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(Received September r1th, 1963)

In the previous papert?, the reaction of a variety of aluminum alkyls with transition
metal halides was described. Evidence was presented that radicals are produced in
these reactions and that the gaseous hydrocarbons result, at least in part, from radical
interactions with aluminum-bound alkvlgroups. With the three unsaturated aluminum
compounds examined 1-butynvldiethvlaluminum (I), r-butenvldiethylaluminum
(II), and {4-methyl-3-pentenylidiisobutvialuminum (III):, the gaseous hvdrocarbons
were derived primarily from the alkyl groups. In diethvl ether, the cobalt chloride
oxidation of aluminum compounds bearing only simple alkyl groups produced no
new liquid products!. However, gaz chromatographic examination of the liquid phase
from the oxidation of compounds (I), (IT), and (I1I) under similar conditions showed

(C.H,}.AIC=CC,H, {C.H . AICH=CHC.H, {iso-C Hg)aAICH=CHCH,CH(CH,),
(1} {In {11y

new components. These reactions have been repeated on larger scales, and this paper
describes the products.

RESULTS

The aluminum compounds were prepared as described by Wilke and Miller?, and the
oxidations were carried out as described in the first paper!. After cessation of gas
evolution the unreacted aluminum alkyl was destroved with water, and the liquid
products were isolated by distillation of the organic phase.

With r-butynyldiethvlaluminum, the butyny! groups were completely converted
into other products by the cobalt chloride. The gas produced during the reaction
contained no r-butyne, and hydrolysis furnished gas containing 9g 95 ethane. Distilla-
tion afforded benzene as the sole volatile product, which was identified by its infrared
spectrum and analvsis, and by gas chromatography. No pure components could be
isolated from the non-volatile residue, which amounted to about one half of the
organic product.

* To whom enquiries should be addressed: Department of Chemistry, Northeastern University,
Boston 13, Massachusetts.
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The oxidation of I-butenyldiethylaluminum produced gaseous hvdrocarbons,
about one quarter of which were derived from the butenyl groups. The complete
reaction of these groups was indicated by the hydrolysis, which gave essentially pure
ethane. The lHiquid products were a ca. zo:1 mixture of frans-4-octene and frans-3-
octene (27 % vield), and an unidentified higher boiling fraction consisting of several
componentis. For comparison, the oxidation of i-butenylmagnesium bromide with
excess cobalt chloride in fetrahvdrofuran was examined. This reaction produced a
large amount of non-volatile, polymeric material, two unidentified higher boiling
fractions containing several compounds, and frans-j-octene in 4 °; yield.

The oxidation of (4-methyl-z-pentenyl)diisobutylaluminum was more complex
than those of compounds (I} and (II). The reaction and subsequent hydrolvsis gave
only C, hvdrocarbons. Three pure compounds, whose detailed structures remain to be
elucidated, were isolated by several distillations. On the basis of boiling points,
analvses, molecular weights, and hvdrogenation data theyv are tentativelv identified
as follows: (A) and (B), isomeric C. H;q4 hvdrocarbons, and (C) a C.gHj, hydrocarbon.
\Vhile carbon and hyvdrogen analyses are not particularly sensitive criteria for the
molecular formulas of hydrocarbons, and the molecular weights as determined by
“Osmometer” were lower than the calculated values, the hvdrogenation results are
inconsistent with altermative formulations based on the available hvdrocarbon
fragments._ The infrared spectra of compounds () and (C) are almost identical, and
show strong frans -CH=CH- bands at 10.36 g and 10.35 p respectively. In compound
(B). this band is replaced by two others at 10.12 p (strong) and 10.60 g (medium)
respectivelv which mayv be ascribed to the presence of the conjugated frans diene
structure”. Compounds () and (B} have identical carbon skeletons, since hvdrogena-
tion produced the same alkane from each.

DISCUSSION

The oxidative cleavage of the unsaturated alkyvls is seen to follow a2 more complex
pattern than that of the saturated compounds. In each case the unsaturated group
reacted preferentially and completely, vielding sizable quantitics of polvimeric
materials as well as the products described. The seemingly divergent resuits may,
however, be satisfactorily rationalized in terms of the initial formation of radicals?,
which react further with aluminum-bound alkyl or alkenyvl groups, or with solvent.

