. Nitration of phenyl trifluoromethyl ether at
room temperature with fuming nitric acid in concen-
trated sulfuric acid gave approximately an equal mix-
ture of mono- and dinitration products. The mono-
nitro product was shown by gas chromatographic
analysis, with conformation from spectral (infrared,
ultraviolet, and n.m.r.) analysis, to be para, and no
trace was detected of ortho or mela isomers (a syn-
thetic mixture of o-, m-, and p-nitrophenyl trifluoro-
methyl ether was cleanly separated by gas chromatog-
raphy on a column of 20% diglyceride on Columpak).
The dinitro product was shown by spectral analysis to
have 2,4-orientation.’5 Bromination in the presence
of iron catalyst also gives only para orientation for the
monobromo derivative. If excess bromine is used,
dibromination also occurs; from gas chromatographic
and spectral analysis, it was shown that the dibromo-
phenyl trifluoromethyl ether is a mixture of 2,4 and
3,4 isomers in the ratio of two to one. Mononitration
of p-chlorophenyl trifluoromethyl ether gave the two
possible isomers in approximately equal amounts.
From these experiments it is concluded that the ()CF3
group is very similar to the halogens (in particular
bromine and chlorine) in its influence on the aromatic
system to substitution by an electrophilic reagent.

The over-all deactivating effect of the OCI'3 group,
analogous to that of the halogens, also is reflected in the
low yield obtained in a Friedel-Crafts acylation and in
the forcing conditions required for condensation with
chloral.

In the bromination of I,4-bis(trifluoromethoxy)ben-
zene with excess bromine, a mixture of recovered start-
ing material, monobromo and dibromrj products, was
formed. The dibromo derivative proved to be almost
solely the 2,5 isomer by virtue of only a single fluorine
resonance in the n.m.r. spectrum (two resonances are
observed for the monooromo product and are expected
also for the 2,6-dibromo isomer).

Because of the exceptional chemical and thermal
stability combined with a good liquid range for the
aryl perfluoroalkyl ethers, a series of stable fluids con-
taining perfluoroalkoxy groups was prepared also. In
particular, the pheuylene ethers substituted with per-
fluoroalkoxy groups were found to have better proper-
ties over-all as stable fluids than the unsubstituted
derivative.

Experimental

Materials.—The phenols were purchased from Kastman Kodak
Company or other chemical supply houses. Carbonyl fluoride
was prepared by the recently reported synthesis from phosgene
and sodium fluoride in acetonitrile.” Sulfur tetraflunride was
obtained from Organic Chemicals Department., K. I. du Pont de
Nemours and Company, Wilmington, Delaware. Trilluoro-
acetic anhydride, trifluoroaretyl chloride, and heptafluorobut.vryl
chloride were purchased from Columbia Organic Chemicals.
Anhydrous hydrogen fluoride was purchased from Harshaw
Chemical Company. Sodium hydride, as a 53% dispersion in

(15) Since completion of this work, similar results were reported for the
nitration of phenyl trifluoromethyl ether in the Russian literature."1 The
orientation of the nitro groups was proven by classical chemical methods
only.
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mineral oil, was obtained from Metal Hydrides, Inc., Beverly,
Massachusetts.

A. Preparation of Fluoroformates.—A modification of the
literature procedure9 was employed. The phenol was charged
in a “Hastelloy” -lined pressure vessel (140-, 240-, or 1000-ml.
capacity). The vessel was cooled in Dry Ice, evacuated, and a
25 to 50% molar excess of COF2was added. The reactants were
heated under autogenous pressure for 1-4 hr. at 100 to 200°.
The product was dissolved in an inert solvent, normally methyl-
ene chloride, and stirred in a polyethylene bottle with a molar
excess of sodium fluoride powder or pellets until the hydrogen
fluoride was removed. The solution was iiltered and distilled.
The fiuoroformate, if liquid, was fractionated at reduced pres-
sure or, if solid, was recrystallized. For preparation of o-nitro-
phenyl fiuoroformate, it was found necessary to charge a molar
amount of NaF powder in the pressure vessel with the reactants.
The fluoroformates not described previously in the literature are
listed in Table I11.

B. Preparation of Aryl Fluoroalkylcarboxylates.—Two pro-
cedures were employed. (1) The reaction of the phenol with
trifiuoroacetic anhydride was carried out as described in the
literature. ¥ (2) The phenol and an equimolar amount' of
pyridine was dissolved in ether and a slight molar excess of tri-
fluoroacetyl chloride was bubbled into the solution, or hepta-
fluorobutyryl chloride was added dropwise with stirring. The
pyridine hydrochloride was separated by suction filtration,
and the product distilled (or recrystallized if solid). The esters
not previously reported in the literature are listed in Table I11.

C. Preparation of Aryl Perfluoroalkyl Ethers from the Fiuoro-
formate or Perfluoroalkyl Ester.—The aryl fiuoroformate or
perfluorocarboxylate was charged into a “Hastelloy”-lined
pressure vessel (140-, 240-, or 1000-ml. capacity). The vessel
was cooled in Dry Ice, evacuated, and anhydrous hydrogen
fluoride and sulfur tetrafluoride were added. The reactants
were then heated under autogenous pressure, generally for 2-hr.
successive periods at temperatures of 100, 150, and 175°. The
product was treated with sufficient sodium fluoride (powder or
pellets) to remove all of the hydrogen fluoride (or alternatively
washed with watei and sodium bicarbonate solution) and
fractionated. Normally a 45-cm. spinning-band column was
employed for the distillation and the product was obtained in an
exceptionally high state of purity (for phenyl trifluoromethyl
ether better than 99.9% pure as determined by gas chromato-
graphic analysis). The reactions run by this route are summarized
in Table I, and the ethers are described in Table II1.

D. Preparation of Trifluoromethyl Ethers. General Two-
Step Procedure from Phenols.—The phenol was treated with 25
to 50% molar excess of COF2as described in section A; gener-
ally the reactions were heated under autogenous pressure at
100° for 1 hr. and at 130 to 150° for 2-3 hr  The vessel was first
cooled to 0° to vent the excess COF2 then, after cooling to —80°,
10 to 20% molar excess of SF4was added. The reactants were
heated under autogenous pressure and the product worked up as
described in section C. The reactions run by this method are
summarized in Table Il, and the ethers are listed in Table II1.

E. Preparation of Aryl Tetrafluoroethyl Ethers.—The
procedure described previously7 was employed with the following
modifications.l The phenol (0.25 to 0.50 mole) was dissolved in
150 ml. of dimethoxyethane (glyme), and 10 to 20 molar % of
53% sodium hydride dispersion in mineral oil was added. When
the reaction was complete, the solution was diluted with 150 ml.
of dimethylformamide and transferred to the reactor. The tetra-
fluoroet.hyiene reaction was carried out as described? and the
product worked up in the normal manner.

F. Reactions of Aryl Perfluoroalkyl Ethers (on the Aromatic
Ring).—A number of reactions involving the aromatic ring of
aryl trifluoromethyl ethers have been described in the Russian
literature.245 Also in many reactions, standard conditions (such
as described in “Organic Syntheses” ) were employed to carry out
classical conversions on the ring or on substituents. Conse-
guently, experimental details are provided only where conditions
are unusual or important. The perfluoroalkyl ethers, with
physical properties and analytical data, are listed in Table 111,
along with the methods of preparation (including references to
literature methods where pertinent) and yields also are given.

1. Nitration, a.
ture of 4.86 g. (0.030 mole) of phenyl trifluoromethyl ether with

(16) We would like to thank Dr. D. C. England of this laboratory for

suggesting these modifications.
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18 ml. of concentrated sulfuric acid was placed in a 35-ml. flask
fitted with a thermometer, magnetic stirrer, and addition
funnel with a Drierite guard tube. Approximately 5 ml.
of fuming nitric acid was added dropwise to the mixture with
stirring w.iile the temperature was maintained between 20° and
30° by an ice bath. The reaction was extremely exothermic
during addition, and after the addition was completed and the
ice bath removed, a slight exothermic reaction continued. After
approximately 30 min., the mixture was poured over approxi-
mately 100 g. of cracked ice, and the product extracted in ether.
The ether extracts were washed with 15% sodium hydroxide
solution, then with water, and dried over anhydrous magnesium
sulfate. The product was distilled through a 30-cm. spioiing-
band column to obtain 2.9 g. (47%) of p-nitrophenyl trifluoro-
methyl etner, b.p. 82° (9.7 mm.), radi> 1.4659, and 2.7 g. (36%)
of 2,4-dinitrophenyl trifluoromethyl ether, b.p. 106-107° (2
mm.), nZh 1.4969.

The lower boiling fraction was characterized as p-nitrophenyl
trifluoromethyl ether. Infrared and gas chromatographic
analysis of this sample showed it to contain no ortho or meta
isomer. (Authentic samples of o-, m-, and p-nitrophenyl tri-
fluorometjyl ethers were employed for comparison and synthetic
mixtures of the three isomers were readily separated on a 2-m.
column of 20% diglyceride on 40- to 60-mesh Columpak heated
at 150°.) The 2,4-dinitrophenyl trifluoromethyl ether was
characterized by elemental analyses and n.m.r., ultraviolet, and
infrared spectra.

b. p-Chlorophenyl Trifluoromethyl Ether.77—A solution of
11.39 g. (0.0574 mole) of p-chloropheny] trifluoromethyl ether in
25 ml. of concentrated sulfuric acid was nitrated with 5 g. of
fuming nitric acid as described previously. The chlorcnitro-
phenyl trifluoromethyl ether, b.p. 65° (1.1 mm.) was obtained
in a yield of 10.0 g. (72%) and was shown to be approximately a
50:50 mixture of the 2- and 3-nitro-4-chlorophenyl trifluoromethyl
ether by F ©On.m.r. analysis.

2. Bromination. a. Phenyl Trifluoromethyl Ether.8B—A
mixture of 143 g. (0.89 mole) of phenyl trifluoromethyl ether and
3 g. of iron powder was heated to reflux with stirring, and 50 ml.
(155 g., 0.97 mole) of bromine was added rapidly. The reaction
mixture was then cooled, decanted, and taken up in pentane.
The pentane solution was washed successively with 50-ml.
portions of 6 A' hydrochloric acid, 10% sodium bisulfite, and
saturated sodium chloride solutions, dried, and distilled. The
p-bromophenyl trifluoromethyl ether, b.p. 155°, was obtained
in ayield of 175 g. (82%) and was characterized as para isomer
only by gas chromatographic and spectral comparison to an
authentic sample prepared by method D. If an excess of
bromine was used, dibromophenyl trifluoromethyl ether, b.p.
76-79° (7 mm.), n-i 1.5068, was obtained as a by-product and
was shown to be a mixture of 2,4- and 3,4-dibromo isomers in
ratio 2:1. respectively, by FO n.m.r. and gas chromatog'aphic
analysis employing for comparison an authentic sample of 2,4-
dibromophenyl trifluoromethyl ether prepared by method D.

b. 1,4-Bis(trifluoromethoxy)benzene.—A mixture of 49.2 g.
(0.20 mole) of I,4-bis(trifluoromethoxy)benzene and 1.5 g. of
iron powder was heated to reflux, and 24 g. (0.15 mole) of
bromine was added over a period of approximately 15 min.
The reaction mixture was stirred and refluxed overnight. An
additional 16 g. (0.10 mole) of bromine was added and refluxing
continued for an additional 36 hr. The reaction was cooled,
and the product extracted in pentane. The pentane solution
was washed, in turn, with 80 ml. of 6 N hydrochloric acid, 120
ml. of 10% sodium bisulfite solution, and saturated sodium
chloride solution. The pentane solution was dried over mag-
nesium sulfate, filtered, and distilled. A total of 21.5 g. (44%)
of 1,4-bis(trifluoromethoxy)benzene, b.p. 49.5° (20 mm.), was
recovered. A second fraction of 14.4 g. (22%), b.p. 58.5° (20
mm. ), nZ&> 1.4148, was characterized as 2-bromo-I,4-bis(tri-
fluoromeTioxy)benzene. The third fraction of 13.1 g. (16%),
b.p. 110° (30 nun.), nZD 1.4571, was characterized as 2,5-dibro
mo-1,4-bis(trifluoromethoxy)benzene. In a second run on
double the scale, the yields were recovered starting material,
38%; m mobromo product, 30%; and dibromo product, 15%.
The dibromo derivative was found to have a single FO n.m.r.
resonance (—360 c.p.s. with internal reference to CF2ZC1CFXC1

(17) Wec are indebted to Dr. W. W. Prichard of this laboratory for this
experiment.
(18) We are indebted to Dr. P. E. Aldrich of this laboratory for the

experiment).



1« Sheppard

at 40 Me./see.), split into a doublet, and a single proton reso-
nance split into a quadruplet (/nr = 1.2 c.p.s.). This spectra
is consistent only with the 2,5 isomer since the 2,6 isomer would
show two chemically shifted F29resonances, one of which should
be split into a triplet. (The monobromo product shows two
equal FBresonances at —363 and —341 c.p.s. with reference to
CFZ1CF2C1 at 40 Me./sec.)

3. Reduction of Nitro Group. Aminophenyl Perfluoroalkyl
Ethers.—The general procedures are illustrated by the following
examples.

a. — A solution of 7.75 g. (0.030 mole) of p-nitrophenyl penta-

fluoroethyl ether in 100-ml. absolute ethanol containing 0.036
mole of hydrogen chloride wls hydrogenated at approximately 3
atm. pressure in a Parr apparatus using 0.30 g. of platinum oxide
as catalyst. The theoretical amount of hydrogen was absorbed
in a few minutes. The catalyst was removed by filtration, and
the alcohol solution evaporated under nitrogen. The residual
solid was triturated with 100 ml. of ether and filtered. The
pentafluoroethoxyaniline hydrochloride was obtained as white
platelets in a yield of 6.0 g. (87%). The free aniline was ob-
tained by adding the hydrochloride to an excess of stirred 10%
solution of sodium carbonate layered with ether. The aniline
obtained from the dried ether extract was distilled, b.p. 95°
(22 mm.).

b. —ra-Nitrophenyl trifluoromethyl ether (36.3 g.,
mole) in 50 ml. of absolute alcohol with 1g. of 5% palladium-on-
charcoal catalyst was reduced in a pressure vessel at 50° and 69
atm. of hydrogen; approximately the theoretical amount of
hydrogen was absorbed. The resulting reaction mixture was fil-
tered to remove catalyst and distilled to obtain 26.8 g. (92.5%)
of m-aminophenyl trifluoromethyl ether, b.p. 89° (20 mm.),
reD 1.4633.

4. Carboxyphenyl Perfluoroalkyl Ethers.—As shown in
eq. 3, three different procedures were employed for the prepara-
tion of the acids. The stability of the ORf to organometallic
reagents and strong oxidizing conditions is illustrated by these
methods.

a. Carbonation of Grignard Reagent.—The Grignard reagent
was prepared in the normal manner by addition of 8.1 g. (0.036
mole) of p-bromophenyl trifluoromethyl ether in 15 ml. of ether
to 1.0 g. (0.042 g.-atom) of magnesium turnings in 5 ml. of
ether. The reaction was exothermic, and the bromo derivative
was added at a rate sufficient to maintain reflux. After addition
was complete, the reaction mixture was stirred at room tempera-
ture for 30 min. and then cooled to —5° in an ice-acetone bath.
Dry carbon dioxide was passed over the stirred solution. An
exothermic reaction resulted, and the temperature increased to
approximately 0°. Hydrolysis was accomplished with 15 ml. of
6 N sulfuric acid, and the product was separated by ether ex-
traction. The crude product was obtained as oily white crystals
(yield, 9.5 g.). The p-trifluoromethoxybenzoic acid was re-
crystallized several times from hexane to constant m.p. 153.2-
153.8°.

b. Permanganate Oxidation.—A mixture of 564 g. (0.032
mole) of m-trifluoromethoxytoluene with 12.0 g. (0.076 mole)
of potassium permanganate dissolved in 140 ml. of water was
gradually heated to reflux with stirring. The mixture was re-
fluxed overnight until all of the permanganate color had disap-
peared. Unchanged starting material (2.0 g., 39%) was re-
moved by distillation of approximately 100 ml. of water from the
reaction mixture. The remaining dark aqueous mixture was
treated with sulfur dioxide until all of the manganese dioxide had
dissolved. A white crystalline solid was filtered from the solu-
tion and washed thoroughly with water. The crude m-trifluoro-
methoxybenzoic acid was obtained in a yield of 2.77 g. (42%)
and was recrystallized from hexane to constant m.p. 91.4-92.0°.

c. Bromination, Hydrolysis, and Oxidation.— A solution of
8.80 g. (0.05 mole) of p-tolyl trifluoromethyl ether and 16.0 g.
€9.10 mole) of bromine in 100 ml. of carbon tetrachloride was
irradiated under reflux overnight with a G. K. sun lamp. At the
end of this time, the bromine color had disappeared and consider-
able hydrogen bromide evolution had occurred. The carbon
tetrachloride was evaporated at room temperature under a
nitrogen stieam, and 75 ml. of concentrated nitric acid was added.
The mixture was stirred vigorously overnight, bromine gradually
evolved, and finally the product separated from the aqueous phase
as a solid. The mixture was poured into several 100 ml. of
ice-water, and the solid product was separated by suction fil-
tration and washed thoroughly with water. The yield of p-tri-
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fluoromethoxybenzoic acid, recrystallized from hexane, m.p.
153-154°, was 6.8 g. (66%,).

5. Tetrakis(trifhioromethoxyphenyl)silane.—A solution of
butyllithium in ether was prepared in the usual rvay from 13.7 g.
(0.10 mole) of butyl bromide, 1.53 g. (0.22 g.-atom) of lithium
wire, and 30 ml. of ether. To this was added dropxvise a solution
of 24.1 g. (0.10 mole) of r>i-trifluoromethoxybromobenzene in 20
ml. of ether keeping the reaction temperature at 0°. After the
mixture had been stirred for approximately 2.hr. (the solution
turned yellowish in color), a solution of 3.1 g. (0.018 mole) of
silicon tetrachloride in 20 ml. of ether was added dropwise. A
very exothermic reaction resulted, and the temperature was
maintained at 0 to 5° with an acetone-ice bath. The solution
was allowed to warm gradually to room temperature overnight
and was then hydrolyzed with 25 ml. of 5% hydrochloric acid
solution. The ether layer was separated, and the aqueous phase
extracted with additional portions of ether. The combined
ether extracts were dried over magnesium sulfate, filtered, and
evaporated under nitrogen. The residue of pale yellow oil was
fractionated on a 30-em. spinning-band column. Tetrakis(m-
trifluoromethoxyphenyRsilane, b.p. 136° (0.7 mm.), wks ob-
tained in ayield of 5.4 g. (32%). A forecut of 4.4 g. of material,
b.p. 106-136° (0.7 mm.), was shown to contain saturated C-H
and is believed to be a mixture containing chiefly tris(trifluoro-
methoxyphenyl)butylsilane. The tetrakis(m-trifluoromethoxy-
phenyl)silane is a glass at —80° and becomes fluid at approxi-
mately —30°. The open tube boiling point is 352°, and the
silane is stable to reflux in a tube open to the air. Although
this silane is considerably more volatile than tetraphenylsilane
(b.p. 530°, m.p. 273.5°), it has a much lower melting point so
that the over-all liquid range is extended significantly. No
reference has been found to any other tetraarylsilane which is a
liquid at room temperature.

6. LLI-Trichloro-2,2-bis(trifluoromethoxyphenyl)ethane.—
Sulfuric acid (50 g., 98-100%) was placed in a 100-ml. flask
fitted with a thermometer, magnetic stirrer, and dropping funnel
with a Drierite guard tube. A solution of 3.68 g. (0.025 mole)
of anhydrous chloral and 8.1 g. (0.050 mole) of phenyl trifluoro-
methyl ether was added dropwise to the sulfuric acid with stirring.
After addition was almost complete, an exothermic reaction
occurred, and the temperature increased to 40°. The solution
was stirred overnight and then poured into 25 ml. of methylene
chloride. The methylene chloride layer was separated, and the
sulfuric acid further extracted with methylene chloride. The
combined methylene chloride extracts were washed with water
and 10% sodium carbonate solution and dried over anhydrous
sodium sulfate. The methylene chloride was distilled, and the
residue fractionated through a 30-cm. spinning-band column to
obtain 2.9 g. (26%), b.p. 134-140° (2.3 mm.), nKd 1.4952, of
1,I-bis(trifluoromethoxyphenyl)-2,2,2-trichloroethane. In a
large-scale preparation, a lower boiling by-product was identified
as LI,I-trifluoro-2-(trifluoromethoxyphenyl)ethane, b.p. 58°
(0.06 mm.). If 96% sulfuric acid was used in the condensation,
only this by-product was isolated. This by-product must result
from a reduction of an intermediate by the chloral. It is sug-
gested that this reduction can compete successfully with the
normal condensation reaction because of deactivation by the
trifluoromethoxy group.

7. m-Bis(m-trifluoromethoxyphenoxy)benzene.— A  solution
of 10.2 g. (0.057 mole) of m-trifluoromethoxyphenol in 30 ml.
of toluene was mixed wuth 3.8 g. (0.068 mole) of potassium
hydroxide in a Dean-Starke apparatus and heated to reflux for
several hours until all the water had been removed as an azeo-
trope. Approximately 15 ml. of toluene was distilled, and 6.76
g. (0.827 mole) of m-dibromobenzene and 0.5 g. of cupric carbo-
nate were added to the reaction mixture. The temperature was
gradually raised to 200°, and the remaining toluene distilled.
The reaction mixture was lien heated under reflux at 220-240°
overnight. After cooling, the product, was extracted from the
pasty dark solid with seve-al portions of ether. The ether ex-
tracts were evaporated, and the residual oil distilled to obtain a
total of 7.59 g. (61%,) of m-bis(w-trifluoromethoxyphenoxy)-
benzene, b.p. 138-143° (0.59 mm.), n%n 1.5048. This product
turned to a glass at —80° and was a mobile liquid to approxi-
mately —40°. The open tube boiling point was 336°. The
product obtained previously had a slight odor of phenol and was
purified further by distillation from anhydrous sodium carbon-
ate. For comparison the parent %-bis(phenoxy)benzene has
m.p. 47-48° and b.p. 372°.
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G. Pyrolysis Experiments.9—Samples of the aryl perfluoro-
alkyl ethers were distilled into an evacuated 10-ml. stainless
steel pressure vessel connected to the inlet system of a mass
spectrometer. The vessel was heated for 20-min. periods in suc-
cession at temperatures of 400, 475, 550, 625 and 700°. After
each period, a sample was removed for mass spectrometric
analysis, and the per cent decomposition and major decom-
position products were determined. In this study, CBHa&CF3
CHBOCFXF:;, CEHBOCFXFXH, and p-(CFD)X,H, were
compared with benzotrifluoride and fluorobenzene. In each case
a measurable amount of decomposition (5 to 10%) was noted
between 550 and 570°. At 625° the decomposition was 60-70%
for the pentaduoro- and tetrafluoroethyl ethers, but only 30 to
40% for the other compounds in the series. The initial course of
decomposition in all cases appeared to be formation of biphenyls.
For the ethers, formation of carbon monoxide, carbon dioxide,
and fluorobenzene derivatives becomes significant at higher
temperatures.

H. Spectral Properties.—A description of the infrared and

(19) A qualitative study of the stability of derivatives of perfluorobenzene
was described recently by L. A. Wall, R. E. Donadia, and W. J. Pummer,
J. Am. Chem. Sic., 82, 4846 (1960).
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n.m.r. spectra of the aryl perfluoroalkyl ethers was presented in
the discussion. The ultraviolet spectra of these ethers are in
general very similar to those of corresponding toluene derivatives,
as illustrated by the following examples in Table V.

Table V

- -—----—-Lnax niM (log €)
CBHZOCF& 267(2.2) 264(2.4) 255(2.2) 249(2.2)
CeHsCHH 268(2.4) 262(2.5) 255(2.4) 248(2.2)
p-C&H4OCF3?2 269(2.5) 264(2.6) 259(2.5)
p-C&H ICH3),” 275(2.7) 268(2.7) 261(2.5) 256(2.3)

0 The solvent was isooctane. b Literature value.
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Aliphatic alcohols are converted to the corresponding trifluoromethyl ethers by reaction with carbonyl fluoride

and treatment of the resulting fluoroformate with sulfur tetrafluoride.
when the alcohol is substituted with a deactivating substituent in the /3-position.

This reaction has synthetic value only
The scope and extensions

of this reaction and the physical and chemical properties of these ethers, particularly trifluoromethyl vinyl
ether and substituted ethyl trifluoromethyl ethers, are described.

Perfluorcalkyl ethers have been prepared in low
yield by electrolytic fluorination.2 Other methods
useful for preparation of a-fluorinated ethers are base-
catalyzed additions of alcohols to fluoroolefinp and
fluoride exchange reactions with chlorinated ethers.
However, none of these methods is generally useful
for the preparation of alkyl trifluoromethyl ethers.3

Results and Discussion

Synthesis.—The new general method for preparation
of aryl trifluoromethyl ethers described in the previous
paperl has been extended to the aliphatic series.

(6]
ji SF,

ROH + COF2---s- ROCF + HF--—--> ROCF3
Alcohols were converted to the corresponding fluoro-
formates ty reaction with carbonyl fluoride46 in an

(1) Paper I:  W. A. Sheppard, J. Org. Chem., 29, 1 (1964).

(2) A general review describing synthesis and properties of fluoroalkyl
ethers is presented in (a) A. M. Lovelace, D. A. Rausch, and W. Postelnek,

“Aliphatic Fluorine Compounds,” Reinhold Publishing Corp., New
York, N. Y., 1958, Chap. V, p 155; (b) M. Hudlicky, “Chemistry of
Organic Fluo-ine Compounds,” The MacMillan Co., New York,

N. Y., 1962, pp. 141 and 238. (c) K. Weissermel and M. Lederer, Ber., 96,
77 (1963), describe preparation of a-fluorinated ethers by addition of t-
butyl hypochlorite to fluoroolefins.

(3) A trichlorodimethyl ether has been treated with antimony trifluoride
to give a trifluorodimethyl ether, H. S. Booth and P. E. Burchfield, J. Am.
Chem. Soc., 57, 2070 (1935). No proof of structure was presented, but,
on the basis of physical properties (see Discussion) and ease of hydrolysis,
the structure must have been FCH2CF2H and not CH30CF3as suggested
in ref. 2a.

(4) Fluorofcrmates also may be obtained by fluoride ion exchange on
chloroformates (ref. 2b, page 111).

autoclave at 100 to 200°. In a second step, the fluoro-
formates were converted to trifluoromethyl ethers by
reaction with sulfur tetrafluoride6 at 150 to 200°.
In general, the intermediate fluoroformate was not
isolated, and the hydrogen fluoride by-product from
the first step served as a catalyst and/or solvent for the
sulfur tetrafluoride reaction. In one case where the
fluoroformate was isolated, anhydrous hydrogen fluo-
ride was added with the sulfur tetrafluoride, since it
had been shown with aryl fluoroformates and other
carbonyl derivativesl that hydrogen fluoride is neces-
sary to catalyze the conversion to the respective a-
fluorinated ethers and difluoro derivatives.

This reaction is useful as a synthetic method only
if the /3-carbon is substituted with one or more electron-
withdrawing groups, such as F, CIl, Br, OCF3 (or

(@)

f
OCF), and fluoroalkyl groups. Although methanol
afforded methyl trifluoromethyl ether, other aliphatic
alcohols composed of only hydrocarbon chains gave
tars or carbonaceous products With one electro-
negative substituent, the over-all yield of ether from
alcohol was in the range of 30 to 40% but increased to
50 to 60% when three deactivating substituents were
present in the /3-position. These reactions are sum-
marized in Table I and the trifluoromethyl ethers,

(5) Carbonyl fluoride was prepared by a convenient new synthesis from
sodium fluoride and phosgene in acetonitrile as described by F. S. Fawcett,
C. W. Tullock, and D. D. Coffman, J. Am. Chem. Soc., 84, 4275 (1962).

(6) (a) C. W. Tullock, F. S. Fawcett, W. C. Smith, and D. D. Coffman,
ibid., 82, 539 (1960); (b) W. R. Hasek, W. C. Smith, and V. A. Engelhardt,
ibid., 82, 543 (1960).
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Table |

Preparation of Alkyl Trifluoromethyl Ethers by Two-Step Method from Alcohols"

(0]
Il Sk
ROH + COF2— > HF + ROCF — > ROCF3
COFi . S Yield-
Alcohol G. (Moles) G. (Moles) G. (Moles) Product G. %
C1CHZHDH 61.2 (0.76) 75 (1.14) 90 (0.83) CICHXHDCF3 28-48 24-42
BrCHZXHXDH 50 (0.40) 40  (0.61)0 44 (0.41) BrCHZHXCF3 30 15
CH3OH 158 (0 50) 50  (0.76)6 60  (0.56) CHjoCI-Y 17 29
CC1sCHDH 200 (1.34) 125  (2.00) 180  (1.65) CCIXTHDCF3 208 72
ccifXhdh 140 (1.20) 84 (1.28) 132 (1.22) ccifXhXcf3 84.5 38
hcfXfZh,oh' 132 (1 00) 90 (1.35) 150 (140) hcfZfxhdcf3 127.1 63.5
H(CFXF)XTHLGH 348 (0 15) 15 (0.27) 18  (0.17) H(CFXF2XHDOCF3 15.7 35
0
H(CF2XCF2)ZHDCF 14.3 29
H(CFZFLHDH' 166 (0.50) 45  (0.68) 70  (0.65) H(CFTFQTHDOCF3  102.1 51
0
I
H(CFXZF2XXH2OCF 70.8 37

« Reactions were run in “Hastelloy”-lined pressure vessel of 140-, 240-, .500-, or 1000-ml. capacity at autogenous pressure. Normal
heating pattern was 1-2 hr. at 100° followed by 1-4 hr. at 140-150° for the reaction with COF2 and 2 hr. successively at 100°, 150°
and 175° for the reaction with SF4. bHeated only at 100° for 2 hr. ' Gas chromatographic analysis indicated that the product was
85% pure. dAdditional 2 hr. at 200° added to heating schedule for the SF4reaction.

Table Il

Preparation of d-Fluorinated Ethers by Reaction of Carbonates or Esters with Sulfur Tetrafluoride”

O
ROCRf + SF4— > ROCF®R, (Rr = F, CF3 or OR)
Reactants -SF,-mmmmmmee HF, —---Yield-
(carborate or ester) G. (Moles) G. (Moles) ge Product G. %
o o
il 1
FCOCHZCHZ2OCF 183 (1.19) 270 (2.50) 10 CFOCHZH2OCF3 128 54
0
1
CF,OCHZCH2OCF 6.5 3
0
CFOCHZXH2OCF 224 (1.27) 160 (1.48) 25 cfdhchXhdcf3 1325 53
cfochZXh?F 31
(e}
1
(CFO)ZXCH2 18.8 (0.078) 19.0 (0.18) 3 cfXfdbch2r d
0
|
cfXf
(CFXHD)2C =0" 16.7 (0.074) 10 (0.093) 5 (CFXHD)XTF2 34 18
Recovered starting material 3.5 21
(HCFXFZHD)2X=0e 29.0 (0.10) 15 (0.14) 5 (HCFXFZZHD) XCF2 7.2 23
Recovered starting material 8.6 30
[H(CFXF2ZZHD]ZX=0e 49.0 (0.10) 20 (0.18) 4 [H(CFZF2ZZHD ] 2CF2 175 34
Recovered starting material 20.7 42

° Reactions were run in "Hastelloy”-Imed pressure vessel of 140-, 240-, or 1000-ml. capacity at autogenous pressure. Normal heat-
ing pattern was 2 hr. successively at temperatures of 100, 150, and 175°. bObtained in large quantities from reaction of COF2with
ethylene oxide in presence of pyridine (see paper 1V in this series by F. S. Fawcett). ' Forecut, b.p. 50-68°, also contained CF30CH2
CH2CF3 dYield, 5 ml; from low-temperature distillation; yield approximates 60%. *Heated at 150° for 2 hr., 200° for 2 hr.,
225° for 2 hr., 250° for 4 hr.

with physical properties and analytical data, are listed uct. One was fS-trifluoromethoxyethyl fluoroformate,
in Table 111. a product of incomplete reaction; the other was /3

In the preparation of 1,2-bis(trifluoromethoxy)- fluoroethyl trifluoromethyl ether7 which can form by
ethane, it was necessary to prepare and isolate the fluoride ion displacement of the fluoroformate group
bisfluoroformate of ethylene glycol by a low-temperature or by intramolecular decomposition of the fluoro-
reaction of glycol with excess carbonyl fluoride in the formate.4

presence of sodium fluoride as base. From the reaction Extension of the reaction to preparation of alkyl
of this fluoroformate with sulfur tetrafluoride in the

presence of hyqrc}gen f!uorlde_ .(SGE Table ”)' two by_ ) This product has been reported from reaction of CFaOF with ethyl-
products were isolated in addition to the normal prod- ene, J. A. C. Allison and J. H. Cady, J. Am. Chem. Soc., 81, 1089 (1959).
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Tabte Il

Alkyl Fluoroalkyl Ethers and Esters”

FOnmr>*
chemical
shifts
inc.p.s.
(relative
intensity),
Compound B.p. (mm.)» °C. n 5d 40 Me./sec.
CH3OCF3 -25 to —19d e
CICHXH2DCF3 62-65 1.3292 e
BrCHZXH2DCF3 77-81 1.3605 e
CCICHDCF3 98.5 1.3769 -233
CCIFXHXDCF, 34-35 €
CH2ZCHOCF3 -18 to -15 e
CCIZ=2CHOCF3 63.5 1.3572 - 19F
CFOCHXHZ2OCF3 71 <1.30 —208"
(0]
]
CF3OCHXHZCF 117 -288 (3)
-1933 (1)
CF3CHCICHCIOCF« (2)*~ -505(1)
CFOCHZXCIDCF3(1) 91.0 1.3209 -266(2)
-257(2)
-233(1).
CF3OCCIZCIHOCFJ 110 1.3455 -475(1)
-223(1)
CFsOCCbCCUOCF;j 128 1.3690 -257
CFIOCH=CCI10CF,i 54 1.299 -231 (1)
-177(1)
-139(1)
-128(1)
CF,0CC1=CC10CF/ 73 1.3270 -336(1)
-327(1)
CFaOCCIBrCBrHOCFj 94-95 1.3920 e
HCFXF2ZH2CF3 45.5 <1.30 -531~*
HCCFsCFjhCI-EOCF, 99 <1.30 -569*
H(CF2XF23H2OCF3 140-141 <1 30 -534*
CF2XF2OCHZF 16 e
(CFCHD)XF2 89.5 <1.30 406° (3)
0 (1)
(HCFXCFXHXD)XF2 83-86 (50) 1.3129 e
[H(CFZF22CH20]2CF2 68 (1.7) 1.3123 -5(T
0
]
H(CF2ZF22CH20CF 127 <1.30 -2255”
0
1
(CF0O)XH2 108 1.3091 e

“ Compounds reported in this table also were characterized generally by infrared and proton n.m.r. spectra.
n.m.r. spectrometer was operated at approximately 9988 gauss.

ternal CICFZFZC1 at O c.p.s., no solvent;

placement indicates resonance occurring at lower field relative to the reference.
have frequently been found 0.4 to 0.7% high, although not reproducibly so.
' Calibrated spectrum not obtained.
° Proton n.m.r. single resonance at —4.16 p.p.m. relative to tetramethylsilane.
1Approximately 1:1 cis-trans mixture.
" Approximately 1:1 cis-trans mixture.
Other resonances (F©and H1with proper relative intensities) observed at approximately same frequencies as in parent alcohols.
resonance at 406 c.p.s. assigned to CF3group appeared as triplet (J =
assigned to CF2 group showed incompletely resolved fine structure.
Assigned to CF2 the remainder of the F19spectra and the proton spectra approximately the

and mass spectrometric analysis.
tetramethylsilane.
estimated from F19 n.m.r. resonances.
—6.08 and —6.58 p.p.m. relative to tetramethylsilane.

tetramethylsi ane with 3 = 9 c.p.s.

0

!
n Assigned to CF.

same as parent alcohol.
perfluoroalkyl ethers was not investigated to any ex-
tent but is expected to proceed in a fashion analogous
to that found for the aromatic ethers.1 Partial suc-
cess was attained in the one case studied. From the
reaction of bis(trifluoroacetoxy)methane (1) with

o-Fluorinated Ethers. 1l 13
Analyses----------- -=---- -
----—--Carbonc—— Hydrogen - Fluorine------- ——=a Other-
Caled. Found Caled. Found Caled. Found Caled. Found
(Mass spectrom-
etry)
24.3 24.5 2.71 2.72 38.3 38.6 Cl, 23.9 23.8
29.5 29.3 Br, 41.4 415
16.6 16.9 0.93 1.12 26.2 25.8 Cl, 48.9 48.9
19.5 19.4 1.1 1.3
50.9 50.9
19.9 20.2 0.56 0.75 31.5 31.2 Cl, 39.2 39.0
24.3 24.8 2.04 2.35 57.6 57.6
27.3 28.0 2.29 2.63 43.2 43.1
18.0 18.2 0.76 0.92 42.7 42.2 Cl, 26.6 26.4
15.9 16.3 0.34 0.84 37.8 38.2 Cl, 35.3 35.7
14.3 14.7 34.0 33.7 Cl, 42.2 42.6
20.9 21.1 0.44 0.88 49.5 49.3 Cl, 15.4 16.0
18.1 18.5 43.0 43.6 Cl, 26.8 26.5
12.3 12.8 0.26 0.67 29.2 29.1 Cl, 9.1 9.5
Br, 40.9 41.0
24.0 25.0 1.51 2.00 66.5 66.3
24.0 24.4 1.01 1.20 69.7 70.7
24.0 24.7 0.76 0.96 71.2 72.7
67.8 68.3
24.2 24.6 1.63 2.24
26.9 27.3 1.94 2.25 60.9 59.8
25.8 26.2 1.16 1.54 66.8 66.7
66.6
25.9 26.2 1.09 1.23
47.5 47.3

b Neat, relative to ex-
Negative frequency dis-
¢ Carbon analyses of highly fluorinated compounds
Purified by preparative gas chromatography for n.m.r.
' Proton n.m.r. single resonance at —6.55 p.p.m. relative to
* Approximate relative amounts
Approximately equal proton resonances occur at
* Resonances for OCF3group only.
1FD
9-10 c.p.s.) with additional fine structure. Resonance at 0 c.p.s.

Proton n.m.r. quadruplet centered at —4.20 p.p.m. relative to

sulfur tetrafluoride in hydrogen fluoride only fluorometh-
ylpentafluoroethyl ether (2) was isolated. Replacement
of an acetoxy group by fluoride ion could occur either
before or after one acetoxy group had reacted with
sulfur tetrafluoride.



14 Aldrich and Shepfard

(CFX0)XCH2 + SF4— > CF,CFOCHZXF
1 2

This reaction was extended to the preparation of
1,1 -difluoroformals (3), a new class of a-fluorinated
ethers. The carbonate of a fluoroalkylmethyl alcohol
4y was treated with sulfur tetrafluoride in the presence

HF
(RfCH®D)2C =0 + SF, — iR,CHD)XF2
4 3

of anhydrous hydrogen fluoride. In this case a higher
temperature (about 225°, compared to a temperature
of 175° normally used in the fluoroformate reaction)
was required to obtain the difluoroformal in yields
ranging from 20 to 30% (30% of the starting carbonate
was recovered).

Chemical and Physical Properties—The trifluoro-
rnethyl ethers are mobile, colorless liquids (with the
exception of CH3OCF3 which has b.p. —25°) which
are thermally and chemically stable.

d-Haloethyl trifluoromethyl ethers (5) were readily
converted to vinyl ethers (6) by treatment with base.

XCY2XLHXDCF3— > cy2 chocf3

base
5 6

However, in the case of CICHZH2DCF 3 elimination of
the OCF3 group occurred to a significant extent so
that the product was a mixture of vinyl ether 6 (V =
H) and C1CH=CHZ2in a ratio of three to one as deter-
mined by gas chromatography. No conclusion can be
drawn from this experiment as to ease of elimination of
eOCF3 compared with Cle since the rate-controlling
factor may be the acidity of the protons a to the
trifluoromethoxy group in compound 5 (X = ClI,
Y = H). The trifluoromethyl vinyl ether (6, Y = H)
could be polymerized under the influence of radical
initiators, but the dichloro analog (6, Y = CI) was
inert.

I,2-Bis(trifluoromethoxy)ethane was not attacked
by bromine radicals but could be chlorinated photo-
chemically to give a mixture of all possible isomers.
By adjustment of time and temperature, the amount of
chlorination could be controlled to make one isomer

Ch
CF3OCHXHXDCF3— >
hy
CF3CHCICH2OCF3+ CF3CHXCIZDCF3
7 8
+ CFCHCICHCI10CF3+ CF3CCIZCHC10CF3+
9 10

CF3OCCIXCIDCF3

predominant. The trichloro and tetrachloro compounds
(10 and 11) were readily separated in pure form by
distillation. The dichloro substitution product dis-
tilled as a mixture with 9 predominant over 8 (ratio
approximately two to one). Monochloro compound 7
codistilled with the starting material and could only
be isolated in pure form by gas chromatography. Zinc
dehalogenation of the tetrachloro derivative (11)
gave the ethylene CF3CC1=CC10CF3 (cis-trans
mixture) and of the trichloro derivative (10) gave
the ethylene CF30CCI=CHOCF3 These ethylenes

Vor.29

were stable to further treatment with dehalogenating
reagents or to dehydrohalogenation with bases, but
the monochloroethylene added bromine to give the
ethane CF3OCBrCICHBrOCF3

The trifluoromethyl ethers have boiling points 30
to 40° below those of the aliphatic analogs as would be
expected from complete replacement of hydrogens on
the methyl group by fluorines. These compounds are
sweet smelling liquids. Toxicity studies conducted
on a selection of these ethers indicate that they are
toxic at 0.1 to 11% concentration in vapor inhalation.8
For example, it was found that 2,2,3,3-tetrafluoro-
propyl trifluoromethyl ether at a vapor concentration
of 0.5% caused violent convulsions and death of mice
wit tin 30 to 120 sec.

The infrared spectra of these ethers showed a typical
strong C -0 absorption in the 7.8 to s-» region and very
strong C F absorption in 8 9-p region. The remain-
der of the spectra contain absorptions normal for the
substituents and for the aliphatic system. FXand H1
n.rn.r. spectra were obtained on the majority of com-
pounds and conformed with predicted spectra. For
the aryl trifluoromethyl ethers a single resonance was
found for the OCF3group in the region of —700 to
—800 c.p.s. at 40 Me./sec. relative to CFZ1CFZXL
For the aliphatic series, the resonance frequency was'in
the range of —130 to —500 c.p.s. under the afore-
mentioned conditions. The lower frequency in aro-
matic systems is expected since ring currents generally
cause a shift to lower fields. In the aliphatic series,
the substituent is much closer to the OCF3group and
has a more profound influence on the field with resultant
greater frequency shirts.

Experimental

Materials.—The alcohols were purchased from chemical
supply houses with the exception of the telomer alcohols
H(CFZXF2,CH2H, which were obtained from Organic Chemi-
cals Department, F. I. cu Pont de Nemours and Company,
Wilmington, Delaware. Carbonyl fluoride was prepared by
the recently reported synthesis from phosgene and sodium
fluoride in acetonitrile.5 Sulfur tetrafluoride was obtained from
Organic Chemicals Department, E. I. du Pont de Nemours and
Company, Wilmington, Delaware. Anhydrous hydrogen
fluoride was purchiised from Harshaw Chemical Company.
Bis(2,2,3,3-tetrafluoro-re-propyl)- and bis(oetafluoro-n-amyl)-
carbonates were supplied by Dr. W. B. McCormack of Jackson
Laboratory, Organic Chemicals Department, E. I. du Pont de
Nemours and Company.

Preparation of Alkyl Trifluoromethyl Ethers. General Two-
Step Procedure from Alcohols.—The procedure described pre-
viouslyl for the conversion of phenols to aryl trifluoromethyl
ethers was followed for the reaction of the aliphatic alcohols in
two steps with carbonyl fluoride, then sulfur tetrafluoride. In
general, a maximum temperature of 175° was employed for the
sulfur tetrafluoride reaction since higher temperatures usually’
caused extensive formation of tar. However, the highly fluor-
inated alcohols were not prone to side reactions and were heated
in the sulfur tetrafluoride reaction at 200° for several hours in
order to improve the yield of ether.

The product was cautiously poured into a well-stirred slurry of
a threefold molar excess of sodium fluoride powder or pellets in
dichloromethane or xylene to remove hydrogen fluoride. (Di-
chlor jmethane was frequently used for the less volatile ethers.)
The product was distilled through a spinning-hand or packed
column. Trifluoromethyd methyl ether is a gas at room tem-
perature and was purified by' passage through a tower of sodium
fluoride pellets followed by distillation through a low-tempera-

(8) The authors are indebted to the Haskell Laboratory for Toxicology

and Industrial Medicine, E. I. du Pont de Nemours and Co., for
toxicological studies.
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ture column. The experimental details are given in Table I,
and the physical properties and analytical data of the ethers are
given in Table II1.

Ethylene Glycol Bisfluoroformate.— A mixture of 50 g. (1.2
moles) of sodium fluoride powder in 300 ml. of ether was cooled
to —80° in a 1-1. four-necked flask fitted with a “Tru-bore”
paddle stirrer addition funnel, gas inlet tube, and a methanol-
slush condenser. Carbonyl fluoride (100 g., 1.5 moles) was
condensed into the ether solution, and 31.0 g. (0.50 mole) of
anhydrous ethylene glycol (purified by distillation) was added
dropwise. The reaction was exothermic; after the addition was
complete, the reaction mixture was allowed to warm gradually to
room temperature while the excess of carbonyl fluoride was re-
tained under reflux for 1 hr. The solid was separated by suc-
tion filtration and washed with ether. The ether solution was
evaporated to give 58 g. of oil. Distillation afforded 56.0 g.
(79%) of the bisfluoroformate, b.p. 36° (1.7 mm.). The fluoro-
formate decomposes at approximately 100-120°, and precautions
were taken to avoid overheating the pot during distillation.

Methylene Bis(trifluoroacetate). A.—A 500-ml. flask with
reflux condenser and drying tube was charged with 150 ml. of
dimethylformamide (distilled from phosphorus pentoxide).
Dry silver trifluoroacetate (81.7 g., 0.37 mole) was dissolved in
the dimethylformamide, and methylene diiodide (49.3 g., 0.184
mole) was added. In a few minutes the mixture became warm,
and a yellow precipitate formed. The temperature was main-
tained at 60-70° for 1 hr., the silver iodide was filtered off, and
the filtrate was distilled to give 28 g. (58%) of methylene bis-
(trifluoroacetate), b.p. 108°. The infrared spectrum of the
compound had ester carbonyl absorption at 5.60 ti.

B.— A 500-ml. flask with reflux condenser and drying tube
was charged with 30 g. (1.00 mole, calculated as a monomer
CHD) of paraformaldehyde (dried over phosphorus pentoxide),
200 ml. (298 g., 1.42 moles) of trifluoroacetic anhydride, and 50
ml. of trifluoroacetic acid. The mixture was refluxed until
solution was complete and then was distilled to give 61.4 g.
(26%) of methylene bis(trifluoroacetate), b.p. 108-110°, which
was identical to that obtained via procedure A as shown by in-
frared spectra comparison.

In addition, higher boiling fractions, b.p. 75-76° (28 mm.)
and 95-97° (28 mm.), were obtained. Since the infrared spectra
of these fractions are similar to that of methylene bistrifluoro-
acetate, the structures CFCOXHDCHD2CCF3 and CF3 02
CHDCHXDCHD X CF3 respectively, are suggested.

Bis(2,2,2-trifluoroethyl)carbonate.— Trifluoroethanol (50 g.,
0.50 mole) was added to a solution of 50 g. (0.50 mole) of phos-
gene in 39.5 g. (0.50 mole) of pyridine and 250 ml. of ether chilled
in an ice bath. The pyridine hydrochloride was removed by
suction filtration, and the ether solution was distilled. The
bis(2,2,2-trifuoroethyl)carbonate, b.p. 62.5° (75 mm.), was
obtained in a yield of 16%.

Reaction of Fluoroformates, Carbonates, and Esters with
Sulfur Tetrafluoride—The fluoroformates of ethylene glycol,
the carbonate esters of the fluorinated alcohols, and methylene
bistrifluoroacetate were treated with sulfur tetrafluoride in the
presence of hydrogen fluoride as catalyst as described previously.
In this case, the carbonyl reactant was charged into the pressure
vessel with anhydrous hydrogen fluoride and sulfur tetrafluoride.
The experimental details of the reactions are summarized in
Table 11, and the physical properties and analytical data of the
products are given in Table Il1l. For the conversion of carbon-
ates to difluoroformates, heating the reactants for several hours
at 225-250° (instead of 175°) was required.

Trifluoromethyl Vinyl Ether—A three-necked flask was
equipped with a dropping funnel, magnetic stirrer, and reflux
condenser. The top of the condenser was connected to a trap
cooled by solid carbon dioxide and acetone.

Into a refluxing solution of 58 g. (1 mole) of potassium hy-
droxide in 210 ml. of ethanol was dropped 41.3 g. (0.214 mole) of 2-
bromoethyl trifluoromethyl ether or 36.6 g. (0.246 mole) of 2-
chloroethyl trifluoromethyl ether. Refluxing was continued
until no additional condensate gathered in the trap.

A.—The condensate from the addition of 2-bromoethyl tri-
fluoromethyl ether was distilled in a low-temperature still to
give 15 g. (63%) of vinyl trifluoromethyl ether, b.p. —18° to
—15°. Gas chromatographic analysis indicated that the sample
was 90% pure. The infrared spectrum of vinyl trifluoromethyl
ether showed a strong absorption band at 6.00 m (vinyl double
bond) and very strong bands at 7.75, 8.05, and 8.40 m (associated
with the OCF3group).

uMumisimjfi annntnfnrfm
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B.—The condenshte from the addition of O ........... Ini tTr*
fluoromethyl ether was distilled to give 18.8 g. of product, b.p.
—18° to —14°. Gas chromatographic analysis cf the product
showed two peaks in the ratio 76:24. The retention time of the
smaller peak was the same as that of vinyl chloride (b.p. —12°)
while the retention time of the larger peak was the same as that
of trifluoromethyl vinyl ether. The identities of these products
were confirmed by separation of the components by preparative
gas chromatography and examination of their infrared spectra.

2.2- Dichlorovinyl Trifluoromethyl Ether.— A solution of

3.8 g. (0.0175 mole) of 2,2,2-trichloroethyl trifluoromethyl
ether and 2.0 g. (0.036 mole) of potassium hydroxide in 20 ml. of
ethylene glycol was gradually heated at 100-120°, and the prod-
uct was allowed to distil as formed. Redistillation of the prod-
uct gave 2.25 g. (71%) of 2,2-dichlorovinyl trifluoromethyl
ether, b.p. 63.5°.

Chlorination of |,2-Bis(trifluoromethoxy)ethane.— 1,2-Bis-
(trifluoromethoxy)ethane (30 to 50 g.) was placed in a quartz
tube fitted with a gas inlet tube and a condenser charged with
wet ice-acetone mixture. A slow stream of dry chlorine gas
was bubbled through the ethane, which was irradiated with a
low-pressure mercury lamp. After approximately 2 hr., evolu-
tion of hydrogen chloride ceased, and distillation of the product
afforded a 72% yield of tetrachloro-I,2-bis(trifluoromethoxy)-
ethane (11), b.p. 128°. By chlorinating over a shorter period or
by bubbling a stoichiometric amount (1, 2, or 3 moles) of chlorine
condensed in a calibrated trap through the irradiated ethane,
one could control the reaction to give a mixture of isomers (7 to
11), with the predominant isomer corresponding to the molar
quantity of chlorine added. The monochloro derivative was
never obtained in a pure state since it always codistilled with re-
covered starting material, but separation on a preparative scale
could be accomplished by gas chromatography. The dichloro-
product was determined to be a mixture of the two possible iso-
mers by FI9n.m.r. analysis. The isomer found in lesser amount
appeared to be unsymmetrical by virtue of two resonances of
equal intensity, one occurring at low field and the other at much
higher field. The predominant isomer of symmetrical form also
showed two resonances very close together and at an intermediate
frequency shift. The two resonances are though* to arise from
restricted rotation.9

1.2-Bis(trifluoromethoxy)ethylenes. A. Dichloro Deriva-
tive.— A mixture of 10 g. of zinc and 60 ml. of acetic anhydride
was heated to reflux (140°) for approximately 10 min. in a flask
fitted with magnetic stirrer, thermometer, and a Vigreux column.
The reaction mixture was cooled to 100-120° and 28.7 g. (0.086
mole) of tetrachlorobis(trifluoromethoxy)ethane (11) was added
dropwise. The product, boiling range 72-85°, distilled as formed.
The crude product (25.5 g.) was fractionated through a 45-em.
spinning-band column, and 14.7 g. (65%) of 1,2-d:chloro-1,2-bis-
(trifluoromethoxy)ethylene was obtained as a colorless liquid,
b.p. 72.0-73.5°. From the appearance of two FI9 n.m.r. reso-
nances, the product was characterized as approximately an equal
mixture of cis and trans isomers. Although partial separation of
the two isomers could be accomplished by analytical gas chro-
matography, separation was not successful on a preparative scale.

B. Monochloro Derivative.—Twenty-five grams (0.083 mole)
of tric.hloro-1,2-bis(trifluoromethoxy)ethane (10) was dechlor-
inated with 10 ml. of zinc and 50 ml. of acetic anhydride as
previously described. The product, chloro-1,2-bis(trifluoro-
methoxy)ethylene, was purified by fractionation through a 45-
cm. spinning-band column, b.p. 54°, 19.1-g. (59%) yield; 4.8 g.
(19%) of starting trichloro derivative (10) was recovered.
From F1© and H1n.m.r. analysis, this material also was shown
to be approximately an equal mixture of cis and trans isomers.

C. Chloro-1,2-dibromo-1,2-bis (trifluoromethoxy)ethylene.—
A solution of 3.20 g. (0.020 mole) of bromine in 5.2 g. (0.023
mole) of crude chloro-l,2-bis(trifluoromethoxy)ethylene was
allowed to stand in a stoppered flask. After 2 hr., all of the
bromine color disappeared, and the colorless liquid was distilled
to give 3.58 g. (41%) of bromo-l,2-dichloro-1 ,2-bis(trifluoro-
methoxy)ethane, b.p. 94-95° (200 mm.).
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9) J. A. Pople, W. G. Schneider, and H. J. Bernstein, ‘High-Resolution
Nuclear Magnetic Resonance,” McGraw-Hill Book Co., Inc., New York,
N. Y., 1959, p. 377.
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Diterpene ethers, isolated from tobacco and cigarette smoke, have been characterized as 12-isopropvl-Il,5,9-
trimethyl-6,8-oxido-3,i),13-cyelotetradeeatrien-l-ol (a-1V) anc two diastereocisomers of 12-isopropyl-1,5-di-
methyl-9-methylen-5,8-oxido-3,13-cyclotetradecadien-l-ol («- and 0-Y) by correlation with the previously

characterized a-4,8,13-duvatriene-1,3-diol (a-11).

Within the past year, five naturally occurring diter-
penes have been characterized as monocyclic compounds
containing a C-14 ring. Cembrene (l), an unsatu-
rated hydrocarbon isolated from Pinus albicaulis,
was shown to be 14-isopropyl-3,7,l I-trimethyl-1,3,6,10-
cyclotetradecatetraene.1 We reported earlier the
isolation of four macrocyclic diterpene diols from
tobacco leaf. Diterpenes designated «-4,8,13-duva-
triene-1,3-diol (a-11) and /3-4,8,13-duvatriene-I ,3-diol
(8-11) were characterized as diastereoisomers of 12-iso-
propvl-1,5,9-trim?thyl-4,8,13-cyclotetradecatriene-I ,3-
diol (11).23 The allylic isomers of 1l, designated a-
3,8,13-duvatriene-l,5-diol (a-111) and /3-3,8,13-duva-
triene-1,5-diol (/3-111), were shown, to be diastereoisomers
of 12-isopropyl-1,5,9-trimethyl-3,8,13-cyclotetradeca-
triene-l,o-diol (111).3%

From tobacco and from tobacco smoke, we have iso-
lated three additional diterpenes. At this time we
wish to describe the characterization of these iso-
mers, assigned the names 8-oxido-3,9,13-duvatrien-
lI-ol (a-1V) and a- and 0-5,8-oxido-3,9(17),13-duvatri-
en-l-ol (a- and 0-V), as 12-isopropyl-1,5,9-trimethyl-
5,8-0xido-3.9,13-cyclotetradecatrien-l-ol (1V) ard 12-

(1) W. G. Dauben, W. F. Thiessen, and P. R. Resnick, J. Am. Chem. Soc.,
84, 2010 (1962).

(2) D. L. Roberts anc R. L. Rowland, J. Org. Chem., 27, 3989 (1962).

(3) Nomenclature usei in the series of compounds isolated from tobacco is
based upon the name duvane for the structure 12-isopropyl 1,5,9-trimethyl-
cyclotetradecane. The a- and “-designations have no absolute stereo-
chemical significance. The diol isolated from tobacco in largest quantity
was assigned the a-des gnation (cr-11). Compounds subsequently shown
to have the same configuration at the 1-position have likewise been assigned
the a-designation.

(4) R. L. Rowland and D. L. Roberts, ./. Org. Chem., 28, 1165 (1963).

isopropyl-1,5-dimethyl-9-methylen-5,8-oxido-3,13-cv-
clotetradecadien-l-ol (V), respectively.

Isolation of the diterpene hydroxy ethers was ac-
complished by extraction of tobacco with organic
solvents (methanol or hexane) followed by chromato-
graphic separations of the extract, a-1V and a-V
have been isolated from aged flue-cured, hurley, and
Turkish tobaccos while 0-V was isolated from aged
hurley and Turkish tobaccos.

Elemental analysis of a-1V, m.p. 95-96°, [aj™o0
+ 86°, indicates the formula (CirH¥),. The mass
spec-rum shows a parent mass of 304, which agrees
with the formula CAIL202 Active hydrogen deter-
minations show that only one of the oxygen atoms is
present in a hydroxyl group.

The spectral properties of a-1V exhibited similarities
to the macrocyclic diterpenes Il and I1l. The infrared
spectrum of a-1V includes a hydroxyl band at 2.9
and a strong band at 10.3 p, characteristic of trans
disubstituted double bonds. The n.m.r. spectrum5
shows an isopropyl group (6 protons, 9.15), two CH3

| I
COR groups (6 protons, 8.70), one CH3 =C group (3
| |

protons, 8.50), one —CHOR (1 proton, 5.5), and five

olefinic protons (4.3-4.65 r). Absence of selective
ultraviolet absorption above 220 mp establishes
the absence of conjugated double bonds.

Catalytic hydrogenation of a-1V yielded the satu-
rated compound, CalListh, indicating that a-1V con-
tains three double bonds and two rings. Like a-1V,
the hydrogenation product contains only one active
hydrogen atom and shows no carbonyl absorption in
its infrared spectrum. Hexahydro a-1V was not oxi-
dized by chromic oxide in pyridine. Accordingly, a-1V
must contain one tertiary hydroxyl and one ether
group.

The expectation that one of the rings is a cyclic ether
was verified by synthesis of a-1V from a-l11.  Synthesis
of a-1V was accomplished in 50% yield via reaction of
a-4,8,13-duvatriene-1,3-diol (a-11)8 with perbenzoic
acid and subsequent conversion of the intermediate
epoxide to a-1V by a variety of acidic dehydration
conditions.

(5) N.m.r. values are reported in r units: G. V. D. Tiers, J. Phys. Chem.,
62, 1151 (1958).
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The initial product from reaction of a-11 with per-
benzoic acid showed elemental analyses and a mass
spectrum for CZH3O3 which agrees with an epoxide of
a-1l. Reaction of a-lIl with one equivalent of per-
benzoic acid could result in formation of three epoxides,
with epoxidation occurring at the double bonds in the
4-, 8-, or 13-positions.

Selection of VI for the structure of a-11 epoxide
was accomplished from the n.m.r. spectrum. The
n.m.r. spectrum of a-11 epoxide shows peaks at 9.16 (6
protons, isopropyl multiplet), 8.80 (3 protons, CHs

0

/'\ 1
C—C), 8.62 (3 protons, C/CCOR), 8.20 (3 protons,
1

0
i /'\
Cc//xx=C), 7.06 (1 proton, CH—C), 5,50 (1 proton™

1
—C//IOH), and 4.47-4.60 r (3 olefinic protons). The
epoxide which would result from epoxidation of the
double bond in the 13-position of a-l1l was readily
eliminated from consideration since it would contain
two olefinic protons and two methyl groups attached
to olefinic carbon.

Choice between structure VI, in which epoxidation
had occurred at the double bond in the 8-position, and
the compound which would have resulted from epoxi-
dation of the double bond in the 4-position was made
from consideration of the n.m.r. absorption of the
methyl group attached to olefinic carbon. In the
n.m.r. spectra of a-l1l1 and derivatives of a-11,2 the 5-
methvl group shows a split peak at 8.36 and the 9-
methyl group shows a broad peak at 850 «. The
epoxide of a-11 exhibits a split peak at 8.20 r indicating
that the .5-methyl group is attached to ethylenic car-
bon. Consequently, structure VI was assigned to the
epoxide of a-1l.s

Conversion of epoxide a-VI to a-1V was observed
with acid, under conditions favorable for dehydration.
Moderate yields of o--V were obtained in reactions
with anhydrous magnesium sulfate in refluxing toluene
and with iodine in refluxing benzene. Convenient
conversion of a-VI to a-1V was accomplished by room
temperature contact of a-VI in chloroform solution
with dilute aqueous sulfuric acid.

The conversion of epoxide a-VI (CZH31O3 to a-1VvV
(CZH3AO2 involves the elimination of water. This re-
action cannot, however, be a simple dehydration.
Dehydration of a-VI would be expected to yield an
epoxide containing conjugated double bonds. The
n.m.r. anc ultraviolet spectra of a-1V show the absence
of conjugated double bonds. The presence of an ep-
oxide ring in a-1V is prohibited by the observations:
(1) the ether ring of a-1V remains intact during cata-
lytic hydrogenation; (2) a-1V was recovered from
attempted reduction with lithium aluminum hydride;
and (3) the n.m.r. spectrum of a-1V shows no absorp-
tion at 6.8 -7.2 r, the range expected for epoxide protons

(6) We feel that the assignment of structure VI is well justified from
this consideration of the n.m.r. spectrum. It is interesting to note that the
alternative 4,5-oxide structure also may be eliminated on the basis that we
have been unable to propose any structure agreeing with the properties of
a-1V which would be derived from the 4,5-oxide. The development of struc-
ture of a-1V has been possible, however, by proceeding from the epoxide
structure VI, as described subsequently.
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0

/'\
(—CH—C). Accordingly, the epoxide ring of a-VI
must be changed during the dehydration reaction to
an ether ring containing more than two carbon atoms.
Assignment of structure to a-1V has been approached
by consideration of all mechanisms by which a-VI
could be converted to a compound possessing the chemi-
cal and physical properties of a-1V. These properties
of a-1V, as reported earlier, require the following struc-
tural features: three double bonds, none of which is
conjugated; five olefinic protons; one methyl group
attached to olefinic carbon; one tertiary alcohol

1
grouping, CH3COH; and a cyclic ether containing the
| !
partial structure, CH3COCH. Also utilized in the
[
consideration of possible structures for a-1V was the
absence of a methylene group located between two
double bonds, C=CCHZ=C. N.m.r. absorption at
7.1 r has been reported?for a methylene group between
two olefinic double bonds; a-1V shows no absorption
between 5.7 and 7.5 «.

Transformation of epoxide a-VI to the cyclic ether
a-1V could occur only by reaction of the allylic alcohol
systems with the epoxide ring (with allowance for re-
arrangement before or after the reaction). Three
reaction mechanisms are discussed subsequently.

Application to VI of the accepted mechanism of
reaction of an alcohol with the epoxide ring* could lead
to four dihydroxy ethers, (NJEJh. Subsequent de-
hydration could lead to twelve monohydroxy ether
structures, CAH3O2 each containing a seven-, eight-,
or nine-membered ether ring. Consideration of the
structural requirements for a-1V allows elimination of
each of these twelve structures.

Since none of the structures resulting from dehydra-
tion following intramolecular reaction of the allylic
hydroxyl groups with the epoxide ring of VI was ac-
ceptable for a-1V, consideration also was given to
products which would result by this mechanism plus an
allylic rearrangement. Two structures. M1 and 1V,
which agree with the spectral properties of the hydroxy
ether could be formed in such manner. Epoxide ring
opening by the 1-hydroxyl group to form a 1,8-oxide
bridge, dehydration to form the 9-double bond, and
allylic rearrangement of the 3-hydroxyl group would
yield VII.  Structure 1V could result from the sequence:
allylic rearrangement of 3-hvdroxyl to 5-hydroxyl,
epoxide opening by the 5-hydroxyl group, and dehydra-
tion to form the 9-double bond.

A second mechanism considered for conversion of
a-V1 to a-1V consists of a concerted allylic displace-
ment of the alcohol group by epoxide oxygen. This

(7) L. M. Jackman, “ Applications of Nuclear Magnetic Resonance Spec-
troscopy in Organic Chemistry," Pergamon Press. Inc., New York, N. Y.,
1959, p. 60.

(8) R. E. Parker and N. S. Isaacs, Chem. Rev., 59, 737 (1959).
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mechanism is suggested by its similarity to the re-
arrangement of carotene epoxides to furanoid com-
pounds.d In chloroform containing traces of mineral
acid, carotene epoxides (VII11) were rearranged to IX.
This rearrangement differs from dehydration of VI
to 1V only in that the displaced allylic oxygen function
is also the epoxide oxygen.

VIl IX

A third mechanism for conversion of epoxide VI to
1V would involve the isomerization of the oxide func-
tion to an allylic alcohol,“1a reaction which has been
observed under conditions similar to those effective in
preparation of a-1V from a-VI. Formation of a-1V
could then result from allylic displacement of the 3-
hydroxyl group by the newly formed 8-hydroxyl.

The preceding considerations of reactions whereby a
cyclic ether could be formed from a-VI have led to
only two structures acceptable for a-1V, structure VII
and structure 1V.

Elimination of structure VII was possible by con-
sideration of the product isolated from dehydration of
a-1vV. Mild dehydration conditions (potassium hydro-
gen sulfate in refluxing dioxane for 3 hr., or p-toluene-
sulfonic acid in refluxing benzene for 3 min.) yielded
an unsaturated ether, CZH3IO, m.p. 41-42°. The
ultraviolet absorption showed a maximum at 236 mg
(log €4.40). The n.m.r. spectrum showed peaks at 9.13

1
C//TOR),
I
8.50 (3 protons, C//3C=C), 7.08 (2 protons, C=CCHr

(6 protons, isopropyl), 8.70 (3 protons,
I

C=C), 550 (1 proton, -C//OR), 5.04 (2 protons, C =
CH>), and 3.90-4.9 r (5 olefinic protons). N.m.r.
peaks for one vinyl methyl group and seven olefinic
protons would require the dehydration product de-
rived from structure V11 to be an ether of structure X.
However, structure X does not contain a methylene
group between two double bonds, C=CC//Z==C,
required by n.m.r. absorption for two protons at 7.08
2 Consequently, structure VII is not acceptable for
the ethereal alcohol isolated from tobacco.

(9) P. Karrer and E. Jucker, Heir. Chim. Acta, 28, 300, 427 (1945).
(10) L. F. Fieser and M. Fieser, “ Steroids,” Reinhold Publishing Corp.,
New York. N. Y., 1959, pp. 243, 244.

X X1

The properties of the ether formed by mild dehydra-
tion of a-1V are in agreement with structure XI.
The dehydration of a-1V to X1 with formation of an
exocyclic double bond is in agreement with previous
observation that elimination of the 1-hydroxyl by
dehydration of the a isomers in the duvatriene family
(i.e., dehydration of a-4,8,13-duvatrien-l-ol-3-one)
yields an exocyclic double bond.2 Structure XI in-
cludes the C=CCHZ=C grouping, the absence
of which eliminates structure X from consideration.
Accordingly, the structure 12-isopropyl-1,5,9-trimethyl-
5,8-oxido-3,9,13-cyclotetradecatrien-l-ol (1V) is pro-
posed for a-1V.

It is important to note that the 1-hydroxyl group is
not involved in the reaction sequence a-11 —ma-VlI —»
a-1Vv. Accordingly, the configuration at the 1-position
is identical in a-11 and a-1V; i.e.,, both compounds are
of the a-series.

Oxidation of a-1V yielded an interesting product.
Although hexahydro a-1V was recovered in 90%
yield from attempted chromic oxide-pyridine oxidation,
a-1Vv was oxidized by chromic oxide in pyridine. The
oxidation product, ColWh, contains two active hydro-
gen atoms. Strong infrared absorption at 0.05 ¢
and maximum ultraviolet absorption at 235 mg (log
e 4.0) indicate an a|8-unsaturated ketone. The n.m.r.
spectrum shows the presence of an isopropyl group,

1 1
two C//COR groups, one C7/=C group, and five
1 1

olefinic protons. Structure XII, resulting from cleav-
age o: the ether ring of a-1V, is proposed for the oxida-
tion product.

A second ethereal diterpene isolated from tobacco,
a-V, is an isomer of a-1V. The mass spectrum, ele-
mental analysis, and active hydrogen determination
showed that a-V, m.p. 109-110°, [a]Z&® +77.4°,
possesses the formula CZH3O(OH). Catalytic hydro-
genation of a-V yielded a product identical with that
obtained by catalytic hydrogenation of a-1V. Conse-
quently, on the basis of the structure assigned to a-1V
in the preceding discussion, a-V contains the duvane
ring system with the 5,8-oxide bridge, a hydroxyl
group of the a-configuration at the 1-position, and three
double bonds. Structure assignment for a-V, exclusive
of configuration, then requires the location of the double
bonds.

Comparison of the n.m.r. spectrum of a-V with that
of a-1V is of particular interest. a-V was similar to
a-1V in showing an isopropyl multiple! (9.13), two

1
methyl groups of the type C7/3COR (8.72), and one
1
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proton of the type —C7/0R (5.65 r). The remainder
of the n.m.r. spectrum of a-V showed general similarity
to the n.m.r. spectrum of «-1V with two major dif-
ferences: a-V did not show absorption for methyl
attached to ethylenic carbon and a-V contained six
olefinic protons (4.55-5.25 r), including the protons of
an exocyclic methylene group. The presence of only
four methyl groups in the n.m.r. spectrum of a-V,
compared to five methyl groups in the n.m.r. spectrum
of a-1V, requires that one of the three double bonds of
a-V be utilized in attachment of an exocyclic methylene
group at the 9-position.

Assignment of the two other double bonds to the 3-
and 13-positions was accomplished by further consider-

|
ation of the n.m.r. spectrum. Absorption of —C//OR

as a triplet, the appearance of the isopropyl multiplet
at 9.13 r, and the absence of conjugated double bonds
eliminate location of double bonds at the 6-, 11-,
12- , and 10-positions, leaving only the 2-, 3-, and 13-
positions available for the two double bonds. If the
double bonds were located at the 2- and 13-positions,
the greatly different environments of the 1- and 5-
methyl groups would be expected to result in distinctly
different n.m.r. peaks for these twio methyls. Instead,
the 1- and 5-methyl groups of a-V show' absorption as a
single peak at 872 r. The equivalence of n.m.r.

absorption of the two C//3COR groupings is in agree-

ment with locations of the double bonds in the 3- and
13- positions, whereby both methyl groups are in the
similar CIRC (CHY)(()R) CH=C11 arrangement. Con-
sequently, the double bonds were assigned to the 3-
and 13-positions and the structure 12-isopropyl-I,5-
dimethy1-9-methylen-5,8-oxido-3,13-cyclotetradecad ien-
I-ol (V) was assigned to a-V.

Assignment of structure V was verified by the prod-
ucts obtained by dehydration of a-V. Dehydration
of a-V using potassium hydrogen sulfate yielded, as
the major product, an unsaturated ether, m.p. 70-71°.
The mass spectrum and elemental analysis indicated
a molecular formula C2H=20. Maximum ultraviolet
absorption occurs at 237 mn (log «4.28). The appear-
ance of eight olefinic protons in the n.m.r. spectrum
show's that dehydration occurred without cyclization.
Of the olefinic protons, four protons are present in
terminal methylene groups (5.04 r), in agreement with
predominantly exocyclic dehydration in the a-duvane
series. The n.m.r. spectrum (isopropyl multiplet, 9.12;

1 |
C//OR, 8.70; —C//IOR, 5.55; and especially C =

|
CC/IZ=C. 7.07 r) allow's assignment of structure X111

to the dehydration product; from the assignment of
structure X111 to the dehydration product, the 3-
and 13-positions of the endocyclic double bonds in
a-V are confirmed.
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Dehydration of a-V by p-toluenesulfonic acid yielded
an interesting tetracyclic ether, C2H3D, m.p. 50-51°.
From consideration of the n.m.r. spectrum (angular

multiplet, 9.06; C//3OR,
! | !
8.77;, CH3X=C, 8.22; —OffOR, 6.28; one olefinic
proton, 3.98 r) and the ultraviolet absorption (Xnmax 251
ma, log t 3.99), structure X1V is proposed for the
tetracyclic ether.

methyl, 9.25; isopropyl
]

A third ethereal diterpene, /3-V, isolated from tobacco
in trace amounts, is assigned a structure differing from
a-V only in configuration at the 1-position. The mass
spectrum and elemental analysis showud that /3-V, m.p.
108-109°, [a]x=D +72.5°, possesses the molecular
formula C»H3D 2 The n.m.r. spectrum of /3-V is
remarkably similar to that of a-V. The only differ-
ence in the spectra of a- and /3-V is the position of one

I
of the methyl peaks of the C//3COR groupings: in
I |
a-V, the C//3COR methyl groups appear as a single
peak (6 protons) at 8.72; in /3-V, the C//3COR groups

appear as peaks at 8.70 (3 protons) and 8.62 r (3 pro-
tons). The n.m.r. spectra suggest that 3V differs

from a-V only in configuration at one of the CH3COR
groupings. !

Dehydration of /3-V using potassium hydrogen sulfate
in dioxane yielded an unsaturated ether, m.p. 70-71°,
which showed infrared, mass, and n.m.r. spectra identi-
cal with the spectra of the unsaturated ether XIII
obtained from dehydration of a-V. Formation of X111
from /3-V allows the assignment to /3-V of the structure
12-isopropyl-l,5-dimethyl-9-methylen - 5,8-o0xido0-3,13-
cyclotetradecadien-l-ol (V) with configurations identi-
cal with those of a-V except at the 1-position. Ac-
cordingly, /3-V is assigned to the /3-series relative to
configuration at the 1-position.

Isolation from tobacco of seven macrocyclic diter-
penes (a- and /3-1l, a- and /S-1Il, a-1V, and a- and
/3-V) suggests the tobacco leaf as a source for com-
pounds of the newly characterized diterpene structure
containing the cyclotetradecane ring. Unfortunately,
the macrocyclic diterpenes have been isolated from
tobacco in small quantities, with the total amount of all
seven characterized diterpenes constituting less than
0.02% of the dry weight of tobacco.

Of special interest is the isolation of ethereal diter-
penes from cigarette smoke. The observation that
a-1V and a-V are present in tobacco smoke stands in
contrast to the apparent absence of the, diterpenediols
Il and Ill in cigarette smoke (although a- and /3-l
are present in tobacco in much larger quantities than
a-Iv and a-V). The absence of indications for
presence of a- and /3-11 and a- and /S-11l in smoke is
likely related to the previously noted instability of the
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diols Il and 111.2 Relative to Il and 111, a-1Y and a-V
are stable compounds.

Experimental”

Isolaticn of a-5,8-Oxido-3,9,13-duvatrien-l-ol (a-1V) and a-
and !3-S,8-Oxido-3,9( 17),13-duvatrien-l-ol (a- and d-V from
Tobacco.—Isolation of a-1V and o- and 3-V from tobacco was
accomplished by procedures essentially the same as those re-
ported earlier2l for isolation of a- and 3-11 and a- and d-III.
In chromatographic separations, a-1V and a- and 3-V were eluted
appreciably earlier tl an a- and 8-11 and I1l. From silicic acid,
the diterpenes were eluted in the sequence: a-1V, a-V, S-Y,
a-111, S-111, a-11, and 3-11.

a-1V and a-Y have been isolated from aged, flue-cured hurley,
and Turkish tobacco 3-V has been isolated from aged hurley
and Turkish tobacci . The quantities of pure a-IV and a-Y
isolated from tobacco amounted to 0.0003', of the tobacco
weight. 3-V was isolated in only trace amounts.

Isolation of a-5,8-Oxido-3,9,13-duvatrien-l-ol (a-1V  and
a-5,8-0Oxido-3,9(17),13-duvatrien-l-ol (a-V) from Turkish To-
bacco Smoke.— Partition fractions lower layers 2, 3, 2', 3', and
4' from Turkish tobacco smoke after removal of pyrocoll and the
homologous indoles and carbazoles,12 were combined with lower
layers 1,1, and 3' to yield 308 g. of material. Repeated chro-
matography using silicic acid, Florisil, and alumina yielded an
alcohol fraction weighing 3.0 g. Rechromatography using Flori-
sil yielded three main fractions. The first, eluted by 1:4(! ether-
hexane, gave an infrared spectrum identical with that of a-V
isolated from tobacco. The third, eluted by 1:24 ether-hexane,
gave an infrared spectrum identical with that of a-1Y isolated
from tobacco. The second fraction contained both a-1V and
a-\ .

The fraction rich in a-1V, after repeated chromatography on
Florisil, was crystallized from hexane at —27° to yield 0.31 g.
of a-1V, nt.p. 94-95°. A mixture melting point with a sample of
a-1Y from tobacco gave no depression. The infrared spectra of
the smoke- and tobacco-derived samples were identical.

The fraction rich in a-V was treated in the same manner to
yield 0.76 g. of a-Y, m.p. 109-110°. A mixture melting point
with a sample of a-V from tobacco gave no depression. The
infrared and n.m.r. spectra of the smoke- and tobacco-derived
samples were identica .

Physical Properties of a-5,8-Oxido-3,9,13-duvatrien-l-ol (a-
IV) —a-1V crystallized from hexane in needles melting at
95-96°; [a]zi> + 86°. a-1V shows no selective absorption of
ultraviolet light. Infrared absorption occurs at 2.9, 9.6, 10.3,
and 13.1 n, n.m.r. spectrum, 9.13 (6), 8.70 (6), 8.50 (3), 5.5 (1),
and 4.3-4.65 r (5).

Anal. Calcd. for C+.fT+V C, 78.89; H, 10.60; active H
(1), 0.33; mol. wt., 304. Found: (',78.99; H, 10.54; active
H (Grignard), 0.3; active H (tritium exchange), 0.33; mass,
304.

a-1V was recovered in quantitative yield from attempted re-
duction using a large excess of lithium aluminum hydride in
ether.

Catalytic Hydrogenation of a-5,8-Oxido-3,9,13-duvatrien-I-ol
(a-1V).—From the hydrogenation of 223 mg. of a-1V using
Adams’ catalyst in ethyl acetate (24 hr. at 3 atm.), chromatog-
raphy using silicic acid allowed the isolation of 190 mg. of hydro-
genation product, m.p. 116-118°. Recrystallization from
hexane at —27° raised the melting point to 118-120°.

