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jugated diolefin with an alpha-monooletin, an
s more particularly, to such processes involving a catalyst system including a
salt of cobalt, a tertiary diphosphine, and an organoaluminum compound.
1,4-Dienes are useful as comonomers in polyolefin polymers since they
allow the polymer to be cross linked.
US-A-3,405,194 teaches a method of producing hexadienes by the

10 reaction of an alpha-monoolefin with a conjugated diolefin in the presence of
a catalyst system of a salt or cobalt or iron, a tertiary diphosphine, and an
organoaluminum compound. The tertiary diphosphines include 1,2-bis
(diphenylphosphino) ethane ("dppe”) and 1,3 -bis (diphenylphosphino)
propane ("dppp")-

15 The examples, and certain contemporaneous and subsequent
publications, teach the importance of reacting a conjugated diolefin with an
alpha-monoolefin at temperatures of 80° C or more when using a cobalt based
catalyst system of the types described. Thus of the 88 examples in the patent,
68 examples (1-53 and 74-88) are directed to a catalyst system of a salt of

20  cobalt, a tertiary diphosphine, and an organoaluminum compound, and 64 of
these 68 examples employ a temperature of at least 8C°C (example 2 is at 70°
C and examples 39, 47 and 76 are at 5(°C, all with a catalyst system including
a cobalt complex with dppe).

In "A New Process for 1,4-Diene Synthesis", A. Miyake, G. Hata, M.

25  Iwamoto, and S. Yuguchi, Proceedings of the Seventh World Petroleum
Congress. 1967 volume 5, 317, the authors described the superiority of a
cobalt diphosphine system of CoC1y-dppe in combination with an aluminum
trialkyl, specifically, triethylaluminum, at 80P C (each also described in US-A-
3,405,194). _

30 The effects of reaction temperature on reaction rate for butadiene
conversion are particularly described for the catalyst system of CoClo-dppe-
Et3A1 in "Reaction of Butadiene with Ethylene. IV. Synthesis of 1,4-
Hexadiene by a Cobalt Choride-Ditertiary Phosphine Complex and an
Organolaluminum Compound Catalyst", M. Iwamoto and S. Yuguchi, Bulletin

35 of the Chemical Society of Japan, 1968, 41, 150. Apparent optimum reaction

. temperatures are said to be in the range of 80 to 100°C. Two examples
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Japan, 1968, 41,540 etHyNiR’ Qhin GRiradfene risaconsamed with the mrecs%lt that ¢ 8y of
compounds are produced. Above 110°C 1,4-hexadiene is isomerized to 2,4-
hexadiene." Teaching the same is US-A-3,647,902, to Henrici-Oliv et al.
(where the catalyst system is CoClp-dppe-Et3Al in a halogenated
15 hydrocarbon solvent), stating that the temperature must be not less than 8rC
when ethylene is reacted with 1,3-butadiene, or poor selectivity results (col. 2,
lines 13-24).
The foregoing teachings in the prior art on conducting the reaction at
temperatures of at least 8C°C encompass specific described cobalt catalyst
20  systems where the diphosphine ligand is dppp. In US-A-3,405,194, examples
18-27, 43 and 88 employ dppp as a cobalt catalyst ligand. In examples 18-27,
the cobalt complex is CoCly and dppp; in examples 43 and 48, the cobalt
complex is the acetyl acetonate of trivalent cobalt, i.e., Co(CsH702)3, with
the dppp ligand. (Acetylacetonate is sometimes referred to as "acac”; for
25 example, the acetylacetonate of trivalent cobalt is Co(acac)3). The
organocaluminum compound used in examples 1827, 43 and 88 is
trimethylaluminum ("TMAL") or triethylaluminum ("TEAL") when the cobalt
salt is CoCl, and is sometimes diethylaluminum chloride ("DEAC") when
the cobalt salt is Co(acac)s. In all these examples employing the dppp ligand,
30  the temperatures are in the range 80° - 102°C.
"Effects of Ditertiary Phosphine Ligands in Co-dimerization of
Butadiene and Ethylene Catalyzed by cobalt Chloride-Ditertiary Phosphine-
Triethylaluminum" T. Kagawa, Y. Inoue, and H. Hashimoto, Bulletin of the
Chemical Society of Japan, 1970, 43, 1250, reports results for testing a CoCl2-
35  PhpP(CH),PPhy-Et3Al catalyst system (Ph=phenyl, n=1,2,3,4 etc.) for
effect of length of the methylene chain between the two phosphorus atoms 01
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% selectivity at 80[err]C. Below 80[err]C, rate of conversion
|s_shovvm;~?-*“ ‘0 fall precipitously, and at tenperatures higher than 100[err]C a
consid ble | oss of selectivity fromisonerization of 1,4 hexadiene to

' ed dienes, mainly to 2.4-hexadiene, is reported.

AQiv et al. in "Codinerization of-But adi ene and Et hyl ene," Journal

anonetal i ¢ .St Vol . 1
o2 LB ol o eL P Rl nBeBlit rdhe 98
't that ten@@lztdwpeﬂyﬁelacndxoateapp@atyelyr |lmw cyieldf oo M-thwrwcth ty
Prig CbCl[err] Ltlerr] Al in dichloroethane. Page 381 expressly

it es t hat betvveen 0 [err]C
The temperature teachings in the art have applied whether the

5 conjugated diolefin is butadiene or isoprene. Examples 74-75 and 77-82 of
US-A-3,405,194 employ CoCly-dppe-Et3Al at 80°C or 100°C to react
isoprene with ethylene. In "Preparation of 3-Methyl-1,4-heptadiene, 3-Ethyl-
1,4-hexadiene, and Methyl-1,4-hexadienes" by M. Iwamoto, K. Tani, H. Igaki,
and S. Yuguchi, Journal of Organic Chemistry 1967, 32, 4148, reaction of

10  isoprene with ethylene is reported rapid and selective (97.2 - 99%) at 80-98°C
with the CoC1,-dppe-Et3Al catalyst system.

Even variants of the cobalt catalyst systems teach reaction conversion
of conjugated diolefins to 1,4-dienes at a 80°C minimum. US-A-3,445,540
uses a triphosphine instead of a diphosphine, and US-A-3,574,139 uses cobalt

15 complexed with two diphosphines, i.e., bis [ethylene bis (diphenylphosphine)]
cobalt (0) or bis [ethylene bis (diphenylphosphine)] cobalt (I} hydride. Both
of these two patents state that “temperatures below 8C°C may be too slow for
operating convenience. The preferred temperature range lies between 80
and 120°C.." (US-A-3,574,139, col. 3, lines 70-74; US-A-3,445,540, col. 5,

20  lines 35-39.)

In US-A-3,405,194, toluene is the solvent in examples 18-23 and 43;
halogenated hydrocarbon solvents are used in examples 24-27 and 88.
Halogenated hydrocarbon solvents are instructed to be used to improve
selectivity when the intended hexadiene is 1,4-hexadiene, and to provide the

25  further advantage of easier cobalt catalyst handling, since these solvents
dissolve the cobalt complex completely (col. 4, lines 60-67). In the article by
Henrici-Oliv et al. cited above, halogenated hydrocarbon solvents are said
to be favored, because CoCl-dppe is insoluble in toluene and alkylation
reactions of transition metal salts with aluminum alkyls are faster and more

30  complete in halogenated solvents than in aromatics. US-A-3,647-902 contain
a similar teaching

u&;'ﬁo

st

According to the present invention there is provided a process for

producing substantially pure 1,4 dienes, which comprises reacting a
conjugated diolefin with an alpha-olefin in a hydrocarbon solvent reaction

35  medium and in the presence of a catalyst system consisting essentially a
cobalt compound, a tertiary diphosphine and an organo aluminum
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order to maximize production of pure 14-dienes, thereby eliminating the
difficult separation of 2,4-diene and other by-products to satisfy the
commercial need for pure 1,4-dienes. It has been found that substantially
15 100% selectivity from reaction of conjugated diolefins with an alpha-olefin is
possible using the process according to the invention. Preferably the
selectivity is greater than 98.5%, more preferably greater than 99%, most
preferably 99.5% and ideally 100%. It is also possible by selection of reaction
conditions within the specified ranges to provide essentially pure 1,4-dienes
20 from conjugated dlo]efins at high rates of reaction and/or high catalyst
productivity.
In order to obtain highest reaction rates per unit of catalyst, the prior
art has employed halogenated hydrocarbon solvents for preformed catalysts,
particularly the favored CoCly-dppe/TEAL catalyst system of the above
25  referenced prior art. However, halogenated solvents are environmentally f
disfavored, are corrosive to equipment, and consequently are commercially -
unattractive as a means of improving catalytic reaction rates and product
yields. With the process of this invention it is possible to promote reaction of
conjugated diolefins and alpha-olefins at high rates of reaction Mthbut%}@
30  use of halogenated hydrocarbon solvents.
Surprisingly, contrary to the teachings of the prior art, such results aTe
achievable at temperatures less than 8C°C. Further, exceptional select
these reaction temperatures in this particular catalyst system ma
accompanied by vastly increased rates of reaction and catalyst produ
35 indicative of a very reactive species of catalyst. Still more surprisin} f
results may be accomplished without use of the cOMOY
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combined with dppp and preformed CoC1,(dppp), and the cocatalysts are
5 selected from dialkylaluminum halides of the gerieral formula R'R"AlX|
where R is an alkyl, suitably in the Cq - C4 range, Al is aluminum, and X
signifies a halide, for example, dimethylaluminum chloride, diethylaluminum
chloride, di-n-propylaluminum halides, di-isopropylaluminum halides, and di-
isobutylaluminum halides. Conjugated diolefins employed suitably are 1,3-
10 butadiene (sometimes referred to herein simply as butadiene or "BD") or
isoprene, and the alpha monoolefins suitably are ethylene or propylene.
Where the reactants are butadiene and ethylene, pure 1,4-hexadiene is
produced.

