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Experimental Part

Materials.—Most of the compounds employed for the
spectral measurements were either described elsewhere?:.1.8
or else available from other investigations in progress.®?®
We are indebted to Dr. S. B. Soloway of the Shell Develop-
ment Co. for the exo-exo fused alcohol® X and to Dr. J.
Abell of the California Research Corp. for a samnple of
cyclododecanol. Also, we are grateful to Professor Prelog
of the E.T.H., Zurich, Switzerland, who kindly made a
sample of cyclodecanol available to us through Dr. Richard
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Heck, and to Professor Robert L. Scott for some useful
comments concerning the theory.

Spectral Measurements.—Measurements in the C-H
stretching region were carried out on 10% solutions in car-
bon tetrachloride with a Beckman IR-4 spectrophotometer
equipped with lithium fluoride optics. Observed frequen-
cies were corrected by means of a calibration of the instru-
ment with a polystyrene film.23

(23) E. K. Plyler, L. R. Blaine and M. Nowak. J. Research Nal. Bur,
Standards, 58, 195 (1957).
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Tetrasubstituted Cyclodctatetraenes: Catalytic Cyclotetramerization of Propiolic
Acid Esters With Tetrakis-(phosphorus trihalide)-Nickel(0) Complexes'

By JoseEpH R. LETO AND MaRriLyN F. LETO
RECEIVED FEBRUARY 10, 1961

Cyclotetramerization of methyl or ethyl propiolate to form positional isomers of tetracarbomethoxy- or tetracarbethoxy-

cyclodctatetraene is catalyzed in hydrocarbon solvents by tetrakis.(phosphorus trihalide—nickel(0) complexes.

1,2,4,6-

and .1,3,5,7~substitution on the cycloOctatetraene ring was established mainly from proton magnetic resonance spectra.
Partial hydrogenation of the 1,2,4,6.isomers yields the cyclodct-7-enes, whereas total hydrogenation of the 1,2,4,6. and 1,3,5,-

7.isomers yields the cyclodctanes.
the corresponding acids.

route to a rare class of compounds.

Introduction

The carbonyls of iron, cobalt and nickel, as well
as many of their organic and inorganic derivatives,
have proved to be quite active as polymerization
catalysts for acetylenic compounds. However,
the catalytic activity of a particular metal carbonyl
derivative for polymerizing a given monomer is
sometimes remarkably specific. This report de-
scribes a further example of such specific catalytic
activity and the novel products obtained.

Reppe? has discussed the cyclotrimerization of
wonosubstituted acetylenes in the presence of
zero valent nickel-carbonyl-phosphine catalysts
to give trisubstituted aromatic products. With
the catalyst Ni(CO):[P(CeHs)s]s, for example,
propargyl alcohol was cyclized to a mixture of 1,2,4-
and 1,3,5 - trimethylolbenzene. Similarly, the
highly reactive ethyl ester of propiolic acid under-
goes aromatization® to give a mixture of 1,2,4-

R R
R
3RC=CH Ni(CO)oP(CsHs)a)2 + = ‘
N
R R R

and  1,3,5-tricarbethoxybenzene. Tn wiost cases
the unsymmetrical isower is favored. The nature
of these cyclizations with nickel-carbonyl-phosphine
catalysts has been under investigation mn tlus
Laboratory. It has been found?® ‘" that catalyst
activation in thiese trimerizations ost probably

(1) Presented in part at the 138th Meeting of the Anterican Cheinical
Society, New York, N. V., September, 1960.

(2) J. W. Reppe and W, J. Schweckendiek, Ann., 660, 104 (1948).

(3) 1., S. Meriwether, E. C. Colthup, G. W. Kennerly and R. N.
Reusch, J. Org. Chem., in press.

(4) (a) L. S. Meriwether and M. 1.. Ficne, J. Am, Chem. Soc.. 81,
1200 (1959); () L. 8. Meriwether, E. . Colthup, M. L. Fiene. G. W,
Kennerly and R. N. Reusch, Abstracts of Papers, 138th Meeting, Aweri.
can Chemical Society, New York. N. Y., September, 1960. p. 67.P.

Sapouification of cyclodctatetraene-, cycloéctene- and cyclodctane-carboxyesters yields
This type of catalysis has been attempted using a wide variety of other unsaturated monomers and
other zero valent complexes, but has been found to be extremely limited in scope.

The reaction provides, however, a useful

proceeds by way of a tricodrdinated nickel(0)
species, and that the dissociation of carbon mon-
oxide followed by coordination of an acetylene
molecule is responsible for catalytic activity.
Whether or not this activity requires the presence

Ni(CO)(PR3). == [Ni(COXPRs)} + CO

of CO ligand(s) in the original nickel coniplex is
uncertain.

The CO-free tetrakis-(phosphorus trihalide)-
uickel(0} complexes, Ni(PX;); (X = F, Cl, Br),
have now been investigated as catalytic initiators
for acetylene cyclizations. Preliminary P?! nuclear
magnetic resonance (n.m.r.) studies of phosphine
exchange in these complexes in solution indicate
that one or more of the phosphine ligands is subject
to a reversible dissociation producing a ligand-

Ni(PXa)s = [Ni(PXa)a] + (4-7)PX,

deficient nickel(0) species containing only phos-
phines. The ability of these tetrakis complexes
to catalyze the formation of novel cyclic products
lias been dewmonstrated in this work.

Results and Discussion

Cyclization Reactions.—We have found that in
the presence of each of the three different tetrakis-
(phosphorus trihalide)-nickel(0) compounds men-
tioned above, as well as the tetrakis-(phenyldi-
chlorophosphiue) aualog, cyclization of ethyl
propiolate proceeds in a fashion different from the
trinterization reactious, forming a mixture of stable
tetramers in addition to the aromatic trimers.
These tetrammers have been identified as 1,2,4,6-
and 1,3,5,7-tetracarbethoxycyclodctatetraene (I and
1I). The reaction is carried out at room tempera-
ture under a blanket of nitrogen by adding Ni-
(PCly)4 in cyclohexane or benzene to HC=CCOO-
C.Hj; in the same solveut. Under these conditions
the tewperature rises 50-60°, and 739, of the
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TaABLE I
Scopre or CataLyTic CYCLIZATION REACTIONS

1. Monomers forming both tetramers and trimers with Ni(PCl;)4

2. Inactive monomers

3. Catalysts forming both tetramers and trimers (in order of re.

activity with ethyl propiolate
4. Catalysts forming only trimers
5. Inactive catalysts

¢ Forms cyclotetatetraene and benzene derivatives.
meric and trimeric hydrocarbons of unknown structure.

monomer is converted in 3 minutes. Processing
of the product mixture produces massive yellow
crystals of I in moderate yield (289,), and pale
vellow needles of II in small yield (19,), the principal
product (719,) being a mixture of 1,2,4- and 1,3,5-
tricarbethoxybenzene.