Anal. Calcd. for C+Hj0;: C, 77.37; H, 12.33; active H
(1), 0.32; mol. wt., 310. Found: (',77.70; H, 12.43; active

(11) All melting points were determined using a Fisher-Johns melting
point apparatus and are uncorrected. All rotations were measured in
chloroform solutions. Elemental analyses were performed by Spang Micro-
analytical Laboratory, Ann Arbor. Mich., and Huffman Microanalytical
Laboratories, Wheatridge. Colo. Active hydrogen determinations des-
ignated “tritium exchange" were made by the procedure of Giles. Anal.
Chem.. 32, 1716 (1960). Nuclear magnetic resonance (n.m.r.) spectra were
run in deuterated chloroform solution using a Varian Associates HR-60 in-
strument and are reported by r-valuess with the number of protons in
parentheses. We are indebted to John J. Whalen and Johnnie L. Stewart
for infrared spectra, to Ge >rge W. Young for mass spectra, to J. A. Giles
and P. H. Ayers for active hydrogen determinations, to Bruce W. Woosley,
Max A. Wagoner, Richard F Walsh, Anthony Angel, and Earl Hester for
technical assistance, and to Dr. M. Senkus and Dr. C. E. Teague, Jr., for
helpful discussions

(12) A. Rodgman and L. C. Cook. Tobacco Sri.. 6. 174 (1962).
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H (G-ignard), 0.35; active H (tritium exchange), 0.28; mass,
310.

Hexahydro a-1V was recovered from attempted reaction with
chromic oxide-pyridine at 25° for 22 hr.

Chromic Oxide-Pyridine Oxidation of a-5,8-Oxido-3,9,13-
duvatrien-l-ol (a-1V).—To a slurry of 1.2 g. of chromic oxide in
10 ml of pyridine was added a-1V (300 mg.). After 2 days at
room temperature, the reaction mixture was processed by the
standard procedure followed by chromatography using silicic acid
to yield 220 mg. of material showing infrared absorption at 3.0
and 6.05 m- The oxidation product, after recrystallization from
an ether-hexane solution, melted at 144.5-146.5°; [a],sD +63°;
X~H 235 mix (log « 4.0); n.m.r. spectrum, 9.07 (6), 8.73 (3),
8.65 (3), 8.27 (3), 4.4-4.6 (4), and 3.4 r (1).

Anal. Calcd. for CMHKO 3. C, 74.96; H, 10.46; active H
(2) ,0.63; mol. wt., 320. Found: C, 74.92; H, 10.14; active
H (tritium exchange), 0.59; mass, 302 (320-18).

The ketone obtained from oxidation of a-1V was recovered un-
changed from refluxing with 1:1 ethanol-IOf~ sodium hydroxide
solution for 5 hr.

Dehydration of a-5,8-Oxido-3,9,13-duvatrien-l-ol (a-1V).—A
mixture of 100 mg. of a-1V, 200 mg. of potassium hydrogen
sulfate, and 10 ml. of anhydrous, peroxide-free dioxane was
refluxed for 3 hr. The dioxane solution was decanted from the
potass um hydrogen sulfate and concentrated to yield a pale
yellow oil (93 mg.). Chromatography of this oil on Florisil
yielded 49 mg. of a colorless solid, m.p. 41-42°; X~'K""' 236
ngx (log « 4.4). Infrared absorption occurred at 6.10, 6.23,
10.35, 11.3, and 11.7 M n.m.r. spectrum, 9.13 (6), 8.70 (3), 8.50
(3) ,7.08 (2), 5.50 (1), 5.04 (2), and 3.9-4.9 r (5).

Anal. Calcd. for OZH3G: C, 83.85; H, 10.56; mol. wt.,
286. Found: C, 83.77; H, 10.68; mass, 286.

The same product was obtained in 40r7 yield when a mixture
of a-1Y (100 mg.), p-toluenesulfonic acid (60 mg.i, and benzene
(10 nd.) was refluxed for 3 min.

Perfcenzoic Acid Oxidation of a-4,8,13-Duvatriene-l,3-diol
(a-11).—To a chilled solution of a-4,8,13-duvatriene-I,3-diol
(a-11, 4.8 g.) in 30 ml. of chloroform was added 27 ml. of cold
chlorof >m solution containing 1.0 g. of perbenzoic acid. After
the reaction mixture remained at 25° for 18 hr., it was diluted
with 240 ml. of pentane and was washed with two 100-ml.
portions of 1067 sodium hydroxide solution. Concentration of
the organic phase and chromatography using silicic acid yielded
2.5 g. of unchanged a-11 and 2.0 g. of oxidation product. The
oxidation product (a-V1), after two recrystallizations from ether-
hexane solutions, melted at 103-105°. Infrared absorption
occurred at 2.95, 8.45, 9.40, 9.9, and 10.20 ji; n.m.r. spectrum,
9.15 (6 , 8.80 (3), 8.62 (3), 8.20 (3), 7.06 (1), 5.50 (1), and 4.47-
4.60 (3.

Anal Calcd. for ('»Hjx0Oj; C, 74.49; H, 10.62; mol. wt.,
322. Found: C, 74.11; H, 10.46; mass, 304 (322-18).

Conversion of a-8,9-Oxido-4,13-duvadiene-1,3-diol (a-VI) to
a-5,8-Oxido-3,9,13-duvatrien-l-ol (a-1vV). Method A.—A solu-
tion of 0.967 g. of a-VI in 4C ml. of chloroform was allowed to
stand with occasional shaking at 25° for 20 hr. with 1 ml. of 2 N
sulfuric acid. The reaction mixture was diluted with 120 ml. of
hexane and was washed successively with 30 ml. of water, with 50
ml. of 1067 sodium hydroxide solution, and with three 30-ml.
portions of saturated salt solution. The residue from concentra-
tion of "he organic phase was separated by chromatography on
silicic acid to yield 0.324 g. (30r<) of a-1V and 0.620 g. of ma-
terial showing the infrared absorption of a-VI. a-1V synthesized
by this reaction showed infrared absorption identical with that of
naturally occurring a-1Y, melted at 95-97° after recrystallization
from pentane, and showed no depression of melting point when
mixed with authentic a-I\ . Treatment of 0.402 g. of recxxvered
a-\ | with 15 ml. of chloroform and 12 drops of 2 .V sulfuric acid
for 40 hr. resulted in formation of an additional 0.200 g. of a-1V.

Method B.— A mixture of 0.130 g. of a-V 1, 1.5 g. of anhydrous
magnesium sulfate, and 15 ml. of toluene was heated under reflux
for 2.5 hr. The residue from concentration of the solution
was chromatxigraphed twice on silicic acid to yield 30 mg. of
material showing the infrared tpectrum of a-1V.

Method C.—A mixture of 0.227 g. of a-V1, a catalytic amount
of iodine, and 30 ml. of benzene was heated under reflux for 2.5
hr. The reaction mixture was di’'uted with 40 ml. of ether and
was washed with two 25-ml. portions of sodium metabisulfite
solution. The residue from concentration of the organic phase
was chromatographed twice on silicic acid to yield 110 mg. of
material with the infrared spectrum of a-1V.
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Physical Properties of a-5,8-Oxido-3,9(17),13-duvatrien-I-ol
(«-V) —a-V, reerystallized from hexane or pentane, melts at
109-110°, and shows no selective absorption of ultraviolet light;
[a]B> +77.4°. Infrared absorption occurred at 2.05, 6.05, 9.3,
10.2, 11.1, and 11.6 p; n.m.r. spectrum, 9.13 (6), 8.72 (6), 5.2
(2), and 4.55-4.9 t (4).

Anal. Calcd. for C221302 C, 78.89; H, 10.60; active H
(1), 0.33; mol. wt., 304. Found: C, 78.86; H, 10.69; active
H (tritium exchange), 0.29; mass, 304.

Catalytic Hydrogenation of a-5,8-Oxido-3,9(17), 13-duvatrien-
lI-ol (a-V).—Catalytic hydrogenation of 267 mg. of a-\ using
Adams’ catalyst in ethyl acetate (24 hr. at 3 atm.), followed by
chromatography of the product on silicic acid, allowed isolation
of 250 mg. of hexahydro a-V, m.p. 117-119°. The infrared
absorption of hexahydro a-V was identical with that of hexahydro
a-1V and a mixture of hexahydro a-V and hexahydro a-1V melted
at 118-119°.

Anal. Calcd. for CVHjOs: C, 77.37; H, 12.33; mol. wt.,
310. Found: C, 77.53; H, 12.18; mass, 310.

Dehydration of a-5,8-Oxido-3,9(17), 13-duvatrien-l-ol (a-V) to
5,8-Oxido-1(15),3,9(17),13-duvatetraene (XIIl1).—A  mixture
0f-0.20 g. of a-V, 0.40 g. of potassium hydrogen sulfate, and 20
ml. of anhydrous, peroxide-free dioxane was refluxed for 3 hr.
The cooled solution was decanted from the potassium hydrogen
sulfate, concentrated, and the residue (190 mg.) chromatographed
on Florisil. The fractions eluted by 1:99 ether-hexane yielded
a colorless oil (90 mg.) which slowly solidified. The solid, X111,
melted at 66-67°. Crystallization from methyl alcohol raised
the melting -joint to 70-71°. XIII showed infrared absorption
at 6.08, 6.25, 10.3, 11.3, and 11.6/; 237 mM(log. 4.28);
n.m.r. spectnim, 9.12 (6), 8.70 (3), 7.07 (2), 5.55 (1), 5.06 (4),
and 3.9-4.6 r (4).

Anal. Calcd. for CmHjd&: C, 83.85; H, 10.56; mol. wt.,
286. Found: C, 83.03; H, 10.46; mass, 286.

Dehydration and Cyclization of a-5,8-Oxido-3,9(17),13-duvatri-
en-l-ol (a-V).—A solution of a-V (200 mg.) and p-toluenesulfonic
acid (120 mg.) in benzene (10 ml.) was refluxed for 30 min.,
cooled to 25°, diluted with ether (50 ml.), and washed with a
total of 25 ml. of 5% sodium carbonate solution. The organic

lon Radicals.

Electron Spin Resonance Spectra of Substituted Thianthrenes 21

phase, after treatment with anhydrous sodium sulfate, was con-
centrated to yield 190 mg. of a pale yellow, viscous oil. Chroma-
tography on Florisil yielded a colorless oil which readily solidified.
The solid (XIV, 90 mg.) melted at 49-50°. Crystallization
from hexane at —27° raised the melting point to 50-51 °; x ~ @"*"
251 m/i (log e 3.99). Infrared absorption occurred at 6.15,
9.75, and 12.0 p; n.m.r. spectrum, 9.25 (3), 9.06 (6), 8.77 (3),
8.22 (3), 6.28 (1), and 3.98 ¢ (1).

Anal. Calcd. for CaJhoO: C, 83.85; H, 10.56; mol. wt.,
286. Found: C, 83.11; H, 10.44; mass, 286.

Cyclization of 5,8-Oxido-1(15),3,9(17),13-duvatetraene.—A
mixture of X111 (25 mg.) and p-toluenesulfonic acid (10 mg.) in
benzene (5 ml.) was refluxed for 30 min. The reaction mixture
was processed as in the preceding section to yield 22 mg. of pale
yellow oil. Chromatography on Florisil yielded 13 mg. of a
colorless solid, m.p. 46-48°, whose infrared and altraviolet ab-
sorption spectra were identical with those previously recorded for
the sample of XIV.

Physical Properties of S-5,8-Oxido-3,9f17),13-duvatrien-I-ol
((8-V).—d-V, after recrystallization from hexar.e, melted at
108-109°, [a]&d +72.5°. [/3-V shows no selective ultraviolet
absorption other than end absorption; infrared soeetrum, 3.10,
6.10, 8.95, 9.30, 10.25, 10.82, 11.30, and 11.60 p; n.m.r. spec-
trum, 9.12 (6), 8.70 (3), 8.62 (3), 4.50-5.52 (6).

Anal. Calcd. for (‘2 HM 2 C, 78.89; H, 10 60; mol. wt.,
304. Found: C, 78.77; H, 10.64; mass, 304.

A mixture of /3-V and a-V melted at 70-95°.

Dehydration of /S-5,8-Oxido-3,9(17),13-duvatrien-I-ol (/3-V)—
A mixture of (3-V (188 mg.), potassium hydrogen sulfate (400
mg.), and 20 ml. of dioxane was heated under reflux for 3 hr.
The residue from concentration of the dioxane solution was
chromatographed on Florisil; the dehydration product was
eluted with 1% ether in pentane. The infrared, mass, and n.m.r.
spectra of the unsaturated ether (61 mg.), m.p. 70-71° after re-
crystallization from methyl alcohol, were identical with the
spectra of the product obtained by potassium hydrogen sulfate
dehydration of a-V.

Anal. Calcd. for C20H300: C, 83.85; H, 10.56; mol. wt.,
286. Found: C, 84.14; H, 10.25; mass, 286.

IV.1 The Electron Spin Resonance Spectra of Substituted

Thianthrenes in Sulfuric Acid Solution
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Fifteen thianthrenes with substituents in the 1-, 2-, and 2,7-positions have been prepared.
thianthrenes dissolves in 96/7 sulfuric acid to give a colored, paramagnetic solution.
and visible spectra of these solutions have been recorded.

Each of the
The e.s.r., ultraviolet,
The hyperfine structures of the e.s.r. spectra are in

accord with the recent proposals' for the structure of the thianthrene positive ion radical and the major coupling

of the 2,3,7,8-protons.

Solutions of thianthrene in concentrated sulfuric
acid are purple in color2®and are paramagnetic.1410

(1) (a) Presented at the 144th National Meeting of the American Chemi-
cal Society, Los Angeles, Calif., April, 1963; (b) part 1, H. J. Shine
and L. Piette, 3. Am. Chem. Soe., 84, 4798 (1962); (c) part Il, H. J. Shine,
C. F. Dais, and R. J. Small, J. Chem. Phys.. 38, 569 (1963); (d) supported
by the Directorate of Chemical Sciences, Air Force Office of Scientific Re-
search. grants AF-AFOSR-61-48 and AF-AFOSR-23-63, to whom we ex-
press our thanks.

(2) K. Friesand W. Vogt, Ber.. 44, 756 (1911).

(3) K. Friesand W. Vogt, Ann.. 381, 312 (1911).

(4) J. M. Hirshon, D. M. Gardner, and C. R. Fraenkel, J. Am. Chem.
Soc.. 1S, 4115 (1953).

(5) J. E. Wertz and J. Vivo. J. Chem. Phys.. 23, 2193 (1955).

(6) A. Fa-a, P. B. Sogo, and M. Calvin, J. Am. Chem. Soc.. T9, 1078

@) W. C. Needier, Ph.D. thesis. University of Minnesota, August, 1961

[Dissertation Abstr.. 22, 3873 (May, 1962)]. At the time of submission of
our first papers in this series we were not aware of the work of Professor J.
E. Werz and Dr. Needier. We wish to thank Dr. E. T. Kaiser, Washington
University, fr» calling our attention to this thesis.

The g-values of all but one of the thianthrenes were close to 2.008-2.009.
ception was 2,7-dibromothianthrene with a gr-value of 2.0101.

The ex-
Line widths and hyperfine splittings are reported.

Solutions of thianthrene in solvents containing Lewis
acids such as aluminum chloridelb89 aid antimony
pentachloride89 exhibit paramagnetic resonance.

The formation of a paramagnetic species in these
systems has been interpreted17-910 as a one-electron
oxidation to give the ion radical I.

(8) M. Kinoshita and H. Akamatu. Bull. Chem. So'. Japar. 35. 1040
(1962).

(9) M. Kinoshita, ibid., 36, 1137 (1962).

(10) E. A. C. Lucken, J. Chem. Soc., 4963 (1962).
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Fig. 1—E.s.r. spectra of Il-substituted thianthrenes in 96%
sulfuric acid. The scale calibration shown is 4 gauss. Field in-
creases from right to left in each case.

Fig. 2.—E.s.r. spectra of 2-substituted thianthrenes in 96%
sulfuric acid. The scale calibration shown is 4 gauss. Field in-
creases from right to left in each case.

Characteristic 5-line, 1:4:6:4:1, e.s.r. spectrum ob-
served is consistent with the symmetrical radical | in
which the spin coupling of only four of the protons is
large enough to be observed. The four effective pro-
tons have been described as those in the 2-, 3-, 7-, and
8-positions.1 As a test of this assignment a number of
substituted thianthrenes were made and the spin and
absorption spectra of their sulfuric acid solutions were
recorded. The e.s.r. spectra of the 2,7-dimethyl- and
2,7-dichlorothianthrenes in sulfuric acid demonstrated
the validity of the assignment.07 We now wish
to report the spectral characteristics of a number of
substituted thianthrenes, so that comparisons of 1-
substituents with 2- and 2,7-substituents may be made.

Results and Discussion

E.s.r. Spectra—With some exceptions the hyperfine
structures of the e.s.r. spectra (Fig. 1-3) are clearly

Vol. 29

understandable on the basis of the assignments made
previously.1 Each of the 1-substituted thianthrenes
has a 5-line spectrum, except the 1-carboxythianthrene.
On the other hand, except for 2-aminothianthrene, sub-
stituents in the 2- and 2,7-positions cause marked
changes from the 5-line pattern of the parent molecule.
The spectra of the 2,7-dihvdroxy- and 2,7-di-f-butyl-
thianthrenes have hyperfine structures consistent
with coupling with the 3,8-protons. The 3-line spectrum
of 2,7-dichloro- and the 9-line spectrum of 2,7-dimethyl-
thianthrene already have been discussed.l0 The details
of the variations in hyperfine structures of the 2-substi-
tuted thianthrenes are not explainable with certainty
at this stage. The spectrum of 2-bromothianthrene
shows marked lack of symmetry and this could not be
removed by diluting or warming the solution in acapil-
lary tube to about 60c. A similar, but less marked,
dissymmetry is obtained with 2-chlorothianthrene.
It is possible that these characteristics are due to g-
anisctropy. The reasons for the 5-line pattern of 2-
aminothianthrene and the pattern of the 1-carboxylic
acid are also unknown. It is evident, however, that
large distortions from the parent 5-line pattern occur
most.y when substituents are placed in the 2- and 2,7-
positions, and that this is what the earlier assignmentl
of proton coupling predicts.

The g-values and hyperfine splittings for the fifteen
compounds are listed in Table I. It is seen that all of
the ~-values are larger than the free spin value of 2.0023.
The substituents do not cause much variation in the g-
values except in the case of the 2,7-dibromothianthrene.
It is evident from the over-all splittings (about 4 to 13
gauss) that there is a larger spin density on the sufur
atoms than on the other ring atoms. The ~-values in-
dicate also that, as with many other sulfur-containing
radicals, spin-orbit coupling is occurring. It is possible
that this is responsible for the rather large hyperfine
line widths in the thianthrene cation radicals compared
say, with those of the anthracene cation radical.
This may also be the reason for the single broad line of
the 2,7-dibromothianthrene cation radical.

Table |

Electron Spin Resonance Spectra

Thianthrere No. of  Hyperfirp Over-all

derivative lires splitting' splitting’ g-Values
Thianthrene 5 1.32 5.26 2.0081"
Monoxide 5 1.32 5.30 2.0081
1-NH2 5 1.31 5.24 2.0081
2-XHj 5 1.27 5.18 2.0080
1-Br 5 1.40 5.54 2,0081
2-Br 4b ¢ 6.7 2.0091
1C1 5 1.35 5.32 2.0081
2-C1 36 4.8 2.0079
1-OH 5 1.27 5.08 2.0081
2-OH 3 191 3.81 2.0077
1-COOH » ¢ 5.6 2.0082
2-CGOH 3b - 3.6 2.0082
2,7-Mej 9 1.65 13.2 2.0088
2,7-fOHNh 3 ;.90 3.79 2.0076
2,7-Cl, 3 1.49 3.26 2.0083
2,7-Er2 1 ¢ 3.72 2.0101
2,7-(/-Bu)2 3 1.60 3.21 2.0078
“In gauss. bPoorly resolved or unsymmetrical spectrum.

'N ot measurable. dRef. 5 gives 2.0078, 2.0081;
2.009; ref. 8 gives 2.0083; ref. 9 gives 2.0080.

ref. 6 gives
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Tabte Il

Absorption Spectra in the Visible and Ultraviolet of Substituted Thianthrenes Dissolved in 96% Sulfuric Acid

Substituent TimeO A mn , X 10"*
H 5d 546 0.89
1-NH2 30 ra 539 0.52
10d 539 0.52
2-NH2 10 m 531 0.62
5d 524 0.97
10d 524 0.97
1-OH 30 m 528 0.74
5d 515 0.77
10d 515 0.77
2-OH 30 m 597 1.08
5d 592 1.01
10d 592 0.96
1-C1 5d 539 0.85
10d 539 0.85
2-C1 5d 572 1.09
10d 572 1.09
2-Br 5d 584 1.18
10d 584 1.18
1-COOH 10 m 538 1.09
5d 537 1.11
10d 537 1.08
2-COOH 15m 539 0.72
5d 534 0.96
10d 534 0.96
2,7-(OH)2 5m 604 1.15
5d 540 1.10
10d 540 1.10
2,7-101), 6 d 585 1.20
10d 585 1.34
2,7-(Br), 14d 600 !
2,7-(Me)2 30 m 580 1.22
4d 580 1.22
2,7-(<-Bu)2 1d 585 1.28
3d 585 1.28

* From first contact of solute with acid in minutes (m), hours (h), or days (d).

Time* A mli e X 10“* A mg « X 10-
5d 290 3.80 270 3.15
70 m 290 2.61 271 2.45
10 d 290 2.61 271 2.45
25 m 290 3.88 274 3.05
1d 290 4.80 274 sh.4
10d 290 5.02 274 ah.4
2h * 273 2.54
1d d d
10 d d d
2h 201 6.90 €
1d 291 6.37 e
5d 29U 5.50 €
5d 291¢ 2.84 274 3.10
10d 291¢ 2.84 274 3.10
5d 294 4.91 274 3.13
10 d 294 4.91 274 3.13
5d 295 5.23 275 3.23
10d 295 5.23 275 3.23
1h 201 4.26 274 ah.4
1d 201 4.44 274 ah.4
5d 201 4.44 274 sh.4
1h 300 3.97 €
1d 300 4.30 e
10 d 300 4.63 €
1h 3334 2.55 2964 3.60
1d 333 3.80 296 3.20
10d 333 5.37 296 2.55
6 d 297 4.80 276 2.62
10d 297 5.00 276 2.76
14 d 300 ! 277 !
20 m 295 4.40 273 2.59
44 295 4.40 273 2.59
1d 296 4.53 273 2.82
3d 296 453 273 2.82
4Shoulder. “ A broad band with broad maxima at

315 (e 2.08 X 104) and 295 mp (1.88 X 10)4 dNo maximum at 273 mp; instead a broad band with maxima at 296 («2.52 X 104 and

281 mp (2.32 X 104). ' No maxima in this region.

to determine reliably.

Electrolytic Oxidation.—The conclusion that the
structure of the thianthrene positive ion radical was
I suggested that anodic oxidation of thianthrene should
give this radical. The oxidation was carried outll
every elegantly chronopotentiometrically by Dr. J. D.
Voorhies, using nitromethane as solvent and magnesium
perchlorate as the supporting electrolyte. A red-violet
color was obtained at the platinum anode and a value
of EVi = 1.3 v. vs. a normal hydrogen electrode was
obtained. The wave height was indicative of a one-
electron oxidation. Since the thianthrene used in the
anodic oxidation was from the same batch as was used
for all of the sulfuric acid work,1 there seemed to be
no doubt that the electrolysis experiment had given the
ion radical 1. This was confirmed only recently when
e.s.r. equipment became available in our own laboratory.
Oxidation at a platinum electrode, carried out in a cell
in the microwave cavity gave the result shown in Fig. 4.

Absorption Spectra in Sulfuric Acid—Each of the
thianthrenes dissolved in 96% sulfuric acid to give a
colored solution, the colors varying from blue to wine
red. The characteristics of the visible and ultraviolet
spectra cf the solutions are listed in Table Il. The
amino-, hydroxy-, carboxy-, and methylthianthrenes

(11) In the laboratories of the American Cyanamid Co., Bound Brook’
N-J.

1 A new small peak appeared at 318 mp (e 2.60 X 104).
X 104). 4The change in absorbance at these X-values was accompanied by an isosbestic point at 305 mp.

“ Shoulder at 299 mp (t 2.50
1Compound too insoluble

dissolved quickly so that their absorption spectra could
be recorded fairly soon after making the necessary dilu-
tions. Some of the spectra of this group of compounds
changed with time. These changes were more pro-
nounced in the ultraviolet than in the visible spectra.
The most extensive changes occurred in the 2-amino, 1-
and 2-hydroxy, and the 2,7-dihydroxy compounds.
The 1-aminothianthrene solution was very stable.
The behavior of 2,7-dihydroxythianthrene is most
interesting. In the ultraviolet the initially predomi-
nant peak at 296 mp decreased with time and the one at
333 mp increased, the transition going through an isos-
bestic point at 305 nip- This behavior is the reverse of
what appears to be the characteristic behavior of the
thianthrene oxides in 96% sulfuric acid.lb2 Thus, it
seems that the 2,7-dihydroxythianthrene is undergoing
disproportionation or rearrangement to a hydroxy
oxide. The same diagnosis may be made from the
change in the visible spectrum of this compound:
from 604 to 540 mp. Indications are present also in
the spectra of 2-hydroxythianthene that a small
amount of the hydroxy oxide may be forming. That
is, a new peak appeared at 318 mp after the solution
was one day old, and there was an accompanying fall in

(12) Part 111, H. J. Shine and T. A. Bobinson, J. Org. Chem., 28, 2828
(1963).
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Fig. 3.—E.s.r. spectra of 2,7-disubstituted thianthrenes in 96%
sulfuric acid. The scale calibration shown is 4 gauss. Field in-
creases from right to left in each case.

absorbance at the maximum for the 2-hydroxythian-
threne. The case of this compound and its oxide with
Amex at 319 miji is discussed in the preceding paper.2

The remaining substituted thianthrenes dissolved in
96% sulfuric acid only slowly. The solutions were
quite stable. The spectra of 1-chloro-, 2-chloro-, and
2-bromothianthrene were recorded at time intervals
while these compounds were dissolving in stoppered
cells. No differences were observed between the charac-
ter of the visible and ultraviolet spectra recorded this
way and the character of the spectra of solutions, used
for absorbancy calculations, in which a known quan-
tity of solute had taken several days to dissolve.

The spectra of all of the thianthrenes between 400
and 1200 mp, when first recorded, had the same charac-
teristics; that is, a large slender peak in the visible and
two small bands in the near infrared, whose positions
near 920 and 1050 m/i did not seem to differ much from
one compound to another. On the other hand, the
positions of the peaks in visible region clearly reflected
the nature and positions of the substituents.

The Amrex of thianthrene in 96% sulfuric acid is 546
m/i. All of the 1-substituents cause a hypsochromic
shift from 546 m/i, while most of the 2-substituents
cause a bathochromic shift. The exceptions among the
2-substituents are the amino and carboxyl groups.
Therefore, the transition from ground to excited state
is facilitated by electron donors in the 2- and 7-positions,
but it is adversely affected by all groups in the 1-posi-
tion and the -\H3+ and -C(OH)2+ groups in the 2-
position. It is evident, therefore, that the #—>n*
transition occurring in the visible region is polarizing
the ion radical along its long axis.
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Molecular orbital calculations are being carried out
both to define this transition exactly and to provide a
clearer understanding of the e.s.r. spectra.

The ultraviolet spectrum of thianthrene in 96%
sulfuric acid has maxima at 270 and 290 mp. Most of
the substituted thianthrenes have maxima in these
regions. The positions of these maxima do not differ
in most cases from those of thianthrene. The absorp-
tivity in the region of 270 mp does not change so much
in going from one compound to another as the absorp-
tivity in the region of 290 mp. In this region the 2-
substituted thianthrenes, with the exception of the 2-
carboxy, have the larger absorptivities. Again, the
precise analysis of these spectra must await a solution
to the transitions which are occurring.

Experimental

Materials. Benzenesulfonyl Chlorides.—The following were
obtained from Distillation Products: 2,5-dimethyl-, 2,5-di-
chloro-, 3,4-dichloro-, and p-bromobenzenesulfonyl chloride.

Thiels.—The following thiols were obtained from commercial
sources: p-methylthiopheno) and p-f-butylthiophenol (Distilla-
tion Products), m-methylthiophenol and o-methylthiophenol
(Pitt-Consol Chemical Company). p-Bromothiophenol was pre-
pared by the reduction of the corresponding benzenesulfonyl
chloride with lithium aluminum hydride following the general
procedure of Field and Greenwald,l m.p. 74.0-75.5° (lit.1
72-74°), after recrystallization from aqueous ethanol. All other
thiols were prepared by the reduction of the corresponding
benzenesulfonyl chlorides with zinc dust and sulfuric acid, follow-
ing the general procedure of Vogel.5 The resulting thiols were
used without further purification.

Disulfides.— The general procedure was to dissolve the thiols in
aqueous sodium hydroxide and oxidize with a solution of iodine
in carbon tetrachloride. The resulting disulfides were recrys-
tallizec from ethanol ultraviolet spectra were of ethanol solutions):
p-tolyldisulfide, m.p. 45.5-46.3° (lit.148°), Xreex 243 mp; o-
tolyl disulfide, m.p. 36.2-36.7° (lit.11 38-39°), Xm,* 242 mli;
4,4'-dibromodiphenyl disulfide, m.p. 93-93.5° (lit.18 92-94°),
Xmex 249 m”»; 4,4'-di-f-butyldiphenyl disulfide, m.p. 88.0-88.6°,
Xmx 243 mli.

Anal. Calcd. for CZH®2: C, 73.12;
Found: C, 73.38; H, 7.34; 8,19.20.

2,2'5,5-Tetramethyldiphenyl disulfide had m.p. 51.5-52.5°,
Xmex 245 m/i.

Anal. Calcd. for CisH,~: C, 23.36. Found: S, 23.52.

Thianthrenes.—The following compounds were prepared as
described by Gilman and Hwayampatil® 1-aminothianthrene,
m.p. 124-125° (lit. 120-121°); 1-ehlorothianthrene, m.p. 84.5-
85.5° (lit. 85-85.5°); 2-ehlorothianthrene, m.p. 83.5-84.5° (lit.
84°); 1l-carboxythianthrene, m.p. 228-228.8° (lit. 224-225°);
2-carboxythianthrene, m.p. 225-226° (lit. 227-228°). The 2-
aminothianthrene, m.p. 158-159° (lit. 160°), and 2-bromothi-
anthrene, m.p. 85-86° (lit. 88-89°), were prepared as described
by Gilman and Swayampati.9l 1-Bromothianthrene, m.p. 145-
146.5° (lit.2L 145°), was prepared from 1-aminothianthrene
in a manner similar to the preparation of 1-chlorothianthrene.
The 2-hvdroxythianthrene, m.p. 143-144° (lit.2 145°), was
prepared from 2-bromothianthrene by the procedure of Piitzer
and Muth.22 2,7-Dichlcrothianthrene, m.p. 181.5-182°
(lit.24 181.5°), was prepared by the procedure of Baw,

H, 7.36; S, 19.51.

(13) L- Field and F. Greenwald. J. Org. Chcm.. 16, 940 (19X1).

(14) L. Field, 3. Am. Chem. Soc., 74, 394 (1952).

(15) A. Vogel, “A Textbook of Practical Organic Chemistry," Longmans
Green and Co., New York. N. Y., 1954. p. 784.

(16) K. Slotta and W. Franke, Ber.. 63, 681 (1930).

(17) F Taboury. Ann. Chim. (Paris). 16, 47 (1908).

(18) S. Wada, Yakugaku Zasshi. 79, 88 (1959).

(19) H. Gilman and D. R. Swayampati, J. Am. Chem. Soc., 79, 211 (1957).

(20) H. Gilman and D. R. Swayampati. ibid., 77, 5947 (1955).

(21) H. Gilman and C. G. Stuckwisch, ibid., 66, 1461 (1943).

(22) B. Piitzer and H. Muth, German Patent 606,350 (November, 1934).

(23) We are grateful to Mr. C. N. Sechrist, American Oil Co., Texas
City, Tex., for carrying out the high-pressure hydrolysis.

(24) H. Baw, G. M. Bennett, and P. Dearns, J. Chem. Soc., 680 (1934).
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Bennett, and Dearns.2 2,7-Dimethylthianthrene and 2,7-di-
bromothianthrene were prepared by the same procedure and were
recrystallized from ethanol. The 2,7-dimethylthianthrene had
m.p. 117-11S0 (lit.55 117°). The 2,7-dibromothianthrene had
m.p. 204-205°.
Anal. Cried, for Ci2ZH&B2Br2. Br, 42.72. Found: Br, 42.44.
2,7-Di-i-Dutvlthianthrene.—4,4'-Di-t-butyldiphenyl disulfide
(3.2 g.) was mixed with 30 ml. of 96% sulfuric acid with shaking;
30 ml. of 30% fuming sulfuric acid was added to the shaking
mixture in small portions. The color turned from green to wine
red. After 1 hr. the reaction mixture was poured over ice, and
the resulting brown solution was extracted with chloroform.
The chloroform solution was washed with dilute sodium hydroxide
solution and water, dried over anhydrous magnesium sulfate,
filtered, and evaporated. A white solid was obtained, which was

recrystallized from aqueous ethanol, m.p. 151-152°, 0.11 g.
(3%).
Anal. Calcd. for C2H24S2. C, 73.11; H, 7.36; S, 19.36.

Found: C, 72.98; H, 7.50; S, 19.36.

2,7-Dihydroxythianthrene was prepared2 by the hydrolysis of
2,7-dibromothianthrene using the procedure given2 for 2-hy-
droxythianthrene. Recrystallization from aqueous methanol
gave a product with m.p. 232-233°.

Anal. Calcd. for CIH8® X52: C, 58.03; H, 3.25; S, 25.82.
Found: C, 57.85; H, 3.51; S, 25.53.

Attempts to prepare 1,6-dimethyl-, 1,4,6,9-tetramethyl-,
1,4,6,9-tetrachloro-, and 2,3,7,8-tetrachlorothianthrene were
unsuccessful.

Spectra.—The e.s.r. spectra were obtained with a Varian
spectrometer using 100-ke. field modulation. Line calibrations
were made by using potassium nitroso disulfonate in saturated
sodium carbonate solution as a standard. A Varian Associates
V-4532 dual sample cavity was used. The standard solution was
enclosed in a Pyrex capillary and modulated at 400 c.p.s. The
thianthrene solutions were placed in Varian Associates flat quartz
cells and modulated at 100 kc. A Varian Associates Model G-22
dual channel recorder was used to record standard and sample
spectra simultaneously. The klystron frequency was measured
with a Hewlett Packard Model 540-B transfer oscillator, in con-
junction with a Model 524-C electronic counter, a Model 525-B
frequency converter, and a Model X532-B frequency counter.
The.j/-values were calculated from the dual recordings, using the
value of 2.0057 for the standard.® Line splittings were measured
as the distance between points on the derivative curves corres-
ponding with the centers of absorption lines. The width of a
hyperfine line was measured between the points on the derivative
curve corresponding with points of maximum slope on the absorp-
tion curve.

The hyperfine splittings were found to be constant for all lines
in those spectra whose shapes permitted splitting measurement.
In some of these spectra, however, line widths were not constant.

(25) I. N. Tits-Skvortsova, A. |. Leonova, S. Ya. Levina, and E. A’
Karaseva, Sbhornik Statei Obshchei Khim., Akad. Nauk SSSR, 1, 541 (1953)*

(2f>) .1 E. Wertz, D. C. Reitz, and F. Dravnieks, in ' Free Radicals in Bio-
logical Systems,” Academic Press, Inc., New York, N. Y., 1961, p. 186.

Electron Spin Resonance Spectra of Substituted T hianthrenes 25

Fig. 4.—E.s.r. spectrum obtained from the anodic oxidation of
thianthrene in nitromethane solution.

Line widths were constant in thianthrene (0.56), 1-bromo-
(0.57), I-chlorc-(0.55), 2,7-dimethyl- (0.56), anc. 2,7-dihydroxy-
thianthrene (0.63 gauss). In other cases the central lines were
wider than the terminal. Thus, in l-amino- and 2-aminothi-
anthrene, the three central lines were 0.57 and the two termi-
nals, 0.49 gauss. In 2,7-dichlorothianthrene, the center line
was 0.98 and the terminals 0.90 gauss. The corresponding
widths in 2,7-di-i-butylthianthrene weére 0.94 and 0.86 gauss
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Meerwein arylation of anthracene has been found to afford a general homolytic route to 9-aryl- and 9,10-diaryl-

anthracenes.
of 9-phenyl- and 9,10-diphenylanthraeene.
discussed.

A recent investigation of the mechanism of the clas-
sical type of Meerwein arylation reaction4alisclosed that
substitution of chlorobenzene or nitrobenzene for the
usual substrate, a monomer, resulted in the formation
of mixtures of isomeric biaryls having compositions
characteristic of homolytic aromatic substitution.@
These observations not only confirmed a radical
mechanism for the Meerwein reaction but also es-
tablished a new method of accomplishing homolytic
aromatic substitution.6 Selection of anthracene as the
substrate for this investigation was prompted by the
absence of a homolytic route to arylanthracenes and by
the possibility of eventually obtaining reactivity data
for this typical polycyclic aromatic hydrocarbon.78

Although the lew solubility of anthracene in aqueous
acetone precluded concentrations much above 0.02 M,
normal Meerwein reaction conditions were employed:
an aqueous solution of the diazonium chloride was added
to an acetone solution of anthracene and cupric chloride!
Initial experiments with four representative diazonium
cations demonstrated conclusively that both 9-aryl-
and 9,10-diarylaathracenes are major products of
Meerwein arylations of anthracene (Table 1). Synthe-
sis of the previously unknown 9-p-nitrophenylanthra-
cene suggested similar experiments with the isomeric
diazonium salts and these reactions afforded the first
samples of 9-0- and 9-m-nitrophenylanthracenes (Table
I1). Finally, a’'particular Meerwein arylation reaction,
p-nitrophenylation, was investigated in some detail
(Table I11). The variation in yield of 9-p-nitrophenyl-
anthracene and 9,10-di-p-nitrophenylanthracene with
initial concentrations of diazonium salt indicates that
the former compound is an intermediate in the forma-
tion of the latter. Confirmatory evidence for the
occurrence of consecutive reactions are the Meerwein
syntheses of 9,10-diphenylanthracene and of 9-phenyl-
10-p-nitrophenylanthracene from 9-phenylanthracene
and the corresponding diazonium chlorides. All com-

(1) Paper Il, S. C. Eickerman and G. B. Vermont, J. Am. Chem. Soc.
84,4150 (1962).

(2) Paper 1, a preliminary report of some of these results, S. C. Dicker-
man, L. B. Levy, and A. W. Schwartz, Chem. Ind. (London), 360 (1958).

(3) Financial support in the form of Frederick Gardner Cottrell Grants
from the Research Corporation is gratefully acknowledged.

(4) The Meerwein arylation reaction has been reviewed recently: C. S.
Rondestvedt, Jr., Org. Reactions, 11, 189 (1960).

(5) S. C. Dickerman and K. Weiss, J. Org. Chem. 22, 1070 (1957).

(6) For a comprehensive review of this subject, see G. H. Williams,
“Homolytic Aromatic Substitution.”” Pergamon Press, New York. N. Y.,
1960.

(7) A prior study of the arylation of anthracene by what is now termed
Meerwein arylation or reactions closely related to it had given only 9,10-
diaryl derivatives: A. Etienne and C. Degent, Compt. rend., 236, 92
(1953); 238, 2093 (1954).

(8) Peroxide phenylation of anthracene had been reported to afford only
benzoyloxy derivatives: 1. M. Roitt and W. A. Waters, J. Chem. Soc.,
2695 (1952)

Synthetic applications are illustrated by the preparation of previously unknown nitro derivatives
Factors controlling yields and the functions of the copper salts are

pounds prepared by the Meerwein reaction were identi-
fied by direct comparison with authentic samples or,
for the nitro derivatives, by reduction and deamina-
tion to 9-phenyl- or 9,10-diphenylanthracene.

Table |
9-Aryl- and 9,10-Diarylanthracenes Prepared from
Anthracene and the Corresponding Diazonium

Chloride by Meerwein Arylation

Products (anthracenes) Yield. % “&
9-Phenyl- (+)
9,10-Diphenvl- (+)
9-p-Methoxyphenyl- (+)
9,10-Di-p-methoxyphenyl- 18
9-p-Chlorophenyl- (+)
9,10-Di-p-chlorophenyl- 37
9-p-Nitrophenyl- 1
9,10-Di-p-nitrophenyl- 62

“From 0.01 mole of anthracene and 0.10 mole of diazotized
amine under standard reaction conditions; see Experimental
section for details. 6T:ie (+) sign indicates that the specified
compound was isolated.

Tabte Il

9-Nitrophenyl- and 9,10-Dinitrophenylanthracenes
Prepared from Anthracene and the Corresponding

Diazonium Chloride by Meerwein Arylation

Products (anthracenes) Yield, %“'6
9-p-Nitropheny1- 21
9,10-Di-p-nit,rophenyl 15
9-m-Nitrophenyl- 24
9,10-Di-m-nitrophenyl 11
9-0-Nitrophenyl- (+)
9,10-Di-o-nitropheny 1- 6

“ From 0.01 mole of anthracene and 0.05 mole of diazotized
amine under standard reaction conditions; see Experimental
section for details. 6Specified compound was isolated.

Tabte I

P-Nitrophenylation of Anthracene

------------------------ Reactants, moles----- -----Yield, % a-----
Anthracene p-Nitroaniline CuCL 9- 9,10-
0.01 0.03 0.015 16 7
0.01 0.05 0.015 21 14
0.01 0.05 0.010 21 15
0.05 0.25 0.075 28 15
0.01 0.08 0.015 56,6.5
0.01 0.10 0.015 n 62,70
Yields, based on anthracene, of 9-p-nitro- and 9,10-di-,

nitrophenylanthracenes.

Discussion

The mechanism suggested previously for the Meer-
wein arylation of monomers and simple arenes provides
a basis for discussion of the present systems and an
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appropriate modification of that mechanism is presented
in the accompanying equations.9 The reagent re-
sponsible for the homolytic decomposition of the di-
azonium salt is a complex ion of cuprous chloride,
probably the dichlorocuprate | anion, which is generated
in situ from acetone and cupric chloride (eq. 1).910
Furthermore, it is now generally recognized that the
Meerwein and Sandmeyer reactions possess a common
initiation s*ep, i.e., the formation of aryl radicals by an
oxidation-i eduction reaction involving cuprous chloride
and the diazonium ion.9 2

2 CuCh + CH3COCH3— 2 CuCl + C1CH2C0CH3 + HC1

)
coupling products <— ArN2+ —* solvolysis products
ICucCl2 @
CH3COCH3 CuCln2U
ArH %o A r .- * ArCl
Ar
Solvolysis and coupling reactions, e.g., formazan

formation, compete with the electron-transfer reaction
and may consume a significant fraction of certain
diazonium salts. Once formed, the aryl radicals be-
come involved in competitive reactions, i.e., ligand
transfer, hydrogen abstraction, and addition to arene
or monomer. Obviously the yield in any Meerwein
reaction is a complex function of a number of variables
including the reactivity of the substrate. However,
the vyields of 9,10-diarylanthracenes under identical
reaction conditions (Table 1) parallel the effects of
substituents on the rate of the initial electron-transfer
reaction, i.e., p-N02> p-Cl > p-OCH3134 This cor-
relation indicates that the effects of substituents in
the diazonium ion on the yields in these and other Meer-
wein arylations of a specific substrate are largely

(9) S. C. Dickerman, K. Weiss, and A. K. Ingberman, J. Org. Chem., 21,
380 (1956); J. Am. Chem. Soc.. 80, 1904 (1958).

(10) J. K. Kochi, ibid, 77, 5094, 5274 (1958).

(11) D. C. Nonhebel and W. A. Waters, Proc. Roy. Soc. (London) A 242, 16
(1957).

(12) The mechanism of the Sandmeyer and Meerwein reactions has been
reviewed by H. Zollinger, “ Diazo and Azo Chemistry,” Interscience Pub-
lishers, Inc., New York, N. Y., 1961, pp. 162-168.

(13) W. A. Coudrey and D. C. Davies, J. Chem. Soc., S 48 (1949).

(14) These 9,10-diarylanthracenes are virtually insoluble in the reaction
medium.
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determined by the rate of formation of aryl radicals.
If the electron-transfer reaction is rapid, e.g., p-
nitrobenzenediazonium ion, little diazonium salt is
lost via coupling and solvolysis. Conversely, if aryl
radical formation is inhibited by the substituent, e.g.,
p-methoxy, diazonium salt will be consumed in side
reactions.B The poor conversion of even the nitro-
benzenediazonium salts to aryl- and diarylanthracenes
is attributable to competing reactions involving the
aryl radical and to the necessarily low concentration of
anthracene in aqueous acetone.

Although 9-aryl- and 9,10-diarylanthracenes repre-
sent the major products of the reactions nf aryl radi-
cals with anthracene, the reactivity of this arene is not
confined to the 9,10-positions. For example, the
orientation pattern of anthracene in homolytic phényla-
tion has been shown to comprise 84% 9, 14% 1, and
2% 2 isomer, respectively.l Furthermore, both o-
and p-nitrophenylations of anthracene vyield small
amounts of the corresponding 1 and 2 isomers in
addition to the 9-nitrophenylanthracene.88 Thus, we
infer that homolytic arylation of anthracene will in
general afford isomeric arylanthracenes (ec. 3).

Participation by cupric copper in the reaction
sequence leading to arylanthracene (eq. 4) is evidenced
by the absence of detectable amounts of dimers (bi-
ant.hryls) in Meerwein arylations and by previous ob-
servations that dimers are major products of the
reactions of anthracene with 2-cyar.o-2-propyl,©
methyl,0 benzyl,D phenyl,2l and “isocty ” radicals,2
all in the absence of copper salts. Significantly, the
reactions of anthracene with phenyl radicals, generated
from stabilized benzenediazonium salts with zinc dust
(Waters reaction) in acetone has been reported to yield
about equal amounts of 9,10-diphenylamhracene and
9,9',10,10'-tetrahydro - 10,10'-dipheny-9,9'-bianthryl;
9-phenylanthracene was not isolated although its
presence during reaction was inferred from the forma-
tion of 9,10-diphenylanthracene.2l The divergent re-
sults of Meerwein and Waters arylations of anthracene
have been interpreted in terms of the nature of the
metal salts present; i.e., there is no evidence that zinc
salts participate in either ligand or one electron-
transfer reaction.1 Therefore the concentration of
intermediate and relatively stable radicals, e.g., 9,10-
dihydro-10-aryl-9-anthranyl, will build up to the point
where dimerization and, possibly, disproportionation
become important competing reactions. In the pres-
ence of cupric chloride these intermediate radicals
become oxidized to the corresponding isomeric aryl-
anthracene and thus to potential substrates for further
arylation. Preferential formation of 9,10-diaryl-
anthracenes by a repetition of the proposed sequence is

(15) The effect of the p-rnethoxy group is interesting in that p-methoxy-
benzenediazonium ion undergoes electron-transfer.13 sol .olvsis,’6 and cou-
plingT reactions less readily than the unsubstituted diazonium cation. In
Meerwein p-methoxyphenylations of anthracene the slow disappearance of
the diazonium salt, about 48 hr., isaccompanied by the formation of products
that impart an intense red color to the solutions Presumably, formazan
and/or diazo resin are produced.

(16) M. L. Crossley, R. H. Kienle, and C. H. Benbrjod. J. Am. Chem.
Soc., 62, 1400 (1940).

(17) J. B. Conant and W. D. Peterson, ibid., 52, 1220 (1930>.

(18) S. C. Dickerman and M. Klein, unpublished results.

(IS) A. R. Bickel and E. C. Kooyman. Ree. trac. him.. 71, 1137 (1952).

(20) A. L. J. Beckwith and W. A. Waters, J. Chem. Soc., 1.08 (1956);
1001 (1957).

(21) R. O. C. Norman and W. A. Waters, ibtd., 167 (1958).

(22) A. L. J. Beckwith, ibid., 2248 (1962).
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a direct consequence of the initial orientation which
strongly favors the 9'isomers.23

Although Meerwein arylation provides a general
route to 9-aryl- anil 9,10-diarylanthracenes, its syn-
thetic utility is impaired by the concurrent formation of
isomeric products. For this reason alone it does not
present an attractive alternative for those compounds
that have or may be prepared by classical methods,
r.g., the addition of organometallics to 9-anthrone or
9,10-anthraquinone followed by aromatization. How-
ever, homolytic arylation is at present the only route to
mono- and dinitrophenyl derivatives of anthracene
and, therefore, to a variety of previously unknown
compounds. 24

Experimental5

Reagents.— Eastman Kodak anthracene (480), Aldrich 9-
phenvlanthracene, and Merck alumina were used.

General Procedure for Meerwein Arylation of Anthracene. —A
solution of 1.78 g. (0.01 mole) of anthracene and 2.55 g. (0.015
mole) of cupric chloride dihvdrate in a mixture of 400 ml. of
acetone and 40 ml. of water was prepared in a three-necked
flask fitted with a sealed stirrer, a condenser, and a pressure-
equalizing addition funnel. The condenser was attached to a
simple gas buret and the apparatus was flushed with nitrogen or
carbon dioxide. A solution of the diazonium salt, prepared from
0.05 mole of amine, 0.05 mole of sodium nitrite in 15ml. of water,
and 25 ml. of A hydrochloric acid and filtered when necessary,
was added rapidly and with vigorous stirring to the contents of
the flask. The evolution of nitrogen varied from rapid and
virtually quantitative for the nitrobenzenediazonium chlorides to
slow and incomplete for diazotized p-anisidine. In any event,
the reaction mixture was maintained at about 35° until the
evolution of nitrogen ceased. After refrigeration overnight, any
precipitate of diarvlanthracene was collected by filtration and the
filtrate was steam distilled. Experiments that involved smaller
or larger amounts of diazonium salts were modified so that the
total volume of water was 100 ml. for the former and 100-120
ml. for the latter. Reactions with larger amounts of anthracene
represent simple multiples of these “standard conditions.”

Phenylation of Anthracene.—The addition of 0.01 mole of
diazotized aniline failed to yield a precipitate and the residue
from steam distillation was dissolved in benzene. This extract
was washed with dilute sodium hydroxide and water, dried, and
chromatographed on alumina. The first five fractions off the
column were combined and fractionally recrystallized from 1:1
benzene-ethanol to vyield 9,10-diphenylanthracene of m.p.
244 248° (1it.6249-250°). Addition of authentic 9,10-diphenyl-
anthracene did not depress the melting point and the infrared
spectra of the two samples were essentially identical.

The various solids and mother liquors from the fractional
crystallization were combined and the solvents were removed
under reduced pressure. The residue was dissolved in hexane
chromatographed on alumina using hexane as developer and
eluent. Fraction 3 off the column was recrystallized from eth-
anol and the first crop of crystals, mostly anthracene, w;is dis-
carded. The second crop of crystals was recrystallized three
times from ethanol and afforded 9-phenylanthracene, m.p.
149.5 150.5° (lit.Z 152-153°). Addition of authentic 9-phenyl-
anthracene did not depress the melting point and the infrared
spectra of the two samples were virtually identical.

(23) Small amounts of what appear to he isomeric di-p-nitrophenyl-
anthracenes and of a tri-p-nitfophenylanthracene have been isolated from
Meerwein p-nitrophenylation of anthracene: S. C. Dickerman and A. A
Felix, unpublished results.

(24) For example, all structurally isomeric 9.10-dinitrophenylanthracenes
and 9-methoxyphenyl-10-nitrophenylanthracenes have now been synthesized
by Meerwein arylation: S. C. Dickerman, M. Klein, and G. B. Vermont, un-
published results.

(25) All melting points below 350° are corrected. The infrared spectra
were determined with a Baird Model 4-55 spectrophotometer using potas-
sium bromide wafers. The rnicroanalyses were performed by the Schwartz-
kopf Microanalytical Laboratory. Woodside 77. X. Y.

(26) C. K. Ingold and P. G. Marshall. J. Chem. Soc., 3080 (1926).

(27) P. L. Julian, W. Cole, G. Diemer. and J. G. Schafer, J. Am. Chem.
Snr.. 71, 2060 1949).
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p-Methoxyphenylation of Anthracene.—Decomposition of the
diazonium salt from (1.10 mole of diazotized p-anisidine gave 0.72
g. (18%) of product. Several recrystallizations from ben-
zene afforded a sample of 9,10-di-p-methoxyphenvilanthracene,
m.p. 282-284° (lit. 282°). Addition of authentic 9,10-di-p-
methoxyphenylanthracene (m.p. 285-286°), prepared by the
procedure of Ingold and Marshall,Bdid not depress the melting
poin' and the infrared spectra of the two samples were virtually
identical.

The residue after steam distillation was chromatographed in
benzene on alumina and the colorless solids off the column were
rechromatographed using hexane and alumina. The middle
fraction off the column afforded a solid which was recrystallized
several times from ethanol to give 9-p-methoxyphenylanthracene,
m.p. 168-169° (lit.2B 168.0-168.5°). Addition of authentic
9-p-nethoxyphenylanthraeene, prepared from 9-anthrone and
p-methoxyphenyl lithium, did not depress the melting point and
the infrared spectra of the two samples were identical.

p-Chlorophenylation of Anthracene.—Decomposition of the
diazi nium chloride from 0.01 mole of p-chloroaniline gave 1.46 g.
(37%) of pale yellow needles, m.p. 283-305°. Several recrystal-
lization from benzene-ethanol raised the melting point to
313-314° (lit.311°). Addition of an authentic sample of 9,10-
di-p-chlorophenylanthrarene® did not depress the melting point
and the infrared spectra of the two samples were virtually
identical.

Chromatography of the tarry residue from the steam distilla-
tion n hexane on alumina gave anthracene followed by colorless
crystils, m.p. 168-174°. Recrystallization from a 4:1 mix-
ture >f acetone and water afforded 9-p-chlorophenylanthracene,
m.p. 176.5-178.5° (lit.® 179-180°). Addition of authentic
9-p-chlorophenylanthracene, prepared from 9-anthrone and
p-chl irophenylmagnesium bromide, did not depress the melting
point and the infrared spectra of the two samples were essen-
tially identical.

p-Nitrophenylation of Anthracene.—Addition and decomposi-
tion of a solution of p-nitrobenzenediazonium chloride from 0.10
mole of amine gave 2.17 g. (62%) of yellow solid. After re-
crystallization from pyridine, 9,10-di-p-nitrophenylanthracene
was isolated as yellow needles, m.p. >400°, with decomposition
(lit.7 457°).

Steam distillation of the reaction mixture followed by chroma-
tography of the residue on alumina in a 1:1 mixture of hexane-
benzene yielded 9-p-nitrophenylanthraoene contaminated with
p-chloronitrobenzene. Sublimation removed the latter com-
pound leaving 0.320 g. (11%) of product. An analytical
sample, bright yellow plates, m.p. 229-230°, was prepared by
recrystallization from 1:1 benzene-ethanol.

Anil. Calcd. for CjoHuXO,: C, 80.25; H, 4.38; X, 4.68.
Found: C, 80.29; H, 4.76; X, 4.57.

m-Nitrophenylation of Anthracene. Decomposition of 0.05
mole of diazotized m-nitroaniline followed by concentration of the
reaction mixture to three-quarters of the original volume gave
0.457 g. (11%) of pale yellow solid, m.p. 320-330°, with de-
composition. Recrystallization from pyridine afforded 9,10-
di-w-nitrophenylanthracene as off-white microcrystals, m.p.
344 345°.

Annl. Calcd. for CuHteXjO,: C, 74.28; H, 3.84; X, 6.66.
Found: C, 74.05; H. 4.16; X, 6.91.

The remainder of the reaction mixture was processed in the
usual manner and yielded 0.712 g. (24%) of 9-m-nitrophenyl-
anthracene. Two recrystallizations from ethanol afforded an
analytical sample of yellow plates or needles, m.p. 158-159°.

Aruzl. Calcd. for CMHiaX02: C, 80.25; H, 4.38; X, 4.68.
Fount: C, 80.41; 11,4.43; X, 4.98.

o-N.trophenyiation of Anthracene.—Addition and decomposi-
tion of a solution of o-nitrobenzenediazonium chloride prepared
from 1.05 mole of amine gave 0.257 g. (6%) of precipitate.
After recrystallization from pyridine, 9,10-di-o-nitrophenyl-
anthraeene was isolated as yellow plates, m.p. 400°, with de-
composition (1it.7425°).3

Chr imatography of the residue from steam distillation on
alumina using 1:1 hexane-benzene gave a mixture of compounds

(28) C. K. Bradsher and E. Faye Sinclair. J. Ora. Chem.. 22, 79 (1957).

(29) C. K. Bradsher and F. A Vingiello, 3. Am. Chem. Soc.. 71, 1434
(1949).

(30) It is presumed that 9,10-di-o-nitrophenylanthracene can exhibit
configurational isomerism due to restricted rotation. However, the con-
figurati >n of the isolated compound has not been established.
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from which 9-o-nitrophenylanthracene was isolated as yellow
coralloid crystals or needles, m.p. 150-151°, by repeated re-
crystallizations from cyclohexane.

Anal. Calcd. for CCHIIN32 C, 80.25; H, 4.38; N, 4.68-
Found: C, 80.45; H,4.42; N, 4.79.

Reduction and Deamination of Nitrophenylanthracenes and
Dinitrophenylanthracenes.— A solution or a suspension of 0.150
g. (0.005 mole) of the nitro or 0.210 g. (0.005 mole) of the dinitro
compound in glacial acetic acid was treated with 0.791 g. or 1.582
g. of stannous chloride dihydrate and 0.5-1.0 ml. of concen-
trated hydrochloric acid. The mixture was heated on the steam
bath with stirring until the characteristic yellow color of the
nitro compound disappeared and then was concentrated under
reduced pressure. The residue was digested with 5-10 ml. of
concentrated hydrochloric acid and the solid was removed by
filtration and diazotized in 5-10 ml. of 50% hypophosphorous
acid.3l After standing overnight, the reaction mixture was
extracted with benzene and the e: tracts were concentrated and
dried by distillation. Chromatography on alumina using hexane
or a mixture of hexane and benzene gave the corresponding
hydrocarbon. The yields of 9-phenylanthracene were 26% for
the ortho isomer, 56% for the meta, and 15% for the para isomer
while the yields of 9,10-diphenylanthraeene amounted to 6%,
64% and 57% for the ortho, meta, and para isomers, respectively.
After a single recrystallization, identity was established by
mixture melting points and by comparison of the infrared spectra

(31) N. Kornblum and D. C. Iffland, 3. Am. Chem. Soc., 71, 2137 (1949).
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of authentic 9-phenyl- and 9,10-diphenylanthracene with those
of the experimental samples.

Phénylation of 9-Phenylanthracene.—Ten milliliters of an
aqueous solution of benzenediazonium chloride prepared in the
usual manner from aniline (0.700 g., 0.0075 mole) was added
with stirring to a solution of 0.254 g. (0.001 mole) of 9-phenyl-
anthracene and 0.170 g. (0.001 mole) of cupric chloride dihydrate
in 40 ml. of acetone. Decomposition of the diazonium salt was
accompanied by precipitation of a crystalline solid. After 2 hr.
at 35°, the reaction mixture was cooled and 0.083 g. (25%) of
9,10-diphenylanthracene, m.p. 246-248° (lit. 249-250°), was
isolated by filtration. Identity was confirmed in the manner
described previously.

p-Nitrophenylation of 9-Phenylanthracene.— An aqueous solu-
tion of p-nitrobenzenediazonium chloride, prepared in the usual
manner from 4.14 g. (0.03 mole) of p-nitroaniline and diluted with
water to a volume of 100 ml., was added with stirring to 2.54 g.
(0.01 mole) of 9-phenylanthracene and 2.55 g. (0.015 mole) of
cupric chloride dihydrate dissolved in 400 ml. of acetone. De-
composition of the diazonium salt afforded 2.04 g. (54%) of
yellow solid, m.p. 282-290°. Recrystallization from benzene-
ethanol gave yellow plates of 9-p-nitrophenyl-10-phenylanthra-
cene, m.p. 296-297°.

Anal. Calcd. for CoJRNOu C, 83.18; H, 4.57; N, 3.73.
Found: C, 83.01; H, 4.67; N, 3.59.

Reduction, diazotization, and deamination of 0.300 g. (0.001
mole) of 9-p-nitrophenyl-10-phenylanthracene by the procedure
described afforded 0.118 g. (58%) of 9,10-diphenylanthracene,
m.p. 250-252° (lit.56249-250°). Identity was confirmed by the
usual methods.

Rearrangement of the 1,2,2-Triphenylethyl Radical

William A. Bonner and Frank D. Mangol

Department of Chemistry, Stanford University, Stanford, California
Received July 22, 1963

2,3,3-Triphenylpropionaldehyde has been prepared by the lithium aluminum hydride reduction of ,¥-(2,3,3-
triphenylpropionyl)azridine. The i-butyl peroxide-catalyzed decarbonylation of this aldehyde in o-dichloro-
benzene solvent at 155-185° yielded monomeric products (15%), consisting of 1,1,2-triphenvlethane (95%) and
triphenylethylene (5%), and a dimeric product (85%) whose infrared and n.m.r. spectra were in accord with
those of 1,1,2,3,4,4-hexaphenylbutane. When the decarbonylation was conducted in the presence of thio-
phenol the yield of monomeric products increased to 37% and that of the dimeric product decreased to 22%.
Uniquely labeled 2,3,3-triphenvipropionaldehvde-2-C14 was decarbonylated under similar conditions (thio-
phenol) and at several temperatures. Permanganate oxidation (not attended by subsequent phenyl migration)
of the labeled 1,1,2-triphenviethane products afforded benzophenone samples whose radioactivity assays indi-
cated that the intermediate 1,2,2-triphenylethyl radical had undergone 5%. phenyl migration during decarbonyla-
tion at 155-165° and 14% at 176-184°. Subjection of 1,2,2-triphenylethane-I-CH4 to the conditions of de-
carbonylation at 155-165° and 176-184° yielded samples of starting material, oxidative degradation of which
indicated that 2.1% phenyl migration had occurred at the lower and 2.5% at the higher temperature. The
oxidation of 1,2,2-triphenylethane-I-C4 to benzophenone using chromic oxide was attended by about 10%
phenyl migration. Application of this degradation to the labeled 1,1,2-triphenylethane and 1,1,2,3,4,4-hexa-
phenylbutane products from the decarbonylation of 2,3,3-triphenylpropionaldehyde-2-C#4 afforded benzo-
phenone samples having identical radioactivity assay's, suggesting that equivalent extents of phenyl migration
had attended the oxidation of each hydrocarbon. The observed phenyl 1,2-rearrangement in the 1,2,2-tri-
phenylethyl radical provides the second example of a radical 1,2-shift which is not accompanied by the forma-
tion of a more stable radical intermediate or by the relief of steric compression on the carbon atom adjacent to

the radical site.
mediates is discussed.

Intramolecular rearrangements during free-radical
reactions are neither so plentiful nor so extensively
studied as those occurring during carbonium ion reac-
tions. Several investigators have documented the
tendency of 2-arylethyl radicals to undergo varying ex-
tents of aryl 1,2-migration, whether the radicals were
produced by the action of cobaltous chloride and Grig-
nard reagents on /3-arylalkyl halides,24by the peroxide-

(1) The authors are indebted to the National Science Foundation for a
grant (G9479) which supported a portion of this investigation.

(2) W. H Urry and M. S. Kharasch. J. Am. Chem. Soc., 66, 1438 (1944).

(3) W. H. Urry and N. Xicolaides, ibid., 74, 5163 (1952).
(4) W. B Smith and J. D. Anderson, ibid., 82, 656 (1960).

The application of these techniques to the question of nonelassical, bridged radical inter-

catalyzed decarbonylation of /S-arylpropionalde
hydes,511 by the thermal decomposition of 2-arylethyl-
azo derivatives,1213 during the addition of thiol com-

(5) S. Winstein and F. M. Seubold, Jr., ibid., 69, 2916 (1947).
(6) D. Y. Curtin and M. J. Hurwitz, ibid., 74, 5381 (1952).
(7) F. M. Seubold, Jr., ibid., 76, 2532 (1953).
(8) L. M. Slaugh, ibid., 81, 2262 (1959).

(9) D. Y. Curtin and J. C. Kauer, J. Org. Chem., 25, 880 (1960).

(10) J. W. Wilt and M. Philip, ibid., 25, 891 (1960).

(11) C. Riichardt. Ber., 94, 2609 (1961).

(12) C. G. Overberger and H. Gainer, J. Am. Chem. Soc.. 80, 4556. 4561
(1958).

(13) D. Y. Curtin and T. C. Miller, J. Org. Chem., 25, 885 (1960).
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pounds to a-arylalkenes, ¥4 by the peroxide-catalyzed
BB-hydrogen abstraction from alkylbenzenes,5 during
the high-pressure thermal alkylations of monoalkyl-
benzenes with olefins,6 or by heating alkylbenzenes
with halogen- or sulfur-containing promotors.7 Aryl
migrations involving 1,5-1819 and 1,6-interactions®
also have been reported. Analogous alkyl 1,2-shifts
have apparently never been clearly observed, @ and
hydrogen 1,2-shifts have been shown specifically not to
occur in systems involving 2-arylethyl8920 as well as
other2l B radical intermediates.

All but one of the reported 2-arylethyl radical re-
arrangements have involved systems where the re-
arranged radical is more stable than its unrearranged
precursor, or where steric compression on the /3-carbon
is relieved during the migration process. That such
factors are not prerequisites for aryl migration, how-
ever, has been convincingly demonstrated by Slaugh,8
who found that the 2-phenylethyl-I-CH4 radical rear-
ranged to the 2-phenylethyl-2-C Y4 radical to the extent
of 2.3-5.1% before its final conversion to ethylbenzene.
Here the rearranged radical and its precursor have
identical steric and stability features, and the phenyl
migration must be determined only by the intrinsic
tendency of the 2-phenylethyl radical to rearrange and
by its lifetime as an intermediate. That 2-alkylethyl
radicals fail to rearrange362 further supports the con-
tention that steric and stability factors alone are not
definitive in engendering such 1,2-migrations.

The exclusive occurrence of aryl (as opposed to alkyl)
1,2-rearrangements of radicals has been explained by
several investigators3478 D12 BY in terms of res-
onance-stabilized bridged radical intermediates such
as I, analogous to the widely postulated “symmetrical
phenonium ion” (I1). Overberger and Gainer,12study-

ing neophyl radicals generated from azo compounds,
provided evidence against phenyl participation in the
rate-determining step of radical formation. Seubold7
has argued against bridged radicals on grounds that the
phenyl migration observed during decarbonylation of
/3-phenylisovaleraldehyde increased under conditions of
dilution with an inert2solvent. Smith and Anderson,4
on the other hand, proposed the intervention of unsym-
metrically bridged 2-phenylethyl radicals (I11, analo-
gous, presumably, to “unsymmetrical phenonium

(14) J. Weinstock and S. X. Lewis, J. Am. Chem. Soc., 79, 0243 (1957).
(15) H. Pines and C. N. Pilla* ibid., 81, 3629 (1959); 82, 2921 (1960).
(16) H. Pines and J. T. Arrigo, ibid., 79, 4958 (1957).
(17) L. H. Slaugh and J. H. Raley, ibid., 82, 1259 (1960); 84, 2640
(1962).

(18) D. F. DeTar*and A. Hlynsky, ibid., 77, 4411 (1955).

(19) S. Winstein, R. Heck, S. Lapporte, and R. Baird, Experientia, 12.
138 (1956).

(20) C. Walling, “Molecular Rearrangements. Part I,” P. de Mayo, Ed.,
Interscience Publishers. Inc.. New York, N. Y.. 1963, p. 417 ff.

(21) X. Kornblum and E. P. Eiiveto, J. Am. Chem. Soc., 71, 226 (1949).

(22) X. Kornblum and H. E. De La Mare, ibid., 74, 3079 (1952).

(23) H. C. Brown and G. A. Russel, ibid., 74, 3995 (1952).

(24) E. R. Bell. J. H. Raley. F. F. Rust, F. H. Seubold. Jr., and W. E.
Vaughan, Discussions Faraday Soc., No. 10, 242 ff. and 315 (1951).
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ions ) 5Z in their studies with 2-phenylethyl-I-CH4
radicals generated by action of Mg-CoCl2on 2-phenyl-
ethyl-1-C4 bromide, and Ruchardtll has argued for
bridged intermediates to rationalize relative migration
tendencies within p-substituted neophyl radicals. A
recent physical organic textbook® argues in favor of
bridged radical intermediates, and it has been recently
stated4 that “Until the appearance of. . .(stereoselec-
tivity). . .data the question of a bridged free radical
must be considered unsolved.”

Some time ago we examined certain solvolytic® and
deaminationd reactions of 1,2,2-triphenylethyl deriva-
tives to test the general concept of bridged phenonium
ions in carbonium ion reactions. Using double-labeling
techniques, it was found that cationic processes in this
system proceeded via equilibrating classical carbonium
ions (IV) and not through bridged phenonium ions of
type Il (R = Ph), despite the marked stereoselec-
tivity31® observed in many of these reactions. The
nonambiguity of the double-labeling criterion compared

0 0
PhZCH—CHPh , PhCH—CHPh2
v

with the stereochemical criterion for bridged inter-
mediates has suggested the desirability of investigating
the possible existence of bridged 1,2,2-triphenylethyl
radicals (I, R = Ph) by similar techniques. Prelimi-
nary studies in this direction &re described subse-
quently.

Discussion

In view of the wide applicability of aldehyde de-
carbonylation as a means of generating free radicals,
the decarbonylation of 2,3,3-triphenylpropionaldehyde
appeared potentially capable of providing the desired
1.2.2- triphenylethyl radical intermediate. This alde-
hyde, m.p. 109-111°, proved accessible from the
known33 2,3,3-triphenylpropionic acid via the se-
quence of reactions® 2,3,3-triphenylpropionyl chloride
(m.p. 96-98°) + ethyleneimine —iV-(2,3,3-triphenyl-
propionyl)aziridine (m.p. 186.5-187.5°) UAH> 2,3,3-
triphenylpropionaldehyde.  Furthermore, since the
uniquely labeled 2,3,3-triphenylpropionic-2-CM4acid can
be readily prepared,3a precursor was available for the
synthesis of 2,3,3-triphenylpropionaldehyde-2-C4 a
labeled analog potentially capable of generating the
1.2.2- triphenylethyl-1-CY4 radical (Va), whose possible
rearrangement (eq. 1) might be studied by previously
employed techniques.

(25) J. D. Roberts and C. M. Regan, J. Am. Chem. Soc., 75, 2069 (1953).

(26) S. Winstein, M. Brown, K. C. Schreiber, and A. H. Schlesinger, ibid.,
74, 1140 (1952).

(27) S. Winstein, B. K. Morse, E. Grunwald, K. C. Schreiber, and J.
Corse, Hid., 74, 1113 (1952).

(28) J. Hine, “Physical Organic Chemistry,” 2nd Ed., McGraw-Hill Book
Co., Inc , New York, X. Y., 1962, p. 482.

(29) W. A. Bonner and C. J. Collins, ibid., 75, 5372 (1953); 78, 5587
(1956); C. J. Collins and W. A. Bonner, ibid., 77, 92 (1955).

(30) W. A. Bonner and C. J. Collins, ibid., 78, 5587 (1956); W. A. Bonner
and T. A. Putkey, J. Org. Chem., 27, 2348 (1962).

(31) C. J. Collins, W. A. Bonner, and C. T. Lester, 3. Am. Chem. Soc., 81,
466 (1959).

(32) C. J. Collins, J. B. Christie, and V. F. Raaen, ibid.. 83, 4267 (1961).

(33) E. P. Kohler and G. Heritage, -4m. Chem. J., 33, 156 (1905).

(34) W. A. Bonner, J. -4m. Chem. Soc., 81, 1181 (1959).

(35) H. C. Brown and A. Trukamoto, ibid., 83, 4549 (1961).
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Ph~
Ph2ZCH— MCHPh----- PhCH—CHHPh2 1)
Va Yb

When 2,3,3-triphenylpropionaldehyde was decar-
bonylated by heating (170°) in o-dichlorobenzene sol-
vent in the presence of ;-butyl peroxide, gas was evolved
and two crystalline substances were obtained by chro-
matographic separation of the crude reaction product.
The minor product (15%) proved to be a mixture of
monomeric derivatives, 1,1,2-triphenylethane (VI, ca
95%) and triphenylethylene (ca. 5%). The major
product (85%) had the constitution of a “dimeric”
hexaphenylbutane derivative, and its infrared and
n.m.r. spectra were consistent with the 1,1,2,3,4,4-hexa-
phenyl isomer (VII).

Ph  Ph

Ph2CH—CHZPh PhXH—¢(H—¢(H—CHPhs
Vi VII

The results of the decarbonylation may be inter-

preted in terms of the following steps® (eq. 2-9).
¢-BuD2— > 22-BuO (2)

2-BuO------ > Me- + MeXO 3)

RCH=0 + 2-BuO----R—C=0 + 2-BuOH (4)
RCH=0 + Me-——-- >~ R—6=0 + CH4 (5)
R—0=0--R- + CO (6)

R + RCH=0 — >VI + R—C=0 (7)

2R > VI + PhZ=CHPh (8)

2R > VII 9)

!
R = Ph,CH —CHPh

The low yield of monomeric hydrocarbon VI was some-
what surprising, suggesting a high activation energy for
step 7 and indicating that the majority of acyl radicals
must here be formed by steps 4 and 5.

In view of this low yield of monomeric product VI
and our inability (see following) to find a means of de-
grading the dimeric product VII without further phenyl
rearrangement, we sought a means of increasing the
yield of VI. The ability of mercaptans to catalyze
aldehyde decarbonylations was first demonstrated by
Waters, 3 who rationalized this observation in terms of
the chain sequence 10, 11, and 12.

R'Se+ RCH=0 R'SH + R—6=0 (10)
R—6=0—> R- + CO (11)
R- + R'SH — i RH + R'S- (12)

Additionally, chain transfer constants for mercap-
tans339 in the polymerization of styrene are much
greater than those for aldehydes,D suggesting that
mercaptans donate hydrogen to free radicals (eq. 12)
more readily than do aldehydes. While this latter
factor is capable of reducing the lifetime of free-radical
intermediates and hence curtailing aryl 1,2-migration,8
decarbonylation in the presence of mercaptans never-
theless appeared promising as a means of increasing the

(3> C. Walling, “Free Radicals in Solution,’”” John Wiley and Sons, Inc.,
New York. N. Y., 1957, pp. 278, 469.

(37) E. F. P. Harris and W. H. Waters, Nature, 170, 211 (1952).

(38) C. Walling, J. Am. Chem. Soc., 70, 2561 (1948).

(39) R. A Gregg, F. R. Alderman, and F. R. Mayo, ibid., 70, 3740 (1948).

(40) R. A. Gregg and F. R. Mayo, ibid., 75, 3530 (1953).
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yield of 1,1,2-triphenylethane in the present case.
When 2,3,3-triphenylpropionaldehyde was decarbonyl-
ated in the presence of benzyl mercaptan (5 mole %)
the yield of monomeric hydrocarbons increased 3-fold
and the yield of the dimeric product VII decreased from
73 to 22%. An even greater enhancement of monomer
yield (37%) occurred using thiophenol. Variation in
aldehyde concentration had little effect on monomer
yield (37—42%), and 1,1,2-triphenylethane again proved
to be the principal component (ca. 75%) of the mono-
mer mixture.

To assay phenyl migration in the 1,2,2-triphenylethyl
radical, a means for degrading the hydrocarbon prod-
ucts VI and VII into benzophenone without subsequent
rearrangement was required. Direct oxidation of VI
with potassium permanganate has been shown to pro-
ceed without rearrangement.3} Permanganate oxida-
tion of the dimeric product VII, however, proved in-
effectual, as did several other oegradative techniques.
Oxidation of VII with chromic oxide-acetic acid af-
forded benzophenone in low yield, but was found to
proceed with 10% phenyl migration when applied to
1.1.2- triphenylethane-2-C14 Our studies of the phenyl
migration occurring prior to the formation of VII
accordingly have an uncertainty”™ due to possible phenyl
rearrangement during its subsequent degradation to
benzophenone.

The decarbonylation in the presence of thiophenol of
2.3.3- triphenylpropionaldehyde-2-C#4afforded the usual
mixture of hydrocarbon products (Chart 1). The

Chart |
Ph2XCH—CHMH—CH=0
|
Ph
1.201 + 0.008 mr./mole
1
g i
Ph2C MH—C1HZPh Ph2C MH—CMH—C MH—CI4HPh2

| 1
Ph Ph

1.163 + 0.006me./mole“ 242+ 0.05 mc./molea
1.178 £+ 0.008 me./mole6 243+ 0.02 me./mole6
0 Experiment 1 6Experiment 2.

slight difference (ca. 3%) in the specific radioactivities
of the monomeric hydrocarbon product and the starting
aldehyde suggest a normal isotope effect during the
abstraction step (12). Oxidation with permanganate
of the 1,1,2-triphenylethane products from similar de-
carbonylations afforded benzophenone derivatives
whose radioactivity assays indicated (Table 1) that
4.9% (corrected, following) phenyl migration had oc-
curred during the lifetime of the intermediate triphenyl-
ethyl radical when the decarbonylation was conducted
at 155-165°, and 13.9% (corrected) rearrangement had
occurred at 176-184°. We have no similar data re-
garding concomitant hydrogen migration within the
present 1,2 2-triphenylethyl radical, but on the basis oi
earlier studies8921 Z we assume it is negligible in the
present case. |,l,2-Triphenylethane-2-C X4 itself, when
subjected to these conditions of the decarbonyla-
tion, was found to undergo 2.1% rearrangement at the
lower temperature and 2.5% at the higher temperature.
This phenyl migration, which has been subtracted from
the total in the figures quoted earlier, apparently re-
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suits from the generation of 1.2,2-triphenylethyl radi-
cals by a displacement reaction involving either RS-
or (-BuO-radicals (eq. 13). A similar displacement

PhXHCH2PH + RS- (or <Bu<) ) — »-
Ph.CHCHPh + RSH (or t-BuOH) (13)

reaction has been reported by Wang and Cohen.4
Our finding of up to 14% phenyl migration, even in the
presence of thiophenol,8 in the case of the 1,2,2-tri-
phenylethyl radical confirms the disclosure of Slaugh8
that radical stability factors and relief of steric strain
are not uniquely important in determining free radical
rearrangements. It is interesting that our rearrange-
ment involved a more stable and presumably longer
lived secondary benzyl radical, whereas Slaugh’s ex-
ample involved a less stable, shorter lived primary 2-
phenylalkyl radical. The greater extent of phenyl
migration in our radical intermediate appears to be a
logical consequence of its longer lifetime.

Degradation (chromic oxide-acetic acid) of the di-
meric hexaphenylbutane products (VII) from similar
decarbonylations of 2,3,3-triphenylpropionaldehyde-2-
C 1 revealed similar extents of phenyl migration to
those observed when the monomeric products from the
same reactions were similarly degraded (Table II1).
If one assumes iaentical extents of phenyl migration
(and, therefore, lifetimes) for 1,2 2-triphenylethvl radi-
cals following either the dimerization path (eq. 9), the
disproportionation path (eq. 8), or hydrogen abstraction
paths (eq. 7, 12), these results suggest that the chromic
oxide-acetic acid oxidations of both hydrocarbons VI
and VII were attended by identical extents of subse-
quent phenyl rearrangement. We are aware of no
other reported instances of phenyl migration during a
chromic oxide-acetic acid oxidation.

Having now established the occurrence of significant
phenyl 1,2-migration during the lifetime of the 1,2,2-tri-
phenvlethyl radical, we presently hope to examine the
possibility of nonclassical bridged radical intermediates
in this system by employing our previous double-
labeling techniques.

Experimental

2.3.3-
via the action of phenylmagnesium bromide on methyl a-phenyl-
cinnamate in the manner previously described,3t m.p. 212-214°,
lit.3 m.p. 220.5°.

2.3.3- Triphenylpropionyl
chloride (200 g.), benzene (25 ml.), and the prior 2,3,3-triphenyl-
propionic acid (20 g.) was heated under reHux for 1 hr., then
stripped of volatile components under reduced pressure. The
resulting pale yellow oil crystallized on standing and was re-
crystallized from hexane to yield 17 g. (.80%) of rectangular
prisms. Three additional recrystallizations afforded the pure
acid chloride, m.p. 96-98°.

Anal. C'alcd. for CaH”OCI:
C, 78.46; H, 5.3s.