The production of benzene from compound (I} proceeds via 1-butyne (equation 1,
al = 1’3 Al}. The fact that this hvdrocarbon was completelv absent in the gas

2lC=CC,H; ———— alCl + C,H,C=C* — C,H,(=CH (1)

evolved during the reaction, suggested that it was consumed in a subsequent step.
To test this idea, 1-butvne was passed into a refluxing solution of triethvlaluminum
containing suspended cobalt chloride. Benzene was produced and, although there
was no change in the appearance of the metal halide, the solution became brown

* Conjugaticn is reported to skift the frars-ethylenic absorption to higher frequencies®, and
this assignment correlates well with the bands at 10.10~10.15 z and 10.43-10.6S u observed witha
number of cis—irans and frars—trans conjugated dieness.
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and subsequent hydrolysis showed that 59 °; of the aluminum-bound ethyl groups had
been consumed during the reaction. Since aluminum alkyls do not react with acety-
lenic hvdrogen?, the alkyne as such must be involved in benzene formation.

The cyclization of substituted alkynes can be achieved by a variety of catalysts.
Without exception the products are benzene derivatives, although the present work
suggests that benzene might be an unsuspected and hitherto undetected side product
in these reactions. Ziegler-type catalytic systems based cn aluminum alkyl-titanium
halide combinations produce polymers® or substituted benzenes®, depending on the
conditions. The reaction of alkvnes with metal carbonyvls furnishes acetvlenic com-
plexes and benzene derivatives?. The cyvclizations described by Zeiss and coworkers,
which are brought about by transition metal arvls and alkyls® appear to be particularly
pertinent to the aluminum alkvl-cobalt chloride system. Bisarenemetal z-complexes
as weil as aromatic hydrocarbons are the products, and organocobalt compounds are
unique in that they are capable of acting in a catalytic manner®. \With the possible
exception of the cobalt compounds, the z-complexes as such appear not to be inter-
mediates in the formation of the cyclic trimersd. The formation of a bridged bis-
benzenechromium complex from the reaction of chromic chloride with triethyl-
aluminum and stilbene has also recently been reported®.

The oxidation of aluminum alkyvls has been proposed! to involve intermediates
such as (IV). It is suggested that the univalent cobalt ion in this intermediate co-
ordinates with 1-butyne molecules to furnish a -z-arenecobalt(l) surface complex of
tyvpe (V). Analogously to the svstemn descnibed by Tsutsui and Zeiss®, intermediate

R

i

R—Al

X MT X-
{Iv)

(V) may catalytically trimerize more butvne or furnish bisarenecobalt(I) in solution.
Diversion of intermediate (IV) to intermediate (V) would explain the complete sup-
pression of the formation of black metallic cobalt which occurs in the oxidation of
triethvlaluminum by cobalt chloride in the absence of alkvnel. According to this
reaction sequence, the benzene arises from triethvibenzenes by dealkylation. Such
reactions are brought about by Friedel-Crafts catalyvsts!® and, under relativelyv mild
conditions, are reported to be equilibrium processest!. The absence of ethyvlbenzene,
diethylbenzenes, and higher alkvlated benzenes in the oxidation of compound (I)
clearly precludes an equilibrium in this svstem. Evidently the conditions are suffi-
ciently drastic that the alkylaluminum halides, which are the most probable dis-
proportionation agents, ultimatelv convert all alkvibenzenes into intractable
polimers*.

* Temperature and contact time appear to be important variables in dealkylation. Thus in the
presence of hvdrogen fluoride-boron trifluoride catalyst ferz-butylbenzene disproportionates
smoothly in 10 min at o°, while in the same time at $3° mainly benzene and much higher boiling
material is produced!!?. Even benzene is largely converted to tar when in contact with hvdrogen
bromide—aluminum bromide catalyst at 25° for S daystic.

J. Organometal. Chem., 2 {1964) 251-2359
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Dimerizaticn or addition to 1-butyne represent alternative modes of reaction for
butynyvi radicals generated 2ccording to equation 1. The oxidative coupling of alkynes
to diznes by cupric salts has been formulated to proceed in this manner!2. If such
processes occur in the oxidative degradation of compound (I), the coupled products
must be converted into high molecular weight material.