ROOC
COOR
ROOC COOR
= II, R = C,H;
III, R = CH;
IV, R = 3CH;, 1CH; (undetd. disposition)
IX,R =H

With methyl propiolate 669, of the monowmer is
converted in 11 ninutes, but only one tetramer,
I11, is obtained. Tle yield is 83%, the remaining
product (179) beiug 1,2,4-tricarbomethoxyben-
zene.

Ni(PF3), causes a 539, conversion of ethyl pro-
piclate to a mixture of I (309,) and aromatic
trimers (709%), while with Ni(PBr;), and Ni-
(CsHsPCly)y, only a 19 total conversion of mono-
uier is observed, even under faitly strenuous condi-
tions. However, compound I can be isolated
from these reactions, along with the trimers.
In reactions with the propiolate esters, addition
of five moles of PCl; for each mole of Ni(PCl),
catalyst present caused the total conversion to drop
to about 299, but did not affect the product dis-
tribution. This fact supports the dissociation
theory outlined above. With the other catalysts,
added free phosphine did not appear to affect the
reaction in any way.

The molar ratio of mionouer to catalyst in all
of the experiments was around 1000. Initial
reaction temperatures were not critical, but were
limited by thermal decomposition of the catalyst.
Molecular oxygen was found to inhibit reaction
by decomposing the catalysts irreversibly.

Scope.—Attempts were made to initiate a
cyclotetramerization with Ni(PClL), or Ni(PF;),
in a wide variety of unsaturated monomers. Of
the acetylenic compounds (see Table I) chosen on
the basis of the reactivity of their triple bond in
other reactious, ouly methyl and ethyl propiolate
reacted. Of the ethylenmic compounds, allene

b Forms cyclodctane and cyclohexane derivatives.

HC=CCOOC,H;,* HC=CCOOCH;,* CH;=C==CH,®
CH~CHCH==CHjy

HC==CR: R = “H, —C5H]], "CeHs, "‘COOH, "‘COOK,
-CH.Cl, -CH,OH, -CH,0COCH;, ~-CONH,, -CN

RC=CR: R = -COOC;H;, -C.H;

CH,=CHR: R = -H, -COOC,H;, -CN

Ni(PCl): > Ni(PFs) > Ni(PBrs)s ~ Ni(CsHsPCly):

Ni[P(OC.H;)3)s > Ni(CNCsHs)s

Ni(C:;He)z, Zn[OP(CsH;)3)e (ClOs): [isoelectronic with
Ni(0)}

¢ Forms tetra.

reacted to give a 249, yield of a mixture of 1,2,4-
and 1,3,5-triexomethylenecyclohexane and 1,3,5,7-
tetraexomethylene cyclodctane. The catalytic for-
mation of these compounds from allene using a
nickel-carbonyl-phosphine catalyst has recently
been described by Benson and Lindsey.® Buta-
diene-1,3 also reacts, apparently to give cyclic
trimers and tetramers, which are under investi-
gation and will be the subject of a later report.

Co-tetramerization of ethyl propiolate with
methyl propiolate was achieved in an equimolar
mixture of the two, with the formation of all pos.
sible mixed methyl/ethyl esters of the cycloscta-
tetraene and benzene products. The cyclodcta-
tetraene derivative with 3 methyl groups and 1
ethyl group (IV) was isolated and characterized.
However, attempts to copolymerize the propiolate
esters with acetylenes which are inactive alone
were unsuccessful. In general, the effect of other
acetylenes seems to be to decompose the catalyst,
or to codrdinate with it iu some way which inhibits
further reaction. Color changes taking place in
these mixed systems bear this out.

If the active catalyst for polymerization is in-
deed a ligand-deficient nickel species which ac-
cepts an acetylene to start the cyclization, and if
this resulting complex is stable with respect to the
original ligand-deficient species, then the inactive
acetylene would have the effect of removing the
active catalyst as it was formed. Why the pro-
piolates do not inhibit in this way is unknown.
The observed failure of propiolate to compete suc-
cessfully with other acetylenes for the nickel
species in the attempted copolymerizations is in
distinct opposition to their extreme reactivity with
these species when present alone.

The electron-withdrawing power of the group
R in HC=CR mniight be thought an important
factor in these reactions. However, the carboxy-
ethyl or carboxyumethyl group in the active pro-
piolates have Taft o*-values which are intermediate
compared with the other R groups in Table I.
The operation of an unusual steric effect with the
propiolates also appears unlikely. Thus it seemns
unwise at this time to speculate further on the
apparently unique cyclization reaction of propio-
late esters as compared with other monosubsti-
tuted acetylenes.

(5) R. E. Benson and R. V. Lindsey, Jr.. J. Am. Chem. Soc., 81,1217
(1959).
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In an effort to extend the scope of this reaction
to other catalysts, four carbonyl-free tetrakis
complexes were investigated for reactivity with
ethyl propiolate (see Table I). Inno case was there
any formation of cyclodctatetraene products.
The triethyl phosphite and phenyl isonitrile comi-
plexes caused 1009, and 39, conversion,respectively,
to the mixture of 1,2,4- and 1,3,5-tricarbethoxy-
benzene. The cyclopentadiene and phosphine
oxide complexes showed uo activity whatever.
In comparing those catalysts which forni tetramers
and triniers witl tliose which form only triniers or
are inactive, there is no striking difference in the
electronic enviromnent of the phosphorus atoius
(P* resonance),’ in the nickel-ligand force constants
(Raman’® and far-infrared?), or in the electronic
energy levels of the miolecule as a whole (ultra-
violet).?