N-(2,3,3-Triphenylpropionyl taziridine. -The procedure em-
ployed was adapted from that of Brown and Trukamoto.®
The prior acid chloride (2.83 g.) in benzene (50 ml.) was stirred
dropwise over a period ol 30 min. into an ice-cooled ether-benzene
(1:1, 50 ml.) solution of triethylamine (1.8 ml.) and ethylene-
imine (1.0 ml.). Stirring was continued at 0° for 30 min., then
at room temperature for 30 min., whereupon the amine hydro-
chloride precipitate was filtered and washed with hot acetone.
Solvent evaporation from the combined filtrates and washings
yielded 3.2 g. of white solid. A portion (1 g.) of the crude prod-
uct was chromatographed on 50 g. of acid-washed silica, using

C, 78.62; H, 5.34. Found:

(4 1) C. H. Wang and S. G. Cohen. J. Am. Chem. ¢OC,, 79, 1924 (1957).

Triphenylpropionic Acid.—The crude acid was prepared

Chloride.—A mixture of thionyl

ether-hexane (1:10) as eluent. Evaporation of the
of eluent left 0.54 g. of white solid, fraction A. The n,
eluent yielded 0.37 g. of white solid, fraction B.

The infrared spectrum of fraction A showed a sharp
bending frequency at 1474 cm.-1, characteristic of azir.
derivatives.£2 The spectrum showed no N-H stretching
qguencies expected for primary and secondary amides (310
3000 cm.-1),43but displayed a strong carbonyl absorption band a
1676 cm.-'. The n.m.r. spectrum of fraction A showed a
octet of bands centered at 1.85 a quartet of bands (4.4.
4.65, 4.76 and 5.95) centered at 4.95, and a complex e
bands between 7.0 and 7.5 p.p.m. Their relative intensities
were consistent with the iV-(2,3,3-triphenylpropionyl)-aziridine
structure, octet-quartet-complex (2:1:8). After two recrystal-
lizations from a mixture of benzene and pentane, pure N-(2,3,3-
triphenylpropionyDaziridine was obtained, m.p. 186.5-187.5°.

Anal. Calcd. for CZH2JON: C, 84.37; 1Id, 6.47. Found:
C, 84.56; H, 6.70.

Tne infrared spectrum of fraction B showed a sharp absorption
at 3310, the N-H stretching frequency, and a strong carbonyl
band at 1646, the secondary amide region of the spectrum, as
well as a strong peak at 661 cm.-1, the organo-halogen region of
the spectrum.4 A positive halogen test was observed on sodium
fusion. The compound appeared to be A-(2-ehloroethyl)-2,3,3-
triphenylpropionamide, arising from the reaction of the acid
chloride with 2-chloroethylamine, formed in turn by the action
of the hydrochloric acid by-product on ethylenimine.2

The yields of the desired aziridine were improved in subsequent
preparations by using a greater excess of triethylamine. It was
found that the aziridine need not be isolated and purified, but
could be converted in its crude form directly into 2,3,3-tri-
phenylpropionaldehyde as described subsequently.

2,3,3-Triphenylpropionaldehyde.—The following procedure
was adapted from that of Brown and Trukamoto.® An ether
suspension (100 m1.)containing 200% excess of lithium aluminum
hydride was stirred dropwise over a period of 30 min. into an ice-
cooled ether-benzene (200 ml., 1:1) solution of crude ,V-(2,3,3-
triphenylpropionyl'aziridine prepared from 5.14 g. of 2,3,3-
triphenylpropionyl chloride. Stirring at 0° was continued for
30 min., whereupon the excess hydride was destroyed by cautious
addition of chilled 5 .V sulfuric acid. The organic layer was
separated and processed is usual, being washed with dilute
sodium bicarbonate. Solvent evaporation afforded 4.54 g.
(99%) of thick sirup. This was chromatographed on 300 g. of
acid-washed silica with benzene as eluent. Evaporation of the
first 600 ml. of eluent left 2.2 g. (48% based on acid chloride) of
white solid which proved homogeneous in thin layer chroma-
tography. Pure 2,3,3-triphenylpropionaldehyde, m.p. 109-
111° was obtained after two recrystallizations from a mixture of
hexane and benzene.

Anal. Calcd. for C2HisO: C, 88.08;
C, 88.11; H, 6.34.

The 2,4-dinitrophenylhydrazone was prepared in the usual
way and recrystallized three times from a mixture of hexane and
benzene, m.p. 230-232°.

Anal. Calcd. for C, 69.51; H, 4.75; N, 12.01.
Found: C, 69.27; 11, 4.96; N, 12.03.

The 2,3,3-triphenylpropionaldehyde-2-C#4 employed in the
following experiments was prepared by application of the former
sequence of reactions to 2,3,3-triphenylpropionic-2-C#4 acid.3}

The Decarbonylation of 2,3,3-Triphenylpropionaldehyde.—
The procedure employed was adapted from that described by
Slaugh.8 A solution of this aldehyde (1.00 g.) and freshly
distilled f-butyl peroxide (0.15 ml., 20 mole % ) in o-dichloro-
benzene (5.0 ml.) was immersed in an oil bath preheated to 170°
and fitted with a steam condenser to allow for escape of volatile
reaction products. The gases evolved were collected in a gradu-
ated cylinder inverted over a brine solution. After gas evolution
had subsided, the reaction mixture was quickly cooled to room
temperature, treated with additional fresh peroxide (0.15 ml.),
and again heated to 170°. This procedure was repeated three
times, yielding a total of 84 ml. (98% based on carbon monoxide)

H, 6.33. Found:

(42) R. M. Achenson. “An Introduction to the Chemistry of Heterocyclic
Compcunds.” Interscience Publishers, Inc., New York, N. Y., 1900. p. 7.

(43) A. 1). Cross. “Introduction to Practical Infrared Spectroscopy,”
Butter*vorths Scientific Puhlicat ons, London, 1960, pp. 57-75.

(44) X. R. Jones and C. Sandorfy, “ Techniques of Organic Chemistry."
Vol. IX. W. West. Ed.. Interscience Publishers. Inc., New York. N. Y.. 1956.
pp. 564-580.
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of gas. The major portion of the solvent was removed by evapo-
ration at reduced pressure and the residual crude product was
chromatographed on 100 g. of alumina using hexane as eluent.
Evaporation of the first 150 ml. of eluent yielded a viscous oil,
0.119 g., fraction A, which partially crystallized on standing for 1
week. Evaporation of the last 500 ml. of eluent (enriched in
benzene) yielded 0.674 g. of white solid, fraction B.

Thin layer chromatographic investigation of fraction A revealed
the presence of two components whose Rt values and spot colors
were identical with those of authentic 1,1,2-triphenylethane and
triphenylethylene. Mixtures of these hydrocarbons behaved
similarly to fraction A upon thin layer chromatography on alu-
mina using a variety of eluents. Fraction A was recrystallized
three times from methanol to yield a white solid, m.p. 54.5-
55.5°, whose infrared spectrum was superimposable on that of
authentic 1,1.2-triphenylethane with reported m.p. 55-55.5°.3
The mixture of the two monomers, 1,1,2-triphenylethane and
triphenylethylene, constituted a 15% yield from the starting
aldehyde.

Fraction B was recrystallized three times from hexane-benzene,
affording white crystals, m.p. 210-213°. Their infrared spec-
trum was generally similar to that of 1,2,2-triphenylethane, al-
though characteristic methylene C-H stretching bands (2940-
2915, 2870-2845 cm .-1)Bwere seemingly absent. Only two rela-
tively weak bands appeared in these regions of the spectrum (2900
and 2930), in contrast to three stronger bands at 2880, 2925,
and 2939 and a weak band at 2859 cm.-1 present in the spectrum
of 1,2,2-triphenylethane. The n.m.r. spectrum of the solid
contained twc overlapping bands at 4.14 and 4.17 and a complex
of bands between 6.5 and 7.5 p.p.m. The ratio of integrated
band intensities was consistent with a hexaphenylbutane struc-
ture, aromatic (complex)-aliphatic (doublet) 15:2.

Anal. Calcd. for Cf,H34 C, 93.34; H, 6.66; mol. wt., 514.7.
Found: C, 93.31; H, 6.78; mol. wt. (Rast), 484.

The structure most consistent with the previous data appeared
to be 1,1,2,3,4,4-hexaphenylbutane. The absence of methylene
absorption bands in the infrared spectrum, we believe, makes
other hexaphenylbutane isomers less likely, in that each of
these contains a methylene group. The hydrocarbon, CwHm,
was the principal product of the decarbonylation reaction (75%
based on aldehyde, Table I).

The aldehyde decarbonylation was repeated in the same solvent
under avariety of reaction conditions, results of which are shown
in Table 1.

Table |

The Decar3onyi.ation of 2,3,3-Triphenylpropionaldehyde

Gas evolved
i-Butyl (% of
peroxide theoretical ~—Hydrocarbon yield, % —
Aldehyde (mole Temp., amount of Mono- Di-
(m olality) %) °C. CO) meric meric Total
0 074 39 153 102 71
.128 20 165 95 72
.538 20 170 98 15 75 90
250 15 180 85 1 58 59
.192 15 180 114 11 62 73

The Mercaptan-Catalyzed Decarbonylation of 2,3,3-Triphenyl-
propionaldehyde.—The procedure for the decarbonylation of the
aldehyde in the presence of mercaptans was similar to that de-
scribed earlier. A mixture of 2,3,3-triphenylpropionaldehyde
(0.55 g.), freshly distilled ¢-butyl peroxide (40 mg.), and benzyl
mercaptan (13 mg., 5 mole %) m o-diehlorobenzene solvent
(0.75 ml.) was placed in a bath preheated at 180°. Decarbonyl-
ation was vigorous, yielding 48 ml. (114% based on carbon mon-
oxide) of gas. The monomer and dimer hydrocarbon products
were separated chromatographically as before. The mixture of
monomers (166 mg., 33%) was further separated by gas chroma-
tography (silicone rubber column, 250°), and found to consist of
1,1,2-triphenylethane (29%, based on aldehyde) and triphenyl-
ethylene (4%). The dimeric hydrocarbon product was ob-
tained in 32% yield. The decarbonylation was repeated under
similar reaction conditions employing thiophenol as catalyst.
The results of these experiments are listed in Table Il. In each
case 1,1,2-triphenylethane represented the principal component
(ca. 74%) of the monomer mixture.
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Tabte Il
Decarbonylation of 2,3,3-Triphenylpropionaldehyde in

the Presence of T hiophenol

Gas
evolved

¢-Butyl  Thio- (% of Hydrocarbon

peroxide phenol theoretical >yield, %—>

Aldehyde (mole (mole Temp.. amount of Mono- Di-
(molality) %> %) "C. CO) meric  meric
0.190 5.6 6.2 185 122 37 22
.075 30 8.1 185 172 41 29
.075 30 16.5 180 195 42 21

Oxidation of I,1,2-Triphenylethane-2-C14— 1,2,2-Triphenyl-
ethanol-1-CH4 was converted by the action of Raney nickel in
reflexing ethanol into 1,1,2-triphenylethane-2-C143 This was
recrystallized from methanol to give a pure sample, m.p. 55-56°,
specific activity 1.90 + 0.07 me./mole, which was employed in
the following oxidation experiments.

A. With Chromic Oxide.—A solution of the previous hydro-
carbon (121 mg.) in acetic acid (5 ml.) was treated with a solution
of chromic oxide (600 mg.) in water (1 ml.) and the mixture was
heated on the steam bath for 19 hr., then was cooled, made
alkaline with sodium hydroxide, and extracted thoroughly three
times with ether. The extract was washed, dried, and stripped
of solvent to yield a neutral oil, thin layer chromatography of
which revealed no starting material. The oil was converted in
the usual way to benzophenone 2,4-dinitrophenylhydrazone (180
mg., 106%) which, on recrystallization from dioxane, had m.p.
243-244° and specific activity of 0.193 me./mole. Thus ca. 10%
phenyl migration accompanied the oxidative degradation of
I, 1,2-triphenylethane with chromic oxide.

B. With Potassium Permanganate.— The previous hydrocar-
bon was oxidized with potassium permanganate as previously
described,31 affording a sample of benzophenone whose purified
2,4-dinitrophenylhydrazone, m.p. 240-242°, was void of radio-
activity. This degradation, involving no subsequent molecular
rearrangement, was thus deemed suitable for assessing rearrange-
ment in the 1,1,2-triphenylethane fraction from decarbonylation
reactions.

Degradation of 1,1,2,3,4,4-Hexaphenylethane.— A variety of
techniques was attempted to find satisfactory' conditions for the
degradation of the dimeric hydrocarbon (1X) from the decarbonyl-
ation reaction. These included attempts at preliminary dehy-
drogenation using chloranil, preliminary halogenation with X-
bromosuecinimide, and direct oxidation (as before) with potas-
sium permanganate. All of these methods failed, and the only
applicable degradation proved to be direct oxidation with chromic
oxide in acetic acid, as before. Since this oxidation proceeded
with 10% molecular rearrangement in the case of 1,1,2-triphenyl-
ethane, and since benzophenone yields were quite low (20-25%)
and benzoic acid yields negligible in the present case, it was
apparent that any estimates of the extent of rearrangement dur-
ing the formation of the dimeric decarbonylation product could
only be approximate.

Effect of Decarbonylation Conditions on 1,1,2-Triphenyl-
ethane-2-C14—The conditions in the following experiment were
maintained as close to those of the previous decarbonylation as
possible. A solution of 1,1,2-triphenylethane-2-C#4 (930 mg.,
m. p. 55-56°, specific activity 0.645 + 0.005 me./mole), freshly-
distilled ¢-butyl peroxide (400 mg.), and thiophenol (148 mg.) in
o-dichlorobenzene (18 ml.) was divided into two equal portions.
Using the previous decarbonylation apparatus, each portion was
inserted into its bath, preheated to 160° and 182°, respectively.
After 45 min. the flasks were cooled, additional peroxide (200 mg.)
was added, and the reactants were again heated at their pre-
scribed temperatures. After a total reaction time of 2 hr. and
a second intermittent addition of fresh peroxide, the reactions
were stopped, and the products were isolated as before. The
crude triphenylethane chromatography fraction (830 mg., 89.5%)
contained approximately the same per cent of triphenylethyl-
ene {ca. 8%) as did that from the decarbonylation. Portions of
each triphenylethane sample were converted via permanganate
oxidation as described into benzophenone 2,4-dinitrophenyl-
hydrazone, which was purified and assayed for radioactivity.
The benzophenone derivative from the experiment conducted at
154-159° had a specific activity of 0.0135 me./mole (2.09%
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Tabte Il
T hiophenoi.-Catalyzed Decarboxylations of 2,3,3-Triphenylpropionaldehyde-2-C14
Starting aldehyde (A)

Sp. act., me./mole 1.365" 1.365" 1.201* 1.201 1.201*
Conen., M 0.51 0.51 0.50 0.50 0.50
Temperature, °C. 155-165 176-184 155-158 155-158 174-178

i-Bud 2 mole % of A 30 30 31 31 31
Thiophenol, mole % of A 14 14 11 11 11

VI, sp. act., me./mole 1 163* 1.178* 1.18"¢
VII, sp. act.,, mc./mole 2.42c 2.43'

Oxidant for degradation KMnO, KMnO, Cr03 Cr03 CrC3
Ph2CO from VI, mc./mole 0.0949* 0.224" 0 143ff 0.1472 0.1S04
Phenyl migration in VI, % 6.9 16.4' 11.97 12.2f 15.7f
Ph2CO from VII, mc./mole 0 141 0 147

Phenyl migration in VII, % 11.7' 12.2<

0+0.010 to 0.015. 6+0.006 to 0.00S. c+0.05.

caused by oxidative degradation.

rearrangement). That from the experiment conducted at 178-
184° had a specific activity of 0.0159 me./mole (2.46'/ rear-
rangement).

Deearbonylation of 2,3,3-Triphenylpropionaldehyde-2-C14—
The previous labeled aldehyde was decarbonylated in o-dichloro-
benzene solvent in the manner described for the unlabeled analog,
each reaction mixture being divided into several equal portions

Nitrogen Analogs of Ketenes.

4+0.0007 to 0.0015.
respectively, due to differences in the experimental conditions of the deearbonylation and degradation.

*Not to be compared with figures in columns 3 and
! Including rearrangement

for decarbonylations at different temperatures. The decarbonyl-
atior products were isolated as before, assayed, and then de-
graded by either permanganate or chromic oxide oxidation.
The final benzophenone 2,4-dinitrophenylhydrazone from each
experiment was assayed to determine the extent of phenyl
migration during each deearbonylation. The results of these
experiments are summarized in Table I11.

VI. Dehydration of Amides
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A novel method for the preparation of nitrogen analogs of ketenes has been developed which involves direct

linear dehydration of the corresponding amides.

Ketenimines were first prepared in 1921 by Staud-
fnger in unspecified yield by the interaction of a phos-
phinimine and a ketene,3and more recently Backer has
successfully prepared several ketenimines by the re-
action of diazomethane with negatively substituted
nitriles.4 Over the past decade this laboratory has
sought more general and convenient methods for the
synthesis of these interesting compounds. Two meth-
ods were developed which involved (1) the dechlorina-
tion of a-chloroimino chlorides with sodium iodide in
acetone,/a and (2) the dehydrochlorination of imino
chlorides with a tertiary amine.@ This paper reports
a third new and general method for the facile prepara-
tion of ketenimines by the direct linear dehydration of
N-monosubstituted amides.

Although the linear dehydration of N-monosubsti-
tuted amides for the preparation of nitrogen analogs of
ketenes is not known, dehydration of amides to form
nitriles is well known.6 Some of the common dehy-

(1) The previous paper of “this series was by C. L. Stevens and M. E.
Munk, J. Am. Chem. Soc., 80, 4069 (1958).

(2) Abstracted in part from the dissertation of Gopal H. Singhal in par-
tial fulfillment of the requirement for the degree of Doctor of Philosophy.
Wayne State University. 1962. This work was supported by Grant No.
CY3772 from the National Institutes of Health.

(3) H. Staudingor and E. Mauser, Helv. Chim. Acta, 4, 887 (1921).

(4) R. Dijkstra and H. J. Backer, Rec. trar. chim., 73, 575, 695 (1954).

(5) (a) C. L. Stevens and J. C. French, 3. Am. Chem. Soc.. 75, 657 (1953);
(b) 76, 4398 (1954).

(6) R. B. Wagner and H. D. Zook, “Synthetic Organica'Chemistry.” John
Wiley and Sons. Inc., New York, N. Y., 1953, pp. 596-598; see also R.
E. Kent and S. M. McElvain, “Organic Syntheses,” Coll. Vol. Ill, John
Wiley and Sons, Inc.. New York, N. Y., 1955, p. 493.

drating agents are phosphorus pentoxide, phosphorus
oxychloride, phosphorus pentachloride, thionyl chlo-
ride, polyphosphoric acid, and phthalic anhydride.
Phosphorus pentoxide is preferred for the dehydration
of unsaturated amides where the use of dehydrating
agents such as phosphorus pentachloride may give hal-
ogen-containing products.

Scheibler and co-workers7used phosphorus pentoxide
in combination with a tertiary amine to dehydrate an
acid-sensitive amide. From diethoxy acetamide they
obtained diethoxyacetonitrile in 30% yield with phos-
phorus pentoxide and quinoline. In the same reaction,
McElvain and co-workers8 employed N-hexylpiperi-
dine and triethylamine as tertiary bases with phos-
phorus pentoxide and obtained yields of 45% and
80%, respectively, of diethoxyacetonitrile. In the
case of N-substituted amides, cyclic dehydration is
the basis of the Bischler-Xapieralski reaction.9 Thus,
d-phenethylamides on cyclic dehydration lead to 3,4-
dihydroisoquinolines and Itoh and Sugasawa® used
phosphorus pentoxide mixed with dry sand and pyri-
dine to obtain isoquinoline derivatives in excellent
yields.

In the present work, exploration of the dehydration
of N-monosubstituted amides was initiated using vari-
ous tertiary amines in combination with a five- to

(7) H. Scheibler, et al., Ber., 67, 1513 (1934).

(8) S. M. McElvain and Robert L. Clarke, J. Am. Chem. Soc.. 69, 2659
(1947).

(9) W. M. Whaley and T. R. Govindachari, Org. Reactions, 6, 99 (1951).

(10) N. Itoh and S. Sugasawa, Tetrahedron, 1, 45 (1957).
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Tabite |

Properties of Ketenimines

M.p.

or E.p. Lo Analysis, % —

(mm.), Yield, Recrystg. -===--- Calcd.— -+ Found—

Ketenimine °C. % solvent c H N C H N
Diphenylketene-N-(p-tolyl)imine* (I) 82-84 87  Petr, ether
F>iphenylketene-N-(p-bromophenyl)imine (I1) 78-80 69 Hexane 68.98 4.05 4.02 69.21 4.02 3.97
Diphenylketene-N-(p-anisyl)imine (I11) 83-85 69 Petr, ether 84.24 5.69 84.30 5.81
iphenylketen3-N-(p-methylthiophenyl)imine (1V) 82-83 75 Pentane 80.00 5.40 6 79.96 5.63
Diphenylketen3-N-(o-tolyl)imine (VII) 71-72 84  Petr, ether 89.00 6.05 4.94 89.01 5.95 4.84
)iphenylketene-N-(o-anisyl)imine (VI1I1) 90-92 67 Hexane 84.24 5.69 4.68 84.46 5.82 4.71
lliphenviketena-N-(re-butyllimine” (1X) 150-153 (16) 50
Diphenvlketen3-N-(p-methylsulfonylphenyl)imine (V1) 137-139 30 Ether 72.59 4.93 4.03 72.44 497 4.00
4,4'-Dithiobis[\-(diphenylvinylidine)anilined (X11) 103-104 27 Benzene-pen-  79.98 4.67 ¢ 80.00 4.85
tane
4,4'-Methylenebis[N-diphenylvinylidine)aniline] (X1) 122-123 84 Hexane 89.44 5.49 89.46 5.78
Ethyl-re-butylketene-X-(p-tolyl)irnine (X) 119(0.3) 19 83.74 9.70 83.50 9.92
° Ref. 5a. 1Calcd.: S, 10.06. Found: S, 10.32. cCalcd.: S, 10.67. Found: S, 10.75.

tenfold excess of phosphorus pentoxide as the dehy- sulfonyl)imine(VI) could be prepared by the linear

drating agent. The reaction mixture, however, was
difficult to stir and the reaction rate, as followed by
infrared measurementsll was very slow. The utiliza-
tion of sand, Florisil, or alumina facilitated stirring and
reduced markedly the time of reaction. In general,
pyridine was found to be the most suitable base and
served as the reaction medium as well. With the
higher boiling 2,3,6-collidine, more polymeric by-
products resulted, whereas, with triethylamine, the
reactions proceeded very slowly.

Diphenylkctene p-substituted phenylimines, in which
the p-substituent was CH3 CH3®, Br, or SCI13 could
be prepared by this method in 69-87% vyield from the
corresponding amides. Since the amides could be pre-
pared in excellent yield from the acids, these ketemi-
mines are now available in reasonable quantity by
simple syntactic operations.

0 PA
PhZZH—CNH—" —X PhZ=C=N—< "> -X

I, X = CH3

I, X = Br .

11, X = OCH3

IV, X = SCH3

V, X = N()2

VI, X = soZh3

The scope of the dehydration does not include the
preparation of the diphenylketene p-nitrophenylimine
(V). Attempted preparation of the ketenimine (V)
from the corresponding amide using the conditions
successful far 1-1V gave 80% of the starting material
from the reaction mixture. Increasing the time of
reaction until the amide had reacted gave only poly-
meric material. The p-nitrophenylketenimine (V) was
made by dehalogenation of the a-chloroimino chloride5'
and subjected to the condition of the attempted prep-
aration. Under these conditions the ketenimine was
shown to be unstable, only decomposition material
being recovered.

The failure of the dehydration reaction with the
strongly electronegative p-nitro-substituted amide
suggested that the scope of the reaction might be
limited and exclude a group such as a p-sulfone sub-
stituent.  However, diphenylketene X-(p-methyl-

(11) The N-substituted amides absorb at 5.9 to 6.0 n while the ketenimine

products possess an intense absorption band at 4.9 to 5.0 m

dehydration of the corresponding amide, although the
yield was lowered to 30%.

Two substituted phenylimines (VII and VIII)
were prepared in good yield from the amides (see Table
1). A straight-chain aliphatic substitution on the
nitrogen of the amide did not limit the synthesis of the
ketenimine.

Diphenylketene X-butylimine (I1X) could be pre-
pared in 50% vyield. However, the corresponding t
butyl amide gave 69% nitrile and no ketenimine. An
all aliphatic ketenimine could not be made by this
method. n-Butylethylketene N-butylimine was not
formed from the corresponding amide in pyridine with
phosphorus pentoxide. When the liquid amide was
distilled from phosphorus pentoxide, only the nitrile
was isolated in 64% vyield.

An example of an aliphatic ketene-aromatic imine
was the synthesis of X. The yield was low at 19% but
35% of amide was recovered.

Two bisymmetrical ketenimines (X1 and XII) were
prepared by this method. The synthesis of the 4,4'-
methylenebis[X'-(diphenylvinylidine)aniline] (X1) was
straightforward and XI was isolated in 84% vyield.
The disulfide ketenimine (X11) required Florisil as the
inert ingredient and the yield was markedly lower
(27%).

The sulfur-containing ketenimines (1V, VI, and XI1)
were made from p-aminothiophenol. When the thio-
phenol was treated with one mole of diphenylacetyl
chloride, a mixture of products resulted although some
of the desired N-(p-mercaptophenyl)diphenylacet-
amide was isolated. The p-aminothiophenol could be
air oxidized in an alcoholic ammonium hydroxide
solution at room temperature to p-aminophenyl
disulfide in 89% vyield.2 Treatment of the latter with
diphenylacetyl cldoride formed 4,4-dithiobisdiphenyl-
acetanilide (XX1) in 86% vyield. The disulfide could
be readily cleaved to the hydrosulfide with sodium boro-
hydride and methylated with methyl iodide to form X
(p-methylthiophenyl)diphenylacetamide (XXI1) in
92% yield. It also was found that the latter compound
could be prepared in 80% yield directly from p-amino-
phenyl disulfide without isolation of the intermediate
disulfide. The thioether, upon treatment with hydro-

(12) E. C. Hornung, “Organic Syntheses.” Coll. Vol. I1l. John Wiley and
Sons, Inc., New York, N. Y., 1955. p. 86, and reference thereto.
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Tabrte Il

Properties of Starting Amides

M.p.,
Amide °C.

N-(p-Tolyl)diphenylacetamide® (X111) 179-180
N-(o-Tolyl)diphenylaeetamide (X1V) 148
N-(p-Anisyl)diphenylacetamide (XV) 188-189
N-(o-Anisyl)diphenylacetamide (X \1) 150-151
N-(p-Bromophenyl)diphenylacetamide (XV11) 203-205
N-(a-Butyl)diphenylacetamide'L(XV I11) 93-94
N-(p-Tolyl)-a-ethylcaproamide (X1X) 112-114
4,4'-Methylenehisdiphenylacetanilide (X X) 265-267
4,4'-Dithiobisdiphenylacetanilide (X X1) 262-264
N-(p-Methylthiophenyl)diphenylacetamide (X X11) 183-184
N-(p-Methylsulfonylphenyl)diphenylacetamide (XX I111) 212-214

» Ref. ba. 6Caled.: S, 10.06. Found: S, 9.99.

(P2 H CON H -"y-S0TH3

XXI111

(Ph)XC=C=N—< S02CH3

Vi

gen peroxide, gave the desired N-(p-methylsulfonyl-
phenyl)diphenylacetamide (XXI1I1) in 83% yield.

Experimental

Preparation of N-Substituted Amides.— Amides were prepared
from the acid chlorides and the corresponding primary amine.
Yields are based on the acid used. Unless otherwise stated, the
procedure employed is similar to that for N-(p-tolyl (diphenylaeet-
amide (X 111) as reported by Stevens and French,5 and the prop-
erties of the amides are listed in Table Il. The experimental
procedures for the sulfur-containing amides are described sepa-
rately.

4,4-Dithiobisdiphenylacetanilide (XXI1).- Air was bubbled
through a solution of 15.0 g. of p-aminothiophenol in 300 ml. of
an equivolume mixture of ethanol, concentrated ammonia, and
water for 24 hr. The resulting crystalline yellow precipitate of
p-aminophenyl disulfide was filtered, washed with water, and
dried to constant weight, 13.3 g. (89%), m.p. 76-78°.12

A portion (4.96 g.) of the disulfide was dissolved in 200 ml. of
benzene containing 5.05 g. of triethylamine. To this solution
was added, with stirring, a solution of 4.71 g. of diphenylacetyl-
chloride in 120 ml. of benzene, the temperature being kept at 25°
or below. The reaction mixture was heated to reflux for 2 hr.;
300 ml. of water was added with stirring, and the reaction mixture
was allowed to stand overnight. The resulting white solid was
filtered, washed with water and a little ether, and dried to give

° Caled.: S, 9.62.

mAnalysis, %

Aield. Recrystg. -Caled.- Found—
% solvent C H N c H N
90 Toluene
93 Ethanol-water 83.65 6.35 4.65 83.49 6.65 4.41
95 Ethyl acetate- 79.45 6.03 79.19 5.88
petr. ether
85 Ethyl acetate- 79.45 6.03 4.42 7956 6.21 4.50
petr. ether
85 Ethyl acetate- 65.58 4.40 65.36 4.34
petr. ether
70
92 Ethyl acetate- 77.26 9.94 6.00 77.41 9.87 6.20
hexane
76 Pyridine 83.93 5.84 4.78 84.08 5.79 4.85
86 Pyridine-hexane 75.39 5.06 b 75.32 5.14
92 Ethyl acetate- c
hexane
83 Acetone-water 69.02 5.24 3.83 6895 531 5.74

Found: S, 9.43.

11.1 g. (86%) of 4,4-dithiobisdiphenylacetanilide, m.p. 259-261°.
Two recrystallizations from pyridine-hexane gave an analytical
sample, m.p. 262-264°.

N-(p-Methylthiophenyl)diphenylacetamide (XXII). A. From
XXI1.—A suspension of 1.8 g. of sodium borohydride in 30
ml. of absolute alcohol was added with stirring and cooling to a
solution of 3.18 g. of disulfide X X1 in 30 ml. of pyridine. When
the reaction had subsided, a solution of 5.0 g. of methyl iodide
in 95% ethanol was added to the reaction mixture through a
dropping funnel. The mixture wasstirred for 45 min. and 200 ml.
of water was added. The mixture was then allowed to stand for
30 min. and filtered. The precipitate was washed with whter and
a little petroleum ether and dried to give 3.05 g. (92%) of white
solid, m.p. 180-182°. Two recrystallizations from ethyl ace-
tate-hexane gave an analytical sample, m.p. 183-1S40.

It was found that this compound could be prepared in 80%
yield directly from p-aminophenyl disulfide without isolation of
intermediates. In this case, pyridine was employed instead of
triethylamine in the acylation step.

B From p-Nitrothioanisole.—To 10.0 g. of p-nitrothioanisole
(m.p. 70°) were added 30.0 g. of iron dust, 10 drops of concen-
trated hydrochloric acid, and 200 ml. of water. The mixture was
stirred at 85-90° for 14 hr. The cooled mixture was made
alkaline with sodium carbonate and filtered. The filtrate was
extracted well with benzene to dissolve the oil, and the iron resi-
due was extracted four times with hot benzene. The benzene
was removed in major part by distillation and the last traces
were removed in vacuo. The resulting p-aminothioanisole was
obtained as an oil, 7.5 g. (91%). The oil and 6.0 g. of triethyl-
amine were dissolved in 200 ml. of benzene to which was added
12.5 g. of diphenylacetylchloride in 170 ml. of benzene over a
10-min. period. The reaction mixture was refluxed and stirred
for 4 hr. and filtered to remove triethylamine hydrochloride.
The salt was washed with benzene and the benzene was removed
by distillation and vacuum treatment. The residual crystalline
mass of X X 11 was recrystallized from acetone-pentane to give 16.4
g. (92%) of a white crystalline solid, m.p. 181-183°, undepressed
upon admixture with a sample from procedure A.

N-(p-Methylsulfonylphenvl idiphenylacetamide (XXII1).—To
a solution of 1.1 g. of \-(p-methvithiophenyl)diphenylacetamide
(XXI11) in 15 ml. of glacial acetic acid was added 3 ml. of 40%
hydrogen peroxide. The mixture was refluxed for 2 hr. The
clear solution was cooled and poured with stirring into 300 ml.
of cold water. The precipitate was filtered, washed well with
water, and dried to give 1.0 g. (83%) of product, m.p. 206-209°.14
One recrystallization from acetone-water raised the melting
point to 212-214°.

Preparation of Kenenimines. Apparatus and Reagents.—The
apparatus was flame-dried before use. The tertiary amines were
distilled from phosphorus pentoxide and stored over potassium
hydroxide or phosphorus pentoxide. Ether, petroleum ether
(b.p. 30-60°), and benzene were dried over sodium, distilled, and
stored over sodium. Alumina, Florisil, and sand were dried in
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an oven at 100° for 2 days. The particle size of these inert in-
gredients did not appear to be critical.

The preparation of diphenylketene-p-tolylimine (1) represents
a general procedure for the preparation of ketenimines. Modifi-
cations, where used, are noted.

Diphenylketene-p-tolylimine (1).— To a stirred solution of 10.0
g. of X-(p-tolyl) diphenylacetamide (X I11) in 300 ml. of dry pyri-
dine were adced 25.0 g. of phosphorus pentoxide, 50.0 g.
of alumina, and 200 ml. of pyridine. The mixture was
refluxed for 7 hr., then allowed to cool, and filtered. The
residue was leached with pyridine and the pyridine was evapo-
rated under reduced pressure from the combined filtrates. The
crystalline mass was dissolved in dry petroleum ether, filtered,
concentrated, and allowed to crystallize. Bright yellow stout
needles of ketenimine (1), 8.2 g. (87%), m.p. 82-84°,31were ob-
tained.

The replacement of alumina with Florisil or sand yielded ap-
proximately the same results. In the absence of these materials
the reaction was very slow, although an 80% yield was obtained.

The o-methoxyketenimine (VI111) was prepared using Florisil

Asymmetric Reductions. XI.

The Grignard Reagent from (+)-1-Chloro-2-phenylbutane 37

instead of alumina. The p-bromoketenimine (I1) was prepared
in the stated yield with no inert ingredients added; using alumina
in the dehydrating mixture lowered the yield to 26%.

In the preparation of the aromatic ketene aliphatic imine (1X),
triethylamine was preferred to pyridine. In the preparation of
the aliphatic ketene aromatic imine (X), 2,4,6-collidine was the
preferred base. In the preparation of p-methylthiophenyl
compound (1V), 10 equivalents of phosphorus pentoxide instead
of the usual 5 equivalents were required to obtain 75% yield.

Hydrolysis of Ketenimines.—For proof of structure, all the
ketenimines were hydrolyzed to the starting amides.% For this
purpose, 200 mg. of the ketenimine was dissolved in 10 ml. of
acetone and 1 ml. of 4 N hydrochloric acid was added. The
solution was allowed to stand until the characteristic yellow color
of the ketenimine was discharged. The reaction mixture was
made turbid by the addition of water, if necessary, and allowed to
stand overnight. The resulting solid was filtered and recrystal-
lized from the proper solvent. The yield of recrystallized amide
in all cases was over 75%. Mixture melting points with the
original amide were undepressed in all cases.

The Grignard Reagent from (+ )-1-Chloro-2-
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Reduction of a series of alkyl phenyl ketones by the optically active Grignard reagent from (+ )-lI-chloro-2-
phenylbutane in ether at room temperature hits produced the corresponding alkylphenylcarbinols with the fol-
lowing optical purities; methyl, 37%; ethyl, 52%; isobutyl, 53%; isopropyl, 82%; and ;-butyl, 14%. These
per cent asymmetric reductions parallel, but, with the exception of the ¢-butyl case, are much higher than those
observed when the same ketones were reduced with the Grignard reagent from (+ )-lI-chloro-2-methylbutane.
The use of tetrahydrofuran instead of ether solvent reduced the stereoselectivity from 82 to 75% at 35°. The
effect of a 66° variation in temperature on this reaction in tetrahydrofuran was to increase the per cent asym-

metric reduction from 69% at 66° to 78% at 0°; however, the difference in free energy of activation, AAF*, did

not vary over this range.

The 82% asymmetric reduction of the isoproply phenyl ketone (which corresponds to

the production of 91% ¢-,9% d-earbinol (AAF* = 1.45 kcal./mole) is the highest asymmetric synthesis reported

for a reagent containing a single asymmetric center.

The factors contributing to this high stereoselectivity and

the surprisingly low value obtained in the phenyl ¢-butyl case are discussed.

With the specific purpose of finding variations which
will lead to stereoselectivities approaching those of
enzyme systems, we have continued our studies on the
asymmetric Grignard reduction reaction. The highest
asymmetric reductions which we observed with the
Grignard reagent from (+)-chloro-2-methylbutane
were 24% in the reduction of isopropyl ketone and 25%
in the reduction of cyclohexyl phenyl ketone.34

Vavon and Angelo5 reported a 72% asymmetric
synthesis in the reduction of (-butyl phenyl ketone
using the Grignard reagent from “pinene hydrochlo-
ride.” The reducing agent in this case (isobornylmag-
nesium chloride) has three asymmetric centers and
after the hydrogen is transferred the olefin formed
(bornylene) still retains two of these three centers and is
optically active. The reduction of 1-deuteriobenzalde-
hyde with isobornyloxymagnesium in a Meerwein-
Ponndorf type reaction by Streitwieser and Wolfe6
produced optically active 1-deuteriobenzyl alcohol

(1) We acknowledge with gratitude support of these investigations by the
U. S. Public Health Service (RG-5248) and the National Science Foundation
(GF-955).

(2) National Science Foundation Post Doctoral Fellow, 19f>2.

(3) R. MacLeod, F. J. Welch, and H. S. Mosher, J. Am. Chem. Soc.,
82, 870 (1960).

(4) E. P. Burrows, F. J. Welch, and H. S. Mosher, ibid., 82, 880 (1960).

(5) G. Vavon and B. Angelo, Compt. rend., 224, 1435 (1947).

(6) A. Streitwieser, J. R. Wolfe, Jr., and W. D. Schaeffer, Tetrahedron, 6,
340 (1959).

which has been assumed to approach optical purity.7
In this case the reducing agent has three asymmetric
centers, only one of which is lost during the reduction.

The reduction of methyl (-butyl ketone by “diiso-
pinocamphenylborane,” prepared from diborane and
a-pinene, carried out by Brown and Bigley,8has given
methvl-(-butylcarbinol of 35% optical purity, and
hydroboration of as-2-butene followed by peroxide oxi-
dation has given 2-butanol of better than 90% optical
purity.9 Again, this has been brought about with a
reagent containing multiple asymmetric centers which
are not destroyed in the reaction.

We believe that in a properly designed system con-
taining only one asymmetric center the difference in the
energies of activations between the d- and (-transition
states may be sufficient to permit asymmetric reduc-
tions approaching 100%. In order to elucidate further
the effect of structural variations in the Grignard re-
agent upon the degree of asymmetric reduction we
have investigated the reduction of some alkyl phenyl

(7) In a preliminary investigation [H. S. Mosher, and V. Althouse, paper
presented at the 140th National Meeting of the American Chemical Society
Chicago, 111, September, 1961] it was reported that reduction of 1-deu-
teriobenzaldehyde by actively fermenting yeast produced 1-deuteriobenzyl
alcohol with a rotation 2.2 times that obtained from the isobornylmagnesium
reduction. This case is still under investigation by the present authors and
by Dr. Streitwieser (private communication.)

(8) H. C. Brown and D. B. Bigley, J. Am. Chem. Soc., 83, 3166 (1961).

(9) H. C. Brown and G. Zweifel, ibid., 83, 486 (1961).
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Tabite |

Active Phenylaklylcarbinols from Grignard Reductions

(0] CH5
CEHK!‘,R + “CG—|K!‘,HCH2MgCI” —

Alkyl Minimum Rotation

group, Solvent Carbinol carbinol observed,c

R (7\ °C.) yield," % purity,6 % [«]d, deg. (T, °C.)

Me Ether(25) 19 98 -19.86(28)*
Et Ether(25) 89 95 -14.65(27)*
(-Bu  Ether(25) 63 98 —6.34 (28)"
;-Pr Ether(25) 69 97 -3.67(27)"
(-Pr  THF (66) 44 99 -3.06(28)*
(-Pr THF (35) 48 97 -2.98(27)"
(-Pr THF (0) 45 99 -3.58(28)"
i-Bu  Ether(25) 77 99 -1.05(27)”

“ Based on gas chromatographic analysis after simple distillation.
purification via preparative gas chromatography (Beckman Megachrom).
zero reading determined without altering the caps and are to 0.03° or better, usually 0.01°.

Vol. 29
OH ch6
| |
> CHEHR + CHEC=CH2
Specific
rotation Maximum lit.
corrected*1 rotation6 Asymmetric AAF*,g
[<]d, deg. [ot]D, deg. {T, °C.) reduction/ % kcal./mole
-20.6° 43.6(25) 47.2 0.606
—15.2P 29.1(27) 52.2 0.686
-17.2” 32.3(26) 53.2 0.729
-39.2P 47.7(20) 82.1 1.446
—32.9° 47.7(20) 69.1 1.148
—35.7r 47.7(20) 74.8 1.147
-37 A* 47.7(20) 78.4 1.146
-5.72 36.2(20) 15.8 0.189

6 Estimated from the gas chromatograms of the products after
r All rotations were taken in center filled tubes with the
dThe corrected specific rotations are for

the same temperatures as the observed rotations and were calculated by correcting for the per cent purity of the carbinol, assuming
that the impurities (mostly ketone) were optically inactive and correcting for the optical purity of the chloride used for the Grignard

preparation.
ref. 3 and 4.

liquid, 1 = 1. '«-Heptane solvent, ¢ 19.00, 1 = 2.
c4.473, 1= 2. mkEther solvent, ¢ 5.010, 1 = 2.
98.5%. " Optical purity of chloride, 97.7%.

ketones with the Grignard reagent from (+)-l-chloro-
2-phenylbutane.

The Grignard reagent (Il1) from (+ )-lI-chloro-2-
phenylbutane was prepared from (+)-2-phenylbutan-
oic acid (I) by the sequence illustrated. The resolved
2-phenylbutanoic acid was 97.3% optically pure based
on the maximum values reported.0 That the sequence
of reactions went without significant racemization was
verified by decomposing an aliquot of the Grignard
reagent (I1) with water to give (+ )-2-phenylbutane
(V1) which had a rotation that was 97.7% of the value
reported by Cramll who prepared it by a similar
sequence of reactions, but started from resolved 3-
phenylbutyric acid (VI1). Furthermore, this sequence
of reactions interrelates 2-phenylbutyric (I) and 3-
phenylbutyric (VII) acids and verifies the consistency
of the assigned1112 configurations as shown.

CH6 R R CH5
H>(§ <CFLMgBr+IC=O H»C «OH + C=CH2
caH5 CeH5 cth6 c|615
1 i IV (m)- \%
CH2vgClI COOH
C.Hs CH5 c|h2 ch?2
H»C «COOH H” C «CH3 H"-CIZ-tCHS-e- sH » C «CHa
CfiHs CeH™ :I.IM:L'L c|615
1 (s)+ VI (s)+ VI (+)

(10) (a) K. Petterson, Arkiv. Kemi, 10, 283 (1956); (b) M. Delipine
and F. Lareze, Bull. soc. chim. France, [5] 22, 104 (1955); (c) B. Sjoberg,
Acta Chem. Scand., 14, 273 (1900); (d) P. A. Levene, L. A. Mikeska, and
K. Passoth, <. Biol. Chem., 88, 27 (1930).

(11) D. J. Cram, J. Am. Chem. Soc., 74, 2137 (1952). The values for the
asymmetric reductions reported in Table | have been corrected on the basis
of a value of [a]ZD5.95° as the rotation of optically pure I-chloro-2-phenyl-
butane.

(12) Cram used the (—) isomer of VII and obtained the (—) enantioinorph
of VI opposite to that represented here.

The optical purity of the chloride was based on a value of [a]2n 5.95° for optically pure I-chloro-2-phenylbutane.
Concentrations and solvents were comparable to those reported for the maximum literature values.
asymmetric reduction is defined as 100 X [a] corrected/[a] maximum.
‘ Ether solvent, ¢ 5.30, 1=2.
" Ether solvent, ¢ 9.49, t = 2.

" Optical purity of chloride, 93.3%.

* See
1The per cent
g AAF* is calculated from AAF* = —RT In k,/kA * Neat

* Ether solvent, ¢ 4.965, 1 = 2 1Ether solvent,
0 Optical purity of chloride used for Grignard reagent,
r Optical purity of chloride, 93.6%.

The Grignard reagent (I11) was treated with each of
the alkyl phenyl ketones listed in Table | with the
results shown. In each case-the preponderant alkyl-
phenylcarbinol isomer was levorotatory and thus had
the absolute s configuration13 as represented by IV.
From a consideration of the cyclic transition state
mechanism for the hydrogen transfer process in which
the interactions of the two phenyl groups are mini-
mized by occupying unopposed positions, as in VIII,
one predicts the s configuration (1V) for these products
as observed. Thus the predictive value of these as-
sumptions from a configurational standpoint is veri-
fied in spite of the fact that this must represent an
oversimplification of the problem.

From a quantitative standpoint, the results in Table
I can be compared to those obtained with the Grignard
reagent from (+)-l-chloro-2-methylbutane3 where a
methyl group is substituted for the phenyl group in the
Grignard reagent of the present investigation. One
would predict that the greater steric requirement im-
posed on the transition state resulting from the in-
corporation of the more bulky phenyl group would
lead to greater stereoselectivity. This also has been
verified, and in a dramatic fashion, in the case of
isopropyl phenyl ketone where 82% asymmetric reduc-
tion was observed with the Grignard reagent from (+)-
I-chloro-2-phenylbutane as compared to 25% asym-
metric reduction with the Grignard reagent from (+)-
1-chloro-2-methylbutane.

It is thus seen that a single asymmetric center in the
reducing agent is capable of inducing a rather high order
of asymmetry in the product. The 82% asymmetric
reduction using diethyl ether solvent at 35° repre-
sents the production of 91% of the s isomer and 9%
of the r isomer and corresponds to a difference in the
free energies of activation (AAF*) of the competing
transition states of about 1.45 kcal./mole at 25°.

(13) The configurational assignments have been discussed in previous
papers in this series, ref. 3 and 4.
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This represents a fourfold increase in the AAF* value
'0.35 kcal./mole at 25°) for the asymmetric reduction
of the same ketone by the previous Grignard reagent
from (+ )-cluoro-2-methylbutane.

A large gap still exists between these values and the
total asymmetric synthesis of enzyme systems; never-
theless, these results clearly indicate that the steric
requirements at the immediate site of reaction are of
utmost importance in the organic chemical reaction
and, by inference, in biochemical enzyme processes
dealing with low molecular weight substrates as well.

Of special interest in the experiments using the
present Grignard reagent (I1) is the dramatic drop in
stereoselectivity in going from isopropyl phenyl ketone
(82%) to more hindered ¢-butyl phenyl ketone (16%).
A decrease, but of a smaller amount, of from 25% to
16% was previously noted3 for the asymmetric reduc-
tion of the same two ketones by the less hindered
Grignard from (+)-lI-chloro-2-methylbutane; thus the
trend is confirmed, although greatly magnified, in the
present case. From a purely steric interpretation one
would conclude that the phenyl group is much larger
than the tertiary butyl group, although it is not obvious
that this should be so. It is recognized under the same
conditions of solvent and temperature that there are at
least three major factors contributing to the over-all
extent of asymmetric reduction: steric, electronic, and
rate.

In a study of the rate of reduction of a series of alkyl
phenyl ketones by sodium borohydride, Brown and
IchikawaXlobserved that the relative rates of reduction
of alkyl phenyl ketones was in the order: methyl,
0.136; ethyl, 0.076; isopropyl, 0.071; isobutvl, 0.011;
and ;-butyl, 2.47. The fact that the rate of reduction
of the highly hindered ¢-butyl phenyl ketone increased
instead of decreased was attributed to the large steric
strain which forced the phenyl group out of coplanarity
with the carbonyl group and thus allowed the former to
exert its natural inductive effect without resonance
interaction. The inhibition of resonance interactions
between the carbonyl and phenyl groups has been
independently demonstrated on spectroscopic grounds.5

The same factors must be operative on the Grignard
reduction reaction although the steric requirements for
the Grignard reagent must be much greater than those
for the borohydride reagent. It may be reasoned
than that the decrease in stereoselectivity has its origin
in either the noncoplanar conformation of the ¢-butyl
phenyl ketone or in the enhanced rate of reduction
which this noncoplanarity allows. It is difficult to
evaluate properly this role of coplanarity in the transi-
tion state under consideration but a study of models
in which only steric considerations are evaluated
seems to indicate that noncoplanarity should lead to en-
hanced steric interactions and, therefore, greater stereo-
selectivity contrary to what is observed. On the other
hand, a faster over-all rate of reduction should result in
decreased stereoselectivity.

In the transition states of the reactions being con-
sidered, that one leading to the predominant alcohol of
the s configuration may be represented by VIII and
that leading to the less favored enantiomorph by IX.
It is the difference in energies of activation (AAF¥*)

(14) H. C. Erown and K. Ichikawa, J. Am. Chem. Soc., 84, 373 (1962).
(15) G. D. Hedden and W. G. Brown, ibid., 75, 3744 (1953).
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of these two transition states which is responsible for
the asymmetric reduction observed. The transition
of the carbonyl carbon atom of the ketone from trigonal
to tetrahedral, and the concomitant reverse transition
of the carbon atom attached to the phenyl group of the
Grignard reagent from tetrahedral to trigonal as the
reaction proceeds, will tend to increase the planarity of
the cyclic transition states and will tend to bring the
two phenyl groups face to face in the nonpreferred
transition state I1X. The electronic repulsions of
these two phenyl rings, which are minimized in VIII,
rather than steric interactions may be the factor
accounting for the high stereoselectivity in this series.

In the case of the extreme steric effect of the ¢-butyl
group, which reduces the coplanarity of the phenyl
group attached to the carbonyl carbon atom, the non-
preferred transition state may be represented as X.
Although this conformation apparently increases the
steric interactions, it may decrease the electronic
repulsions even more and at the over-all expense of
stereoselectivity.

It is difficult to assess the relative importance of
these factors. In addition, no absolute rate data are
available in order to evaluate this additional variable.
Investigations on further examples in which the steric
and electronic factors may be separated are in progress.

Experimental

Materials.—The alkyl phenyl ketones were distilled under
nitrogen before use, and their purity verified by gas-liquid chro-
matography using a Wilkens Model A-90 Aerograph fitted with a
10% Ucon Polar column. Tetrahydrofuran was purified by
allowing it to stand over potassium hydroxide for 24 hr., refluxing
with lithium aluminum hydride for 3 hr., and finally distilling.
It was stored over sodium wire.

Resolution of 2-Phenylbutanoic Acid.—The procedure of
Levene, Mikeska, and Passothid was followed. From 400 g.
of racemic acid was obtained, after five crystallizations, 143.1 g.
of (+ )-2-phenylbutanoic acid, [a]* D +93.2° (neat, | = 1), b.p.
126-127° (2 mm.). On the basis of the maximum value in the
literature of |a]Bu —95.8°, this acid is 97.3% optically pure.

Reduction of (+ )-2-Phenylbutanoic Acid.—To lithium alu-
minum hydride (37.3 g., 0.98 mole) in anhydrous ether (400 ml.)
was added (+ )-2-phenylbutanoic acid (143.1 g., 0.87 mole,
[a]B>+93.2, neat, 1 =1) dissolved in 100 ml. of ether. After
addition was complete, the mixture was refluxed for 4.5 hr. A
small amount of ice was added to decompose the excess lithium
aluminum hydride, and the reaction mixture was hydrolyzed with
10% sodium hydroxide solution. Ether extracts of the aqueous
basic solution were dried over anhydrous magnesium sulfate and
distilled to yield (+ )-2-phenylbutanol, 119.6 g., b.p. 94-96° (2
mm.), [a]Z0 +16.5° (neat, | = 1). Y.p.c. failed to detect the
presence of any impurities.

(+ )-I-Chloro-2-phenylbutane.—To 119.6 g. (0.81 mole) of
(+ )-2-phenylbutanol, [o]bd +16.5° (neat), in 1215 g. (1.5
mole) of dry pyridine was added slowly 152 g. (1.3 mole) of
thionyl chloride with stirring at 0-10°. The resulting thick mix-
ture was stirred for 4 hr. at 0-10° and then warmed. At approxi-
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mately 70° a vigorous evolution of gas was observed and after
heating for 17 hr. at 90°, the reaction mixture was cooled, and
the excess thionyl chloride was decomposed with ice. The upper
layer was separated and combined with ether extracts of the
lower layer, washed successively with cold saturated sodium bi-
carbonate solution (three times) jaid with water (once), dried
over anhydrous magnesium sulfate, and distilled to give (+ )-I-
chloro-2-phenylbutane, b.p. 74-75° (4 mm.), 1104 g. (81%),
[a]2 +5.75 £ 0.01° (neat, 1=1), 97.7% optically pure based
on its conversion to (+ )-2-phenylbutane.

Asymmetric Reductions.—The Grignard reagent was prepared
under purified nitrogen from (+ )-lI-chloro-2-phenylbutane in
anhydrous ether (or tetrahydrofuran) in the usual manner34us-
ing highly purified magnesium.’6 An aliquot of this Grignard
solution (about 0.06 mole of an 0.2 M solution) was added drop-
wise with stirring to the solution of alkyl phenyl ketone (about
0.06 mole in 25 ml. of ether or tetrahydrofuran) maintained in
water bath at the specified temperature. The runs reported in
Table I in ether solvent, with the exception of the first, used (+ )-1-
ehloro-2-phenylbutane described earlier, [a]2 +5.75° (neat, |
= 1). The runs in tetrahydrofuran were made with a sample of
(+ )-l-chloro-2-phenylbutane with [a]27*D +5.55°. A suitable
correction for the optical purity of the Grignard reagent, jis deter-
mined by conversion to the (+ )-2-phenylbutane, is made in the
calculated per cent asymmetric reduction. After 18 hr., the

(16) We gratefully acknowledge a gift from Dow Chemical Co. of sub-
limed magnesium with the following upper limits of elemental impurities
in parts per million: Al, 1, Cu, 1; Fe, 4, Mn, 2; Ni, 4, Pb, 10; Si, 10;
Sn. 10; Zn. 100; Ba. 1; Ca, 18; K, 5; Na, 6; Sr, 1
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reaction mixture was hydrolyzed with an ice-cold ammonium
chloride solution. The ether layer was combined with several
ether extracts of the aqueous layer and dried over magnesium
sulfate. The ether extracts were fractionated through a short
column, and the fractions were analyzed with an Aerograph A-90
vapor phase chromatograph. The carbinol fraction w:is then
purified on a Beckman Megachrom preparative gas chromato-
graph fitted with a 12-ft. 10% Ueon Polar column, using helium
as the carrier gas. Under a vacuum of less than 1 mm. the car-
binol was distilled from the collection trap into a specially de-
signed centrifuge tube. The purity of the alcohol was then estab-
lished on an Aerograph A-90 gas chromatograph. The results are
summarized in Table I.

(+ )-2-Phenylbutane.—An aliquot of the prepared Grignard
reagent from (+ )-lI-chlorophenylbutane (0.04 mole) was added to
an ice-cold solution of ammonium chloride, and the mixture ex-
tracted with ether. The ether extracts were washed with satu-
rated brine, dried over anhydrous magnesium sulfate, and dis-
tilled to give (+ )-2-phenylbutane, b.p. 31-33° (4 mm.), 4.11 g.,
[a] 40 +23.76 £ 0.02° (neat, | = 1).17 Analysis by gas chromatog-
raphy failed to detect any impurity.

Acknowledgment.—We are indebted to Professor
Kurt Mislow for valuable discussions concerning these
experiments.

17) This value is 97.7% of the maximum value of [a]2aD 24.3° (neat, |
1) reported by Cram.1l Based on this hydrocarbon value the Grignard
reagent and the chloride from which it was prepared will be considered
97.7% optically pure.
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The identity of the adduct of 2-phenyl-l,3-butadiene and citraconic anhydride has been established as a's-1-
methyl-4-phenyl-1,2,3,6-tetrallydrophthalie acid (IV), contrary to what would have been predicted from a con-

sideration of polar factors.
nism to account for the results is propounded.

The significance of this and related Diels-Alder reactions is discussed and a mecha-
The stereochemical configurations of the hydrogenation products

VIl and IX of the adduct IV and of its trans isomeride V111, respectively, have been assigned on the basis of a

conformation analytical argument.

models in the synthesis of steroids lacking ring B.

It was desired to acquire an understanding of the
mode of addition of 2-phenyl-1,3-butadiene to unsym-
metrical dienophiles of the type Il as an introduction
to projected syntheses of substances incorporating

part structure IlIl. Such structures bearing a 1,4-
arylmethy1 relationship were desired in projected syn-
theses2 of 19-nor steroidal compounds lacking ring B.

Subsequent to the inception of this work, there have
appeared disclosures of similar activity from other
laboratories aimed at the synthesis of such substances,3
and one case, that of estrone and estradiol lacking

(1) Department of Chemistry, Tufts University, Medford 55, Mass.

Use of an arylthiotoluquinone X has been made in an analogous addition to
phenylbutadiene to force the generation of angularly methylated decalin systems X1, XI1, XIII.
was desulfurated and reduced in one operation with zinc-acetic acid.

Substance X1
Substances X 11 and X111 were desired as

ring B,4was shown to possess considerable estrogenic
activity.

2-Phenyl-1,3-butadiene5 was treated with citraconic
anhydride, and the product was isolated in good yield
more conveniently as the diacid. The orientation of
the angular methyl group and the identity of the
adduct as «s-lI-methyl-4-phenyl-1,2.3,()-tetrahydro-
phthalic acid (IVV) were established as follows.

(2) Additionally, polycyclic substances containing styryl moieties and
available by Diels-Alder reactions were desired to test the acid-catalyzed
benzyl hydroperoxide transformation of such to oxo derivatives in another
synthetic problem. The facile conversion of «-methylstyrene or the de-
rived tertiary alcohol or chloride therefrom to phenol and acetone by Khar-
asch and co-workers, J. Org. Chem.. 15, 748 (1950). and later papers [see
also H. Kwart and R. T. Keen, J. Am. Chem. Soe., 81, 943 (1959), fora re-
lated transformation] suggested the possibility of utilizing such a sequence
in synthetic work to introduce carbonyl groups at sites suitably earmarked
initially as styryl functions. This scheme, an additional portion of which
is presented in paper Il of this series. V. Georgian and J. Lepe M., J. Org.
Chem. 29, 45 (1964), is under investigation.

(3) A. J. Birch, E. Pride, and H. Smith J. Chem. Soc., 4688 (1958);
R. H. Jaeger, Tetrahedron, 2, 326 (1958).

(4) F. C. Novello, U. S. Patent 2,886,589 (May 12, 1959).

(5) C. C. Price, F. L. Benton, and C. J. Schmidle, J. .4m. Chem. Soc.,
71,28)0(1949).
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The Diels Alder product as the free acid, when de-
hydrogenated with sulfur at 220-240°, was found to
have lost the angular methyl group with the production
of 4-phenylphthalic acid (V).6 The methyl group was
retained, however, when the dehydrogenation was
conducted at 300° over 10% palladium-charcoal,?
and a phenyltoluic acid of m.p. 211-212° was obtained.
This was not identical with the known 2-methvl-4-
phenvlbenzoic,6 which would have arisen had the diene
addition proceeded in the alternative manner. The
structure V1 for this acid was confirmed on conversion
to 4-phenv!phthalic acid (V) by permanganate oxida-
tion.

In addition to the correspondence of structure IV to
partial structure 111, another desirable feature of the
former is its ability to be transformed to a trans oriented
diacid, which could serve as a point of departure in
syntheses of steroidal models lacking ring B and re-
quiring trans C/D (homo) ring fusion. Indeed, the
dimethyl ester of IV was isomerized on being refluxed
with potassium methoxide,8 and subsequently hydro-
lyzed to yield about 70% of the trans-1-methyl-4-
phenyl-1,2,3,6-tetrahydrophthalic acid (VIII). Ap-
proximate”™ 20% of the as compound (IV) was re-
covered.

Each of the unsaturated acids IV and VIII was hy-
drogenated over palladium-charcoal to the correspond-
ing methylphenylhexahydrophthalic acids VII and IX.
Although no rigorous proof is available for the stereo-
chemical configurations of the hydrogenation products,
those depicted in formulas VII (Villa) and IX (I1Xa)
are suggested as reasonble and are derived from a
consideration in each case of the most favorable con-
formation offering least steric hindrance to the catalyst

(G) K.v. Auwers and W. Julicher, Ber. 65, 2107 (1922).

(7) For examples of decarboxylation-dehydrogenation of a-methyleyclo-
alkanoic acids seer A\. E. Baehinann and J. XI. Chenierda, J. Am. Chem.
Soc.. 70, 1408 (1948); A. Butenandt, H. A. Weidlich, and H. Thompson.
Ber.. 66, 001 (1933); J. Heer and K. Miescher, Hell. Chim. Acta. 31, 219.
229 (1948); J. Alder, J. Haydn, and B. Kruger. Ber., 86, 1372 (1953).

(8) W. Huckel and E. Goth, ibid., 68, 447 (1925); .1 Heer and K.
Miescher, Hell. Chim. Acta, 32, 1572 (1949).
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surface. For the cyclohexene systems, the minimum
energy half-chair conformations9 are selected bearing
the smallest number of axial substituents (other than
hydrogen) with catalyst approach from the least hind-
ered side.D

cozh

hoZ2c

Vil

To approach closer to the objectives set forth earlier
in this paper, attention was next focused on an addi-
tion of 2-phenylbutadiene to a dienophile of an analo-
gous electronic and geometric character to citraconic
anhydride but containing a preformed carbocyclic ring
system. A toluquinone, of such substitution as to
force formation of an angular methylated adduct with
the diene, was the required precursor, and specifically
a 5-(or (i-)arylthiolated toluquinone was considered to
fulfill the added requirement of affording an acduct,
permitting easy removal of the protecting group.

A p-tolylthiotoluquinone X (Ar = p-CM™7, most
likely bearing the sulfur substitution at position 5, was

prepared from p-toluenethiol and excess toluquinone, 1l
and caused to undergo addition with 2-phenylbutadiene.
An adduct resulted which is represented as XI by
analogy on the one hand to the known course of diene
addition to the electronically similar 5-methoxytolu-

(9) D. H. R. Barton and R. C. Cookson, Quart. Rev. (London), 10,
44(1956).

(10) The transition states thus may be envisioned as incorporating no
1,3-nonbonded diaxial interactions between any of the substituents (other
than hydrogen) on the cyclohexene ring and catalyst-H, considered as an
axial substituent in the transition state. Inspection of the half-chair con-
formations alternate to those shown previously will reveal such diaxial inter-
ferences.

(11) For analogous quinone-sulfide formations see: T. Posner, Ann..
336, 85 (1904); J. M. Snell and A. Weissberger, ./. Am. Chem. Soc.. 61,
450 (1939); A. Schoberl and A. Wagner, “Methoden der Organischen
Chemie,” Vol. 9, Houben-Weyl, Ed.. 4th Ed., Georg Thieme Verlag,
Stuttgart, 1955, p. 130. For the ensuing purposes of our p-tolylthiotolu-
quinone the exact position, 5 or 6, of sulfide substitution is not critical.
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qguinone on the methylated side,2and on the other hand
to the course of addition of phenylbutadiene with citra-
conic anhydride established previously. Such an as-
signment is available from a more detailed study of
Diels Alder additions of alkylthiotoluquinones.13l Ad-
duct X1 was isolated only in a noncrystalline condition,
but after desulfuration-reduction a crystalline sub-
stance X111 was afforded albeit in small over-all yield
from components | and X.

The usual Raney nickel desulfuration method failed
in the latter transformation as erratic over reductions
ensued. A new method, though probably unique for
the system in X1, consisted in refluxing X1 with zinc
dust in acetic acid for a few hours.13 The trans ring
juncture in X1 is postulated on the basis of the inves-
tigations of Robins and Walkerlon the course of zinc-
acetic acid reductions of Diels-Alder products from
quinone. Prolonged treatment together with heating
results in the reduction of the dioxoethylenic system
concomitant with isomerization of the initially pro-
duced cis ring juncture to trans. The conditions of our
desulfuration-reduction are those which almost cer-
tainly ensure the more stable trans ring fusion in X11.5
Compound XI1 was readily reduced to XIIl by means
of hydrogenation over palladium-charcoal, this result
being in contradistinction to a comparable situation
elsewhere.’6 The stereochemical representation of
X111 is the reasonable one resulting from catalyst-H
approach from the least hindered side, vide supra for
representation of the analogous hydrogenation process
(VI — 1X).

Note on the Orientational Course of the Diels Alder
Addition.—We wish to draw attention to two points
on the orientational aspects of the Diels-Alder re-
action observed herein, which are germane to the
methanistic considerations of this reaction, (a) The
diene addition leading to IV has proceeded contrary to
the direction predictable purely on electrostatic grounds.

(b) There is a variation in the methyl phenyl rela-
tionship in the adducts resulting from the additions of
citraconic anhydride to dienes of the phenylbutadiene
type, e.g., phenylbutadiene (1), I-vinyl-6-methoxy-3,4-
dihvdronaphthalene (Dane's diene7 XI1V), and 1-
vinyinaphthalenes (XVII, R = H or OCH3J3, in which
the phenylbutadiene moiety is incorporated in a dialin
and a naphthalene ring system, respectively. It has
been shownBBthat Dane’s diene (X1V) yields a portion

(12) R. B. Woodward, F. Sondheimer, D. Taub, K. Heusler, and W. M.
MacLamore, ./. Am. Chem. Soc., 74, 4223 (1952); M. Orchin and L. W.
Butz, J. Org. Chem.. 8, 509 (1943).

(13) V. Georgian and L. L* Skaletzky, J. Org. Chem.. 29, 51 (1904).
Additional examples of such additions are also to be found in paper Il
of this series.

(14) P. A. Robins and J. Walker, J. Chem. Soc., 042, 1012 (1952); 3900
(1954).

(15) This point is proved definitely in the study on the simpler system
resulting from butadiene and cpiinone X: L. L. Skaletzky. Ph.D. disserta-
tion. Northwestern University (1959); paper 111 of this series; cf also R.
H. Baker. L. S. Minckler, and A. S. Hussey, J. Am. Chem. Soc., 81, 2379
(1959), and paper Il of this series.

(10) A. J. Birch, E. Pride, and H. Smith. ./. Chem. Soc., 4088 (1958).

(17) E. Dane and J. Schmitt. Ann.. 537, 240 (1939).

(18) W. E. Bachmann and J. \I. Chemerda, ./. Am. Chem. Soc., 70, 1408
(1948); .1 Heer and K. Miescher, Heir. Chim. Acta, 31, 219 (1948).

\OL 2y

of adduct XVI (1-3 methyl-“phenyl” orientation) in
addition to adduct XV 1 (1-4 methyl-“phenyl” orien-
tation). However, the vinylnaphthalenes (XVII, R =
H or OCHJ3 gave good yields of only adducts XVIII
(R = 11, OCH3 (1-3 methyl-“phenyl” orientation).2
These results show a definite transition from the 1-4
methyl-phenyl orientation observed as the preponder-
ant if not sole course of our addition, viz. 1V, with
phenylbutadiene itself.2l We feel this variation as
well as the orientational course of our diene addition are
readily explicable on the basis of the theory for the
Diels Alder reaction2 23 propounded by Woodward.
The transition state leading to the establishment of
the initial bond2® (in a two-step process) between the
termini of unsymmetrical addends will control the
gross structure of the adduct. The transition state of
lowest energy will be determined by the extent of
electron delocalization and a cogent argument may be
made in favor of that transition state among the various
ones a priori possible that avails as sites for electron
delocalization in decreasing order of stability: benzyl
or a to center of polarizable electrons > tertiary >

(19» Isomeric adducts with the same gross structure as XV and XVI,
but with the double bond in the 4a,10a-position in the hexahydrophenan-
threne skeleton, were obtained [W. E. Bachmann and J. Controulis. ./.
Am. Chem. Soc., 73, 2636 (1951)], but the argument presented subsequently
with respect to the orientational course of these Diels-Alder reactions is not
changed, inasmuch as the double bond isomers are transformation products
subsequent to the original diene addition.

(20) W. E. Bachmann and L. B. Scott, ibid., 70, 1462 (1948), who also
observed that mesaconic acid gave adducts of the type XVIII, trans car-
boxyls.

(21) For an extensive study on the Diels-Alder reaction between un-
symmetrical addends consult the series of papers by K. Alder and co-
worker: Ann., 564, 79, 109, 120 (1949); 570, 201, 214, 230 (1950); 671,
157 (1951); Ber., 86, 1302, 1312, 1364, 1372 (1953). In a related study,
J. S. Meek, R. T. Merrow, D. E. Ramey, and S. J. Cristol, 3. Am. Chem.
Soc., 73, 5563 (1951), showed that the addition of 2-phenyl-1,3-butadiene to
monosubstituted ethylenie dienophiles yielded 1,4-disubstituted adducts
as major products. See also E. Buchta and G. Satzinger, Ber., 92, 449
(1959), for a study of the addition of 2-phenyl-l,3-butadiene to substituted
acrylic acids.

(22) R. B. Woodward and T. J. Katz, Tetrahedron, 6, 70 (1959).

(23) (a) Significant observations and predictive suggestions also have
been recorded by C. Walling and J. Peisach, J. Am. Chem. Soc.,
(1958); J. A. Berson, R. D. Reynolds, and W. M. Jones, ibid.,
(1956); and G. Stork, S. S.Wagle. and P. C. Mukharji, ibid.,
(1953)In footnote 2 of the later reference there is formulated in canonical
form an electron delocalized single-bonded intermediate for the diene addi-
tion process, (b) For recent suggestions that the Diels-Alder reaction may
involve transient intermediates in which one bond has formed, see R. B.
Woodward and T. J. Katz, Tetrahedron, 5, 70 (1959); C. Walling and J.
Peisach, J. Am. Chem. Soc., 80, 5819 (1958); and R. P. Lutz and J. D. Rob-
erts. ibid., 83, 2198 (1961).

80,5819
78,6049
75,3197
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Scheme |

Transition States

benzyl, tertiary, secondary, tertiary,
primary a to carbonyl primary a to carbonyl
0
benzyl, tertiary, secondary, tertiary,
primary a to carbonyl secondary a to carbonyl
primary, tertiary, «-naphthyl tertiary,
interrupted a to carbonyl a to carbonyl
naphthalene
resonance

secondary > primary. We may thus postulate as
transition states for the cases under discussion those
depicted in Scheme I.

In Scheme | only those forms are considered for the
dienophilic moiety which involve a tertiary center
clearly in preference to the alternate secondary one
(each, of course, a to carbonyl). With respect to
the diene it may be seen that form A, with electron
delocalization involving the aromatic ring, would be of
lower energy than B and the product may reasonably be
expected to be 1V. Similarly, F will be recognized as
being of lower energy than E and the product here is
solely XVI1I1l. With respect to the situation obtaining
in the case of the dialin X1V, transition state C repre-
sents the controlling force leading to XV, but now state
D, which has an electron (or fraction thereof) delocal-
ized at twc secondary sites, represents an energetically
more favorable situation than that prevailing in the
hypothetical state B, and it may be expected that some
product of the 1-3 methyl-“phenyl” orientation, i.e.,
XV, would appear as has been observed.B

Conformational specificity, obviously important in
the more detailed stereochemistry of the polycyclic
phenanthrenoid cases XV, XVI and XVIII controlling
exo or endo addition, is neglected in the discussion at
hand since it bears no significance to the constitution of
the products resulting from the Diels-Alder reaction
with 2-monosubstituted butadiene. Attention here
has been limited solely to the disposition of methyl and
aryl groups in the transition state. It is, of course,
understood that the other auxiliary factors charac-
teristic of and contributing to the diene addition process,
e.g., cisoid conformation of the diene, parallel biplanar
approach of the addends (not shown in perspective in
Scheme 1), and the electrorestrictive forces leading to a
highly circumscribed transition state,24 will obtain in
the present cases also.
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Attention was called in the preceding to an ap-
parently “wrong” interplay of polar factors ininfluencing
the orientational course of the Diels-Alder reaction
leading to IV (also in the case of XVII XVII).
Many previously recorded cases involving unsymmet-
rical addends2Lconform to this same ostensible anomaly.
Accordingly, it has proved fruitful in accounting for
and predicting products, to treat such cases, even those
wherein polar factorsBappear to suffice, in terms of the
single electron delocalization particularized as in
Scheme .

Experimental &

2-Phenyl-1,3-butadiene.— The pyrolysis of 4-acetoxy-2-phenyl-
1- butene to produce 2-phenyl-1,3-butadiene was conducted
essentially as described in the method of Price, Benton, and
Schmidle.5

cis-I-Methyl-4-phenyl-1,2,3,6-tetrahydrophthalic Acid (1V).—
Citraconic anhydride2 (103 g.) was added to a solution of 120 g. of
2- phenyl-l ,3-butadiene in 300 ml. of thiophene-free anhydrous
benzene. An exothermicity and the appearance of a yellowish
color were noted at this point. After being refluxed for 24 hr.,
the reaction solution was concentrated by distillation and
ultimately was heated at 140° (7-8 mm.) to remove any excess
citraconic anhydride. The residual oil was taken up in a solution
of 75 g. of sodium hydroxide in 250 ml. of water and extracted
twice with ether. The alkaline solution was acidified and the
product, ns-I-methyl-t-phenyl-l,2,3,6-tetrahydrophthalic acid
(1V), separated as a thick oil which soon crystallized. It was
filtered, washed with water, and air-dried, yielding 158 g. (66%),
m.p. 158-162 (gas evolution). It could be recrystallized (90%
recovery) from dilute ethanol, m.p. 174-176° (gas evolution).

Anal. Calcd. for CEHHB,: C, 69.20; H, 6.15. Found:
C, 69.17; H, 6.56.

4-Phenylphthalic Acid (V) from Sulfur Dehydrogenation of
Adduct 1V.—cts-1-Methyl-4-phenyl - 1,2,3,6 - tetrahydrophthalic
acid (1V, 3 g.) was mixed with sulfur (1.5 g.) and heated 25 min.
at 220-240°. Water and hydrogen sulfide were evolved, and
the dark residue was then taken up in hot potassium carbonate
solution, filtered (Norit), and extracted twice with ether. Acidi-
fication, extraction with ether, and evaporation of the washed
and dried ether solution afforded 4-phenylphthalic acid (V),
which was recrvstallized from acetone-cyclohexane, yielding 580
mg., m.p. 196-197°, lit.6 194°.

Anal. Calcd. for ChHHV
C, 69.82; H, 4.51.

The anhydride of 4-phenylphthalic acid was prepared from the
acid by treatment with acetyl chloride for 60 hr. at room tem-
perature. It was recrystallized from benzene-cyclohexane,
m.p. 140-142°, lit.7m.p. 13,5-136°.

Anal. Calcd. for CitH;,: C, 75.00; H, 3.57.
C, 74.87; H, 3.58.

2-Methyl-5-phenylbenzoic Acid (V1) from Pd-C Dehydrogena-
tion of Adduct IV.—A mixture of efs-l-methvl-lI-phenyl-1,2,3,6-
tetrahydrophthalic acid (I1V, 2.6 g.) and 10% palladium-char-
coal (500 mg.) was heated under an initial nitrogen cover at 300°
for 30 min. Ether extraction, water washing, drying over so-
dium sulfate (Norit), and evaporation jdelded 2-methvl-5-phenyl-

C, 69.42; H, 4.13. Found:

Found:

(24) Including the coupling of the spins of the electrons involved2
and overlap of unsaturated centers. For evidence against triplet hiradical
intermediates in Diels-Alder reactions see N. J. Turro anc G. S. Hammond,
J. Am. Chem. Soc., 84, 2841 (1902).

(25) For further discussion eliminating polar structures from considera-
tion as intermediates in the Diels-Alder reaction between the neutral com-
ponents, diene and dienophile, see C. Walling and J. Peisach, ibid., 80, 5819
(1958). The startling accelerations of some diene additions between anthra-
cene and dienophiles of the maleic anhydride and quinone types imparted
by aluminum chloride present in one and two molar equivalents and ob-
served recently by P. Yates and P. Eaton, J. Am. Chem. Soc., 82, 4436
(1960), may very well be due to an altered nature of one or both components
and may not necessarily be used as an argument either supporting or negat-
ing the intermediacy of polar structures in the reactions between the non-
catalytically (Lewis acids) perturbed components.

(26) All melting points and boiling points are uncorrected. Microanalyses
were performed at Northwestern University by Miss Joyce Sorensen.

(27) R. L. Shriner, S G. Ford, and L. J. Roll, in “Organic Syntheses,”
Coll. Vol. I, John Wiley and Sons, Inc., New York, N. Y., 1946, p. 140.
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benzoic acid (VI, 810 mg.), m.p. 175-205°, recrystallized from
dilute ethanol, m.p. 211- 212°.
Anal. Calcd. for CmH”Oj:
C, 79.58; H, 5.85.
Permanganate Oxidation of 2-Methyl-5-phenylbenzoic Acid
(V1).—The palladium-charcoal hydrogenation product VI of
m.p. 200-211° (780 mg.) was refluxed for .3 hr. with a solution of
3.5 g. of potassium permanganate in 75 ml. of water containing
1 ml. of 10% alkali. The excess permanganate and manganese
dioxide were reduced with sodium bisulfite, and the filtered
solution was acidified and extracted exhaustively with ether.
Solvent removal left 200 mg. of 4-phenylphthalic acid, m.p.
195-197°, undepressed by a sample prepared previously in the
sulfur hydrogenation of 1V.
iranx-I-Methyl-4-phenyl-I ,2,3,6-tetrahydrophthalic Acid
(VII1).—A suspension of 12 g. of «s-I-methyl-4-phenyl-1,2,3,6-
tetrahydrophthalic acid (1V) in 200 ml. of ether was treated
with an ether solution of diazomethane (prepared from 7 g. of
nitrosomethylurea2). The excess diazomethane was boiled off
after 10 min., the ether solution was washed with bicarbonate
solution, water to neutrality, and saturated sodium chloride
solution, and dried over magnesium sulfate. After evaporation
of the ether, the remaining oil was taken up in dry benzene and
boiled down to ensure dryness; the hist traces were removed in
vacuo.
The residual dimethyl ester of acid IV was refluxed 72 hr. in
a solution of 1.0 g. of potassium metal in 200 ml. of absolute
methanol. Then a solution of 5.0 g. of sodium hydroxide in 250
ml. of water was added and refluxing was continued for 4 hr.
The alkaline solution, after being extracted with ether, was
acidified and extracted exhaustively with ether. The ether
solution was processed in the usual manner after partial evapora-
tion of the ether. Addition of cyclohexane and storage over-
night in the cold yielded 8.3 g. (70%) of Irans-I-methyl-4-
phenyl-1,2,3,6-tetrahydrophthalic acid (VIIIl), m.p. 216-221°.
A second fraction, 2.0 g. (17%), m.p. 174-176°, proved to be
recovered cis diacid 1V, and a third fraction, 1.0 g., had m.p.
155-160°. Recrystallization of the trans diacid VIII from
acetone-cyclohexane raised the melting point to 229-231°.
Anal. Calcd. for CisHniOo C, 69.23; H, 6.15; neut. equiv.,
130. Found: C, 69.69; H, 6.31; neut. equiv., 136.
ra-syrc-I1-Methyl-4-phenylhexahydrophthalic Acid (VII).—
Three grams of I-methyl-4-phenyl-1,2,3,6-tetrahydrophthalic
acid in 50 ml. of absolute ethanol was hydrogenated over 150
mg. of 5% palladium-charcoal. During | hr. 280 ml. of
hydrogen was absorbed (theoretical, 300 ml.). The catalyst was
filtered off and the product, cis-syn-lI-methyl-4-phenylhexahydro-
phthalie acid (VI1), was crystallized from dilute ethanol, yielding
2.5¢9. (83%), m.p. 188.5-189.5°.
Anal. Calcd. for C,sH® 4 C, 68.70;
C, 69.20; H, 7.01.
irocx-xj/n-1-Methyl-4-phenylhexahydrophthalic Acid (1X).—
One and one-half grams of trans diacid V11l was hydrogenated in
50 ml. of absolute ethanol over 150 mg. of 5% palladium-
charcoal. The uptake of hydrogen, 148 ml. (theoretical, 144
ml.), required 20 min. After the usual work-up, there was
isolated 1.3 g. of trans-syn-lI-methyl-4-phenvihexahydrophthalic
acid (I1X ), m.p. 215-225° (acetone-cyclohexane). One more re-
crvstallization (acetone-cyclohexane) afforded 1.10 g. of IX
(74%), m.p. 243-245°.