When the cobalt catalyst is Co(acac)y, preferably from about 0.9 to

15 less than 2 mols of dppp are combined with the Co(acac)y in the reaction
medium. Advantageously, the mol ratio of dppp to Co(acac)y, is effective to
produce a rate of reaction, at a reaction temperature less than 70°C,
preferably around 60°C, of at least about 120 mols of 1,4-hexadiene per mol
of cobalt per minute, where the conjugated diene is butadiene or where

20  isoprene or propylene are the reactants, of at least 30 mols of pure product
per mol of cobalt per minute. Advantageously, the mol ratio of dppp to
Co(acac)y, is effective for a catalyst productivity, at the reaction temperature
less than 70°C, of at least about 1000-mols of 1,4-hexadiene per mol of cobalt.

In a preferred embodiment, the catalyst system is Co(acac) combined

25 with dppp and diethylaluminum chloride or Co(acac)3 combined with dppp
and diethylaluminum chloride.

In another preferred embodiment, the process catalyst system is
CoClo(dppp) and diethylaluminum chloride. Using this system in the
process, the rate of the reaction suitably exceeds 100 mols of 1,4-hexadiene

30  produced per mol of cobalt pei- minute. The most preferred embodiment is a
process for preparing pure 14-hexadiene, which comprises reacting
butadiene with ethylene in the presence of a catalyst system consisting of (a)
Co (II) (acetylacetonate); and 1,3- bis (diphenylphosphino) propane in a
preferred mol ratio of about 1:15, and (b) diethylaluminum chloride, at a

35 mol ratio of A1/Co of at least 5:1, in a hydrocarbon solvent at reaction
conditions controlled in a temperature range from about 5¢°C to 6%° C and an
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US- A- 3, 405 1WI oy COCl[err]-dppe-Et[err]Al at 80[err]C L@gdg];
react isoﬁ'}"é h ethylene. In "Preparation of 3-Mthyl-1,4-heptadie€
3-Ethyl - 1,4-hexadi ene, and Met hyl -1, 4- hexadi enes" by M I|wanoto, K Ta
H. lgaki, and S. Yuguchi, Journal of Organic Chemistry 1967, 32, 4148, %
reaction of isoprene with ethylene is reported rapid and sel ective (97. Zg
99% at 80-98[err]C with the CoCl[err]-dppe-Et[err] Al catal yst system 3%
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3, lines 70-74; complexunther ipalydescipiethylaluminim, pssfes@.ly with no morg,than two
US- A- 3, 405, 194, pioharugfudvaléntd bEirRelyYAhinuin il 66the Grefdrmad cddiplex.
hal ogenat ed hydr ocar Qon .,sol vents are used exanpl es 24-27 a q 82.
Hal ogenat ed hydr ocar b8f lg’é’l"‘&‘@ﬁt ga@m PIeSTARY 1 5gS {%ﬂ&l&ﬁg@m%& APFe RS
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the article by eemplexi CoCly(dppphlis usededriethylabyminam gpreferablyhypr tc amioon
solvents are saggyivalents (Et3Al:Co not more than 2), may be added with the
diethylaluminum chloride.
The temperature of the reaction has a dramatic effect on the
15 selectivity of the reaction to the desired 1,4-diene with the catalyst systems
employed in the process of the present invention. The process temperature is
less than 70°C, preferably from 5(°C to less than 70°C, and most preferably
from 55°C to 65°C, eg about 60°C. In examples 1 through 3 and S through 10
below of the present improved process, the temperature of reaction is 60°C.
20  Selectivity to 1,4-hexadiene in these Examples approaches 100%. The
reaction rate and catalyst productivity are very high with the improved
catalyst despite the improvement in selectivity by use of a lower temperature.
The improved process may use a hydrocarbon solvent such as toluene
or xylene or the 1,4-diene product of the reaction, e.g. 1,4-hexadiene from the
25  reaction of butadiene with ethylene. No separation of a solvent from the
product is needed when the product is used as the solvent for the reaction.
Halogenated solvents are usable but unnecessary for adequate results.
The present invention is illustrated by the following Examples 1
through 3 and 5 through 10. In all of these examples except Example 5, data
30 is given on (1) conversion of the charged conjugated diene by a catalyst
system, i.e. the percent conversion of a2 conjugated diene charge to all
products of reaction, (2) productivity of a catalyst system, i.e., yield of the
desired 1,4-diene product per mol of cobalt catalyst, (3) selectivity of the
catalyst system for the desired 1,4-diene, i.e., the percent of all the products
35 which is the desired 1,4-diene, (4) the observed first order rate constant of
the catalyst system, and (S) the overall reaction rate of the catalyst system.

This Sheet Has Been Replaced

L

THIS SHEET HAS BEEN
REPLACED




)
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faster .apd nore conplete in hal ogenated solvents than in aromatics.
US- A- 3, @47-902 contain a simlar teaching According to the present
I nventifon there is provided a process for producing substantially pure 1,4
di eneg, which conprises reacting a conjugdted diolefin with an al pha-olefin

1 agharocar bon sOLUE LREAHD TSI ANHGS WS, BREREGR R ARIER LS
an for gano al unidiems converted to all products divided by mols of diene charged (for 13-
ound, char %ﬁ&i@ﬁ&dpeir&:ntt RBhverli6n (oA petbert ot il CLBRGSER converted
Co(acac)[err]
to all products/mol 1,3-butadiene charged). "Selectivity" (expressed as
percentage) is the mols yield of a particular diene product divided by the
mols of diene converted to all products. Thus, selectivity of the catalyst
system for 1,4-hexadiene with a charge of ethylene and 1,3-butadiene is mols
of 1,4-hexadiene yield/mols 1,3-butadiene converted to all products. "Yield"
of a desired product results from multiplying the selectivity percentage of the
10 catalyst system for that desired product under the conditions of the reaction
times the aggregate mols of all the products into which the charge diene is
converted. '
The first order rate constant in the Examples is helpful for within
system comparisons. As is shown, the first order reaction rate constant per
15  mmole of cobalt can be about 15. Ethylene pressure in a 500 mL vessel was
recorded vs. time during the reaction as the ethylene was fed to the reactor to
keep the pressure constant. The reaction was permitted to proceed for a long
enough time to determine the pressure of ethylene remaining after all
butadiene had been consumed. The Pyime-Pfina} is then proportional to the
20  amount of butadiene remaining in the autoclave. The reaction is first order
for butadiene, and a plot of In(Pime-Pfinal) vs. time yields a straight line, the
slope of which is the observed rate constant.

w

Example 1

25 In 2 nitrogen-filled glove box 6 mg (0.01 mmole) of a preformed
complex of CoC15 (1,3-bis (diphenylphosphino) propane) was dissolved in 80

mL anhydrous toluene. To this was added with stirring a 25 wt% solution of
diethylaluminum chloride in toluene (0.6 mL, 1.0 mmole). This solution was
transferred under nitrogen to a 300 mL stirred autoclave and heated to 60°C.

30  With the stirrer stopped, bufadiene_(20.8 g, dried and with ¢-butylcatechol
inhibitor removed by passing through a column of 3A molecuiar sieve and a
column of basic alumina) was pressured into the autoclave using ethylene and

~ the total pressure brought to 2089 kPa with the ethylene. The stirrer was
started, and the total pressure in the autoclave was kept constant at 1400 kPa

35 (200 psig) by feeding ethylene through a pressure regulator from a 500 mL
vessel containing ethylene at a higher pressure. The rate of the reaction was
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conbined with d&gg or a prefornmed conplex of CoCl[err] (dppplctydiokibsess
acetyl acet¥Raf2 ppp is 1,3-bis (diphenyl phosphino) propane, and n | S%

val ence of "cobalt; and a dial kyl al umi num halide, and in that the reacti®
is performed at a tenperature of less than 70[err]C to convert the
conjugated diolefin to the 1,4-diene with substantially 100% sel ectivity.
It is preferred to performthe process at_g. terrperature of about 60[err]C

It is also preferred to performithe process at an alpha-olefin parti
pressure of froMosored by topdropon pressure &n 1B Vathb s HHIEF LR9 coRsy "P atl
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percent sel ecti \??R‘aiy ipAngice bathy ﬁagpcggar tvf)asr’?ﬁ ?ga%ﬁdogﬁgqﬁéﬁghﬁbslur e
1, 4-di enes, t herefpved ami mmlyzcg uytgas aihn‘dmamgnaph)epéoa‘zermnn@f batadiatieamas and
other DY- pr atuciaed osoBLARN 7L ARRRGlal 8809, OThoUnf dnée @*0%“?%*’ R
conj ugat ed di ol ¢hé reactipn wasa 4ahqxhénen¢ emequslowseswbw@cnss AYIMPHIitY i thes
according to th erﬂ%%ﬂé W alsd i aggg db@&vé@'fﬁﬁtdruhi Yatbsco&g@at br m@n

98.5% nore pre greater t nost pref eré &2/ 5% and ideally
100% It is al sde%@@l‘%ﬂ .Hip min cThQ)FPt@)FO[FSé%ﬁtHeBH“E & Q‘F(;HSG within the

specified ranges to provide essentially pure 1.4-dienes from conjugated

diolefins at high rates of reaction andfor igh catal yst productivity.
In order tol®bbtain highest reaction rat unit of catalyst, the prior

art has enpl oyed hal qgesetaespleiifsaastha theraterf shé reactioretoubiesiwhen she/ st s,
amount of starting cobalt complex is doubled. The reaction was carried out
in a similar manner and at the same temperature and pressure as in Example
1.

15 11 mg (0.02 mmole) of the preformed complex of CoClp(1,3- bis
(diphenylphosphino) propane) was dissolved in 80 mL anhydrous toluene.
To this was added with stirring a 25 wt% solution of diethylaluminum
chloride in toluene (0.6 mL, 1.0 mmole). Only 11.8 g of butadiene was added
to the autoclave, and consumption of ethylene stopped after 37 minutes.