The unique activity of the coniplexes possessiug
a mnickel-phosphorus-halogen system might be
explained on the basis of w-bonding effects in the
ligands. It is known from the streugth of their
trans effect in planar Pt(II) complexes,' for ex-
ample, that the phosphorus halides form stronger
w-bonds with transition metals tiian do the phos-
phites. This fact could increase the catalytic activ-
ity of thie Ni~-P-X complexes in two ways: (1) by
decreasing the Ni-P o-bond strength, thus facili-
tating phosphine dissociation; or (2) by stabilizing
the resulting ligand-deficieut nickel species, thus
favoring acetylene conjugation with the nickel
catalyst.

Some type of specific interaction between o halo-
gen atom and the propiolate to promote activity
of the latter is also conceivable. However, iu the
absence of kinetic data on the reaction or inore
information about the transition state involved it
is not possible to judge the imiportauce of the
effects mentioned above.

Reactions of the Tetracarboxyesters of Cyclo-
octatetraene,—Partial hydrogenation of I and III
may be carried out at room temperature and at-
mospheric pressure over Pd-C catalyst to give the
1,2,4,6-tetracarboxyesters of cyclodct-7-ene in 160%,
yields (compounds V aud VI). The uptake of 3
moles of hydrogen is comiplete in oue hour, aud
hiydrogenation mnay be stopped at this point.

ROOC COOR RO()%_ COOR

S

f g

\ COOR \r/\coon
ROOC ROOC

V, R = CH; VII, R = CH;

VI.R = C.Hs VI, R = CH,

Further uptake of oue wmole of hydrogen to fori
the cyclo6etane derivatives VII and VIII in 1009,
yield is complete in 72 hours. This peculiar liydro-
genation course is comparable to that of the parent

(6) L. 8. Meriwether and J. R. Leto, J. Am. Chem. Soc., 83, in press
(1961),

(7) 1.. A. Woodward and J. R. Hall, Nature, 181, 831 (1958).

(8) M. Bigorgne, Compt. rend., 251, 3484 (1960).

(9) J. R. Leto, unpublished results,

(10) E. A. Magnusson, Revs. Pure and Appl. Chem. (Australiv),
7, 195 (1957).
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hydrocarbon itself.!* All of the cyclodctenes and
cyclodctanes reported here are high boiling liquids.

Hydrogenation of II under similar conditions
produces the correspouding cyclodctane in 1009,
yield in about 10 minutes. In this case, no cyclo-
octene iutermediate could be isolated. In comi-
paring the hydrogenation of the two isomers I and
11, it was found that the relative rate of absorption
of the first three moles of hydrogen for the asyw-
metric isomer I is about twice that for the sywm-
metric isomer II, both in cyclohexane.

Saponification of either I or II1 with KOH in
ethanol yields the same acid upon acidification,
cyclodctatetraene-1,2,4,6-tetracarboxylic acid (IX},
in 1009, vyield. Titration of this high-melting
crystalline acid shows four inflections, correspond-
ing to the successive pK, values for the acid groups
shown in Table II. The other tetraacid cow-
pounds in Table II are fornied in nearly quanti-
tative yield by sapouification and acidification of
the corresponding methiyl or ethyl esters V, VII and
II.

TanLE IT
pKy VALUES FOR VARIOUS TETRA-ACIDS IN WATER
Comypound pK, vulues (successive)

IX 5.98,4.72,3.93,3.40 (all £0.05)

Acid from V 6.85, 5.5, 4.35,3.45 (all =0.1)

Acid from VII 6.35, 5.2, 4.45, 3.5 (all £0.1)

Acid from II 4.5 (only one inflection)

Structure,—The evidence by which a tetrasubsti-
tuted cyclodctatetraene structure was assigned to
tliese compounds follows: (1) Determination of the
molecular weight and eleinental aunalysis showed
compounds I, II and III to be tetraniers of the
propiolate monomier used.

(2) Aromatic and linear structures for these
tetramers were ruled out on the basis of their n.m.r.
and infrared spectra. All aromatic formulations
for a tetramer of a propiolate ester, one of which
is shown as X, contaiu both a tetrasubstituted
benzene ring and a double bond conjugated to the
ring and to a carbonyl group. However the n.mur.

COOR

ROOC- \'_J/\-JCH—@HCOOR
ROOC
X ROOL(‘ ROOL{* ({DOUR
CH=CHCH=CCH=CC=CCOOR
X1

spectra of tlie tetramers (see Experimental) show
1o peaks in the conjugated aromatic ring protou
region, nor do the infrared spectra (Fig. 1) of the
tetramers possess ring C-H band systems which
are characteristic of tetrasubstituted benzenes.
A linear tetramer of a propiolate ester, such as XI
above, might be found in a series of Nieuwland-
type!? coudensations and would contain 3 double
bonds and one termninal triple bond. The termi-
nal double bond in this compound would absorb
strongly in the region of 955980 cn1. .13 Absorp-

(11) L. Craig, Chem. Revs., 49, 103 (1951).

(12) J. A. Nieuwland and R, R. Vogt, “ The Chemistry of Acety-
leae,”” Reinhold Publishing Corp., New York, N. Y., 1845,

(13) J. L. H, Allen, G. D, Meakins aud M. C. Whitiug, J. Chem.
Soc.. 1874 (1955).
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Fig. 1.—Infrared spectra of five new tetrasubstituted eight-membered carbocycles.
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tion of this type is absent in the tetramers. Fur-
ther, the terminal triple bond would absorb in the
region 2170-2260 cm.™', and conjugation with
the carbonyl group would be expected to enliance
the intensity of such an unsymmetrically disub-
stituted triple bond. No absorption in the in-
frared near this region is present.

(3) Uptake of four moles of hydrogen under the
mild conditions employed, to give a completely
saturated compound, would not be expected for
either formulation X or X1I.

(4) All of the tetramers have infrared modes at
1630 and 795 c¢m.™!, bands which are present in
cyclodctatetraene and its derivatives. In addi-
tion, the proton resonance of compound I as well
as its ultraviolet spectrum (see Experimental) are
consistent with this structure.