C, 79.24; H, 5.66. Pound:

H, 6.87. Found:

(28) F. Arndt, “ Organic Syntheses.” Coll. Vol. Il. John Wiley and Sons
Inc., New York. N. Y., 1946, p. 166.
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Anal. Calcd. for CaHisOy C, 68.70; Found:
C, 38.36; II, 7.06.

5(or 6?)-p-Tolylthiotoluquinone (X, Ar = p-C™M7).—p-Toluene-
thiol (31 g.) was adtled in one portion to a magnetically stirred
suspension of 61 g. of toluquinone in 100 ml. of absolute ethanol.
A clear dark red solution soon resulted with the evolution of some
heat. The reaction was cooled to and maintained at room tem-
perature overnight. The product, 5(6?)-p-tolylthiotoluquinone
(X, Ar = p-C77), was filtered, washed with ligroin (b.p. 86-100°),
and recrystallized from benzene-ligroin twice to yield 20 g. of
bright orange crystals, m.p. 151.5-153°. The analytical
sample had m.p. 154.7-155.6°.

Anal. Calcd. for CMH12DXS: C, 69.00; H, 4.97; S, 13.15.
Found: C, 69.40; II, 5.00; S, 13.16.

trans-1,4-Dioxo-6-phenyl-8a-methyl-1,2,3,4,4a,5,8,8a-octahy-
dronaphthalene (XI1).—A solution of 5.2 g. of freshly distilled
2-phenylbutadiene and 9.7 g. of 5-(or 6?)p-tolylthiotoluquinone
(X, Ar = p-CM7) in 250 ml. of toluene was refluxed for 17 hr.
The initially dark red solution gradually lightened in color to
orange. Much of the toluene was removed in vacuo and the
residue was diluted with 300 ml. of ether. This solution was then
extracted with alternate portions of 10% sodium hydroxide solu-
tion and sodium hydrosu.fite solution until no more color was
removed in the washings. These were followed by washing with
water until neutral and then with saturated sodium chloride
solution; the organic layer was dried over magnesium sulfate and
solvents were evaporated. The oily residue was kept under
vacuum on the steam bath until no further change in weight.
Approximately 15 g. of a thick yellow oil remained, and this
corresponds to adduct XI.

The reaction concentrate obtained was taken up in 300 ml. of
glacial acetic acid, 40 g. of zinc dust was added, and the mixture
was refluxed with magnetic stirring for Shr. The cooled reaction
was filtered and the zinc and salts were washed with acetone.
The volatile matter was removed under aspirator vacuum on the
steam bath, and the residue was taken up in ether, and washed
several times with 5% sodium hydroxide solution until no more
coloration to the wash liquors. After being washed with water
and saturated sodium chloride solution until neutral, the
ether solution was dried over magnesium sulfate and
evaporated, and the product was distilled evaporativelv at 0.2
mm. with a short path distillation apparatus at an oil bath tem-
perature of 210-215°. A distillate of 6.4 g. ivas obtained
which crystallized and was recrystallized from ethanol to yield
XI1. 4.8 9., m.p. 128-129° (after vacuum drying).

Anal. Calcd. for CiH]® 2 C, 80.28; H, 7.13.
C, 80.46; H, 7.31.

1,4-Dioxo-6-phenyl-8a-methyldecahydronaphthalene (as-6,4a,
trans-4a,8a, XIIlI).—A solution of 500 mg. of XII in 20
ml. of reagent ethyl acetate was hydrogenated over 50 mg. of
5% Pd-C at near atmospheric pressure. The theoretical uptake
of hydrogen required only 20 min., and the reaction was worked
up in the usual way to yield 420 mg. of the dioxophenylmethyl-
decahydronaphthalene XIII, m.p. 149-150°. The analytical
sample was recrystallized from ethanol, m.p. 152-153°.

Anal. Calcd. for CiH202 C, 79.65; 1lI, 7.86.
C, 79.44; H, 7.71.

H, 6.78.

Found:

Found:
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The synthesis of I-(a-styrylJcvclohexerie (X 11) and 3-(a-styryl)-A2cyclohexenone (V1) and the Diels-Alder
reactions of these dienes with a variety of dienophiles, maleic and citraconic anhydrides, and quinone, are de-

scribed.

Of particular interest is the reaction with 5-p-tolylthiotoluquinone (XXI).
polycarbocyclic systems have been stereospeeifically obtained as models for steroid synthesis.

Angularly methylated
The stereo-

chemistry of the various adducts and their transformation products is discussed.

In our initial publicationI*in this series of studies on
the use of the Diels-Alder reaction in the synthesis of
angularly methylated polycarbocyclic ring systems ap-
proaching steroid proportions, we presented our general
theme on the potential utility of incorporating styryl
moieties in an alicyclic system at the site(s) of potential
oxygen functions. The general purpose of this diene
addition scheme, as well as the orientational course of
the reaction with unsymmetrical addends of the types
necessary to the proposed scheme, was studied earlier
in the simpler systems of 2-phenyl-l,3-butadiene (1)
and citraconic anhydride (Il) yielding cis-I-methyl-
4-phenyl-1,2,3,6-tetrahydrophthalic acid anhydride
().l

We nowr wish to report on an extension of this ap-
proach to larger size ring systems in both the diene
and the dienophilic components.

The possibility of employing a system such as 3-(«-
styryl)-A2cyclohexenone (VII) as the diene appeared
initially attractive, since Diels-Alder products there-
from could be envisioned as models for C-ring oxygen-
ated steroids. Cyclohexenones of the general type
VI are readily available as shown by the work of Woods
on the reaction of phenylmagnesium bromide on di-
hydroresorcinol enol ethers.2 More recently an-
nouncements from three laboratories, those of Eschen-
moser,3 Nazarov,4and Normant,6report the successful
addition of acetylene and the vinyl Grignard reagent6
to the enol ethers of dihydroresorcinols affording 3-
ethinyl- or 3-vinyl-A2cyclohexenones. In strict
analogy, a-styrylmagnesium bromide (1V)7was treated
with dihydroresorcinol methyl ether (V) followed by
acid hydrolysis of the reaction intermediate VI to
produce the desired dienone VII, albeit in a yield
reduced considerably by résinification. In fact, al-
though an adduct, 8-oxo-4-phenyl-I1,2,3,5,6,7,8,8a-oc-
tahydronaphthalene-l,2-dicarboxylic acid (VIII), was
obtained from VII and maleic anhydride, further at-
tempts to utilize VII in additions with citraconic
anhydride (I1) and 5-methoxytoluquinone8 (X) were

(1) (a) Department of Chemistry, Tufts University, Medford 55, Mass.i

(b) V. Georgian and J. Lepe M., paper | of this series, J. Org. Chem., 29,
40 (1964).

(2) G. F. Woods, J. Am. Chem. Soc., 69, 2549 (1947); G. F. Woods and
1. W. Tucker, ibid., 70, 2174 (1948).

(3) A. Eschenmoser, J. Schreiber, and S. A. Julia, Helv. Chim. Acta, 36,
482(1953).

(4) 1. N. Nazarov, I. V. Torgov, and G. P. Verkholetova, Dokl. Akad.
Nauk SSSR, 112, 1067 (1957); Chem. Abstr., 51, 14, 647 (1957).

(5) C. Crisan and H. Normant, Bull. soc. chim. France, 1451 (1957).

(6) For a general review with collection of references on the vinyl Gri-
gnard in synthesis, see H. Normant, ibid., 1764 (1959).

(7) For an earlier application of this Grignard reagent, see K. Alder and
J. Haydn, Ann., 570, 201 (1950).

(8) Kindly supplied by Dr. W. S. Knowles, Monsanto Chemical Co., St.

Louis, Mo.

fruitless as a result of its extreme instability under the
more drastic and driving conditions required generally
in Diels-Alder reactions with the methylated dieno-
philes. Such sensitivity was noted also for the related
vinyl cyclohexenones cited previously.4 Although it
was possible to obtain a yellow dinitrophenylhydrazone
derived from structure VIII, mixtures of dinitrophenyl-
hydrazones were obtained varying in color from yellow
to reddish orange indicating considerable mobility of
the styryl double bond (/2,7 to the carbonyl) into con-
jugation with the carbonyl. Such facile isomerization
contraindicated the desirability of further preoccupa-
tion with structures of the type VIII for our intended
purposes, requiring the preservation of the styryl func-
tion. Concerning the stereochemical configuration of
adduct VIII, vide infra.

Attention was next directed at the desoxo system,
I-(a-styryl)cyclohexene, to ascertain whether or not
the geometrical factors obtaining in a bulky diene of
this degree of substitution were still compatible with
successful addition to dienophiles of the citraconic
and, ultimately, a blocked toluguinone type. Con-
siderably more success was achieved along these lines.

The addition of a-styrylmagnesium bromide (IV) to
cyclohexanone afforded I-(a-styryl)cyclohexanol (XI)
in satisfactory yield, but attempts to dehydrate the
latter by azeotropic distillation of water formed by mild
oxalic acid or iodine9catalysis did not meet with com-
plete success. More vigorous conditions employing
thionyl chloride and pyridine resulted in a product
contaminated with halogen-containing material.10 De-
hydration of the carbinol X1 to I-(a-styryl)cyclohexene
(X11) ultimately was accomplished successfully by
heating with fused potassium bisulfate.

The diene X 11 was induced to react with a variety of
dienophiles, including maleic anhydride, citraconic
anhydride, and p-benzoquinone. The adduct from
maleic anhydride, X111, was characterized additionally
as the diacid 4-phenyl-1,2,3,5,6,7,8,8a-octahydronaph-
thalene-l,2-dicarboxylic acid (XHla), and that from
citraconic anhydride was best characterized as 1-
methyl-4-phenyl-1,2.3.5,6,7,8,8a-octahydronaphthalene
I, 2-dicarboxylic acid (XVI) (concerning the position
of the methyl group vide infra). Quinone yielded the
adduct 1,4-dioxo-9-phenyl-1,4,4a,4b,5,6,7,8,10,10a-dec-
ahydrophenanthrene (XVIII).

Concerning the stereochemistry of the Diels-Alder
adducts described herein, the following discussion is

(9) H. Hibbert, 3. Am. Chem. Soc., 37, 1748 (1915); P. A. Robins and
J. Walker, /. Chem. Soc., 3249 (1956); 177 (1957).

(10) K. Alder and J. Haydn7 successfully converted an a-styryl sec-
carbinol to the corresponding chloride with hydrochloric acid.
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germane. In strict compliance with the Alder- Stein
rules, a cis syn configuration, represented in A,
would have to he assigned, arising from endo addition
accounted for by maximum accumulation of unsatura-
tion in the transition state of the Diels-Alder complex.12

However, the situation at hand has been rendered
sufficiently complicated by the forcing reaction con-
ditions (higher reaction temperatures, prolonged heat-

(11) K. Alder and G. Stein, Angew. Chem., 50, 510 (1937).
(12) See also R. B. Woodward and T. J. Katz, Tetrahedron, 5, 70 (1959).
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ing periods, lower yields than those obtaining in cleaner-
cut cases unencumbered by geometrical factors) as to
warrant a reappraisal of such an assignment. Thus,
Ansell and Brooks13assigned a cis-syn configuration to
the adduct from maleic anhydride and I-(l-acetoxv-
vinyl)cyclohexene (A, Ri = H; R> R3 = anhydride;
R4 = OAc), which was obtained under mild conditions
(room temperature) and which obviously differed from
a liquid adduct obtained in addition thereto by Na-
zarov¥4 under more forcing conditions (8 hr., boiling
benzene) to which the latter investigator assigned a
cis—anti configuration (B, Ri = H; R2 R3= anhydride;
R4= OAc). This case is quite dosel}7comparable with
our own. Similar results have been encountered
with 1-vinylcyclohexene and maleic anhydride. Cook

(13) M. F. Ansell and G. T. Brooks, J. Chem. Soc., 4518 (1956).
(14) 1. N. Nazarov, V. F. Kucherov, V. M. Andreyev, and G. M. Segal,
Dokl. Akad. Nauk SSSR. 104, 729 (1955); Chem. Ahstr., 50, 11. 304 (1956).
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and Lawrencebobtained an adduct under mild condi-
tions (in solvent, room temperature) undoubtedly of
cissyn configuration (A, R, = R, = H; R2 = R3=
anhydride), whereas Nazarov1 using somewhat more
forcing conditions (exothermicity of reaction without
solvent, or low temperature and long reaction time)
obtained the cis-syn adduct and an isomeric one as well,
undoubtedly the cis-anti adduct (B, Ri = R, = II;
R> = R3 = anhydride). Moreover, the former sub-
stance was isomerized to the latter on heating. While
assigning a cissyn configuration to their acetoxyvinvl-
cyclohexene-maleic anhydride adduct, Ansell and
Brooks13 were careful to consider the possibility of a
departure from the endo addition principle in their
diene addition of acetoxyvinylcyclohexene and 2,6-
xyloquinone, which was conducted under more stren-
uous conditions (i.e., 21 hr., boiling benzene or ethanol).
Perhaps even more closely related to our case at hand is
that of the addition of citraconic anhydride to 1-(1-
acctoxyvinyl)cyclohexene which required rather ele-
vated temperatures and which was shown to yield a
cis-anti adduct (B, Ri = CH3 R2= R3= anhydride;
R4 = OAc).177a Finally, it may be recalled that Heer
and Meischerlb established that one of the adducts
from citraconic anhydride and 6-methoxy-I-vinyl-3,4-
dihydronaphthalene under not especially forcing condi-
tions (overnight, cold and short heating period) had a
cis anti configuration. The foregoing examples make

it abundantly obvious that whereas the Alder-Stein
rule for endo addition may be applied with confidence
in those cases where low temperatures and not too
long reaction periods are employed, quite clearly an
opportunity is presented for exo addition where forcing
conditions obtain. We feel that this latter qualifi-
cation more accurately represents the situation prevail-
ing in our case at hand and suggest tentatively that a
cis-anti configuration, viz., B, is possessed by our ini-
tially isolated adducts.

Hydrogenation of the styryl function in substances
X1l and XV1 was smoothly effected over palladium-
charcoal to yield X1V and XVII, respectively, and, in
the case of XVIII, a di- as well as a tetrahydro deriva-
tive was obtained, X1X and XX. The configurational
assignment at the newly established ring junctures in
these hydrogenation products will be discussed subse-
quently.

Although the anhydride X111 did not yield any recog-
nizable product on palladium-charcoal dehydrogena-
tion, the dimethyl ester of XIIla afforded, after de-
hydrogenation and saponification, a monocarboxy-4-
phenylnaphthalene of m.p. 261-263°. This acid is not
4-phenyl-1-naphthoic acid (m.p. 172-1730) Band, from

(15) .T. W. Cook and C. A. Lawrence, ./. Chem. Soc., 58 (1938).

(16) 1. N. Nazarov, V. F. Kucherov, and V. M. Andreyev. Dokl. Akad.
Nauk SSSR. 102, 751 (1955).

(17) (a) F. Winternitz and C. Balmossiere, Tetrahedron, 2, 100 (1958);
I. N. Nazarov, V. F. Kucherov, and V. M. Andreyev, Bull. Arad. Sri.
USSR, Dir. Chem. Sci.. 67, 77 (1955); Chem. Abstr., 50, 1713 (1950). (b)
J. Heer and K. Meischer, Heir. Chim. Acta, 31, 219 (1948); 32, 1572 (1949).

(18) J.v.Braun and E. Anton, Ber., 67B, 1051 (1934).
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its origin, must be assigned the structure 4-phenyl-2-
naphthoic acid (XV) by exclusion. An acid of this
melting point, but of undefined structure, had been
reported previously by Wagner-Jauregg® in addition
to a carboxyphenylnaphthalene of m.p. 172-173° in a
series of degradation products from the adduct of two
moles maleic anhydride and 1,1-diphenylethylene.
The reported analysis for the Wagner-Jauregg acid,
261.3-263.0°, suggests that it is a monocarboxyphenyl-
naphthalene, and from its mode of genesis it is very
likely identical with our acid XV.

Successful addition to styrylcyclohexene having been
accomplished with citraconic anhydride and quinone,
it was desired to effect appendage of an additional
ring-bearing angular methylation. Toward this end,
b-methoxytoluquinone (X) was attempted in the diene
addition, but, in spite of previous successes with this
dienophile,2a no crystalline product could be isolated.
Nevertheless, the efficiency of employing a toluquinone
in the Diels-Alder reaction rather than commencing
with the citraconic adduct and constructing the next
ring therefrom by laborious means compelled a search
for other appropriate quinone dienophiles. Such was
found ill 5-p-tolylthiotoluquinone (XXI), which is
readily prepared from p-toluquinone and p-thiocresol,
and which bears a gross electronic similarity to the
methoxytoluquinone, known to undergo diene addition
on the methylated side.Za Addition of styrylcyclo-
hexene to the thio-substituted toluquinone X X1 pro-
ceeded after long reflux in benzene, or preferably toluene,
and the adduct is formulated on the basis of the dis-
cussion on stereochemistry (vide supra) as cis-anti-
1,4-dioxo-4a-methyl-fl-phenyl-2-p-tolylthio-1,4,4a,4b,5,-
6,7,8,10, IOa-decahydrophenanthrene (XXII). The
thio ether function having served the purpose of
directing addition toward angular methylation203
(for a discussion on the position of the methyl vide
infra), it was next desired to desulfurize, reduce the
dioxoethylenic bond while preserving the styryl double
bond, and isomerize the cis ring juncture to trans.
The wusual method of desulfurization by means of
Raney nickel did not prove particularly adaptable. The
results were erratic and over-reduction of the carbonyl
and styryl functions could not be cleanly avoided.
A method which was devised to overcome this diffi-
culty, and which served uniquely to accomplish the
three desired purposes just specified, consisted of re-
fluxing for 8 hr. with zinc in acetic acid. Thus,
b-ans-a?hf-1,4-dioxo-4a-methyl-9-phenyl-1,2,3,4,4a,-
4b,0,6,7,8,10,10a-dodecahydrophenanthrene  (XXIII)
was produced from XXII by this means, which has
been applied in other series of our investigations, and
which will be reported in greater detail in subsequent

(19) T. Wagner-Jauregg, Ann., 491, 1 (1931).

several
steps

arid (171.5-173.5°) + acid (261.5-263.5°)

(20)(a) R. B. Woodward. F. Sondheimer, D. Taub, K. Heusler. and W.
M. MaeLamore. J. Am. Chem. Soc.. 74, 4223 (1952); M. Orchin and L
W. Butz, J. Org. Chem., 8, 509 (1943). (b) This course of the Diels-Alder
reactions with alkylthio-substituted quinones has been firmly established
in several other cases and, for a disclosure of these results, see V. Georgian
and L. L. Skaletzky, ibid., 29, 51 (1964).
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publications. The Irons ring juncture is postulated on
the basis of findings by Robins and Walker2l and our
own investigations on zinc-acetic acid reductions of
Diels-Alder products from quinone and 3,20-diacetoxy-
pregna-o, 16,20-triene.2 Short treatment of a few
minutes’ duration without heat of a m-l,4-dioxo-A2
octalin with zinc-acetic acid usually permits the re-
duction of the ethylenic bond with survival of the cis
ring juncture. Prolonged treatment supplemented by
heating results in reduction concomitant with isomeriza-
tion to a lrons ring fusion. Moreover, whereas cis-a
decalone isomerizes only extremely slowly to trans-a-
decalone at room temperature,2 rz.s-1,4-dioxodeealins
have been found to be considerably less stable with
respect to their trans isomerides.22 The conditions

employed in the reduction of XXII to XXIII, i.e.,
8-hr. refluxing, ensure that the stereochemistry of
XXI111 is almost certainly trans-anti. This assignment

is further corroborated by the proof in the case of a
similar desulfurization of the adduct of butadiene and
5-p-tolylthiotoluquinone. The angularly methylated
trans ring fusion is clearly evident by the single strong
infrared absorption at 1450 cm. 1Z%5of the resulting 8a-
methyl-A2octalin. Such a result is in consonance
with the greatest stability of the trans-anti-trans form
of perhydrophenanthrenes (cf. W. S. Johnsond.
A trans-anti configuration has been elucidated experi-
mentally in a closely related case for the condensation
product XXIV of sodiocyclohexanone and 1-acetyl-
cyclohexene.2*

XXV XXV

The Diels-Alder reaction between styrylcyclohexene
and mesaconic acid yielded only a heavy acidic oil
from which no identifiable product could be obtained.
When the reaction was attempted with fumaric acid,
the product isolated, m.p. 198-200°, was found on
elemental analysis to contain no oxygen and appeared
to be simply a Diels-Alder dimer of the diene to which
structure XXV Il is provisionally assigned. This
structure is based on a consideration of the principles
governing the orientational course of the diene reaction
between unsymmetrical addends presented and dis-
cussed in detail in our first paper of this scries,lb in

(21) P. A. Robins and J. Walker, J. Chem. Soc., 642, 1612 (1952); 3960
(1954).

(22) V. Georgian and Lupe T. Georgian, J. Org. Chem., 29, 58 (1964).

(23) W. Huckel. Ann .441, 1(1925).

(24) R. M. Lukes, G. I. Poos, and L. H. Sarett, 3. Am. Chem. Soc.. 74, 1401
1952).

(25) Paper Il in this series; cf. also, R. H. Baker, L. S. Minckler, and
A. S. Hussey. J. Am. Chem. Soc.. 81, 2379 (1959).

(26) W. S. Johnson, Kxperientia, 8, 315(1951).

(27) H. P. Linstend. S. B. Davis, and R. R. Whetstone, ./. Am. Chem.
Soc. 64, 2009 i1942).
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which the phenyl- methyl relationship in 111 was eluci-
dated. Application of those principles in the addition
of eitraconic anhydride and 5-p-tolylthiotoluquinonc
to styrylcyclohexene leads to the suggested structures
XVI1'and XXII for these adducts. By way of brief
recapitulation it may be stated that the gross structural
character of the adduct unit be determined by an associa-
tion of the addends in the transition state (of possibly a
spin-paired nature)-** generating greatest electron delocal-
ization.

We may envision as illustrative of this principle the
transition state XXV, as the precursor to XXVII, re-
sulting in electron delocalization involving both aro-
matic rings, tertiary benzyl and secondary ring carbon
atoms. Alternate association of the components to
that depicted in XXVI would lead to higher energy
transition states. Analogous transition states may be
constructed as intermediates in the formation of XVI
and XXII, such states (XVla and XXlla synoptic
forms) being of lower energy than those leading to the
adducts inverse to XVI and XXI11.2b

XVla and XXlla

Finally, an account may be in order on the configura-
tional assignments at the ring junctures established on
hydrogenation to the products X1V, XVII, and XX:
The complete configurations have been assigned as
cis-anti-trans-cis by analogy to the hydrogenation of
XXIV to trans-anti-trans 9-oxoperhydrophenanthrene
(XXV).ZD This assignment of configuration may be
reinforced by a conformational analysis in which the
most favorable half-chair conformations are selected
bearing the smallest number of axial substituents (other
thai hydrogen) with catalyst approach invoked from
the least hindered side.3 Such a picture, illustrated in
C, compels the stereochemical arrangement indicated
in the previous formulas:

(28) (a) Recent evidence aas accumulated which indicates that, while the
Diels-Alder reaction may involve transient intermediates in which one bond
has been formed (ref. 12 of G. Walling and J. Peisach, ibid., 80, 5819 (1958);
R. P. Lutz and J. D. Roberts, ibid., 83, 2198 (1961) |, the intermediacy of a
triplet biradical has been "tiled out [N. J. Turro and G. S. Hammond.
ibid., 34, 2841 (1962)]. (b) See also F. Winternitz and C. Balmossiere.
Tetrahedron. 2, 100 (1958); L. 1). Bergelson (reporting on I. N. Nazarov's
work), ibid.. 6, 161 (1959); M. F. Ansell and G. T. Brook. J. Chem. Soc.,
4518 (1956), for additional exjterimental evidence corroborating the orienta-
tional course of Diels-Alder reactions involving addends of the general type
discussed in this publication.

(29) See also P. A. Robins anti J. Walker, ibid., 642 (1952).

(30) R. P. Linstead W. hi. During. S. B. Davis. P. Levine, and R. R.
Whetstone, .7. Am. Chem. So~.. 64, 1985 (1942).
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o-Bromostyrene.—To a solution of 528 g. of styrene dibromide
in 1200 ml. of ethanol there was added with stirring 112 g. of
potassium hydroxide in the minimum amount of ethanol. The
addition was made in a thin stream, and the reaction was main-
tained at room temperature with occasional cooling. Immediate
precipitation of potassium bromide followed and, after addition
was complete, stirring was continued until neutrality was
reached. Water was added and the product was taken tip in
ether. The ether solution was washed with water, dried over
magnesium sulfate, and distilled to yield a-bromostyrene, 236
g. (64%), b.p. 80-85° (10 mm.), lit.2b.p. 77° (9 mm.).

Dihydroresorcinol methyl ether (V) was prepared by methyl-
ating dihydroresorcinol3 (111 g.) in 1 1 of acetone -with 111 g. of
anhydrous potassium carbonate, and 93 ml. of dimethyl sulfate.
The reaction mixture was stirred at ordinary temperature for 12
hr. The solids were filtered, the acetone was distilled, and
the product, 75 g., was distilled at 105-111 ° (11 mm.).

3-(a-Styryl)-A2cyclohexenone (VII) and cis-anti-8-0x0-4-
phenyl-1,2,3,5,6,7,8,8a - octahydronaphthalene - 1,2 - dicarboxylic
Acid (VII1).—A solution of a-styrylmagnesium bromide (1V)7
was prepared by the addition of 104 g. of a-bromostyrene in 500
ml. of anhydrous ether to 13 g. of magnesium turnings (under
nitrogen) in the usual manner for the preparation of a Grignard
reagent. After the addition of the halide was complete, the
reaction was stirred for 0.5 hr. longer and then refluxed 10 min.

Then, with ice cooling, there was added in a thin stream a
solution of 72 g. of dihydroresorcinol methyl ether in 100 ml. of
dry’ ether, and stirring was maintained 5 hr., after which a solu-
tion of 350 ml. of water and 35 g. of sulfuric acid was added and
agitation was continued 2 hr. longer. The ether lay'er was
separated and, combined with additional ether extracts of the
aqueous layer, was washed with water, sodium carbonate solu-
tion, water, and saturated sodium chloride solution, and was
dried over magnesium sulfate. Evaporation of the ether in
vacuo with very gentle heat left a residue of 100-110 g. of a dark
yellow oil, VII, which could not be distilled without extensive
polymerization. In one experiment there was obtained from this
size run 15 g. of distillate, VII, b.p. 150-170° (1.0 mm.), whose
infrared spectrum indicated the presence of conjugated carbonyl.
This material could not be characterized further at this point
because of its extreme instability’, and it was used forthwith in the
diene addition with maleic anhydride.

A solution of 13 g. of the aforementioned product, freshly dis-
tilled, and 6.4 g. of maleic anhydride in 100 ml. of toluene was
refluxed for 20 hr. The volatiles were then removed in vacuo
on the steam bath and the residual oil was taken up in 10%
sodium hydroxide solution. This alkaline solution was extracted
several times with ether, treated with Norit, and acidified.
The precipitated gum was taken up in ether, and this solution
was washed with water and dried over magnesium sulfate.
After the ether solution was evaporated the residual thick oil
was allowed to stand for about 1 month when it was noticed
that some crystallization had taken place. A little chloroform
was added as a thinner, and the crystals were filtered and were
recrystallized from acetone and then from ethyl acetate, m.p.
208-210°. Infrared absorption revealed no conjugated earbonyd
and thus expression V111 best fits the composition of this sub-
stance.

Anal. Calcd. for CisHi®5 C, 68.78;
C, 68.85; H, 5.71.

The dinitrophenylhydrazone of VIII prepared in the usual
fashion was yellow and had m.p. 245-247° (from ethanol).

H, 5.73. Found:

Anal. Calcd. for C, 58.29; H, 4.45. Found:
57.85; H, 4.61.
Reported recrystallization resulted in orange and reddish

products which indicated gradual transformation to the dinit.ro-
phenylhycrazone of the conjugated carbonyl tautomer IX.
Attempted Diels-Alder Addition of VII with Citraconic An-
hydride (I1) and 5-Methoxytoluquinone (X).—These additions
were attempted by refluxing equimolar quantities of the reactants
in anhydrous benzene for 35-38 hr. The experiments with citra-
conic anhydride, worked up as in the previous case with maleic

(31) All melting points are uncorreeted. Analyses were performed by
Miss Hildegarde Beck. Microanalytical Laboratory, Northwestern Univer-
sity. Infrared spectra were determined in chloroform solution on a Baird
double bean instrument. Model AB-2.

(32) M. H. Jones, Can. J. Chem., 34, 108 (1956).

(33) R. E. Thompson. Org. Syn., 27, 21 (1900).
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anhydride, yielded only’ polymeric tars. In those cases with 5-
methoxytoluquinone, the latter was recovered unchanged in 80-
90% vyield by direct crystallization from the reaction solution
after partial evaporation of solvent.

I-(a-Styryl)cyclohexanol (XI1).—To a solution of a-styryl-
magnesium bromide prepared from 126 g. of a-bromostyrene and
17 g. of magnesium turnings in 700 ml. of anhydrous ether there
was added with ice-bath moderation of the reaction a solution of
68 g. of cyclohexanone in 500 ml. of anhydrous ether. A
yellowish complex gradually precipitated and stirring was con-
tinued for 2 hr. with cooling after the addition was complete.
Ice (300 g.) and a solution of 50 g. of ammonium chloride in 250
ml. of water were added, and the ether layer was separated
and combined with several additional ether extracts of the
aqueous phase. The ether solution was washed with water
several times and dried over sodium sulfate. The product,
I-(a-sty'ryl)cyclohexanol (X1), was distilled in vacuo, yielding 100
g. (72%), b.p. 100-105° (0.1 mm.), nZn 1.5500. A small forerun
was rejected. Infrared absorption indicated an hydroxyl band
at 2.8-2.9 fi.

Anal. Calcd. for CHHB:
C, 83.32; 1II, 8.79.

I-(a-Styryl)cyclohexene (XI1).— A mixture of 35 g. of I-(a-
styryl)cyclohexanol (X1) and 45 g. of fused powdered potassium
bisulfate (Mallinckrodt) was heated at 150-155° under the
passage of a slow' stream of nitrogen for 1 hr. The cooled re-
action was taken up in ether and water, and the ether solution
was washed with water, bicarbonate solution, water to neutral
reaction, and finally with saturated sodium chloride solution.
It was dried over sodium sulfate and the product was distilled
in vacuo, yielding 23 g. (73%) of I-(a-styryl)cyclohexene (X11),
b.p. 100-103° (1.0 mm.), n&d 1.5710. Infrared analysis indi-
cated absence of hydroxyl. This diene could be stored in the
cold a short time, but within 2 weeks considerable polymeriza-
tion was encountered.

Anal. Calcd. for ChH16 C, 91.30; H, 8.74.
90.93; H, 8.89.

Diels-Alder Adduct of Styrylcyclohexene XII and Maleic
Anhydride, cis-cmii-4-Phenyl-1,2,3,5,6,7,8,8a-octahydronaph-
thalene-1,2-dicarboxylic Acid (XlIlla) and Anhydride XIIl.-—
Maleic anh.vdride (3 g.) and I-(a-styryl)cyclohexene (X11) (5.4
g.) were heated on the steam bath for 9 hr. A bright yellow
color was noted on admixture of the two components. The
cooled reaction melt was then taken into benzene and washed
with water several times. After being dried over sodium sulfate,
the solvent was evaporated leaving 5.5 g. of a crystalline com-
pound, m.p. 112-115°. Recry’'Stallization from benzene-cyclo-
hexane or ethyl acetate-cyclohexane raised the melting point
to 119.5-120.3°. This substance, insoluble in bicarbonate solu-
tion, possessed infrared absorption at 5.60 m, diagnostic for the
five-membered anhy'dride carbonyl of adduct XIII.

Anal. Calcd. for CigHig0a: C, 76.60; H, 6.41.
C, 77.08; H, 6.58.

The anhydride X111 was taken up in dilute alkali and the
diacid XHla was precipitated on acidification. It could be
recrvstallized from ethanol, m.p. 215-216° dec.

Anal. Calcd. for CIsHZD4 C, 72.00; H, 6.66.
C, 71.52; H, 6.82.

cis-anti-lrans as-4-Phenyldecahydronaphthalene-l ,2-dicar-
boxylic Acid Anhydride (X1V).—The anhydride X111 (1.0 g.) was
hydrogenated at ordinary temperature and pressure in 40 ml. of
ethanol over 100 mg. of 5% palladium-charcoal. One molar
equivalent of hydrogen was absorbed. The catalyst was filtered
and washed with acetone. The combined organic solutions were
evaporated, and the crude crystalline residue was filtered and
washed with cyclohexane, yielding 900 mg., m.p. 150-155°. Re-
crvstallization from acetone-cyclohexane afforded pure XIV,
m.p. 156-157°.

Anal. Calcd. for C,8H203:
C, 75.91; H, 7.13.

4-Phenyl-2-naphthoic Acid (XV).—The anhydride XIIl (2.0
g.) was converted to the diacid XHla as described previously,
and the crude ether extract of the latter was methylated with an
ethereal solution of diazomethane prepared from 4.0 g. of .V-
nitroso-N-methydurea. The oily diester resulting from evapo-
ration of the ether was mixed with 500 mg. of 10% palladium-
charcoal and heated at 300° for about 1.5 hr., al the end of which
all gas evolution had practically ceased. The cooled reaction
mixture was extracted with ethanol (Norit) and the residual oil,
remaining after evaporation of the ethanol, was treated with 20

C, 83.10; H, 8.96. Found:

Found: C,

Found:

Found:

C, 76.03; H, 7.12. Found:
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ml. of 5% alkali and 5 ml. of ethanol on the steam hath for 1 hr.
The cooled alkaline solution was filtered (Norit) and extracted
with ether a few times and then acidified. The precipitated
material was taken up in ether and dried, and evaporation of
the ether afforded 4-phenyl-2-naphthoir acid (XV), which was
recrystallized from dilute ethanol, m.p. 261-263°.

Anal. Caled. for CnHuOjt C, 82.40; H, 4.88.
C, 82.18; H, 4.89.

Diels Alder Adduct of I-(a-Styryl Icyclohexene (X11)and Citra-
conic Anhydride, ris-anif-1-Methyl-4-phenyl-1,2,3,5,6,7,8,8a-
octahydronaphthalene-1,2-dicarboxylic Acid (XVI1).—A mixture
of 12 g. I-(a-stvryl)cyclohexene (X11) and 7.4 g. of citraconic
anhydride (I11) was heated on the steam hath 1 hr. and then re-
fluxed in 40 ml. of dry benzene for 48 hr. The volatiles were
removed in maw to eliminate also any unchanged citraconic
anhydride, and the residue was treated with 10% alkali. The
alkaline solution, after being extracted several times with ether,
was acidified, and the precipitated material was extracted with
ether. The dried (sodium sulfate) ether solution on evaporation
deposited 5.4 g. of XVI, m.p. 224-227° dec. Recrystallization
from ethanol raised the melting point to 232-233° dec.

Anal. Caled. for CIH204 C, 72.61; H, 7.00.
C, 73.02; H, 7.13.

cis anti frars-cfx-1-Methyl-4-phenyldecahydronaphthalene-
1,2-dicarboxylic Acid (XV11).—The hydrogenation of 1.0 g. XVI
in 50 ml. ethanol over 100 mg. 5% palladium-charcoal was
conducted at ordinary temperature and pressure. One equiva-
lent of hydrogen was absorbed in 6 hr., and the reaction was
worked up in the usual way to yield 000 mg. of XV II, m.p. 254-
256°, from ethanol. Additional recrystallization from ethanol
raised the melting point to 258-250°.

Amil. Caled. for CislL/R: Cl, 72.13;
C, 72.34; H, 7.58.

Diels Alder Addition of Diene XII with Quinone, cis-anti-\ ,4-
Dioxo-9-phenyl-1,4,4a,4b ,5,6,7,8,10, I0a-decahydrophenanthrene
(XVI111).—A solution of 15.0 g. of I-(«-styryl)cyclnhexene (XI1)
and 26 g. of quinone (large excess) in 100 ml. of dry benzene was
refluxed for 7 hr., and the solvent was then evaporated. The
residue was maintained in cacao on the steam bath to eliminate
any unchanged quinone and wars then treated with a minimum
guantity of ethanol which induced crystallization of XVIII, 3.0
g. (13%), m.p. 116-118°. The analytical sample was light
yellow in color, m.p. 117 118°.

Anal. Caled. for C2oHZD2 C, 82.10;
C, 82.60; H, 6.95.

Hydrogenation of XVIII, cis-anff-1,4-Dioxo-9-phenyl-1,2,-
3,4,4a,4b,5,6,7,8,10,10a-dodecahydrophenanthrene (XIX) and
cis-aab.’-iron.s-r?.1,4-Dioxo0-9-phenylte trade cahydrophenanthrene
(XX).—The hydrogenation of adduct XYIIl (1.0 g.) was
conducted in ethanol (50 ml.) over 100 mg. of 5% palladium-
charcoal at ordinary temperature and pressure. One mole
equivalent of hydrogen was absorbed fairly quickly (30 min ),
and after the usual work-up a white substance of m.p. 145.5-
146.5° Wits obtained by crystallization from acetone-cyclohexane.
Infrared examination revealed no conjugated carbonyl and, ac-
cordingly, expression X1X fits the composition of this substance.
The analytical sample melted at 146-147° (acetone-cyclohexane).

Audi. Caled. for t\&,l1 b: (1, 81.59; H, 7.54. Found:
C, 81.56; H, 7.73.

When an analogous hydrogenation of XV 11l was conducted so
as to ensure the absorption of two molar equivalents of hydrogen
(3-4 hr.), there was isolated by crystallization from acetone a sub-
stance of m.p. 202-204°, whose composition corresponds to XX.
The analytical sample melted at 203-204° (acetone).

Anal. Caled. for C..11,<b: C, 81.04; H, 8.15.
C, 80.91; H, 8.08.

5(or 6?)-p-Tolylthiotoluquinone (XXI).- To a suspension of
122 g. of toluquinone in 200 ml. of absolute ethanol was added

Found;

Found:

H, 7.64. Found:

H, 6.89. Found:

Found:
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62 g. of p-thiocresol. An exothermic reaction ensued, and a
clear dark red solution soon resulted, whereupon the reaction
was cooled to and maintained at room temperature overnight.
The product, 5(6?)-p-tolylthiotoluquinone (XX1), was filtered,
washed with ligroin (b.p. 86- 100°), and recrystallized from
benzene-ligroin twice, to give bright orange crystals, 40 g.,
m.p. 151 153°. The analytical sample had m.p. 154.5-155.5°.

Anal. Caled. for CMH,22S: C, 68.90; H, 5.00; S, 13.13.
Found: C, 69.40; H, 5.00; S, 13.16.

Diels Alder Addition of Diene XII with 5-p-Tolylthiotoluqui-
none (XXI), ax anti-1,4-Dioxo-4a-methyl-9-phenyl-2-(p-tolyl-
thio)-1,4,4a,4b,5,6,7,8,10,1 Oa-decahydrophenanthrene (XXII).—
A solution of 5 g. of 1-(«-styryl)cvclohexene (X11) and 6.6 g. of
5-/;-tolylthiotoluquinone (X X1) in 50 ml. of toluene containing
a trace of hydroquinone was refluxed for 48 hr. The crystalline
residue remaining after vacuum removal of solvent was triturated
with a few milliliters of ethanol to dissolve some unchanged qui-
none. The filtered insoluble portion was recrystallized twice
from benzene-hexane to yield 3.0 g. of XXII, pale yellowish in
color, m.p. 205-208°. The analytical sample was recrvstallized
once again from ethanol, m.p. 207-209°. The infrared spectrum
showed a strong characteristic band at 6.40 n (thio-substituted
enedione) in addition to the usual conjugated carbonyl bands.

Anal. Caled. for C3H-«(>=: C, 78.50; H, 6.58. Found:
C, 78.88; H, 6.38.

trans-anti-l ,4-Dioxo-4a-methyl-9-phenyl-1,2,3,4,4a,4b,5,6,7,-
8,10,10a-dodecahydrophenanthrene (XXIIl).—To a solution of
1.0 g. of adduct XXII in 50 ml. of acetic acid heated on the
steam bath was added 10 g. of zinc dust in small portions with
swirling during 15 min. The initial yellow color of the solution
disappeared, and the reaction mixture was refluxed 8 hr. The
zinc was filtered, most of the acetic acid was removed on the
steam bath in varan, and the residue was taken up in sodium
carbonate solution and ether. The ether solution was washed
with water until the washings were neutral, dried over sodium
sulfate, and evaporated. The residue was crystallized from

benzene-hexane to yield XXIIl, 525 mg., m.p. 145-147°.
Infrared absorption revealed only nonconjugated carbonyl
function.

Anal. Caled. for CZH2)2 C, 81.77; H, 7.84. Found:

C, 82.03; H, 7.82.

Attempted Diels Alder Additions of I-(a-Styryl)cyclohexene
(X11) with Fumaric Acid, Mesaconic Acid, and 5-Methoxytolu-
quinone (X), to Give I-(«-Styryl)cyclohexene Dimer (XXVII).—
Xo successful addition resulted from refluxing diene XI1 with 5-
methoxytoluquinone in toluene or xylene solution for 36-48
hr.; heavy intractable oils resulted. The, attempted addition
with mesaconic acid (36-hr. reflux in propionic acid solution)
resulted in recovery of most of the mesaconic acid.

A solution of 8.5 g. of diene XI11 and 8.0 g. of fumaric acid in
35 ml of propionic acid was refluxed 60 hr. After the reaction
cooled, a large amount of unchanged fumaric acid was filtered
off, and the mother liquors were allowed to stand. A few weeks
later it was noted that a small quantity of crystals had deposited,
400 mg., m.p. 195-200°. This substance was crystallized from
dilute ethanol, whereupon it melted at 198-200°. Infrared
analysis revealed no carbonyl bands, and elemental analysis,
while not in excellent agreement with the dimer of X 11, suggests
strong.y that it is indeed the nature of this material for which
structure XXVII is advanced.

Anal. Caled. for (CiHi)22 C, 91.2; H, 8.74.
90.50; H, 8.77.

Found: C,
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The Diels-Alder Reaction with
A Synthesis of trans-9-Methyl-A6octalin-1,4-dionel
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The structures of the mercaptotoluquinols arising from toluquinone by the action of sodium thiosulfate have
been established as the 5-mercapto and (principally) the 6-mercapto isomer, contrary to previous reports that
this reaction was unidirectional and that the latter substance (m.p. 111-112°) was the 3-mercapto isomer. A
corresponding change has been made in the methylmercaptotoluquinone structures and the latter have been
utilized in the Diels-Alder reaction with butadiene to synthesize irares-9-methyl-A6octalin-l,4-dione, an inter-

mediate of potential utility in steroid total synthesis.

The course of the desulfuration-reduction of the alkvl-

mercaptoquinone-diene adducts by means of zinc-acetic acid has been elucidated and found to proceed via the
reduction initially of the dioxoethylenic function to a dihydro stage XV.

The potential utility of frans-9-methyl-A6octalin-
1,4-dione (l) as the A/B ring moiety in projected total
synthesis of steroids may be demonstrated. Apart

o

from the obvious gross relationship of this structure to
that of the lower portion of the steroid molecule, this
fragment bears the following features: (1) carbonyls at
C-l and C-4 which may be differentially masked or
altered to permit attachment of rings C/D or C/D-
homo by adaptation of methods already recorded in
the now substantial lore of alicyclic synthesis3;, (2) the
C-4 carbonyl which, having served the function of con-
trolling the stereochemistry of the ring fusion, also
affords a means of introducing unsaturation at some
appropriate juncture in a synthesis in the lower portion
of the steroid molecule (either at 5,6 or 4,5, steroid
numbering system), a matter of some concern in A/B-
trans steroidal systems,4or alternatively of introducing
alkyl or other groups at position 6 in the steroid mole-
cule, a substitution which has yielded currently some
of the most active progestational and antiphlogistic
compounds5, (3) the A6 olefinic function, which by
virtue of its transformability into isomeric halohydrins

(1) (@) Contribution No. 296, Department of Chemistry, Tufts Univer-

sity; (b) this paper is abstracted in part from the Doctoral dissertation
of L. L. Skaletzky, submitted to the Graduate School of Northwestern
University in partial fulfillment of the requirements for the Degree of
Doctor of Philosophy, August, 1959.

(2) (a) Department of Chemistry, Tufts University, Medford 55, Mass.;

(b) U. S. Rubber Fellow, 1956-1957. Union Carbide Fellow, 1957-1958.

(3) In particular, see L. D. Bergelson, Tetrahedron 6, 161 (1959), on the
elaboration by I. N. Nazarov and co-workers of some interesting synthetic
substances which resemble steroids.

(4) See R- N. Evans, J. C. Hamlet, J. S. Hunt, P. G. Jones, A. G. Long,
J. F. Oughton, L. Stephenson, T. Walker, and B. M. Wilson, J. Chem. Soc.,
4356 (1956), for a discussion of the problem and for references to earlier work
in this area principally by Djerassi and co-workers.

(5) G. B. Spero, J. L. Thompson. B. J. Magerlein, A. R. Hanze, H. C.
Murray, O. K. Sebek, and J. A. Hogg, J. Am. Chem. Soc., 78, 6213 (1956);
J. C. Babcock, E. S. Gutsell, M. E. Herr, J. A. Hogg, J. C. Stucki, L. E.
Barnes, and W. E. Dulin, ibid., 80, 2904 (1958); H. J. Ringold, E. Batres,
and G. Rosenkrantz, J. Org. Chem., 22, 99 (1957); J. A. Hogg, C. B. Spero,
J. L. Thompson, B. J. Magerlein, W. B. Schneider, D. H. Peterson, O. K.
Sebek, H. C. Murray, J. C. Babcock, R. L. Pederson, and J. A. Campbell,
Chem. Ind. (London), 1002 (1958); A. Bowers, and H. J. Ringold, J. Am.
Chem. Soc., 80, 4423 (1958); J. A. Edwards, A. Zaffaroni, H. J. Ringold, and
C. Djerassi, Proc. Chem. Soc., 87 (1959).

either by hypohalous acids or chromyl chloride6 or
epoxidation, etc., is tantamount to having a C-2 or C-3
oxygen function in the steroid molecule. Thus, a facile
route to | was desired.

Our previous experience with diene additions to p-
tolvithiotoluquinone followed by zinc-acetic acid de-
sulfuration, yielding what appeared to be most likely
angularly methylated polycarbocyclic systems,7 sug-
gested as the most efficient way of obtaining | the
Diels-Alder reaction of butadiene with a 5- or 6-alkyl-
mercaptotoluquinone.

Whereas in the previous work7a p-thiocresyl moiety
had been affixed to the quinone in a convenient one-
step operation and without regard for its exact posi-
tion thereon either at C-5 or C-6, it was felt a more de-
liberate synthesis of the simpler 5- or 6-methvimer-
captotoluquinone would better serve the problem at
hand and secure more firmly the structures postulated
formerly for the diene adducts with thio-substituted
quinones. Moreover, although the course of Diels-
Alder reaction with this class of dienophiles leading to
the angularly methylated structures7 had been inferred
from the parallel reactions with the electronically
closely related alkoxytoluquinone system,8more corrob-
orative evidence on this point was deemed necessary.
To this end a synthesis of 5- and/or 6-methylmercapto-
toluguinone was sought, and the butadiene addition to
this system and the subsequent zinc-acetic acid desul-
furation-reduction were studied.

Of the three possible methylmercaptotoluquinones
only two isomers had been described. Alcalay9 had
reported the preparation of 5-methylmercaptotoluqui-
none (IV) from the corresponding mercaptan 111

(6) S. L. Cristol and K. R. Eilar, 3. Am. Chem. Soc., 72, 4353 (1950)
H. L. Slates and N. L. Wendler, ibid, 78, 3749 (1956). See also L. F.
Fieser and M. Fieser, “Steroids,” Reinhold Publishing Corp., N. Y., 1959,
Chap. 7, for a general treatment of steroid ring A olefins and oxidation
products derived therefrom.

(7) V. Georgian and J. Lepe M., papers | and Il in this series, J. Org.
Chem., 29, 40, 45 (1964).

(8) R. B. Woodward, F. Sondheimer, D. Taub, K. Heusler, and W. M.
McLamore, J. Am. Chem. Soc., 74, 4223 (1952); M. Orchin and L. W. Butz,
J. Org. Chem., 8, 509 (1943).

(9) W. Alcalay, Helv. Chim. Acta, 30, 578 (1947).
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OH OH O

(R = H) by S-alkylation and oxidation with ferric
chloride. Mercaptan Il (R = H) was claimed to
have been prepared in quantitative yield by the re-
action of p-toluquinone with sodium thiosulfate and
subsequent reduction of the resulting sodium aryl thio-
sulfate Il with zinc and hydrochloric acid. Alcalay
reported melting points for Il (R = H) and IV, as
136° and 113°, respectively, but supplied no details as
to a proof for the constitution of these substances.

Repetition of this work, however, paralleled the ex-
periences of Karrer and Dutta® who, like us, found
that this reaction led to more than a single product.
Karrer and Dutta obtained by the Alcalay procedure
a mixture of two mercaptans, separable into a minor
fraction, m.p., 176-179°, and a major one, m.p., 111-
112°. The minor product was converted into a methyl-
mercaptotoluquinone, m.p. 139-140°, established un-
equivocally as the 5-isomer IV by means of an inde-
pendent synthesis from methylmercapto-w-toluidine
(V). The mercaptan of m.p. 176-179° is thus authen-
tic 111 (R = H).

The corresponding methylmercaptotoluquinone from
the preponderant lower melting mercaptan (111-112°)
melted at 140-142°, depressed the melting point of the
5-isomer 1V, and was assigned the structure of 3-methyl-
mercaptotoluquinone (VIII1). This assignment was
based primarily on observation that the corresponding
methylmercaptotoluquinol of m.p. 83-84° yielded on
reaction with phytol (in a typical acid-catalyzed cou-
maran synthesis) a methylmercaptomethyltocol, which
generated, after desulfuration, a substance which was
taken to be 8-methyltocol (VII, X = Y = H, Z = CHS3;
in the precursor, X = H, Y = SCH3 Z = CH3. The
identification of the methyltocol was made solely on
the basis of mixture melting point comparison of a
derivative of the synthetic product with the correspond-
ing one from 5-tocopherol, despite a small difference in
their melting points. Structure VI (R = CH3 was
thereby deduced for the methylmercaptotoluquinol of
m.p. 83-84 °. Because of the possibility of isomorphism
of these derivatives and the lack of additional more com-

(10) P. Karrer and P. C. Dutta, Helv. Chim. Acta., 31, 2080 (1948).
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polling structure proofsllfor the intermediates involved
in these transformations, this assignment of structure
for the isomeric methylmercaptotoluqguinone of m.p.
140-142° appeared rather tenuous. Thus, it was de-
sired to approach the problem more directly, since its
solution would in turn comprise an essential step in the
structural elucidation of the Diels-Alder adducts from
this class of quinones.

The position of the methylmercapto group in the
quinone (m.p. 140-142°) was established by a study of
the ultraviolet absorption spectrum of the Diels-Alder
adduct of the quinone with butadiene. Under the con-
ditions used in the diene addition of 5-methoxy-p-tolu-
quinone with butadiene8 (ca. 4 days at 100°), the qui-
none (m.p. 140-142°) gave an 80% yield of a light yel-
low adduct, which absorbed in the infrared at 5.89 and
6.00 niMindicative of conjugated carbonyl function and
gave an elemental analysis which was in agreement with
the possible isomeric structures X1, XII, and XIII.

The ultraviolet spectrum of this adduct possessed a
322 niM (log t 3.95). Structure X1l may thus be
dismissed as a possibility for this substance, since the
chromophoric system of X111 is known to absorb maxi-
mally at 237 m/n.22 The bathochromic shifts upon sub-
stitution in the chromophoric system X-C=C-C=0
have been recorded13* for the following auxochromic
groups X: CH3(10), OCH3(50), SR (85 nm), the shifts
referring to systems where X = 1Id. In the dioxo-
ethylenic parent chromophore at hand, —COCX=
CHCO—, the corresponding bathochromic shifts were
found to be 15 and 47 m/i for X = CH3and OCH3
respectively.2 The butadiene-methylmercaptotolu-
quinone adduct shows a bathochromic shift of 100 m"
which is indicative of the presence of the SR auxo-
chroir.eld but does not distinguish between the two pos-
sible structures X1 and XIIl. As a comparison sub-
stance with a corresponding chromophoric system the
adduct X1V from butadiene and methylmercapto-p-
benzoquinone was prepared and found to possess maxi-
mum absorption at 332 mn (log €3.83), coincident with
that of the adduct in question. Therefore, the latter
must be the angularly methylated structure XIII,
and the toluquinone of m.p. 140-142° necessarily pos-
(11) One further piece of information taken®in favor of structure VIII
was that it could be converted to a bismethylmercapto derivative (assumed
to be the 3,5 isomer) on direct reaction with methyl mercaptan, whereas the
5-mercaptoquinone 1V did not yield a recognizable product; see also ref. 15.
(12) H. Bastron, R. Davis, and L. W. Butz, J. Org. Chem., 8, 515 (1943).
(13) (a* K. Bowden, E. Braude, and E. R. H. Jones, J. Chem. Soc., 948

(1946); (b) see also H. P. Koch, ibid., 387 (1949), on absorption spectra
of unsaturated sulfides.
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sesses the 6-methylmercapto structure X. The corre-
sponding hydroquinone of 83-84° accordingly must be
IX (Il = CI13 which forces the conclusion that Karrer
and Dutta’s methyltocol derived from I X possesses the
structure of a 5- or 7-methyltocol. Subsequent to the
termination of this phase of our work, these conclusions
were confirmed by unequivocal synthesesX of 5, 7-
and 8-methyltocols (VII, X = CH3 Y,Z = H; VII,
Y = CH3 X, Z = H; VII, Z = CH3 X,Y = H, re-
spectively) which served to settle the ambiguities with
respect to these structures discussed previously.
Karrer and Dutta’s methyltocol was proved in fact to
have been 7-methyltocol corroborating our conclusions
concerning 6-methylmercaptotoluquinone (X).5

The proof of the course of the Diels-Alder reaction of
dienes with 6-alkylmercaptotoluginones resulting in
addition to the methylated side of the quinone justifies
with complete assurance the angularly methylated
structures adduced previously in the analogous re-
actions with 5(or 6)-p-tolylthiotoluquinone.7

Since the Alcalay procedure did not avail a very con-
venient method of obtaining one particular mercapto-
toluhydroquinone which would serve as a precursor to
a conveniently blocked toluquinone useful in producing
angularly methylated decalin or polycarbocvclic sys-
tems in general, the direct interaction of methyl mer-
captan with toluguinone was investigated.106 This
reaction was carried out in the presence of excess methyl
mercaptan and was followed by subsequent oxidation
with ferric chloride. A good total yield (84%) of iso-
meric methylmercaptotoluguinones was obtained which
could be separated only after chromatography on silica
gel. There were isolated here also both the 5- (1V)
and 6- (X) methylmercaptotoluquinones in 17% and
57% vyields, respectively. Crystallization of the crude
reaction mixture afforded only the 6 isomer (X) and a
sharply melting (104°) mixture of isomers. This direct
one-step method is accordingly preferred to that of
Alcalay for the production of the 6 isomer (X).

Attention was next directed to a study of the mech-
anism of the zinc-acetic acid desulfuration reaction dis-
covered earlier in similar systems.7 The simpler adduct
X1V from methylmercaptobenzoquinone was studied
first. When a solution of X1V, light yellow in color, in
aqueous acetic acid was treated with zinc dust for 5
min. at 50°. a white solid was obtained which was
found to contain sulfur, possessed infrared absorption
characteristic of nonconjugated carbonyl groups, and
gave an elemental analysis in accord with the dihydro
derivative XV. The facile reduction of the conjugated
ethylenic bond in simple diene-quinone adducts with
zinc-acetic acid is well known and widely used,T but
this result contrasts with the finding of Speziale,

(14) D. McHale, P. Mamalis, J. Green, and S. Marcinkiewicz, J. Chem.
Soc., 1600(1958) ; D. McHale, P. Mamalis, S. Marcinkiewicz, and J. Green.
ibid., 3358 (1959); J. Green, D. McHale, P. Mamalis, and S. Marcinkiewicz,
ibid., 3374 (1959).

(15) The bismethylmercapto derivatives of toluquinone and of tolu-
hydroquinone derived from X are thus very probably the 3,6-bis substitution
products, since these substances were not derivable from 1V.D

(16) A. Schoberl and A. Wagner ‘Methoden der Organischen Chemie,”
Vol. 9, Houben-Weyl, Ed., 4th Ed. Georg Thieme Verlag, Stuttgart, 1955,
p. 130. See also A. Blackhall and R. H. Thomson, J. Chem. Soc., 1138
(1953), for a related reaction of toluguinone and thioglycolie acid, as well
as J. M. Snell and A. Weissberger, 3. Am. Chem. Soc., 61, 450 (1939).

(17) K. Alder and G. Stein, Ann.. 601, 247 (1933); C. Chuang and
C. Han, Ber., 68, 876 (1935); P. A. Robins and J. Walker. J. Chem. Soc.,
3960(1954); 177 (1957); 409(1958).
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Stephens, and Thompson,18 who showed that the
analogous reaction of the trans isomeride of the 5-meth-
oxvtoluquinone-butadiene adduct (XVII) resulted in
reduction of the C-4 carbonvl to an excellent yield of
XVIII.

This difference is not without intrinsic interest and
may well be accounted for on the basis of the changes
symbolized in the following mechanistic schemes, A,
B, and C. Zinc, as a source of electrons, may supply
these electrons to the parent unsubstituted system X 1X
through one of the termini of the conjugation as de-
picted in X 1X (arrows), Scheme A, to yield the enolate

Scheme A

(resonance» 2H"

forms J
Scheme B
OCH3 och3
0Zn®
XXI11
1
Oe
.©
ex n
0Zn®
XXV
Scheme C
0
k "flagCh:
/SCH ! a C |-L" / resonance \H
y forms J
0Zn® ozn*
XXV1
sch3
XVI

of lowest energy X X (plus usual resonance structures).
Protonation of XX on oxygen will, of course, be rever-
sible, ultimately leading to protonation on carbon with

(18) A. J. Speziale. J. A. Stephens, and Q. E. Thompson. J. Am. Chem.
Soc., 76, 5011 (1954).
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production of the usually encountered dihydro prod-
uct XXI. The methoxyl- and methylthio-substituted
cases may now be expected to differ from or resemble
this main reductive scheme by the course most likely
to be taken in the protonation steps of the enolates in
the respective cases. The most electronically attrac-
tive route for the approach of zinc to the methoxytolu-
quinone adduct is that via the C-4 carbonyl indicated in
XX11, Scheme E, because of lower electron density on
this oxygen than on the alternate one, which was sup-
plied electrons by resonance with the conjugated meth-
oxyl (vinylogous ester system). Although the result-
ing enolate XX 11 will have contributing structures in-
volving the distribution of the negative charge on the
C-l oxygen and C-2, (XXII1), it may be expected rea-
sonably that higher electron density will be located
obtain on C-4 than on C-2. The electron delocaliza-
tion demanded by the C-l carbonyl will be satisfied
by a flow from C-4 as well as from the methoxy group,
XXI1V. Thus, while protonation at the site of highest
electron density (C-l1 oxygen) will be reversible, C-4
protonation will compete favorably with C-2 protona-
tion, because of the relatively higher electron density
on the former, and lead to the observed product XVIII.

The methylmercapto-substituted case, Scheme C,
is analogous to the basic Scheme A with the added
qualification that, notwithstanding an apparently
“wrong” initial approach by the zinc to the carbonyl
oxygen conjugated with the methylthio group XXV, the
resulting enolate XXV will have considerable weight
in the delocalization of the electron pair among the vari-
ous contributing forms and may very reasonably be
expected to influence protonation in the direction indi-
cated to yield the observed product XV. In point of
fact, the approach of zinc with its electrons to the oxy-
gen atom indicated in XXV, Scheme C, is not at all
“wrong” as it would have been in the corresponding
methoxyl case (Scheme B), since the electron pair
donor-type conjugative effect of a divalent sulfur func-
tion is much less than that of an oxide as demonstrated
by Bordwell.19 Moreover, the lack of shortening of the
G-S bond in thioaeetic acidDindicates a lower resonance
effect of covalent sulfide than of covalent oxide, a point
quite germane tc the vinylogous thiol ester moiety
present in XXV. Hence, no extraordinary electron
density may be anticipated on the C-4 oxygen in XXV
to ward off approach by zinc. Of especial significance
to this scheme is the fact that there is generated thereby
an enolate of lower energy than attack on the C-I car-
bonyl would have produced, since in XXVI a sulfur
atom is juxtaposed with the carbanionic center. Such
carbanions as A were recognized by Woodward2l as
being of particular importance in determining the rate-
controlled course of a Dieckmann reaction in compe-
tition with carbanions of the type B, and subsequent
investigations2on similar systems have shown that sul-
fur has a decided acidifying influence on a hydrogens,

-S-CHCO- -S-CH,-CH-CO-
A B

(19) (a) F. G. Bordwell and G. D. Cooper, J. Am. Chem. Soc., 74, 1058
(1952); (b) F. G. Bordwell and P. .1 Boutan, ibid.. 78, 854 (1956).

(20) W. Gordy, J. Chem. Phys., 14, 560 (1946), finds an interaction be-
tween —S— and C =0 in thioaeetic acid no greater than ca. 6%.

(21) R. B. Woodward and R. H. Eastman, J. Am. Chem. Soc., 68, 2229
(1946).
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possibly due more to valence shell expansion of sulfur
than to simple inductive stabilization of the resulting
carbanion by the relatively low electronegativity of
sulfur. Bordwelllh concluded on this point that the
“presence of a powerful electron donor such as a car-
banion is necessary to evoke a clearly recognizable elec-
tron pair acceptor-type conjugation in divalent sulfur
groups,” i.e., precisely the situation obtaining in XXV 1.

When a solution of X1V in aqueous acetic acid was
treated with zinc dust at room temperature for longer
periods {ca. 2 hr.) methyl mercaptan was evolved and
the product m-Aé6octalin-1,4-dione (XV1) was isolated
in 61% vyield. The structure of XVI was established
by comparison (infrared and mixture melting point)
with an authentic sample of XV 1.7 The exact se-
guence of events in this desulfuration reaction cannot be
definitely particularized beyond the stage of a 2,3-di-
hydro intermediate XV. At this point an option is
available of either direct reduction of the /3-oxo sulfide
structure, Scheme D, or acid-catalyzed /3-elimination in
the 7-0x0 sulfide grouping, Scheme E, followed by
reduction of the resulting ene dionc. Precedent exists
for both views. Wahl2 observed the liberation of ben-
zyl mercaptan in the zinc-acetic acid treatment of

Scheme D

0Zn®

Scheme F

CHBECHZSCHXOR
XXVII

» R

XXVIII

XXIX XXX

OH

OH
XXXV

XXXV

(22) W. J. Brehm and T. Levenson, ibid.. 76, 5839 (1954); See also ear-
lier work by E. Rothstein, J. Chem. Soc.. 155 (1940). and former papers.
(23) C. Wahl, Ber., 55, 1449 (1922).
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/3-oxo sulfides XXV 11, and Schmid and Schnetzler? re-
ported that 3-oxothiophanes of the type XXV III under
Clemmensen reduction yield bimolecularly produced
sulfides, type XXXI1. To explain their generation it is
necessary to invoke the intercession of intermediates
XXIX and XXX arising both by reduction of the sul-
fide bond a to the carbonyl (Scheme D) and acid-
catalyzed /3-elimination of a mercaptide (XXX would
correspond to an intermediate in Scheme K). Addi-
tional analogies in this area may be found in the reduc-
tive elimination of certain electronegative groups, in-
cluding alkylmercapto and arylmercapto, from 2-sub-
stituted naphthoquinones X X X Il by means of stannous
chloride vyielding naphthohydroquinone XXXV.Za
The course of this reduction may be viewed as pro-
ceeding through the hydroquinone form XXXIII
which may then suffer further reduction through the
intermediacy of a tautomer either directly (Scheme F),
XXXV (arrow a), or by acid-catalyzed /3-elimination,
XXXV (arrow b), succeeded by reduction of the re-
sulting quinone (not shown). Evidence suggesting the
former direct reduction scheme was foundZ* in the re-
ductive cleavage by stannous chloride of 1-p-tolvithio-
2-naphthol to toluene-p-thiol and /S-naphthol, in which
case clearly only an intermediate of the type XXXIV
(arrows a, functional group positions reversed, 4-OH
lacking) ca 1be envisaged. Thus, perhaps the balance
of evidence weighs more in favor of Scheme D as the
one applicable to our situation. This probability is
further heightened by our observation (vide infra) that
the over-al desulfuration-reduction reaction proceeded
at a qualitatively slower rate in the case of the adduct
X111, which would necessitate approach by zinc to a
more hindered carbonyl function, in this case, at the
time of reductive cleavage of the mercapto moiety in a
dihydro intermediate corresponding to XV Zb with an
angular methyl group.

The desulfuration-reduction of the 6-methylmer-
captotoluquinone-butadiene adduct (XII1) required
more strenuous conditions than those needed for the
unmethylated model XI1V. Slow evolution of methyl
mercaptan (trapped as the yellow lead salt) was noted
upon refluxing with zinc in aqueous acetic acid for a few
hours. Isomerization of the cis ring junction was un-
doubtedly caused by this more vigorous treatment, and
the product of m.p. 87°,% 9-methyl-A6octalin-1,4-di-
one (1), is.thus assigned the trans configuration. The

(24) H. Schmid and E. Schnetzler, Heir. Chim. Acta, 34, 894 (1951).

(25) (@) D. B. Bruce and R. H. Thomson, J. Chem. Soc., 1428 (1954).

(b) The zinc-acetic acid desulfuration-reduction is particularly advan-
tageous in securing dehydrodecalin systems such as | since Raney nickel
has been found to over-reduce systems constructed similarly to those treated
herein (ref. 7); see also R. K. Hill and J. G. Martin, Proc. Chem. Soc., 391
(1959), and G. Stork, E. E. van Tamelen, L. J. Friedman, and A. B. Burg-
stahler, 3. Am. Chem. Soc.. 75, 384 (1953), for instances of over-reduction of
ethylenic systems in attempted Raney nickel desulfurations.

(26) (@) Ou- product melted very close to the melting point, 85-86°, re-

ported by Chuang and HanZI7for the substance obtained by mild zinc-acetic
acid reduction of the following butadiene-tolquinone adduct.

0

0

A depression in melting point resulted on admixture, and the infrared
spectra of tie two substances differed, (b) P. A. Robins and J. Walker,
J. Chem. Soc., 642, 1612 (1952); 3960 (1954); 177 (1957). (c) V. Georgian
and Lupe T. Georgian, paper IV in this series, J. Org. Chem., 29, 58 (1964).
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trans ring juncture is postulated on the basis of findings
by Robins and WalkerZland our own investigations on
zinc-acetic acid reductions of Diels-Alder products
from quinone and 3,20-diacetoxypregna-5.16,20-
triene.Z Short treatment of a few minutes’ duration
without heat of a cfs-l1,4-dioxo-A2octalin with zinc-
acetic acid usually permits the reduction of the ethyl-
enic bond with survival of the cis ring juncture. Pro-
longed treatment supplemented by heating results in
reduction concomitant with isomerization to a trans
ring fusion. Moreover, whereas cfs-a-decalone isom-
erizes only extremely slowly to trans-a-decalone at
room temperature,Z* cis-] ,4-dioxodecalins have been
found to be considerably less stable with respect to
their trans isomerides.Zb The trans ring assignment in
structure | appeared to be confirmed by the infrared
absorption of this compound showing a single strong
band in the 1450-1475-cm._1 region characteristic of a
trans angularly methylated decalin system.ZD An
identity was established also between this material
and that of the same melting point obtained previ-
ouslyZll from an analogous set of reactions commencing
with 5(or 6)-p-tolylthiotoluquinone and butadiene fol-
lowed by zinc-acetic acid. Substance | could be hy-
drogenated over palladium-charcoal with the uptake
of one mole of hydrogen to yield what is undoubtedly
irans-9-methyldeealin-1 ,4-dione (XXXV ).

It was hoped to simplify the preparation of | by omit-
ting the mercapto-quinone isomer separation, employ-
ing the total crude reaction mixture of predom nantly
5- and 6-methylmercaptotoluquinones, and resorting to
subsequent isomer elimination in the desulfuration-
reduction step. A direct Diels-Alder reaction with
butadiene on such a mixture of quifiones, obtained from
methyl mercaptan and toluguinone followed by oxida-
tion with ferric chloride and crystallization to m.p.
104-135° (thus eliminating any unchanged toluqui-
none), resulted in a good yield of a distilled adduct
whose ultraviolet absorption indicated ca. 60% of the
angularly methylated material. However, zinc-acetic
acid reduction of this mixture did not afford any over-
all better yield of I than had been obtained before.
There was isolated in addition, in small yield, however,
a substance melting at 166-168°, identified as 2-meth-
yl-5,8-dihydro-1,4-naphthohydroquinone  (XXXVII)
by comparing it with an authentic sample of this

OH

OH
XXXV

compound. The generation of this hydroquinone
XXXVIlI may be due to the presence of the unknown
3-methylmercaptotoluquinone (VIII) in the original
crude mercaptotoluquinone mixture employed in this
Diels-Alder reaction. The precursor to compound
XXXV Il would then have been the adduct XI. This
is indirect proof that all three available positions of tolu-

(27)(@) W. Huckel, Ann., 441, 1 (1925); (b) R. M. Lukes. G. I. Poos,
and L. H. Sarett, J. Am. Chem. Soc., 74, 1401 (1952); (c) R. H. Baker, L.
S. Minckler, and A. S. Hussey, ibid., 81, 2379 (1959); (d) V. Georgian,
J. Lepe M., anti L. L. Skaletzky. unpublished results, manuscript in prepara-
tion.
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quinone are attacked by methyl mercaptan in the order
C-6 > C-5» C-3.

Recently there appeared what is undoubtedly the
method of choice in preparing a monothiolated tolu-
hydroquinone. It was foundZthat 5-bromotoluhydro-
quinone on being refluxed a short while with alcoholic
sodium sulfide gave an excellent yield of 5-mercapto-
toluhydroquinone (111, R = 11). Méthylation on sul-
fur may be readily effected, and oxidation by the usual
means to 5-methylmercaptotoluquinone (1V) would
make the latter most plentifully available for employ-
ment in the general synthetic scheme developed in this
paper.

ExperimentalXa

Benzoquinone.— Benzoquinone was prepared according to a
literature method. 2l The yellow quinone, which was dried in a
desiccator over calcium chloride, melted at 110-112° and was
used without further purification.

Potassium S-(1,4-dihydroxy-2-phenyl ithiosulfate (11).—The
thiosulfate was prepared according to a literature procedure.ZD
To asolution of 99 g. (0.02 mole) of anhydrous sodium thiosulfate
in 200 ml. of water, cooled in an ice-salt hath, was added with
stirring a warm (40-50°) solution of 42.2 g. (0.4 mole) of quinone
in 150 ml. of glacial acetic acid. The addition time was0.75hr.,
and the reaction mixture was maintained at 0-10°. The red
reaction mixture, after a few minutes additional stirring, became
almost colorless and was saturated with potassium chloride.
After 2 hr. in the cold room, the white precipitate was filtered and
washed with cold saturated potassium chloride solution. The
white solid was dried in air and used directly in the reduction
with zinc and hydrochloric acid.

2-Mercaptohydroquinone.—To the crude potassium S-(1,4-
dihydroxy-2-phenyllthiosulfate dissolved in S .V hydrochloric
acid was added slowly zinc dust (2 g. of zinc dust for 1 g. of
potassium salt in 30 ml. of 8 .V hydrochloric acid.) Hydrogen
and hydrogen sulfide were immediately evolved and the solution
was maintained at 40-50° by cooling in a cold water bath when
necessary. After being cooled, the acid solution was extracted
several times with ether. The ether extracts were dried (sodium
sulfate) and evaporated to dryness in a desiccator in the presence
of potassium hydroxide. Several recrystallizations from benzene
gave 2-mercaptohydroquinone, 15 g. (27"} based on quinone),
as colorless needles, m.p. 118° (lit.9 m.p. 118°).

2-Methylmercaptoquinone.—To a cold solution of 15g. (0.105
mole) of 2-mercaptohydroquinone in 270 ml. of 2% sodium hy-
droxide solution containing a little sodium hydrosulfite was
added with stirring 14.5 ml. (0.105 mole) of methyl sulfate in
three portions. After each addition the solution was stirred for
15 min. and finally until the complete disappearance of the
methyl sulfate. The solution was acidified and the hydroqui-
none was oxidized at 20° with 105 ml. of 2 N ferric chloride.
The orange solid was filtered, washed well with water, and dried
in a vacuum desiccator over potassium hydroxide. The orange
quinone was purified by crystallization from methanol. The
vield was 9.1 g. (50", ) of 2-methvimercaptoquinone, m.p. 140
146.5° (lit.9m.p. 14S°). '

ns-2-Methylmercapto-5,8,9,10-tetrahydro-I ,4-naphthoquinone
(X1V).- A mixture of 10 ml. of 1,3-butadiene, 5.7 g. of 2-methyl-
mereaptoquinone, and 10 ml. of anhydrous benzene containing a
trace of hydroquinone was heated in a sealed Carius tube at
110 + 5° for 4 hr.  The tube was cooled in acetone-l)ry Ice
and opened. Evaporation of the benzene gave 5.3 g. (69' <) of
yellow Diels-Alder adduct, m.p. 81-84°. The product on
recrystallization from ether-hexane gave X1V as yellow needles,
m.p. 85-86°. The ultraviolet spectrum showed an absorption

(28) .1 Green, D. Mcllale, P. Mamalis, and S. Marcinkiewiez, J. Chem.
Soc., 3374 (1959).

(29) (@) All melting points and boiling points are uncorrected.
analyses were performed by Miss H. Beck. Microanalytical Laboratory,
Northwestern University. Infrared spectra were measured on a Baird
Model AB-2 double-beam spectrophotometer or on a Perkin-Elmer Infra-
cord. Ultraviolet spectra were measured in 95°< ethanol on a Beckman
Model DU spectrophotometer, (b) H. W. Underwood, Jr. and W. L.
Walsh. “Organic Syntheses,” Coll. Vol. Il. John Wiley and Sons. Inc., New
York, N. Y.. 1943. p. 553. (c) German Patent 175.070 (1905); Frdl.. 8,
HO (1905).
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maximum, 332 um (leg €3.83). Infrared spectrum showed
carbonyl bands at 5.89 and 6.0, and double bond band at 6.4 »
(C=C-S-R).

Aral. Calcd. for C,H A): C, 63.43; H, 5.81. Found:

C, 63.62; H, 5.73.

Zinc-Acetic Acid Reduction of cfs-2-Methylmercapto-5,8,9,10-
tetrahydro-1,4-naphthoquinone. A. Five-Minute Reduction
cis-2- Methylmercapto-2,3,5,8,9,10 -hexahydro - 1,4 - naphthoqui-
none (XV) (cis-2-Methylmercapto-A'-octalin-1,4-dione).- To 1
g. of zinc dust suspension in 3 ml. of water at 50° was added
dropwise with vigorous stirring glacial acetic acid (3 ml.) con-
taining 0.5 g. of 2-methylmereapto-5,8,9,10-tetrahydro-1 ,4-naph-
thoquinone (X1V). After the addition was complete (5 min ),
the yellowish solution was decanted from the zinc, diluted with
water, and extracted with ether. The ether extract was washed
with water, sodium bicarbonate solution, and then with satu-
rated sodium chloride solution and dried over anhydrous sodium
sulfate. Evaporation of the ether and addition of alcohol pre-
cipitated some white solid, which was filtered and recrystallized
several times from aqueous alcohol to give XV as needles, m.p.
111-112°. The solid gave a positive sulfur test.

Anal. Calcd. for CuHuOjS: C, 62.84; H, 6.71.
C,63.21; H, 6.44.

B. Two-Hour Reduction, ax-2,3,5,8,9,10-Hexahydro-I ,4-
naphthoquinone (XVI) (cfs-A6Octalin-l ,4-dione i—To a stirred
solution of 0.5 g. of rts-methvimercapto-5,8,9,10-tetrahydro-
I, 4-naphthoquinone (X1V) in 95G acetic acid there was added
5 g. of zinc dust in five portions over 1 hr. The suspension was
stirred for an additional hour during which time traces of methyl
mercaptan were detected by lead acetate paper. The solution
was decanted from the zinc which was washed thoroughly with
acetone. The acetic acid acetone solution was concentrated
in vacuo and the residue extracted with benzene. The benzene
solution was washed with water, sodium bicarbonate solution,
and again with water. The dried (sodium sulfate) benzene was
concentrated to 0.24 g. (61rc) white solid, m.p. 101-103°.
Crystallization from ether-hexane gave the cts-2,3,5,8,9,10-
hexahydro-1,4-naphthoquinone (XV 1) as colorless needles, m.p.
103 104°. Xo sulfur could be detected on sodium fusion.
Alder and Stein reported the melting point of cts-2,3,5,8,9,10-
hexahydro-1,4-naphthoquinone as 108°.® However, prepara-
tion of the diketone according to their directions gave colorless
needles, m.p. 103-104°. A mixture melting point of the desul-
furation product and authentic cfs-2,3,5,8,9,10-hexahydro-1 ,4-
napht loquinone of Alder and Stein did not depress. The infra-
red spectra of these two materials were superimposable.

Addition of Methyl Mercaptan to Toluquinone. 5-Methyl-
mercaptotoluquinone (1V)and 6-Methylmercaptotoluquinone (X).
—To a solution of methyl mercaptan (15-25 g.) in 250 ml. of
methanol, cooled in an ice-salt bath at 0-5°, was added with
vigorous stirring a solution of 30 g. (0.25 mole) of toluquinone in
150 ml. of methanol. During the half hour addition period,
each drop of the quinone solution gave a fleeting red coloration.
After the addition was complete, the yellow solution was con-
centrated in vacuo to 250 ml. The mixture of methylmercapto-
toluquinones was oxidized with 250 ml. of 2 .V ferric chloride
solution at 20°. The orange precipitate was filtered, washed
well w th water, and dried in a vacuum desiccator over potassium
hydroxide. The crude methylmereaptotoluguinone mixture, 35.1
g. (84S)), melted at 104-135°. A 15-g. sample of the methyl-
mereaptotoluquinone mixture was crystallized several times from
methanol to give 5 g. of 6-methylmereaptotoluquinone (X),
m. p. 140-142°. From the mother liquors, was isolated material
of sharp m.p. 104° which could be purified by sublimation, but
which was not encountered later after chromatography over
silica gel, and must have been a sharply melting mixture of iso-
mers.

A separation of the crude methylmereaptotoluquinone mixture
could le obtained by chromatography over silica gel using
ether-hexane as the eluting agent. The orange 6-methylmercap-
totoluquinone (X) (57% ), m.p. 140-142°, and 5-methylmerrapto-
toluquinone (1V) (17"}), m.p. 136-137°, were isolated. These

Found:

Microeyo quinones were shown to be different, since a mixture melting

point showed a depression (m.p. 105-125°) and their infrared
spectra were quite different in the fingerprint region. The infra-
red spectra showed bands at 6.03, 6.07, 6.15, and 6.4 m- The

(30) K. Alder and G. Stein, .-inn., 501, 277 (1933). P. Robins and 1
Y\alker. J. Chem. Soc.. 409 (1958), reported m.p. 103-105° for this com-
pound in agreement with our value.
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substance, m.p. 104°, was probably a mixture of the two mono-
methylmereaptotoluquinones described previously, since its
infrared spectrum had only those bands which appeared in the
spectra of the 140-142° and 136-137° isomers. The monomethyl
mercaptotoluquinone of Alcalay,9 m.p. 113°, was not encoun-
tered. Analytical samples of each were prepared by recrystal-
lization from methanol.