A reasonable explanation can now be offered for the trimerization of alkynes by

aluminum alkvi-titanium tetrachleride syvstems. Chemisorption of alkvne on the
catalvst has been \np'r:pc.pd as the first St..r“’. A logical extension of this idea leads to

LRTalM St 2l DR SUGe S R AUnALal CAaRCiizioal O

an :t—arenetltamum :.urface complex, and relates the Zeiss and Ziegler catalyvst
systems®. Maximum vields of trimers are obtained when the aluminum to titanium
ratio in the catalyst is about 3 (ref. 6d), which corresponds to an average valence
state of = for the titanium!3. It can be reasoned, therefore, that the cv chzatlon pro-
ceeds via an arenetitanium complex which incorporates divalent titanium®

Several possibilities may be considered for the formation of octenes in the oxida-
tion of compound (II}. Thermal reaction between two molecules of this aluminum
compaound followed by oxidative scission of aluminum-carbon bonds may be ruled
out since branched Cg hydrocarbons would result™ ™™ Similarly, a growthreaction which
terminates at the dimer stage and involves the AICH=CHR group and 1-butene
(from hydrogen abstraction by butenyl radicals) would be expected to give a branched
alkene since such additions normall_\' follow Markownikov's rule’®. A sequence which
accounts for the results, and which would take place on the surface of the cobalt
chloride as proposed carlier?, is shown in equations (2}, (3), and (4) (SH is solvent).
Thi= mechanism implies that the surface is sufficientlv populated with aluminum

2ICH=CHC,H, —S~“— aICi = H,C.CH=CH" (2)

H,C,CH =CH,

aiCHCHU,Hy ——-- aiCHCH,C,H, (3)
CH =CHC.H; CH=CHC,H;,
AICHCHLC,H; ——%—- alCt + *CHCH.CH, J-octene
CH=CHC.H, CH=CHC,H, - ,
= e y-octene {1}

vy
aCH-=CHC.H, S
————————"——- higher polyvmers

alkenyvl molzcules to allow reactions to occur between radicals from one molecule and
alkenvl greups not attached to the same aluminum atom. The formation of radicals

® Franzus 27 3152 have alrrady commented on the possibility of z reiationship between the

aciions of these cawaiysts.

7 A m<complexed compound of titaniem(iI), biscyclopentadienyititapium dicarbonyi, has
been prepared by Murtay®. Further, the appearance of b 'drogcn among the gases obtained by
avdrofiysis of wiethyialuminum-titenium tetrachloride catalyst is possibiy due to divalent
titaniumn?3. The presence of this oxidation state was also inferred by Simor et al.'%. See, however,
ref. 1.

*** Thus heating compound{Ii) at 30°-150° with subsequent hvdrolysis vields, amongst other
products. 3-methyl-3-heptene or z-ethyl-1-hexene; ¢f. refs. 2 and 18.
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such as (VI) may be enhanced by association with cobalt as shown in (VII). A buta-
diznvlcobalt carbonyl compound of similar structure has been reported?. The relative

Hsoyc/ 3 CHCHs

ot %
(VID)

inertness of the solvent (ether), and the excess of ethyvlene over ethane In the gas
evolved during the oxidation strongly support the contention that AIC,H; groups
serve as hydrogen donors.

The dimerization of alkenvl radicals is not extensive in the gas phase?, but may
participatein the reaction of germanium tetrachloride with vinylmagnesium bromide2.
In anv case, the 3,5-octadiene which would result if this reaction occurs in the oxida-
tion of compound (I1) is not a likely precursor of the octenes.

The oxidation of z-butenvimagnesium bromide evidently follows a similar
course”. The lower vield of octene may be ascribed to the absence of metal-bound alkyl
groups, which forces hydrogen abstraction to occur primarily from the solvent.