(5) Finally, upon pyrolysis I cleaves to form
primarily 1,2,4-tricarbethoxybenzene and ethyl
propiolate. It thus appears that a typical valence
tautomeric equilibrium'! between the monocyclic
and bicyclic structures is involved.  Although both

R R R
Rh R R

{ =
7N = O- &, T J+RC=CH

\_‘/\ N

R R i

] R R
1,2,5,6- and 1,2,4,7-tetrasubstituted cyclodcta-

tetraenes (as well as the 1,2,4,6-isomer shown)
may also cleave to give a 1,2,4-trisubstituted ben-
zene, the former two isomers are ruled out on other
grounds (see below). A stabilized bicyclo[4.2.0]
syvstem for I, IT and IIT is excluded on the basis of
spectroscopic evidernce.

The cyclotctatetraene structure to which we are
thus led is somewhat surprising in view of the mild
conditions of homogeneous catalysis employed.
Cyclizations and copolymerizations of acety-
lene!* and substituted acetylenes!''5'% are well
established and remain a field of active iuterest, '
However, mnost of these syntheses are high-tempera-
ture, high-pressure heterogeneous reactions employ-
ing a Ni(II) salt as catalyst. Furthermore, until
1958, no example of siinple tetrasubstitution on a
cyclodetatetraene ring was to be found, although
about a dozen tetra- and higher-substituted
fused-ring benzo-cyclo6ctatetraenes have been
described.!' Recently, White!? and Criegee® have
reported tetraphenyl- and octamethylcyclodcta-
tetraenes, respectively, but these syntheses also
mvolved high temperature pyrolyses through hypo-
thetical cvclobutadiene interiediates.

(14) (a) K. Kammermeyer, “ Polymerization of Acetylene to Cyclo-
octatetraene,”” Hobart Publ. Co, Wash., 1. C., 1947. (b) J W
Reppe, ““Acetyvlene Chemsstry,” P. B. Report 18852.8, 1.(¢. Barben
Industrie. A.G. (O.T.8. Translation, 1949).  {c) A C. Copec and .. 1.
Tstes, Jr.. J. Asw. Chem. Sne., T2, 1128 (1950,

(15) J. W. Reppe, Anx., 560, 1 {1048).

(16) A. C. Cope and H. C. Campbell, J. dwm. Chem. Soc., 78, 3536
(1951); A. C. Cope, M. Burg and S. W. Fenton, ;bid.. T4. 173 (1952)

(17) A. C. Cope, e ¢l., 1521, 80, 5505 (1958), paper XI.IV and previ
ous papers in this series.

(18) French Patent 1,182,299 {assigned to Badishc Anilin nnd
Soda-Fabrik A.G.) Juue, 1959,

(19) E. H. White and H. C. Dunathan, Abstraects of 134th A.C.S.
Aleeting, Chicago, T11., 1958, 1. 41P.

i20) R. Criegee, Angew. Chem., T1, 70 (1939).
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Attempts to prepare either a silver nitrate or a
maleic anhydride adduct of I were unsuccessful
(see Experimental). Evidently the four electron-
withdrawing ring substituents prevent such ad-
ducts from forming in the usual manner.

Positional Isomerism.—From the propiolate
monorer, it is possible to build only four tetra-
substituted cyclooctatetraene structures, i.e., those
with 1,3,5,7-, 1,2,5,6-, 1,2,4,7- and 1,2,4,6-substi-
tution on the ring. For compound I, the first
two are rejected for the same reason: the n.m.r.
spectrum of I shows two different kinds of unsatu-
rated ring protons, whereas only one kind would
be predicted. Next, it was established that the
double bond in the octene compound VI is un-
substituted. Disubstitution of this double bond is
impossible because of the presence of ring-unsatu-
rated protons. Monosubstitution was also re-
jected because neither the infrared nor ultraviolet
spectrum of this compound shows any conjugated
carbonyl absorption (see Experimental). Of the
two remaining isomers, the n.m.r.data support the
1,2,4,6-structure for VI. Although the area ratio
of saturated ring CH; to saturated CH is 1:1 and
could arise from either octene isomer, the fact that
there are two grossly different kinds of ethyl groups
in an asymmetric ratio other than 2:2 precludes
the symmetrical 1,2,4,7-isomer (see Experimental).

The 1,3,5,7-structure is written for the low-
vield tetramer II since it is the only structure
consistent with both n.m.r. and hydrogenation
data.

No attempt was made to determine the geo-
metrical isomerism in these compounds.

Acknowledgments.—The cotperation of the Re-
search Service Department of the Stamford Labora-
tories is gratefully acknowledged. The authors
wish also to express their appreciation to Dr. L. S.
Meriwether for several pertinent discussions.

Experimental

Most of the acetvlenic compounds were available com-
mercially. They were purified by fractional distillation
until their boiling points and refractive indices agreed with
the literature values. Propargyl acetate,? propiolonitrile?
and propiolamide?? were prepared by pubhshed methods.
Potassium propiolate was prepared by neutralizing a solu-
tion of propiolic acid in ethanol with potassium hydroxide
in ethanol, collecting the salt, washing, and drying; yield
73, white crystals, m.p. 195°. The gaseous ethylenic
compounds and acetylene were dried and distilled prior to
nse.

The metal complexes Ni(PCl;);, Ni(PF;); and Ni(PBr;),
were prepared according to the directions of Wilkinson,?3:2
The PCl; and PBr; complexes were freshly crystallized be-
fore use from —80° petroleum etlier and 20° PPBr;, respec-
tively. Tlie PF; complex, prepared by fluorination of Ni-
(PClL)s with SbF;, was distilled before use. Ni(CsH:PCl;)s
was prepared following the method of Sacco.? Ni[P(OCs-
H.):]: was prepared? by slowly warming a mixture of Ni-
(CO)y and triethyl phosphite from —80° to reflux (180°)
and the chilling after CO evolution ceased (18 hr.). Traces
of monocarbonyl impnrity were removed by crystallization
from absolute ethanol; yield 327 (based on Ni(CO),) of

(21) E. Heilbron, J. Chen. Soc., 88 (19451,

(22) P. Saggiomo, J. Org. Chem., 22, 1171 (1957).

(23) J. W. Irvine and G. Wilksnson., J. Am, Chem. Soc., T3, 5501
(1951).

(24) . Wilkinson, Science, 118, 742 (1951).

(253) P. Sacco, 4nn. Chim. (Rome), 44, 134 (1954).