20  Conversion of butadiene was 94%. Selectivity to cis-1,4-hexadiene was 100%.
A trace of 2,4-hexadiene (less than 0.1%) was found. The observed first-
order rate constant for the reaction was 0.206 min-1. The rate constant per
mmole Co is 10.3.

25 Example 3

This example illustrates the use of two equivalents of
triethylaluminum per cobalt in addition to an excess of diethylaluminum
chloride.

The reaction was carried out in a similar manner and at the same

30  temperature and pressure as Example 1. The preformed complex CoCly -
(1,3-bis (diphenylphosphino) propane) (11 mg, 0.02 mmole) was dissolved in
80 mL anhydrous toluene. To this was added with stirring a 25 wt% solution
of diethylaluminum chloride in toluene (0.5 mL, 0.96 mmole) and also a 2.5
wt% solution of triethylaluminum in toluene (0.2 mL, 0.04 mmole).

35  Butadiene (22.7 g) was added to the autoclave, and consumption of ethylene
stopped after 25 minutes. Conversion of butadiene was 98%. Selectivity to
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whe favored CoCl[err]-dppe/ TEAL catal yst s e above
or art. However, hal ogenated sol vents ar eQﬁW@%ﬁgﬁt ally

are corrosive to equi pment, and consequently are commercially
e as a nmeans of inproving catalytic reaction rates and product
h the process of this invention it is possible to pronote

of conjugated diolefins and @Ipha-olefins at high rates of

n without the use of hal oggnat'ed hydr ocar bon sol vents.

ngl ofs-1derexadiepe mast198%:. e
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d ctivity
$75t em may beThe EIASARTIARS RSy mmele| (o
catal yst productivity,
more surprisingly,
the corfosive and
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15

20

25

30

at these reaction tenperatyres in this particular catalyst
Bd8Peased rates of reaction and
i ndicative of a very reactive species of catal yst.

t hese r@gMLst§2rr£}/d §)e acconpl i shed w t hout use of

The data of Examples 1, 2 and 3 for cis-1,4-hexadiene production
using a preformed cobalt chioride-dppp catalyst and DEAC cocatalyst at a
temperature less than 70°C are set forth in Table 1, arranged in descending
order of overall rate of reaction. The surprising difference between these
results and those using the samc catalyst but with a TEAL cocatalyst at
temperatures above 7(°C are seen by comparison of the data of Table 1 with
the data of following Table 2, a tabulation of data from examples contained
in US-A-3,405,194, also arranged in the same descending order. There is an
order of magnitude greater rate of reaction when using a preformed cobalt
chloride-dppp catalyst and DEAC cocatalyst at less than 70°C in accordance
with the invention, compared to using a preformed cobalt chloride-dppp
catalyst and TEAL cocatalyst at more than 70°C; further, the selectivity to
1,4-hexadiene is essentially 100% when using the preformed cobalt chloride-
dppp catalyst and DEAC cocatalyst at less than 70°C, but is less than 90%
with the prior art catalyst system at the higher temperatures. The same
improvement exists whether the prior art process CoCl-dppp is preformed
or not. Table 3 tabulates data calculated from examples in the US-A-
3,405,194 patent in which the CoCl,-dppp catalyst was formed in situ and
used in the presence of TEAL at temperatures above 70°C. Reaction rates
are on the same order as the preformed catalyst set out in Table 2. In Tables
1,2 and 3, "Al" is aluminum, "Co" is cobalt, "Cmpd" is compound, "BD" is
butadiene, "Di" is diene, and "1,4-HD" is 1,4-hexadiene. "Prodt’y" is catalyst
productivity. "Conv” is conversion of butadiene to 1,4-hexadiene, and
"Select’y" is selectivity of conversion of butadiene to 1,4-hexadiene. "TMAL"
is Trimethyl Aluminum. ‘
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ironmental |y di sfavorgd hal ogenat ed hydrocarbon solvents that the

1

art; teaches WRA428683e used to inprove yields. The cat al yRERU 5@85 o
in‘the process of this invention are Co(acac)n conbined with dppp and
prefornmed CoCl[err](dppp), and the cocatalysts are selected from

al kyl al um num hal i des of the general fornmula R R'AI X, where Ris an
yl, suitably in the Cerr] Cerr] range, Al is alumnum and X
nifies a halide, for exanple, dinethyl alWinum chl ori de, diethylalum num

oride, di-n-propylalum num halides, di _Mgopyl al um num hal i des, and
I sobut yl al um num hal i dﬁ f Coni' t&@ ed ?w t abl y are
- but adi ene (soneti nes ‘ #fene or "BD')

i soprene, and the al pha nonool efi ns mg lny7§@e et hyI ene or propyl ene.

re the reactants are butadi ene and ethyl ene, pure 1, 4-hexadiene is
oduced. When t hereebatt—eat-al-yst—ts—Cotacatr bly from "
out 0.9 to less than 2 mblxs of dppp ar3e conbided with2the Colz acac)n in
Fective Lo produce a1 a| SOGEPRart i of Corza' | SekitRon! EBE, dfure Tebs
an 70[err]C, preferablylaround 60[erd](Gopmf afdpprst| dppp) 1P0 nol s of
4-hexadi ene per nol Organo- DEAC+ | DEAC | DEAC

Aluminum TEAL

Cmpd

Al (mmol) 1.00 1.00 1.00

Al/Co S0 100 50

Solvent toluene | toluene | toluene

BD (gms) 22,70 20.80 11.80

BD (mmol) 420 385 219

Di/Co 21,019 38,519 10,926

Time (min) 25 71 37

Temp CC) 60 60 60

14-HD  Yield| 33.78 30.61 16.84

(gms)

14-HD  Yield| 041 0.37 0.21

(mols)

Prodt’y 20,563 37,262 10,253

{mol/mol)

Rate 823 525 277

(mol/mol/min)

Observed 1st} 0.206 0.106 0.206

Order Rate K

(min-1) '

Rate per mmol | 10.30 10.60 10.30

Co

Conv (%) o8 97 |9

Select’y (%) 100 99.9 100
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U‘

of cobal td‘p r mnute, where the conjugated diene is butadi ene or ‘éﬁi‘f’?

| soprene oy ,WBW?ene are the reactants, of at |east 30 nol £ %

product . p nol of cobalt per m nute. Advantageously, the nol ratio of dppp
to-Co(acgC)n is effective for a catal yst productivity, at the reaction
tenperatfire less than 70 C, of at |east about 1000 nols of 1, 4-hexadi ene
per nolgfof cobalt. In a preferred odi nent, the cat aI yst system S
Co(acgf) 2 conbined with dppp and di et hyl al Umi num chioride or Co(acac) 3°
conbigdfed with dppp and di et hyI al um num chable2de. | n anot her
prefdfred enbodi nent, te S ”‘Dgiﬂ {1bde( dPpp) and

3
a
r

yl al umi num chl ori d& 05 u'i
tion suitably exceeds 100 AL Qo
cobalt per mnute. The nobst pref erred errbodl ment

e rate of the
duced per nol of
is a process for preparing

pure 1, 4- hexadifeme, —Wwhi COMpT bEb FERCLT MY DUt adr gne Wt et hiytrene | he
presence of a g B em didtsistindlof (1232 co (sz\ 9 18
broferred mol e §°é1§ eI B R R IO R {22 |
Mol ratio of AlGh. of ar| (dpeR) |dpbpl 1 blr y (4PPR) prf(dﬂpp)'  AdPp
condi tions contjr@} kﬁg\dml ga2senger g ure oggge f@_g)gn abero S0[lqysd C 1 ®.50
oolerr]C and af, ano- | TMAL | TEAL | TEAL | TEAL | TEAL | TEAL | TEAL

Aluminum

Cmpd

Al (mmol) | 15.65 | 8.47 1095 | 1095 | 146 5.11 5.11

A1/Co 63 46 44 88 3 10 10

Solvent toluene | ethylene | toluene | toluene | toluene | toluene| toluene

chloride

BD (gms) | 114 85.7 100 100 100 20.5 20.5

BD 2,111 | 1,587 1,852 | 1,852 1,852 380 380

(mmol)

Di/Co  |8444 |8625 |74017 | 14815 {3704 |759 | 759

Time 180 120 180 180 156 60 1140

(min)

Temp CC) | 80-90 {98-102 | 80-90 {80-90 {8090 | 80-90 | 80-90

1,4-HD 161.80 | 67.20 116.70 | 51.80 | 105.80 | 24.40 | 1340

Yield (g)

1,4-HD 1.97 0.82 1.42 0.63 1.29 0.30 0.16

Yield

(mols)

Prodt’y 7,879 | 4,446 5683 | 5045 |2576 594 326

(mol/mol) '

Rate 43.77 | 37.05 3157 |[28.03 | 16.51 9.90 0.29

(mol/mol/

min)

Conv (%) | 107.41 | 65.05 89.25 | 4041 | 93.87 112.59 | 149.37

Select’y 87.01 | 7937 86.11 | 84.41 | 7422 69.61 | 28.82

(%)
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-6 - alpha-olefin partial pressure range from50 to 10,000 kPa (.5 to 100 9"°§y
at nospher ewp 9aeédsecti ve to convert the butadiene to 1, 4- hexase0syawssos -
essentially 100% sel ectivity at a reaction rate of at |east 500 nmols of
1,4- hexadi ene produced per nol of cobalt per mnute. Optional |y,

I ncl udes triethylalum num preferably with no nore than two nol ar
equi val ents of triethylalum numpre nol of-12ke preformed conpl ex. . Th
i nproved catal yst preferably uses diethylalum numchloride as the '
di al kyl al umi num hal i de cocatalyst. This is used alone when the catalyst is
formed in situ from Co(acac)[err] or Cb(éBﬁ&&@err] When the i nproved

pref ormed conpl ex CoCl[ eryls Pas Ji VAF: preferably up’
to two equivalents (Et[err]Al: 3 fed with the
di et hyl al um num chl ori de. e reaction has a
dramatic effect on the