A more complicated reaction path emerges from the results of the oxidation of
compound (III). No 2,g-dimethvidecenes, corresponding to the octenes from com-
pound (II), were identified, although small amounts of these compounds may have
been present in earlyv distillation fractions. In the absence of further structural data,
the formation of C,; and C.¢ hydrocarbons can only be rationalized in terms of the
available building blocks. It 1s immediately apparent that additional isobutyl groups
are incorporated in these products. The addition of an isobutyl radical to the alkenyl
group (¢f. equation 3) followed by loss of hy droggn would give structure (V III)
The C,H,s compounds can arise from oxidative scission of (VIII) and dimerization

alCHCH==CHCH({CH,).
CH.CH(CH,),
(VIIT)

of the resulting radicals. The addition of another isobutyl radical to (VIII) with sub-
sequent loss of hvdrogen, oxidation, and dimerization would furnish a C,gHj;, com-
pound.

EXPERIMENTAL
General
All reactions were carried out with the rigorous exclusion of air!. The boiling points
are uncorrected. The carbon and hydrogen analvses and molecular weight determina-

* Fo-Sun Van & @l and Kropachev ¢f al * have investigated the reactions of ethvimagnesium
bromide and ethyilithium with titanium and cobalt halides. Based on the absence of drastic
changes in the yi feld and composition of the gases evolved in the presence of styrene, x-methyl-
styrene, and 1-heptene, these authors concluded that radicals do not participate. If, however, as
is proposed here and elsewhere!.®! radical interactions occur primarily on the salt surface with
metal-bound alkyl groups, the gas should be relatively independent of small changes in solvent

composition.

J. Organometal. Ckent., 2 (1964) 251-2509
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tions were performed by the Schwarzkopf Microanalytical Laboratory, Woodside 77,
N.Y. The aluminum analvses, quantitative hyvdrolvses, and gas chromatographic
analvses were carried out as described previously!. Infrared spectra were measured
with a Baird Model 455 spectrometer. Active aluminum compounds were examined
as liquid smears between sodium chloride plates; lateral seepage led to the formation
of oxidation products at the edge of the filim, which acted as an effective seal against
further oxidation.

Oxidations with cobalt chloride

(@) r-Butenylmagnesiun: bromide. The Grignard reagent was prepared according
to the general method of Normant®. 1-Bromo-1-butene (redistilled material from
Columbia Organic Chemicals Co., Columbia, S.C.} (135 g. 1.00 mole) in 250 ml of
tetrahyvdrofuran (purified as described by Fieser®) was added dropwise to a sus-
pension of freshly crushed magnesium turnings (24.3 g, 1.00 mole) in 250 ml of tetra-
hvdrofuran. The reaction was initiated by a few drops of separately prepared ethyl-
magnesium bromide solution. Refluxing for an additional hour after addition left only
a few pieces of unreacted metal.

The filtered Grignard solution was added slowly to cobalt chloride (130 g, x.00
mole) in 300 ml of refluxing tetrahyvdrofuran. An exothermic reaction ensued with
immediate darkening of the =olid, but no gas evolution was observed. Heating was
continued for 14 h, after which the cooled mixture was filtered and the solid was
extracted with ether. Distillation of the solvent from the combined liquids followed
by totai distillation of all volatile material from the semi-solid residue under high
vacuum at I20° gave a pale vellow liquid. Three fractions were obtained by re-
distillation: (1) 2.77 g, b p- 123° (760 mm), {2} 5.08 g, b.p. 60° (7 mm), and (3} 1.26 g.
b.p. 7S¢ (x mm). Fraction (z) had an infrared spectrum identical with that of authentic
trans-s-octene (cbtained from the Phillips Petroleum Co., Bartlesville, Okla.). This
identity was confirmed by gas chromatography using a “Ucon” 525 column. A g1.8
mg sample of fraction I in 5 ml of ethvl acetate with yo.4 mg of 59; Pailladium-on-
charcozl absorbed 17.5 ml (ST.P.) of hyvdrogen, and produced zn-octane. (Found:
C, 86.1; H, 14.0; H, abs., 6.95 moles‘mole. CgH, g calcd.: C, 85.6; H, 14.4°%,; H, abs,
I.0 moles 'mole.)

Gas chromatography of fractions (2) and (3) showed several components in each.
The hyvdrogenation results (147 ml’g and 167 mlig at ST.P. respectively) are indic-
ative of mixtures of compounds with different molecular weights.