(26) M. Brgorgne, Laboratoire dem Chimie minerale, K. N.S.C. 1"
(Paris), private communication.
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white crystals, m.p. 107°. Ni(CNC:H;): was synthesized
from phenyl! isonitrile?” and Ni(CO); according to the direc-
tions of Klages® and Hieber.?® Ni(C;Hg): was prepared by
the method of Fischer® from cyclopentadiene and Ni(CO),.
Zn[OP(CsH;))4(ClO;), was synthesized® from zinc per-
chlorate and the phosphine oxide in ethanol.

Analytical or pure grade reagents and solvents were used
throughout the experiments. Infrared spectra were ob-
tained with a Perkin-Elmer model 21 infrared spectrometer,
and certain regions of interest were recorded on a Beckman
IR 4 instrument. TUltraviolet spectra were obtained with a
Cary model 11 spectrophotometer. Refractive indices
were measured on an Abbe refractometer. Melting points
are uncorrected and were taken on a Fisher—Johns block.
Boiling point determinations were made using the inverted
capillary technique.

A. Cyclization of Propiolate Esters. Procedure.—To a
stirred solution of propiolate ester and solvent under dry
nitrogen in a flask fitted with a reflux condenser, thermom-
eter, vaccine cap and gas inlet tube, was added by means
of a syringe a weighed amount of metal complex in a small
volume of solvent. When the temperature of addition was
below 20°, the reaction mixtures turned bright yellow;
on warming to 25° a color change to dark orange occurred,
accompanied by a rise in temperature. Aliquots of the
reaction mixture were taken periodically and examined in
the infrared for disappearance of the 2125 cm.™! acetylenic
band of the propiolate. The processing was similar for all
runs, and is described below. Cyclization of the propiolate
with the four active catalysts listed in Table I as well as
attempted cyclizations and cocyclizations of the other acet.
vienic and liquid ethylenic monomers listed in Table I,
were all carried out in the fashion described. If a monomer
did not react at 25°, the temperature was raised to reflux to
promote reaction.

1,2,4,6-Tetracarbethoxycycloctatetraene (I).—Ethyl
propiolate (21.3 g., 217 mmoles) was treated with Ni(PCls)s
(0.26 g., 0.43 mmole) in 250 ml. of cyclohexane. At 25°,
the temperature rose 46° in 5 min., and infrared analysis
showed 709, reaction of starting monomer. The dark
orange reaction mixture was filtered to remove catalyst de-
composition products, and solvent and unreacted propiolate
were removed by evaporation under reduced pressure.
The red-brown viscous residue (15.5 g.) was dissolved in 50
ml. of refluxing absolute ethanol, and chilled. Large yel-
low crystals and a lighter yellow powder precipitated over-
night. The two crude solids were separated, to give 4.31 g.
of crude I (299, of reacted propiolate) and 0.19 g. of crude
1,3,5,7-tetracarbethoxycyclodctatetraene (II) (1.3, of re-
acted propiolate). One recrystallization from ethanol
vielded 3.15 g. of pure I as yellow crystals, m.p. 83.5-84°.

Anal. Caled. for CyHnOs: C, 61.22; H, 6.17; O,
32.61; mol. wt., 392.4. Found: C, 61.30; H, 6.45; O,
33.09; mol. wt., 390 == 5 (cryoscopic in benzene).

Repeated crystallizations from ethanol yielded 0.12 g. of
pure II as light yellow needles, m.p. 130.5-131°.

Anal. Found: C, 60.99; H, 6.95.

Alcohol was removed fromn the mmother liquor which
gave I and II, leaving 9.85 g. of a brown residue, which was
extracted several times with light petroleum. The yellow
extractates were chilled to —80° to precipitate 9.28 g. of a
clear yellow viscous oil, which upon standing deposited 0.1 g.
of white crystals. The oil was identified as 1,2,4-tricarb-
ethoxybenzene, b.p. 176° (1.5 mm.), by comparison of its
infrared spectrum withh that of an authentic sample, and
the white crystals, in.p. 135-136°, were identified as 1,3,5-
tricarbethoxybenzene.

1,2,4,6-Tetracarbomethoxycyclodctatetraene (III).—
Methyl propiolate (4.53 g., 54 mmoles) and Ni(PClL)s
(0.0325 g., 0.053 nmmnole) were stirred together in 60 ml. of
cyclohexane at 22°. After a 3-minute induction period, a
33° rise in temperature took place in 11 min., and infrared
analysis showed 939, reaction of monomer. The reaction
mixture consisted of a cloudy yellow solution and an in-
soluble brown viscous material. The yellow solution was

(270 W. Wiegrebe, ¢t al., Ber.. 88, 506 (1950).

(28) F. Klages and K. Ménkemeyer, bid., 88, 109 (1950).

(29) W. Hieber and C. Béckly, Z. anorg. Chem., 262, 344 (1950).

(30) E. O. Fischer, Ber., 93, 1423 (1959).

(31) We thank Dr. E. Bannister, M.L.T., for a generous sample of
this compound.
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decanted and filtered, and the solvent and unreacted mono-
mer removed under reduced pressure. The viscous yellow
oil which remained was identified as 1,2,4-tricarbomethoxy-
benzene, b.p. 103° (0.1 mm.). Hot absolute ethanol was
added to the viscous brown material. At reflux, light crys-
talline flakes were precipitated and filtered, giving 1.1 g. of
crude III. No attempt was made to isolate all of the prod-
uct. The solid was recrystallized from ethanol, giving pure
III as cream platelets, m.p. 182.5-183°.

Anal. Caled. for C,sH1sOs: C, 57.14; H, 4.80.
C, 57.26; H, 5.01.

In a similar run, 6.6 g. of reaction products was obtained
from 10 g. of methyl propiolate. Following the same proce-
dure, 5.4 g. of crude III (839 reacted propiolate) and 1.1 g.
of 1,2,4-tricarbomethoxybenzene (179, reacted propiolate)
were obtained.