Anal. Calcd. for CsH®0XS: C, .57.14;
for IV, m.p. 136-137°; C, 57.22; H, 4.72.
140-142°: C, 57.42; H, 4.79.
C, 57.23; H, 4.61.

Samples of IV and X prepared by the combined Alcalay9
KarrerD procedure were found to be identical with those pre-
pared previously by infrared and melting point comparisons.

Diels-Alder Reaction of 1,3-Butadiene and 6-Methylmercapto-
toluquinone (X, 140-142° Monomethylmercaptotoluquinone
Isomer). 2-Methylmercapto-9-methyl-5,8,9,10-tetrahydro-1,4-
naphthoquinone (XII1).— Butadiene (15-20 ml.), 3 g. of 6-
methylmercaptotoluquinone (isomer, m.p. 140-142°), and 30 ml.
of anhydrous benzene containing a trace of hydroquinone were
heated in a sealed Carius tube at 100° for 4 days (96 hr.). The
color of the reaction mixture changed during this period from
red to light yellow.

The Carius tube was opened, and the benzene solution was fil-
tered to remove some traces of butadiene polymer. The reac-
tion tube was washed out with several portions of benzene.
The combined benzene solution was concentrated to 5.1 g. of
yellow oil.  The oil was taken up in ether and was washed several
times with sodium hydroxide-sodium hydrosulfite solution in
order to remove traces of quinone still present. (These washings
resulted in a loss of product since it was later shown that the
diketone wns somewhat soluble in dilute base.) The ether
solution was washed with water and dried over sodium sulfate.
Evaporation of the ether gave 4.6 g. of yellow oil which solidified
on standing several days at room temperature. Crystallization
from ether-ligroin (35-60°) gave 3.1 g. (80%) of Diels-Alder
adduct as yellow needles, m.p. 79-80°. The 2-methylmercapto-
9-methvl-5,8,9,10-tetrahydro-I,4-naphthoquinone shows a band
X rH332 nv (log f 3.95), and the infrared spectrum shows car-
bonyl bands at 5.89 and 6.0 m-

Anal. Calcd. for CIHHXOXS: C, 64.85;
C, 64.83; H, 6.10.

Zinc-Acetic Acid Reduction of 6-Methylmercaptotoluquinone-
Butadiene Adduct XIII. irans-9-Methyl-A6octalin-1,4-dione (1).
—The adduct X111 (0.68 g.) dissolved in 100 ml. of 95% acetic
acid was refuxed with 3 g. of zinc dust for 2.5 hr. During this
period a stream of nitrogen swept the methyl mercaptan evolved
into a lead acetate trap, where it precipitated a yellow lead
salt. Then 3 g. more of zinc was added and the reaction mixture
was refluxed an additional 2.5 hr.

The acetic acid solution was decanted from the zinc-zinc
acetate solids which were washed thoroughly with glacial acetic
acid. The acetic acid was concentrated in vacuo and the residue
was extracted with ether. The ether layer was washed with
water, sodium bicarbonate solution, and water and was dried
over sodium sulfate. Evaporation of the ether gave 0.44 g.
(81%) white solid, m.p. 60-65° which gave a negative sulfur
test. Recrystallization of this material from hexane afforded
ir<ms-9-methyl-A6octalin-1,4-dione (1), m.p. 86.5-87.0°. Infra-
red showed nonconjugated carbonyl absorption at 5.80 ji. A
mixture melting point with cts-2-methyl-2,3,5,7,9,10-hexahy-
dro-1,4-naphthoquinone (m.p. 85-86°17) showed a large depres-
sion, and the infrared spectra of the two compounds differed.

Anal. Calcd. for C,HIOD2 C, 74.13; H, 7.92. Found:
C, 74.12; H, 8.02.

irairs-9-Methyldecalin-1,4-dione (XXXVI). Hydrogenation of
I.—The diketone I, of m.p. 87°, was hydrogenated in a micro-
volumetric hydrogenation apparatus in 10 ml. of ethanol over 5%
palladium-charcoal at room temperature and at near atmospheric
pressure. Hydrogen, 23.5 ml. (93%), was absorbed in ca. 0.5
hr. The catalyst was filtered, and the alcohol was stripped to
yield irans-9-methyldecalin-l,4-dione (XXXVI1), m.p. 95.5-
97°. Recrystallization from hexane afforded the analytical
sample, m.p. 97.0-97.4°.

Anal. Calcd. for CnH,80s:
C, 73.34; H, 8.65.

H, 4.79. Found
Found for X, m.p.
Found for isomer mixture, 104°:

H, 6.35. Found:

C, 73.30; H, 8.95. Found:
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Diels-Alder Reaction of the Crude Methylmercaptotoluquinone
Mixture and Butadiene.—In a sealed Carius tube, 10 g. of
methylmercaptotoluquinone mixture (m.p. 104-135°, contain-
ing essentially 5- and 6-methylmercaptotoluquinones), 30 ml. of
butadiene, 40 ml. of anhydrous benzene, and 0.1 g. of hydro-
qguinone were heated at 100° for 4 days. The contents were
combined with a run using 6 g. of the crude quinone mixture and
corresponding amounts of the other reagents.

The benzene solution was concentrated and the yellow oil dis-
tilled in vacuum to give 11.9 g. of yellow oil which showed a
strong band in the ultraviolet at 332-333 up- (log e
3.73). Since the crude quinone mixture shows no absorption at
this wave length, from the relative intensities of absorption of
this reaction mixture and of pure XIIIl it was estimated that
there was approximately 55-60% of angular methylated adduct
in the reaction mixture. This reaction product was submitted to
zinc-acetic acid reduction-desulfuration as in the following ex-
periment.

Zinc-Acetic Acid Reduction of the Isomeric Mixture of Methyl-
mercaptotoluquinone-Butadiene Adducts. irans-9-Methyl-A6
octalin-1,4-dione (I) and 2-Methyl-5,8-dihydro-1,4-naphthohy-
droquinone (XXXVII).—To 4.0 g. of Diels-Alder adduct of the
isomeric methylmercaptotoluquinones and butadiene obtained
from the previous procedure, dissolved in 200 ml of 95% acetic
acid there was added 12 g. of zinc dust, and the reaction mix-
ture was refluxed 2 hr. A nitrogen stream swept the methyl mer-
captan produced into a lead acetate trap where it was precipitated
as the yellow lead salt.

The reaction mixture was permitted to cool, the supernatant
liquid was decanted, and the zinc sludge was washed thoroughly
mnith acetone. The acetic acid-acetone solution was concen-
trated in vacuo and the residue extracted with ether. The ether
extract was washed with water, sodium carbonate solution, and
again with water. The dried ether solution (sodium sulfate)
was evaporated to a small volume which was put on silica gel
chromatographic column. Elution with ether-ligroin (35—
60° ) gave 0.4 g. of solid, m.p. 166-168°, and 0.7 g. of solid, m.p.
52-65°.

The substance, m.p. 166-168°, was shown to be identical with
2-methyl-5,8-dihydro-I ,4-naphthohydroquinone (XXXVII),
m.p. 166-168°, prepared according to the directions of Chuang.7
These two materials did not depress on mixture melting point
and had superimposable infrared spectra.

The low melting material after many recrystallizations from
hexane gave 0.2 g. of a white solid, m.p. 85-86°, which gave a
negative sulfur test. Further recrystallization from hexane gave
the diketone | as colorless needles, m.p. 87°. A mixture melting
point  with m-2-methyl-2,3,5,8,9,10-hexahydro-I ,4-naphtho-
quinone (m.p. 85-86°n) showed a large depression, and the
infrared spectra of the two compounds differed.

cfs-2-Methyl-5,8,9,10-tetrahydro-I ,4-naphthoquinone.— A so-
lution of 2.4 g. of toluquinone, 4.4 g. (7 ml.) of butadiene
and 10 ml. of benzene was heated in a sealed tube at 105° for 5
hr.  The yellow solution was concentrated in vacuo and the resi-
due was crystallized from ether-ligroin (35-60°) to give 2.0 g.
(58%) of colorless needles, m.p. 79.5-80.5° (lit.Ym.p. 79-81°).

cis si/n-2-Methyl-2,3,5,8,9,10-hexahydro-I ,4-naphthoquinone
(ds-S2Zra-2-Methyl-A6octalin-l ,4-dione).— A solution of the pre-
ceding butadiene-toluquinone adduct (0.7 g.) in 3 ml. of glacial
acetic acid was added dropwise to a well stirred suspension of 1g.
zinc dust in 3 ml. of water at 50°. After the addition was com-
plete, the colorless solution was quickly decanted. The acetic
acid solution whs cooled and the reduction product was filtered
and washed with cold water. One crystallization from ligroin
(35-60°) gave the diketone, 0.5 g. (72%), m.p. 85.5-86° (lit.T/
m.p. 8.5-86°).

2-Methyl-5,8-dihydro-I,4-naphthohydroquincne (XXXVII).—
2-Methyl-5,8,9,10-tetrahydro-1 ,4-naphthoquinone dissolved in
glacial acetic acid was isomerized with a trace of hydrogen bro-
mide in glacial acetic acid. The precipitated hydroquinone was
filtered and washed with cold water. The product, after drying
in air, melted at 165.5-168°.
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The Diels-Alder reaction of 3/3,20-diacetoxypregna-5,16-'20-triene (l1) with quinone, dimethyl acetylene-

dicarboxylate, citraconic anhydride, and 5(or 6)-p-tolylthiotcluquinone is reported.

The adducts with the

latter quinone and with quinone itself have been reduced with zinc-acetic acid to yield hexacarbocyclic “ex-

tended-steroidal” ring systems.
is discussed.

As one phase of our general interest in the synthesis
of polycarbocyclic ring systems approaching steroid
proportions, we wished to investigate the application
of the Diels-Alder reaction to acetoxydienes in-
corporated in ring systems of already substantial size.
Such a system is to be found in 20-acetoxy-16,20-
steroid dienes, which are readily obtainable from
A¥pregnan-20-ones with isopropenyl acetate.2 While
we were interested in the ultimate utility of this
reaction scheme for the synthesis of angularly meth-
ylated “extended-steroidal” ring systems, the diene
addition to the title compound was investigated first
with simpler dienophiles.

An earlier patent disclosure indicated that 20-
acetoxy-16,20-dienes could add maleic anhydride and
p-benzoquinone.34 This observation has been con-
firmed for both additions, and dimethyl acetylene-

(1) Contribution No. 297 from the Department of Chemistry, Tufts
University, Medford 55, Mass.
(2) R. B. Moffett andD. I. Weisblat, 3. Am. Chem. Soc., 74, 2183 (1952).

(3) (@ R. H. Mazur and G. P. Mueller, U. S. Patent
Abstr., 51, 2070 (1957). (b) R. H. Mazur, U. S. Patent
Abstr., 61, 4436”(1957). (c) R. H. Mazur, U. S. Patent

Abstr., 52, 6418 (1958).

(4) For a closely related case of Diels-Alder reaction of 20-methyl-16,20-
dienes with maleic anhydride, see F. Sondheimer and R. Mechoulam, J.
Org. Chem.. 24, 106 (1959).

The stereochemical courses of the diene additions and of the reduction process

dica.'boxylate was found to add to the title compound
I as well yielding the pentacarbocyclic adduct II.
The addition product®to p-benzoquinone is postulated
to have the stereochemical configuration shown in
111 based on the general mode of attack to steroidal
centers of unsaturation from the a (3 approach
hindered by 18 axial angular methyl) side.5 This
will result in a /3 configuration for the C-Ifi hydrogen.
The cis {3 hydrogens of the newly created ring juncture
result from biplanar orientation between the quinone
and diene moieties in the transition state resulting in
maximum overlap of the 7r-electron systems.6 Reduc-
tion of adduct Ill with zinc and acetic acid at room
temperature for just a few minutes resulted in the
dihydro reduction product IV still represented as
having a cis E/F ring fusion. When the reduction
with zinc was conducted at reflux temperature for
4 hr., a much higher melting (m.p. 305°) isomeric
reduction product V was obtained which is considered
to possess the anti-trans D/E/F ring system. These
deductions are based on the investigations of Robins
and Walker7 who ascertained that zinc-acetic acid
reductions of dioxoethylenic functions of a few minutes
duration and without heat permitted reduction of the
ethvlenic bond with survival of a cis ring juncture,
whereas prolonged refluxing resulted in reduction
concomitant with isomerization to a trans ring fusion.
Moreover, while m-a-decalone isomerizes only ex-
tremely slowly to frcms-a-decalone at room tempera-
ture,1 cis-1,4-dioxodecalins have been found to be
much less stable with respect to their trans ring isomers.9
The difference between isomers IV and V is reflected
interestingly enough in their infrared (Xujol mull)
spectra in the carbonyl region. While a precise
assignment of bands is difficult, the observation was
made that cis isomer IV has a very strong band at
5.72 (probably due to two acetate carbonyls) and two
other strong (but a little weaker than the one at
5.72) bands at 5.81 and 5.90 p, possibly each due to
one of the two ring carbonyls. The trans isomer V
has an identical band at 5.72 (two acetate carbonyls)
and now only one other carbonyl (as strong as the
5.72 band) at 5.82 p, possibly resulting from the two
ring carbonyls. The latter coincidence of absorption

(5) Cf. L. F. Fieser, Experientia, 6, 312 (1950).

2,753,343;Chegg) Rule of maximum accumulation of unsaturation of K. Alder and G.
2,753,359;CheBtein, Angew. Chem., 50, 510 (1937).
2,812,335;Chem.(7) P. A. Robins and J. Walker, J. Chem. Soc., 642, 1612 (1952); 3960

(1954); 177 (1955).

(8) W. Huckel, Ann., 441, 1(1925).

(9) R. M. Lukes, G. I. Poos, and L. H. Sarett, 3. Am. Chem. Soc., 74,
1401 (1952).
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for the ring carbonyls may reflect the circumstance
that they are in a comparable environment which
a flattened-out all trans ring system would afford,
while the slightly different positions of absorption for
the ring carbonyls in the cis isomer might be due to
different molecular environment, into which cis E/F
ring fusion would force them. Molecular models indi-
cate such a difference, and the conclusions drawn
above on t ie stereochemistry of IV and V, based on
many previous analogies,7 find some additional support
in this spectral observation.

The ability of the acetoxydiene | to add to meth-
ylated dienophiles was investigated next with promising
results. When treated with citraconic anhydride in
refluxing toluene for 48 hr., an adduct was produced
to which we assign the orientation and configuration
symbolized in formula VI for reasons presented sub-
sequently. The anhydride VI was hydrolyzed in

alkaline methanol to yield what turned out to be a
monomethyl ester of the diacid. Although it is not
known which way the anhydride was opened, it seems
reasonable to indicate attack on the less hindered
carbonyl leading to structure VII. A cis D/E ring
junction is considered more likely to have been produced
in the ketonization at C-20, since otherwise there
would result two trans fused cyclohexane rings on ring
D which appear very strained on models. The car-
bonyl functions on VII are apparently still cis, since
the compound on being heated is readily changed to a
very high-melting (over 300°) anhydride VIII.

To append an angularly methylated decalin ring
system at position 16,17 on the steroid nucleus the
Diels-Alder reaction of the diene | was conducted with
5(or 6)-p-tolylthiotoluquinone. The latter dienophile,
as well as 5- and 6-methylmercaptotoluquinone, have
been shown in allied investigations®to yield angularly
methylated polycarbocyclic ring systems with dienes
when the diene addition is succeeded by zinc-acetic
acid reduction; and so, in the present case, an adduct
resulted which is portrayed as IX. The orientational
course of this Diels-Alder reaction and the anti-cis
stereochemistry of the D/E/F ring system is discussed
subsequently. The infrared spectrum of 1 X indicated,

(10) (a) V. Georgian and J. Lepe M., papers 1 and 11 of this series, J.

Org. Chem., 29, 1. 40, 45 (1964); (b) V. Georgian and L. L. Skaletzky, paper
111 of this series, J. Org. Chem. 29, 51 (1964).

Alicyclic Syntheses.

v 59

in addition to the acetate carbonyl absorption at
5.73, a set of carbonyl bands at 5.88, 5.96, and 6.40 fi
characteristic of the thio-substituted enedione chromo-
phore in IX.1l Zinc-acetic acid reduction over an
18-hr. period afforded a reduction product, the hexa-
carbocyclic dione X (similar infrared carbonyl absorp-
tion with that of compound V). The trans E/F ring
system is assigned on the same basis as that used
previously in connection with the E/F configuration
of structure V as well as on the experimental evidence
available from a parallel investigation of the course of
reduction of the butadiene-6-methylmercaptotolu-
quinone adduct resulting in irans-9-methvl-A6&octalin-
1,4-dione. 112 The prolonged hot acid exposure to
X during the conversion of IX to X almost certainly
ensures that X possesses the most stable trans E/F
fusion.

Lastly, the orientation of the methyl group in and
the stereochemical configuration of the angular meth-
ylated adducts VI and IX may be discussed, ‘these
assignments follow from (1) a priori consideration of
the best transition state together with support by
analogy to previously established results with similar
Diels-Alder reactions, and (2) a departure from the
endo addition precept of Alder-Stein6 recognized as
operative in those reactions requiring the forcing
conditionsB (higher reaction temperatures and pro-
longed reaction times), which were necessary to the
generation of adducts VI and IX. With respect to
this latter point (2), it may be said that endo addition
has been encountered in Diels-Alder reactions with
the more reactive and less encumbered dienophiles
such as maleic anhydridel3 and quinone. In the case
particularly germane to our discussion of VI and IX,
of addition of citraconic anhydridel® and 2,6-xylo-
quinonel® to I-(l-acetoxyvinyl)cyclohexene (both re-
quiring long periods of heating) the products were

(11) L. L. Skaletzky, Ph.D. dissertation. Northwestern University,
1959. Similar absorption was shown by butadiene adduct of p-tolylthio-
toluquine.

(12) Paper Il of this series, ref. 10b.

(13) (@) M. F. Ansell and G. T. Brooks, J. Chem. Soc., 4518 (1956); (b) J.
Heer and K. Miescher, Helo. Chim. Acta, 31, 219 (1948); 32, 1572 (1949); (c)
F. Winternitz and C. llalmossiere, Tetrahedron, 2, 100 (1958); (d) I. N.
Nazarov, V. F. Kucherov, and V. M. Andreyev, Dokl. Akad. Nauk SSSR,
102, 751 (1955); (e) I. N. Nazarov, V. F. Kucherov, and V. M. Andreyev,
Bull. Acad. Sci. USSR, Dio. Chem. Sci., 67, 77 (1955); Chem. Ahstr., 50,

1713 (1956); (f) 1. N. Nazarov, V. F. Kucherov, V. M. Andreyev, and G.
M. Segal, Dokl. Akad. Sauk SSSR, 104, 729 (1955): Chem. Ahstr.. 50, 11,
304 (1956).
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those resulting from exo addition and hear the configu-
rations shown in X1 and X11, respectively.

Concerning the 14 relationship of the angular
methyl to the acetoxyl group, point 1, the preceding
examples of the synthesis of X1 and X1 indicate quite
clearly the orientational course taken by Diels Alder
reactions of the type leading to VI and IX as well.
An understanding of the reason for this directional
control may be had in considering a picture for the
transition state in these reactions, pictured synoptically
as in XI111.145 Association of the addends in this

manner will lead to a transition state involving the
establishment of the initial bond% between the termini
of the olefinic systems with electron delocalization at a
secondary carbon and a tertiary carbon a to oxygen
in the diene and at a tertiary carbon a to carbonyl
in the dienophile. Combination of the components
alternate to that shown in XIIl would lead to higher
energy transition states. Similar analysis may be
made of the systems leading to the postulation of
structures VI and IX. In suggesting acceptance of
the validity of these conclusions, we wish to draw
attention to the significant fact that the established
closely related structures of X1 and XII are contrary
to those which would have been predicted purely on
polar grounds,be.g. XIV.

Experimental 7

3rf,20-Diacetoxypregna-S, 16,20-triene  (I).—This substance
was prepared essentially according to the published procedure2
from 16-dehydropregnenolone acetate.
Adduct of I and Maleic Anhydride.— A solution of 4.0 g. of
diacetoxypregnatriene | and 1.0 g. of maleic anhydride in 100 ml.

(14) For additional and more detailed discussion of and references to this
subject of Diels-Alder additions between unsyimnetrical addends, see
ref. 10a.

(15) Recent evidence has accumulated which indicates that, while Diels-
Alder reactions may involve transient intermediates in which one bond has
been formed [R. B. Woodward and T. J. Katz, Tetrahedron, 5, 70 (1959);
C. Walling and J. Peisach, J. Am. Chem. Soc., 8o, 5819 (1958); and R. P.
Lutz and J. D. Roberts, ibid., 83, 2198 (1961)). the intermediacy of a triplet
biradical has been ruled out (N\ J. Turro and G. S. Hammond, ibid.. 84,
2841 (1962)] and is not to be read into formula XI11.

(16) Many previously recorded cases involving unsymmetrical addends
conform to this same ostensible anomaly. Accordingly, it has proved fruit-
ful, in accounting for products, to treat such cases, even those wherein polar
factors appear to suffice, in terms of the single electron delocalization used in
the previous. For an extensive study of Diels-Alder reactions between
unsymmetrical addends consult the series of papers by Alder, et al., Ber.,
86, 1372 (1953). also paper | in this series, and references contained therein,
(see ref. 10a).

(17) All melting points are uncorrected. Infrared spectra were taken
as Nujol mulls on a Perkin-Elmer Model 21 spectrophotometer. Elemental
analyses were performed by the microanalytical laboratory of the Smith,
Kline and French Laboratories. Inc-
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of dry benzene was refluxed 4 hr. Some of the benzene was
boiled off until crystallization commenced, and after being
cooled somewhat, white crystals, 3.4 g., m.p. 245-254°, were
filtered and washed with 1:1 benzene-hexane. The product
could be recrystallized from chloroform-cyclohexane or from
benzene-cyclohexane, m.p. 254-256° (lit.3 m.p. 241-243°). In-
frared spectra showed in addition to strong acetate carbonyl ab-
sorption at 5.73, the characteristic pattern of a five-membered
anhydride with carbonyl bands at 5.40 (w), 5.60 a (s).

A,al. Calld. for CmHmO,: C, 70.14; H, 7.31. Found:
C, 70.06; H, 7.11
Adduct Il of I and Dimethyl Acetylenedicarboxylate. A solu-

tion of 3.0 g. of 3d,20-diacetoxypregna-5,16,20-triene (1) and 3.0
g. of dimethyl acetylenedicarboxylate in 200 ml. of dry benzene
was refluxed 8 hr. After the reaction was stripped of volatile
matter on a rotary evaporator with steam bath heat, the white
crystalline residue was recrystallized from ethy | acetate to yield
6.3 g of adduct Il, m.p. 113-114°. The infrared spectra showed
three bands at 5.60, 5.68, and 5.75 and a weak double bond at
6.26 m-

Anal. Calcd. for C3H4,08 C, 68.87;
C, 68.82; H, 7.22.

Adduct 111 of I with p-Benzoquinone. A solution of 4.0 g. of
3d,20-diacetoxvpregna-5,16,20-triene and 1.0 g. of p-benzoqui-
none in 100 ml. of dry benzene was refluxed 4 hr. The benzene
solution was concentrated to the point of incipient crystallization,
treated with Xorit, and brought to a saturation point with
hexane. On being cooled, substance Ill was produced, 3.6 g.,
m.p. 227-228°. Kecrystallization raised the melting point to
228-229°. Infrared absorption showed ester carbonyls at 5.73
and ketone carbonyl at 5.93, and a double C-OAc stretch band at
8.06-8.16 a-

H, 7.46. Found:

Anal. Calcd. for CjiH;»0«: C, 73.49; H, 7.56. Found:
C, 73.82; 11, 7.50.

Zinc-Acetic Acid Reduction of 11l for a Short Period {cm
Compound 1V).—A mixture of 1.0 g. of quinone adduct Il in 50

ml. o' glacial acetic acid plus 1.0 g. of zinc dust was stirred at
room temperature for 15 min. Chloroform (60 ml.) was added;
the mixture was filtered and treated with aqueous carbonate
soluti in to neutralize the acetic acid. The chloroform solution
was separated, dried (sodium sulfate), and evaporated. The
crystalline residue was recrystallized from benzene-hexane or
from ethanol to yield 1V, m.p. 247-247.6°. Infrared spectra
showed no OH bands, and carbonyl absorption at 5.72 (vs),
5.81 (s), 5.90 (s), broad 0 -0 Ac stretch band at 8.1-8.2 n-

Anal. Calcd. for Cull,,()6 C, 73.20; H, 7.93.
0,72 90; H, 7.64.

Vigorous Reduction of Il with Zinc-Acetic Acid (trans Com-
pound V).—A mixture of 0.5 g. of adduct I11 in 30 ml. of glacial
acetic acid and 0.5 g. of zinc dust was refluxed for 4 hr. The hot
reaction mixture was diluted with sufficient ethyl acetate to
contain the product in solution (ca. 100-125 ml.). The filtered
solution was evaporated somewhat to the point of crystallization
and then allowed to cool. The filtered product V was recrystal-
lized from chloroform-cyclohexane, m.p. 305-307°. Infrared
spectra showed no OH bands, carbonyl bands at 5.73 (vs) and
5.82 (vs), O-OAc stretch bands at 8.05 and 8.24 m-

Ancl. Calcd. for C3H4,060 C, 73.20; 1Il, 7.93.
0,73.22; H, 7.77.

Adduct of I with Citraconic Anhydride (Substance VI).—A
solution of 4.0 g. of diene | and 1.12 g. of citraconic anhydride®B
in 80 ml. of pure toluene was refluxed for 48 hr. The solvent was
removed in vacua and the residue was reerystallized from chloro-
form and then from ethyl acetate to yield the adduct VI, 2.2 g.,
m.p. 283-283.4°. Infrared absorption was shown for strong
acetate carbonyl at 5.73 and for the characteristic five-membered
anhydride pattern at 5.40 (w) and 5.60 a (s).

Anal. Calcd. for CV ,1: C, 70.56;
C, 70.26; H, 7.37.

Methanolysis of VI to Half Methyl Ester VII.—A solution of
0.50 g. of citraconic anhydride adduct VI in 50 ml. of dry meth-
anol was treated with two s idium hydroxide pellets and heated
at reflux for 45 min. The methanol was stripped in vacuo and the
solid residue was taken up in a little water and acidified with
hydrochloric acid. The precipitated product was filtered and
recrystallized from methanol to yield VII. The melting be-
havior of this substance was erratic as upon gradual heating it

Found:

Found:

H, 7.50. Found:

(18) Organic Syntheses, ' Coll. Vol. Il. John Wiley and Sons, Inc., New
York, N. Y.. 1546, p. 140.
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tended to go to the anhydride VIII. Gradual heating produced
a m.p. 287-290° with a change indicated at ca. 235-240°.
When placed in a preheated bath at 270°, there was an imme-
diate melting with gas evolution, and when the sample was
removed thereafter resolidification took place to a material
which then did not melt below 300°. Infrared spectra of VII
showed only ketone and acid (ester) carbonyl absorption at 5.75,
5.85, whereas an infrared spectra taken on a crude melt of VII
indicated the five-membered anhydride carbonyl pattern with
bands at 5.40 (w) and 5.60 n (s).

Anal. Calcd. for C27H306 HD :
C, 68.16, H, 8.44.

Adduct of | with 5(or 6)-p-Tolylthiotoluquinone (Product I X).—
A solution of | (4 g.) and 2.5 g. 5(or 6)-p-tolylthiotoluquinone in
80 ml. of toluene, containing a pinch of hydroquinone was re-
fluxed 48 hr. The toluene was then removed in vacuo and the
residue was recrystallized from benzene-hexane to afford 2 g. of
pale yellowish white crystals (1X), m.p. 300-302°. The infra-
red absorption of 1X indicated ester carbonyls at 5.70-5.73 and
ketone bands at 5.88 and 5.96 m; in addition a band at 6.40 p (ms)
is characteristic of thio-substituted enedione.ll Also evident were
C-OAc stretching bands at 8.05 and 8.23 p.

C, 68.20; H,8.48. Found:

Acridizinium Derivatives from Hydroquinone Dimethyl Ether 6l

Anal. Calcd. for C3H«06: C, 72.87;
C, 72.73; H, 7.03.

Zinc-Acetic Acid Reduction of Compound IX (Product X).—A
mixture of 1.0 g. of adduct of the aeetoxytriene and 5(or 6)-p-
tolylthiotoluquinone, 80 ml. of 95% acetic acid, and 6.0 g. of
zinc dust was refluxed for 14 hr. The filtered solution together
with acetic acid washings was evaporated on the steam bath
with a rotary evaporator, and the residue was taken up in chloro-
form, washed with bicarbonate solution and saturated sodium
chloride solution, and dried (sodium sulfate). The dark residue
remaining after the chloroform removal was recrystallized from
dilute ethanol and once again from ethanol to yield X as white
needles, m.p. 241-242°.

Anal. Calcd. for C3ZH«0B C, 73.50;
C, 73.64; H, 7.92.

H, 7.21. Found:

H, 8.10. Found:
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The reaction of an excess of picolinaldoxime with 2,5-bis(bromomethyl)-1,4-dimethoxybenzene affords a salt

which can be cyclized (and oxidized) to yield 4a,1la-diazoniapentacene-6,13-quinone dibromide.

2,5-Dimethcxv-

benzvl bromide, and a quaternary salt prepared therefrom, both undergo bromination in position 6.

Recently?2 it was shown that 2-bromomethyl-1,4-
dimethoxynaphthalene could be converted to quinoli-
zinium derivatives (l), the first examples of quinones in
the quinolizinium series. The present communication

describes the results of our experiments with bromo-
methyl derivatives of hydroquinone dimethyl ether.-
2,5-Bis(bromomethyl)-l,4-dimethoxybenzene (),
obtained by bromomethylation of the hydroquinone
ether, was diquaternized by reaction with picolinaldox-
ime. The diquaternary salt (111, X = Br) was made to
undergo a double cyclization and air oxidation by
heating for 24 hr. at 100° in 48% hydrobromic acid.
Similar results were obtained when the bisbromomethyl
compound (11) was diquaternized with 2-(l,3-dioxolan-
2-yl)pyridine3and the salt (IV) cyclized.

The vyellow 4a,lla-diazoniapentacene-6,13-quinone
(V1) dibromide is not only extremely insoluble in com
mon solvents, but like the related 6a-azonianaphtha-
cenequinone salts2is attacked by most polar solvents to
yield a blue solution. The analytical sample was pre-
pared by crystallization from a trifluoroacetic-acetic

(1) This research was supported by a research grant (NSF-G 19901)
of the National Science Foundation. Taken in part from a thesis sub-
mitted in partial fulfillment of the requirements for the Ph.D. degree, Duke
University.

(2) C. K. Bradsher and M. W. Barker, J. Org. Chem., 28, 1669 (1963).

(3) C. K. Bradsher and J. C. Parham, ibid., 28, 83 (1963).

111, Z=NOH; R=H
IV, Z=0(CH2:0; R=H

< ® V, Z=0;R=C6Hi

acid mixture. No method was found for the purifica-
tion of the perchlorate or picrate.

In order to obtain further analytical evidence for the
existence of the new quinone system, the diphenyl
derivative (VII) was prepared. Quaternization of 2,5-
bis(bromomethyl)-1,4-dimethoxybenzene (I1) with 2-
benzoylpyridine occurred in only 18% yield, but the
cyclization-oxidation of the salt (V) occurred in greater
than 50% yield.

The ultraviolet absorption spectra (Table 1) of the
new salts in both neutral and acidified solutions in
methanol indicate that the attack of the solvent under
neutral conditions upon the aromatic system of the
quinone (VI and VI11) must be more extensive than was
observed with 6a-azonianaphthacenequ'.none salts.2

While 2-bromomethyl-I ,4-dimethoxybenzene may be
isolated from the reaction products obtained in the
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Tabie | a useful starting material in the synthesis of a bromo-
Ultraviolet Absorption Maxima (and Log Extinction 7,|C-dimeth0XyaCI’idiZiﬂium bromide. When the qua-
Coefficients) of 4a,lla-DiAZoNIAPENTACENE-6,13-QuiNONE ternary salt (XI1) failed to cyclize it was suspected
Salts that bromination of the 2-bromomethyl-l,4-dimethoxy-
Acidified,'L Neutral, benzene had occurred ortho rather than para to the
Compound Xmex mji (loge) ximex Ul {log §) bromomethyl group, and the product was IX. This
VI (dibromide) 227 (4.64) was confirmed by oxidation with 2-nitropropane and
éiéeg:zgi 22568:2‘71; sodium methoxide to th(_e known? 2,5-dimethoxy-6-
385 (4.41) 372 (4.38) brornobenzaldehyde. It is of interest tha_t, Wr_len
VIl (diperchlorate) 235k (4.52) 238 (4.51) quaternary salt X1 was brominated, the orientation
255 (4.56) 360 (4.02) was again ortho since the only product isolated was XI1.

3826(4.17) 375 (4.09)

. . 390 (4‘20_) . Experimental
“ Approximately 10 3M in hydrochloric acid. b Shoulder.

bromométhylation of hydroquinone dimethyl ether, the
material used in our experiments was obtained by the
method of Shulgin and Gal.4 The bromomethyl
compound (VIIIl) reacted with picolinaldoxime af-

och9
CHBr
R
OCH3
VI R=H X, R=H; Z=NOH
IV, R=Br XI, R=H; Z=0(CH2®
XI1, R=Br; Z=0(CH2D
X©
OCHa
X111

fording a salt (X) which cyclized readily in hydrobromic
acid yielding a red compound at first believed to be
X111.5 The analysis of a recrystallized sample gave
results which corresponded to formula X111 plus one
mole of hydroxylamine hydrobromide. Observation of
the red crystals under a microscope revealed only a
single type and left the possibilities that the product
might be a mixed salt, or the intermediate to be ex-
pected if cyclization had occurred, but hydroxylamine
had not been eliminated. While the ultraviolet
absorption spectrum clearly pointed to the mixed salt
explanation, confirmatory experiments were carried out.
Fortunately pure 7,10-dimethoxyacridizinium bromide
(X111, X = Br) could be prepared by ion exchange of
the picrate obtained from the mixed salt. Crystalliza-
tion of the bromide (XI111) with hydroxylamine hydro-
bromide gave a homogenous salt identical in every way
with the red cyclization product.6 Mixed salt forma-
tion is not general, for crystallization of the bromide
(XT1) with ammonium bromide yielded no evidence of
a mixed salt. An alternative synthesis of X111 per-
chlorate via the quaternary salt (X1) from 2-(1,3-di-
oxolan-2-yl) pyridine avoids the possibility of mixed
salt formation.

Since it was found that 2-bromomethyl-l,4-dimeth-
oxybenzene readiiy undergoes monobromination, it
was thought that the bromination product would form

(4) A. T. Shulgin and E. M. Gal, J. Chem. Soc.. 1316 (1953).

(5) The preliminary work on this problem was done by Dr. T. W. G.
Solomons.

(6) For another example of mixed salt formation in the benzoquinolizinium

series, see C. K. Bradsher and N. L. Yarrington, J. Org. Chem., 26, 78
(1963).

All analyses were by Dr. Ing. A. Sehoeller, Mikroanalytisehes
Laboratorium, Kronach, West Germany. Melting points were
determined using a Laboratory Devices Mel-Temp block and are
uncorrected. Infrared spectra were measured in potassium
bromide pellets using the Perkin-Elmer Model 21 spectrophotom-
eter. The ultraviolet abs irption spectra were recorded using
a Cary Model 14 recording spectrophotometer with methanol as
the solvent. Wave lengths are recorded in millimicrons (mu)
and shoulders are indicated by an asterisk (*).

2.5- Bis(bromomethyl)-1,4-dimethoxybenzene (11).— A stirred

suspension of 1,4-dimethoxybenzene (69 g.) and paraformalde-
hyde (33 g.) in glacial acetic acid (100 ml.) and carbon tetra-
chloride (600 ml.) was saturated with hydrogen bromide at room
temperature. The solid was collected and recrystallized from
chloroform as colorless needles; yield, 31.4 g. (19%); m.p. 196-
198°. The analytical sample melted at 203-203.5°. Concen-
tration of the acetic acid-chloroform mother liquor yielded impure
2-bromomethvl-1 ,4-dimethoxybenzene.

Anal. Calcd. for CI(H2Br202 C, 37.06; H,
49.33. Found: C, 37.29; H, 3.45; Br, 49.78.

2.5- Bis(I-methylene-2-aldoximinomethylpyridinium bromide)-
1.4- dimethoxybenzene (111, X = Br).—A solution of the bisbro-
momethyl compound (11, 13 g.) and picolinaldoxime (12.2 g.) in
dimethylformamide (400 mi.) was allowed to stand for 30 days
at room temperature. Ether was then added to assure complete
precipitation, and the yellow powder, 11.6 g. (51%), was col-
lected. This material gave evidence of decomposition starting
at 220° and did not melt below 350°. The analytical sample
which formed pale yellow needles from methanol showed similar
behavior on heating.

Anal. Calcd. for CZH2Br2NdD .c C, 46.49;
9.86. Found: C, 46.67; H,4.40; N, 9.73.

The diperchlorate (111, X = C104) was recrystallized from
methanol solution as colorless needles, m.p. 224-225°.

Anal. Calcd. for CrcH”AChiLO”: C, 43.50; H, 3.98; N,
9.23. Found: C, 43.68; H, 3.97; N, 9.22.

2,5-Bis[l-methylene-2-(1,3-dioxolan-2-yl)pyridinium bromide]-
1.4- dimethoxybenzene (1V).— A solution of the bisbromomethyl-
compcund (11, 10g.) and 2-(1,3-dioxolan-2-yl)pyridine3(11.8 g.)
in dimethylformamide (200 ml.) was allowed to stand at room
temperature for 11 days. Ether was added to precipitate the
salt, _3.3 g. (69%), m.p. 197-198°. Recrystallization from
methanol-ethyl acetate gave colorless needles, m.p. 198.5-199°.

Anal. Calcd. for CBHDBr2ON2D 6. C, 49.85; H, 4.83; N,
4.47. Found: C, 49.68; H, 5.05; N, 4.63.

The diperchlorate (1V, X = C104) crystallized from methanol
as colorless needles, m.p. >350°.

Anal. Calcd. for CBHICIIN2Di4 C, 46.93;
4.21. Found: C, 47.34; H,4.32; N, 4.55.

4a,lla-Diazoniapentacene-6,13-quinone Dibromide (VI, X =
Br). A. From the Oximino Salt (111).— A mixture of the crude
oximino diquaternary salt (111, 0.5 g.) and 48% hydrobromic
acid (10 ml.) was heated for 17 hr. on the steam bath. Heating
for shorter periods gave material which could not be purified.
The solution was diluted with water and cooled giving 0.3 g.
(71%) of a dark solid, m.p. >350°. The infrared spectrum
exhibited a strong band at 5.94 n in the carbonyl region. The
compound was very sensitive to attack by polar solvents, and
even distilled water afforded blue solutions. The solution
became yellow on addition of acid. Recrvstallization of the

3.73; Br,

H, 4.26; N,

H, 4.55; N,

(7) L Rubenstein, J. Chem. Soc., 1998 (1925).
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product from trifluoroacetic acid-acetic acid afforded a yellow
powder, m.p. >350°.

B. From the Bisdioxolanylpyridinium Salt (1V).— Cyclization
of the bisdioxolanylpyridinium salt (IV, X = Br, 0.5 g.) under
the conditions used with 111 afforded 0.2 g. (52%) of the quinone

V1).
Anal. Calcd. for COHIBr2N2D 2 C, 50.87; H, 2.56; N,
5.93. Found: C, 50.88; H, 2.92; N, 5.89.

The diperchlorate (VI, X = C104), m.p. >350°, was practi-
cally insoluble in organic solvents (including trifluoroacetic acid
and N-methylpyrrolidone) and was not obtained in pure form.

2,5-Bis(I-methylene-2-benzoylpyridinium bromide)-1,4-di-
methoxybenzene (V).—A solution of the bisbromomethyl com-
pound (I1, 10 g.) and 2-benzoylpyridine (11.9 g.) in dimethyl-
formamide (300 ml.) was allowed to stand at room temperature
for 18 days. Addition of ether precipitated the product as a
hygroscopic yellow powder, m.p. 200-201°; yield, 3.95 g. (18%).
Recrystallization of the product from methanol-ethyl acetate
afforded short yellow needles, m.p. 194-195°, which appeared
on analysis to be hydrated.

Anal. Calcd. for CIHIBraAN24-7 2H2: C, 56.91; H, 4.63;
N, 3.90. Found: C, 57.10; H, 4.46; N, 4.25.

7,14-Diphenyl-4a,lla-diazoniapentacene-6,13-quinone Dibro-
mide (VII).—The quaternary salt (V, 2 g.) was heated in 48%
hydrobromic acid (20 ml.) on the steam bath for 24 hr. while air
was passed through. The acid was removed under reduced pres-
sure (aspirator) at 100° and the yellow residue crystallized from
methanol to yield 1.02 g. (53%), m.p. >350°. The infrared spec-
trum exhibited a strong absorption at 5.95 m- Like its congener
(V1) the new salt was sensitive to attack by water and polar sol-
vents. Recrystallization from an acidified water solution gave
yellow needles, m.p. >350°.

Anal. Calcd. for CHABr2AN22 C, 61.56; H, 3.23; N,
4.49. Found: C, 61.32; H, 3.32; N, 4.60.

The perchlorate crystallized from water as yellow needles,
m.p. >350°.

Anal. Calcd. for C@HZCINDur¥HD: C, 57.15; H,
3.15; N, 4.16. Found: C, 57.36; H,3.41; N,4.14.

1-(2,5-Dimethoxybenzyl)-2-aldoximinomethylpyridinium Bro-
mide (X, X = Br).—A solution containing 14.4 g. of 2,5-
dimethoxybenzylbromide5 (VI11) and 12.2 g. of picolinaldoxime
in 55 ml. of dimethylformamide was allowed to stand at room
temperature for 7 days. After addition of ethyl acetate the
yellow solid was collected; yield, 18.5 g. (48%); m.p. 185-187°.

Recrystallization from methanol gave yellow prisms, m.p.
184.5-185°.

Anal. Calcd. for CEHIBrN2s: C, 50.99; H, 4.82; N,
7.93. Found: C,51.09; H, 4.76; N, 7.78.

Mixed Salt of 7,10-Dimethoxyacridizinium Bromide (XIII,
X = Br) with Hydroxylamine Hydrobromide.—A solution of 1g.
of the oximino salt (X) and 7.5 ml. of 48% hydrobromic acid was
heated and stirred for 10 min. on the steam bath. The acid
was removed under reduced pressure (aspirator) and the residue
crystallized from methanol-ethyl acetate as red needles; vyield,
O. 844g. (65%); m.p. 227-229° dec.; Xmex, 251 mu (log €4.36), and
396 (4.08); Xmin 331 (3.46).

Anal. Calcd. for CIEHIBraAN20,: C, 41.49; H, 4.17; N:
6.45. Found: C, 41.62; H, 4.16; N, 6.62.
7.10- Dimethoxyacridizinium Picrate (XIIl, X = OC&H2

(N023).—A small sample of the mixed salt was dissolved in
ethanol and precipitated as the picrate by addition of a saturated
solution of picric acid in ethanol. The picrate formed irregular
orange crystals, m.p. 276-278°, and was free from hydroxylamine.

Anal. Calcd. for C2HIEND 91 C, 53.85; H, 3.44; N, 11.96.
Found8 C, 53.90; H, 3.73; N, 11.96.

7.10- Dimethoxyacridizinium Bromide (XIII, X =
methanolic solution of the picrate was passed through an anion
exchange column (Amberlite IRA-401) loaded with bromide ion.
From the concentrated solution red-orange needles, m.p. 270°
dec., were obtained by addition of ethvl acetate.

Anal. Calcd. for CEHBrN02 C, 56.25; H.4.41; N, 4.38.
Found: C, 56.49; H, 4.57; N, 4.60.

Crystallization of 0.10 g. of the bromide (X111, X = Br) from
methanol-ethyl acetate containing an excess of hydroxylamine
hydrobromide afforded 0.11 g. of orange needles, m.p. 227-227.5°
dec. This material appeared uniform under the microscope.
The material was identical with the mixed salt obtained by
cyclization of the oxime (X, X = Br) as evidenced by infrared

(8) Analysis were by A. Daessle, Montreal, Quebec, Canada.

Br).—A
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spectrum and mixture melting point determinations. No mixed
salt was obtained when the bromide (X111, X = Br) was crystal-
lized in the presence of ammonium bromide.

Refluxing the bromide (X111, X = Br) with 48% hydrobromic
acid (ether-cleaving conditions) failed to yield a pure product.
The crude ether-cleavage products gave no infrared spectral
evidence of the formation of a carbonyl group when oxidation was
attempted using air, ferric chloride, or potassium periodate.

1-(2,5-Dimethoxybenzyl)-2-(1,3-dioxolan-2-yl)pyridinium Bro-
mide (XI, X = Br).—A solution of 2,5-dimethoxybenzyl bro-
mide (VIII, 6.9 g.) and 2-(I,3-dioxolan-2-yl)pyridine (5 g.) in
dimethylformamide (15 ml.) was allowed to stand for 7 days at
room temperature. On addition of ethyl acetate, 11 g. (100%)
of yellow solid was obtained, m.p. 161-163°. Recrystallization
from methanol-ethyl acetate afforded yellow plates, m.p. 167.5-
169°.

Anal. Calcd. for C,HAZBrNO4 C, 53.41; H, 5.27; N, 3.66.
Found: C, 53.61; H, 5.17; N, 3.87.

The perchlorate crystallized from methanol-ethyl acetate as
yellow' plates with an unusual melting point behavior, m.p. 111°,
resolidifying at 160° and finally decomposing at 210°.

Anal. Calcd. for C,HAZCINOS8 C, 50.81; H, 5.02; N, 3.49.
Found: C, 50.90; H, 4.85; N,3.59.

2,5-Dimethoxy-6-bromobenzyl Bromide (1X).—To a solution of
2.5- dimethoxybenzyl bromide (VIIIl, 11.55 g.) in 200 ml. of
carbon tetrachloride cooled in an ice bath, a solution containing 8
g. of bromine in 30 ml. of carbon tetrachloride was added drop-
wise. After 24 hr. the carbon tetrachloride was washed with
water until neutral, and then dried over anhydrous magnesium
sulfate. Evaporation of the solvent afforded an oil, which
crystallized from ethyl acetate as colorless needles, m.p. 87.5-89°;
yield, 9.7 g. (62%). Recrystallization afforded colorless needles,
m.p. 102.5-103.5°.

Anal. Calcd. for CH,Br202 C, 34.87; H, 3.25; Br, 51.56.
Found8 C, 35.00; H, 3.07; Br, 51.66.

Oxidation of 2,5-Dimethoxy-6-bromobenzyl Bromide (1X).—A
solution of the bromination product (1X, 0.92 g.) with 0.36 g. of
2-nitropropane in 20 ml. of methanol was added to a solution of
0.22 g. of sodium methoxide in 30 ml. of methanol. The mixture
was allowed to stand at room temperature for 5 hr., and then
concentrated on the steam bath. Water was added to the
residue, and the mixture extracted with ether. The ethereal
extract was washed with bicarbonate and dried. Evaporation
of the ether afforded a yellow residue which crystallized from
ethanol; yield, 0.15g.; m.p. 130-131°; lit.7m.p. 125-126°. This
was identical with an authentic sample, m.p. 129.5-130.5°, pre-
pared by the method of Rubenstein7 and gave no depression of
mixture melting point.

I1-(2,5-Dimethoxy-6-bromobenzyl)-2-(1,3-dioxolan-2-yl)pyridin-
ium Bromide (XIl, X = Br).—A solution of 2,5-dimethoxy-6-
bromobenzyl bromide (1X, 3.8 g.) and 2-(1,3-dioxolan-2-yl)-
pyridine (2 g.) in 35 ml. of dimethylformamide was allowed to
stand for 7 days at room temperature. Ethyl acetate precipi-
tated 2.9 g. (52%) of solid, m.p. 146-148°. Recrystallization
from methanol-ethyl acetate gave colorless plates, m.p. 147-
148.5°.

Anal. Calcd. for Ci,HIBraN04 C, 44.27;
3.04. Found8 C, 44.18; H, 4.14; N, 3.24.

1-(2,5-Dimethoxy-6-bromomethyl)-2-( 1,3-dioxolan-2-yl)pyridin-
ium Perchlorate (XIlI, X = C104. A. From the Bromide
(X1, X = Br).—Addition of perchloric acid to ar. aqueous solu-
tion of the bromide followed by recrystallization of the product
from methanol-ethvl acetate afforded colorless plates, m.p.
144.5- 145°.

B. By Bromination of the Salt (X1).—To a solution of the
quaternary' salt (X1, X = Br, 1.4 g.) in 15 ml. of glacial acetic
acid, 1.28 g. of bromine in 5 ml. of glacial acetic acid was added,
and the precipitate which first formed (probably the tribromide)
was dissolved by addition of 50 ml. of acetic acid. After the
mixture had stood for 2 hr., the precipitate which had formed
during this period was collected. The solid was dissolved in
aqueous ethanol (100 ml.), silver chloride added, and the mixture
stirred in the dark for 2 hr. to give the chloride anion. The
silver salts were filtered off and the solution concentrated. Ad-
dition of perchloric acid to the solution afforded 0.22 g. of solid
which crystallized from methanol-ethyd acetate as colorless
needles, m.p. 144-144.5°. This was identical (mixture melting
point) with the material obtained by procedure A.

Anal. Calcd. for C,HIBrCINC>8 C, 42.47.
2.91. Found8 C, 42.45; H, 3.74; N, 3.11.

H, 4.15; N,

H, 3.98;, N,
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The Synthesis of C-15 /3-Substituted Estra-1,3,5(10)-trienes. |

E. W. Cantrall, Ruddy Littell, and Seymour Bernstein
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The synthesis of C-15 ~-substituted estra-1,3,5(10)-trienes by the frontal addition of nucleophiles to the

AB17-one moiety of 3-methoxyestra-1,3,5( 10),15-tetraen-17-one is described.

Arguments are presented to

support the assignment of the C-15 ~-configuration to these compounds and also to rationalize their mode of

formation on a kinetic basis.

Johnson and Johnslhave described the preparation
of 3-methoxyestra-1,3,5(10),15-tetraen-17-one (1) in
five steps from estrone methyl ether (4a). They ob-
served that tetraene 1 is readily isomerized by p-
toluenesulfonic acid in refluxing benzene to give a
mixture consisting of 3-methoxy-14/3-estra-1,3,5(10),15-
tetraen-17-one (2) and 3-methoxy-estra-1,3,5(10),14-
tetraen-17-one (3). However, attempted isomerization
with potassium hydroxide in methanol provided a 15-
methoxyestrone of undetermined configurations at
C-14 and C-15. This facile conjugate addition of
methanol suggested to us the possibility of utilizing
the AB17-one (1) as an intermediate for the synthesis
of C-15 substituted estrogens.

Accordingly, we have prepared the 15-methoxy
compound described by Johnson and Johns,1and di-
rected our attention initially toward elucidating its
configurational aspects. Treatment of the Al517-one
(1) with aqueous potassium hydroxide in methanol

15c-substituent.3 On the basis of this analysis the
me'hoxyl group of compound 4b has been assigned the
15/3-configuration. The assumption is made, however,
that isomerization at the C-14 ring juncture did not
occur prior to addition. This possible structural al-
teration was considered unlikely in view of the following
observations.

It has been found that treatment of the C/D cis
isomer, 3-methoxy-14/3-estra-1,3,5(10), 15-tetraen-17-one
(2)1 under the same conditions previously described
for compound 1 resulted in a mixture consisting of 56%
of starting material 2, 28% of the AX¥17-one (3), and
10-15% of a substance of probable structure 3,15/3-
dimethoxy-14/3-gstra-1,3,5(10)-trien-17-one (5) in about
90% purity. The purity of 5 was determined by thin
layer chromatographic analysis. Many attempts to
purify 5, which was contaminated with starting material
2, by partition chromatography failed. Regardless,
the assigned structure was based on spectral analysis.

Table |

Molecular Rotation Analysis

Compound
3-Keto-5/?-etianic acid methyl ester
15/3-Hydroxy-3-keto-5/S-etianic acid methyl ester
15a-Hydroxy-3-keto-5/3-etianic acid methyl ester
Androst-4-ene-3,17-dione
15/3-Hydroxyandrost-+ene-3,17-dione
15a-Hydroxyandrost-4-ene-3,17-dione
3-Methoxyestra-1,3,5(10)-trien-17-one
3,15/3-Dimethoxyestra-1,3,5(10)-1rien-17-one

15/3-Benzy loxy-3-met hoxvestra-1,3,5( 10)-trien-1 7-one

15/5-Hydroxy-3-methoxyestra-I,3,5( 10)-trien-1 7-one
15/S-Cyano-3-methoxyestra-I ,3,5( 10)-trien-17-one
3-Methoxyestra-1,3,5( 10)-trien-17/3-ol
15/3-Cyano-3-methoxyestra-I1,3,5( 10)-trien-17/9-ol

15a-Carboxamido-3-methoxyestra-1,3,5( 10)-trien-17/S-ol

15a-Carboxy-3-methoxyestra-I,3,5( 10)-trien-17]3-ol

“ A. Lardon, H. P. Sigg, and T. Reichstein, Helv. Chim. Acta, 42, 1457 (1959).

Publishing Co., New York, N. Y., 1959, p. 519.
J. Am. Chem. Soc., 82, 3685 (1960).
Nelson, ./. Am. Chem. Soc., 75, 5366 (1953).

afforded the 15-methoxy adduct product (4b) in
practically quantitative yield.2 The product was then
submitted to optical rotational analysis utilizing a
number of known 15a- and ~-substituted steroids and
‘their corresponding C-15 unsubstituted compounds.
From Table | it can be seen that a 15/3-substituent
produces a large levorotatory shift, while a dextrorota-
tory shift of comparable magnitude is observed with a

(1) W. S. Johnson and W. F. Johns, J. Am. Chem. Soc., 79, 2005 (1957).

(2) The crude reaction product was analyzed by partition chromatography
on Celite 545 and was round to be approximately 97% pure (see Experi-
mental).

[oriD [M]a a[M]d
+ 7002 +233°
+ 37°¢ + 129° -104°
+ 95°¢ +331° + 08°
+ 190° (EtOH)6 + 544°
+ 1480 +477° - 97°
+206° (MeOH)c +622° + 78°
+171°d +486°
+ 94° +295° -191°
+ 38° + 148° ~ 830
+ 103° +309° -177°
+ 30° + 93° -393°
+ 77" +220°
- 28 - 87 -307°
+ 109° (MeOH) +359° + 139°
+ 130° (MeOH) +430° + 210°

6 L. F. Fieser and M. Fieser, “Steroids,” Reinhold

¢ S. Bernstein, M. Heller, L. I. Feldman, W. S. .Allen, R. H. Blank, and C. E. Linden,
dG. F. Marrian and G. A. D. Haslewood, Biochem. ./., 26, '25 (1932).

e A. L. Wilds and N. A.

Its infrared absorption spectrum possessed a saturated
carbonyl group at 1725 cm.-1, while its n.m.r. spectrum
displayed two methyl groups at 6.16 (C-3) and
6.63 + (C-15). In addition the splitting constant for
the C-15 hydrogen (triplet centered at 5.87 +«) is 8
c.p.s. for 5 as compared with 5 c.p.s. for 4b which
suggests that the hydrogen atoms at C-14 and C-15 in
5 are trans diaxial to each other.4 Also the spectrum of

(3) See footnotes a and c, Table I, for previous rotational analyses of 15
substituted steroids.

(4) See, e.Q, H. Conroy, “Advances in Organic Chemistry,” Vol. II.
Interscience Publishers, Inc., New York, N. Y., 1960, p. 309.
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5 has a doublet centered at 7.63 r (C-16 methylene)
in contrast to that (7.45 r) observed for 4b. This
appears to be consistent with anticipated increased
shielding at C-16 in a structure represented by 5.

Further chemical support for the retention of con-
figuration at C-14 in the formation of 4b from 1 was
obtained as follows. 15/3-Benzyloxy-3-methoxyestra-
1,3,5(10)-trien-17-one (4c), prepared by the base-
catalyzed addition of benzyl alcohol to 3-methoxy-
estra-1,3,5(10),15-tetraen-17-one (1), was reduced with
sodium borohydride and acetylated to give 17/3-
acetoxy-15/3-benzyloxy-3-methoxyestra-1,3,5(10) -triene
(6b). Hydrogenolysis of the latter with a 10% palla-
dium-charcoal catalyst in acetic acid gave the cor-
responding 15/3-hydroxy derivative 6c, which was in
turn oxidized with chromic acid-pyridine to 17/3-
acetoxy-3-methoxyestra-1,3,5(10)-trien-15-one (7). The
optical rotatory dispersion curve6of the latter in meth-
anol solution displayed a strong positive Cotton effect
(Fig. 1) characteristic of a C/D Irans-15-keto steroid.67
Potassium hydroxide in methanol (0.012 N) was
added to the aforementioned solution and equilibration
was allowed to proceed for 17 hr. The resultant dis-
persion curve indicated that 7 had to a large extent isom-
erized to the more stable C/D cis structure.8 C/D-
¢rans-15-Keto steroids have been shown on lithium
aluminum hydride reduction to give the corresponding
C/ D-trans-15/3-hydroxv derivative.7 The reduction of
the 17/3-acetoxy-15-one (7) with lithium aluminum
hydride gave 3-methoxy estra-1,3,5(10)-triene-15/3,17/3-
diol (6a) identical with the product obtained by a simi-
lar reduction of 15/3-hydroxy-3-methoxyestra-1,3,5-
(10)-trien-17-one (4d). The latter was prepared by
hydrogenolysis of the benzyl group of 4c with a 10%
palladium-charcoal catalyst in acetic acid. Thus it is
concluded that the nucleophilic addition of methoxide
and benzyloxide ions to the AB17-keto system of 1
proceeds without isomerization at C-14 to provide the
corresponding 15/3-substituted products, 4b and A4c,
respectively.9

The question arises as to whether the formation of
these 15/3-substituted steroids is kinetically or thermo-
dynamically controlled. For this purpose isomeriza-
tion studies at C-15 were undertaken,® and 15/3-
cyano-3-methoxyestra-1,3,5(10)-trien-17/3-0l  (6e), A-
[M]d —393° was prepared from 1 in two stages

(5) We are indebted to Professor Kurt Mislow of New York University
for the O.R.D. determinations.

(6) C. Djerassi, “Optical Rotatory Dispersion,” McGraw-Hill Book Co.,
Inc., New York, N. Y., 1960, p. 58.

(7) Footnote a, Table 1

(8) The relative stability of cis- and ;rans-hydrindanones has been
studied by numerous investigators [e.g., N. L. Allinger, R. B. Hermann,
and C. Djerassi, J. Org. Chem., 25, 922 (1960), and references cited therein].
With 15-keto steroids the equilibrium between the C/D forms is apparently
dependent on the size of the C-17-substituent. When the latter is small,
or relatively so, the cis isomer is thermodynamically favored. Thus,
Allinger, Hermann, and Djerassi have demonstrated that under equilibrium
conditions the 14/3 cis isomer of 3/3-acetoxy-15-ketoetianic acid methyl ester
is preferably formed over the 14a trans isomer in the ratio of 87:13.

(9) J. Fajko3 [Chem. Listy, 51, 1894 (1957); Collection Czech. Chem.
Commun23, 2154 (1958)] has reported a similar addition of methanol to
3/3-acetoxyandrost-15-en-17-one without assigning a configuration to the
methoxyl group. On the basis of rotational analysis (A[M]d —167°) and
of its mode of preparation the compound most likely has a /3-configuration at
C-15.

(10) J. Fajkos and F. Sorm [Chem. Listy, 51, 579 (1956); Collection Czech.
Chem. Commun., 22, 1873 (1957)]; have shown that 16/S-acetylandrost-4-en-
3-one under equilibrating conditions isomerizes to the 16a-acetyl compound.
Since 15/3- and 16/3-oriented groups are similarly related geometrically to the

C-13 methyl group, it may then be expected that a 15/S-substituent (quasi-
axial) capable of isomerization would do so.
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A(m/u)

Fig. 1.—Optical rotatory dispersion curve of 17-/?-aceto.xy-
3-methoxyestra-1,3,5(10)-trien-15-one.  ---------- ,¢0.034, 600-300;
c 0.017, 320-290; c 0.0068, 300-265 MM ---------- , ¢ 0.0272,
600-290; c¢ 0.01088, 310-284 after addition of 1.00 ml. of
0.012 N KOH-CH3H.

(1 *m 4e -m 6€e). Treatment with potassium hydroxide
in refluxing aqueous propanol gave the carboxamide
8a. Its A[M]d +141 was indicative that the carbox-
amide group had epimerized to the thermodynamically
more stable 15a-configuration. Similarly, hydrolysis
of 6e under more vigorous conditions (potassium hy-
droxide-aqueous ethylene glycol, 22-hr. reflux) afforded
the carboxylic acid (8b) whose A[M]d +212° was also
consistent with a 15a-configuration. Thus /3-addition
at C-15 represents kinetic control and appears to be ir-
reversible.

If the addition of alkoxide to the frans-hydrindenone
(1) were a readily reversible process, it would be antici-
pated that the corresponding 15a-alkoxy product or at
least a mixture of it and the 15/3-epimer would be formed.
That the process is not reversible is demonstrated by
the fact that 4b is the exclusive product whether the
reaction time is 15 min. or 24 hr.11

At this point the problem required an explanation or
rationale for the formation of the C-15 /3-substituted
steroid by a frontal (/3-face) approach of the nucleo-
phile. One may have anticipated that the C-13 methyl

(11) In contrast to this, D. K. Fukushima and T. F. Gallagher [J. Am.
Chem. Soc., 73, 196 (1951)] have shown that equilibration of 16a-methoxy-
progesterone in methanolic potassium hydroxide at room temperature re-
sults in a mixture composed of 70% of starting material and 30% of 16-
dehydroprogesterone.
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group would have a similar steric influence upon the
course of addition to a AB17-ketone as it does with a
A¥20-ketone where the entering group assumes the
16a-configuration.1112 There is, however, precedence
for /3-addition to C-15 as exemplified by the catalytic
reduction and epoxidation of a Au-17-ketone to the
corresponding 14/3-17-ketone,B and 14/3,15/S-epoxide, 4
respectively.

Brutcher and Bauer®b have concluded from a study
of three possible ring D conformations (two “envelope”
and one *“half-chair” conformations) that for 17/3-
substituted steroids one of the “envelope” con-
formations is preferred, that is the one in which C-13
lies above the plane defined by carbons 14, 15, 16, and
17. With 17-keto steroids, this conformation results
in less 1,3-interactions; however, this advantage is out-
weighed by the resultant torsional strain inherent in it.
Thus, these investigatorsb suggested that ring D of
androstan-17-one assumes one of the other two possible
conformations.

An examination of Dreiding models of the partial
structures a and b corresponding to the 14«-AB17-one
(1) and 14/3-AB17-one (2), respectively, reveals that
ring D of 1 can assume only the depicted “envelope”

(12) (a) J. Romo, M. Romero, C. Djerassi, and G. Rosenkranz, J. Am
Chem. Soc., 73,.1528 (1951); (b) D. Gould, E. L. Shapiro, L. E. Finckenor
F. Gruen, and E, B. Hershberg, ibid., 78, 3158 (1956); (c) J. Romo, TetraT
hedron, 3, 37 (1958); (d) P. Bladon, J. Chem. Soc., 3723 (1958); (e) R. H.
Mazur and J. A. Celia, Tetrahedron, 7, 130 (1959).

(13) A. F. St. Andre, H. B. MacPhillamy, J. A. Nelson, A. C. Shabica, and
C. R. Scholz, J. Am. Chem. Soc., 74, 5506 (1952).

(14) F. Sondheimer, S. Burstein, and R. Mechoulam, ibid., sz,
(1960).

(15) F. V. Brutcher, Jr., and W. Bauer, Jr., ibid., 84, 2233, 2236 (1962).
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conformation. In this conformation the plane defined
by carbons 14, 15, 16, and 17 is slightly elevated from
that of rings B and C, and the p-orbitals on the AB
double bond have their upper lobe turned slightly to-
ward the C-13 methyl group and the lower lobe at an
oblique angle to rings B and C. If one draws an im-
aginary line through C-15 perpendicular to the carbons
14, 15, 16, and 17 plane and extending approximately
1.36 A. (the C 0 bond distance as measured from the
models) one can approximate a depicting of a transition
state. An examination of this working model reveals
that geometrically frontal attack at C-15 would be
favored over rear attack. We feel that the bar to rear
attack may be ascribed principally to a marked eclipsed
1,2-interaction between a nucleophile entering on the
a-faee and the C-14 a-hydrogen in the transition state.

An examination-of b in the same manner reveals that
the a-face is shielded by the 7a- and 9a-hydrogens as
to make addition in that manner less likely. Further-
more the low yield of the C-15 /3-methoxy compound
from 2 can be explained on the relative stability of the
m-hydrindenone over the trans isomer. The 14/3-hy-
drogen of 2 should be removed more readily by base
since the incipient anion would have its p-orbital /3
oriented, thus retaining the C/D ring in the cis locking.
This anion may then be re-protonated to give starting
material or isomerized via the dienolate ion to give
either starting material or nonconjugated ketone 3.
However in the case of the frans-hydrindenone (1), the
strain inherent in that system can not be relieved by
isomerization to 2 and/or 3 until the bond between
C-14 and the 14a-hydrogen is ruptured. It is apparent,
then, that the rate of nucleophilic addition to 1is much
greater than that for isomerization.

Experimental

Melting points are uncorrected. The optical rotations are for
chloroform solution at 25° unless noted otherwise. The in-
frared absorption spectra were determined in potassium bromide
disks, and the ultraviolet absorption spectra were determined in
methanol. Petroleum ether refers to the fraction, b.p. 60-70°.
The abbreviation HBV refers to holdback volume.

The authors are indebted to William Fulmor and associates
for the infrared, ultraviolet, n.m.r., and optical rotation data.
We wish also to thank Louis M. Brancone and associates for the
analyses, and Charles Pidacks and associates for the partition
chromatography.

3,15/S-Dimethoxyestra-1,3,5(10)-trien-17-one  (4b).—To a
suspension of 3-methoxyestra-1,3,5(10),15-tetraen-17-one (1,
0.300 g., m.p. 175-177°, [a]D —90°, lit.1 m.p. 180-181°) in
methanol (15 ml.) was added 5% aqueous sodium hydroxide (10
drops). The resulting solution was stirred at room temperature
for 30 min. The product precipitated upon the addition of
water and was collected, washed with water, and dried to give
0.314 g. of 4b, m.p. 128-129°. Crystallization from ether gave
0.205 g., m.p. 130-131°, [«]d +95°, lit.1m.p. 132-133°.

In another experiment with 0.300 g. of 1 conducted for the
same period of time, the product(s) was precipitated with water
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and subjected to partition chromatography on Celite 545% using
an ra-heptane-Methyl Cellosolve solvent system. A HBV of
0.4-1.0 gave 5 mg. of an oil, presumed to be 3-methoxyestra-
1,3,5(10),14-tetraen-17-one (3) based on its polarity. A HBV of
I. 5-2.1 gave 0.292 g. (97%) of 3,15/3-dimethoxyestra-1,3,5(10)-
trien-17-one (4b), which was identical by comparison of its in-
frared spectrum and its mobility on thin layer chromatography
(silica G, benzene-acetone-water, 2:1:2) with the specimen
described previously.
15/3-Benzyloxy-3-methoxyestra-1,3,5(10)-trien-17-one (4c).—
To a solution of 3-met.hoxyestra-l ,3,5(10),15-tetraen-17-one (1,
2.0 g.) in benzyl alcohol (60 ml.) was added powdered potassium
hydroxide (1.5 g.). The resulting mixture was stirred under a
nitrogen atmosphere at room temperature for 3.5 hr., during
which time the base completely dissolved. The addition of
ethyl acetate resulted in the precipitation of a salt which was
filtered and the filtrate was steam distilled. The residue was ex-
tracted with ethyl acetate and evaporated to give an oil. The
latter was chromatographed on 100 g. of Florisil.Z The frac-
tions eluted with ether-benzene (1:10) gave 2.19 g. of an oil,
which crystallized from ether-petroleum ether to give 0.490 g.,
m. p. 87-89°. The mother liquors from the crystallization were
evaporated and subjected to partition chromatography on
Celite 545% using the n-heptane-Methyl Cellosolve solvent
system. The eluate from the second HBV was evaporated to
give 1.3 g. of an oil which crystallized from methanol, thus provid-
ing an additional 0.660 g. of 4c, m.p. 90-92°. A sample for
analysis was recrystallized from ether-petroleum ether and
had m.p. 96-98°; 'xme* 222, 278, and 288 mMU 8800, 2000, and
2000); [a]d +38°; rnm, 1760, 1625, and 736 cm.-1.
Anal. Calcd. for CAH3,03 (390.50): C, 79.96;
Found: C, 79.84; H, 7.92.
17/3-Acetoxy-15/9-benzyloxy-3-methoxyestra-I ,3,5 (10)-triene
i6b) —A solution containing 15/3-benzyloxy-3-methoxyestra-
1,3,5(10)-trien-17-one (4c, 0.660 g.), sodium borohydride (0.600
g.), and 10% aqueous sodium hydroxide (5 drops) was stirred
at room temperature for 3 hr. The product precipitated as a
gelatinous precipitate upon the addition of water and was
collected and dissolved in ethyl acetate. The latter solution was
washed with saturated saline, dried, and evaporated to give an
intractable oil whose infrared spectrum (neat) showed no car-
bonyl maximum. The crude reduction product was acetylated
for 1 hr. at 95° with pyridine (4 ml.) and acetic anhydride (1
ml.). The mixture was evaporated in vacuo and the residue was
crystallized from methanol to give 0.474 g. of 6b, m.p. 118-120°.
Further recrystallization from methanol did not alter the melting

H, 7.74.

point. A sample for analysis had Xmax 222, 278, and 288 m*i
(e8700, 2200, and 2000); [«]d -13°; >w 1750, 1620, 1258, and
738 cm .-1.

Anal. Calcd. for C~"H ~ (43455): C, 77.39; H, 7.89.

Found: C, 77.58; H, 8.03.
17(3-Acetoxy-3-methoxyestra-1,3,5(10)-trien-15/3-0l (6c).—To
a solution containing 15/3-benzyloxy 17fi-acetate 6b (0.700 g.)
in acetic acid (20 ml.) was added 10% palladium-charcoal
catalyst (0.220 g.). The resulting mixture was stirred for 4.5 hr.
in a hydrogen atmosphere at room temperature and atmospheric
pressure. The catalyst was separated by filtration and washed
with methanol. The combined filtrates were evaporated and the
residue crystallized from acetone-petroleum ether to give 0.425
g., m.p. 126-128°. A sample for analysis was recrystallized
from the same solvents and had m.p. 134 135°; Xnax 222, 278,
and 288 m”™ > 8800, 2030, and 1900); [<*d +9°; >w 3500,
1720, 1612, and 1255 cm.-1.
Anal. Cabd. for C2H,0D4 (344.44):
Found: C, 73.03; H, 8.40.
17(1-Acetoxy-3-methoxyestra-1,3,5110)-trien-15-one (7).—To a
freshly prepared solution of chromium trioxide (0.345 g.) in
pyridine (5 ml.) cooled to 0° was added 6c (0.380 g.) in pyridine
(10 ml.). The resulting mixture was stirred for 20 hr. at room
temperature, diluted with chloroform, and filtered. The residue
was washed twice with chloroform and the combined filtrates
were evaporated to give an oil. The latter was triturated with
water to give 0.200 g., m.p. 150-157°. Four crystallizations
from acetone-petroleum ether gave the analytical sample, m.p.

C, 73.22; H, 8.19.

(16) Celite 545 is a trade-mark of the Johns-Manville Corp. for a grade
of diatomaceous earth. That used for partition chromatography was washed
with 6 N hydrochloric acid, water, and methanol, and was dried to constant
weight.

(17) Florisil, a trade-mark of the Floridin Company for a synthetic mag-
nesium silicate.
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156-158°; Xmex 222, 278, and 288 mM (e 10,300, 2500, and 2400);
[«]d +82°; rmex 1740, 1612, and 1240 cm.-1; O.R.D. in meth-
anol (c 0.034, 600-300; c0.017, 320-290; ¢ 0.0068, .300-265 npr),
[«1600 +47°, [ce]3B + 1615°, [a]Z2L0°, [a]BL“ 528°, [«]265 —176.5°.

Anal. Calcd. for CnHieO, (342.42): C, 73.66; H, 7.66.
Found: C, 72.99, 73.10; H, 7.74, 7.75.
3-Methoxyestra-1,3,5(10)-triene-15/3,17/3-diol (6a). Method

A. Reduction of 15/3-Hydroxy-3-methoxyestra-I,3,5(10)-trien-
17-one (4d).—To a solution of 4d (0.195 g.) in tetrahydrofuran
(50 ml.) was added a filtered solution of lithium aluminum hydride
(0.300 g.) in tetrahydrofuran (20 ml.), and the resulting mixture
was stirred at room temperature for 3 hr. The excess reagent
was decomposed with water and the mixture was filtered. The
filtrate was evaporated and the residue was crystallized from
methanol to give 0.156 g., m.p. 184-186°. Recrystallization did
not alter the melting point. The product showed Xng 220, 278,
and 288 m/i (e 8800, 2300, and 2100); [a]D +31°; nraal 3440 and

1612 cm .-1.

Anal. Calcd. for CIHZ2 3 (302.40): C, 75.46; H, 8.67.
Found: C, 75.75; H, 8.80.

Method B. Reduction of 17+Acetoxy-3-methoxyestra-I,3,5-

(10)-trien-15-one (7).—A solution containing 7 (0.100 g.) and
lithium aluminum hydride (0.150 g.) in tetrahydrofuran (50 ml.)
was allowed to stand at room temperature for 18 hr. The reac-
tion mixture was worked up as described previously to give 0.080
g., m.p. 182-184°. The product was recrystallized from meth-
anol and had m.p. 183-185°, [a]D +34°. Its infrared spectrum
was identical to that of the product described in method A and
showed no depression in an admixture melting point determi-
nation .

15(3-Hydroxy-3-methoxyestra-1,3,5(10)-trien-17-one (4d).—To
a solution of 15(3-benzyloxy-3-methoxy-estra-1,3,5(10)-trien-17-
one (4d, 0.162 g.) in acetic acid (4 ml.) was added 10% palladium-
charcoal catalyst (0.100 g.). The resulting mixture was
hydrogenated at 28° and 729-mm. pressure for 4 hr. The cat-
alyst was separated by filtration and was washed with methanol.
The combined filtrates were evaporated, and the residue ob-
tained was crystallized from acetone-ether to give 0.063 g. of 16,
m.p. 186-188°. A sample for analysis was recrystallized from
acetone-petroleum ether and had m.p. 186-188°; Xmex 220, 278,

and 288 mMU 9000, 2180 and 2000); [«]d +103°; >w 3500,
1730, and 1610 cm .-1.
Anal. Calcd. for CIH2D 3 (300.38): C, 75.97; H, 8.05.

Found: C, 75.06, 75.22; H, 8.25, 7.98.

15S-Cyano-3-methoxyestra-1,3,5(10)-trien-17-one (4e).—To a
solution containing 1 (0.200 g.) and water (5 drops) in tetra-
hydrofuran (7 ml.) was added sodium cyanide (0.500 g.). The
mixture was refluxed for 2.5 hr., poured into ice-water, and the
resulting precipitate was collected, washed with water, and dried
to give 0.200 g. of 4e, m.p. 131-135°. A sample for analysis
was recrystallized three times from ether and had m.p. 154-155°;
Xmex 222, 278, and 288 mM(c 8500, 2000 and 1850); [«]d +30°;
ex 2240, 1744, and 1615 cm .-1.

Anal. Calcd. for CitJFrAN (309.39): C, 77.64; H, 7.49;
N, 4.53. Found: C, 77.62; H, 7.62; N, 4.62.

17/3-Acetoxy-3,15/3-dimethoxyestra-1,3,5 (10)-triene (6d).—To

a solution of 3,15(3-dimethoxy-estra-1,3,5(10)-trien-17-one (4b,

O. 500 g.) in tetrahydrofuran (75 ml.) was added lithium alumi-

num hydride (0.5 g.) and the mixture was refluxed for 2 hr.
The mixture was cooled and the excess reagent was decomposed
by the dropwise addition of aqueous tetrahydrofuran. The
salts were separated, washed with tetrahydrofuran, and the
combined filtrates were evaporated to an oil which failed to
crystallize. An infrared spectrum (neat) of the latter was devoid
of any carbonyl absorption. Acetylation of the crude reduction
product with acetic anhydride (1 ml.) and pyridine (1 ml.) for 1
hr. at 90° gave 0.43 g. of an oil which was shown to be homogeneous
by thin layer chromatography. The oil was crystallized from
ether-petroleum ether (b.p. 30-60°) and had m.p. 102-104°,

[«]d + 10°.
Anal. Calcd. for CBH3XA (358.46): C, 73.71; H, 8.44.
Found: 0,73.20,73.21; H, 8.64, 8.38.
15(3-Cyano-3-methoxyestra-1,3,5(10)-trien-17/3-ol  (6e).— A

solution of 15/3-cyano-3-methoxyestra-1,3,5(10)-trien-17-one (4e,
2.0 g.) and sodium borohydride (1.8 g.) in tetrahydrofuran-
methanol (1:5, 180 ml.) was stirred for 3 hr. at room tempera-
ture. The solvents were evaporated, the residue was dissolved
in benzene, and the extract washed with saturated saline, dried,
and evaporated. One crystallization of the residue from benzene
afforded 1.8 g. of 6e, m.p. 193-195°, [a]D —28°.
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HBV

Figure 2

Anal. Calcd. for CsoHaOjN (311.41): C, 77.13;
N, 4.50. Found: C, 76.78; H ,8.10; N, 4.44.

3-Methoxy-15a-carboxamido-estra-1,3,5(10)-trien-17d-ol (8a).
—To a solution of benzene-solvated 15+cyano-3-methoxyestra-
1,3,5(10)-trien-17/3-0l(6e, 0.800 g.) in ethanol (35 ml.) was added
potassium hydroxide (2.5 g.) in water (7 ml.) and the solution
was heated to reflux for 6 hr. A thin layer chromatographic
analysis of the reaction mixture revealed that no hydrolysis had
taken place. The ethanol was displaced with 1-propanol and the
resulting solution was heated to reflux overnight. The reaction
mixture was diluted with ethyl acetate, washed with dilute
hydrochloric acid solution and with water, dried, and evaporated
to 0.800 g. of a semicrystalline solid which was crystallized once
from acetone-water and twice from acetone-petroleum ether to
give 0.240 g., m.p. 208-210°, [a]Jo +109° (methanol).

Anal. Calcd. for CZHZON (329.42): C, 72.92; H, 8.26;
N, 4.25. Found: 0,72.43,72.40; H, 8.41, 8.18; N, 4.40.

H, 8.09;
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A second crop, 0.170 g., m.p. 206-208°, was obtained from

the mother liquors.

17(3-Hydroxy-3-methoxyestra 1,3,5(10)-trien-15«-carboxylic
acid (8b).—To asolution of 15f3-cyano-3-methoxyestra-1,3,5(10)-
trien-17/3-ol(6e, 0.900 g.) in 40 ml. of ethylene glycol was added a
solution of 3.0 g. of potassium hydroxide in 7 ml. of water. The
resulting solution was refluxed for 22 hr., cooled, and acidified
with dilute hydrochloric acid solution. The product was col-
lected by filtration, washed with water, and dried to give 0.460
g., m.p. 181-184°. A sample for analysis was crystallized twice
from methanol-water and twice from acetone and had m.p.
238-240°, [or]ld +130° (methanol).