(8) r-Butvnyldietkvlaluminion. The aluminum compound was prepared from
redistilled diethvlaluminum chloride {5498 g, 0.156 mole} and 1-butynylsodium
{36.7 g, 0.45z mole) in 300 ml of hexane?. Filtration of the sodium chloride and distil-
lation of the red-colored liquid afiorded 21.7 g of r-butynyldiethylaluminum, b.p. 767
(0.07 mm), 733 162, 4.572  (C=C). (Found: Al, 19.6. C;H,;Al caled.: Al 19.69%.)

A solution of the aluminum alkyl (17.94 g, 0.130 mole) in 35 ml of anhydrous
ether® was slowly added to a suspension of anhyvdrous cobaitous chloride® (25.07 g,
0.z0a mole) in 165 ml of refluxing ether. The solid became bIack immediately, and
altogether 0.0223 mole of gas (60 °; ethylene, 35.5°; ethane, 0.5%; C;} was evolved
overnight. Hvdrolyvsis with 6o ml of water furnished gas containing at least 99 %

~ The purification of solvents and reagents is described in ref. 1.

. Organomezal . Chem., 2 (1664} 251~259
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ethane. Distillation of the dried organic layer gave 3.5 g of dark, solid residue ard
3-3 g {0.042 mole) of benzene which, after redistillation had b.p. 78.5-80° (760 mm)
and nyy’ 1.5047 {reported® b.p. 80.099° (760 mm), 2§ 1.501121. The infrared spectrum
and the retention time on a diisooctyl isosebacate column were identical with those
of an authentic sample. The usual purification techniques failed to produce identifiable
material from the solid.

The formation of benzene from 1-butyne was demonstrated as follows. A suspen-
sion of cobait chloride (1.3 g, 10 mmoles) in 10 ml of ether was refluxed while a stream
of 1-butyne was passed in. Triethylaluminum (0.76 g, 6.7 mmoles) in 1o ml of ether
was added slowly, and the gas stream was continued for several hours. The solution
bemme progressively darker, but no change occurred in the appearance of the solid.

Hyvdrolysis furnished S mmoles of gas, and gas chromatographic exainination of the
rgamc liquid showed the presence of a sizable quantity of benzene.

{¢} 1-Bulenvidiethyvlaluminum. The reaction of triethvlaluminum and acetvlene
furnished 1-butenvldiethylaluminum?. The pale vellow, viscous product, 233 6.43 o
(C=C(), was decanted from a small quantity of dark solid prior to use. {Found: Al,
20.0; gas, 3. moles/mole (C,:C,, 2.3:1). CgH; Al caled.: Al 19.3 9 ; gas, 3.0 moles/
mole (C.:C,, 2:1).7

Cobalt chloride (235.97 g. 0.200 mole} in 165 ml of ether was refluxed, and a
solution of 1-butenvidiethyvlaluminum (18.62 g, 0.130 mole) in 35 ml of ether was
added gradually. Gas evolution was slow, and ceased after 18 h at reflux temperature.
During this time the solid became dark and o.071 mole of gas (60 2, ethvlene, 13.5 %
ethane, 0.8°, n-butane, 192, 1-butene, and 35.5°; =2-butene) was produced. The
mixture was hvdrolvzed with 50 mi of water; the gas evolved contained only ethane
and a trace of r-butene. Distillation of the dried organic laver afforded three fractions,
{2) 0.51 g, b.p. 127° (760 mm), (2) 1.50 g, b.p. 127-133° (760 mm), (3) 0.73 g, b.p. 60°
(7 mm), and a non-volatile residue of 0.54 g. Gas chromartographic analvsis of frac-
tion= (I} and (2) showed two components in each. By comiparizson with authentic
specimens (obtained from the Phillips Petroleum Co., Bartlesville, Okla.), they were
identified as frans-g-octene and frais-3-octene in the approximate ratio of 20:1.

Y (g Meihvl-1-pentenvl)diisobuivialuiiinun:. Triisobutvlaluminum was treated
with acetylene to vield the unsaturated a2luminum compound® as a pale orange-
colored solid, 2523 6.45 p (C=C), which was used without further purification.
(Found: Al 11.6. C; H.gAl caled.: Al 12.05%,.)