Monocarbethoxytricarbomethoxycyclotctatetraene (IV).
—DMethyl propiolate (2.27 g., 27 mmoles) and ethyl pro-
piolate (2.65 g., 27 mmoles) were dissolved in 55 ml. of
cyclohexane and nitrogen was passed through the solution
for 20 minutes; Ni(PCl;)s (0.0364 g., 0.06 mmole) in 1 ml.
of solvent was added at 19°. A 42° rise in temperature in
15 min. was accompanied by an 899 disappearance of the
monomers (by infrared analysis). The reaction mixture
consisted of a yellow solution and a brown precipitate.
After filtration and evaporation of the solution, a dark orange
viscous oil remained which was extracted with petroleum
ether. The extracts were chilled at —80°, depositing about
2 ml. of a canary-yellow oil. Mass spectroscopic analysis of
this yellow oil showed *‘parent’’ mass peaks for all possible
methyl, ethyl and mixed methyl/ethyl tetrameric and tri-
meric products.

The brown precipitate from the reaction mixture was dis-
solved in a minimum of hot absolute ethanol, from which IV
was precipitated as cream plates, m.p. 146°.

Anal. Caled. for C17H1808 (3CH3,1C2H5)2
H, 5.18. Found: C, 58.26; H, 4.90.

The particular distribution of the four carboxyesters on
the ring was not determined.

B. Attempted Adduct Formation.—Several attempts to
prepare the AgNO; addition complex of I were made.
Finely ground AgNO; (0.262 g., 1.54 mmoles) was added toa
refluxing solution of I (0.296 g., 0.75 mmole) in 10 ml. of
abs. ethanol and refluxed for 1 hour; Compound I (0.298
g., 0.76 mmole) was added to a refluxing solution of AgNO;
(0.261 g., 1.53 mmoles) in ethanol and refluxed for 1 hour;
and Compound I (0.303 g., 0.77 mmole) and AgNO; (0.329
g., 1.94 mmoles) in ethanol were brought to reflux together
and maintained at that temperature for 1 hour. In all
cases only starting materials were recovered.

Attempts were also made to prepare a maleic anhydride
adduct of I. Maleic anhydride (0.0752 g., 0.78 mmole)
and Compound I (0.309 g., 0.78 mmole) were refluxed for 18
hours in 10 ml. of toluene. The solution was concentrated
to 5 ml. and stored in a freezer. After several days a small
amount of maleic acid (0.02 g.) was precipitated. The
remainder of the solution contained only starting materials.

In a separate run, maleic anhydride (0.235 g., 2.4 mmoles)
and I (0.611 g., 1.56 mmoles) were dissolved in 50 ml. of
cyclohexane and placed in a quartz flask., Continuous
irradiation with the ultraviolet light from a low pressure
Xenon arc for 67 hours at 60° resulted only in the recovery
of the starting materials.

Hydrogenation.—The hydrogenation experiments
were carried out at room temperature and 760 mm. pressure
on a vacuum line employing standard manometric tech-
niques. Solvent and catalyst (59 Pd/C) were stirred under
H; for 2 hours, after which the unsaturated compound was
was added in solution.

1,2,4,6-Tetracarbomethoxycyclosct-7-ene (V).—Hyiro-
genation of III (0.5914 g., 1.76 mmoles) in 70 ml. of ethyl
acetate in the presence of 0.1 g. of prereduced Pd-C cata-
lyst was stopped after the absorption of 5.35 mmoles of
hydrogen (1019 of 3 moles/mole) in 70 min. After removal
of the catalyst and evaporation of the solvent, 0.475 g. of V
xiemained as a colorless liquid, b.p. 135° (0.1 mim.) »%*D

.489.

Anal. Caled. for CigH0s: C, 56.13; H, 6.48. Found:
C, 55.74; H, 6.78.

1,2,4,6-Tetracarbethoxycyclooet-7-ene (VI).——Hydro-

genation of I (0.1927 g., 0.492 mmole) in 52 ml. of cyclo-

Found:

C, 58.28;
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hexane was stopped after the absorption of 1.47 mmoles of
hydrogen in 45 min.; VI was isolated as a colorless liquid,
b.p. 185° (0.1 mm.), #%p 1.479.

Anal. Caled. for CxH30s: C, 60.28; H, 7.59.
C, 60.15; H. 7.35.
1,2,4,6-Tetracarbomethoxycyclodctane (VII).—Hydro-
genation of IIT (0.5619 g., 1.66 moles) in 70 ml. of ethyl
acetate absorbed 3 moles of hydrogen in 70 min., and over a
period of 72 hours absorbed the remaining mole of hydrogen
(total: 6.64 mmoles of hydrogen); VII was isolated as a
colorless liquid, b.p. 180° (0.25 mm.), #%p 1.474.

Anal. Caled. for CisHxOg: C, 55.80; H, 7.02.
C,55.47; H,7.27.

1,2,4,6-Tetracarbethoxycyclosctane (VIII) was prepared
similarly. Four moles of hydrogen per mole of I was ab-
sorbed in 66 hours in cyclohexane; VIII remained as a color-
less liquid, b.p. 163° (0.25 mm.), #%p 1.467.

Anal. Caled. for CyH;3,08: C, 59.98; H, 8.06.
C, 59.67; H, 8.07.

Hydrogenation of II in cyclohexane was complete in 10
min. with the absorption of 101% of four molar equivalents
of hydrogen. A colorless viscous liquid, was produced,
which was characterized as a cyclodctane by its infrared
spectrum.

D. Pyrolysis of Compound I.—Compound I was melted
and held above its melting point while a hot nitrogen stream
was allowed to bubble through the melt and carry the
compound vapor into the pyrolysis chamber, a 25-mm.
Pyrex tube packed with 4-mm. Pyrex beads and glass
helices. The chamber was heated by an electric furnace.
Three low temperature traps and a flow meter were con-
nected in series at the exit of the chamber to collect products
and measure the residence time of the compound in the
chamber. After a sufficient quantity of the pyrolysate
had been trapped, the gas flow was stopped and the trapped
material was washed out with ether, dried over Na,SO;, fil-
tered, and analyzed both by infrared and vapor phase
chromatographic analysis. The carbonized material in the
chamber was also extracted and analyzed as above. Opti-
num temperature for the melt was found to be 135-150°.
Pyrolysis does not occur below 300°, while charring of all
vapor takes place at 400°. Pyrolysis temperatures of 340—
350° were employed with a residence time of about 120
seconds.