Ex. 27 26 25
Co Cmpd CoCl2+ | CoClz+ | CoClp+
dppp 0.5 dppp | dppp
Co (mmol) 0.13 0.25 0.50
Organo- TEAL | TEAL | TEAL
Aluminum Cmpd
Al (mmol) 7.27 7.30 7.30
Al/Co 38 29 15
Solvent ethylene | chloro- | chloro-
{ chloride | benzene | benzene
BD (gms) 67 67 67
BD (mmol) 1,241 1,241 1,241
Di/Co 9,926 4,963 2,481
Time (min) 180 180 180
Temp CC) 80-90 80-90 80
1,4-HD Yield (g) | 83.70 78.50 85.00
1,4-HD Yield| 1.02 0.96 1.04
(mols) '
Prodt’y (mol/mol) | 8,151 3,822 2,069
Rate 45.28 21.23 17.24
(mol/mol/min)
Conv (%) 85.75 92.72 96.80
Select’y (%) 05.93 83.21 86.30
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sel ect‘i%' of the reaction to the desired 1,4-diene with thg fﬁ?!»tﬂ)ls%%t

systens bgyyess2 i n the process of the present invention. 0CEesSs
t enper ak is less than 70[err]C, preferably fromb50[err]C to | ess than

3 and nost preferably from55[err]Cto 65 C, eg about 60[err]C. In
exana® 1 t hrough 3 and 5 through 10 bel ow of the present inproved

P, the tenperature of reaction is 63£err]C. Selectivity to _
adi ene in these Exanpl es approachées®100% The reaction rate and

P st p{ oduct i ?/i Fra¥iSe YERAHDIe ta:i\dtnﬁarh r \v&dcmﬁlwvwsknm_sr}sgtee t he
Svenent in sel eCtivi ~use alo [ .

Poved procedbatise %@‘CQS%MX@?‘HBW“%mﬁwgS%ﬁ@égfygto?ulgﬁsemgp X Icene. ot
"bli 421d| ene eﬁtiégdy%sa@fsfak%mw with the greéfamdwamm@t @}gmdzdnzm ﬁf;é éfatct i on
oft, but adi ene wi'th e ene. separ 0 v 0 8f PEREESt IS
needed when t héYHFSd '1?’§ l}gﬁﬂc’i@qpﬂéedt% orﬁ’p:?@ T0 the S e

vent or-the reacti on.
Hal ogenat eds sol diethyRahaniauts shicrideu{DEARS G SOEHlYblor INERIIQ CXATRRIFS the

The present invengion is ill o Red Bx a b amotht ofigh 3
2n 5 through Toctarpieg dmipiey LG Aot & HidaRy dish arho

1 es excge anpl data.is _given
on (1) conver sidhlorobenzeae ghardetita ﬁp(ﬁg‘éﬂ%@‘%ﬁﬁﬁﬁb 5&0?@;%??5?‘}@% 8%
i.e., the perc Ecﬁ&éﬁﬂ?{tgi on of a conjugated diene charge to all products
of reaction, (%l productivity of a catalyst system i.e., yield of the
desired 1, 4-di ene product per nol of cobalt catalyst, (3) selectivity of

the catalygy systemfor the desiredompirativerixampled, the percent of all the
Constant of the cat ATeARERLRAS (AT 0L put A o ORIBY MRANES and & U e [ ©
catal yst systenemperature and pressure as in Example 1. The preformed complex
CoCly(dppp) (27 mmz, 0.05 mmole) was dissolved in 10 mL anhydrous
chlorobenzene. To this was added with stirring a 25 wt% solution of
15 triethylaluminum (EEAL) in toluene (0.8 mL, 1.5 mmole). Anhydrous
toluene (70 mL) was then added to this solution. Butadiene (21.6 g) was
added to the autocizwe at 60°C, which was pressured with ethylene, and the
reaction was allowe 10 proceed for 14 minutes. No significant uptake of
ethylene was obserwe=d during this time. Conversion of butadiene to cis-1,4-

20  hexadiene was less d=m 1%. No other product of the reaction was observed.

Example §

The reacdcyr was carried out in a similar manner and at the same
temperature and J¥ESSsure as in Example 1. The preformed complex
25 CoClo(dppp) (Z- ==z 0.05 mmole) was dissolved in 10 mL anhydrous
chlorobenzene. Texr this was added with stirring a 25 wt% solution of
diethylaluminum =dimride (DEAC) in toluene (0.8 ml, 1.5 mmole).
Anhydrous tolueze - 77D mL) was then added to this solution. Butadiene (21.1
g) was added to = =zmtoclave at 60°C, which was pressured with ethylene,
30 and the reaction we== mllowed to proceed for 30 minutes. During the first few
minutes the reacimmr rate was so fast that the temperature could not be
controlled. Consmmmamnmion of ethylene had essentially ceased after 6 minutes.
Conversion of our=eriizne was greater than 99%. Selectivity to cis-1,4-
hexadiené was 0€: 365 the only other product of the reaction was 2,4-

35  hexadiene.

————
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- 7 - Thus, "conversion" of diene (expressed as a percenta e&;is
of diene waneazésgrl to all products divided by nmols of dienePﬁﬁéﬁgﬁ 095
1, 3-" but adi ene, percent conversion is the percent of nol 1, 3-butadiene
converted to all products/nol 1, 3-butadiene charged). "Selectivity”

(expressed as percentage) is the nols yield of a particular diene product
divided by the nols of diene converted to all products. Thus, selectivity
of the catalyst systemfor 1,4-hexadi ene W*-h a charge of ethylene and"

1, 3-butadiene is nols of 1,4-hexadi ene praplegol s 1, 3- but adi ene converted »«
to all products.

sel ectivity per cen:(:a ?%ﬁ?‘;’ﬁgleggﬁé{’%e/‘gf %gé‘?"gtﬁf kﬁ’ig‘lia}iil L‘?rj% %&E’ghﬁég t he»:
under the condi tcogipoual édmsperactdfothe complex. Twice as much of this cobait %

compound is needed to achieve essentially the same observed first-order rate

5  constant as with the preformed complex.

The reaction was carried out in a similar manner and at the same

temperature and pressure as Example 1. Cobalt(III) acetylacetonate (14 mg,
0.04 mmole), and 1,3-bis (diphenylphosphino) propane (19 mg, 0.045 mmole)

were dissolved in 80 mL anhydrous toluene. To this was added with stirring a

10 25 wt% solution of dicthylaluminum chloride in toluene (0.6 mL, 1.0 mmole).

Butadiene (24.0 g) was added to the autoclave, which was pressured with

ethylene, and consumption of ethylene stopped after 27 minutes. Conversion

of butadiene was 99%. Selectivity to cis-1,4-hexadiene was 99.9%. The only

other product of the reaction was 2,4-hexadiene. The observed first-order

15 rate constant for the reaction was 0.195 min-1. The rate constant per mmole

Cois 4.9.

Example 7
This Example illustrates the use of Co(acac)y as the starting cobalt

20  compound component of the complex. Use of this cobalt compound in the
same relative molar amounts results in a rate of reaction about one and a half -
times that found when the preformed complex CoCl,-dppp is used (as in
Example 1).

The reaction was carried out in a similar manner and at the same

25  temperature and pressure as in Example 1. Cobalt(Il) acetylacetonate (2.6
mg, 0.01 mmole) and dppp (6.2 mg, 0.015 mmole, dppp = 1,3-bis
(diphenylphosphino) propane) were dissolved in 80 mL anhydrous toluene.
This was accomplished by using 2 mL of a stock solution made by dissolving
Co(acac)y (26 mg, 0.10 mmole) and dppp (62 mg, 0.15 mmole) in 20 mL of

30  anhydrous toluene. To the 80 mL catalyst solution was added with stirring a
25 wt% solution of DEAC in toluene (0.6 mL, 1.0 mmole). Butadiene (22.5
g) was added to the autoclave at 60°C, which was pressured with ethylene,
and consumption of ethylene stopped after 32 minutes. Conversion of
butadiene was 98%. Selectivity to cis-1,4-hexadiene was 100%; a trace of 2,4-

35 hexadiene (less than 0.1%) was found. The observed first-order rate constant
for the reaction was 0.150 min-1. The rate constant per mmole Co is 15.00.
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. aggregat e nol s of all the products into which the gosene i s
conv.eg 2 40 94/26682The first order rate constant in the Exanples 'igﬁsﬁﬁelsgful

system conparisons. As is shown, the first order reaction rate
per mmol e of cobalt can be about 15. Ethylene pressure in a 500 nL
fas recorded vs. time during the reaction as the ethylene was fed to
pctor to keep the pressure constant_.;sThe reaction was pernmtted to
pr i for a long enough tine to deternine the pressure of ethylene

Y Ng after all butadi ene had been consuned. The P[err]-Plerr] is then

grtional to the anount of butadien e8ing in the autoclave. Th
: . %ﬁlﬂg@ ) e
ion is first order for butadiene,e%’E a %

| - PI.
P yields a strai ghFhis Bxampienidlusiraiss tBe Uik 0 HR‘% ?%q'flg?%g[égé'\%)&frlgééhg ’e
it rogen {111 ed SGILGERe geaction, o) ooy oy o Tr L er o2
CoCl[err] (153-bis ( dTlﬁﬁwwliBﬁ&%Fﬁaﬁﬂ%béﬁﬁeii%@é %%%g,{szg?avnfeagaﬂr@éaﬁﬁe
girlgﬁ;f)glsuﬁnplnﬂrenn%mp@athﬁ sndpresqireedt ini Exarsplerk.i Ggbalt@h aﬁe%lgqgtmqtgr(qbf

transferred undemgng-b’:" g&f@s'*—.)n@t éﬁﬁqg@ﬁg&ﬂ% @#oﬁ%eﬁgoﬁégﬁﬂggg?ﬂ vas
goferr] C Wth 1 Behexadiene (driddoppmatsing uhzaugk Aecoluron of gA mp ecular S1eve anfl

- butyl cat echol "L hiibl {3hied SIBYEH. Bo BS ¥aO9dadd Ritheifrigph 25w sSlhtion

10 of DEAC in toluene (0.6 mL, 1.0 mmole). Butadienc (22.9 g) was added to

the autoclave at 60°C, which was pressured with ethylene, and consumption

of ethylene stopped after 23 minutes. Conversion of butadiene was 99%.