Anal. Calcd. for CIZHZO, (330.41):
Found: C, 72.62; H, 8.15.

Attempted Addition of Methanol to 3 Methoxy-14;i-estra-
I, 3,5(10),15-tetraen-17-one (2).B—To a solution of 2 (0.300 g.)
in methanol (14 ml.) was added a 5% sodium hydroxide solution
(0.~ ml.). The resulting solution was stirred 30 min. at room
temperature, diluted with water, and the products were ex-
tracted with ethyl acetate. The extract was dried and evapo-
rated to give 0.270 g. of an oil.

A pilot partition column on Celite 545% using an n-hept.ane-
Methyl Cellosolve solvent system indicated the reaction mixture
to contain 28.5% of 3, 56.5% of 2, and 15% of an unknown 5
occurring as a shoulder at HBV 1.5-1.8 on the peak corresponding
to 2 (Fig. 2) A similar column run on a mixture obtained from a
second run which was stirred for 24 hr. indicated the exact com-
position previously described. The remaining crude products of
the two runs were combined (0.570 g.) and partitioned as de-
scribed previously to give 0.100 g. of 3 and 0.235 g. of 2 (these
compounds were identical by comparison of their thin layer
chromatograms and their infrared spectra with the specimens
described in ref. 18). In a larger run (0.900 g.) that peak
corresponding to 5 was repartitioned twice using the same sol-
vent system to give 0.060 g. of impure 5. The latter was crys-
tallized from methanol to give 0.028 g., m.p. 82-85°; the thin
layer chromatogram indicated it to contain ca. 10% of 2. The
infrared spectrum of the crystallized sample showed only a 5-
membered ring carbonyl maximum at 1725 cm.-1 and its n.m.r.
spectrum showed two O-methyl maxima at 6.16 (C-3) and 6.63 r
(C-15).

C, 72.70; H, 7.93.

(18) 3-Methoxyestra-I,3,5(10),15-tetraen-17-one (1) was isomerized
will p-toluenesulfonic acid for 15 min. in refluxing benzene according to
the procedure of Johnson and Johns.1 The resulting mixture was partitioned
on Celite 545%using an n-heptane-Methyl Cellosolve solvent system. Hold-
back volumes 0.5-1.5 gave 3-methoxyestra-1,3,5(10),14-tetraen-17-one (3),
m. p. 93-94°, [q]a +293°. A HBV of 1.5-2.2 gave 3-methoxy-14/3-estra-
1.3.5(10),15-tetraen-17-one (2), m.p. 102-103°, [a]D 4-477°.
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Photoirradiation of heteroannular dienones such as AM-androstadien-3-on-17]8-ol propionate and related
steroids in homogeneous solution leads to formation of a sing.e one of twenty possible dimeric products. This
has been assigned the structure I1A or IID on the basis of physical properties and catalytic hydrogenation

followed by thermal cleavage and identification of cleavage products.

The dimerization can be reversed photo-

chemically; the photostationary state has the composition 31% monomer and 69% dimer.

Although the photochemical reactions of conjugated
and cross-conjugated dienones have been of consider-
able interest in recent years,lattention has been con-
centrated on homoannular systems where molecular
rearrangement, valence-bond tautomerization, and
ring cleavage are the predominant reaction paths.
This paper describes the results obtained on reaction of
a heteroannular dienone system where the more familiar

(1) For leading references see J. J. Hurst and G. H. Whitharn, J. Chem.
Soc., 710 (1963); C. Ganter, E. C. Utzinger, K. Schaffner, D. Arigoni, and
O. Jeger, Helv. Chim. Acta, 45, 2403 (1962); D. H. R. Barton, ibid., 42,

2604 (1959); P. de Mayo, “Advances in Organic Chemistry,” Vol. Il, Inter-
science Publishers, Inc., New York, N. Y., 1960, pp. 367-425.

photodimerization reaction of con.ugated carbonyl
compounds2 is observed, albeit in an unexpected
manner.3

Solutions of Ad46androstadien-3-on-17/3-0l propio-
nate4 (IA) in benzene-petroleum ether or benzene-

(2) A. Mustafa, Chem. Rev,, 51, 1 (1952).

(3. After this work was completed, a report appeared [H. C. Throndsen,
G. Cainelli, D. Arigoni, and O. Jeger, Helv. Chim. Acta, 45, 2342 (1962)]
describing the determination of structure of the photodimer of A*&cholesta-
dien-3-one. Our results confirm, by different methods, and extend the con-
clusions reached in this report.

4) L. Ruzicka and W. Bosshard, ibid., 20, 328 (1937). The more con-
venient chloranil dehydrogenation procedure of E. J. Agnello and G. O.
Lautach [J. Am. Chem. Soc., 82, 4293 (1960)] was used in this work.
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dioxane remained homogeneous on exposure to light of
wave length longer than 3000 A. although occurrence of
reaction was indicated by marked decrease in ultra-
violet absorption. Chromatography of the reaction
product on Florisil led to isolation of recovered starting
material (64%) and a new crystalline compound (11),
34%, m.p. 168-169°, which regenerated IA quantita-
tively on heating for five minutes above its melting
point. The dimeric nature of Il was indicated by its
molecular weight and the presence in its infrared spec-
trum of the original carbonyl bands of IA at 5.75 and
6.0 plus an additional band at 5.90 n. In view of these
facts and the well known tendency of conjugated
carbonyl compounds to undergo photodimerization to
derivatives of cyclobutane,2it seemed likely that Il was
a dimer of the cyclobutane type formed by interaction
of one of the two double bonds of each monomer unit.
Neglecting finer details of stereochemistry at this
point, the three structures I1A, B, C, and their head-to-
head isomers need to be considered. Of these, only

iia hb nc

IIA is in agreement with the infrared spectral data
since it is the only one possessing both conjugated and
unconjugated carbonyl5 groups (as well as the side-
chain ester group). The apparently anomalous ultra-
violet absorption of Il [254 miu (e 10,500) ], representing
a shift of 12 m/x from the usual position of the maximum
in A43-keto steroids, is explicable on the basis of the
auxochromic effect of the cyclobutane ring6in I1A and
also might be consistent with IIC but not with IIB.
Further evidence in favor of I1A was provided by the
n.m.r. spectrum of the dimer which showed three
protons in the olefinic hydrogen region of the spectrum
as singlets at 4.20 (1H) and 4.40 r (2H),7 consistent
only with structure I1A or its head-to-head isomer.
Proof of the correctness of this structural assign-
ment was provided by the results of catalytic hydro-
genation of Il and thermal cleavage of the reduction
products. Barring the possibility of double bond
isomerization during thermal cleavage, the positions of
double bonds in the cleavage products should fix the
points of attachment of the cyclobutane ring and allow
an unequivocal choice between IIA, B, and C. Hydro-
genation cf 1l over pre-reduced platinum oxide in
propionic acid6resulted in variable uptake of hydrogen
which was explicable in terms of formation of varying
proportions of a mixture of hexadecahydro (I11A),
(5) The sligit shift of the unconjugated carbonyl absorption to 5.90 n
has been observed in other cases where a cyclobutane ring is “conjugated”

with a ketone; cf. A. Butenandt, L. Poschmann, G. Failer, U. Schiedt, and
E. Biekert. Ann., 575, 123 (1951).

(6) J- J. Wren, J. Chem. Soc., 2208 (1956); cf., inter alia, G. Biichi and
1. \1. Goldman, J. Am. Chem. Soc., 79, 4741 (1957); P. D. Gardner, R. L.
Brandon, and G. R. Haynes, ibid., 79, 6334 (1957).

(7) The poorly resolved triplet centered at 5.45 r (due to the two C-17
protons) provided a convenient reference for determining the number of
protons represented by each line in the spectrum in this and other cases.

(8) Milder reduction conditions afforded only small amounts of I11A and
recovered starting material.
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hexahydro (1V), and tetrahvdro (V) products, sepa-
rable by chromatography on Florisil. In a typical
run, 4.0 moles of hydrogen were absorbed per mole of
1A leading to 19% of II11A, 61% of IV, and 10% of V.

OPr

B, R=H

1 LiAIH,

| Na, CH,OH
2 H+

The hexadecahydro product (I11A) exhibited charac-
teristic ester absorption at 5.79 and 8.39 n and no ab-
sorption in the ultraviolet. It was identified as 5a-
androstan-17/3-ol propionate, the product of cyclo-
butane hvdrogenolysis, by base-catalyzed hydrolysis to
a solid, m.p. 138-152°, showing only hydroxyl absorp-
tion at 2.98 ix  Purification of this solid yielded 68% of
5a-androstan-17/3-ol, m.p. 164-166° (I11B), identical
with an authentic sample.9 None of the ¥3isomer could
be detected.

The hexahydro product (1V), m.p. 274-275°, con-
tained only an unconjugated carbonyl group adjacent
to a cyclobutane ring as shown by the maximum at
5.91 ixand the presence of only end absorption in the
ultraviolet, 210 my (t 8600). These observations plus
the presence of a singlet at 4.37 r (1H) in the n.m.r.
suggested the structure shown. Confirmation was
provided by the results of thermal cleavage of IV.
Chromatography of the crude product obtained by
heating 1V for three hours at 270-280° in a sealed tube
yielded, in addition to 33% of recovered starting ma-
terial, 52% of testosterone propionate and 62% of a
crystalline solid with ultraviolet absorption (230, 237,
246 m/x) characteristic of a heteroannular diene.D
The spectrum did not allow s distinction between
the two possible dienes, AZ-androstadien-17/3-ol pro-
pionate (V1) and A46androstadien-17/3-ol propionate
(VIIA). However, the cleavage product was not
identical with the 3,5-diene (V1) prepared by propionyl-
ation of the corresponding free alcoholll and was posi-

(9) C. W. Shoppee. D. G. Lewis, and J. Elks, Chem. Ind. (London), 454
(1950). The 50 isomer is reported to melt at 96°; F. Galincvsky, E.
Kerschbaum, and H. Janisch, Monatsh., 84, 193 (1953).

(10) L. Dorfman, Chem. Rev., 53, 47 (1953).

(11) G. Rosenkranz, St. Kaufmann, and J. Romo, J. Am. Chem. Soc., 71,
3689 (1949).
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tively identified as the 4,6-diene (VIIA) by comparison
with a sample obtained by the following synthesis
modeled on the procedure used by Eck and Hollings-
worth2 for the preparation of Ad46-cholestadiene.
Reduction of A36-androstadiene-7,17-dionel3 with so-
dium in propanol afforded the homoallylic diol (VIII)
as a mixture of epimers which was oxidized with chro-
mium trioxide in acetoneMand treated with base to give
AGandrostene-7,17-dione (IX, 5.75 and 6.01 ).
Reduction of IX with Ilithium aluminum hydride
yielded the allylic alcohol (X) as a mixture of epimers.
Acid-catalyzed dehydration of X proceeded readily to
give 94% of Ad6androstadien-17/3-ol (V1IB) which was
propionylated to VIIA with propionic anhydride in
pyridine. Both VI and VIIA were shown to be stable
under the conditions of the thermal cleavage reaction
and subsequent chromatographic purification.

The tetrahydro product (V) obtained in the catalytic
hydrogenation also contained no conjugation as evi-
denced by the presence of only end absorption in the
ultraviolet, 210 my (e 2400). In addition to an un-
conjugated carbonyl group adjacent to a cyclobutane
ring (5.92 y), the presence of a hydroxyl group (2.74 y)
and of two olefinic hydrogens (doublets at 3.99 and
445 r, Jab = 12 c.p.s.) was indicated. Thermal
cleavage of V followed by chromatography did not lead
to crystalline products. On the basis of spectral analy-
sis of individual fractions, the presence of IA, a hetero-

annular diene (or mixture of dienes), and recovered V
was suggested. Since the difficulties encountered
might have been due to dehydration of the alcohol
function at the high temperature of the thermal cleav-
age, V was oxidized (in nearly quanitative yield) to
the diketone X1 which again showed no evidence for
conjugation, 5.9 y, 210 m/x (e 2700). The olefinic hy-
drogens in X1 also appeared as a pair of doublets at
405 and 452 r (,/AB = 11 c.p.s.).

Cleavage of X1 by heating at 270-280° for three
hours proceeded satisfactorily. Chromatography of
the crude product afforded 39% of recovered X1, 53%
of 1A, and 47% of 5a-A6androsten-3-on-17/3-ol pro-

(12) J. C. Eck and E. W. Hollingsworth, J. Am. Chem. Soc., 63, 107 (1941).

(13) J. R. Billeter and K. Miescher, Helv. Chim. Acta, 31, 629 (1948).

(14) K. Bowden, I. M. Heilbron, E. R. H. Jones, and B. C. L. Weedon,
J. Chem. Soc., 39 (1946); C. Djerassi, R. R. Engle, and A. Bowers, J. Org.
Chem., 21, 1547 (1956).
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pionate (XIl). The latter compound was character-
ized by the absence of ultraviolet absorption, infrared
maxima at 5.77 (propionate) and 5.84 y, and presence
of a partially resolved multiplet centered at 4.64 «
(2H) in the n.m.r. Catalytic hydrogenation to known
5a-androstan-3-on-17/f-olpropionateB(X111) confirmed
the structure assignment.

The spectral properties of the hydrogenation products
1V, V, and X1 and the identification of their thermal
cleavage products are consistent only with assignment
of structure I1A to the photodimer. The formation of
IV and V apparently represents a competition between
reduction of the conjugated carbonyl group at C-3'
and of the double bond (A4) adjacent to it.6 When
reduction of the carbonyl group occurs first, the result-
ant allylic alcohol can undergo hydrogenolysis ulti-
mately leading to 1V (the major product). The
results suggest that the A4-double bond is subject to
considerably more steric hindrance than the adjacent
carbonyl group. A similar observation has been made
by Ushakov and Koshelevalr and confirmed by Jeger,
et al.,3who noted that hydrogenation of the photodimer
(XVI1) of Adecholestadien-3-one led to a tetrahydro
product in which complete reduction of the C-4'
ketone to methylene occurred without hydrogenation of
either of the two olefinic bonds present.

The exclusion of 1IB and IIC leaves eight possible
structures to be considered for the photodimer assuming
that the cyclohexane-to-cyclobutane ring fusions are
cfs.1819 Both the head-to-tail (I11A) and head-to-head
structures (HD) might possess either cis- or trans-

A/B ring fusions and, in addition, the relationship of
the two steroid halves might be either syn or anti
(as illustrated) about the cyclobutane ring allowing a
total of four head-to-tail and four head-to-head possi-
bilities.

These eight possibilities can be reduced to four on the
basis of the catalytic hydrogenation of I1A to V which
must, on the basis of its thermal cleavage to 5a-andro-

(15) K. Miescher, H. Kagi, C. Scholz, A. Wettstein, and E. Tschopp.
Biochem. Z., 294, 39 (1937).

(16) We have adopted the following notation for indicating position and
stereochemistry in these dimers. The dimer, written with the upper
half containing the ring A ketone “conjugated” with cyclobutane ring (this
choice was made to conform with the structures presented by Jeger, etal.3, is
considered to be composed of two independent steroid halves. For the upper
half, positions and stereochemistry are designated in the usual manner;
for the lower half, positions are designated as C-I', C-2', etc., and stereo-
chemistry (a! or /S) is related to the C-10' methyl group of that half.

(17) M. L. Ushakov and N. F. Kosheleva, J. Gen. Chem. USSR, 14, 1138
(1944); Chem. Abstr., 40, 4071 (1946).

(18) Preliminary reports have appeared describing the formation of the
irans-bicyclo[4.2.0]octane system as minor product of the photoaddition of
maleic anhydride to cyclohexene: P. de Mayo, R. W. Yip, and S. T. Reid,
Proc. Chem. Soc., 54 (1963); J. A. Barltrop and R. Robson, Tetrahedron
Letters, 597 (1963).

(19) The photodimerization of dimethyl 3-keto-l,4-pentadiene-1,5-
dicarboxylate has also been reported to lead to product in which trans fusion
of cyclobutane and cyclohexane rings occurs: J. Corse, B. J. Finkle, and
R. E. Lundin, ibid., No. 1, 1 (1961).
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stan-3-on-17/8-ol propionate, possesses the 5'a' con-
figuration. From examination of models it seems ex-
tremely unlikely that hydrogenation from the a
side of the lower steroid half of the dimer could occur
if the cyclobutane ring were attached at the Q'a',7'a’-
positions since the upper half of the dimer would pro-
vide considerable hindrance to reaction at the 5'op-
position. The fact that 5a-androstan-17/3-ol propio-
nate (I11A) also isformed in the catalytic hydrogenation
to the exclusion of the 53 isomer is not necessarily
significant since it is not clear at what stage in the reduc-
tion insertion of the 5a-hydrogen occurs.D

We have observed slow reversal of Il to A46-andro-
stadien-3-on-17/S-ol (I1C)2L under mild acidic conditions
as had been reported by Jeger, et al.,3for the dimer of
Ad6-cholestadien-3-one. These authors suggested that
this result supports the head-to-tail structure for the
dimer. This interpretation appears to us to be based
on the assumption of an initial protonation of either
carbonyl group of the dimer followed by a stepwise
fragmentation involving a series of carbonium ions.
Such a mechanism applied to the head-to-head isomer
would require a carbonium ion adjacent (or vinyl-
ogously adjacent) to a carbonyl group which would not
be the case for the head-to-tail isomer where only
isolated or allylic carbonium ions would be required.
Unfortunately, the absence of detailed information on
the mechanism of the acid-catalyzed cleavage and the
lack of a standard (such as a second isomer) with which
to compare the rate of cleavage make such an inference
of limited value. Complete details of the structure of
these photodimers await further investigation.

As has been noted, the nature of absorption in the
olefinic hydrogen region of n.m.r. spectra has been of
considerable value in elucidation of the structures of
Il and its degradation products. The usual broad
envelope with occasional protruding sharp lines charac-
teristic of the aliphatic hydrogen region of steroids2
also was observed. All of the compounds which bore a
17-propionate exhibited a quartet centered at about
766 + (J = 8 c.p.s.) due to the methylene protons
adjacent to the ester carbonyl and a triplet centered at
886 + (J = 8 c.p.s.) due to the propionate methyl
group. In addition, the following lines due to angular
methyl groups were observed: monomer (1A), 8.85
(C-19 protons) and 9.10 (C-18); dimer (I1), 8.70, 9.15,
9.19, 9.25; hexahydro product (IV), 8.78, 9.20 (this
line was approximately twice as intense as the lower
field line); tetrahydro product (V), 8.93, 9.16 (broad),
9.31; XI, 8.74,8.98, 9.15, 9.22, 9.32r. This apparently
capricious pattern of absorption is presumably due to
the operation of long-range shielding effects and might
provide some clues to the detailed structure of the
dimer.

Irradiation performed under conditions similar to
those used with 1A led to conversion of A46androsta-
dien-3-one (IB) to dimer XIV, A46androstadien-3-
on-17/3-ol (IC) to XV, and Ad6cholestadien-3-one (ID)
to XVI (solutions remained homogeneous throughout
irradiation). These dimers were all assigned partial

(20) Treatment of Il with reduced platinum oxide in propionic acid re-

sulted in recovery of unchanged starting material.

(21) Hydrolysis of the ester group occurred under the conditions of the
cleavage.

(22) J. N. Shoolery and M. T. Rogers, J. Am. Chem. Soc.. 8o, 5121
(1958); G. Slomp and B. R. McGarvey, ibid., 81, 2200 (1959); J. S. G- Cox,
E. O. Bishop, and R. E. Richards, J. Chem. Soc., 5118 (1960).
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structure I1A (or 11D), differing only in substitution at
C-17, on the basis of their spectral properties (see
Experimental). In the case of XV the structure was
confirmed by esterification with propionic anhydride and
pyridine at room temperature to give material identical
with the dimer of IA. The identical dimer (XVI) was
obtained from ID by irradiation of petroleum ether
solutions where the product crystallized during the
course of the reaction or by irradiation of benzene-
dioxane solutions which remained homogeneous through
out the course of the reaction. In the latter case XV
was isolated by chromatography on Florisil. The
physical properties of XV I were in good agreement with
those reported by Jeger, et al., for the dimer formed by
irradiation of ethanol solutions of ID where the product
crystallized during the course of the reaction.
Probably the most striking aspect of these dimeriza-
tions is the complete specificity observed. As noted
previously, four isomers of IIA and four of IID are
possible; consideration of the number of isomers which
could result from dimerizations involving two aft
double bonds or two y,8 double bonds leads to a total of
twenty possible dimers from irradiation of IA. How-
ever, 98% of the original material was recovered either
as unchanged starting material or as the single homo-
geneous product. Careful examination of individual
fractions from column chromatography by infrared
spectral comparison and thin layer chromatography did
not indicate the presence of any other reaction product,
nor did protracted irradiation result in any detectable
by-products. In contrast, the dimerization of cyclo-
pentenone in homogeneous solutionZ results in the
formation of approximately equal amounts of anti
head-to-head and anti head-to-tail dimers, two of the
four possible products. The specificity of these steroid
dimerizations is particularly remarkable since it was
demonstrated that the dimerizations can be reversed
photochemically. The composition of the photosta-
tionary state resulting from irradiation of 1A or Il
in benzene-dioxane solution was 31% monomer and
69% dimer at 27-28°. Examination of molecular
models provides no clue to preference for a single one of
twenty possible products in a reversible reaction taking
place in homogeneous solution. In fact, the products
which involve the least steric hindrance are those
formed by interaction of two a/3 double bonds (I1B)
and possessing the head-to-tail, anti configuration.
Such isomers also might be predicted to accumulate
upon irradiation, since they would have extremely weak
light absorption at wave lengths above 3000 A. Work
in progress is concerned with the factors determining
product structure in dimerizations of this type.

Experimental2

Photoirradiation of A<frAndrostadien-3-on-17.3-0l Propionate
(IA). A. In Homogeneous Solution.—A solution of 7.25 g. of
compound 1Al [m.p. 135-136°, 284 ml/i (e 27,500)1 in 35
ml. of 1:1 benzene-petroleum ether was irradiated for 7 hr.

(23) P. E. Eaton, ./. Am. Chem. Soc., 84, 2344, 2454 (1962).

(24) Photoirradiations were performed in nitrogen atmosphere in Pyrex
vessels using a Pyrex-jacketed, w-ater-cooled, 1000-w. General Electric high-
pressure mercury lamp (AH-6). Melting points are corrected. The sol-
vent for optical rotations was chloroform (1% solutions) and for ultraviolet
measurements was 95% alcohol. Molecular weights were determined in
benzene solution with a Mechrolab osmometer. N.m.r. spectra were deter-
mined at 60 Me. with a Varian Associates HR-60 spectrometer using tetra-
methysilane as internal standard in deuteriochloroform solution.
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and the clear solution then adsorbed on 350 g. of Florisil. Elu-
tion with five 1-1. portions of 7% ethyl acetate-benzene gave 4.65
g. (64%) of 1A, m.p. 131-136° (infrared spectra of all fractions
were identical with authentic 1A; thin layer chromatograms>
of all fractions showed the presence of only a single component,
identical in Rt value with 1A). The combined fractions after
recrystallization from methylene chloride-petroleum ether
gave 4.42 g. of white crystals, m.p. 135-136°.

Further elution with five 1-1. portions of 30% ethyl acetate-
benzene and two of 50% ethyl acetate-benzene gave a total of
2.45 g. (34%) of photodimer Il, m.p. 166-168° (infrared spectra
of all fractions were identical; examination of thin layer chromato-
grams under ultraviolet light and by treatment with concentrated
sulfuric acid revealed the presence of only a single component
identical in Rt value with pure Il1). One crystallization of the
combined fractions from methylene chloride-petroleum ether
gave 152 g., m.p. 168-169°. A portion, recrystallized
from the same solvent mixture, yielded the analytical sample,
m.p.% 167-168°, 256 mM (« 10,800); x“ ( 5.71, 5.86, 5.98, 6.21,
8.40 m; X™cli 5.78, 5.90, 5.99, 6.24, 839m; M 26 +16 x 2°.

Anal. Calcd. for CulhoOe: C, 77.15; H, 8.83; mol. wt., 685.
Found: C, 77.39; H, 8.78; mol. wt., 689.

B. In the Solid State.— A thin layer of 549 mg. of 1A between
two glass plates was irradiated on alternate sides for a total of
43 hr. The product after irradiation had Xmex 285 m/j (e 26,200).
Examination of the thin layer chromatogram indicated only a
single component identical in Rs value with starting material.

Thermal Cleavage of Photodimer Il.—Heating 18 mg. of Il at
175° in a sealed, evacuated capillary for 5 min. produced a light
yellow oil identical in infrared spectrum with 1A, Xrex 283 m/j
(e 25,200).

Catalytic Hydrogenation of Photodimer II.—A solution of
3.145 g. (4.6 mmoles) of Il in 50 ml. of anhydrous propionic acid
was added to 315 mg. of pre-reduced platinum oxide in 50 ml. of
anhydrous propionic acid at 32° (741 mm.). After 7 hr., 473
ml. (4.0 equiv.) of hydrogen had been absorbed. The catalyst
was filtered, washed with ethyl acetate, and the combined solu-
tions evaporated to dryness under reduced pressure on the steam
bath. The resulting oil was chromatographed on 177 g. of
Florisil.

Elution of 11 of benzene gave 595 mg. (19%) of oil which was
crystallized from methanol to give 444 mg. of 5a-androstan-17fi-ol
propionate (I11A), m.p. 54-56°; XmalC (CHZCI2 5.79, 8.39, no
absorption 2.5-3.1 m-

Elution with four 1-1. portions of 3% ethyl acetate-benzene
gave 1.886 g. (61%) of the hexahydro product (1V). The ana-
lytical sample was obtained by crystallization from methanol,
m.p. (sealed, evacuated capillary) 274-275°; end absorption, 210
m~ (e 8700); X™'5.77,5.91, 842 M [«]Zd +38 = 2°.

Anal. Calcd. for CwHeiOs: C, 78.53; H, 9.59; mol. wt.,
677. Found: C, 78.52; H, 9.62; mol. wt., 673.

Further elution with two 1-1. portions of 20% and three
of 30% ethyl acetate-benzene yielded 331 mg. (10%) of tetra-
hydro product (V). The analytical sample was obtained by
crystallization from methylene chloride-petroleum ether, m.p.
(sealed, evacuated capillary) 276-278°; end absorption, 210 m/x
(€ 2400); Xc"% 2.74,5.78,5.92,839M M Zd +62 + 2°.

Anal. Calcd. for C#H606. C, 76.70; H, 9.36; mol. wt.,
689. Found: C, 76.44; H, 9.48; mol. wt., 704.

Hydrolysis of 5«-Androstan-17S-ol Propionate (I11A).—A solu-
tion of 200 mg. of I11A in 10 ml. of methanol containing 0.8 ml. of
10% aqueous potassium hydroxide was allowed to stand over-
night at room temperature. After neutralization with acetic
acid, the solution was concentrated on the steam bath under
reduced pressure. The residue was taken up in ethyl acetate
which was washed with water, dried over anhydrous sodium
sulfate, and concentrated to give 167 mg. (100%) of white solid,
m.p. 138-152°. Recrystallization from'methanol gave 85 mg.
(51%) of 5a-androstan-17/3-ol (I111B), m.p. 164-166°; lit.9m.p.
164°; XL") 2.98, no absorption at 5.5-6.5 ¢i. The residue was a
light yellow solid, m.p. 95-108° (lit.9m.p. 96° for 5(3-androstan-
17/3-ol). An additional 28 mg. (17%) of IIIB was obtained
by chromatography of the residue on Florisil.

(25) V. Cerny, J. Joska, and L. Labler, Collection Czech. Chem. Commun.,
26, 1658 (1961).

(26) The melting point varied with rate of heating due to thermal cleavage
of 1.  The melting points reported here were obtained by placing the capil-
lary in a bath at 160° and raising the temperature at the rate of I°/per
minute.
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Thermal Cleavage of Hexahydro Product IV.—Heating 380
mg. of IV at 270-280° in a sealed, evacuated tube for 3.5 hr.
gave a light yellow oily product, Xmex 238 mp (e 12,000). This
was dissolved in benzene and chromatographed on 19 g. of Florisil
collecting 200-ml. fractions.

Elution with 50% benzene-petroleum ether gave 117 mg.
(31%) of AJ46androstadien-17/3-ol propionate (VIIA), m.p.
99-102°, which was recrystallized from methanol to yield 96 mg.,
m.p. 103-104°, identical with the synthetic sample described
subsequently.

Elution with 1, 2, 3, and 4% ethyl acetate-benzene gave a
mixture which was rechromatographed on 12 g. of Florisil (100-
ml. fractions). Six fractions of 0.5% ethyl acetate-benzene
gave 127 mg. (33%) of solid, identical by infrared analysis
with V.

Further elution with two portions of 1% and four of 2% ethyl
acetate-benzene gave a total of 101 mg. (26%) of solid identical
by infrared with testosterone propionate. Crystallization
from methanol afforded white crystals, m.p. 120- 122°, unde-
pressed on mixture with authentic material.

A35Androstadien-17/3-ol Propionate (VI1).—A3ftAndrostadien-
17/3-0l was prepared by the procedure of Rosenkranz, et al.,n
m.p. 155-157°; Xree* 228 mM (e 19,000), 234 (20,400), 243
(12.900). A solution of 600 mg. of this alcohol in 3 ml. of pro-
pionic anhydride and 6 ml. of pyridine was allowed to stand
overnight in the dark at room temperature. The light yellow
solution was taken to dryness on a rotary evaporator to give 526
mg. (73%) of solid, m.p. 134-140°. Several crystallizations
from petroleum ether gave white crystals, m.p. 135-138°.
When 282 mg. of the product was washed through 15 g. of Flori-
sil with 50% petroleum ether-benzene, there was obtained 268
mg. of white solid, m.p. 136-138°. The infrared spectra in
methylene chloride were identical before and after chromatog-
raphy. One crystallization of the chromatographed material
from petroleum ether gave the analytical sample, m.p. 138-139°;
Xmax 228 mM (e 21,300), 234 (23,000), 243 (14,500); 5.78,

6.09, 840 m; H 2Zd -177 + 2° n.m.r., 5.37 (triplet, J = 7
c.p.s.), 7.68 (quartet, J = 8 c.p.s.), 8.87 (triplet,/ = 8c.p.s.),
9.04, 9.17 r; also lines at 364, 354, 343, 338, 326 (broad) c.p.s.

downfield from tetramethylsilane.

Anal. Calcd. for CZFE22 C, 80.44;
C, 80.17; H, 9.86.

A sample, heated for 3.5 hr. at 270-280° in a sealed, evacuated
tube, was recovered unchanged as shown by infrared and ultra-
violet analysis, m.p. 135-138°.

A’ -Androstene-7,17£i-diols (VII1).—Eight and one-half grams
of sodium was added in portions to a refluxing solution of 3.0 g.
of A35androstadiene-7,17-dionel3 in 200 ml. of 1-propanol.
After all the sodium had reacted, the solution was cooled, poured
into ice and water, and neutralized by addition of 22.2 ml. of
glacial acetic acid. Methanol was removed by evaporation
under reduced pressure on the steam bath and the residue ex-
tracted twice with ethyl acetate. The extracts were washed
twice with water, dried over anhydrous sodium sulfate, and con-
centrated under reduced pressure on the steam bath to give 3.28
g. of tacky solid which showed only end absorption in the ultra-
violet. One crystallization from aqueous methanol gave 2.41 g.
(80%) of VIII, m.p. 155-170°. Further crystallization from
aqueous methanol gave an analytical sample of mixed C-7
epimers, m.p. 175-183°; x“ (2.93/x; [ana +61 + 2° (c0.5).

Anal. Calcd. for CIH3D2 C, 78.57; H, 10.41. Found:
C, 79.23; H, 10.70.

A5Androstene-7,17-dione (1X).—A solution of 2.12 g. of diols
VI in 250 ml. of acetone maintained at 10-15° in an atmosphere
of nitrogen was treated dropwise with stirring with 7 ml. of solu-
tion prepared from 2.137 g. of chromium trioxide and 1.84 ml. of
concentrated sulfuric acid made up to 8 ml. with water.4 After
addition was complete, the solution was stirred for 15 min. and
then poured into 1 1 of water. Acetone was removed under
reduced pressure and the residual oily solution was extracted with
ethyl acetate. The extracts were washed with water, dried over
anhydrous sodium sulfate, and evaporated to dryness under
reduced pressure on the steam bath.

The residue was dissolved in 200 ml. of warm methanol, 1 ml.
of 10% aqueous potassium hydroxide solution added, and the
solution refluxed for 5 min. After neutralization with acetic
acid, the solution was concentrated under reduced pressure on the
steam bath. The residue was dissolved in ethyl acetate, washed
twice with water, dried over anhydrous sodium sulfate, and
evaporated to dryness under reduced pressure on the steam bath

H, 9.83. Found:
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to give 2.08 g. of lightyellow crystals,m.p. 96-164°; Xmax238mM
(«5400). One crystallization from methanol gave 530 mg. (25%)
of IX, m.p. 164-173°. Further crystallization from methanol
furnished the analytical sample, m.p. 180-181°; 238m~(£13,100);-
X™r5.75,6.01,6.16 m; M 2d -116+2°.

Anal. Calcd. for CiH® 2 C, 79.68;
C, 79.84; H, 9.32.

A5Androstene-7,17/3-diols (X).— Reduction of 520 mg. of IX
with 653 mg. of lithium aluminum hydride in 75 ml. of ether
afforded, after addition of water, filtration, and evaporation of
solvent, 548 mg. of X, m.p. 107-170°; end absorption, 210 mM
(£9900); X™cl! 2.7

Reaction of 15 mg. of crude X with 150 mg. of activated man-
ganese dioxideZ in 3 ml. of chloroform at room temperature for
18 hr. afforded, after filtration and evaporation of solvent, 16
mg. of oil, 239 mM(£ 6700); X™20!2.73, 6.02, 6.16 M

A46Androstadien-17(!-ol Propionate (VIIA).—A solution of 25
mg. of crude diol X in 5 ml. of 95% ethanol containing one drop
of concentrated hydrochloric acid was refluxed for 2 hr. After
cooling, the solution was neutralized with excess solid sodium
carbonate, concentrated under reduced pressure, and the result-
ing white solid taken up in ethyl acetate and water. The layers
were separated, the organic layer washed twice with water, dried
over anhydrous sodium sulfate, and evaporated to dryness
under reduced pressure on the steam bath. The crude alcohol,
24 mg. (94%), exhibited m.p. 137-157°; Xnmax 230 him (£ 18,300),
238 (20,400), 246 (13,000); X™ZAR22.73 m-

The crude product, 376 mg. from the reaction of 400 mg. of
X as described, was esterified with 5 ml. of propionic anhydride
and 10 ml. of pyridine overnight at room temperature. After
removal of solvent on a rotary evaporator the residue was chroma-
tographed on 185 g. of Florisil. Elution with one 200-ml.
portion of petroleum ether and two of 10% benzene-petroleum
ether gave a total of 360 mg. of VIIA, m.p. 91-103°. Crystal-
lization from methanol and then petroleum ether gave the analyt-
ical sample, m.p. 103-104°; Xmax230rnM(£21,000), 238 (22,400),
246 (13,700); x“8r5.74, 6.12, 840 M M 2n -3 £ 2° n.m.r,,
5.30 (multiplet), 7.64 (quartet, J = 8 c.p.s.), 8.86 (triplet, J
= 8 c.p.s.), 9.04, 9.12 r; also lines at 364, 355, 335, 329, 326
c.p.s. downfield from tetramethylsilane.

Anal. Calcd. for CZH3D 2. C, 80.44;
C, 80.54; H, 9.84.

A sample, heated for 3 hr. at 270-280° in a sealed, evacuated
tube, was recovered unchanged as shown by infrared and ultra-
violet analysis, m.p. 98-104°.

Oxidation of Tetrahydro Product V to XI.—To a stirred solu-
tion of 352 mg. of V in 40 ml. of acetone maintained at 10-15°
under nitrogen was added 0.145 ml. of a solution containing 2.137
g. of chromium trioxide and 1.84 ml. of concentrated sulfuric
acid made up to 8 ml. with water.14 After the dropwise addition
was completed, the solution was stirred for 5 min. and then
poured into water. The'solution containing white solid was
concentrated to remove acetone, the solid filtered and washed
with water tc give 348 mg. (99%) of XI, m.p. 268-271°, no
absorption at 2.5-3.1 m in methylene chloride solution. The
sample for analysis was crystallized from methylene chloride-
petroleum ether, m.p. 273-275° (sealed capillary); end absorp-
tion, 210 mM(£ 2700); X™r5.76, 5.91, 8.44 M [a] & +60 £ 2°.

Anal. Calcd. for CiiHwOe: C, 76.70; H, 9.36. Found:
C, 76.03; H, 9.48.

Thermal Cleavage of XI.—Heating 166 mg. of X1 in a sealed,
evacuated tube at 275° for 3 hr. gave an amber oil which failed to
crystallize, Xraax 284 mM (£ 7000). Fourteen milligrams of this
was set aside and the remainder, dissolved in the minimum volume
of benzene, was chromatographed on 8 g. of Florisil. Elution
with 150 ml. of 2% ethyl acetate in benzene yielded 36 mg. (47%)
of 5a-A6androsten-3-on-17] 3-ol propionate (X11), m.p. 125-136°;
XST" 5.80-5.85, 8.4 m; n.m.r., 4.64 (2H, broad), 5.33 (1H),
7.67 (quartet, J = 8 c.p.s.), 8.85 (triplet, 3 = 8 c.p.s.), 8.97,
9.09 r. The material recovered from the n.m.r. determination
was rechromatographed on Florisil and crystallized once to give
the analytical sample of X111, m.p. 136-138°; X88) 5.77, 5.84,
8.44 m-

Anal. Calcd. for C~MH-bO,:
C, 75.78; H, 9.34.

Further elution with 240 ml. of 3% and 150 ml. of 5% ethyl ace-
tate in benzene gave 40 mg. (53%) of material exhibiting an
infrared spectrum identical writh that, of 1A. Elution with 240

H, 9.15. Found:

H, 9.83. Found:

C, 76.70; H, 9.36. Found:

(27) Beacon Chemical Industries, Ine., Cambridge 40, Mass.
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ml. of 10% and 150 ml. of 20% ethyl acetate in benzene afforded
60 mg. (39%) of recovered X1, identified by infrared analysis.
Androstan-3-on-17+ol Propionate (XIIl).—Hydrogenation
of 17.2 mg. of XII in 5 ml. of ethyl acetate containing 3 mg. of
10% palladium on charcoal yielded, after filtration and concen-
tration, 21.8 mg. of white solid, m.p. 110-119°, which was chro-
matographed on 1g. of Florisil. Elution with 20 ml. of 5% ethyl
acetate in benzene gave 11.8 mg. (69%) of X111, m.p. 118-124°.
One crystallization from hexane raised the melting point to 124—
126°, lit.Bm.p. 121-122°. This material exhibited an infrared
spectrum identical with that of an authentic sample of X111.5
Acid-Catalyzed Cleavage of Photodimer Il.—A suspension of
100 mg. of Il in 25 ml. of 5% p-toluenesulfonic acid in methanol
was allowed to stand in the dark at room temperature. After
3.5 hr. the solid had completely dissolved; after an additional
17.5 hr. the solution was neutralized with 5% sodium hydroxide
solution and methanol was removed under reduced pressure
without heating. The residue was extracted with ethyl acetate,
the extracts washed twice with water, dried over anhydrous
sodium sulfate, and concentrated under reduced pressure to give
88 mg. of light yellow solid, m.p. 192-195°. The infrared
spectrum was identical with that of an authentic sample of
A46androstadien-3-on-17/3-0l.22 One crystallization from ethyl
acetate gave 41 mg., m.p. 199-202°, lit.8m.p. 204-205°.
Similar results were obtained by reaction with 5% hydrochloric
acid in methanol for 33 hr. at room temperature in the dark.
A46Androstadien-3-one (IB).—A suspension of 9.44 g. of
A4androsten-3-one5and 18.87 g. of chloranil in 500 ml. of ;-butyl
alcoholZ was refluxed for 3 hr. Excess chloranil was filtered
after cooling, washed with ¢-butyl alcohol, and the combined
solutions evaporated to dryness. The black residue was dissolved
in ethyl acetate, washed with water and then with 5% sodium
hydroxide solution until the washings were almost colorless, then
with water and saturated salt solution. The organic layer was
dried over anhydrous sodium sulfate and concentrated under
reduced pressure on the steam bath to give 15.75 g. of black tar.
This was dissolved in benzene and washed through 200 g. of
alkaline alumina with 11 of 1:1 benzene-petroleum ether and 11
of benzene to give, after concentration, 5.59 g. (59%) of light
yellow solid, m.p. 146-147°. The analytical sample was ob-
tained by crystallization from petroleum ether, m.p. 146-147°
(transition from granules to cubes at 135-145° on the hot stage);

Xmax 285 mM (E 25,500); X™' 598, 6.15, 6.29 M [<f]& +67
+ 3°.
Anal. Calcd. for CiH2: C, 84.39; H, 9.65. Found:

C, 84.45; H, 9.47.

Photoirradiation of A4d6Androstadien-3-one. Photodimer XIV.
—A solution of 1.59 g. of IB in 20 ml. of 1:1 benzene-petroleum
ether was irradiated for 24 hr. and the clear solution then ad-
sorbed on 75 g. of Florisil. Elution with 3 1 of 1%, ethyl acetate-
benzene gave 767 mg. (48%) of IB, m.p. 140-147°. Further
elution with 2 1 of 2% and two of 3% ethyl acetate-benzene
gave 595 mg. (37%) of photodimer X1V, m.p. 152-155°. Three
crystallizations from chloroform-petroleum ether and two from
methanol gave the analytical sample, m.p. 155° Xmax 256 mv
(£ 10,300); X™ 590, 5.98, 6.22 M [<]ZA>+12 + 3°.

Anal. Calcd. for C3H®02 C, 84.39; H, 9.69; mol. wt.,
540. Found: C, 84.50, 84.60; H, 9.59, 9.76; mol. wt.,
500.

Heating 10 mg. of X1V in a sealed capillary at 165° for 5 min.
afforded a yellow oil, Xnmax 284 nmM (f 21,200), which was identical
with IB by infrared analysis.

Photoirradiation of A46Androstadien-3-on-17/3-ol (IC). Photo-
dimer XV. -A solution of 580 mg. of ICBin 20 ml. of 1:1 ben-
zene-dioxane was irradiated for 6 hr. After removal of solvent
in an air stream without heating, a portion (123 mg.) of the crude
product was crystallized from chloroform-ethyl acetate to give
60 mg. (49%) of XV, m.p. 199-201°. Three crystallizations
from the same solvent mixture gave the analytical sample, m.p.
200-201.5°; Xmex 257 mMU 10,000); X™r 5.90, 6.05, 6.27 m:
[a]MD +33°.

Anal. Calcd. for C3H504 C, 79.68;
C, 79.68; H, 8.72.

Esterification of 55 mg. of XV by reaction with 0.5 ml. of
propionic anhydride in 1 ml. of pyridine at room temperature
overnight gave a crude product which was chromatographed on 3

H, 9.15. Found:

(28) C. Djerassi, G. Rosenkranz, J. Romo, St. Kaufmann, and J. Pataki,
J. Am. Chem. Soc., 72, 4534 (1950).
(29) E. J. Agnello and G. O. Laubaeh, ibid., 82, 4293 (1960).
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g. of Florisil. Elution with 100 ml. of 20% and 30 ml. of 50%
ethyl acetate-benzene gave 49 mg. (74%) of Il which, after one
crystallization from methylene chloride-petroleum ether, gave
39 mg., m.p. 168.5-170°, identical by infrared spectrum and mix-
ture melting point with Il obtained by photoirradiation of 1A.

Heating 13 mg. of XV in a sealed, evacuated capillary for 15
nun. at 215° gave material exhibiting infrared and ultraviolet
spectra identical with those of IC.

Photoirradiation of A46Cholestadien-3-one (ID). Photodimer
XVI. A. In Petroleum Ether.—A solution of 518 mg. of A46
cholestadien-3-oned (ID) in 15 ml. of petroleum ether was ir-
radiated for 1.75 hr. at 3-4°. The solid which precipitated was
filtered to give 247 mg. (48%) of dimer XVI, m.p. 175-177°.
The yield could be raised to 79% by successive crop taking and re-
irradiation. The analytical sample was obtained by crystalliza-
tion from ethyl acetate, m.p. 174.5-175°;, yj~di"rd 243 my
(* 10,600); \LB 5.93, 5.98,6.25m! +37°; lit.3 258 mM
(« 9100); X™c'35.91,6.02, 6.21 m! X™* 5.89, 5.97, 6.23 m! lit.T/
m.p. 173-174°, 179-180°; [«ld +37°.

Anal. Calcd. for (+H802 0,84.75; H, 11.07; mol. wt,,
765. Found: C, 84.55; H, 10.93; mol. wt., 730.

Heating 16 mg. of XV in a sealed capillary at 215° for 15 min.
gave an oil, Xmx284 mM (e 25,200), identical with ID by compari-
son of infrared spectra.

B. In Benzene-Dioxane Solution.—A solution of 206 mg. of
ID in 5.4 ml. of 1:1 benzene-dioxane was irradiated for 5.5 hr.
The solution remained clear. After removal of solvent under
reduced pressure, the residue was chromatographed on 10 g. of
Florisil. Elution with 800 ml. of 1% ethyl acetate-benzene

(30) A. L. Wilds and C. Djerassi, J. Am. Chem. Soc., 68, 1712 (1946). Use
of the chloranil oxidation procedure as described for IB afforded ID in 65%
yield.
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yielded 87 mg. of starting material. Elution with 600 ml. of 3%
ethyl acetate-benzene afforded 36 mg. (18%) of XVI. One crys-
tallization from methylene chloride-ethyl acetate gave 18 mg.,
m.p. 172.5-173°; mixture melting point with product from the
petroleum ether reaction, 172.5-173°. Infrared spectra were
identical.

Reversibility of Photodimerization of IA.—A solution of 480
mg. of dimer Il in 14 ml. of 1:1 benzene-dioxane was irradiated
for 12.5 hr. The clear solution was concentrated under reduced
pressure and the residue, Xm,x284 mM(ell ,800), chromatographed
on 21 g. of Florisil as described for the photoirradiation of 1A to
give 46% of IA, m.p. 135-136°, and 38% of Il, m.p. 167-169°.
Identity was further established by comparisons of infrared
spectra.

Photostationary States.— Solutions of 1A (0.1 47) or Il (0.05
A7) in 1:1 benzene-dioxane were immersed in a water bath having
a Pyrex window and irradiated until ultraviolet spectra of sam-
ples from each solution were identical. Compositions were calcu-
lated from the extinction coefficients of the monomer at 280 him
(t 26,900) correcting for the relatively weak absorption (e 5200)
of dimer at this wave length. At 3-4°, 15 hr. were required to
attain equilibrium; the product of irradiation of IA contained
29% IA and 71% 11, the product from Il contained 28% IA and
72% 11. At 27-28° equilibrium was attained in 3 hr.,32the
compositions were 31% IA and 69% Il in both cases.
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The ris-fused isomer (the more stable) of 8-methyl-l,la,4,4a-tetrahvdrofluoren-9-one (3) has been synthe-

sized and found to give primarily the cfs-fused product 4 on alkylation.

Several possible routes to the 2-keto

hexahydrofluorenone system 20 have been explored and a satisfactory preparative route is described.

Upon finding2 that the relative stability of the cis
isomer of perhydroindan-l-one (1, 75% cis at equilib-
rium) could be diminished by the introduction of a
double bond at the 5-6-position (as in 2, 53% cis at
equilibrium), it became of interest to learn whether the

H 4

3,R=H
4, R=CH2C02Me

5 6,R = CH2C02Me
7,R=H

1) (a) Supported in part by Grant No. G-25214 from the National Science
Foundation; fb) National Institutes of Health Predoctoral Fellow, 1960-

(2) H. O. House and G. Rasmusson, ./. Org. Chem., 28, 31 (1963).
(3) H. O. House, V. Paragamian. and D. J. Wluka, J. Am. Chem. Soc., 82,
2561 (1960); 83, 2714 (1961).

alkylation of the tetrahydrofluorenone system 3 would
lead to a mixture of the cis and Irans ring-fused products
4 and 5 rather than only (or at least very largely) a cis-
fused product such as 6 obtained from alkylation of the
hexahydrofluorenone 7.3 The realization of such a
nonstereoselective alkylation appeared to offer a
possible route to intermediates useful for the synthesis
of both allogibberic acid (trans B-C ring fusion) and
epiallogibberic acid (cis B-C ring fusion) without
requiring inversion of a center at some later stage.4

To examine this question the tetrahydrofluorenone
3 was prepared as indicated in Chart | following a
sequence previously applied to 1-indanone.5 Since
a preliminary attempt to prepare the Diels-Alder
adduct 10 led to a complex mixture (cf. ref. 5), we
modified the procedure to generate the very reactive
indenone 11 in the presence of excess butadiene. A
single crystalline adduct 3 was isolated from this
Diels-Alder reaction. This material was stable to
refluxing methanolic sodium methoxide although these

(4) For one method, albeit a circuitous one, of effecting this inversion in
the system 4, see H. O. House, R. G. Carlson, H. Muller, A. W. Noltes, and
C. D. Slater, ibid., 84, 2614 (1952).

(5) H. O. House, V. Paragamian, R. S. Ro. and D. J. Wluka, ibid., 82.
1452, 1457 (1960).

The considerable differences in duration of reaction may have been
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Chart |

conditions were sufficiently vigorous to remove the
proton a to the carbonyl function as demonstrated
by conversion to the monodeuterated derivative 12.
Consequently, the product 3 is the more stable epimer in
this series. The conclusion that the product 3 should
possess the indicated cis stereochemistry by virtue of
having been produced by a Diels-Alder reaction6 is
rendered equivocal because of the formation of the
product in the presence of very dilute aqueous acid
which could have epimerized an initially formed prod-
uct. Several attempts to isolate the pure indenone 11
in order to remove this ambiguity led only to polymeric
material. However, several additional facts indicate
strongly that the cis stereochemical assignment is cor-
rect. Catalytic hydrogenation of 3 under conditions
which permitted the reduction2of the tetrahydroinda-
none 2 to 1 without significant epimerization produced

H H H
MeOD H Ha, Pd-C
cH3o D MeONa  CIR33'n EtOH ¢Ha O H
12 3
"BrCHzC02Vle
H i-BUOK H
H2 Pd-C
CH30 CH2COR EtOH CH30 CH2COR
4, R= Me 6, R = Me
13,R=H 14,R=H

the hexahydrofluorenone 7 previously assigned3the in-
dicated cis configuration. Furthermore, examination
of the n.m.r. spectra of 3 and 12 indicates that coupling
between the proton at C-4a and each of the protons at
C-4 as well as the proton at C-la is 6-7 c.p.s. in each
case. This observation suggests either that each of the
three dihedral angles H-C(t9-C(ia-H and H-Coa)-
Ch-H (for each C-4 proton) is approximately 30° or
that one cf the dihedral angles is approximately 30°,
one is approximately 150°, and the third dihedral angle
is either 30° or 150°.7

Examination of molecular models indicates that at
least two conformations (a twisted boat or a chair
cyclohexer.e ring) of the cfs-tetrahydrofluorenone 3

(6) J. G. Martin and R. K. Hill, Chem. Rer.. 61, 537 (1961).

(7) L. M. Jackman, “Applications of Nuclear Magnetic Resonance Spec-
troscopy in Organic Chemistry,” Pergamon Press, New York, N. Y., 1959,

p. 87.
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are possible which would be consistent with such a
combination of dihedral angles. However, it appears
very difficult to reconcile the observed coupling con-
stants with the dihedral angles (about 60°, 150°, and
180° as estimated from Dreiding models) present in the
conformationally rigid 8-methyl-irans-l,la,4,4a-tetra-
hydrofluoren-9-one. Our data are, therefore, in best
agreement with the interpretation that the cis ring
fusion in the tetrahydrofluorenone system 3 is more
stable than the trans ring fusion as was previously found
for the 1,1a,2,3,4,4a-hexahydrofluoren-9-one system.63
The alkylation of the tetrahydrofluorenone (3)
produced primarily the ester 4 with a cis ring fusion
as demonstrated by hydrogenation and subsequent
hydrolysis to the previously known3cis acid 14. In
addition to the major alkylation product, the cis keto
ester 4, a minor product was formed in this reaction
which had spectral properties similar to the cis ester 4
suggesting that it may be the corresponding keto ester
having a trans ring fusion. However, we were unable
to isolate a pure sample of this minor product to permit
complete characterization. In any case, alkylation of
the tetrahydrofluorenone system 3 does not offer a
useful route to a trans-iused hexahydrofluorenone.
Several additional routes to a hexahydrofluorenone 6
having an oxygen substituent at C-2 (cf. ref. 4) have
been examined. The results of these studies are sum-
marized in Chart Il. Of importance to our further
synthetic work was the fact that, although cleavage of
the diketone lactone 19 with zinc and acetic acid or
calcium and liquid ammonia occurred very slowly,
presumably because the acyloxy function occupied an
equatorial position,49 the reduction to form 20 was
readily achieved with chromous chloride.D
With the cis keto ester 20 in hand, it was of interest
to explore the possibility1l that partial conversion of the
cis-fused ester 20 to the trans-iused isomer 23 might
be achieved by reaction of 20 with refluxing methanolic
sodium methoxide to form the intermediate triketone
(8) D. M. Bailey, D. P. G. Hamon, and, W. S. Johnson [Tetrahedron Let-
ters, No. 9, 555 (1963)] have found the tetrahydrofluorenone system present
in 11-ketoveratramine (i) to be more stable in the configuration having
atrans fusion of the 5- and 6-membered rings. Since this system is analogous
to the tetrahydrofluorenone (3) except for the presence of substituents at
positions corresponding to C-l and C-2 in 3, we believe that the predominant
factor stabilizing the trans isomer of 11-ketoveratramine is these substituents.
The importance of a substituent in determining the position of the cis-trans

equilibrium in a perhydroindanone system 1 is pointed up clearly in the
effect of a 7-methyl substituent (ref. 2).

(9) The cleavage of an acyloxy group or a halogen atom a to a car-
bonyl function by a dissolving metal reduction has generally been found to
occur more rapidly if the substituent being cleaved occupies (or can occupy)
an axial position. For examples and discussion, see (a) F. Sondheimer, S.
Kaufmann, J. Romo, H. Martinez, and G. Rosenkrantz, J Am. Chem. Soc.,
76, 4712 (1953); (b) R. S. Rosenfeld and T. F. Gallagher, ibid., 77, 4367
(1955); (c) J. H. Chapman, J. Elks, G. H. Phillipps, and L. J. Wyman, J.
Chem. Soc., 4344 (1956).

(10) (a) G. Rosenkranz, O. Mancera, J. Gatica, and C. Djerassi, J. Am.
Chem. Soc., 72, 4077 (1950); (b) W. Cole and P. L. Julian, J. Org. Chem., 19,
131 (1954); (c) D. H. R. Barton and J. T. Pinhey, Proc. Chem. Soc., 279
(1960); (d) D. H. R. Barton, T. Miki, and J. T. Pinhey, ibid., 112 (1962);
(e) G. Biichi and J. H. E. Loewenthal, ibid., 280 (1962).

(11) (a) J. F. Grove and T. P. C. Mulholland, J. Chem. Soc., 3007 (1960);
(b) B. E. Cross, J. R. Hanson, L. H. Briggs, R. C. Cambie, and P. S. Rut-
ledge, Proc. Chem. Soc.. 17 (1963).
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Chart Il
H H
H H
C02Me
17
|ref4
H H
cr ci2
acetone
19 20, R = Me
I 1.Zn, HOAc 21L,R=H
| 2. CHjN2
20

24 followed by conversion to either 20 or 23. How-
ever, this procedure led only to recovery of the ester
20 and the corresponding acid 21 with no second
component being isolated even after a 48-hr. reaction
period. Therefore, it seems probable that the equi-
librium position between the cis and trans keto esters
(i.e., 20 and 23) favors the as-fused product 20 as
was noted previously13with similarly constituted degra-
dation products of allogibberic acid and epiallogibberic
acid.

Experimental 2

2-Bromo-7-methylindanone.—To a cold (0°) solution of 14.36
g. (0.0982 mole) of 7-methylindanone2in 1.1 1 of ether was added,
dropwise and with stirring over a 45-min. period, 15.70 g. (0.0983

(12) All melting points are corrected and all boiling points are uncor-

rected. Unless otherwise stated magnesium sulfate was employed as a
drying agent. The infrared spectra were determined with either a Baird,
Model B, or a Perkin-Elmer, Model 21. infrared recording spectropho-
tometer fitted with a sodium chloride prism. The ultraviolet spectra were
determined with a Cary recording spectrophotometer, Model 14. The n.m.r.
spectra were determined at 60 Me. with a Varian, Model A-60, n.m.r. spec-
trometer. The mass spectra were obtained with a CEO, Model 21-130,
mass spectrometer. The microanalyses were performed by Dr. S. M. Nagy
and his associates and by the Scandinavian Microanalytical Laboratory.
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mole) of bromine. The resulting solution was allowed to warm
to room temperature and then washed with aqueous sodium
bicarbonate, dried, and concentrated. Crystallization of the
semisolid residue from an ether-petroleum ether (b.p. 30-60°)
mixture afforded 15.14 g. (68.5%) of the bromo ketone as pale
yellow needles, m.p. 45-48°. Recrystallization afforded the
pure bromo ketone, m.p. 47.5-49°; with infrared absorption13
at 1722 cm.“1(C=0); ultraviolet maximaX4at 258 m” (e 13,400)
and 303 (2320); and n.m.r. peaksBat 7.42 r (3H singlet, Ar-
CH3J3), a multiplet in the region 6.0-7.0 (2H, >CH2), a series of
four peaks centered at 5.52 (1H, >CH-Br), and a complex multi-
plet in the region 2.4-3.1 (3H, aryl C-H).

Anal. Calcd. for C.oH.BrO: 0, 53.36; H, 4.03; Br, 35.51.
Found; C, 53.13; H.4.05; Br, 35.57.

The Ethylene Ketal (9) of 7-Methylindenone.—A solution of
12.00 g. (0.0534 mole) of the bromo ketone, 100 mg. of p-toluene-
sulf »nic acid, and 5.00 g. (0.0798 mole) of ethylene glycol in 150
ml. of benzene was refluxed with continuous separation of water
for 1 week, additional 5.00-g. portions of ethylene glycol being
added after 42 and 114 hr. At this time the infrared spectrum
of the reaction mixture exhibited only weak carbonyl absorption.
The mixture was washed with aqueous sodium bicarbonate,
dried, and concentrated to leave the crude bromo ketal 8 as a
brown liquid. A solution of this crude ketal in 25 ml. of (-butyl
alcohol was added, dropwise and with stirring over a 10-min.
period, to a solution of potassium f-butoxide prepared from 3.12
g. (0.08 g.-atom) of potassium and 50 ml. of /-butyl alcohol.
The resulting mixture was stirred at room temperature under a
nitrogen atmosphere for 5 hr. and then poured into ice-water and
extracted with ether. After the etheral extract had been washed
with water, dried, and concentrated, distillation of the residue,
first through a shortpath still (5.636 g., b.p. 97-105° at 0.1 mm.)
and then through a Holtzmann column, separated 4.368g. (43.4%)
of the ketal, b.p. 86-88° (0.24 mm.). Upon redistillation of a
portion of this material, the distillate crystallized as white prisms,
m.p. 68-69°, which could be recrystallized from hexane. In a
subsequent preparation from 20.0 g. (0.137 mole) of the indanone
where the crude bromo ketone was used without purification, the
yield of the indenone ketal 9, m.p. 67-68.5°, was 14.62 g.
(55% based on the indanone). The product, which has no in-
frared absorption13in the 3- or 6-ji region attributable to hydroxyl
or carbonyl functions, exhibits ultraviolet maxima¥ at 219 mp
(e 29,000), 226 (25,000), 278 (2640), 287 (shoulder 2330), 300
(1849), and 311 (shoulder 1390); with n.m.r. peaks3at 7.68 r
(3H singlet, Ar-CH3, a multiplet centered at 5.88 (4H, -OCH?2
CH2-), a pair of doublets (./ = 5.5 c.p.s.) centered at 3.91 and
3.49 (2H, vinyl C-H), and a multiplet in the region 2.7-3.3
(3H, aryl C-H).

Anal. Calcd. for CieHuCh: C, 76.57; H, 6.43; mol. wt.,
188. Found: C, 76.50; H, 6.55; mol. wt., 188 (massspectrum).

8-Methyl-l,1a,4,4a-tetrahydrofluoren-9-one (3).—Into a cold
(—5 to 0°) solution of 5.00 g. (0.0266 mole) of ketal 9 and 5 ml.
of water in 25 ml. of tetrahydrofuran was distilled, through a
tube containing molecular sieves, 14 g. (0.27 mole) of 1,3-buta-
diene. The resulting solution was cooled in a Dry Ice-acetone
bath, 3 drops of concentrated hydrochloric acid was added, and
then the flask was stoppered and stirred at room temperature
for 8 days. The excess butadiene was allowed to evaporate from
the -esult.ing mixture, 50 ml. of saturated, aqueous sodium
chloride solution was added, and the mixture was extracted with
ether. The ethereal extract was washed with aqueous sodium
bicarbonate, dried, and concentrated to leave 5.05 g. of yellow'
oil which solidified on standing. Distillation through a short-
path still separated 3.80 g. of the tetrahydrofluorenone 3, b.p.
118-128° (0.1 mm.), which was recrystallized from pentane to
give 3.27 g. (62.5%) of the ketone as white prisms, m.p. 48.5-
50.5°. An additional crystallization raised the melting point
to 50-51°. The product has infrared absorption3at 1705 cm.“1
(C=0); ultraviolet maximal at 250 mp (e 12,050) and 298
(251C); and a series of n.m.r. peaksb in the region 2.4-3.0 r
(8H, aryl C-H), as well as a multiplet centered at 4.17 (2H,
vinyl C-H), asinglet at 7.37 (3H, aryl CH3), a complex series of
peaks in the region 7.0-8.0 (5H), and a quadruplet of broad
peaks (half-band widths 3-5 c.p.s., peak positions 204, 212, 218
and 225 c.p.s. from tetramethylsilane) centered at 6.42 (1H,
benzylic C-H).

(13) Determined in carbon tetrachloride solution.
(14) Determined in 95% ethanol solution.
(15) Determined as a solution in deuteriochloroform.
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Anal. Calcd. for Ci,HhO: C, 84.81; H, 7.12; mol. wt., Hydrogenation of the Unsaturated Ester 4.—A solution of
198. Found: C,84.73; H, 7.17; mol. wt.., 198 (mass spectrum). 200 mg. (0.744 mmole) of ester 4 in 10 ml. of ethanol was hydro-

A solution of 196 mg. (0.99 mmole) of the tetrahydrofluorenone
3 in the methanolic sodium methoxide prepared from 60 mg.
(2.61 mg.-atoirs) of sodium and 5 ml. of deuteriomethanol was
refluxed for 3.5 hr. and then concentrated under reduced pressure.
An additional 5-ml. portion of deuteriomethanol was added and
the resulting so ution was refluxed for 7.5 hr. and then poured into
a mixture of pentane and deuterium oxide. After the pentane
extract had been dried and concentrated, the residual oil (198
mg.) was crystallized from pentane to separate 116 mg. (59%) of
*he deuterated tetrahydrofluorenone 12 as pale yellow prisms,
m.p. 49-51°. The material which did not depress the melting
point of the starting ketone 3 and had the same Rt value on thin
layer chromatography,¥ contained 17% do, 75% dt, and 8% do
species. The deuterated ketone 12 has an n.m.r. spectrum®
which differs from the spectrum of the undeuterated ketone 3
in lacking a complex multiplet attributable to one proton in the
region 7.0-7.3 r (C-H a to carbonyl) and in having a triplet
(rather than a quartet) of broad peaks (half-band widths 3-4
c.p.s., peak positions 207, 213 and 219 c.p.s. from tetramethyl-
silane) centered at 6.43 (1H, benzylic C-H).

Hydrogenation of the Tetrahydrofluorenone 3.—A solution
of 167 mg. (0.844 mmole) of the unsaturated ketone 3 in 8 ml.
of ethanol was hydrogenated over 25 mg. of a 5% palladium-on-
carbon catalyst at 27° and atmospheric pressure. After the
hydrogen uptake (21.1 ml. or 1.01 equiv.) ceased (1 hr.), the
mixture was filtered, and concentrated to leave 157 mg. (93%)
of the hexahvdrofluorenone 7 as a colorless oil which crystal-
lized when cooled. Recrystallization from pentane separated 88
mg. (53%) of the pure ketone 7 as white prisms, m.p. 34-35°.
The infrared spectrald of both the crude and recrystallized
products are identical with the spectrum of a previously de-
scribed3sample of «s-ketone 7.

Alkylation of the Tetrahydrofluorenone 3.—A solution of
1.629 g. (8.21 mmoles) of the ketone 3 in the potassium t-
butoxide solution obtained from 1.28 g. (32.8 mg.-atoms) of
potassium and 35 ml. of /-butyl alcohol was refluxed for 10 min.
and then cooled and treated, dropwise and with stirring over a
15-min. period, with 5.00 g. (32.7 mmoles) of methyl bromo-
acetate. The resulting mixture was refluxed for 5 min. and then
concentrated, diluted with water, neutralized by the addition of
a few drops of hydrochloric acid, and extracted with ether.
After the ethereal extract had been dried and concentrated the
residual brown oil (2.689 g.) was dissolved in a mixture of 1.0 g.
(0.25 mole) of sodium hydroxide, 10 ml. of water, and 25 ml. of
methanol. The resulting solution was refluxed for 11 hr., cooled,
diluted with saturated aqueous sodium chloride solution, and ex-
tracted with ether. After acidification of the aqueous phase and
extraction with ether, the ethereal solution was washed with
water, dried, and concentrated. The crude acidic product
(1.896 g.), which contained®one major component (acid 13) and
one minor component, was esterified with ethereal diazomethane
to give 1.580 g. of crude ester 4181 (containing one major and
one minor component) as a pale yellow oil. A combination of
chromatography on silica gel and recrystallization from methanol
separated 845 mg. (39%) of the major component,I7 ester 4 as
pale yellow prisms, m.p. 69-71°. Recrystallization raised the
melting point to 73-74°. The product has infrared absorption13
at 1735 cm.'1 (ester C=0) and 1705; ultraviolet maxima# at
250 mn (e 12,400) and 299 (2540); and a series of n.m.r. peaks13
in the region 2.3-3.2 r (3H, aryl CH), a multiplet centered at
4.28 (2H, vinyl C-H), asinglet at 6.45 (3H, OCH,) superimposed
on a multiplet (1H, benzylic CH), and a complex series of peaks
in the region 7.2-7.9 (9H, aryl CH., and three CH, groups).

Anal. Calcd. for CnHis03 C, 75.53; H, 6.71. Found:
C, 75.54; H, 6.77.

The mother liquors remaining after this separation containedl
approximately 90% of ester 4 (first eluted) and approximately
10% of a second component (second eluted) which may be the
trans isomer corresponding to ester 4. However, repeated
efforts to sepirate a pure sample of the minor component served
only to yield small quantities of an approximately equal mixture
of ester 4 and the second product. The infrared spectrum of this
mixture resembled closely the spectrum of the pure ester 4.

(16) A thin layer chromatographic plate coated with silica gel was em-
ployed for this analysis.

(17) A gas chromatography column packed with General Electric Silicone
No. SE30 suspended on ground firebrick was employed for this analysis.

genated over 30 mg. of a 5% palladium-on-carbon catalyst at
25° and atmospheric pressure. After the hydrogen uptake
(18.3 ml. on 1.01 equiv.) had ceased (25 min.), the solution was
filtered and concentrated to leave 202 mg. of colorless oil whose
infrared spectrumBwas identical with the spectrum of previously
described3 ester 6. Crystallization from aqueous ethanol af-
forded 163 mg. (81%) of one crystalline form of ester 6, m.p.
74-76°. Since this material tends to crystallize as a mixture of
crystalline forms3 which complicated comparison of samples, a
solution of 100 mg. (0.364 mmole) of ester 6 and 310 mg. of 85%
potassium hydroxide in a mixture of 4 ml. of methanol and 2 ml.
of water was refluxed for 4.5 hr., then diluted with water, and ex-
tracted with ether. After the aqueous phase had been acidified
and extracted with ether, this ethereal extract was dried and
concentrated. Recrystallization of the residual solid (106 mg.)
from an ethyl acetate-hexane mixture gave 61 mg. (65%) of the
keto acid 14 as white prisms, m.p. 140.5-141.5°, which was
identified by a mixture melting point determination and by
comparison of infrared spectral8and thin layer chromatograms.®

Reaction of the Epoxy Keto Ester 17 with Magnesium
Bromide.—To a solution of 500 mg. (1.74 mmoles) of epoxide
17*in 25 ml. of benzene was added 1.7 ml. of an ethereal solution
containing 5.22 mmoles of anhydrous magnesium bromide (from
ethylene dibromide and magnesium). The resulting mixture was
refluxed for 11 hr. and then diluted with benzene and washed with
saturated aqueous ammonium sulfate. The benzene layer was
dried and concentrated to leave 576 mg. of a pale yellow solid
which gave a positive test for halogen and showed only' one spot
on thin layer chromatography.’6 Recrystallization from methanol
gave 398 mg. (68.3%) of the bromo lactone 18 as white needles,
m.p. 181.5-183.5°, which melted at 183-183.5° after recrystal-
lization. The product has infrared absorption® at 1778 cm.“1
(7-lactone C=0) and 1704 (C=0) with ultraviolet maxima# at
252 mM(c 13,500) and 300 (2300).

Anal. Calcd. for CiHieBrO,: C, 57.33; H, 4.51; Br, 23.84.
Found: C, 57.11; H, 4.61; Br, 24.30.

A mixture of 200 mg. (0.597 mmole) of the bromo lactone 18,
350 mg. (8.75 mmoles) of sodium hydroxide, 2 ml. of methanol,
and 10 ml. of water was stirred at room temperature until solu-
tipn was complete (30 hr.) and then successively extracted with
ether, cooled, acidified to pH 3 with hydrochloric acid, and again
extracted with ether. The final ethereal extracts were dried and
concentrated and the residual solid (210 mg.) was esterified with
ethereal diazomethane. After appropriate manipulations, crys-
tallization of the resulting neutral product from methanol gave
114 mg. (66%) of the epoxy ester 17, m.p. 101-103°, identif ed
with an authentic sample by a mixture melting point determina-
tion and by comparison of infrared spectra and thin layer chro-
matograms.

Reaction of the Unsaturated Ester 15 with Diborane.—Sub-
sequent preparations of the previously described4 unsaturated
ester 15 yielded a different crystalline form of the material as
white prisms, m.p. 82.5-84° (lit.4m.p. 70.1-71°), which has in-
frared absorption13and thin layer chromatographic behavior iden-
tical with the material melting at 70.1-71°.

Anal. Calcd. for CnH® 3 C, 75.53; H, 6.71.
75.65; H, 6.72.

A cold (0°) solution containing 3.87 mmoles of diborane in 10
ml. of tetrahydrofuran was added to 2.00 g. (7.32 mmoles) of the
unsaturated ester 15 and the resulting solution was stirred,
under nitrogen, for 3 hr. at 0° and for an additional 2 hr. at room
temperature. The reaction mixture was treated successively with
0.5 ml. of water, 10 ml. of 3 A7 aqueous sodium hydroxide and,
after cooling to 0°, 10 ml. of 30% aqueous hydrogen peroxide.
The mixture was then stirred at 0° for 3 hr. and at room tempera-
ture for 5 hr.  An additional 5 ml. of 3 N aqueous sodium hydrox-
ide was added and the reaction mixture was refluxed for 2 hr.,
then diluted with water, and extracted with ether. After the
ethereal extract had been dried and concentrated, the residual oil
(1.509 g.) was found to contain¥at least four components. The
infrared spectrum of the material indicated essentially complete
reduction of the ester function. To a solution of 1.25 g. of this
neutral material in 35 ml. of 90% aqueous acetic acid was added,
dropwise and with stirring, 6 ml. of a 2.67 M solution of chromium
trioxide in aqueous sulfuric acid. The reaction mixture was stirred

Found: C,

(18) Determined in chloroform solution.
(19) Determined as a suspension in a potassium bromide pellet.
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for 3 hr. at room temperature and then treated with a few drops
of methanol, concentrated under reduced pressure, diluted with
aqueous ammonium sulfate, and extracted with ether. The
ethereal extract was washed with aqueous sodium bicarbonate,
dried, and concentrated to leave 954 mg. of white solid contain-
ing®6 two components, lactone 16 and a second unidentified
material, in approximately equal amounts. Fractional crystal-
lization from methanol separated 354 mg. (23%) of the pure lac-
tone 16, m.p. 130-131.5°, identified with a subsequently de-
scribed sample by a mixture melting point determination and
comparison of infrared spectra. No other pure material was
isolated from either the neutral or acidic portions of the reaction
products.

In another experiment, 9.00 ml. of a tetrahydrofuran solution
containing 8.51 mmoles of diborane was treated with 1.158 g.
(17.02 mmoles) of 2-methyl-2-butene to prepare di(3-methyl-2-
butyl)borane.D After this solution had been stirred at 0° for 3
hr., it was added to a solution of 2.00 g. (7.40 mmoles) of the un-
saturated ester 15 in 5 ml. of tetrahydrofuran. The resulting
solution was stirred for 2 hr. at 0° and 20 hr. at room temperature.
The mixture was treated successively with 2 ml. of water and a
solution of 4.90 g. of sodium dichromate hexahydrate and 3 ml.
of concentrated sulfuric acid in 25 ml. of water, and then stirred
for 30 min. at 0° and at room temperature for 5 hr. After the
reaction mixture had been diluted with aqueous ammonium sul-
fate and extracted with ether, the ethereal extract was washed
with aqueous sodium bicarbonate, dried, and concentrated. The
crude neutral oil (1.943 g.) contained®two major products, the
lactone 16 and a second unidentified material, as well as some
starting material. A solution of the neutral product in 75 ml. of
ether was stirred with a solution of 4.0 g. of sodium hydroxide in
50 ml. of water for 45 min. at room temperature to selectively
saponify part of the 7-lactone 16. Acidification of the aqueous
layer followed by appropriate manipulation afforded 287 mg.
(16%) of the crude lactone 16, m.p. 128-131°, which was recrys-
tallized from aqueous methanol to give 210 mg. of the pure lac-
tone as white needles, m.p. 131.2-132.2°. This product has in-
frared absorptionBat 1775 and 1760 (shoulder) cm.“1 (7-lactone
C=0) and at 1705 (C=0); ultraviolet maximall at 252 m/i (e
12,800) and 300 (2320); and a series of n.m.r. peaks®5in the region
2.3-3.0 « (3H, aryl C-H) as well as a multiplet centered at 5.04
(1H,OH-0), asinglet at 7.35 (3H, aryl CH,),a multiplet centered
at 6.79 (1H, benzylic C-H), a pair of doublets (J = 17 c.p.s.)
centered at approximately 7.1 and 7.6 (2H, CH2 of lactone),
and complex absorption in the region 7.6-8.9.

Anal. Calcd. for CieH# 3 C, 74.98; H, 6.29. Found:
C, 74.87; H, 6.31.
Reductive Cleavage of the Diketone Lactone 19. A. With

Zinc and Acetic Acid.—A mixture of 1.092 g. (4.03 mmoles) of
lactone 19, 2.00 g. of zinc dust, 3 ml. of water, and 30 ml. of
acetic acid was refluxed with stirring for 7 hr. at which time all
the zinc had dissolved. An additional 2.05-g. portion of zinc was
added and refluxing and stirring were continued for an additional
14 hr. The resulting mixture was filtered and the filtrate was
concentrated under reduced pressure, diluted with aqueous am-
monium sulfate, and extracted with ether. The ethereal extract
was washed with aqueous sodium bicarbonate, dried, and con-
centrated to leave 309 mg. of neutral oil which contained® at
least five components, one of which corresponded in Rf value to
the starting material. The aqueous bicarbonate layer was
acidified, saturated with ammonium sulfate, and extracted with
ether. After this ether solution had been dried and concentrated,

(20) H. C. Brown and G. Zweifel, 3. Am. Chem. Soc., 83, 1241 (1961).
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the crude acidic fraction (1.408 g.) was esterified with ethereal
diazomethane to give, after appropriate manipulation, 812 mg.
of a neutral oil which contained two major components, 20 and 22.
After an involved sequence of chromatography and fractional
crystallization, a small amount of the keto ester 20 was sepa-
rated from ether at low temperatures as white prisms, m.p. 93-94°
The product has infrared absorption8at 1710 cm.-1 (C=0) with
a shoulder at ca. 1725 (ester C=0); ultraviolet maximaXat 252
m/i (« 12,900) and 300 (2320); and a series of n.m.r. peaksbin
the region 2.3-2.9 « (3H, aryl C-H) with a singlet at 6.39 (3H,
0-CH 3 superimposed on a multiplet (1H, benzylic C-H), and a
single peak at 7.33 (8H, aryl CH3and two -CH 2 groups next to
multiple bonds), as well as complex absorption in the region 7.4-
82

Anal. Calcd. for CnHijCL: C, 71.31; H, 6.34.
71.22; H, 6.40.

The combined mother liquors from this separation were sub-
jected to preparative thin layer chromatography on silica gel to
separate the second component, the keto ester 22, which crys-
tallized from an ether-petroleum ether mixture as white prisms,
m.p. 81-82°. This product has infrared absorptionB8 at 1710
cm.'1(C=0) and 1725 (ester C =0) with no absorption in the 3-/j
region indicative of a hydroxyl function. The product has weak
ultraviolet maximaXat 265 mjn (e 494) and 273 (454).

Anal. Calcd. for CiTHZO3 C, 74.97; H, 7.40.
C, 74.94; H, 7.42.

B. With Chromium(ll) Chloride.—To a solution of 3.680 g.
(13.6 mmoles) of keto lactone 19 in 200 ml. of acetone was added
the aqueous solution of chromium (I1) chloride prepared from
15.0 g. (56.2 mmoles) of chromium(lIl) chloride hexahydrate by
reduction with zinc amalgam.Xa After the resulting solution
had been stirred at room temperature under a carbon dioxide
atmosphere for 5 hr., the mixture was concentrated under re-
duced pressure, diluted with aqueous sodium chloride, and ex-
tracted with ether. The ethereal extract was washed with aque-
ous sodium bicarbonate, dried, and concentrated to leave 3.130
g. of the crude acid 21 as a white solid which was esterified with
ethereal diazomethane. Recrystallization of the resulting crude
ester (3.099 g.) from an ethyl acetate-hexane mixture afforded
2.509 g. (65%) of the pure keto ester 20 as white prisms, m.p.
92.5- 94°. This product was identified with the previously de-
scribed sample by a mixture melting point determination and
comparison of infrared spectra.

Treatment of the Diketo Ester 20 with Sodium Methoxide.—
A solution of 300 mg. (1.05 mmoles) of diketo ester 20 in metha-
nolic sodium methoxide, prepared from 5 ml. of methanol and 60
mg. (2.6 mg.-atoms) of sodium was refluxed for 48 hr. The
neutral product separated from 1-ml. aliquots withdrawn from
this refluxing solution after 2 and 8 hr. exhibited only a single
peak on gas chromatographyl corresponding in retention time
to the starting ester 20. The solution remaining after 48 hr.
was diluted with ether and washed with aqueous sodium bicar-
bonate. The crude acid, isolated from the aqueous extract in the
usual way, was esterified with diazomethane and, after recom-
bination with material removed as 1-ml. aliquots, the crude ester
(277 mg.) was distilled in a short-path still (180-200° at 0.05,
mm.) to separate 179 mg. (59.7%) of the crude ester 20 as a
yellow oil which crystallized on standing, m.p. 82-86°. This
crude product, which has infrared absorption8and behavior on
thin-layer®%and gas chromatographyZidentical with the starting
diketo ester, was recrystallized from a hexane-ethyl acetate mix-
ture to separate 109 mg. (36.4%) of the pure diketo ester 20
91.5- 93°, which was identified by a mixture melting point deter-
mination.