{4-Methvl-1-pentenyl)diisobutvlaluminumm (67.71 g, 0.305 mole) in 1co ml of
ether was slowly added to a refluxing suspension of cobalt chlonide (61.49 g, 0.473
mole). Overnight 0.0365 mole of gas, consisting of isobutane and isobutene, was
evolved. Hydrolvsis with 50 ml of water produced only isobutane. The organic layer
from this run and from three other runs, corresponding to a total of 1.00 mole of
aluminum compound, were combined, washed, dried, and distilled. After removal of
the ether (containing only traces of other compounds), the volatile components of the
residue were totally distilled and collected at —78°. At 1—2 mm pressure and pot
temperature from 435-200°, 311.3 g of pale- \el'ow liquid was collected, and a dark
residue of 13.1 g remained. Fractional distillation afforded four fractions, (1) 2.83 g,
b.p. 52-63° (4 mm), (2) T0.72 g, b.p. 532367 (x mm), (3) S.54 g, b.p. 100-1107 (0.5 mm),
(£} 1.63 g, b.p. 100-130° (0.1 mm), and another non-volatile residue of 15.5 g. Gas
chromatography (““Ucon™ 525 column) showed many components in fractions (z) and

J- Orgasiometal. Clem., 2 (1964) 251—239
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(¢), but only three in fractions (2) and (3). The latter fractions were combined and
redistilled at low pressure to prevent further J~composition {Nester and Faust
Spinning Band Column, 45 cm < 0.6 cm, packed with stainless steel gauze). Six
fractions were collected (b.p., pressure in mm): (z) 287, 0.1; (2) 29.5°, 0.1; (3) 29.75°%,
0.1; {#} 34>, 0.I; (5} 54°, 0.08; (6) 56°, 0.08. Of these fractions, (2}, (3) and (6) con-
tained only one component each, (A), (B), and (C) respectively, identical with the
three components of fractions (2) and (3) of the first distillation. Intermediate cuts
consisted of varving amounts of these materials. All three compounds gave positive
unsaturation tests. Infrared spectra: (A), 222! 7 25, 7.36, 8.56, 10.36 ; (B), 2555 7-25,
7-36, 8.58, 10.12, 10.60 &; (C) A5y 7.25, 7.36, 8.53, 10.35 p.

ANALYSES OF {4}, {B), axp (C}

Found {calcilated}

Compouend ~
C H Mo wez. H, abs. moles/mole

2132 (278) 1.9 {2.0}
2950

-
w
V]
—~
)
("2
s
-

(A} CuoH,, $6.1 {86.3)

2.2 (2.0}

e
W
W
-~
2]
W
~)
-~
[
e
%
—~
t]
~)
o
e

(BY C,H., 86.3 {86.3})

2500

€y C.Hy, 36.3 (36.2) 13.6 (13.8) 3302 (3901 2.0 {2.9)
3352
384%

¢ Determined by “Osmometer”™. 2 Based on hvdrogenation data.

Catalytic hydrogenation in 5 ml of ethyl acetate at room temperature and
atmoespheric pressure gave these results (mg, sample, mg 5 °, Palladium-on-charcoal,
ml hvdrogen at ST.P.): (), 177.0. 45.0, 26.7; (B}, 113.3, 33.L, 20.3; (C), 192.1, 37.1,
21.8. The hvdrogenation procducts from fractions {2) and (3) were found to be identical
by gas chromatography.
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SUMMARY

1-Butynvidiethvialuminum (I), I-butenyvldicthyvlaluminum (II), and (4-methyl-1-
pentenyl)diisobutvialuminum (I1I) react with cebalt chioride in ether to furnish a
complex arrav of products including much polymeric material. Benzene, which was
isolated from the oxxdation of compound (I), was shown to arise from initiallv formed
r-butyne by trimerization and subsequent dealkvlation. A z-arenecobalt(I) surface
complex is postulated to account for the cvilization. The oxidation of comround (II)
vields frans-3-octene and frams-g-octene, while compound (III) gives rise to two
CaoH.s hydrocarbons which differ only in the position of the double bonds, and a
C.H, hyvdrocarbon. These results are shown to be consistent with the previously
proposed mechanism for the oxidation of aluminum alkyls by metal halidest.
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