Selectivity to cis-1,4-hexadiene (based on product formed in the reaction) was

99.9%; the only other product of the reaction was 2,4-hexadiene. The

s observed first-order rate constant for the reaction was 0.095 min-1. The rate

constant per mmole Co is 2.38.

Example 9
This example illustrates the use of isoprene as the conjugated diene
20  reactant. In the reaction of isoprene with ethylene, the product is a mixture
of 4-methyl-1,4-hexadiene and 5-methyl-1,4-hexadiene.
The reaction was carried out in a similar manner and at the same
temperature and pressure as in Example 1. Cobalt(ll) acetylacetonate (31
mg, 0.12 mmole) and dppp (52 mg, 0.125 mmole) were dissolved in 80 mL
25  anhydrous ortho-xylene. To this was added with stirring at 25 wt% solution
of DEAC in toluene (3.3 mL, 6 mole). Isoprene (23.6 g, dried by passing
through a column of 3A molecular sieve and alumina) was added to the
autoclave at 60°C, which was pressured with ethylene, and consumption of
ethylene stopped after 33 minutes. Conversion of isoprene was 99%.
30  Selectivity to 4-methyl-1,4-hexadiene (88%) and S-methyl-1,4-hexadiene
(12%) was essentially 100%. The observed first-order rate constant for the
reaction was 0.218 min-1. The rate constant per mmole Co is 1.82.

Example 10
35 The Example shows that using a molar ratio of dppp ligand to
Co(acac)y that is less than two is preferred. In this example, even though the
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-ol um of mgmsﬁzum na) was pressured into the autoclave usPCRfUSS4ls
and the total pressure brought to 2089 kPa with the ethylene. The st
was started, and the total pressure in the autoclave was kept constantgai
1400 kPa (200 psig) by feeding ethylene through a pressure regul ator f ER)
0 nL vessel containing ethylene at a higher pressure. The rate of theﬂ"* 2
action was - 16 - -8 - nonitored b-@

e drop in presgoint B indi c%b!ﬁ%ﬁ%f hxgﬁésf?ractti‘h § WA UAARIdIENand a2t NG had R
th The aut oc| 49eP JigEnd i Lolece Rt ik S C%ﬁ%ei&éa%m@nﬁea” oo
al yzed by gas Wfrwm'tmmdﬂ‘dp ngameroflfmm aflltnuu@dltmumuﬁl&% than 2 is
lectivity to ci Sefl rred as mdll-:xegr]r?plm@ ngch u%es ;- I&Sp;(:) @Jra?to of 1.8 i ?achxeves
5  significantly greater activity with one-fourth the amount of cobalt.
The reaction was carried out in 2 similar manner and at the same
temperature and pressure as in Example 7 but with a 2:1 dppp:Co mol ratio.
Cobalt(Il) acetylacetonate (10 mg, 0.04 mmole) and dppp (33 mg, 0.08
mmole) were dissolved in 80 mL anhydrous toluene. To this was added with
10 stirring a 25 wit%% solution of DEAC in toluenc (0.6 mL, 1.0 mmolec).
Butadiene (20.3 g) was added to the autoclave at 60°C, which was pressured
with ethylene, and the reaction was allowed to proceed for 60 minutes. At
this time conversion of butadiene was only 76%. Selectivity to cis-1,4-
hexadiene was 99.9%; the only other product of the reaction was 2,4-
15 hexadiene. The observed first-order rate constant for the reaction was 0.040
min-1. The rate constant per mmole Co is 1.00.

Tables 4
Table 4 sets forth the data of Examples 6 - 10, in descending order of
20  rate of reaction. The rate of reaction for butadiene to 1,4-hexadiene is at
least about 120 (119) mols of 1,4-hexadiene per mol of cobalt catalyst pre
minute. When less than 2 mols of dppp are used per mol of Co(acac)y or
Co(acac)s, rates of reaction are from about 4 (Examples 6,8) to about 11
(Example 7) times higher than with 2 mols of dppp per mol of Co(acac)y or
25 Co(acac)3. In all instances, selectivity to 1,4-hexadiene is essentially 100%.
Table 5 tabulates data from the comparable examples of US-A-
3,405,194 (these use a Co(acac)3 combined with dppp catalyst). In Example
43 of the patent, a DEAC cocatalyst is used at a temperature above 70°C.
Rate of reaction was very slow, about one fifth that of the minimum preferred
30  rate for the Co(acac), combined with dppp system at less than 70°C. In
patent Example 88, the monoolefin is propylene and the rate is about a third
that of Example 43 of the patent.
In the tables, "IP" is isoprene, "C2" is ethylene, "C3" is propylene, and
other abbreviations are the same as in Tables 1, 2 and 3.
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t he reactl
t he buta

after 37 m nut
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t he reat|0n was 0.106 min[err].
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t he sane tenperature and

02 mmol e) of the preformed -
: ex of CoCl[err] (1, 3 bis (di phenyl.’ﬁmis.ﬁhl no) propane) was dissolved in

% sol ution
y 11.8 g of
nptlon of ethylene st opped

Selectivity to

ci s-1, 4- hexadifeneé was 100% AR.Irace orf 2, 4-nexgarene (rass—tiamo—t
found. The Obc_%md first. older rate k®nstant f&r the ddftion Wds 0. 206
Bearpl e 3 | ChEREE At R o ooldeady Cofzeyy CYamapggo farte
of triethylal dai ¢ 1S dpRR; i FHPPPy nt APPR< < | ot 2dpppn i d BRP nu

Co (mmol) 0.01 0.04 0.04 0.04 0.12

Organo- DEAC DEAC DEAC DEAC DEAC

Aluminum Cmpd

Al (mmol) 1.00 1.00 1.00 1.00 6.00

Al1/Co 100 25 25 25 50

Solvent toluene 1,4-HD toluene toluene o-xylene

Di BD BD BD BD 1P

Di (gms) 22.5 22.9 24.00 20.3 23.6

Di (mmol) 417 424 444 376 350

Di/Co 41,667 10,602 11,111 9,398 2,917

C= 2 C2 C2 2 C2

Time (min) 32 23 27 60 33

Temp °C) 60 60 60 60 60

1,4-HD Yield (g) | 33.48 34.39 36.04 23.40 '32.99

14-HD Yield | 0.41 0.42 0.44 0.29 0.34

(mols)

Prodt’y (mol/mol) | 40,764 10,468 10,970 7,123 2,858

Rate 1,274 455 406 119 87

{mol/mol/min)

Observed 1st] 0.15 0.095 0.195 0.04 0218

Order Rate K

min-1)

Rate/mmol 15.00 2.38 4.90 1.00 1.82

Conv (%) 98 99 99 76 99

Select’y (%) 100 99.9 99.9 99.9 100
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The reaction was carried out
tenper&ﬂmﬂgﬂﬁﬁﬁ pressure as Exanple 1. The prefornmed co
(1,:3-bi s (di phenyl phosphi no) propane) (11 nyg,
80 nL anhydrous t ol uene.

Conversi on of butl

i n toluen

e was 98%

in asimlar

0. 02 nmmol e) was di ssol vés
To this was added with stirring a 25 wt % solu
of diethylalumnumchloride in toluene (0.5 n., 0.96 mmle) and also a

% sol ution of triethylalumnum
adi ene (22.7 g) was added to the autocl ave
pped after 25 mnutes.

cis-1,4-hexadiene MA&M&W 0. 1%

(0 2 m., 0.04 mmole).
and consunption of ethyl ene,_
Selectivity to ™

corpt

Organoaluminum Cocatalyst, More Than 7¢°C

Ex. 43 88
Co Cmpd Co(acac)z | Co(acac)3
+dppp | +2dppp
Co (mmol) 0.50 0.10
Organo- DEAC TEAL
Aluminum Cmpd
Al (mmol) 8.0 7.3
Al/Co 16 73
Solvent toluene ethylene
chloride
Di BD 1 BD
BD (gms) 16.2 21.1
BD (mmol) 0.31 0.39
Di/Co 620 3900
C= C2 C3
Time (min) 25 300
Temp CC) 80 90-100
1,4-HD Yield (g) | 23.70 22.10
1,4-HD Yield| 0.29 0.23
(mols)
Prodt’y (mol/mol) | 577 2298
Rate 23.08 7.66
(mol/mol/min)
Conv (%) 97.96 79.33
Select’y (%) 08.34 74.26
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found.:?"l'h,e observed first-order rate constant for the reaction was 0.206
m n[ err]- w0 Jmseszt e constant per mmole Co is 10. 3. PCT/US94/05095

Tables ¥, 2 and 3 The data of Exanples 1, 2 and 3 for
ci s- 14 hexadi ene production using a preforned cobalt chloride-dppp
cat aJi@#5t and DEAC cocatal yst at a tenperature less than 70[err]C are set
in Table 1, arranged in descending order of overall rate of reaction.
2 urprising difference between these +18sults and those using the sanme

f Wi yst but with ajy Eﬁ% @%ggﬁh@w %ﬁ@ﬂ}@ﬁg& ll%?esﬁﬁ@b?u?ﬁk%"chﬁly@fe seen

aFconpari son of the ol | ble 2, a
#5ul ati on of oastaxnfha@mmhmsashmmlahm'q ¢ “?\f%’ﬂ?& tpgff at# r anged

the sane dquﬁggfﬁgreqégqhani@@ gréﬁlm order of magnl t ude greater rate
reacti on when using