The principal products were ethyl propiolate and 1,2,4-
tricarbethoxybenzene, although smaller amounts of 1,3,5-,
1,3- and 1,4-isomers were also detected.

E. Saponification.—Equal amounts of a dilute solution
of KOH in absolute ethanol were placed in two flasks, one
containing the ester to be saponified, the other to be used as a
blank. Both solutions were refluxed for 1 hour, cooled, and
titrated with standard HCI, employing a Leeds & Northrup
pH meter. The difference in volumnes required for the two
titrations, multiplied by the acid normality, equaled the
meq. of KOH required for the ester. The solution contain-
ing the acid anion was then titrated to pH 1.5 to determine
the pX,’s of the acid groups. After this, the acid was iso-
lated.

CycloGctatetraene-1,2,4,6-tetracarboxylic Acid (IX).—
Compound I (0.2873 g., 0.723 munole) was saponified in 25
ml. of absolute etlianol containing 1.25 g. of KOH. The
cster formed a brown solution immediately upon addition
of base. After 1 hour at reflux the solution was cooled and
titrated with 0.5 V HCl. Neutralization of 16.33 meq. of
KOH occurred at pH 8.75, at which point the solution turned
vellow. Neutralization of the blank at pH 7.0 required
19.30 meq. of KOH, so that 2.97 meq. of KOH (1029, of 4
moles KOH per mole ester) were required for saponification.
Further titration of the solution containing the acid anion
showed inflections in the titration curve, indicating suc-
cessive acidification of carboxylate groups and correspond-
ing to pK, values as given in Table II. Color changes
from yellow through amber, pink, and red were observed
during the titration.

The acid product was isolated by removing water and
ethanol by evaporation and extracting the resulting solids
with diethyl ether in a Soxhlet apparatus. The yellow ether
solution was evaporated, and the crude product was re-
crystallized from ether to yield pure IX as yellow plates,
m.p. 267-268° dec.

Anal. Caled. for CiuHgOs: C, 51.44; H, 2.88; Found:
C, 51.44; H, 3.25.

Found:

Found:

Found:
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When IX was heated to 100° in dioxane and CCly was
added, a white solid precipitated, m.p. 245° dec., which
had the infrared spectrum of an anhydride. The white
solid dissolves in water to give a yellow solution which is
acidic.

In like manner III was saponified to the same acid IX,
vellow plates, m.p. 267° dec., with identical infrared spec-
trum.

Anal. Found: C, 51.57; H, 3.49.

Acid IX which had been prepared from III was re-esteri-
fied by refluxing it in ethanol and concentrated sulfuric
acid for 1 hour. Water was added, the solution was satu-
rated with (NH,),SO,, and extracted with ether. Evapora-
tion of the ether extract and recrystallization of the crude
solid so obtained gave yellow crystals of pure I, m.p. 83.5°.

The ester II formed an intensely blue solution upon addi-
tion of KOH in ethanol. After 1 hour of reflux, the solu-
tion had turned wine colored. Neutralization occurred at
pH 8.25, requiring 959, of 4 moles of KOH per mole of
ester, after which only one further inflection was observed.
Isolation of the product was carried out as described above,
producing light yellow crystals of an acid, m.p. 235-237°
dec. The detection of a single inflection in the titration of
this carboxylate ion is attributed to its symmetrical struc-
ture, with resulting closeness in the pK, values.

Saponification of the methyl esters V and VII (neutraliza-
tion occurred at pH 8.75 in both cases, requiring nearly 4
moles of KOH per mole of ester) was carried out as described
above. Upon acidification, V produced pale yellow crystals
of an acid, m.p. 120-122°, and VII produced white crystals
which form an anhydride at 90°.

Proton Resonance Spectra.—The spectra of cyclotctate-
traene and compounds I, IT, III, VI and VIII were measured
at high dilution in chloroform-d solution on a Varian 4300B
spectrometer at a frequency of 40 Mc. and a field of 9300
gauss. Both benzene external and tetramethylsilane
internal references were used. Positive chemical shifts are
at higher fields, and all shifts are accurate to =£=1 c.p.s.
Area ratios (where measured) were determined both by
counting squares and by cutting out the trace in question
and weighing the paper. Data are presented below.
Chemical shifts are in parts per million (p.p.m.) from ben-
zene.

Olefinic

ring Ester Aliphatic riug Ester
Compound CH CH: CH CHa CH;s
CsHs —=0.83 .. e i o
I~ .90)¢ +2.280 L. L +5.25°
~ .70f
I - .95 +2.254 ... +5.220
I — .90\ ... Lo . +5.15}/
- .75 +5.22
VI - .701’1 42,079 44,13 44.50%  4-5.22F
— .50
VIIIL ... +2.25% 44,107 41527 45,220

s Not coupled. ®Two quartets, equal areu, 2 c.p.s.
coupling. ¢ Two triplets, equal area, 2 c.p.s. coupling.
4 One quartet, 2 c.p.s. coupling. *¢One triplet, 2 c.p.s.
coupling. 7 Two siuglets, not conpled. ¢ Two quartets,
area ratio 3:1, coupling 3 c.p.s. * Area ratio CH/CH; =
1:1. 7 Area ratio CH/CH, = 1:2. % Two triplets, area
ratio 3:1, coupling 3 c.p.s.

Ultraviolet Spectra.—The spectra of cyclodctatetraene
and of compounds I, VI and VIII were measured in cyclo-
hexane solution; absorption maxima are given in my, fol-
lowed by intensity as logis E: CsHs: 260 sh(2.52), 278
(2.50); I: 226 (4.46), 316 (3.06); VI, VIII: without fea-
ture. The tetrasubstituted tetraene I shows a very inteuse
conjugated carbonyl absorption at 226 mu, whereas ghe
tetrasubstituted mono-ene shows none. The remaining
unsaturation in this latter compound is thus unsubstituted.

Infrared Spectra.—Spectra of all compounds listed in
Table I were run either as smears or in KBr matrices.
Noteworthy features: (1) the spectra of the cycloGeta-
tetraene esters I, IIT and IV are similar except for the ex-
pected methyl and ethyl differences below 1000 cm.™.
This indicates similar isomerism for all three. Compound
II is similar above 1000 cm.! to the other tetraenes; below
1000 cin.—?, however, it is 1mnuch simpler, with fewer bands,
indicating a more syminetrical isomer, (2) The octenes V
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and VI are similar to one another, and show a decrease in
complexity and intensity in the C==C region compared with
the tetraenes. The presence of ester carbonyl is clearly
indicated, but it is difficult to assign an unconjugated/
conjugated ratio. (3) The octanes VII and VIII are
similar to one another, and have lost all C==C absorptions.
(4) The spectra of the acids show very strong OH stretches
but no anhydride bands.