Found: C,

Found:
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The reduction of 22,26-oxido-Al<X)-cholestene-3/3,16ir-diol in acidic media yields three 17-isocholestane de-

rivatives.
of Ilia to 17-is0,20-isocholestan-16£-ol (V),
(1Xa) is described.

In a previous publication2 the structure of 22,26-
oxido-Al72)-cholestene-3/3,16£-diol (1) was established.
While ascertaining the structure of I, it was observed
that the hydrogenation of | did not yield the expected
22.26- oxidocholestane-3/3,16£-diol as the major product.
Instead, three compounds were obtained, including a
22.26- oxido compound that was sterically different from
the two epimeric 22,26-oxidocholestane-3/3,16f-diols.3
This paper is concerned with the hydrogenation of
22.26- oxido-AIfX)-cholestane-3|8,16£-diol (I) and the
proof of structure of the compounds so obtained. The
transformation of the major reduction product, 17-iso,-
20-isocholestane-3/3,16£,27-triol (llia) to the formerly
unknown 17-is0,20-isocholestan-3/3-ol (IXb) and 17-
iso, 20-isocholestane (1Xa) also is described.

Catalytic hydrogenation of I (Pt02 90% ethanol-
acetic acid) gave Il, llia, and Illb in 23, 58, and 3%
yields, respectively. Compound Il obviously resulted
from the saturation of the 17,20-double bond. It
readily gave a diacetate indicating the presence of two

The major reduction product is a 17-is0,20-isocholestane-3/3,16J-27-triol (llia).
17-is0,20-isocholestan-3)3-ol (1Xb),

The conversion
and 17-iso0,20-isocholestane

strated that they have the normal configuration at C-17
and C-20.

Our key compound llia, the major reduction product
of I, is formulated as a 17-iso0,20-isocholestane deriva-
tive because of its physical properties and a number of
transformations elaborated later.6 Acetylation of
Ilia readily yielded a triacetate. Oxidation with
chromic acid (acetone at 20°) gave 25-carboxy-17-iso, 20-
iso-26-norcholestane-3,16-dione (X), showing strong
bands at 1709 (25-carboxy and 3-carbonyl groups)
and 1733 (16-ketone), and the typical broad absorp-
tion of the carboxylic groups at 2500-2700 cm rl

Apparently 16-keto steroids (see Table 1) with a fi-
oriented side chain give high negative rotations.
Therefore, the specific rotation +39° of X111 and +2°
of X supports the assumption of the 17-iso configuration
of these two compounds and consequently of Il and
llia.

Attempts to prepare the 17-is0,20-isocholestane-16£-
ol derivative from lIlia via selective tosylation and

hydroxyl groups and an inert ether oxygen. Oxidation subsequent lithium aluminum hydride reduction gave
Table |
Compound [<]d, deg. Compound (er]D, deg.
17-1s0,20-isocholestan-16-one (Vila) + 2 Cholestan-16-one -117°
Coprostan-16-one —1216
5-Cholestene-30,27-diol-16-one

25-Carboxy-17-is0,20-iso-26-norcholestane-3,16-dione (X) + 2 25-Carboxycholestane-3,16-dione -97"
22,26-Oxido-20{-methyl-17-isocholestane-3,16-dione (X111) 22.26- Oxidocholestane-3,16-dione - 107d

+39 22.26- Oxido-22-isocholestane-3,16-dione - 104d

aSee ref. 9. bSee ref. 6.

of 1l with chromic acid gave the diketone X111 showing
strong bands at 1712 and 1736 cm.-1 of the 3- and 16-
carbonyl bands. Since it may be assumed for steric
reasons that the pyran ring in I is trans to the steroid
skeleton, if hydrogen attacked from the back, Il should
be a 17-normal,20-isocholestane derivative.4 The
value of optical rotation of XIIl indicates a 17-iso-
compound (see Table 1). The formation of such
derivative (i.e., 17-is0,20-normal) necessitates a front
side attack of hydrogen on I. Compound Il cannot be
further reduced under the conditions employed. Fur-
thermore X111 is sterically different from the two epi-
meric 22,26-oxidocholestane-3,16-diones8 (see Table I).
The mode of formation of these latter epimers demon-

(1) (@ Insect Physiology Laboratory, Agricultural Research Center,
Beltsville, Mi.; (b) visiting scientist; (c) deceased, May 31, 1962.

(2) M. J. Thompson, J. Moore, and E. Mosettig, J. Org. Chem., 27, 4108
(1962).

(3) 1. Scheer, M. J. Thompson, and E. Mosettig, J. Am. Chem. Soc., 79,

3218 (1957).
(4) The configuration assignment at C-22 is arbitrary.

cl. Scheer, M. J. Thompson, and E. Mosettig, J. Am. Chem. Soc., 78, 4733 (1956).

a See ref. 3.

in good yields predominately the AX20-isocholestene
(Iva). It should be remembered that under identical
conditions, cholestane~8/3,16/3,27-triol gave cholestan-
16]8-0l.6 When the tosylation of Ilia was carried out
at 0°, subsequent reduction of the tosylate mixture with
lithium aluminum hydride gave a mixture of at least
four compounds. In order of their increasing adsorp-
tion on alumina AJ20-isocholestene (IVa), 17-iso,-
20-isocholestan-16£-0l  (V), A20-isocholesten-3/3-ol
(IVb), and 17-is0,20-isocholestane-3/3, 16£-diol (V1) were

(5) The formation of Ilia from | may take place through: (A) opening
of the pyrano ring (facilitated by the 17,20-double bond), and subsequent
saturation of the double bond of an intermediate AIX®)-cholestene deriva-
tive; (B) 1,4-addition of hydrogen to the allylic ether and subsequent satura-
tion of an intermediary AIA2>-cholestene derivative. No intermediate com-
pound in the reduction of | and Il has been detected. Pathway A necessi-
tates the assumption of a cis n-hexyl side-chain and frontal attack of hydro-
gen at the C-17,C-20 double bond. For pathway B again one has to as-
sume (in the first step) a frontal attack of hydrogen at C-17. The satura-
tion of the 20,22-double bond can lead then either to a 17-is0,20-normal, or
17-is0,20-iso configuration.

(6) 1. Scheer and E. Mosettig, J. Am. Chem. Soc., 77, 1820 (1955).
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X1V

11%7

Compound V gave a monoacetate (acetic anhydride,
pyridine, steam bath). Treatment with chromic acid
in acetone for only 2 min. gave quantitatively 17-
iso,20-isocholestan-16-one (Vila). A strong band at
1736 cm.-1 and the low specific rotation of + 2° support
the assigned structure. When V was treated with an
excess of chromic acid for 30 min., the keto acid Villa
was obtained. Its methyl ester VUIb exhibited two
sharp bands in the carbonyl region at 1739 (ester
carbonyl) and 1712 cm.-1 (ketone). Oxidation of 16/3
hydroxycholestane under similar conditions gave chol-
estan-16-one.

The optical rotatory dispersion curve of Vila exhibits
a weak negative single Cotton effect (a30 —249°,
«225 +241°).8 The rotatory dispersion curve of
cholestan-16-one exhibits a very strong negative single
Cotton effect («mo —2900°, a + 3100°). While the
troughs and peaks are nearly at the same wave lengths,
the amplitude of the latter curve is more than ten times

(7) The ease of dehydration to A6compounds (IV'a ami IV'h) suggests
a-orientations in Ilia and consequently in V and VI.
(8) We are obliged to Professor Djerassi for providing these data.

XV I, Cholestane

XV XVI

regards to the 17a-epimeric methyl-n-homoanalones.D

Compound VI readily gave a diacetate and brief
treatment with chromic acid gave in good vyield the
dione which showed strong absorption bands at 1712
and 1736 cm.-1.

The location of the double bond in IVa was confirmed
through n.m.r. spectra and integration of the olefinic
proton area, as well as chemically by hydroxylation and
subsequent acetylation. Chromatography of the re-
action product yielded as the sole product the hydroxy
acetoxy derivative XIb which was not attacked by
chromic acid. The AX¥hydrocarbon also was obtained
by heating under reflux the tosylate of V in collidine.
We then converted under identical conditions cholestan-
16/3-0l (X1V)6 to ABcholestene (XV).1L Compounds
XV and IVa proved to be different. The 17-normal,20-

(9) C. Djerassi, O. Galpern, G. R. Pettit, and G. H. Thomas, J. Org.
Chem., 24, 1 (1959); see also C. Djerassi, “Optical Rotatory Dispersion,”
McGraw-Hill Book Co., Inc., New York, N. V., 1960. p. 45.

(10) 17a,0-Methyl-D-homoandrostan-35-0l-17-one, <& —463°, aZXA
4-195°; 17a0-methyl-D-homoandrostan-30-ol-17-one, am —1723°, a2s
4-1308: see C. Djerassi, R. Riniker, and B. Riniker, J. Am. Chem. Sor.,
78, 6362 (1956).

(11) N.m.r. spectra and integration of the olefinic proton area showed
only ore proton indicating a trisubstituted double bond. viz.
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normal configuration of X1V appears to be reasonably
well established through its relation to cholestane.612

The C-20 in IVa must have an iso configuration,
which consequently must be true for all compounds
experimentally linked to it. Hydroxylation of XV and
subsequent acetylation as applied in 1Va, yielded after
chromatography the hydroxy acetoxy derivative (XV1),
[a:]a —47°, differing considerably in the specific rotation
from Xlb, (aJo +35°. This difference suggests that
the side chain of X1b is a-orientedB3or, in other words,
that hydroxylation of IVa has taken place at the front
side, in contrast to the hydroxylation of XV.

Catalytic hydrogenation of IVa yields apparently as
the only product a crystalline, saturated hydrocarbon
IXa, m.p. 99.5-100.5°, [«]a —2°, which again means
that hydrogen has entered from the front side; other-
wise the 17-normal cholestane would have been formed. 4
Hydrogenation of the A®Bcholestene (XV) under iden-
tical conditions gave cholestane (XVII). The reduc-
tion of IVb gave the 17-is0,20-isocholestan-3/3-ol
(m.p. 165-166°, [aja —7°). The structure of 17-is0,20-
isocholestane is assigned to IXa and IXb. This is
further supported by comparison with 20-isocholestane
which was synthesized in this laboratoryB5(m.p. 67-68°,
[aln +7.6°). Mixture melting point of 1Xa and 20-
isocholestane showed an appreciable depression.

It is interesting, at this stage to confirm the observa-
tions made by Sondheimer and Mechoulam13 and
Plattner and Pataki® in their 20-iso series; the trend
of optical rotation is towards negative values as epimeri-
zation proceeds via >20-iso, > 17-iso, 20-iso series (see
Table I1).

Tabie |l

M.p., Md,

Compound "C. [ald, deg. deg.
5a-Cholestane (17-re,20-re) 80 + 25.9 + 96.5
5a-Cholestane (17-re,20-iso) 68-69 +7.66 +28.3
5<*-Cholestane (17-is0,20-is0) 1Xa 99-100 - 2.0 -7.5
5a-Cholestan-3/3-ol (17-re,20-re) 144-145 + 25.0 +97.7
5a-Cholestan-3d-ol (17-re,20-iso) 160-161 + 6.0 + 23.3

5a-Cholestan-3fl-ol (17-is0,20-is0)

1Xb 165-166 - 6.6 -28.8

a See ref. 15.

The physical properties and a number of transfor-
mations elaborated in the manuscript demonstrate that
our key compound Ilia and the various compounds
derived from llia are 17-iso,20-isocholestane deriva-
tives and are structurally presented as the same'in the
scheme. The specific rotation +39° of XIII supports
the assignment of the 17-iso configuration of X111 and
consequently of Il. Since the configuration at C-20
of these two compounds was not proven and could not

(12) R. E. Marker and D. L. Turner, 3. Am. Chem. Soc., 63, 767 (1941).

(13) The difference* between cholesterol and 20-isocholesterol, i.e., the
contribution of the 20-methyl to optical rotation, is apparently quite small:
see (a) F. Sondheimer and R. Mechoulam, ibid.. 8o, 3087 (1958); (b) R.
Hayatsu, ibid., 77, 823 (1957); (c) K. Tsuda, R. Hayatsu, V. Kishida, and
S. Akagi, ibid.. 8o, 921 (1958).

(14) Attempts to arrive at IXa via VIlb failed, presumably because
of partial inversion of Vila during formation of the thioketal. The infrared
spectra of IXa and the hydrocarbon mixture (m.p. 76-78°. [<*ld +4°)
obtained by desulfurization differed only slightly. Ketone Vila, [a]r>
+ 2°, was isomerized by refluxing for 2 hr. with 5% methanolic potas-
sium hydroxide to a product of m.p. 89° and [aJo —60°, which is either
20-isocholes:an-16-one or a mixture of the latter and 17-iso,20-isocholestan-
16-one (Vila).

(15) G. V. Nair and E. Mosettig, ./. Org. Chem.. 27, 4659 (1962).

(16) P. A. Plattner and J. Pataki, J. Chim. Acta, 36, 1241 (1943).
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be arrived at solely on mechanistic grounds, the
configuration at C-20 is given the uncertain designation,
namely “20£-methyl.”

The physical properties, especially the [<¥]d of 17-iso,-
20-isocholestane derivatives should be of significant
help in determining the correct stereochemistry at C-17
of naturally occurring C2 sterols and steroids. It
should be mentioned that the synthesis of the 17-iso,20-
isocholestane derivatives leaves only one of the four
possible isomers of the cholestane side chain to be syn-
thesized, namely, the 17-is0,20-normal cholestane.

Experimental 7

Reduction of 22,26-Oxido-Ai;(20 -cholestene-3fl, 16{-diol (1).—A
mixture of 2.0 g. of 22,26-oxido-Al7<)-cholestene-3/3,16£-diol (1),
0.5 g. of Adams catalyst, 275 ml. of 95% ethanol, and 25 ml. of
glacial acetic acid was shaken with hydrogen at room tempera-
ture and atmospheric pressure for 24 hr. Approximately 2.2
molecular equivalents of hydrogen was absorbed. The catalyst
was removed by filtration and the solution was concentrated to
dryness in vacuo. The residue recrystallized from ethyl acetate-
methanol to give 1.16 g. of 17-iso,20-isocholestane-3/3,16£,27-
triol (llia) as rods, m.p. 243-247°. A second recrystallization
raised the melting point to 246-248°, [a]D +20°.

Anal. Calcd. for CZH403. C, 77.09; H, 11.50.
C, 76.92; H, 11.22.

The triacetate of Ilia (acetic anhydride-pyridine, steam bath,
2 hr.) was obtained as rectangular plates from dilute methanol,
m.p. 119-120°, [<}d + 6°.

Anal. Calcd. for C33HH406: C, 72.59; H, 9.96; acetyl, 23.6.
Found: 0, 72.53; H, 9.67; acetyl, 23.1.

20+Methyl,22,26-oxido- 17-isocholestane-3d, 16+diol  (I1).—
The mother liquor from the catalytic hydrogenation of the 22,26-
oxido-AIf2)-cholestene-3/3,16£-diol (1), described before, was con-
centrated to dryness in vacuo and the residue was chromato-
graphed on benzene-washed alumina (activity grade Il1). The
crystalline fractions eluted with benzene-chloroform (9:1) and
(6: 1) and exhibiting identical infrared spectra were combined and
recrystallized from acetone to give 0.46 g. of Il as spears, m.p.
191-194°, [a]D +25°. Prolonged drying under high vacuum at
140° was required to free 11 of solvent.

Anal. Calcd.for C2ZH103: C, 77.46; H,
C, 77.30; H, 10.82.

Further elution of the column with benzene-chloroform (3:1)
yielded 60 mg. of 17-iso,20-isocholestane-3d,27-diol (Illb) as
needles from acetone, m.p. 194-195°, [«]d +3°.

Anal. Calcd.for C2H402 C, 80.13; H,
C, 80.42; H, 11.84.

The diacetate of Il (acetic anhydride-pyridine, 18 hr., 25°) was
obtained as rectangular plates from dilute methanol, m.p. 171—
173°, [a]ln +5°.

Anal. Calcd.for C3H305 C, 74.06; H,
C, 74.21; H, 9.79.

20£-Methyl,22,26-oxido-17-isocholestane-3,16-dione (XI11).—
To a stirred solution of 50 mg. of 20£-methyl,22,26-oxido-17-
isocholestane-3fl,16£-diol (I1) in 5 ml. of acetone at 10° was added,
dropwise, an 8 A’ solution of chromic acid in dilute sulfuric acid
(ca. 40%) until a persistent orange-brown coloration indicated
oxidation was completed.l8 The mixture was kept at 10° for 15
min., diluted with water, and the white crystalline precipitate
was collected, washed with water, and dried to vield 40 mg. of
X1, m.p. 161-165°. Recrystallization from dilute acetone
gave elongated needles, m.p. 173-175°, [<Ji> +39°, r' HI1 1736
(16-ketone) and 1712 (s, 3-ketone) cm.-1.

Found;

11.08. Found:

11.95. Found:

10.02. Found:

Anal. Calcd. for CZH,203: C, 78.21; H, 10.21. Found:
C, 78.42; H, 10.26.
(17) All melting points were determined on the Kofler block. Rotations

were determined in approximately 1% solutions in chloroform at 20°.
Infrared spectra were obtained with a Perkin-Elmer Model 21 double beam
spectrophotometer with sodium chloride prism and cells. N.m.r. spectra
were obtained with a Varian HR-60 spectrometer. Deuteriochloroform was
used as solvent and all data are reported in cycles per second referred to tetra-
methylsilane as an internal reference.

(18) A. Bowers. T. G. Halsall. E. R. Il. Jones, and A. J. Lemin. ./. Chem.
Soc.. 2548 (1953).
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25-Carboxy-17-is0,20-iso-26-norcholestane-3,16-dione (X).—
To astirred solution of 120 mg. of 17-is0,20-isocholestane,3/3,16£,-
27-triol (1lia) in acetone at 20° was added a slight excess of an 8
N solution of chromic acid in dilute sulfuric acid and stirring was
continued for 2 min. The mixture was diluted with water and
the crystalline precipitate was collected, washed with water,
and dried to yield 100 mg. of X, m.p. 194-196°. Recrystalliza-
tion from dilute acetone gave rectangular plates, m.p. 195-197°,
[a]ld +2°; i/AHA!I2700- 2500 (wb), 1709 (s, 3-ketone and carboxy
carbonyl), and 1733 (s, 16-ketone) cm.-1.

Anal. Calcd. for C+H.,,0,: C, 75.30;
C, 75.56; H, 9.66.

Tosylation and Subsequent Lithium Aluminum Hydride Re-
duction of 17-1s0,20-isocholestane-3/3,16",27-triol (llia).—To a
solution of 2.2 g. of Ilia in 67 ml. of dry pyridine at 0° was added
3.4 g. of p-toluenesulfonyl chloride. The solution was allowed
to stand overnight at 0°, was poured into ice and water, and the
precipitate was extracted with ether. The ethereal solution was
washed with cold 5% hydrochloric acid, water, 2% sodium bi-
carbonate solution, water, and dried over sodium sulfate. On
evaporation in vacuo a semicrystalline residue was obtained.
The residue was dissolved in 400 ml. of dry ether and 2.0 g. of
solid lithium aluminum hydride was added. The mixture was
refluxed overnight, cooled, treated with a few drops of ethyl
acetate, water, and 20 ml. of 4 N hydrochloric acid. The ether
layer was separated and washed with 5% bicarbonate solution
and water, dried over sodium sulfate, and evaporated to dryness
in vacuo. The semicrystalline residue was chromatographed
over 9:1 benzene-petroleum ether (b.p. 60-70°) washed alumina
(activity grade I1). The first two fractions eluted with benzene-
petroleum ether (9:1) crystallized from ether-methanol to give
0.25 g. of AIfI)-20-isocholestene (IVa) as spears, m.p. 87-90°,
[aln —33°. This material gave a positive tetranitromethane
test. N.m.r. intergration of the olefinic proton area showed only
one proton indicating a trisubstituted double bond.

Anal. Calcd. for CZH«: C, 87.49; H, 12.51.
C, 87.67; H, 12.08.

Further elution of the column with benzene-petroleum ether
(9:1) afforded after crystallization from methanol 0.7 g. of
17-is0,20-isocholestan-16£-ol (V), m.p. 181-183°, [a]ln +19°.

Anal. Calcd. for C2H«0: C,83.43; H, 12.44. Found:
C, 83.70; H, 12.13.

The acetate of V (acetic anhydride-pyridine, 1hr., steam bath)
was obtained as plates, m.p. 141-142°, [a]i> +20°.

Anal. Calcd. for CZHZE02: C, 80.87; H, 11.70.
C, 81.09; H, 11.31.

Elution of the column with benzene after the separation of V
yielded, after crystallization from methanol, needles of Al67)-20-
isochotesten-3+ol (1Vb), 0.26 g., m.p. 165-167°, [al]n —26°.
This compound gave a positive tetranitromethane test.

Anal. Calcd. for CZH4D : C,83.86; H, 11.99.
C, 83.77; H, 11.85.

Continued elution of the column with benzene-chloroform
(3:1) yielded 0.25 g. of 17-iso,20-isocholestane-3/3,16+diol (VI),
m.p. 221-222°, [a]D +21°.

Anal. Calcd. for C2ZH4S02:
C, 80.07; H, 12.01.

The diacetate of VI (acetic anhydride-pyridine, 1 hr., steam
bath) was obtained as needles from dilute methanol, m.p.
116-120°, with resolidification and remelting at 134-137°.
After prolonged drying under high vacuum at 110°, the melting
point was 137-139°, [a]ln +7°.

Anal. Calcd. for C3H&04:
C, 76.44; H, 10.31.

17-1s0,20-isocholestan-16-one (Vila).—To a stirred solution
of 0.3 g. of 17-is0,20-isocholestan-165-ol (V) in 30 ml. of acetone
at 15° was added a slight excess of 8 A’ solution of chromic acid
in dilute sulfuric acid, and after 2 min. the mixture was diluted
with water. The precipitate was collected, washed with water,
and dried. The dried material (0.28 g.) was dissolved in benzene-
petroleum ether (3:1) and filtered through a layer of Florisil.
The solvent was removed in vacuo and the residue recrystallized
from ethanol yielded as needles 0.25 g. of Vila, m.p. 137-138°,
[»In +2°; 1736 (s, 16-ketone) cm.-1; R.D. (c 0.09, meth-
anol) trough at ano —249°, peak at am +241°.

Anal. Calcd. for C27TH4: C, 83.87; H, 11.99.
C, 83.97; H, 11.73.

When the alcohol (V) in acetone at 25° was treated with an
excess of 8 N solution of chromic acid in dilute sulfuric acid for 30

H, 9.83. Found:

Found:

Found:

Found:

C,80.14; H, 11.96. Found:

C,76.18; H, 10.72. Found:

Found:
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min., the keto acid (Villa) was obtained, m.p. 197-199°, ]a]D
+90°.

Anal. Calcd. for CZH40 3:
C, 77.25; H, 11.02.

Treatment of Villa with diazomethane in the usual manner
gave the methyl ester (VIlIb), m.p. 184-187°, [a]D +96°
iIC3 1739 (ester carbonyl) and 1712 (ketone) cm.-1.

Anal. Calcd. for CBHA8 3 C, 77.72; H, 11.19.
C, 77.34; H, 10.91.

17-1s0,20-isocholestan-16-one 16-Ethylenethioketal (VIIb).—
To a solution of 70 mg. of 17-iso,20-isocholestan-16-one (Vila)
in 2 ml. of acetic acid was added 0.2 ml. of ethanedithiol and 0.2
ml. of boron fluoride in ether. The mixture was allowed to
stand overnight at room temperature diluted with water and
precipitate collected. Recrystallization from ether-methanol
ave 50 mg. of VITb as needles, m.p. 183-186° and 190-194°,
Ta]n +8°.

Anal. Calcd. for CZH3EB2:
C, 75.05; H, 10.84.

Isomerization of Vila.—A mixture of 53 mg. of 17-is0,20-iso-
eholestan-16-one (Vila, (a n + 2°) and 10 ml. of 5% methanolic
potassium hydroxide was refluxed for 2 hr. The mixture was
diluted with water and extracted with ether. The ethereal solu-
tion was washed with water and dried over sodium sulfate. The
solution was concentrated to dryness in vacuo. Crystallization
from methanol gave 40 mg. of plates, m.p. 88-91°, [a]l) —60°;
i«y ~ 10+gtone) On.-1.

17-1s0,20-isocholestane-3,16-dione (X11).—Oxidation of 100
mg. of 17-iso,20-isocholestane-3/3,16£-diol (V1) as was described
for the preparation of Vila gave 95 mg. of XIl as needles,
m.p. 170-175°. Two recrystallizations from ethanol gave 70
mg. of material, m.p. 174-176°, [a]i> +18°; v®7 1712 (s, 3-
ketone) and 1736 (s, 16-ketone) cm.-1.

Atml. Calcd. for C27H4D2: C, 80.94;
C, 80.68; H, 10.81.

Hydroxylation and Subsequent Acetylation of A1647)-20-Iso-
cholestene (IVa).—A mixture of 100 mg. of AlI§I7>20-isocholes-
tene (1Va), 10 ml. of dry ether, 100 mg. of osmium tetroxide,
and two drops of pyridine was allowed to stand for 24 hr. at room
temperature. Hydrogen sulfide was passed through the mixture
and the black precipitate o: osmium sulfide was collected. The
ether was evaporated in vacuo to a crystalline residue, which was
dissolved in 10 ml. of benzene and chromatographed over Florisil.
The first 25-ml. fraction of benzene yielded 30 mg. of starting
material IVa. The column was then eluted with benzene-
chloroform (1:1) to yield crystalline material. This material
was acetylated (acetic anhydride-pyridine, steam bath, 2 hr.).
The crystalline material was chromatographed over neutral
alumina (activity grade 11). The fraction eluted with 6:1
benzene-petroleum ether (b.p. 60-70°) upon recrystallization
from dilute methanol yielded 65 mg. of X 1b as elongated needles,
m.p. 167-169°; after drying at 100° under high vacuum, m.p.
179-180°, [a]ld +35°; w& 1745 (s, acetate) and 3571 (hydroxyl)
cm.-1. This material was not attacked by chromic acid solution
under mild conditions.

Anal. Calcd. for CjgHsoOs:
C, 78.19; H, 11.18.

The Glycol (Xla).— Saponification of XIb with 2% methanolic
potassium hydroxide solution gave the glycol Xla in 90% yield,
needles from dilute methanol, m.p. 201-203°, [a]D +10°.

Anal. Calcd. for CZH40 2. C, 80.13; H, 11.96.
C, 80.36; H, 12.09.

Al6L7-Cholestene (XV).—A mixture of 650 mg. of cholest.an-
16(i-ol (X1V) and 1.1 g. of p-toluenesulfonyl chloride w*as allowed
to stand overnight at room temperature. The mixture was
pourec into ice and water, and extracted with ether. The ethe-
real solution was washed with water, 2% sodium bicarbonate
solution, water, dried over sodium sulfate, and concentrated to
dryness in vacuo. To the oily tosylate was added 50 ml. of dry
collidine and the mixture was refluxed for 30 min. The collidine
was removed in vacuo and the residue was treated with petroleum
ether. The insoluble residue was removed by filtration and the
petroleum ether filtrate was passed through a column of activity
grade Il alumina. The first two fractions eluted with petroleum
ether yielded 418 mg. of an oily hydrocarbon. Crystallization
from acetone gave 206 mg. of AIf17-cholestene (XV), m.p.
65-66°, [a]i) + 6°. The infrared spectra of XV and IVa were
different. N.m.r. integration of the olefinic proton area showed
%&%,C)Iefinic proton, indicating a trisubstituted double bond, viz.,

C, 77.46; H, 11.08. Found:

Found:

Found:

C, 75.25; H, 10.85.

H, 11.07. Found:

C, 77.97; H, 11.28. Found:

Found:
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Anal. Calcd. for CZH46 C, 87.49; H, 12.51. Found: C,
87.6.5; H, 12.34.

Hydroxylation and Subsequent Acetylation of AII7-Cholestene
(XV). As in the prior preparation of XIb, 50 mg. of Af17-
cholestene and 100 mg. of osmium tetroxide were allowed to
stand at roc.m temperature overnight. The crystalline glycol
thus obtained was acetylated (acetic anhydride-pyridine, steam
bath, 2 hr.). Careful chromatography of the crystalline acetate
yielded 44 mg. of the hydroxy acetate (XVI) as the only product,
m.p. 174-175°, [a]i> —47°;, cC3 1745 (s, acetate) and 3571
(hydroxyl) cm.-1. The infrared spectra of XIb and XVI were
different.

Anal. Calcd. for CaHsoO,:
C, 78.26; H, 11.33.

17-1s0,20-isocholestane (I1Xa).— A mixture of 0.3 g. of AlfL7)
20-isocholestene (1VVa), 1.0 g. of 10% palladium on charcoal, 25
ml. of ethyl acetate, and 10 ml. of acetic acid was shaken-with
hydrogen at room temperature and pressure for 2 hr. The crystal-
line residue obtained from the reaction gave 250 mg. of plates,
m.p. 98-99°. A second recrystallization from ether-methanol
gave 235 mg. of IXa, m.p. 99.5-100.5°, [aln —2°, negative
tetranitromethane test.

Anal. Calcd. for CZH«: C, 87.02; H,
C, 87.10; K, 12.71.

Hydrogenation of Alf17-cholestene (XV) under similar condi-
tions gave cholestane (XVII), m.p. 78-79°. Mixture melting
point with an authentic sample of cholestane showed no depres-
sion. The compounds had identical infrared spectra.

C, 77.97; H, 11.28. Found:

12.98. Found:

Telomerization by Free-Radical Mercaptan Chain Transfer. 1I.
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The Raney nickel reduction of the 17-iso0,20-is3cholest,an-16-
one 16-ethylenethioketal (VI1lb) afforded plates from ether-
methanol, m.p. 76-78°, [or]ld +4°. The infrared spectra of this
material and the substance obta ned from catalytic hydrogena-
tion of IVa were different.

17-1s0,20-isocholestan-3)3-ol (IXb).—A mixture of 100 mg. of
AIR17>-20-isocholesten-3/3-0l (1Vb), 50 ml. of ethyl acetate, 5 ml.
of acetic acid, and 50 mg. of platinum oxide was shaken with
hydrogen at room temperature and pressure. The crystalline
residue crystallized from ethanol gave needles, m.p. 160-163°.
The material recrvstallized twice from ethanol gave 60 mg. of
needles, m.p. 165-166°, [dd —6.6°. Mixture melting point
with 20-isocholestan-30-ol (m.p. 160-161 °)5 showed a depres-
sion, m.p. 130-137°.

Anal. Calcd. for CjiH™O: C, 83.43; H, 12.45.
C, 83.70; H, 12.22.

Found:
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Preparation and characterization of ten telomers formed from acrylate esters in reactions with methyl and

ethyl mercaptans are reported.

Determination of the first three telomerization chain transfer constants and

the polymerization chain transfer constant for the methyl acrylate-ethanethiol system is also described. The
two-unit transfer constant is.about equal to the polymerization constant, but the three-unit constant is sub-

stantially' higher than either.

as has been reported for bromotrichloromethane telomers.

Studies of telomerization of several monomers with
bromotrichloromethane? have yielded evidence for an
unexplained reactivity minimum in radical chains three
or four units long. Propagation rate constants (kp)
are reported to be significantly lower for these lengths
than for shorter or longer chains. Rate constants for
chain transfer (kd) are much less reduced; hence the
Mayo chain transfer constants (Cn = kd/kp) show a
corresponding maximum.

Some exchange reaction or interaction involving the
chain end seems implied by these findings, but its
nature is still obscure. Kirkham and Robb3 sug-
gested a “semibond” interaction between a terminal
chlorine atom and the radical-bearing carbon. In three-
and four-unit chains these are eight and ten atoms apart
respectively, which are usually considered improbable

(1) (a: Acknowledgment is made to the donors of the Petroleum Research
Fund, adm nistered by the American Chemical Society, for support of this
research; (b) presented in part at the 144th National meeting of the Ameri-
can Chemical Society, Division of Polymer Chemistry, Los Angeles, Calif..

April, 1963
(2) Paper 1 in this series, G. P. Scott and J. C. Wang, J. Org. Chem., 28,

1314 (1963;.

(3) (a)'J. C. Robb and E. Senogles. Trans. Faraday Soc., 58, 708 (1962);
(b) W. J. Kirkham and J. C. Robb, ibid., 57, 1757 (1961); (c) J. C. Robb
and D. Vofsi, ibid., 55, 558 (1959); (d) W. I. Bengough and R. A. M. Thomp-
son, ibid., 57, 1928 (1961); (e) 56, 407 (1960).

This suggests that a reactivity minimum exists for the three-unit radical such

A possible explanation is suggested.

intervals for maximum direct interaction. However,
there is some uncertainty about the chain sizes involved
since the experiments on which these results are based
do not involve quantitative separation of telomer prod-
ucts.

Kharasch and Fuchs4 showed that methyl acrylate
yields mixtures of volatile telomers when it reacts with
ethanethiol in the presence of a free-radical initiator;
hence acrylate esters and low molecular weight thiols
appear to be promising systems for telomerization
studies involving discrete separations of products by
gas chromatography. This paper reports identifica-
tion and characterization of ten acrylate ester telomers
with methyl and ethyl mercaptans. Determination of
several chain transfer constants in the methyl acrylate-
ethanethiol system, which show some evidence for a
reactivity minimum, also are described.

A procedure for obtaining telomer chain transfer
constants similar to that described by Scott and Wang2
was employed. This has the advantage ' hat only ratios
of successive telomer concentrations formed at low con-
version and varying monomer to thiol ratios need to
be measured. Chances for experimental errors are
thereby minimized. The polymerization chain transfer

(4) M. S. Kharasch and C. F. Fuchs, J. Org. Chem., 13, 97 (1948).
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Tabile |

Acrylate Ester Telomers and Derivatives

Physical* constants

Methyl acrylate-methanethiol
One-unit telomer’

t25d 1.4668

One-unit sulfone M.p. 96.5°

Two-unit telomer™

nZ2ii> 1.4759

Two-unit sulfone M.p. 71.0-72.0°

Methyl aorylate-ethanethiol
()ne-unit telemer’

n2A) 1.4589
One-unit acid sulfone* M.p. 115-116°
One-unit benzylamide M.p. 50-51°

Two-unit telomer-*
a2 1.4664

Two-unit benzylamide M.p. 138-139°

Three-unit telomerl
n& 1.4692

Ethyl acrylate-ethanethiol
One-unit telomer’

nZh 1.4543

Two-unit telomer*

n2D 1.4593

Three-unit telomerl

nZh 1.4615

Isopropyl acrylate-ethanethiol
One-unit telomer’

nxD 1.4517

Two-unit telomer-*

nZn 1.4517

a Melting points and boiling points are uncorreeted.
Mikrotech Laboratories, Skokie, 111
ester.
diisopropyl esters.

constant C,. was determined by the method of Gregg,
Alderman, and Mayo.5

Experimental

Materials.—Commercial grade thiols and acrylate esters were
redistilled twice just prior to each experiment; fractions boiling
over a 1° range were used. Other materials of best commercial
grades were used without further purification.

Preparation and Isolation of Telomers.— Mixtures of ester and
thiol in mole ratios (ester/thiol) of 0.9 to 1.3 were sealed with 0.1
to 0.5 mole %, of azobisisobutyronitrile (AIBX) in 30-ml. Pyrex
tubes and heated at 50° for periods of 2.0 to 24 hr. After remov-
ing unchanged thiol and ester with a water aspirator, mixtures
were fractionated at low pressures. Major fractions were re-
distilled and the purity of the resulting samples checked bv gas
chromatography. Additional distillations were carried out when
necessary.

Sulfones.— In each case esters were treated with excess 30%
hydrogen peroxide in glacial acetic acid. Attempts were made to
crystallize the resulting oils from various solvents. Ester sul-
fones formed from the methanethiol telomers. The one-unit®

(5) R. A. Gregg, D. M. Alderman, and F. R. Mayo, J. Am. Chem. Soc.,
70, 3740 (1948).

B.p. 118-119° (2 mm.)

B.p. 158-160° (2 mm.)

B.p. 73.0-75.0° (1.5 mm.)

B.p. 110-112° (0.3 mm.)

B.p. 164-166° (0.2 mm.)

B.p. 53-55° (0.3 mm.)
B.p. 123-125° (0.5 mm.)

B.p. 177-179° (0.2 mm.)

B.p. 41-43 (0.4 mm.)

B.p. 101-103° (0.3 mm.)

b Microanalyses are by Galbraith Laboratories,
' 3-Thiomethylpropionic acid methyl
e 3-Thioethylpropionic acid methyl, ethyl, and isopropyl esters.
06-Thioethyl-1,3,5-hexanetriearboxylic acid trimethyl and triethyl esters.
A. J. Haagen-Smit, J. G. Kirchner, C. L. Deasy and A. N. Prater, 3. Am. Chem. Soc., 67, 1651 (1945).
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------ Analysis,6 p----------

Formula Caled. Found
CJb/LS h
ct ,o,s h

CHI1604S C 49.05 49 20

H 7.27 7.63

CHBRE& C 42.46 42.48

H 6.35 6.95

S 12.69 12.70

ceH1202s C 48,62 48.67

H 8.16 8.00

CHIOS C 36.13 36.25

H 6.07 6.23

S 19.29 19.40

clh,oxs C 64.53 64.07

H 7.67 7.88

S 1436 14.53

clhh B & C 51.26 51.45

H 7.74 7.71

C2ZH2802N S C 68.71 68 50

H 7.34 7 12

S 8.34 8.10

C 14H2406S C 52.48 52.42

H 7.55 7.46

S 10.01 9.87

c,h,o0% C 51.82 52.00

H 8.70 8.88

clh 2o 4% C 54.93 54.77

H 8.12 8.48

C,H3 & C 56.33 56.39

H 8.35 8.49

S 8.85 8.95

CaH 1602S C 54,51 54 49

H 9.15 9.18

ckh 204 C 57.90 58.24

H 9.02 9.12

Knoxville, Tenn., and
ester. d2-Thiomethylethylglutaric acid dimethyl
f 2-Thioethylmethylglutaric acid dimethyl, diethyl, and
< Sulfone m.p. 94.0-94.6° reported;
' Cf. ref. 4.

sulfones from the ethanethiol telomers hydrolyzed to the acid
sulfone before crystallizing. The higher ethanethiol telomers
gave only oils.

Benzylamides.— A mixture of methyl acrylate-ethanethiol
one-unit telomer (1.0 g.), 3.0 ml. of benzylamine, and 0.1 g. of
powdered ammonium chloride was heated for 1 hr. in an oil bath
under a gentle reflux. The resulting mixture was washed with
water and crystallized in the presence of a little hydrochloric
acid. The product was recrystallized twice from a mixture of
petroleum ether (b.p. 70-90°) and a little ethyl acetate.

Preparation of the benzylamide from the two-unit telomer was
carried out in the same way except that the relative amount of
benzylamine was twice as great. The yield of this amide was
small.

Determination of Telomer Chain Transfer Constants.—Mix-
tures of methyl acrylate and ethanethiol of varying mole ratios
totaling 4 to 6 g. containing AIBX (0.1-0.4 mole % of the thiol)
were sealed in acid-washed, nitrogen-filled 8-ml. Pyrex tubes and
heated 0.5 to 4.5 hr. in a constant temperature bath at 50.0 +
0.5°. Gas chromatograms of the resulting mixtures were run at
100° on a0.5 in. X 5 ft. column containing 60/80 firebrick coated
with 20% GE-SF-96 silicone oil using methanol as an internal
standard to determine per cent of methyl acrylate consumed.
If more than 10% had been consumed, the run was rejected.
The column was then heated to 250° and several chromatograms
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run, interspersed with chromatograms of prepared standard
mixtures of one- and two-unit telomers similar in ratio to the
sample, to calculate the one- to two-unit telomer ratios formed in
each reaction. Relatively large injections (up to (it) ¢il. ) were re-
quired for each chromatogram owdng to the high per cent of
starting material present. Reaction mixtures were stored in
Dry Ice and acetone to avoid further reaction and analyzed as
soon as possible.

In runs used for measurement of ratios of two- to three-unit,
telomers, the same procedure was followed except that a 0.2.»in.
X 15 ft. column containing 60/SO firebrick coated with 20%
SE-30 silicone oil was used and the column temperature was

raised to 300°.

Determination of Polymerization Chain Transfer Constants.—
Mixtures of methyl acrylate containing 0.0145 mole of ethane-
thiol and 0.00020 mole of AIBX per mole of ester were sealed in
30-ml. acid-washed, nitrogen-filled Pyrex tubes and heated in a
constant temperature hath at 50.0 + 0.5° until the polymeriza-
tion had proceeded to the desired extent as indicated by an
increase in viscosity of the mixture. Tubes were then stored at
—20° until they could be analyzed for thiol and ester remaining.

The per cent of ethanethiol remaining was measured by ampero-
metric titration.6 To avoid appreciable interference by methyl
acrylate, the following procedure was used. Aliquots of only
0.50 nd. were injected into a titration cell containing 100 ml. of
methanol, 2 ml. of 5 M ammonium nitrate, and 1.5 ml. of 4 M
ammonium hydroxide vigorously stirred by a magnetic stirrer
(as well as the rotating platinum electrode) in an ice bath main-
taining the temperature below 10°. Titration with 0.0035 .V
silver nitrate was carried out as rapidly as possible guided by a
rough preliminary titration to determine the approximate end
point.

Determination of the per cent methyl acrylate remaining was
carried out by gas chromatography as described in the preceding
section except that acetone was used as the internal standard
instead of methanol.

Results

Telomers and Derivatives,—Properties of telomers
and derivatives prepared so far are listed in Table I.

All telomers were colorless liquids; the increase in
viscosity for the higher telomers was very noticeable.
Attempts to prepare satisfactory solid derivatives to
characterize these products have been only partially
successful because of the reluctance of many of the us-
ual products to crystallize. The three-unit telomers
were presumably mixtures of isotactic and syndiotactic
diastereomers (two dl pairs); however, in attempts to
separate rhese forms of the methyl acrylate three-unit
telomer on a 15-ft. column, it behaved like a pure com-
pound. Telomers higher than three-unit have not been
separated owing to their high boiling points.

These products are quite stable. Heating the one-
unit methyl acrylate telomer 24 hr. at 50° in the pres-
ence of 1 mole % AIBX (as described in ref. 2) indi-
cated that less than 1% had decomposed to give back
methyl acrylate and ethanethiol. Xo decomposition
at all was noted in the two-unit telomer under the same
conditions.

Chain Transfer Constants.—Data for determination
of telomer chain transfer constants are listed in Table
Il.  The telomer ratios at less than 10% conversion are
assumed2 to closely approximate the left side of eq. 1

= Cn[ABJ/[M] + C.IC.+, (1)

where [AB] and [XI] are the monomer and thiol con-
centrations, respectively, and Cn and C,+i refer to C,
and (\, or (X and C3 The linear slopes of one- to two-

(>) 1. M. KolthofF and W. E. Harris, Ind. Eng. Chem., Anal. Ed., 18, 161
(1946).
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Fig. 1—One-unit to two-unit telomer mole ratio, O, and two-
unit to three-unit telomer mole ratio, , plotted against ethane-
thiol to methyl acrylate mole ratio.

unit telomer ratios (runs 1through 6) and two- to three-
unit telomer ratios (runs 7 through 11) obtained by
least squares calculations are equal to Ci and C2
respectively (see Fig. 1). The intercepts equal C\/C2
and C\VVC3 From these a check value for C2 and a
value for C3are calculated.

Tabte Il

D ata for Calculation of Telomer Chain Transfer

Constants for Methyl Acrylate and Ethanethiol at 50°

Mole %
AIBN Methyl
Mole (com- acrylate  Mole Mole
ratio pared con-  ratio, ratio,
Run EtSid to Time, sured, one-unit-  two-unit-
no. acrylate  EtSH) hr. %  two-unit three-unit
1 0 202 0.28 3.2 5.4 0. 590
2 .457 .26 2.0 7.4 . 801
3 712 .25 11 3.3 .969
4 .854 .28 1.0 5.0 1 100
5 .960 21 1.0 10.0 1. 182
6 1220 .27 0.6 9.4 1.385
7 0 130 .38 4.5 4.7 0 550
8 . 189 .34 2.7 5.1 715
9 444 .25 14 2.8 .995
10 655 22 15 8.6 1.270
1 .842 12 1.0 9.8 1.810

Determination of the polymerization chain transfer
constant €. was complicated by the fact that methyl
acrylate interferes seriously with the amperometric
titration method of Kolthoff and Harris6 under the
usual conditions presumably because of the rapid base-
catalyzed addition of mercaptan to acrylate on mixing
with ammonia. It was found, however, that in mix-
tures containing enough mercaptan to titrate with small
aliquots, results within 2% of the values found in the
absence of acrylate could be obtained consistently by
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Fig. 2.—Data for determination of polymerization chain transfer
constant.

rapid titration below 10° using reduced base concentra-
tion (see Experimental). Data for this are recorded in
Table 111 and plotted in Fig. 2.

Tabrte Il

D ata for Calculation of Cm for Methyl Acrylate and
Ethanethiol at 50°

Methyl Log % methyl Ethanethiol Lor %
Run acrylate acrylate remaining. ethanethiol
no.° remaining, % remaining % remaining
1 97.0 1.986 91 0 1 959

2 65.9 1 819 50.2 1.702

3 53.2 1.726 35.7 1 553

4 45.0 1.654 30.4 1.477

a Mixtures contained 0.0145 mole of thiol per mole of monomer.

Values of the chain transfer constants together with
statistical estimates of their reproducibility are sum-
marized in Table 1V.

Discussion

The value reported here for C,, agrees well with the
value of 1.69 reported by Walling7 for methyl acrylate
and butanethiol on the basis of measurements using
radioactive sulfur. The value for C\ appears to be
smaller by the same order of magnitude as in the case
of styrene and ethanethiol.

The values for G, are consistent with each other.
They are also remarkably close to X and suggest that

(7) C. walling, 3. Am. Chem. Soc., 70, 2561 (1948).

Tabte IV

Summary of Chain Transfer Constant Data on Methyl

Acrylate and Ethanethiol at 50°

Standard Estimated
Constant Fig. Table Value'l deviation ermor<l
O\ Slope 1 1 078 0.0111 =+o0 .03
Intercept 1 1 0.434 0.0109 =+ .030
I n 179 £ 15
c2 Slope 1 1 1.61 0.111 + 35
Intercept 1 1 0.33 0,082 + 26
Cz 1 5 _2.0+19'
c j Slope 2 ]| 157 0.043 +0 .18

" t allies are based on least squares calculation assuming
linearity. 65% probability level. ' Based on intercept limits.
dOne fixed point assumed with 100% of both reactants re-
maining.

the two-unit radical is not appreciably less active than
the polymer radical in spite of the fact that the active
end should be most favorably placed to interact directly
with the sulfur.

The high value for C3strongly suggests a reactivity
minimum for the three-unit radical similar to that re-
ported for the styrene bromotrichloromethane system.3
Unfortunately, the data does not give so reliable a
value for C3as for (\, and some apparent increase may
arise from the small decrease in the monomer to thiol
ratio during the reaction. This means that points
should be plotted a little further to the left in Fig. 1
raising the intercept slightly. However, a value of C3as
low as C3and G9 would require an intercept of unity,
which seems to be exceedingly improbable.

In considering possible explanations, it should be
pointed out that the reactive end of the three-unit
radical appears favorably placed to abstract a hydrogen

GOOMe
Et-S-—CHS—CH—CHj "
X

/
*CH—CHi
|
COOMe

CH-COOMe

reversibly from either the first or second carbon atom
along the chain from the sulfur. In either case a more
stable radical having less relative tendency to propagate
might result. It seems conceivable that the proximity
of sulfur or other polarizable end-group atoms having
available orbitals might facilitate such exchanges.
Since our data gives no information on C4 it is possible
that the chain transfer constant maximum and the
reactivity minimum may be further down the chain
(cf. ref. 3a and 3d). Such a finding would be harder to
explain. There is need for more data on relative and
absolute rates of formation of individual telomers as
well as termination rates for individual radicals of
known length. Such studies are planned in this labora-
tory.

The two- and three-unit telomers have potential in-
terest as synthetic intermediates (cf. cyclic compounds
from similar productsd. We currently are studying
cotelomers formed from acrylate esters with styrene and
other monomers to extend these possibilities.

(8) G. Schreyer and T. Voelker, Makromol. Chem., 63, (1963).
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Acylation of five-, six-, and seven-membered cyclic /3-keto esters with ethyl chloroformate yields both carbon-

and oxygen-acylated products.

membered ring compound and the least in the six-membered ring compound.

The greatest proportion of carbon-acylation was observed with the seven-

The preponderance of oxygen-

acylated product in the 2-oarbethoxyoyclohexanone reaction is ascribed to hindrance to axial attack of the

ethyl chloroformate on the carbocyclie ring.

Such hindrance, due to the ring hydrogens, is less in the five-

and seven-membered rings, thereby accounting for the greater proportion of carbon-acyl product.

The alkylation of ambident ions has been the topic of
extensive -ecent investigation and the reaction condi-
tions which direct alkylation on carbon or oxygen have
been well defined in certain systems.3 The correspond-
ing acylation reaction has not been studied in a system-
atic manner, although in several instances it is known
that solvent, reaction temperature, and the cation ac-
companying the anion exert considerable effect on the
proportion of carbon- and oxygen-acylation.4-6 It was
hoped that a systematic investigation of the acylation
of /3-keto esters would clarify previous literature reports,
point to a method of obtaining better yields of the syn-
thetically more useful carbon-acylated product, and
contribute to the general understanding of the factors
which direct the point of attack in an ambident ion.7

We chose to study the reaction of ethyl chloroformate
with cyclic /3-keto esters. The anions of the cyclic
compounds would be expected to be planar about the
carbon atoms joined to the ester and carbonyl groups
so that the most favored conformation of the ring would
be the same as that in the corresponding cycloalkenes.
The latter have been investigated extensively and the
most stable conformations are known.8 The mech-
anism of the reaction of ethyl chloroformate with vari-
ous nucleophiles has been examined and it was found
to be a second-order reaction displacement in every in-
stance.9 This combination of reactants requires a
transition state which involves axial attack® of the
ethyl chloroformate on the anion of the keto ester.
Equipped with this knowledge it should be possible to
discern tire more subtle factors which effect the geom-
etry of the transition state so as to tilt the balance in
favor of either carbon- or oxygen-acylation. In this
work we planned to explore the effect of systematically
changing the ring size of the /3-keto ester.

A few literature reports are available describing the
acylation of cyclic /3-keto esters. Komppa and Tal-

(1) Grateful acknowledgment is made to the donors of the Petroleum Re-

search Fund, administered by the American Chemical Society, for partial
support of this research.

(2) Abstracted in part from the M.S. thesis of C. E. Sullivan.

(3) Recent developments in this area have been reviewed by C. F. Hobbs,
C. K. McMillin. E. P. Papdopoulos, and C. A. VanderWerf. J. Am. Chem.
Soc.. 84, 43 (1962).

(4) The older literature on the alkylation and acylation of /3-keto esters is
reviewed by A. Brandstrom, Arkiv Kemi, 6, 155 (1953).

(5) H. D. Murdoch and D. C. Nonhebel, J. Chem. Soc., 2153 (1962);
D. C. Nonhebel, ibid., 738 (1963).

(6) W. J. Barry, ibid., 670 (1960).

(7) A recent review has pointed out the need for such a study: D. P. N.
Satchell, Quart. Rer. (London). 17, 161 (1963) (see especially pp. 194-195).

(8) K. Ptzer and W. G. Dauben, “Steric Effects in Organic Chemistry,”
M. S. Newman, Ed., John Wiley and Sons, Inc., New York. N. Y., 1956, p.
38; N. L. Allinger, J. Am. Chem. Soc., 81, 5729 (1959).

(9) H. K. Hall, Jr., ibid., 77, 5993 (1955); 79, 5438 (1957); H. K. Hall,
Jr., and P. W. Morgan, J. Org. Chem., 21, 249 (1956).

(10) E. Corey, J. Am. Chem. Soc., 75, 2301 (1953); G. Stork and S. D.

Darling, tW., 82, 1512 (1960).
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vitie” reported the preparation of 2,2-dicarbomethoxy-
cyclopentanone (I1, Pit = Me) by the reaction of the
sodium salt of 2-carbomethoxycyclopentanone with
methyl chloroformate. Hydrolysis of this product
yielded adipic acid. However, an equally plausible
reaction product, consistent with the structure proof
given, is the enol carbonate 111 (Et = Me). The report
that ethyl camphorcarboxylate yields the oxygen-
acylated product (X111) on treatment with ethyl chloro-
formate2 would provide a precedent for structure IlI.

0o
Il
OC-OEt

COZEt

X1

More recently Plesek13 has reported that carbon-acy-
lated products are formed from the reaction of the
magnesium salt of 2-carbet,hoxycyclopentanone with
various acid chlorides. However, the acvlated product
was not isolated, but instead the cyclopentanone ring of
the crude product was cleaved to the corresponding
keto acid with sodium carbonate. This reaction does
not prove that the carbon-acylated product was initi-
ally obtained since there remains the possibility that the
oxygen-acylated product was originallv formed and

(11) G. Komppa and A. Talvitie, Ann. Acad. Sri., Fennicae Ser.. A57,
No. 15, 3 (1941); Chem. Abstr.. 38, 5496 (1944).

(12) J. W. Bruhl, Ber., 24, 3391, 3709 (1891).

(13) J. Plesek, Collection Czech. Chem. Commun., 21, 1312 (1956); 22, 49
(1957); 22, 1661 (1957).
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then rearranged to the carbon-acylated product before
ring cleavage. 4

The results of our study, summarized in Table I, show
that the proportion of carbon-acylation decreases as
the ring size changes from C7to C5to G6- The relative
proportion of carbon- and oxygen-acylated product was
determined by vapor phase chromatography (v.p.c.)
and by the extinction coefficient of the a,/3-unsaturated
ester chromophore (oxygen-acylated product) in the
ultraviolet spectrum. Pure samples of the carbon- and
the oxygen-acylated products of IV and X were not
obtained, but the composition of the reaction mixture
may be calculated from the extinction coefficient of the
mixture, if one makes the reasonable assumption that
the pure oxygen-acylated derivatives would have the
same extinction coefficients as the oxygen-acylated
derivatives of | and VII.

Tabte |

Products of the Reaction of Ethyl Chloroformate with
Cyclic /S-Keto Esters
% C- and O-acylation

Keto Temp., Solubility of Total Ultraviolet V.p.c.
ester °C. chelate salt yield, % c:0 c:0
i 80 Insoluble 62 24:76 23:77
i R.T.” Insoluble 57 19:81 17:83
v 80 Soluble 68 20:80 10:90
\Al 110 Insoluble 60 1:99
\Al R.T.“ Insoluble 61 1:99
X 80 Soluble 67 57:43 50:50"
X R.T.* Soluble 54 62:38 50:6

0 Room temperature. 6 Peaks were of equal height but over-
lapped so that accurate integration was not possible.

The reactions were carried out at room temperature
and at reflux temperatures (with the exception of IV
which reacted at reflux only) with no appreciable varia-
tion in the yield or proportion of carbon- and oxygen-
acylated product. The composition of the crude reac-
tion products and the distilled product were shown to be
the same by comparison of infrared spectra and vapor
phase chromatograms before and after distillation.
The distilled products were shown to be stable when
heated for 30 min. at 200° in sealed tubes. These data
show that oxygen-acylated material was not rearranging
to carbon-acylated material either during the reaction
or in any of the subsequent work-up and analysis
steps.b

The structures of the reaction products were proved
by spectral and chemical means. The oxygen-acy-
lated product exhibited maxima ascribed to the enol
carbonate carbonyl and double bond at 176f) and 1660
cm.-1, respectively. The carbonyl group for the cxd
unsaturated ester appeared at 1720 cm.-1. In the cases
where appreciable amounts of carbon-acylated product
were formed the maxima for the ring carbonyl also was
observed. The ultraviolet spectra of the products all
exhibited maxima in the 220-230-niju region consistent
with the enol ester chromophore. The carbon-
acylated product would not be expected to have appreci-
able absorption in that region of the ultraviolet.

We carried out some degradative reactions on the
product obtained from the acylation of 2-carbethoxy-

(14) H. Henecka, Ber., 81, 196 (1948). This possibility currently is being
investigated in our laboratory.

(15) F. Gogan, A. E. O'Brian, E. M. Philbin, N. S. O’Connor. F. R. F.
Timoney. and T. S. Wheeler, Tetrahedron, 3, 140 (1958).
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cyclopentanone to verify the aforementioned spectral
assignments. Acid- and base-catalyzed ethanolysis
(the product was stable in ethanol alone) yielded diethyl
adipate as the principal product. Diethyl carbonate as
well as trace amounts of 2-carbethoxycyclopentanone
also were found in the base-catalyzed reaction. More
definitive evidence for the enol carbonate structure
(I11) was obtained by reaction with sodium borohy-
dride in ethanol, a procedure which is known to cleave
enol esters.7 Diethyl carbonate was observed as a
product of this reaction, a result consistent with the
proposed structure. The reaction of sodium borohy-
dride with the carbon-acylated product would not be ex-
pected to give diethyl carbonate under such mild reac-
tion conditions.B

A sample of the pure Il was prepared using pyridine
as the reaction solvent.®9 The v.p.c. retention times
for the principal product (93%) of this reaction and
that from the reaction of the sodio derivative with ethyl
chloroformate were identical. The infrared and ultra-
violet spectral data of the two products were quite
similar except for a more intense ultraviolet absorption
for the product from the pyridine reaction and the
presence of a weak carbonyl maxima in the infrared at
1740 cm.-1 (cyclopentanone carbonyl from product of
sodium in benzene reaction). Surprisingly, only start-
ing material was recovered when the acylation of 2-car-
bethoxycycloheptanone was attempted in pyridine
solution. Attempted preparation of pure samples of
the carbon-acylated products by treatment of the
magnesium salts2 of 2-carbethoxycyclopentanone and
2-carbethoxycyclohexanone with ethyl chloroformate
yielded only starting material and diethyl carbonate.

All this evidence clearly shows that the principal
product obtained from the reaction of ethyl chlorofor-
mate with 2-carbethoxycycloheptanone is that of oxy-
gen-acvlation and not the carbon-acylated product
reponed by Komppa and Talvitie.ll

Discussion

The mechanism of the reactions studied must involve
axial attack®of the ethyl chloroformate on the 7r-elec-
tron system of the anion of the /3-keto ester. This is
essentially an irreversible process since nonpolar sol-
vents were used and no evidence was found for rear-
rangements when the reactions were carried out at
higher temperatures and longer reaction times. In
some cases the salt of the /3-keto ester was insoluble in

(16) The enol acetate of ethyl acetoacetate has a maximum at 212 mx
(log « 3.90); R. Richter, Helv. Chim. Acta, 35, 1115 (1952). Compound i
has a maximum at 234 m” (< 7800); S. Hunig, E. Benzing, and L. Lucke,
Ber., 90, 2833 (1957).

0
0 o-cch2h3
rS=CCH 2XH3

i

(17) W. G. Dauben, R. A. Micheli, and J. F. Eastham, J. Am. Chem. Soc;
74, 3852 (1952).

(18) Mr. C. Crawford recently has prepared 2,2-dicarbethoxycyclopenta-
none. It exhibits strong bands in the infrared at 1773 and 1739 cm. ~l and a
kmax at 287 mfu (e 54) in the ultraviolet. No diethyl carbonate is formed
when it is treated with sodium borohydride (see Experimental).

(19) L Claisen and E. Hasse, Ber., 33, 1242 (1900); P. E. Wright and
W. E. M cEwen,Am. Chem. Soc., 76, 454 (1954).

(20) M. Viscontini and N. Merckling, Heir. Chim. Acta, 35, 2280 (1952).
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benzene and in others it was soluble. One might expect
that a different mechanism would be operative in the
two different cases.2l However, essentially the same
proportion of carbon- and oxygen-acylation was ob-
tained when 2-carbethoxycyclopentanone was acylated,
the sodium salt of which is insoluble in benzene, as was
obtained from diethyl cyclopentanone-2-carboxylate-5-
j3-propionate (1V),2 the sodium salt of which is soluble
in benzene. If the heterogeneous reactions were
proceeding by a mechanism that was considerably dif-
ferent from the homogeneous reactions one would ex-
pect to see a significant difference in the reaction
products. Other factors found by previous workers
to effect course of reaction of an ambident ion—e.g.,
solvent2124 and the metal ion usedZ—were held con-
stant in this work so that the principal factor which
governs the course of these acylations must be the dif-
ferent steric requirements of the anions being acylated.6

Brandstrom4originally postulated that the transition
state for the carbon-acylation reaction is best repre-
sented by XI1V. The attack of the acylating agent is
facilitated by polarization of the carbon-halogen bond
by the metal of the chelate ring. Nonhebel,5 using
Brandstrom’s model, suggested,, as shown in XV, that
the oxygen-acylation reaction involves a four-centered
transition state for carbon acylation. Therefore, one
would expect that only a small change in the steric re-
quirements of the anion being acylated would change
the nature of the transition state from one favoring
carbon-acylation to one favoring oxygen-acylation.

Models of the anions studied reveal that axial attack
on the 2-carbethoxycyclohexanone chelate XV1 (shown
without the chelated metal ion for clarity) is highly
hindered by the axial hydrogen at C-4 and the quasi-
axial hydrogen at C-6. This hindrance is somewhat
less in the cyclopentanone chelate (XVI1I) where the
ring hydrogens are not perpendicular to the plane of
the ring and, therefore, are not in direct interference
with an entering group. One finds the least hindrance
of all in the cycloheptanone ring where the plane de-
scribed by the chelate system (XVIII) is inclined away
from any interference with the quasi-axial hydrogens
at C-3, C-5, and C-7.

(21) N. Kornblum and A. P. Lurie, J. Am. Chem. Soc., 81, 2705 (1959).

(22) N. N. Chatterjee, B. K. Das, and G. N. Barpujari, J. Indian Chem.
Soc.. 17, 161 (1941).

(23) Evidence has been cited45 which suggests that the sodium salts of
0-keto esters and /3-diketones have the sodium bound in a chelate ring
and not as the enolate salt. We have assumed the sodium to be chelated
even though it has been suggested that such salts may be recognized by
solubility in nonpolar solvents and the prédominent formation of carbon-
acylated products on treatment with acid halides. We feel that the bind-
ing in the salts of 1 and 1V should be the same (chelate) even though one is
soluble and the other insoluble in benzene. The greater solubility of the
salt of 1V in nonpolar solvents is undoubtedly only a reflection of its greater
molecular weight. The preponderance of oxygen-acylation with these
chelates is dealt with later in this paper.

(24) N. K >rnblurn, P. Berrigan, and W. Le Noble, 3. Am. Chem. Soc., 82,
1257 (1960).

(25) D. V. Curtin, R. J. Crawford, M. Wilhelm, ibid., 8o, 1391 (1958);
|. Forsblad, Arkiv Kemi, 15, 403 (1960).
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The rate of nucleophilic displacement at carbon
should be faster than that at oxygen®so that the carbon-
acylated product would be expected to form more
rapidly. However, as the hindrance in the vicinity of
the carbon atom increases, the acylation takes place on
the more accessible oxygen atom.Z

Experimental®

Reaction of 2-Carbethoxycyclopentanone with Ethyl Chloro-
formate. ,A. At Room Temperature.—2-Carbethoxycyelo-
pentanone (31.2 g., 0.2 mole) was added dropwise with stirring
and heating to 4.6 g. (0.2 g.-atom) of powdered sodium in 600
ml. of dry benzene. The mixture was refluxed and stirred for 5
hr. with the formation of a white pasty solid. Ethyl chlorofor-
mate (33.0 g., 0.3 mole) was added dropwise with stirring to the
mixture; it was then stirred at room temperature for 4 hr. The
benzene solution was washed twice with water, dried over
sodium sulfate, and the benzene distilled in vacuo. Distillation
of the residue at 82-84° (0.05 mm.) yielded 26 g. (57%); \mx
228 mp (e 7420); v,xx 1765, 1725, 1660, 1740 (shoulder) cm.-1;
v.p.c. retention times for the crude reaction mixture, 4.3 (4%),
5.7 (16%), and 6.8 (78%) min. A peak with the retention time
of 2.5 min. was observed for the starting (i-keto ester. The dis-
tilled product had peaks of retention time, 5.4 (17%) and 6.6
(83%) min.

Anal. Calcd. for C,H¥®5: C, 57.88; H, 7.07.
57.65; H, 7.21.

B. In Refluxing Benzene.—The sodium salt of 2-carbeth-
oxycyclopentanone (31.2 g., 0.2 mole) was prepared as previously
described. Ethyl chloroformate (33 g., 0.3 mole) was added
dropwise with stirring to the sodium salt at room temperature
and the mixture was then refluxed and stirred for 5 hr. After the
usual work-up, 28.2 g. (62%) of product distilled at 82-84°
(0.05 mm.), Xma 228 (e 7010). The crude reaction product
exhibited v.p.c. retention times of 5.7 (23%), 6.7 (73%), and 8.1
(2%) min. A peak with retention time of 2.3 min. was observed
for starting (i-keto ester. The distilled product had peaks of re-
tention time, 5.6 (20%), 6.7 (79%), and 7.9 (1%)' min.

C. With Sodium Hydride in Refluxing Benzene.—The sodium
salt of 2-carbethoxycyclopentanone (144 g., 0.9 mole) was pre-

Found: C,

(26) E. S. Gould, “Mechanism and Structure in Organic Chemistry,”
H. Holt and Co., New York, N. Y., 1959, p. 259.

(27) Brandstrom4 explains the formation of oxygen-alkylated products
with 2-cyanocyclohexanone and exclusive formation of carbon-alkylated
products of 2-cyanocyclopentanone on the greater degree of enolization of the
former. Such rationalization is inconsistent with our data as it would pre-
dict that 2-carbethoxycycloheptanone (12% enolized would give more
oxygen-acylation than 2-carbethoxycycloheptanone (5% enolizedd, but
actually the opposite is observed.

(28) G. Schwarzenbach, M. Zimmerman, and V. Prelog, Helv. Chim. Acta,
34, 1954 (1951).

(29) Infrared spectra were determined on a Perkin-Elmer Model 137 in
carbon tetrachloride. Ultraviolet spectra were determined on a Cary Model
14 in 95% ethanol by Mrs. K. Osmond, Mrs. D. DeTar, and Mrs. P. Ward.
V.p.c. analyses were performed on an F and M Model 500 chromatograph
equipped with Disc Integrator. A 2-ft. silicone rubber column was used
with helium flow rate of 50 ml./min. The column was programmed at 11
deg./'min. starting at 90°. Powdered sodium was prepared in toluene
and then the toluene was decanted and the solvents and reactant? listed were
added. In each acylation the infrared spectrum of tie reaction product
before distillation was determined and it was found to be virtually identical
with that of the distilled product. Analyses were performed by F. Pascher,
Bonn, West Germany; Midwest Microlab. Indianapolis; ar.d Scanda-
navian Microanalytical Laboratory, Copenhagen, Denmark.
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pared by refluxing with 50 g. (1 mole) of 53% sodium hydride-
mineral oil dispersion in 2 1 of dry toluene. Ethyl ohloroformate
(108 g., I mole) was added dropwise with stirring and the mixture
was stirred and refluxed an additional 5 hr. Distillation after
the usual work-up yielded 153 g. (75%) of a product that was
identical in all respects with that prepared in B.

D. In Pyridinel9at Room Temperature. —2-Carbethoxycydo-
pentanone (31.2 g., 0.2 mole) was dissolved in 32 g. of pyridine,
ethyl ohloroformate (32.4 g., 0.3 mole) was added slowly, and
the mixture was allowed to stand at room temperature for 2 days.
Water was added and the mixture was extracted with ether, the
ether extracts were washed with cold 10% potassium hydroxide,
dried over sodium sulfate, and the ether distilled to yield 12.3 g.
of a red oil. Vacuum distillation at 84-86° (0.1 mm.) yielded 4.0
g.; Xm« '-28 him (e 9115); rme* 1765, 1725, and 1660 cm."1
V.p.o. retention times, 5.4 (7%) and 6.6 (93%) min.

E. With Magnesium Ethoxide.Z— Magnesium turnings (13.25
g.-atom) were converted to magnesium ethoxide by refluxing with
200 ml. of absolute ethanol. Dry ether (500 ml.) was then added
to the solution followed by dropwise addition of 78 g. of 2-car-
bethoxyeyclopentanone. The mixture was stirred for an hour,
ethyl chloroformate (54 g.) was added dropwise, and the stirring
was continued overnight. Acetic acid and water were added to
the mixture and the ether layer was separated and washed with
water. The ether solution was dried over sodium sulfate, con-
centrated, and the residue was vacuum distilled to yield 5 g. of
diethyl carbonate and 40 g. of starting keto ester (identified via
the infrared spectra).

Reaction of Diethyl Cyclopentanone-2-carboxylate-5d-propion-
ate2 with Ethyl Chloroformate.—The title compound (111 g.,
0.43 mole) was added dropwise with stirring to 10 g. (0.44 g.-
atom) of powdered sodium suspended in 0.5 1 of toluene and 11
of benzene. The solution was stirred and refluxed for 5 hr. The
solution was cooled to room temperature and 57 g. (0.53 mole) of
ethyl chloroformate was added; then the mixture was stirred and
refluxed for an additional 5 hr. The benzene solution was
washed with water and sodium carbonate solution, dried over
sodium sulfate, and the solvent removed in vacuo. The residue
distilled at 155-157° (0.2-0.3 mm.) to yield 95.5 g. (68%). A
sample was redistilled for analysis at 155° (0.25 mm<r “nex 229
m/x (t 6371); rmer 1765, 1740, 1725 (shoulder), and 1650 cm.“1;
v.p.c. retention times, 10.3 (10%.) and 12.7 (90%) min.

Anal. Calcd. for CaHaCb: C. 58.52; H, 7.37. Found: C,
58.75; 14,7.43.

Reaction of 2-Carbethoxycyclohexanone with Ethyl Chlorofor-
mate. A. At Room Temperature.—The sodium salt (34 g.,
0.2 mole) of 2-earbethoxycyclohexanone was prepared by re-
fluxing with 4.6 g. (0.2 mole) of powdered sodium for 10 hr.
Ethyl chloroformate (33 g., 0.3 mole) was added to the cooled
solution and the mixture was stirred at room temperature for 4
hr. The mixture was washed with water, dried over sodium
sulfate, and the benzene distilled. Distillation of the residue at
97-98° (0.05 mm.) yielded 29.5 g. (61%); XnBX222 mM(e8558);
cmw! 1765, 1720, 1660 cm.-1. The v.p.c. of the crude reaction
mixture exhibited peaks of retention time, 6.1 (1%) and 7.9 (99%)
min. A peak of retention time of 3.4 min. was observed for
starting material. The distilled product exhibited only one peak
with aretention time of 7.2 min.

Anal. Calcd. for Ci2H|8s: C, 59.49; H, 7.49.
59.89; 14,7.51.

B. In Refluxing Toluene.—The aforementioned reaction was
carried out by refluxing in toluene for 35 hr. A 60% yield of
product was obtained that was identical in all respects with that
prepared in A.

C. With Magnesium Ethoxide.— Magnesium turnings (2.7
g., 0.1 1 g.-atom) were converted to magnesium ethoxide with 15
ml. of ethanol. Ether (100 ml.) was added and then 17.4 g.
(0.1 mole) of 2-rarbethoxycyclohe.xanone in 20 ml. of ether. The
mixture was stirred at room temperature for 30 min., then 10.9
g. (0.1 mole) of ethyl chloroformate in 20 ml. of ether was added,
and the mixture was allowed to stir at room temperature over-
night. At the end of this time the mixture was refluxed for 1
hr., ice and dilute sulfuric acid were added until the water solu-
tion was distinctly acid, and the ether layer was separated,
washed with water, dried over sodium sulfate, and concentrated.
The crude reaction product exhibited v.p.c. peaks of 0.4 (27%),
3.7 (62%), and 114 (11%) min. The peaks at 0.4 and 3.7
min. were shown to be diethyl carbonate and 2-carbethoxycyelo-
hexanone, respectively. Distillation of the residue yielded 10 g.

Found: C,
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of starting keto ester as well as diethyl carbonate.
identified via infrared spectra.

Reaction of 2-Carbethoxycycloheptanone® with Ethyl Chloro-
formate. A. At Room Temperature.—The sodium salt (31.8
g., 0.17 mole) of 2-carbethoxycycloheptanone was prepared by
refluxing with 4.6 g. (0.2 g.-atom) of powdered sodium for 5 hr.
Ethyl chloroformate (33 g., 0.3 mole) was added dropwise with
stirring to the solution of the sodium salt and the mixture was
stirred for 4 hr. at room temperature. The benzene solution
was washed with water, dried with sodium sulfate, and the
benzene was distilled. The residue distilled at 105-108° (0.3
mm.) to yield 23.9 g. (54%); X~* 223 niju (« 3590); <Jax 1760,
1730, 1715 (shoulder), and 1660 cm.-1. The crude reaction
mixture exhibited v.p.c. peaks of retention time, 0.8 (7%), 7.7
(45%), and 7.8 (45%) min. A peak of retention time 4.1 min.
was observed for the starting material. The distilled product
had peaks of retention time, 8.6 (50%) and 8.8 (50%), min.

Anal. Calcd. for CIHZO5 C, 60.92; II, 7.87. Found:
0,61.40; H, 8.09.

B. In Refluxing Benzene.—The sodium salt (92 g., 0.5 mole)
of 2-carbethoxycycloheptanone was prepared by refluxing with
13.8 g. (0.6 g.-atom) of powdered sodium suspended in 0.5 1 of
toluene and 11 of benzene for 4 hr. The reaction mixture was
allowed to cool to room temperature and 64.8 g. (0.6 mole) of
ethyl chloroformate was added and the mixture was refluxed for
an additional 4 hr. The solution was then washed with water,
dried over sodium sulfate, and the solvent distilled in vacuo.
Distillation of the residue at 99-100° (0.1 mm.) yielded 86 g.
(67%) of product (Xmex 223 m/», €4100) that was identical with
that from the room temperature reaction.

C. In Pyridine at Room Temperature.—The reaction was
carried out in exactly the same way as with 2-carbethoxycyclo-
pentanone, but only starting material was isolated on work-up.

Hydrolysis of the Reaction Product Obtained from the Acyla-
tion of the Sodium Salt of 2-Carbethoxycyclopentanone. A.
With Acetic Acid.3l -The reaction product (8 g.) was dissolved in
a solution of 100 ml. of water, 100 ml. of glacial acetic acid, and
5 ml. of hydrochloric acid, and stirred at room temperature over-
night. The solution was poured into 11 of water and extracted
thoroughly with ether. The ether extracts were combined and
washed with water and sodium carbonate solution, dried over
sodium sulfate, and the ether removed under vacuum. An infra-
red spectrum of the residue showed it to be starting material.

B. With Hydrochloric Acid.—The reaction product (16 g.)
was dissolved in a mixture of 75 ml. of concentrated hydrochloric
acid and 200 ml. of ethanol and stirred at room temperature
overnight. Work-up as in A gave 5 g. of an oil whose infrared
spectrum was identical with that of diethyl adipate.

C. With Sodium Ethoxide.—The reaction product (16 g.)
was added to 250 ml. of 0.28 M sodium ethoxide and the mixture
was refluxed overnight. The dark brown solution was cooled
and poured into 200 ml. of concentrated hydrochloric acid.
Water (1.5 1) was then added and the mixture extracted with
ether. The ether extracts were washed with water and sodium
carbonate solution, dried over sodium sulfate, and the ether
removed on the steam bath. Distillation of the residue at atmos-
pheric pressure yielded 2 g. of a liquid whose infrared spectrum
wiis identical with that of diethyl carbonate. The remainder was
too badly charred for further investigation.

A repetition of this experiment followed by distillation under
vacuum yielded two fractions. Fraction 1 gave a positive ferric
chloride test (violet color) and its infrared spectrum showed it
to be mainly diethyl adipate with some 2-carbethoxycyclopenta-
none (weak infrared bands at 1760, 1660, and 1620 cm.-1).
Fraction 2 did not give a positive ferric chloride test and its
infrared spectrum identified it as diethyl adipate.

Sodium Borohydride Reduction of the Reaction Product
Obtained from the Acylation of the Sodium Salt of 2-Carbethoxy-
cyclopentanone.— The reaction product (8 g., 0.035 mole) was
added dropwise with stirring to 2.6 g. (0.07 mole) of sodium
borohydride in 250 ml. of absolute ethanol and the mixture was
stirred for 24 hr. at room temperature. Dilute hydrochloric
acid (1 I.) was added and the aqueous solution was extracted with
ether. The ether extract was washed with sodium carbonate
solution, dried over sodium sulfate, and the ether was distilled
to yield 0.96 g. of product. The infrared spectrum of this

Both were

(30) Prepared by an unpublished procedure of Professor W. Herz and L.
Click.

(31) J. C. Sheehan and C. E. Mcmaw, J. Am. Chem. Soc... 74, 2127 (1950).
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material was essentially that of diethyl carbonate; v.p.c.
analysis confirmed the presence of diethyl carbonate by a peak
of retention time 0.4 (13%) min. However the following peaks
also were present, 1.5 (1%), 2.4 (11%), 3.3 (53%), 3.7 (1%),4.7
(15%), 6.3 (1%), 7.3 (3%), and 8.0 (1%) min.

Sodium Borohydride Reduction of 2,2-Dicarbethoxycyclopen-
tanone.B—2,2-Dicarbethoxycyclopentanone (8 g., 0.035 mole)
was added drcpwise with stirring to 2.6 g. (0.07 mole) of sodium
borohydride in 250 ml. of absolute ethanol and the mixture was
stirred for 24 hr. at room temperature. Dilute hydrochloric
acid (11.) was added and the aqueous solution was extracted with
ether. The ether extract was washed with sodium carbonate
solution, driec over sodium sulfate, and the ether was distilled to
yield 0.85 g. cf product. The infrared spectrum of this material
was not at ah similar to diethyl carbonate and no peak in the
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v.p.c. corresponding in retention time to this compound was
observed. Peaks of retention times of 4.5 (11%), 6.2 (10%), 7.9
(74%), and 8.3 (5%) min. were observed.

Attempted Thermal Rearrangement of the Acylation Products.
— One-milliliter samples of the acjdation products of 2-carbeth-
oxycyclopentanone, 2-carbethoxycyclohexanone, and 2-carbeth-
oxycycloheptanone were heated in sealed tubes at 200° for 30
min. V.p.c. and infrared analysis indicated no rearrangement
took place.

Acknowledgment.—The authors wish to thank Pro-
fessor Werner Herz and Mr. Laverne Glick for com-
municating the results of unpublished work and for
determining several of the vapor phase chromatograms.
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The low steric requirements of the fluoro substituent allow the insertion of a i-butyl group in the 2-position

of 3-fluorophenol, as evidenced byr the preparation of the title compound.

The n.m.r. spectra of this material

and some analogs were used for structure proof; long-range H-F spin-spin coupling between the protons of the
2- and 4-i-butyl groups and the adjacent fluorine was observed.

The large steric requirement of the ;-butyl group has
been the subject of a great deal of experimental and
theoretical chemistry. The bulk effect of this substi-
tuent may be used to advantage or it may be the source
of extreme synthetic difficulties. The latter are ex-
emplified in the recent syntheses of o-di-f-butylben-
zenes.2 The strain energy involved in these systems,
demonstrated by the apparent distortion of the benzene
ring,-'1 supports Brown's earlier suggestion that these
compounds are not to be expected from Friedel- Crafts
type alkylation reactions.3

Extending the question of ortho steric effects of the t-
butyl group, it is noted that innumerable compounds
have been prepared by classical aromatic substitution
methods which bear one substituent ortho to the bulky
group.4 In contrast, very few materials are known in
which the i-butyl substituent is flanked by two groups
other than hydrogen. Among these compounds are the
“synthetic musks,” in which both ortho groups are
nitro.5 Nitration appears generally to be less suscepti-
ble to bulk effects than many other electrophilic sub-
stitution reactions.6 Kaeding7 recently has prepared
4,6-dibromo-2-chloro-3-f-butylphenol. This compound,
in which the ¢-butyl group is adjacent to bromine and
chlorine, represents an extreme for halogenation.