) r bal cat DEAC
cocatal yst at |ess t ﬂpafgfliéerg]‘ Fﬁ?%lé‘&‘i)?zé %?Fﬁggﬁﬁn?‘” % w%rﬁ& €

corrp?r Fd : o5 ;JSIdfgeﬁctm’rﬁfd;ﬁmd!héﬂlﬂ ppé 1st:t’dmbnndé wmpﬁlo(:maa)zyamd NEACEALA y
cocatal yst a r adi ene
is essentiall y %\%ﬂ %ﬁghﬁﬁésﬁ? ‘?’gé M{];"he"@ﬁ{r%ﬁ r?%}'e'- °g1"p§ge“h§§t al yst
and DEAC cocatallyerZit | ess than 70[err]C, but is less than 90% wi th the

prior art catalyst systemat the higher tenperatures. The same inprovenent
exi sts whether the prior art process CoCl[err] dp is prefornmed or not.
Tabl e 3 tabul ates data cal cul at edCompanative EXampl

10 The reaction was carried out in a similar manner and at the same
temperature and pressure as in Example 1. Cobalt(Il) acetylacetonate (10
mg, 0.04 mmole) and dppe (16 mg, 0.04 mmole) were dissolved in 80 mL
anhydrous toluene. To this was added with stirring a 25 wt% sclution of
diethylaluminum chloride in toluene (0.6 mL, 1.0 mmole). Butadiene (22.3
15 g) was added to the autoclave at 60°C, which was pressured with ethylene,
and the reaction was allowed to proceed for 60 minutes. Conversion of
butadiene was 99%. Selectivity to cis-1,4-hexadiene was 99.4%; the only
other product of the reaction was 2,4-hexadiene. The observed first order

rate constant for the reaction was 0.073 min-l. (Rate constant) / (mmole
20 Co) = 1.83.

Comparative Example 12

The reaction was carried out in a similar manner and at the same
temperature and pressure as in Example 1. (Cobalt(II) acetylacetonate (10
25 mg, 0.04 mmole) and dppe (32 mg, 0.08 mmole) were dissolved in 80 mL
anhydrous toluene. To this was added with stirring a 25 wt% solution of
diethylaluminum chloride in toluene (0.6 mL, 1.0 mmole). Butadiene (20.6
g) was added to the autoclave at 6(° C, which was pressured with ethylene,
and the reaction was allowed to prbceed for 60 minutes. Conversion of
30 butadiene was 99%. Selectivity to cis-1,4-hexadiene was 99.6%; the only
other product of the reaction was 2,4-hexadiene. The observed first-order
rate constant for the reaction was 0.116 min-l. (Rate constant) / (mmole

Co) = 2.90.
Comparative Examples 13 and 14 which follow show that a
35 substantially slower rate of reaction results when dppe is combined with

-
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3,405,194 patent in which the CoCl[err]-dppp catal yst was f,%
and used iy bhesegt esence of TEAL at tenperatures above 70[ el
rates are on the same order as the preformed catal yst set out
In Tables 1,2 and 3, "Al" is alumnum "Co" is cobalt, "Cnpd" is COrfl
"BD' is butadiene, "D" is diene, and "1,4-HD' is 1, 4- hexadi ene. "Prg
I s catal yst productivity. "Cbnv" I s conversion of butadiene to

1, 4- hexadi ene,
1, 4- hexadi ene.

-10-
Cocat al yst

10

15

20

25

30

35

and "Select'y" is selectivi2l-of conversion of butadiene

Cofikac)sand DEAC U2 ‘?PEHMHP@ 158 PP G S e o3 Benc b Y

a dppe:Co molar ratio of either 1:1 or 2

Comparative Example 13

The reaction was carried out in a similar manner and at the same
temperature and pressure as in Example 1. Cobalt(IIl) acetylacetonate (14
mg, 0.04 mmole) and dppe (16 mg, 0.04 mmole) were dissolved in 80 mL
anhydrous toluene. To this was added with stirring a 25 wt% solution of
DEAC in toluene (0.6 mL, 1.0 mmole). Butadiene (20.1 g) was added to the
autoclave at 60°C, which was pressured with cthylene, and the reaction was
allowed to proceed for 60 minutes. Conversion of butadiene was 99%.
Selectivity to cis-1,4-hexadiene was 99.6%; the only other product of the
reaction was 2,4-hexadiene. The observed first order rate constant for the
reaction was 0.114 min-1. (Rate constant) / (mmole Co) = 2.85.

Comparative Example 14

The reaction was carried out in a similar manner and at the same
temperature and pressure as in Example 1. Cobalt(IIl) acetylacetonate (14
mg, 0.04 mmole) and dppe (32 mg, 0.08 mmole) were dissolved in 80 mL
anhydrous toluene. To this was added with stirring 2 25 wt% solution of
DEAC in toluene (0.6 mL, 1.0 mmole). Butadiene (23.6 g) was added to the
autoclave at 6(0°C, which was pressured with ethylene, and the reaction was
allowed to proceed for 49 minutes. Conversion of butadiene was 76%.
Selectivity to cis-1,4-hexadiene was 99.75; the only other product of the
reaction was 2,4-hexadiene. The observed first order rate constant for the
reaction was 0.020 min-1. (Rate constant) / (mmole Co) = 0.50.

Tables 6 and 7

The data of Examples 11, 12 13 and 14, all obtained at a reaction
temperature less than 70°C, are set forth in Table 6, in descending order of
rate of reaction. The following Table 7 sets forth tabulations of data
calculated from the patent examples of US-A-3,405,194 obtained at a
reaction  temiperature less than 7(°C. The quantities of Co(acac)n employed
Example 6 for Co(acac)3 combined with dppp (toluene solvent) and Example
8 for Co(acac), combined with dppp (1,4-hexadiene solvent). As seen from

,_,—__—
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Less Thak 70C Ex 3 1 2 Co Cnpd
CoCl[err] @UEPY2668r CoCl[err]  (dppp) _ (dppp)  (dppp) EFFAHR3HSS

DEAC+ DEAC DEAC Al um num TEAL Cnpd Al (ol ) 1.00

1..00 1.00 Al/Co 50 100 50 Sol vent t ol uene
t ol uene t ol uene BD (gmns) 22.70 20. 80 11.80 BD (mol)

420 385 219 Di/ Co 21,019 38,519 10,926 Tine
(mn) 25 71 37 Tenp ([errile) 60 60 60 -

1, 4-HD Yield Table8, a catillysb bystem benpidyind ik lifiand Y2 @i (diPheébylphosphindy
0.21 (nols) Prodt'l¥ " 20 5%% . 37,26 .10, 253 rml/?})I‘)l
ethane, or "dppe" ds abbreviated 'heréin, in combination with Co(acac)y or

Co(acac)3, even in the presence of a dialkylaluminum halide, and even at the
same temperatures as used in Examples 6 and 8, is less than half as

5  catalytically active as Examples 6 and 8. The reaction rates for the
comparable patent examples shown in table 7 show an extremely slow
reaction rate, more than 30 times slower than the rates of Examples 11

through 14. In Table 7, "EASC" is ethyl aluminum sesquichloride.
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Rat e
0. 106

823

525

0. %Poddegsy Rate K (mn[err]) Rate per mmol

10. 30" Co Conv (%

99.9

100

98 97

év

277 (nmol /ol /mn) Observed

94 Select'y (%

100

1st 0.
10. 30 PCT/USBA/45095

-22.
Table 6
Co(acac),Combined With dppe Catalyst
DEA . ocatal Than

Ex. 11 14 12 13
Co Cmpd Co(acac)y | Co(acac)z | Co(acac)y | Co(acac)3

+ dppe ‘+ dppe +2 dppe + dppe
Co (mmol) 0.01 0.01 0.04 0.04
Organo- DEAC DEAC DEAC DEAC
Aluminum Cmpd
A1 (mmol) 1.00 1.00 1.00 1.00
Al/Co 25 25 25 25
Solvent toluene toluene toluene toluene
BD (gms) 22.3 23.6 20.6 20.1
BD (mmol) 413 437 381 372
Di/Co 10,324 10,926 9,537 9,306
Time (min) 60 49 60 60
Temp CC) 60 60 60 60
C= C2 C2 C2 c2
1,4-HD Yield (g) | 33.32 27.15 30.84 30.10
1,4-HD Yield | 0.41 0.33 0.38 0.37
(mols)
Prodt’y (mol/mol) | 10,142 8,265 9,388 9,160
Rate 169 169 156 153
(mol/mol/min)
Observed 1st| 0.073 0.02 0.116 0.114
Order Rate K
(min-1)
Rate/mmol 1.83 0.50 2.90 2.85
Conv (%) 99 76 99 99
Select’y (%) 99.4 99.7 99.6 99.6
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Tabl e Za\r

U S. Patent 3.405.194: Prefornmed CoC [err] (dppp) Catal yst

TEAL €ocatmabypspsesdbre Than 70[err] C  Ex. 23 24 PCT/US94/03095
22 20 19 18 Co Cnpd CoCl[err] CoCl[err] CoClf[err]
CoCl[err] CoCl[err] CoCl[err] CoCl[err] (dpp) (dppp)
(dppp) (dppp) (dppp) (dppp) (dppp) Co (mmol) 0.25
0.18 0. 25 0.13 0.50 0.50 0.50 Organ o- TMAL
TEAL TEAL TEAL TEAL - 23 TEAL TEAL Al uni num Cnpd
Al (mol) 15.65 8 47 10 95  TableH0. 95 1. 46 5.11
5.11 A/ Co 63 88 10 Sol vent
t ol uene et hyl ene M&MMH—Q@@M@E&M t ol uene
chloride BD (gns) 114 Organ8®luminum CochBlyst, Less Tha@¢° C 100
20.5 20.5 BD 2,111 1, 587 1, 852 1,852 1, 852
380 380 (mmol) Di/La 2. 444 8~625 24017 14. 815
3, 704 759 759 gi.ne 180} 39 13047 180 180
156 60 11