High Pressure Reactions.—Reactions of the gaseous
monomers listed in Table I were all carried out in similar
fashion. A 280-ml. glass-lined autoclave was charged with
solid Ni(PCly)s catalyst and 100 ml. of cyclohexane. The
autoclave was then flushed with nitrogen and gaseous mono-
mer was condensed into the chilled reaction vessel, either
from a weighed transfer bomb or from the storage tank.
Monomer to catalyst ratios were about 700:1 in all cases.
The autoclave was then sealed and allowed to warm to 20°,
where shaking and a temperature-time program were
begun. With acetylene (12 g.), 4.5 hours at 85° produced
0.4 g. of an unidentified aromatic-smelling yellow oil.
This product contained no nickel or cyclotctatetraene de-
rivatives, but showed infrared absorption bands at 3380s,
1635, 1665m, 1175m and 1025s. cm. ™.

With ethylene no reaction was achieved after 4 hours of
contact at 120°.
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With allene (14.5 g.), 5 hours of contact at 80° produced
a bright yellow solution. Absolute ethanol (50 ml.) was
added to decompose the remaining catalyst, after which the
solution was filtered and evaporated at 25° under high
vacuum. As the evaporation proceeded, a yellow solid
and a yellow oil were deposited. The combined weight of
these products was 3.5 g., or 249, based on allene. The
infrared spectra of both were the same, and were identical
with the spectra of the mixture of triexomethylenecyclo-
hexane and tetraexomethylenecyclodctane reported by
Benson and Lindsay.®

With butadiene (69 g.), a 36-hour contact at 115° followed
by a further 36 hours at 150° produced 68.2 g. of a homo-
geneous yellow oil.  After centrifugation to remove inorganic
solids, the oil was fractionated at reduced pressure, giving 22.9
of the thermal dimer 4-vinylcyclohexene and 22.8 g. of the
g. thermal high polymer polybutadiene. The remaining 22.5
g. consisted of three fractions containing (by mass spectros-
copy) butadiene dimer (25%), trimer (50%) and tetramer
(25%). The composition of these oligomers is unknown,
but it appears they are different from those obtained by
Reed?? and Wilke?® with other catalyst systems.

(32) W. H. B. Reed, J. Chem, Soc., 1931 (1954),
(33) G. Wilke, J. Polymer Sci., 38, 45 (1959).

COMMUNICATIONS TO THE EDITOR

THE CHROMIC ACID OXIDATION OF ORGANO-
BORANES—A CONVENIENT PROCEDURE FOR
CONVERTING OLEFINS INTO KETONES via
HYDROBORATION

Sir:

The hydroboration of olefins, with subsequent
oxidation of the resulting organoboranes with
alkaline hydrogen peroxide, provides a convenient
procedure for the conversion of olefins into alcohols.!
These alcchols can be taken up in ether and con-
verted, without isolation, into the corresponding
ketones, by chromic acid oxidation.?

It has been reported that the hydroboration of
conessine followed by chromic acid oxidation?® in
aqueous acetic acid* yielded 38-dimethylamino-
conanin-6-one.  Since organoboranes are suscep-
tible to protonolytic cleavage in the presence of
acetic acid, but are stable to aqueous mineral
acids,® we undertook to explore the utility of aque-
ous chromic acid as a general procedure for the
conversion of organoboranes into ketones.

Cyclohexene, hydroborated in diglyme, tetra-
hydrofuran, or ethyl ether, was treated with aque-
ous chromic acid. After two hours at 25-35°,
60-659, yields of cyclohexanone were realized.
Since the use of ethyl ether greatly facilitated the
isolation of the ketone, later studies emphasized

(1) H. C. Brown and B. C. Subba Rao, J. Am. Chem. Soc., 78, 5694
(1956); J. Org. Chem., 22, 1135 (1957); H. C. Brown and G. Zweifel,
J. Am. Chem. Soc., 81, 247 (1959).

(2) H.C. Brownand C. P. Garg, bid., 83, 2952 (1961).

(3) R. Pappo, ibid., 81, 1010 (1959).

(4) R. Pappo, private communication as reported in L. F. Fieser
and M. Fieser, "Steroids,”’ Reinhold Publishing Corporation, New
York, N. V., 1959, p. 864.

(6) H. C. Brown and K. Murray, J. Am. Chem. Soc., 81, 4108
(1959).

this medium. 1-Methylcyclopentene was con-
verted into 2-methylcyclopentanone in 839, yield,
and l-methylcyclohexene was converted into 2-
methylcyclohexanone in 879, yield. Similatly,
1-phenylcyclohexene  produced  2-phenylcyclo-
hexanone in 639, yield and a-pinene was converted
into isopinocamphone in 729, yield (several per
cent. of the epimer, pinocamphone was indicated
in the gas chromatogram).

The procedure is exceedingly simple. The ole-
fin is hydroborated in ethyl ether with boron tri-
fluoride-etherate and lithium borohydride or with
sodium borohydride in the presence of catalytic
quantities of zinc chloride®” A slight excess
(109,) over the theoretical quantity of aqueous
chromic acid is added over 15 minutes, the mixture
refluxed (35-37°) for two hours, and the product
isolated as an ether solution.

This ready oxidation of organoboranes to ketones
makes available a convenient general synthesis of
2-alkyl- and 2-arylcycloalkanones:

0 R OH

RMgX Ej
-
R R R
B/
el -Neos

(6) H. C. Brown, K. J. Murray, L. J. Murray, J, A. Snover and
G. Zweifel, tbid., 82, 4233 (1960).

(7) Alternatively, the lithium aluminum hydride procedure of
Sondheimer and his co-workers may be employed to achieve hydro-
boration in this solvent: S. Wolfe, M. Nussim, Y. Mazur and F,
Sondheimer, J. Org. Chem., 24, 1034(1959).
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