(1) Work done in part at the University of California, Berkeley, Calif.

(2) (@) A. W. Burgstahler and M. O. Abdel-Rahman, J. Am. Chem. Soc.,
85, 173 (196¢); (b) L. R. C. Barclay, C. E. Milligan, and N. D. Hall, Can.
J. Chem,, 40, 1664 (1962); (c) E. M. Arnett, M. E. Strem, and R. A. Friedel,
Tetrahedron Letters, 658 (1961); (d) C. Hoogzand and W. Hubel, ibid., 637
(1961).

(3) H. C. Brown and K. L. Nelson, 3. Am. Chem. Soc., 75, 24 (1953).

(4) For a summary of the pertinent information, see G. S. Hammond
and M. F. Hawthorne, “Steric Effects in Organic Chemistry,” M. S. New-
man, Ed., Jchn Wiley and Sons, Inc., New York, N. Y., 1956, Chap. 3.

(5) R. J. W. LeFevre, J. Chem. Soc., 977 (1933).

(6) (a) P. D. Bartlett, M. Roha, and R. M. Stiles, 3. Am. Chem. Soc.,
76, 2349 (1954); (b) W. Rundel, Ber.. 96, 636 (1963); (c) K. Ley and E.
Mdller, ibid., 89, 1402 (1956).

(7) W. W. Kaeding, J. Org. Chem., 26, 4851 (1961).

In these examples the ortho groups were added after
formation of a suitable -butylbenzene derivative.
The converse production of highly substituted aromatic
via (-butylation was the object of the present study.
The literature contains three reports of di-or/Ao-sub-
stituted ¢;-butylbenzenes presumably prepared by direct
alkylation. Katsui and Kuyama are quoted8as having
examined the effect of 2,4-di4-butylresorcinol on sta-
bilization of vitamin A; the original literature indicates
that the compound in question is the 4,6-derivative,
instead, and that an error in translation is involved.

Dacre9has reported the preparation of 3,5-di-i-butyl-
2,4-dihydroxytoluene from 2,4-dihydroxytoluene, but
the only structure proof given was an acceptable carbon
and hydrogen analysis. This, of course, would be
identical for an isomeric O-butylated product, which is
more likely the correct structure.D

Using the aluminum phenoxide-catalvzed alkylation
reaction, which is noted for preferential ortho substitu-
tion,11 Stroh, Seydel, and Hahn have reported the
formation of 2,6-di-i-butyl-3-methylphenol from ti-
cresol.2 However, it was subsequently shown that no
substitution had taken place in the hindered ortho
position and that the product was in reality 2,4-di-i-
butyl-5-methylphenol.3 Thus there are no clear-cut
examples in the literature in which a ¢-butyl group has

(8) G. Katsui and H. Kuyama, Vitamins (Kyoto), 5, 342 (1952); Chem.
Abstr., 47, 8316.

(9) J. C. Dacre. Biochem. J., 78, 758 (1961).

(10) Resorcinol itself gives a complex mixture of products under these
reaction conditions. Although these have not been completely identified,
some are definitely ethereal (unpublished results).

(11) (a) A.J. Kolka, J. P. Napolitano, and G. G. Ecke, J. Org. Chem., 21,
712 (1956); (b) A.J. Kolka, J. P. Napolitano, A. H. Filbey, and G. G. Ecke,
ibid., 22, 642 (1957).

(12) R. Stroh. R. Seydel, and W. Hahn, Angew. Chem.. 69, 699 (1957).

(13) R. Stroh, personal communication; see also R. Stroh, R. Seydel, and
W. Hahn, “Neuer Methoden der Praparativen Organischen Chemie,"
Band 11, Verlag Chemie, Weinheim, 1960, p. 231.
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been directly substituted between two groups on an
aromatic ring. 4

A number of sources of the ;-butyl group are available
and have been used in Friedel-Crafts alkylation. Iso-
butylene undergoes a rapid reaction (acid-catalyzed)
with phenol to give in high yield 2,4,6-tri-i-butylphenol.B
Highly substituted phenols of this type have been ex-
plored extensively, mainly because of their effective-
ness as antioxidants.16/ Bowman and StevensB
pointed up the large steric requirements of the butyla-
tion reaction when they observed the complete lack of
reaction of 3,5-dimethylphenol.

In our hands, butylation failed to give reaction at the
hindered ortho position (between hydroxyl and meta
substituent) of wi-cresol, m-chlorophenol, and 3,4-
xylenol.® The small van der Waals radius of fluorine
suggested that it might be suitable as a meta substitu-
ent,® and this was indeed found to be the case, m-
Fluorophenol, as a neat liquid containing a small
amount of concentrated sulfuric acid, undergoes vigor-
ous reaction with isobutylene to yield principally the
three products shown (I-11). Methylation gave the
anisole derivative 1V of the very hindered phenol 111.2

OH OH 0 OH
ICH3
(6]
KOC(CH33
ch3i
v

A fourth product was obtained in small yield during the
butylation procedure; this material could be made to
predominate by prolonged treatment at higher tem-
peratures. Its structure has not as yet been deter-
mined.2

(14) R. A. Benkeser. R. F. Grossman, and F. S. Clark [J. Org. Chem., 27,
3728 (1962)] have demonstrated that 2,3,5-trimethylphenol is not tritylated
by triphenylcarbinol and sulfuric acid as reported previously by N. P. Buu-
Hoi and R. Rips [ibid., 22, 666 (1957)]. This lack of reaction is in agree-
ment with the available data in the literature and the results of the present
study.

(15) G. H. Stillson, D. W. Sawyer, and C. K. Hunt, J. Am. Chem. Soc..
67, 303 (1945).

(16) For an excellent discussion, see G. Scott, Chem. Ind. (London), 271
(1963).

(17) The preferred catalyst for the butylation reaction is still an open
guestion, and one which is being actively investigated by many workers.
V. N\ Ipatieff, H. Pines, and B. S. Friedman [J. Am. Chem. Soc., 60, 1495
(1938)] found phosphoric acid at 100° to give mainly 4-i-butyl- and 2,4-
di-/-butylphenol. More recently, E. V. Alisova and S. V. Zavgorodnii
[Zh. Obshch. Khim., 32, 3502 (1962)] have used mixed boron trifluoride-
phosphoric acid in the alkylation reaction and found it to be an effective
catalyst. In our hands, sulf iric acid gave quite reproducible results and
was used exclusively in this study.

(18) R. S. Bowman and 1). R. Stevens. J. Org. Chem., 16, 1172 (1950).

(19) Unpublished results with Denes Turcsanyi.

(200 F = 14 A. (H = 12 A, Cl = 18 A): E.S. Gould, “Mechanism
and Structure in Organic Chemistry," Holt, Rinehart, and Winston, New
York. N. Y.. 1959, p. 51. As can be seen from the discussion in this refer-
ence, the van der Waals radius is not a particularly meaningful number for
comparing bulk effects in a reaction such as aromatic substitution, since the
electrophile comes nowhere near the distended cloud of the substituent.
Hence these values are noted only as a point of departure.

(21) Methylation is the only satisfactory O-alkylation reaction that has
been investigated for 2,6-di-f-butylphenols: see Experimental section and
W Kornblum and R. Seltzer, 3. Am. Chem. Soc., 83, 3668 (1961).
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Of primary interest from our standpoint is the forma-
tion of the highly substituted 2,4,6-tri-t-butyl-3-fluoro-
phenol (I11). The formation of this material adds a
third class to the two already known in which the bulky
alkyl group is flanked by two groups other than hydro-
gen, and further represents the first preparation of such
a compound by direct ;-butylation.23 The yield of this
material was quite sensitive to temperature changes; at
0° the rate of formation of 111 was prohibitively slow,
while at 80° the equilibrium amount of this product was
quite small. Optimum conditions were determined at
approximately 45°, where the yield of 2,4,6-tri-l-butvl-3-
fluorophenol increased steadily for approximately three
hours, after which an equally steady decline was noted.
The exact course of the reaction has not been deter-
mined, but it has been demonstrated that the over-all
yield in terms of the four products noted previously is
essentially quantitative. The decrease in Ill appears
to be associated with the formation of the as yet uni-
dentified fourth product.2

The ¢-butyl ether (11) of 2,4-di4-butyl-5-fluorophenol
is formed very rapidly and then decreases with increas-
ing time. At the point where Il is maximized, the
yield of ether has been substantially diminished. 24 We
have not as yet demonstrated whether | or Il is the
direct precursor of the tri®-butylphenol (111), although
it is tempting to speculate on an intramolecular re-
arrangement of the ether. The formation of products
such as the ¢-butyl ether (11) appears to be possible only
because the O-alkvl group is able to swing away from
the bulky ortho substituent. Anisole itself, for in-
stance, undergoes rapid ;-butylation to give 2,4-di4-
butylanisole, with no evidence of the trialkvlated prod-
uct.5

The variation in the yield of 2,4,6-tri-£-butyl-3-
fluorophenol stresses the fact that the wi-fluoro group
is indeed borderline between hydrogen (high yield by
rapid reaction) and chlorine (no trialkvlated product)
for the butylation reaction. Under optimum condi-
tions the yields obtained were I, 32%; 1l, 21%; and
111,25%.

The n.m.r. spectra of these materials, besides proving
invaluable for structure determinations in this study,
show interesting and clear-cut cases of long-range H-F
spin-spin coupling. The data are shown in Table I.
A number of examples of long-range hydrogen-fluorine
nuclear magnetic interactions are found in the litera-
ture.® The mechanism of the transmission of these
effects is still open to question. Spatial proximity285
and required bond geometrvZahave both been stressed.

In the present case we note an essentially invariant
H-F spin-coupling constant between 3-fluorine and the
protons of the 4-i-butyl group (1 c.p.s.), irrespective of
the other ring substituents. The 2-i-butyl group, in

(22) One interesting possibility which has been ruled out by n.m.r. is the
/-butyl ether of 111.  Work is continuing to elucidate the nature of this ma-
terial.

(23) One interesting exception is 2,4,6-tri-/-butylphenol-3-d, prepared
by E. Muller, A. Rieker, and K. Scheffler, Ann., 645, 92 (1961), for e.p.r.
studies.

(24) Acid-catalyzed and thermal decompositions and rearrangements of
alkyl plenyl ethers are well known: (a) R. S. Bowman, D. R. Stevens, and
W. E. Baldwin, 3. Am. Chem. Soc., 79, 87 (1957); (b) R. A. Smith, ibid.. 54,
1068 (1932); 53, 272 (1931).

(25) Unpublished results with A. A. Thelen.

(26) (a) A. D. Cross aml P. W. Landis, J. Am. Chem. Soc., 84, 3784
(1962); 84, 1736 (1962); (b) M. Takahashi. D. R. Davis, and J. D.
Roberts, ibid., 84, 2935 (1962).
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Table |

Nuclear Magnetic Resonance D ata

mGroup position“ and absorption, p.p.mA

Com- 6-1- O-
pound 2-i-Butyl  4-f-Butyl Butyl Alkyl 2-Proton  6-Proton
1 1.35 (1.0) 1.40 6.35(13) 7.20 (9 5)
11 1.35 (~1)c 1.36 1.54 6.70(15) 7.18 (10)
11 1.58 (2.9) 1.37 (1.1) 1.42 7.10 (9)
v 151 (1.5) 1.35 (1.0) 1.40 3.60 7.09 (10)
2,4,6-tri-/-
butyl-
anisole 1.45 1.31 145 3.69 7.27

aln each case the fluorine is assigned the 3-position for sim-
plicity of comparison. 1The internal standard was tetramethyl-
silane with deuteriochloroform as solvent. The figure in paren-
theses is the coupling constant between the proton(s) in question
and the fluorine nucleus, c.p.s. cHalf of this doublet ap-
peared wflth the 6-i-butyl absorption.

which the protons are removed from fluorine by the
same number of bonds and which possesses the same
relative geometry to the fluorine nucleus as does the 4-
f-butyl group, shows a different and somewhat higher
coupling constant. Two possibilities are suggested to
account for this behavior: (1) the hydroxyl (or meth-
oxyl) group may be disturbing the aromatic ring current
sufficiently to allow this difference, or (2) a buttressing
effect of the hydroxyl group may be forcing the 2-f-butyl
group relatively closer to the fluorine nucleus than the
4-alkyl group. This latter possibility seems to be ne-
gated by the observation that the conversion of hydroxyl
to methoxyl causes a decrease in the coupling constant,
rather than the anticipated increase.

The data in Table | are compatible only with the
structures suggested; long-range coupling by two of the
three ¢-butyl groups marks them as ortho to the fluorine.
This information taken in conjunction with the magni-
tude of the aryl hydrogen-fluorine coupling constantZ
and the absence of aryl hydrogen-aryl hydrogen
magnetic interactions fully designates the structures
given for I-1V. The data for 2,4,6-tri-f-butylanisole
are included for comparison. The added fluorine has
only small effects on the resonance peak positions, but
fortunately these shifts are sufficient to identify the t-
butyl groups individually.

Experimental

m-Fluorophenol.—This material was prepared from m-fluoro-
anisole, which had in turn been synthesized from m-anisidine, by
procedures which have been reported previously.B

f-Butylation of m-Fluorophenol.—The reaction vessel used for
butylation was a flat-bottomed 35-mm. tube which contained a

(27) L. M. Jackman, “Applications of Nuclear Magnetic Resonance
Spectroscopy in Organic Chemistry,” Pergamon Press, New York, N. Y.,
1959, p. 86.

(28) C. M. Suter, E. J. Lawson, and P. G. Smith, J. Am. Chem. Soc., 61,
763 (1939).
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magnetic stirring bar. The top was sealed by a stopper contain-
ing an exit tube and an inlet capillary tube which extended to the
bottom of the flask. The inlet was connected through a drying
tube containing 4A Molecular Sieves to the isobutylene tank.®
m-Fluorophenol, 2.0 g. (0.018 mole), was placed in this vessel
and the isobutylene flow started. The temperature was main-
tained at 45 + 2° by a water bath held on combined hot plate-
magnetic stirrer.  After thermal equilibration sulfuric acid (0.17
g., 0.0017 mole), was added. A vigorous reaction ensued during
which the volume of solution increased substantially. Small
samples were withdrawn at intervals, shaken with pentane and
water, and the pentane evaporated to give a residue which was
examined by v.p.c. A 2-m. silicone column was used at 200°;
retention times were I, 8 min.; Il, 10 min.; and 111, 12 min.

The yield of 2,4,6-tri-t-butyl-3-fluorophenol reached a maxi-
mum after approximately 2.5 hr. The solution was mulled with
a few grams of activated alumina,®and the entire slurry was then
added to a basic alumina column (Harshaw 90% alumina which
had been activated by heating at 300° for 0.5 hr. and cooled in a
desiccator was used).

i-Butyl 4,6-Di-i-butyl-3-fluorophenyl Ether.— Using pentane
as eluting liquid, the j-butyl ether (11, 1.05 g., 21%) was ob-
tained. Recrystallization from agueous methanol gave material
with m.p. 65-67°.

Anal.3l Calcd. for CigHigFO: C, 77.1;
C, 77.0; H, 10.4.

2.4.6-
tane to ether as solvent caused the elution of 2,4,6-tri-t-butyl-3-
fluorophenol, 1,25g. (25%). After recrystallization from aqueous
methanol, it had m.p. 147-148°; this white solid developed the
blue tinge characteristic of 2,4,6-tri-t-butyl-phenol on standing.

Anal. Found: C, 77.2; H, 106.

4.6- Di-l-butyl-3-fluorophenol.— After the tri-t-butyluted
terials had been recovered, the chromatography column was
stripped with methanol to give crude 4,6-di-t-butyl-3-fluorophenol,
1.3 g. (32%). A small sample was purified by collection from
v.p.c.; it was obtained as a colorless liquid which rapidly de-
veloped a straw color on contact with air.

Anal. Calcd. for Ci4H2FO: C, 75.0;, H, 9.4.
C, 74.7; H, 95.

Methyl 2,4,6-Tri-1-butyl-3-fluorophenyl Ether.—A sample of
2,4,6-tri-t-butyl-3-fluorophenol (0.27 g., 0.00095 mole) was dis-
solved in 5 ml. of tetrahydrofuran which had been dried and
purified by distillation from lithium aluminum hydride. To
this solution was added 0.46 g. (0.0041 mole) of potassium t-
butoxide; after stirring 0.5 hr., 2 ml. of methyl iodide was added
and the mixture stirred overnight.

Following a typical washing and extraction procedure, the
residue was taken up in a small amount of pentane and subjected
to column chromatography. Pentane elution gave 0.24 g.
(87%) of the desired ether. The melting point was 126-127°,
following recrystallization from aqueous methanol.

Anal. Calcd. for CiHIFO: C, 77.5; H,
C, 77.3; H, 10.7.

H, 10.4. Found:

Found:

10.6. Found:

Acknowledgment.—The authors wish to express their
appreciation to Mr. Henry E. Gauthier of Varian As-
sociates for his assistance both in obtaining and in-
terpreting many of the n.m.r. spectra.

(29) Phillips Petroleum 99% “Pure” grade isobutylene was used.

(30) This treatment prevented an exothermic initial reaction with the
alumina chromatography column.

(31) Microanalysis by C. F. Geiger, 312 E. Yale St., Ontario, Calif.

Tri-/-butyl-3-fluorophenol.— Gradual transition from pen-

ma-
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Vol. 29

Steric Hindrance of Hydride

Transfer

William D. Huntsman and Eugene A. Eggers

Department of Chemistry, Ohio University, Athens, Ohio

Received August 12, 1963

The isomerization of 3-ethylpentane in the presence of sulfuric acid at 25.0° has been studied.

2-Methyl-

hexane and 3-methylhexane are the initial products, with the dimethylpentanes being formed more slowly.
The rate of isomerization of 3-ethylpentane is significantly lower than that of 3-methylpentane; this is inter-

preted as being due to steric hindrance of hydride transfer from 3-ethylpentane.

The ratio of the methylhexane

isomers formed shows significant variations when different hydrocarbons are present along with 3-ethylpentane

in the reaction mixture.
added substances.
in admixture and for 3-ethylpentane alone.

The isomerization of most of the isomeric heptanes in
the presence of sulfuric acid has been studied in some
detail.16 In accordance with the behavior of other
homologs, isomers having at least one tertiary hydrogen
rearrange rapidly by processes involving simple alkyl
migration. Reactions which involve a change in degree
of branching proceed much more slowly. Thus, 2- and
3-methylhexane are interconverted rapidly as are also
2,3- and 2,4-dimethylpentane. However, the dimethyl-
pentanes are formed only very slowly from the methyl-
hexanes, and 2,2,3-trimethylbutane is formed extremely
slowly from the dimethylpentanes.

The isomerization of 3-ethylpentane has received only
scant attention. In their study of the H-D exchange
between alkanes and deuteriosulfuric acid, Stevenson
and co-workers found that the rate was somewhat lower
for 3-ethylpentane than for several other singly
branched alkanes.3 Thus, 3.3% of the 3-ethylpentane
molecules suffered exchange in 2 hr., whereas with
3-methylhexane, 7% exchange occurred during 40 min.
under the same conditions. The nature of the deuter-
ated species formed from 3-ethylpentane deserves men-
tion; di2and di§ with a possible trace of (¢(9, were the
only species present. The unusual feature of these re-
sults is the absence of species with lower deuterium con-
tent. Mass spectrometric evidence also indicated that
the deuterated compounds did not have the 3-ethylpen-
tane skeleton.

Experimental

Materials.—3-Ethylpentane, b.p. 93.0-93.8°, nZp 1.3907,
was obtained by dehydrating 3-ethyl-3-pentanol over alumina at
370°, followed by hydrogenation of the resulting alkene over
platinum oxide. This material was fractionated through a 60-
cm. column packed with glass helices and then percolated over
silica gel. Gas chromatography indicated a purity in excess of
99.9%, with the only contaminant being 3-methylhexane.

3-Methylpentane, b.p. 64.0-64.3°, re2sD 1.3738, was obtained
from 3-methyl-3-pentanol by the same sequence of steps as used
for 3-ethylpentane. Gas chromatography failed to reveal the
presence of impurities.

A single bottle of reagent grade 96.4% sulfuric acid served as a
stock solution for all reactions in which acid of this concentration8®

(1) G. S. Gordon, I,
2355 (1949).

(2) V. I. Komarewsky and W. E. Ruther, ibid., 72, 2501 (1950).

(3) D. P. Stevenson. C. D. Wagner, O. Beeck, and T. W. Otvos, ibid.,
74, 3269 (1952).

(4) A. K. Roebuck and B. L. Evering, ibid., 75, 1631 (1953).

(5) R. L. Burwell, Jr., R. B. Scott, L. G. Maury, and A. S. Hussey, ibid.,
76, 5822 (1954).

(6) L. G. Maury, R. L. Burwell, Jr., and R. H. Tuxworth, ibid., 76, 5831
(1954).

and R. L. Burwell, Jr., 3. Am. Chem. Soc., 71,

This variation also can be rationalized in terms of hydride donating ability of the
Rate constants were calculated for the isomerization of 3-ethylpentane and 3-methylpentane
3-Ethylpentane has been detected as a minor product of isomeriza-
tion of the methylhexanes in the presence of sulfuric acid.

was used. Acids of higher concentration were prepared from
this stock solution by adding appropriate amounts of 15% fuming
sulfuric acid (C.p. grade). All concentrations were determined
by titration with standard sodium hydroxide.

Isomerization Reactions.—In the standard procedure, 0.5 ml.
of hydrocarbon and 0.5 ml. of acid were placed in a water-jacketed
tube and agitated by the “rapid-stirring” technique of Burwell
and co-workers.5 The water which was circulated through the
jacket was maintained at a temperature of 25.0 £0.1°. At the
end of the reaction period, stirring was discontinued, and the
mixture was allowed to stand until separation of layers occurred.
A portion of the hydrocarbon layer was withdrawn by pipet and
placed in a test tube containing a pellet of potassium hydroxide.
Duplicate experiments were carried out in each case.

Product Analysis.—The products were analyzed by gas chroma-
tography on a 50-ft. column packed wth fi.d'-oxydipropionitrile
on Fisher Columpak and maintained at a temperature of 50°.
Good resolution was achieved for all isomers encountered in the
study, and the areas under the peaks were calculated by triangu-
lation. The per cent composition of synthetic mixtures
calculated by this method agreed with the known values to
within 0.1.

Results

The results of the isomerization studies are summar-
ized in Table I. As expected, 2- and 3-methylhexane
were found to be the initial products of isomerization;
the ratios of the concentration of these isomers in the
products are listed in col. 5 of Table I. The reason
for presenting the data in this fashion will become ap-
parent below. The dimethylpentanes are formed at a
much slower rate. For example, in experiment 15, ap-
proximately 0.1% of 2,4-dimethylpentane, and 0.05% of
2,3-dimethylpentane were formed, whereas the methyl-
hexanes were present to the extent of 4.3%. Dispro-
portionation products were not detected.

Mixtures of 3-ethylpentane and 3-methylpentane
were used in the initial experiments (1-8) so that the
rate for the former could be compared with that of a
“methyl-shift” compound. Experiments 10-15 were
conducted with 3-ethylpentane as the sole hydrocarbon
to determine if the 3-methylpentane exerted a significant
effect on the rate of isomerization of the former. The
effect of a trace of olefin is illustrated by experiment 9,
in which a small amount of 3-methyl-2-pentene was
present.

The effect of doubling and tripling the acid to hydro-
carbon ratio is illustrated by experiments 16 and 17.
In experiment 18, a trace of 3-methyl-2-pentene was
added to the 3-ethylpentane, and samples were with-
drawn for analysis at the times indicated. The effect of
methylcyelopentane on the rate of isomerization of 3-
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Table 1"
Isomerization of 3-Ethylpentane at 25.0°
Ratio of
% isomerization 2MH/3MH % isomerization
Expt. no. Alkane Time, hr. of 3 EP in product of 3 MP
96.4% acid
1 3EP, 3MP 1.0 0.8 2.3
2 1.5 1.3 1.2 3.9
3 2.0 1.8 1.2 5.5
4 2.5 2.3 1.2 6.6
5 3.0 2.7 1.2 7.5
6 3.5 3.4 1.3 9.6
7 4.0 4.0 1.3 11.3
8 5.0 4.8 1.3 13.0
9t 2.0 19.6 1.2 37.6
10 3EP 1.0 0.6 2.1
n 2.0 1.5 1.9
12 3.0 1.9 1.9
13 4.0 2.8 1.9
14 5.0 3.8 2.0
15 6.0 4.4 2.0
16° 2.0 2.8 2.1
\7d 2.0 3.9 2.1
18** 0.25 0.9 11
0.50 3.3 1.5
1.0 9.3 1.7
1.5 12.2 1.7
19' 3EP, MCP 18.0 1.5 0.2
20" 5.0 0.3 0.5
21* 5.0 0.4 07
98.7% acid
22 3EP, 3MP 0.25 3.6 1.0 6.0
23 0.50 6.7 1.0 11.8
24 0.75 9.9 1.0 16.2
25 1.0 13.6 1.0 20.6
26 1.5 20.8 1.1 28.2
99.4% acid
27 3EP, 3MP 0.50 28.7 1.1 37 6

a These abbreviations are used:
MCP for methvicyclopentane.
hydrocarbon volume ratio, 3:1.
MCP by volume. 5 10: 1 mixture of 3EP and MCP by volume.

ethylpentane and on the ratio of the methylhexanes
formed is illustrated by experiments 19-21. In agree-
ment with the findings of others,3 we did not detect
isomerization of methylcyclopentane to cyclohexane.

Discussion

It is apparent from experiments 1-8 that 3-ethylpen-
tane isomerizes at a decidedly lower rate than 3-methyl-
pentane. Both reactions follow first-order kinetics, and
rate constants, calculated by a least squares treatment
of the data, are given in Table Il. It has been shown
that the rate of isomerization of isoparaffins depends
greatly on the acid concentration.4 Rate constants for
reactions carried out with 98.7% acid (experiments
22-26) also are presented in Table Il where it is seen
that the proportional increase is greater for 3-ethylpen-
tane than for 3-methylpentane. The possibility that, at
a sufficiently high acid concentration, the rate for 3-ethyl-
pentane might surpass that for 3-methylpentane is ren-
dered unlikely by the results of experiment 27 where it is
seen that, with 99.4% acid, 3-methylpentane still isom-
erizes at a substantially greater rate.

Although an exact comparison cannot be made, it
does appear that our rate constants for 3-methylpentane

3EP for 3-ethylpentane, 2MH and 3MH for 2- and 3-methylhexane, 3MP for 3-methylpentane, and

6 One microliter of 3-methyl-2-pentene was added.
'Samples were removed from reaction mixture at times indicated.
* 20:1 mixture of 3EP and MCP by volume.

¢ Acid-hydrocarbon volume ratio, 2:1. d Acid-
/ 50:50 mixture of 3EP and

Table Il

Rate Constants for Isomerization of 3-Ethvipentane and

3-METHYLPENTANE IN ADMIXTURE, 25.0°

K\ hr. ~'a ~
96.4% acid 98.7% acid
3-Ethylpentane 0 0105 + 0 0002 0.158 + 0 004
3-Methylpentane 0.0308 + 0.0008 0.238 + 0.002

“ The isomerization of 3-ethylpentane was treated as an ir-
reversible reaction; that of 3-methylpentane was treated as a
reversible reaction with equilibrium concentrations of 69% 2-
and 31%, 3-methylpentane (see ref. 4).

are somewhat larger than those that Roebuck and Ever-
ing found.4 Thus, from the curve presented by these
authors, one estimates ki ~ 0.15 hr.-1 for 98.7% acid,
as compared with our value of 0.24 hr.-1. The discrep-
ancy is believed to be due to more efficient stirring of
the reaction mixtures in the present study.7

When 3-ethylpentane alone is treated with sulfuric
acid (experiments 10-15), the rate of isomerization, E
= 0.0081 £ 0.008 hr.-1, is slightly lower than when 3-
methylpentane is present. The difference is small, how-

(7) Roebuck and Evering observed a decline in value of the first-order
rate constants at increasing conversions. Burwell, et al.,5found that this
did not occur with the “rapid-stirring’” technique.
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ever, and it may be concluded that 3-methylpentane
does not exert a significant influence on the rate of
isomerization of 3-ethylpentane.

The essential steps of the carbonium ion mechanism of
isomerization of 3-ethylpentane are as follows. This
scheme differs from the one presented by Burwell, etal.,b

Sw ¢ @ cé(+)
C () C (&)
cce- ccc (DN CcC (+)z; ¢
C C o o
C C o C
C C
(4) 1 RH (5)1 RH 6) 1 RH
3EP 3MH 2MH

for the methylhexanes only in that ethyl as well as
methyl migration is included. In step 1, the chain-ini-
tiating step, oxidation of 3-ethylpentane to the carbon-
ium ion state by sulfuric acid occurs, and, in steps 4, 5,
and 6, the chain-carrying step, a new carbonium ion (not
shown) is formed from RH, the hydride donor.

Stevenson, et al., suggested that the absence of deuter-
ated species with preserved carbon skeleton when 3-
ethylpentane was treated with deuteriosulfuric acid
miglIR be due to (a) rapid migration of ethyl groups in
the 3-ethylpentyl ion, or (b) an unusually long period of
ionic residence, due perhaps to steric hindrance in the
chain-carrying step.3 The results of our study can be
rationalized readily in terms of the latter postulate,
viz., the low reactivity of 3-ethylpentane as a hydride
donor. This would result in a lowered rate for the
chain-initiating and chain-propagating steps and an
over-all reduction in rate of isomerization of 3-ethylpen-
tane compared to 3-methylpentane.

The most striking difference between the experiments
in which 3-methylpentane was present in the reaction
mixture and those in which 3-ethylpentane alone was
used is the difference in the relative amounts of the
methylhexanes formed. The ratio of 2- to 3-methylhex-
ane was approximately 1.25 when 3-methylpentane was
present and 1.95 when it was absent. The postulation
of low hydride donor tendency for 3-ethylpentane also
provides an explanation for these differing ratios. The
relative amounts of the methylhexanes formed would be
expected to depend on the nature of the hydride donors
present in the reaction mixture. When only reluctant
donors are present—the situation that exists in the early
stages of reactions involving 3-ethylpentane alone—a
smaller fraction of the 3-methylhexyl ions will be con-
verted to 3-methylhexane (step 5) than when a more
efficient donor, e.g., 3-methylpentane, is present.

It seems most likely that steric factors are responsible
for the low hydride donor activity of 3-ethylpentane,
and the situation is reminiscent of the findings of Brown
and Taylor on the basicity of amines toward trimethyl-
boron.8 It was observed that basicity decreases in the
series EtXH2 > EtANH 3> Et3X. Brown and Taylor
proposed that at least one of the methyl groups of tri-
ethyl amine is held in a conformation in which it pro-
trudes in front of the nitrogen, thus interfering with salt
formation. A comparable situation may exist in 3-
ethylpentane in which the methyl groups interfere with
removal of the tertiary hydrogen. In support of this hy-
pothesis may be cited the data on the exchange of ethyl-
cyclopentane with deuteriosulfuric acid. This hydro-

(8) H. C. Brown, and M. D. Taylor, J. Am. Chem. S 0 ¢ 69, 1332 (1947).
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carbon exchanges very rapidly—35% in 2 hr. with 95%
acid—as contrasted with 3.3% exchange for 3-ethylpen-
tane in the same period of time.3 Ethylcyclopentane
can be visualized as an analog of 3-ethylpentane in which
the accumulation of a'oms in the region around the ter-
tiary hydrogen has been reduced by tying two of the
ethyl groups behind the carbon. The enhanced basicity
of quinuclidine over that of triethylamine has been ra-
tionalized by a similai argument.8

To gain additional evidence concerning the relation-
ship between the nature of the hydride donors present
and the ratio of methylhexanes formed, experiments
were carried out in which mixtures of methylcyclopen-
tane and 3-ethylpentane were used (experiments 19-21).
Methylcyclopentane, which can be considered as a cyclic
analog of 3-methylpentane in which congestion around
the tertiary hydrogen has been reduced by ring forma-
tion, has been shown to exchange very rapidly with deu-
teriosulfuric acid, e.g., 9.5% in 40 min. and 63% in 120
min.3 The presence of methylcyclopentane caused a
marked reduction in tie ratio of 2- to 3-methylhexane,
e.g., to a value of 0.2 when a 50:50 mixture was used.
The ratio increased when smaller amounts of methyl-
cyclopentane were used, but, even with a mixture of one
part methylcyclopentane to twenty 3-ethylpentane,
the ratio was only 0.7. Thus, these results support the
postulate of the relationship between hydride donor
ability and ratio of methylhexanes.

It is interesting to note the drastic reduction of rate
of isomerization brought about by methylcyclopentane,
e.g.. only 1.5% isomerization occurred in 18 hr. when
a 50:50 mixture was used. This also may be related to
the tendency of methylcyclopentane to donate hydride
to an open-chain carbonium ion and thus decrease the
rate of the chain-carrying step.

The methylhexane ratio is not affected greatly by the
concentration of acid, although it does appear to be
slightly lower at higher acid concentrations. Thus, for
mixtures of 3-ethylpentane and 3-methylpentane with
98.7% acid, the ratio was approximately 1.0, and with
99.4% acid, the value was 1.1. The significance of the
latter value can be questioned on the grounds that an
extensive amount of isomerization occurred. The fact
that the ratios do appear to be slightly lower for higher
acid concentrations may reflect a higher concentration
of hydride donors in the acid phase.

One experiment (no. 18) was performed in which a
trace of 3-methyl-2-pentene was added to 3-ethylpen-
tane, and the methylhexane ratio was determined peri-
odically during the early stages of the reaction. Ini-
tially, the ratio was quite small, for 1.1 after 0.9% isom-
erization had occurred, but increased to a value of 1.7
after 9% isomerization. The low values observed ini-
tially are believed to result from a higher-than-usual
concentration of hydride donors, e.g., alkene, in the acid
phase. As the reaction proceeds, the extra concentra-
tion diminishes because of polymerization, etc., and a
corresponding increase in the methylhexane ratio is ob-
served.

Small amounts of 3-ethylpentane are formed by
isomerization of the methylhexanes, but the rate of
formation is very low. For example, 3-ethylpentane
was not detected after 4 hr. treatment with 96.4%
acid, and less than 1.0% was present after 28 hr.
with 98.7% acid.
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Electrophilic substitution reactions of the strongly basic hydrocarbon (la) are described.

The new substitu-

tions are chlorination with either thionyl chloride or phosphorus oxychloride in dimethyl sulfoxide, the Vilsmeier
formylation with dimethylformamide and phosphorus oxychloride, and nitration with cupric nitrate in acetic

anhydride.

In each reaction substitution occurs in the 4-position.
lated easily in the Vilsmeier synthesis, and the salt is readily reduced to the tertiary amine.

The intermediate iminium salt can be iso-
The 4-nitro com-

pound is identical with a product obtained earlier from the hydrocarbon and nitrous acid in hot acetic acid.

In earlier papers of this series2‘ 4it was shown that the
lower melting hydrocarbon obtained from the poly-
phosphoric acid-catalyzed condensation of acetophenone
is 4a-methyl-1,3,9-triphenyl-4a77-fluorene (la). It was
shown also that protonation of this hydrocarbon occurs
stereospecifically as position 4 to give a new stable
carbonium ion which can be isolated as the perchlorate,
fluoroborate, or bromide.4 It has been shown4 that
hydrocarbon la is readily brominated when treated
with dimethyl sulfoxide and ethyl bromide according to
the method of Fletcher and Pan,5and the location taken
by the entering bromine atom was deduced as position
4 (structure Ib). Part of the argument for this assign-
ment rested on the fact that the deuterio compound (lc),
obtained from the bromide by conversion to the lith-
ium compound and reaction of the latter with deuterium
oxide, lost deuterium when subjected to rearrangement
by hydrobromic acid in acetic acid, yielding 4-methyl-
1,3,9-triphenylfluorene (I1).

The facile protonation and mild bromination of la
have prompted an investigation of other electrophilic
substitutions of the hydrocarbon. One of the most
interesting processes discovered is the essentially
guantitative reaction of the hydrocarbon with either
thionyl chloride or phosphorus oxychloride and di-
methyl sulfoxide in benzene. The reaction presumably
proceeds through the intermediate TII previously
proposed6as the precursor of the a-chlorosulfide formed
from the sulfoxide and thionyl chloride.

aa R = H e R =CHO
bR =Br f, R =CH=N(CH32
¢ R = 1) g R=CH2N(CH32
d R =Cl h R =NO2

The infrared spectrum of the chloro compound (Id)
was nearly identical v ith that of 4-bromo-4a-methyl-
1,3,9-triphenyl-4aH-fluorene (Ib). The n.m.r. spectrum
of the chloro compound showed, in addition to aromatic

(1) Grateful acknowledgment is made of partial support of this work by a
grant from the National Science Foundation (G-6223) and of a Fellowship
(1900-1962) to H. W. M. j rovided by the Phillips Petroleum Co.

(2) H. W. Moore and H. R. Snyder, J. Org. Chem., 28, 535 (1963).

(3) R. W. Roeske, D. B. Bright, R. L. Johnson, W. J. DeJarlais, R. W.
Bush, and H. R. Snyder, J. Am. Chem. Soc., 82, 3128 (1960).

(4) H. W. Moore and H. R. Snyder, J. Org. Chem., 28, 297 (1963).

(5) T. L. Fletcher and H. L. Pan, 3. Am. Chem. Soc., 78, 4812 (1956);
Chem. Ind. (London), 660 (1957).

(6) F. G. Bordwell and B. M. Pitt, 3. Am. Chem. Soc., 77, 575 (1955).

and methyl proton absorption, one vinyl proton absorp-
tion as a singlet at 3.60 r. These spectral data show
that the position of the chlorine atom in Id is the same
as that of the bromine atom in Ib.

0
[
-CHS+ SOCI2 os-ci
ch3 s- ch3 ¢f
Hi{: Cl J-so0,
Cl
! la
IL.C, Ce&i5 CH3-S—CIR cr

+ ch3 s- ch3 "

When the hydrocarbon (la) was treated with an
equimolar amount of phosphorus oxychloride in di-
methylformamide and the reaction mixture was worked
up by the addition of water, an 86% yield of 4-formyl-4a-
methyl-1,3,9-triphenyl-4a//-fluorene (le) was realized.
The infrared spectrum of le showed strong absorption
at 1655 cm.-1 indicting a conjugated carbonyl group.
The n.m.r. spectrum of le showed the absorption of a
sharp singlet in the vinyl proton region at 3.52 r.
The aldehyde proton absorbed at 0.35 r. Unambiguous
proof that foimylation had taken place in the 4-posi-
tion was obtained by fcrmylation of 4a-methyl-I,3,9-
triphenyl-4a//-fluorcne-47 (Ic). Since formylation of
the deuterated hydrocarton (Ic) in the 4-position would
eliminate the deuterium from the compound, the
n.m.r. spectrum of the product should be identical with
the spectrum of the aldehyde obtained from the un-
deuterated hydrocarbon, i. e., singlet vinyl absorption
at 3.52 t. The expected identity of the n.m.r. spectra
of the two samples of the aldehyde was indeed observed.

The intermediate iminium salt (If) could be isolated
when the hydrocarbon (la) was treated with equimolar
amounts of dimethylformamide and phosphorus oxy-
chloride in benzene. After vigorous stirring at room
temperature for five minutes the reaction mixture
became blood red and a beautiful red crystalline solid
precipitated. This material was shown to be the
dimethylimine salt (If). The infrared spectrum of If
shows strong C=N absorption at 1640 cm.“1 The
n.m.r. spectrum of If shews that there is a great deal of
double bond character to the carbon-nitrogen bond.
The two methyl groups attached to the nitrogen are
nonequivalent. These methyl group protons appear as
singlets at 7.49 and 6.30 r. The proton a to the
nitrogen absorbs at —0.33 r. The methyl group at the
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-la-position absorbs at 7.85 and the vinyl proton at the
2-position gives a singlet at 3.45 r.

Smith7 showed that lithium aluminum hydride re-
duction of the iminium salt obtained as an intermediate
in the Vilsmeier formylation-of indole gave the known
compound gramine. Lithium aluminum hydride re-
duction of the iminium salt (If) proceeded instanta-
neously to give 4-dimethylaminomethyl-4a-methyl-
1,3,9-triphenyl-4a//-fluorene (Ig). The n.m.r. spectrum
of Ig is in strict agreement with the proposed structure.
The methyl groups attached to the nitrogen are now
equivalent and show absorption as a singlet at 7.82 r.
The methyl at the 4a-position comes at 8.02 r. Methyl-
ene absorption appears as a singlet at 6.37 and the
one vinyl proton at the 2-position appears as a singlet
at 3.52 «.

An earlier attempt8 to effect the nitration of the
hydrocarbon la with fuming nitric acid at room
temperature did not lead to a pure product. However,
reaction with nitrous acid in hot acetic acid gave a pure
substance having the composition of a mononitro
derivative and believed to be an aM-unsaturated nitro
compound.3 It is now found that nitration of the
hydrocarbon la with cupric nitrate in acetic anhy-
dride at 0°, according to the method of Anderson,
Nelson, and Tazuma,9 gives 4-nitro-4a-methyl-1,3,9-
triphenyl-4a//-fluorene (Ih) in good yield. The in-
frared spectrum of the nitro compound (Ih) showed
strong nitro group absorption at 1520 and 1345 cm.-1.
The n.m.r. spectrum showed methyl group absorption
at 7.92 and the vinyl proton at the 2-position appeared
as a singlet at 3.65 r. The sample of the nitro com-
pound prepared in this experiment was found to be
identical with that prepared earlier3 from nitrous acid
by comparison of the infrared spectra and by mixture
melting point determination.

It was of interest to determine the fate of substit-
uents in the 4-position when compounds Ib and le
containing them are subjected to the action of 48%
hydrobromic acid in refluxing acetic acid, the condi-
tions causing rearrangement of la to the fluorene (I1).
In a variation2of this rearrangement of the hydrocarbon
Ha) in which dimethyl sulfoxide was employed as the
solvent, bromination at the 9-position evidently
occurred, since the product obtained after treatment of
the reaction mixture with water was the fluorenol
having the structure of Il but with a hydroxyl group in
place of the hydrogen atom at position 9. A similar
reaction occurred when the bromo compound (Ib)
was heated with hydrobromic acid in acetic acid under
conditions of moderate concentration (3 g. of la and 4
ml. of hydrobromic acid in 75 ml. of acetic acid);
the principal substance isolated after recrystallization
of the crude product from a mixture of ethanol and
chloroform  was 9-ethoxy-4-methyl-1,3,9-triphenyl-
fluorene (38%). Only a little (7%) of hydrocarbon 11
was isolated, although it may have formed in con-
siderably larger amounts, its separation from the
mixture being rather difficult. Free bromine was de-
tected as a product of the reaction. In a similar experi-
ment in which the relative amounts of the bromo
compound and hydrobromic acid were about the same

(7) G. F. Smith. J. Chem. Soc., 3842 (1954).

(8) Rjchard L. Johnson, Ph.D. thesis, University of Illinois, 1955.

(9) A. G. Anderson, J. A. Nelson, and J. J. Tazuma, J. Am. Chem. Soc.,
75, 4980 (1953).
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(0.8 g. and 1 ml.) but the relative amount of acetic acid
(150 ml.) was increased severalfold, only hydrocarbon
Il was isolated. Evidently the bromo compound (Ib)
in acid solution is a source of positive bromine, perhaps
through the elimination of a positive bromine ion from
the protonated species to yield the parent hydrocarbon
(la) which then protonates and rearranges to I,
with the liberated bromine ion attacking either Il or
the hydrogen bromide in the solution.

A similar treatment of the aldehyde (le) gave only
the rearranged hydrocarbon (I1). Presumably the
protonated form of the aldehyde expels carbon mon-
oxide to generate the carbonium ion related to la, which
then rearranges.

Experimental D

Preparation of 4-Chloro-4a-methyl-l ,3,9-triphenyl-4a//-fiuo-
rene (Id).—Two grams (0.005 mole) of 4a-methyl-1,3,9-tri-
phenyl-4a//-fluorene (la) was dissolved in 100 nd. of benzene and
20 mi. of dry dimethyl sulfoxide in a 250-ml. three-necked round-
bottomed flask equipped with an automatic stirrer, CaCl»-
protected condenser, and a dropping funnel. To this yellow
solution was added 1. IS g. (0.010 mole) of thionyl chloride over a
period of 15 min. Immediately upon addition of the thionyl
chloride the solution became dark blue-green, and the odor of
dimerhyl sulfide was very'prevalent. The color faded to yellow
after about 5 min. The addition of thionyl chloride caused an
increase in temperature to 35°. The reaction solution was
stirred for 3 hr. without any application of heat. The solvent
was then removed by distillation at reduced pressure leaving 2.1
g. (94%) of 4-chloro-4a-methyl-1,3,9-triphenyl-4a.fl'-fluorene,
m.p. 206-208°.

Anal. Calcd. for C32H23CI:
C, 86.42; H, 5.40.

Preparation of 4-Formyl-4a-methyl-1,3,9-triphenyl-4a//-fluo-
rene (le).—Two grams (0.005 mole) of la was dissolved in 100
ml. of dry dimethylformamide in a 250-ml. three-necked round-
bottomed flask equipped with a CaCh-protected condenser,
automatic stirrer, and a dropping funnel. The solution was
vigorously stirred at room temperature while 1.2 g. (0.007 mole)
of POCI3 was added slowly. Immediately upon addition of the
POC.3 the reaction solution turned a deep orange-red. This
solution was heated on the steam bath for 1 hr. Water (50 ml.)
was added to the hot solution, causing the precipitation of an
orange-red solid. This aqueous mixture was heated on the steam
bath for 1.5 hr. At the end of this time the solid was a brilliant
orange in color. Recrystallization three times from absolute
ethar.ol gave 1.9 g. (86%) of 4-formyl-4a-methyl-I ,3,9-triphenyl-
4a/l-fluorene, m.p. 175-176°.

Anal. Calcd. for C3H20: C, 90.82; H, 5.50.
90.63; H, 5.80.

Repetition of the experiment on a smaller scale (1/20) but with
the deuterio compound 4a-methy'l-1,3,9-triphenyl-4aR-fluorene-
4d4 gave about 70%, of a product identical with that just de-
scribed in melting point, mixture melting point, and n.m.r.
spectrum.

Preparation of the Iminium Salt (If).— Five grams (0.012 mole)
of 4a-methyl-1,3,9-triphenyl-4aff-fluorene (la) and 1 g. (0.015
mole! of dimethylformamide was dissolved in 100 ml. of dry
benzene in a 250-ml. three-necked round-bottomed flask equipped
with an automatic stirrer and a CaCfl-proteeted condenser.
The yellow solution was vigorously stirred while 1.4 g. (0.015
molei of POCLi was added in one portion. Immediately upon
addition of the POCh there was a flash of blue color; this blue
color lasted only a few seconds and then the solution became
yellow.

About 5 min. later the solution was blood red. This red solu-
tion was stirred at room temperature for 4 hr. At the end of this
time a beautiful crystalline solid had precipitated. The solid
was removed by filtration giving 5.3 g. (92%) of the salt If,
m.p. 152-155° dec. Because of the instability of the salt in hot
solutions, attempts to purify it for analysis were unsuccessful.

C, 86.68; H, 5.19. Found:

Found: C,

GO) Melting points are uncorrected. Microanalyses were carried out
by Mr. J. Nemeth and his associates, University of Illinois.
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Preparation of 4-Dimethylaminomethyl-4amethyl-1,3,9-tri-
phenyl-4a//-fluorene (Ig).—Two grains of the jminium salt was
dissolved in 100 ml. of dry tetrahydrofuran in a 250-ml. round-
bottomed three-necked flask equipped with an automatic stirrer
and a CaCh-protected condenser. Lithium aluminum hydride
was added in small portions over a period of 30 min. During
this period of time, the color of the reaction solution changed
from deep red to light yellow. The reaction mixture was stirred
at room temperature for 2 hr. Fifty milliliters of wet ether was
then slowly added to decompose the complex and any unchanged
lithium aluminum hydride. The reaction mixture was filtered
and the solvent was removed by distillation under reduced pres-
sure. A yellow solid was obtained, which after recrystallization
from a 1:1 mixture of ethanol and chloroform gave 1.5 g. (74%)
of 4-dimethylaminomethyl-4a-methyl-4a//-fluorene, m.p. 192-
193°.

Anal. Caled. for C»H«N: C, 90.32;
Found: C, .39.85; H, 6.83; N, 2.97.

Preparation of 4-Nitro-4a-methyl-1,3,9-triphenyl-4a//-fluorene

(Ih). - One and one-half grams (0.0037 mole) of la was added to
100 ml. of freshly distilled acetic anhydride in a 250-ml. three-
necked round-bottomed flask equipped with an automatic stirrer,
a thermometer, and a CaCb-proteeted reflux condenser. The
reaction solution was cooled to 5° by means of an ice-water bath
and stirred vigorously while 0.5 g. (0.0045 mole) of cupric nitrate
in 20 ml. of acetic anhydride was added over a period of 15 min.
The solution immediately became dark blue-green upon addition
of the cupric nitrate. The ice-water bath was removed and the
dark blue-green reaction solution was allowed to warm to room
temperature. The solution was then vigorously stirred at room
temperature for 4 hr. At the end of this time the reaction mix-
ture was still blue-green, but it was more like the color of cupric
nitrate than it had been earlier in the reaction. Water (100 ml.)
was added and the resulting mixture was stirred, with cooling,
for 30 min. During this time the acetic anhydride hydrolyzed
and a brilliant orange solid precipitated. This material was
collected by filtration and recrystallized from a 1:1 mixture of
ethanol and chloroform giving 11 g. (65%) of 4-nitro-4a-methyl-
1.3.9- triphcnyl-4a//-fluorene, m.p. 196-198°.

Anal. Caled. for CIH2NQ2, C, 84.76; H, 5.07; X, 3.09.
Found: C, 84.38; H, 5.15; N,3.14.

Reaction of 4-Bromo-4a-methyl-1,3,9-triphenyl-4a//-fluorene
with 48% Hydrobromic Acid in Glacial Acetic Acid Followed by
Reaction with Ethanol.—Three grams of 4-bromo-4a-methyl-
1.3.9- triphenyl-4a/J-fluorenedwas added to 75 ml. of glacial acetic
acid in a flask equipped with a stirrer and a reflux condenser con-
nected to a trap containing chloroform. Four milliliters of 48%
hydrobromic acid was added and the mixture was stirred and
heated. A deep blue-green color soon developed and then
slowly faded to yellow after 3 hr. of reflux. The chloroform solu-
tion in the trap had a pale color (bromine) and it gave a definite
iodine color when shaken with aqueous sodium iodide. The
grey solid that separated when the reaction solution was cooled to
about 0° was recrystallized four times from 1: 1 chloroform-

H, 6.66; N, 3.02.

4a--Methyl-1,3,9-TR[PHENYL-4a"-FLUoRENE 99

ethanol to give 1.2 g. (38% ) of 9-ethoxy-4-methyl-I ,3,9-tri-
phenylfluorene, m.p. 150-152°, identical in melting point, in-
frared spectrum, and n.m.r. spectrum with the sample prepared
from the 9-hydroxy compound as described subsequently.

Dilution of the acetic acid solution from which the foregoing
crude product hac been separated with about 100 ml. of water
caused the separation of a solid. Four recrystallizations of this
material from 1:1 ethanol-chloroform gave 0.2 g. (7.2%,) of 4-
methvl-1,3,9-triphenylfluorene3 (11), m.p. 163-164°, identified
by mixture melting point.

In a reaction in which 0.8 g. of the bromo compound (Id) was
heated with 150 ml. of acetic acid and 1 ml. of 48% hydrobromic
acid, only 4-methyl-1,3,9-triphenylfluorene (11, 0.4 g., 62%) was
isolated.

Preparation of 9-Ethoxy-4-methyl-1,3,9-triphenylfluorene from
9-Hydroxy-4-methyl-1,3,9-fluorene.- A mixture of 0.20 g. of
4-methyl-1,3,9-triphenyl-9-fluorenoP and 50 ml. of concentrated
hydrochloric acid was refluxed for 15 min. and then allowed to
stand at room temperature for 12 hr. Filtration gave 180 mg.
(90% ) of white crystalline 9-chloro-4-methyl-I,3,9-triphenyl-
fluorene, m.p. 192-195°. The material was very sensitive to
moisture. Accort.inglv, a sample prepared in this way (4.3
g.) was heated under reflux for 1 hr. with 100 ml. of ethanol-
chloroform and the solid remaining after removal of the solvent
mixture under reduced pressure was recrystallized four times
from 1:1 ethanol-chloroform to give 4.3 g. (95%) of the ethoxy
compound, m.p. 150-152°. The n.m.r. spectrum showed the
characteristic absorption of the ethyl group (triplet at 8.99 and a
guartet at 6.82 « with a coupling constant, J = 7c.p.s., with the
relative intensity of the quartet to the triplet being 2:3).

Anal. Caled. for ChH2: C, 90.26; H, 6.19. Found: C,
90.24; H, 5.98.

Reaction of 4-Formyl-4a-methyl-1,3,9-triphenyl-4a//-fluorene
with 48% Hydrobromic Acid in Acetic Acid.—Four grams of 4-
formyl-4a-methyl-1 ,3,9-triphenyl-4a//-fluorene was dissolved in
150 ml. of glacial acetic acid in a flask equipped with a stirrer and
a reflux condense-. Two milliliters of 48%, hydrobromic acid
was added, giving a deep brown-yellow solution. The color
changed as the solution was heated and stirred, becoming an in-
tense blue-green as the boiling point was reached and then slowly-
fading to brown-yellow after 4 hr. at reflux. Dilution of the
cooled solution with water gave a grey solid.  After five recrystal-
lizations from 1:1 ethanol-chloroform there remained 2.0 g.
(52%) of 4-methyl-1,3,9-triphenylfluorene, m.p. 162-104°, iden-
tified by mixture melting point with an authentic sample.3

N.m.r. Spectroscopy.—The n.m.r. spectra were recorded by
Mr. D. Johnson and his associates with a Varian Associates high
resolution spectrometer (A-60) at a frequency of 60 Me. per
second. Spectra were obtained in 30% solutions with tetra-
methylsilane as an internal standard. Chemical shifts are ex-
pressed as shielding values (r) as defined by G. V. D. Tiers.1L

(1) G. V. D. Tiers. J. Phys. Chem.. 62, 1151 (1958).
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In the polymerization of benzene by aluminum chloride-cupric chloride, the yield of p-polyphenyl varied in-

versely with the amount of added water.
AICh-CuCU molar ratio of 2:1.
AICIj CuCl complex.
smaller quantities acted as a promoter.

and antimony pentachloride exhibited catalytic activity.

Polymer yield attained a maximum value, almost quantitative, at an
The cuprous chloride formed by reduction of the oxidant is present jis a CeH6
Large amounts of added cuprous chloride inhibited the reaction completely, whereas
With cupric halide as oxidant, aluminum chloride, aluminum bromide,

In the presence of aluminum halide catalyst, polym-

erization occurred with the oxidizing agents, cupric chloride, cupric bromide, lead dioxide, manganese dioxide,

nitrogen dioxide, nitrogen trioxide, chloranil, and p-benzoquinone.
The theoretical aspects are treated.

by the nitrogen oxides and chloranil.

Recently, it was shown2 that the aromatic nucleus
can be polymerized smoothly in the system, aromatic
monomer-Lewis acid catalyst-oxidant. This con-
stituted the first case wherein an aromatic monomer
functioned in a well defined polymerization leading to
homopolymer. For example, benzene was converted
to p-polyphenyl on treatment with aluminum chloride-
cupric chloride under mild conditions.

nCeH5 + 2,CuCR 4 2nCucCl

2nHCI

Also effective for the polymerization of benzene were
molybdenum pentachloride3and ferric chloride.4 These
two metal halides apparently assume the dual role of
catalyst and oxidant. Prior to these investigations
Marvel and Hartzell5synthesized impure p-polyphenyl
by the chloranil oxidation of poly-1,3-cyclohexadiene
prepared by Ziegler polymerization.

The purpose of this study was to define the scope of
benzene polymerization in the system, benzene-Lewis
acid catalyst-oxidant. In particular, the reaction
benzene-aluminum chloride-cupric chloride was ex-
plored, in order to determine the effect of water, cu-
prous chloride, and variation in catalyst-oxidant
ratio. In addition, we were interested in obtaining
information relative to the mechanistic aspects of this
novel reaction.

Results and Discussion

Water Cocatalysis.— Previously, evidence was found
in the benzene-ferric chloride reaction for cocatalysis
by Brpnsted acids, such as water, acetic acid, and
nitroethane.6 Subsequently, it was shown that the
polymer yield passed through a maximum at a HD -
FeCb, molar ratio of 1 for short reaction times. Fur-
thermore, the most rapid rate of hydrogen chloride
evolution was observed at this ratio.7 These data

(1) Paper VI. Polymerization of Aromatic Nuclei [undergraduate thesis
of .1 Oziomek. Case Institute of Technology, 1963] presented at the 144th
National Meeting of the American Chemical Society, Los Angeles, Calif.,
April. 1963.

(2) P. Kovacic and A Kyriakis, 3. Am. Chem. Soc., 85, 454 (1963).

(3) P. Kovacic and R. M. Lange. 3. Org. Chem.. 28, 968 (1963).

(@) P. Kovacic and F. W. Koch, ibid.. 28, 184 (1£63).

(5 C. S Marvel and G. E Hartzell, 3. Am. Chem. Soc.. 81, 448 (1959).

(6) P. Kovacic and C WA, 3. Polymer Sci., 47, 45 (1960).

(7) P. Kovacic, F. W. Koch, and C. E. Stephan, ibid., in press.

There was evidence of chain termination

indicate that ferric chloride monohydrate is the most
active catalyst-cocatalyst complex.

In view of these results, we undertook an investiga-
tion of water as a potential cocatalyst in the benzene-
aluminum chloride-cupric chloride reaction. The fol-
lowing working hypothesis was used.

Water was added to the system, CeFh-AICh-CuCk =
4:1:1 (2 hr. at 30-32°), in molar ratios of H,0-A1C13
varying from 0 to 4. The results clearly show that
polymer vyield varies inversely with the amount of
added water (Table I). This is in sharp contrast with

Table |

Variation of Water. Effect on Polymer Yield""

mp-Polyphenyl—--------- - —— - —

B C-11.

HO. i ield, G e atomic
noles % C H c 0 ratio
0 64 92.29 5.03 2.47 153
0 66 91.79 5.07 2.29 150
0.05 60 93.43 5.05 1.62 1.54
0.05 56 9221 5.00 2 40 1.54
0.25 29 91.48 5.04 243 0 49 1,51
0.25 30 9266 507 179 o022 1.52
0.5 17 93.32 538 1.38 0.31 144
0.5 18 9225 505 142 1.52
1 8' 92.72 521 187 1.48
1 17 9251 530 2.13 0.30 145
1 13 9256 5.15 217 032 149
15 0.8" 84.00 4.74 1.95 137 1.47
1.5 3 91.17 5.37 2.01 0 46 1.41
2 O.1S"7 57.46 331 4.96 10 80 144
2 0.1' 2645 257 307 275 0 83

“ Benzene, 2 moles; aluminum chloride, 0.5 mole; cupric
chloride, 0.5 mole. 62 hr. at 30-32°. ¢ 17°. d25°. f81°.

/ Probably contains a high per cent of contaminants from im-
purities in the metal halides.
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the data already cited for ferric chloride. A plausible
interpretation involves the destruction of aluminum
chloride by hydrolysis, on the assumption that large
amounts of catalyst are required for high yields. It is
evident that hydrolysis does occur at an appreciable
rate under the standard conditions. When 0.25 mole
of water was added, analysis indicated the evolution of
0.38 mole of hydrogen chloride, corresponding to a
polymer vyield of 14.4 g. However, only 5.7 g. of
polymer was formed, which is equivalent to only 0.15
mole of hydrogen chloride. Consequently, hydrolysis
must account for the remaining 0.23 mole of hydrogen
chloride. Moreover, hydrogen chloride was generated
when water was stirred with a cold mixture of benzene
and aluminum chloride.

It is conceivable that some water is consumed in a
chain termination reaction, which is in keeping with the
presence of small amounts of oxygen in the polymers.
However, there was no simple correlation which was
apparent entailing oxygen content and the amount of
added water.

Although no evidence was obtained for water co-
catalysis, it is quite possible that small amounts of this
or some other Brpnsted acid are necessary for initiation.
We have not yet investigated the reaction with rigor-
ously purified reagents. The need of a Brpnsted acid
cocatalyst has been wunequivocally establishd for
many olefin polymerizations induced by Lewis acids.89
In certain cases, only trace amounts of cocatalyst are
needed. Furthermore, various studies point to an
optimum quantity, with diminution in the activity of
the catalyst-cocatalyst complex with added amounts of
cocatalyst, presumably due to formation of more highly
solvated entities.810

There are other reports which lend credence to these
postulates. The rate curve for isobutylene polymeriza-
tion leveled out at approximately equimolar proportions
of catalyst and cocatalyst, as the amount of stannic
chloride was increased at a fixed water concentration.D
The effect on rate of varying the water concentration
in the polymerization of styrene catalyzed by stannic
chloride was determined by Overberger, Ehrig, and
Marcus.1 In a 30:70% mixture of nitrobenzene and
carbon tetrachloride, the rate increased as the water
concentration increased, reached a maximum at a 1:1
catalyst-cocatalyst molar ratio, and then decreased
upon further addition of water. The system styrene-
boron trifluoride-water is reported to give similar re-
sults.89

Variation in AICL-CuCL.—In another series of ex-
periments, the effect of variation in the AICL-CuCL
molar ratio was investigated at temperatures of 30-32°
for 2 hr. The yield of polymer rose rapidly with
increasing molar ratio, reached a maximum at a 2:1
ratio and then remained essentially constant (Table
I1). It is noteworthy that yields approaching quan-
titative values were readily and reproducibly obtained.
At the optimum ratio and with pulverized cupric
chloride, the rapid polymerization produced p-poly-
phenyl in 98% yield based on the oxidant.

(8) '‘Cationic Polymerization and Related Complexes,” P. H. Pleach,
Ed., W. Heffer and Sons, Ltd., Cambridge, England, 1953.

(9) D. C. Pepper, Quart Rev. (London), 8, 88 (1&54).

(10) R. G. W. Norrish and K. E. Russell, Trans. Faraday Soc., 18, 91
(1952).

(11) C. G. Overberger, R. J. Ehrig, and R. A. Marcus, J. Am. Chem. Soc.\
80, 2456 (1958).
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Tabte Il

Variation of AICIjC uCL Ratio: Effect on Polymer

Yield"
C-H,
AICIj-CuChb, Yield, - %p-------- atomic
molar ratio % c H a ratio
0.125:0.5 18 90.69 5.03 1.80 150
0.25:0.5 35 91.36 4.95 2.33 1.53
0.25:0.56 34 89.04 4.74 4.02 1.56
0.5:0.5 64 92.29 5.03 2.47 1.53
0.5:0 5 66 91.79 5.07 2.29 1.50
1.5:1.5cd 65 92.90 5.22 2.15 1.48
1.5:1.5CJ 63 92.31 5.10 2.25 1.51
0.5:0.25e 89 92.09 4.79 2.37 1.60
0.5:0.25 94 90.06 5.06 3.29 1.48
0.5:0.25f 91 91.15 5.00 1.75 1.52
0.5:0.25" 98 91.37 5.12 1.71 1.48
1.5:0.75¢ 91 92.40 5.28 2.71 1.46
1.5:0.75d 89* 91.75 5.10 1.73 1.50
1.5:0.75d" 91 91.24 5.12 2.39 1.48
0.5:0.125 89 91.30 5.03 2.54 151
" Benzene, 2 moles; 2 hr.; 30-32°; no added water. 6The

aluminum chloride was pulverized in a blender with benzene.
c By Richard Lewis, 30-36°; the cupric chloride was pulverized
in a blender with benzene. dBenzene, 6 moles. 615 hr.
r 27.5 hr. 0OPulverized cupric chloride. h87% yield of hydro-
gen chloride. 1By Vincent Marchionna.

Why the necessity for large quantities of the catalyst?
In response to this question, we determined the in-
fluence of initially added cuprous chloride. Very
strikingly, essentially no polymerization occurred,
even at the reflux temperature, when cuprous chloride
and aluminum chloride were used in an equimolar ratio.

At a CuCI-AICU molar ratio of 1:2, the yield (39%)
corresponded closely to that (35%) obtained with half
this amount of aluminum chloride in the absence of
added cuprous chloride. These findings strongly sup-
port the thesis that cuprous chloride, generated during
the course of the CEH6ALC1j CuCl2reaction, acts as a
powerful inhibitor by associating with aluminum
chloride. The wunion apparently results in a 1:1
complex which contains the aluminum chloride in
catalytically inactive form.

In further pursuit of this intriguing phenomenon, the
benzene filtrate obtained from one of the reaction
mixtures was examined. Addition of water to the dark
green solution produced an exothermic reaction re-
sulting in evolution of acid fumes and precipitation of
copious amounts of cuprous chloride. Since the salt
itself is very insoluble in benzene, this observation
compellingly argues for the presence of cuprous chloride
in complex form. Confirmation was readily obtained
from solubility experiments (Table I11). Although
cuprous chloride and aluminum chloride individually
were only slightly soluble (<3%) in benzene, a mixture
containing equimolar amounts of the two salts dissolved
almost completely at room temperature with formation
of a yellow solution.

Tabte I
Solubility of M etal Halides in Benzene"*
------- AICL-------. === CUCl------ .  r=-----—------S0lid, Q.
g. Mole o Mole Undissolved Dissolved
16.66 0.125 0 16 00 0.42
0 1240 0 125 12.25 0
16.70 0.125 12.40 0.125 1.4 27.1

8 Benzene, 0.5 mole.
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When our studios were essentially complete, Amma
and TurnerX2 presented their work on this hitherto un-
reported complex. A detailed X-ray analysis revealed
that the compound was formed in the ratio, Cclh
CuCT-AICU = 1:1:1, and possessed this structure.

012 Ck
—('u-0l —Al—CI—Cu—01—AI—ClI
(I\AI—B %fith

Cuprous bromide is known13to form similar complexes,
such as C6olIsCILi'CuBrAIHr3 In related areas,
Brown and Wallace¥ found evidence for the existence
of arenonium-type entities, Arll2+AloX7~, which were
solvated by the aromatic substrate. Quito thorough
structural analyses have been made of the benzene-
silver perchlorate complex.b

The reactions carried out at of) 22° in the absence of
added water are characterized by induction periods
varying from 15 to 25 min. Much to our surprise, we
observed that cuprous chloride virtually eliminated the
induction period when introduced in the ratio, CuCl—
AICU =1:2. Thus the cuprous chloride may function
both as an inhibitor and a promoter. Although the
precise nature of the promoting action is unknown,
there are several conjectures deemed worthy of con-
sideration. The cuprous chloride might be an efficient
catalyst at some stage in the reaction sequence.
Another possibility is that a cuprous-cupric complex®
comprises the actual dehydrogenating agent. How-
ever, in one of the solubility experiments cupric chlo-
ride proved to be quite insoluble in benzene containing
the CEBH6-CuC1A1Cls complex. It is significant that
cuprous bromide exerts a similar accelerating effect in
the bromination of toluene by cupric bromide.

Essentially identical infrared spectra were exhibited
by preparations of p-polyphenyl obtained under the
various conditions. The. C Il atomic ratios fell in
the range, 1.41-1.00, with an average value of 1.50.
These data compare favorably with the limiting ratio
of 1.5 for

Gas chromatographic analysis of the benzene filtrate
from the reaction mixture revealed the presence of bi-
phenyl and chlorobenzene in small quantities. Pre-
sumably, biphenyl derives from termination at the
dimer stage of polymerization. Chloro aromatics
might be formed through termination of the growing
carbonium ion by chloride, or by chlorination effected
by cupric chloride-aluminum chloride.B

One aspect of the mechanistic scheme2 comprises
transformation of dihydrobenzene structures to aro-
matic units. Previously, in investigations with the
model compound. 1,4-cyclohexadiene, it was shown that
benzene was readily formed on treatment with ferric
chloride4 or molybdenum pentacldoride.3 Analogous

«12) F. L. Amma and R. Turner. Abstracts of Papers. 144th National

Meeting of the American Chemical Society, Los Angeles, Calif.. April. 1968.
p. 2K

(13) V. A. Plotnikov and Z. A. Yankelevieh, J. Gen. Chem. CiS.S/i, 3, 208
(1933): V. A. Plotnikov. Z. A. Yankelevieh, and I. A. Slieka. ihid., 3, 802
(1933).

14> H. C- Brown and W. J. Wallace. J. Am. Chem. Sor.. 75. 6268 <1953).

115) Il. G. Smith and R. E. Rundle. ihid.: 80, 5075 (1958).

(16) J. I\ Kochi, ihid., 77, 5274 (1955); Il. McConnell and N. l)avidson,
ihid., 72, 3168 (1950).

(17) K. Davis, unpublished work.

(18) J. C. Ware and F. E. Borehert, J. Org. Chem, 26, 2263, 2267
(1961).
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experiments were carried out with the metal halides
present in our system (Table 1V). Neither cupric
chloride nor cuprous chloride produced detectable re-
action with 1,4-cyclohexadiene. With aluminum chlo-
ride or aluminum chloride-cupric chloride, polymeriza-
tion of the diene was the preferred route. However,
using toluene as solvent, we found that benzene was
formed with the reagents, aluminum chloride-cupric
chloride-cuprous chloride and aluminum chloride-
cuprous chloride. These data intimate that the Lewis
acid catalyst participates in dehydrogenation by the
oxidant. A more detailed discussion should be de-
ferred until these preliminary results are expanded by
additional studies. It is significant that 9,10-dihydro-
anthracone is smoothly dehydrogenated by cupric
halides under mild conditions.

Table IV
Dehydrogenation of 1,4-Cyci.ohexadiene”

—_ Mole —------- * Temp., Time,
Airh CucCl CuCb °c. min. Results
0.01 0 0 10 Polymerization
0 0 01 0. 40 No reaction
0 0 0.01 40 No reaction
0.01 0 0.01 10 ~1 Polymerization
0.01 0.0iT 0 40 Benzene formed
001 0.0lv o.or 40 0 Benzene formed

" 1,4-Oyclohexadiene (1 ml.) in 15 ml. of toluene. 5The
toluene-aluminum chloride-cuprous chloride complex was
formed before the addition of 1,4-cyclohexadiene. c Cupric

chloride was added to the C,!l,-Cu(.TA!('’k complex before the
1,4-cyclohexadiene. d Hydrogen chloride was evolved.

Although we favor the oxidative cationic mechanism
for the polymerization, alternative possibilities should
also he considered. For example, the high degree of
selectivity for 1,4-polymerization suggests that perhaps
a surface effect involving metal halide plays an im-
portant role.

Benzene-Lewis Acid Catalyst Oxidant—A large
number of candidate catalysts and oxidants were
examined in an effort to ascertain the reaction scope.
With cupric halide as the oxidant, polymerization to
p-polyphenyl was accomplished only by those metal
halides which possess rather high Lewis acid strength,
namely, aluminum chloride, aluminum bromide, and
antimony pentacldoride (Table V). Ferric chloride4
and molybdenum pentachloride3were previously shown
to be active. It is interesting that antimony penta-
chloride alone, or in conjunction with aluminum
chloride, gave only chlorinated benzenes. A direct
correlation apparently exists between ease of monomer
polymerization and catalyst strength requirement.
In contrast to the benzene reaction, cationic polymeriza-
tion of olefins proceeds under very mild conditions, at
—100° within a few seconds in the presence of a rela-
tively weak catalyst such as boron trifluoride.

Specificity was evident relative to the nature of the
oxidant. With aluminum halide as catalyst, polymer
was generated by use of the following oxidizing agents:
cupric chloride, cupric bromide, load dioxide, man-
ganese dioxide, nitrogen trioxide, nitrogen dioxide,
ehloranil, and p-benzoquinone (Table V).

Infrared spectral data (Table VI) and elemental
analyses of the polymers were in agreement with a p-

(191 1). C. Nonhebel. / Chem. Soc.. 1216 (1963).
(20) P. Kovacic and A. K. Sparks, J. Am. Chem. Soc.. 82, 5740 (1960).
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Investigation of the Benzene-A

Tab

103

Tuminum Chlor:de-C upric Chloride System

le V

Polymer from Benzene-C atalyst-Oxidant”

Time, Temp., Yield, -

Catalyst Oxidant hr. °c. £o

AIBr3 CuBr/ 4.3 25 1.8C

AlC13 Mn()2 6 80 7.8d,J
aici3 Pb()2 1 80 9Ad'a
aici3 Chloranil 1 Reflux 88

aici3 p-Benzoquinone 2 Reflux 1.7*

Aia NO02 1 Reflux 2.5

Aia N W 1 Reflux 1.2

sba CucCl2 4 5 1.9

" Benzene, 2 moles;
fully acknowledged.

X-ray powder pattern.
ethanol.

catalyst, 0.5 mole; oxidant, 0.5 mole.
¢ Hun at half-scale. dBy A. Kyriakis.
s d-Spacings; 2.67, 4.35, and 7.75 A., from

Tabl

6 Water cocatalyst, 0.025 mole;
e Benzene, 1 mole; water, 1 ml.

1The gas (undetermined amount) was introduced below the surface of the mixture.

Polymer-
____________________ LY C-(H -F halogen),
c H Halogen N (0] atomic ratio

87.77 5.17 6.81 1.39
67.71 3 65 21 10 4.10 1.33
79.58 4 22 14 07 2.00 1.44
76.41 3.34 11.31 5.15

73.15 3 07 4.98 13.3

85.07 4.40 4 55 0.87 1.56
85.09 4 41 4 15 0 84 157
90.40 5 10 3 43 1.45

the assistance of F. J. Kohl is grate-

! 0-Spacings: 4.22 and 9.30 A., from

h After exhaustive extraction with boiling
" Also CEHEC1, CEH4AC12 and CEH3C13

X-ray powder pattern.

e VI

Infrared Spectral Data for the Polymers

Absorption maxima, cm.-1

p-Polyphenyl para = -
p-Terphenyl” 837 746
p-Quaterphenyl“ 825 752
p-QuinquephenyF 818 757
p-Sexiphenyl6 811 756
CEHB6ALICIZIN D 3 807 760
cth6aici3noZ 806 762
C'eHe-AlICh-chloraniP 805 765
CEHB6ALC13CuCR 803 763
CEHG6AIBr3CuBr2 803 760
CeH6SbCI5CuCl2 802 758

“ Data from A. Kyriakis.
1213, and 933 cm..-1.

* Data from R. M. Lange.

polyphenyl structure, with the possible exception of the
products derived from p-benzoquinone and chloranil.
The dark polymer obtained from p-benzoquinone gave
an ill-defined spectrum which, nevertheless, was sug-
gestive of p-polyphenyl. In the case of chloranil, the
product spectrum exhibited many absorption bands in
addition to those characteristic of 7kpolyphenyl.
It is conceivable that copolymers are formed from the
benzene-quinone-aluminum chloride reactions. Ni-
trogen dioxide and nitrogen trioxide yielded polymers
which were very similar to each other.

Examination of the infrared spectral data leads to
the conclusion that the polymers prepared with the
nitrogen oxides and chloranil possess lower molecular
weights than the others. An approximate indication
of relative molecular weights in the 7Apolyphenyl
series may be obtained from the ratio, intensity (para
band)-intensity (mono bands). The characteristic
absorption maxima fall in the regions, 802-807 (para),
758-765 (mono), and 690-697 cm.-1 (mono). As the
molecular weight increases, this ratio becomes larger.
The values for the polymers obtained with AICI3
CuClI£ AIBr3CuBr2 and SbCI6 CuCT lie in the range
4.5-8.4, as compared with 0.6-1.3 for the products
from AICI3NO2 AICI3N 23 and AlCl3chloranil.

The inference can be drawn that the nitrogen oxides
and chloranil also function as chain terminators.
Brown and Mathieson2l found that Bbenzoquinone re-
tarded or completely inhibited the cationic polymeriza-
tion of styrene. Furthermore, the molecular weight of
the polystyrene was decreased in proportion to the

(21) C. P. Brown and A. R. Mathieson, J. Chem. Soc., 3612 (1957).

¢ Additional band at 1592 cm.

Peak weight ratios,

--MOoNOo----- para-(monoi mono?)
687 1:(1.12 +1.0) = 0.47
687 1:(1.04 + 0.87) = 0.52
688 1.(2.0 + 0.79) = 0.56
682 1:(1 06 + 0.41) = 0.68
696 1:(0.83 + 0.75) = 0.63
697 1:(0.62 + 0.49) =0.90
695 1.(0.51 + 0.25) = 1.32
693 1:(0.18 + 0.04) = 4.55
690 1;(0 14 + 0.02) = 6.25
690 1:(0.09 + 0 03) = 8.35

m  d Additional minor bands at 740, 1425, 1324,

quinone concentration, which suggests interaction of
quinone with the propagating carbonium ion. The
0.87% nitrogen in the n-polvphenyls generated with
nitrogen oxides is most likely incorporated in nitro
groups. On the assumption that one such group is
present per molecule through chain termination, an
average chain length of ca. eighteen benzene rings would
apply. The position of the mono bands in the infra-
red spectrum points to a Bpolyphenyl containing a
para substituent. It may be that some nitro groups
are situated along the backbone of the chain.

Since water is most lively generated in the nitrogen
oxide systems, it is reasinable to consider a nitrogen-
containing HrOnsted acid as a possible terminator, in
addition to the free nitrogen oxides. Of pertinence in
this connection is the conversion of an alkyl halide to
nitroalkane and nitrite ester by reaction with a nitrite
salt.2 By analogy, termination also could occur with
formation of nitrite esver end groups which subse-
quently would be subjected to hydrolytic conditions.
The literature contains evidence for retardation and
inhibition of cationic pilymerization by nitro bodies,
such as nitrooenzene.82

Titov, who previously examined the benzene-nitro-
gen dioxide aluminum chloride reaction under some-
what different conditions, was concerned primarily
with aromatic nitration.3 Good vyields of simple
nitrated products were reported from benzene, toluene,
and chlorobenzene, with nitrosvl chloridet as a by-

(22) L. F. Fiescr and M. Fieser, “ Advanced Organic Chemistry." Rein-
hold Publishing Ccrp., New York, N. Y., 1961 p. 128.

(23) A. I Titov, ./. Gen. Chem. USSR. 7, 591 (1937).

(24) J. D. Archambault, H. H. Sisler, and G. E. Ryschkewitsch; J.
Inorg. Nucl. Chem.. 17, 130 (1961)
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product. Nitration of aromatic nuclei also has been
accomplished with boron trifluoride complexes® of
dinitrogen tetroxide and nitrogen trioxide. In general,
we did not investigate the low molecular weight frac-
tion of the reaction mixtures.

Whereas the polyphenyl from cupric chloride con-
tained only small amounts of chlorine (about 2%),
halogenation was much more extensive (14-21%) with
manganese dioxide and lead dioxide. Since these
oxides readily oxidize hydrogen chloride,® subsequent
catalytic chlorination of the p-polyphenyl most likely
involves the generated chlorine. Hydrolysis of alumi-
num chloride, by water formed during polymerization,
would serve as a plausible source of hydrogen chloride.
The corresponding metal tetrahalidesZ might also arise
in situ as reactive intermediates. In the case of the
polymers (4% chlorine) synthesized with nitrogen
oxides, nitrosyl chloride may be the halogenating species
in view of its ability to chlorinate the aromatic nucleus.B

Experimental®

Benzene-Aluminum Chloride-Cupric Chloride. General Pro-
cedure.— A mixture of dry, thiophene-tree benzene (2 moles)
and anhydrous aluminum chloride (0.5 mole) was covered with
an atmosphere of dry nitrogen. When water was used, addition
was made dropwise to the stirred mixture at 6-10°. Then
anhydrous cupric chloride (0.5 mole, dried at 120°) was added,
and the mixture was heated to 30-32°. After an induction
period of about 25 min., the contents assumed a purple-black
color, and acid gas was evolve