CéETT:]pTd Co(acac)3 | Co(acac)y

+ 2.2 dppp | + 2.2 dppp

Co {mmol) 1.00 1.00

Organo-Aluminum | DEAC EASC

Cmpd

Al (mmol) 15.9 17.6

Al/Co 15.9 17.6

Solvent ethane toluene

BD (gms) 324 16.7

BD (mmol) 0.60 0.31

Di/Co 600 310

Time (min) 120 1380

Temp CC) 50 50

C= C2 C2

1,4-HD Yield (g) 42.50 11.30

14-HD Yield| 0.52 0.14

{mols)

Prodt’y (mol/mol) ] 517 138

Rate 431 0.10

(mol/mol/min)

Conv (%) 91.31 47.71

Select’y (%) 94.60 93.39
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Te'p (C) 80-90

80- 90* 1, 4- HOWO 9412848280 1@& em &u37o 51. 80 10BCBUS94/05095
24. 40 13.40 Yield (g 0. 82 1.42 0. 63.
1. 0. 30 0. 16 ” Prodt y 7,879 4,446
5, 83 5, 045 2, 57 326 (mol /ol ) Rate 43.77
37805 31. 57 28 03 16 51 9 90 0.29 (rmol/nol/ mn)
CoRv( % 107. 41 65. 05 89. 25 123,41 93. 87 112.59 .
148 37 Select'y 87c@Qdms: 79 37 86. 11 84. 41 74,22
69461 28.82 (
A process for producing substantially pure 1,4 dienes, which comprises
reacting a conjugated diolefin with an alpha-olefin in a hydrocarbon
5 solvent reaction medium and in the presence of a catalyst system
consisting essentially a cobalt compound, a tertiary diphosphine and
an organo aluminum compound, characterized in that the catalyst
system comprises:
1. Co(acac), combined with dppp- or a preformed
10 complex of CoCly(dppp), wherc acac is
acetylacetonate, dppp is 1,3-bis
(diphenylphosphino) propane, and n is the
valence of cobalt; and
2. a dialkylaluminum halide,
15 wherein the reaction is performed at a temperature of less than 70°C
to convert the conjugated diolefin to the 1,4-diene with substantially
100% selectivity.
The process of Claim 1, wherein the temperature is at least 50°C and
20 less than 7(° C, preferably about 6(° C.
The process of Claim 1 or 2, wherein the halide is chloride.
The process of any preceding claim, when performed at an alpha-
25 olefin partial pressure of from 50 to 10,000 kPa (0.5 to 100
atmospheres).
The process of any preceding claim, wherein the hydrocarbon solvent
is non-halogenated.
30
The process of Claim 5, wherein the solvent is toluene, xylene, a 1,4-
diene which is the product of the reaction, or a mixture of any two or
more thereof.
35

08-102 _ __80-90 80- 90 80- 90 80-90

The process of any preceding claim, wherein the conjugated diolefin is
butadiene or isoprene, the alpha-olefin is ethylene or propylene and

y
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10 Table 3 U.S. Patent 3.405. 194: I n s|$
CoCi[err-beaii%ﬁﬁi2 Cat alTyis Phect Has Been Repiapep)  Cocat al st. More ThERT P“F%: Ex.

1“1“:1“%‘1 CoClf[err]+ CoCl[ err]+
@oCl[err]+ Oo(mml)
TEAL TEA

0. 25 0.50 Organo-
L Al um nuan'p (ol ) 7.27
7. 30 7. 30 A/ Co 29 15 Sol vent
et hyl ene chl oro- chl oro- '25 ) chl ori de benzene

benzene BD (gns)  the 1,4-diene &71,4-hexadiene62-methyl-1,4-héxadiene, or a mixture of
4-methyl-1,4-hexadiene and S5-methyl-1,4-hexadiene.

8. The process of any preceding claim, wherein the selectivity is greater
5 than 99.5%.
9. The process of any preceding claim, in which the rate of reaction is at

least 100 mols of 1,4-diene per mol of cobalt per minute.

10 10.  The process of Claim 9, wherein conjugated diolefin is butadienc and
the alpha-olefin is ethylene, and wherein the cobalt catalyst system
and the reaction conditions are effective to produce a rate of reaction
of at least 500 mols of 1,4-hexadiene produced per mol of cobalt per
minute.

15

11.  The process of any of Claims 1 to 8, wherein the conjugated diolefin is
butadiene and the alpha-olefin is propylene and wherein the cobalt
catalyst system and the reaction conditions are effective to produce a
rate of reaction of at least 30 mols of 2-methyl-1,4 hexadiene per mol

20 of cobalt per minute.

12.  The process of any of Claims 1 to 8, wherein the conjugated diolefin is

isoprene and the alpha-olefin is ethylene and wherein the cobalt

catalyst system and the reaction conditions are effective to produce a

25 rate of reaction of at least 30 mols of a mixture of 4-methyl-1,4-
hexadiene and 5-methyl-1,4-hexadiene per mol of cobalt per minute.

13.  The process of any preceding claim, wherein the dialkylaluminum
halide is diethylaluminum chloride.
30
14.  The process of any preceding claim, when performed at a catalyst
productivity of at least 1000 mols of 1,4-diene per mol of cobalt.

15.  The process of any preceding claim, wherein the cobalt catalyst system
35 comprises Co(acac), and wherein from 0.9 to less than 2 mols of dppp
are combined with the Co(acac)y,.

(g
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BD (ol ) 1,241 1.241 1.241 Di/ Co 9..926

gbggg wo%n,g le e (m88)1 D Y180 180 FCOUSHa Aok €N | c_.
- ield (g) 83.70 78.50 851 Y
1, 4- HD Yleld 1 02 0. 96 1.04 (mols) Prodt'y (nol/nol)

g, 151 3,822 2,069 Rate 45. 28 21.23

17.24 (mol /ol )min) Conv (% 85. 75 92. 72 96. 80
Select'y (% 95. 93 83.21 -266. 30

16.  The process of any preceding claim, wherein the cobalt catalyst system
comprises Co(acac)y combined with dppp and wherein the first order
reaction rate constant per mmole of cobalt is at least 15.

17.  The process of any of Claims 1 to 14, wherein the catalyst system
comprises CoCly(dppp) and further includes triethylaluminum with
no more than two molar equivalents of triethylaluminum per mol

CoC1,(dppp).
10

18.  The process of any preceding claim, wherein the catalyst system has an
A1/Co molar ratio of at least 5:1.

19.  The process in accordance with any one or more of the preceding
15 claims, comprising the further step of using the produced 1,4-dienes in

a polymerization process.

20.  Polyolefin polymers manufactured with 1,4-dienes produced according
to any one or more of the preceding claims.
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-13- Conpar ati ve Exanple 4 and Exanple 5 which foll ow denonstrate

that use of excess triethylalum num (TEAL) as cocatal yst at g ‘@J"‘V?%ﬁ
70[err] C yiel ds unsatisfactory results with the preforned cbeBEPLACEMENT SHEET
chl ori de-dppp catal yst system of the present invention conp T ttie—use
of excess diethylal um num chloride (DEAC) as cocatalyst. In 5@ Jﬁ@? @
exanpl es the prefornmed conpl ex CoCl[err] dppp) is |n|t|aIIy{ i ? ‘mwaa
smal | armount of chl orobenzene in order to assure it is conplfet: '
before addition of the cocatal yst. |
Exanpl e 4 The reaction was carrngl in a simlar :
sane tenperature and pressure as in Exa Ale 1. The preforned conplex
CoCl[err] (dppp) (2% EgOCeSGSfWWDmgﬁpwasndl@@0bvéd&rﬂﬂih&ﬂ_wnﬁhqumu@he

chi orobenzene. To LBLs was afiefboaiddast inyd i Wadh ROl | onyplcn
trlethylalun1nun1(TEAL) |n t ol uene (O. . 2% Anhydr'ous t ol uene
(70 mL) was then af8BBETi8SE hi sre%tepeona m&e&ﬁéd( l%l%l%agflaadeﬂnto

the autocl ave at 6QfQpha}l&lepbh CAnvashdr pgeeepdenidh gt ydiene, aadalpet

reacti on was allomed g égggfg%{ég éégéﬂé};i S. uo significant uptake of

1. Col(acac), combined with dppp or CoCl, (dppp),

where acac 1is acetylacetonate, n edquals the

valence of cobalt, and dppp is 1,3-

bis (diphenylphosphino) -propane, and

2. a dialkylaluminum chloride, present at a molar

ratio of Al/Co of at least 5:1,
in a non-halogenated hydrocarbon solvent reaction
medium, at reaction conditions controlled in a
temperature range less than 70°C. and an alpha-olefin
partial pressure range from about 0.5 to about 100
atmospheres, effective to convert the conjugated
diolefin to a 1,4-diene with essentially 100%
selectivity.

2. The process of claim 1, in which said conjugated
diolefin is butadiene, said alpha-olefin is ethylene
and said 1,4-diene is 1,4-hexadiene.

3. The process of claim 2, in which said cobalt catalyst
system is said Co(acac), combined with dppp and wherein
from about 0.9 to less than 2 mols of dppp are
combined with the Co(acac), in the reaction medium.

4. The process of claim 2, in which said cobalt catalyst
system 1is said Cof(acac), combined with dppp and
wherein, the mol ratio of dppp to Cofacac), is
effective to produce a rate of reaction, at the
reaction temperature less than 70°C., of at least
about 120 mols of 1,4-hexadiene per mol of cobalt per
minute.

5. The process of claim 2, in which said cobalt catalyst

* [ L M S *




et hyl ene was observed duri.ng this tine. Conversion of butad| eiepiscEssE- & gc-; :
hexadiene was | ess than 1% No other product of the reactio

Exampl e 5 The reaction was carried out in a simlar n and_at thé
sane tenperature and pressure as in Exanple 1. The prefornkd c AR 1999
CoCl[err] (dppp) (27 nmg, 0.05 nmole) was dissolved in 10 nL ydr ous

chl or obenzene. To this was added with sti2sri-ng a 25 wt % solfjuti on of
di et hyl al um num chloride (DEAC) in toluene (0.8 nL, 1.5
toluene (70 nL) wasyshem beideid @Zcx(lalcacskqlqctmhmnedBumm dpep( amdlw@gvea\as
added to the autoc r sut ed y e, and
t he reaction was a{:ﬁgeméitgg%r?%c%edd%qg) m nutg'z B%r?ﬁ%égﬁ%%#(g? ew
m nutes the reacti6AtabYSL wRFosycrayttyhatatt heheedrachiare EBUPErAEETDe
control | ed. Oonsurm&s@nt@anebblyteneobagt esseat | @bdyr CEAGEInaf & es£ 61 M nut es.
Conversi on of but ieﬁ realwg <>tp,gr‘uan 9 % Sel ectivity to cis-1,4-
hexadi ene was 99. 99§* %e%$l e%t tof the reaction was 2, 4-

hexadi ene.
6. The process of claim 1, in which said cobalt catalyst

system 1is Cof(acac), combined with dppp and dieth-

ylaluminum chloride.

7. The process of claim 1, in which said cobalt catalyst
system is Cof(acac); combined with dppp and dieth-
ylaluminum chloride. ’

8. The process of c¢laim 6, in which the first order
reaction rate constant per mmole of cobalt is at least
about 15.

9. The process of claim 1, in which said cobalt catalyst

system is CcCl, (dppp) and diethylaluminum chloride.

gy~ e

10. The process of claim 9 in which the rate of the
reaction exceeds 100 mols of 1,4-hexadiene produced

per mol of cobalt per minute.

11. The process of claim 9, in which said cobalt catalyst
system further includes triethylaluminum with no more
than two molar equivalents of triethylaluminum per mol
CoCl, (dppp!} .

12. The process of claim 1, in which said non-halogenated
hydrocarbon solvent is selected from one or more of
toluene, xylene and a 1,4-diene which is the product
of the reaction.

13. The process of claim 1 in which the temperature is at
least about 50°C. and less than 70°C.

14. The process of claim 13, in which said temperature is
about 60°C.

N D
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AMBPIAGEMENT SHE!

i | hustsrates the use of Co(acac)3 as the starting cobalt co
of the conplex. Twice as nuch of this cobalt conpound is neqddd é ﬁwe
essentially the same observed first-order rate constant as Wi tih 2

pref ormed conpl ex. The reaction was carried out in a g dilar. nmanner

oytrd LUTlpUIIUIIL

and at the sane tenperature and pressure 2% -Exanpl e 1. Cobaljt (| 1)
acetyl acetonate (14 ng, 0.04 mmole), and 1, 3-bis (di phenyl
propane (19 ng>-0 @QS ARAGESGePE R1sd vid it geHED arﬂ%}dfoﬁ%ni‘bﬂf%%. To
this was added w talsnefmngla 2buvhdd 89é Ut 4OA Obafd Ct AypRA Ui étin chiori de
in toluene (0.6 m.__1.0.nmole). Butadiene (24.0 g) was added to the

aut ocl ave, which V\B’s”"BY?e%%%red wi th et hylene, and consunption of ethylene
stopped after 27 m nutes. Conversion of butadiene was 99% Selectivity to
ci s-1, 4- hexadiiéne Ths gmp@ﬁﬁs'ﬁﬁécdﬁuw 15, in which said cobalt catalyst

system and said reaction conditions are effective to

produce a rate of reaction, at the reaction
temperature less than 70°C., of at least abcut 30 mols
of 2-methyl-1,4-hexadiene per mol of cobalt per
minute.

17. The process of c¢laim 1, in which said conjugated
diolefin is isoprene and said alpha-olefin is ethylene
and in which said cobalt catalyst system and said
reaction conditions are effective to produce a rate of
reaction, at the reaction temperature less than 70°C.,
of at least about 30 mols of a mixture of 4-methyl-
1,4-hexadiene and 5-methyl-1,4-hexadiene per mol of
cobalt per minute.

18. The process of claim 1 in which said conjugated
' diolefin is isoprene and said alpha-olefin is

propylene.

13. A process for preparing 1,4-hexadiene, which
comprises: reacting butadiene with ethylene in the
presence of a cobalt catalyst system consisting of (a)
Co(II)- (acetylacetonate), and 1,3-bis(diphenyl-
phosphino) propane in a mol ratio of about 1:1.5, and
{b) diethylaluminum chloride, at a mol ratio of Al/Co
of at 1least 5:1, in a non-halogenated hydrocarbon
solvent at reaction conditions controlled in a
temperature range from about 50°C. to 69°C. and an
ethylene partial pressure range from about 0.5 to
about 100 atmospheres, effective to convert the
butadiene to a 1,4-hexadiene with essentially 100%
selectivity at a reaction rate of at least 500 mols of
1,4-hexadiene produced per mol of cobalt per minute.

N A




ot her product of the reaction was 2, 4-hexadi ene. The observed first-order
rate. constant for the reaction was 0.195 min[err]. The rate constant per
wmole Co is 4.9. Ex &gmhie: ooy i

Exanple illustrates the use of Co(acac)2 as the staﬁ“ﬁfdﬁi?ﬁ&ﬁ‘.@f _LohRpdund
conponent of the conplex. Use of this cobalt corrpoupd% in the sane dellati ve
nol ar amounts results in a rate of reaction about onhej aRd! 8ZR4PI tiings t hat
found when the preforned conplex CoC[err]-dppp is ;Us;eAd (a\?_s in Exar_?ple 1).
The reaction was carried out in a simlLar manner and at the same "~ ‘

oL o1 o) ona apRORES R IN e X ace cnatel (2.

(di phenyl phosphi no) propane) were dissolved in 80 nL anhydrous tol uene.

o Seas ST sttt 545K e gl 220, V109
anhydrous tfeemedhe rezgiameat socqwug%ﬁcgrigpéeﬁ%wn% A AlRRAmeageistiny &M stirring a
25 W % sol uhbenpartichEAR ﬂmsﬁcﬂlmeﬁsé%ﬁoﬁingla Qapalyah Q%'setexBui_halﬁE&{gﬁa I( gﬁe&; g)nd
Sonsunt i ortabiot eoRg derery finbghimie A 34 o BB SRART Eortbath et "t adi ene
was 98% Sel ect i \d-Dyjertes acé ssefuldsivermaiomess ingpolykiefia palymesassinesf they 4-

hexadi ene qlﬁ)%s?thte%Wcr%g@oemsflﬁw&' The observed first-order rate

const ant . .

US-A-3,405,194 teaches a method of producing hexadienes by the
reaction of an alpha-monoolefin with a conjugated diolefin in the presence of
a catalyst system of a salt or cobalt or iron, a tertiary diphosphine, and an
organoaluminum compound. The tertiary diphosphines include 1,2-bis
(diphenylphosphino) ethane ("dppe”) and 1,3 -bis (diphenylphosphino)
propane ("dppp").

The examples, and certain contemporaneous and subsequent

publications, teach the importance of reacting a conjugated diolefin with an
alpha-monoolefin at temperatures of 8(° C or more when using a cobalt based
catalyst system of the types described. Thus of the 83 examples in the patent,
68 examples (1-53 and 74-88) are directed to a catalyst system of a salt of
cobalt, a tertiary diphosphine, and an organoaluminum compound, and 64 of
these 68 examples employ a temperature of at least 8¢° C (example 2 is at 7¢°
C and examples 39, 47 and 76 are at SO C, all with a catalyst system including
a cobalt complex with dppe).

In "A New Process for 1,4-Diene Synthesis", A. Miyake, G. Hata, M.
Iwamoto, and S. Yuguchi, Proceedings of the Seventh World Petroleum
Congress. 1967 volume §, 317, the authors described the superiority of a
cobalt diphosphine system of CoC1,-dppe in combination with an aluminum
trialkyl, specifically, triethylaluminum, at 80°C (each also described in US-A-
3,405,194). _

The effects of reaction temperature on reaction rate for butadiene
conversion are particularly described for the catalyst system of CoCl1,-dppe-

Et3A1 in "Reaction of Butadiene with Ethylene. IV. Synthesis of 1,4-
Hexadiene by a Cobalt Choride-Ditertiary Phosphine Complex and an
: Organolaluminum Compound Catalyst”", M. Iwamoto and S. Yuguchi, Bulletin
of the Chemical Society of Japan, 1968, 41, 150. Apparent optimum reaction
temperatures are said to be in the range of 80 to 100°C. Two examples
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for the reaction was 0.150 min[err]. The rate constant pe

15. 00. -15-
‘Exanpl e 8 This Exanple illustrates the use of the pfofftict
ci s-1, 4- hexadi ene as solvent for the reaction. The

epcty
carried out in a simlar manner and at the sane tenperatufe a?d?ggg?g%gre
in Exanple 1. Cobalt(Il) acetylacetonate (10 ng, 0.04 nolg)
ng, 0.045 mole) were dissolved in 80 nmL cis- 1, 4-hexadi epe (dried by

REPLACEMENT SHEET

as

passi ng through a columm of 3A nolecu?ar sieve and al um n

To this wagcReaatom, sBietlilily 4% 8. Budh ¥or ! dld & conversion is shown to
fall precipitously, and at temperatures higher than 100°C a considerable loss
of selectivity from isomerization of 1,4 hexadiene to conjugated dienes,
mainly to 2.4-hexadiene, is reported.

Henrici-Oliv et al. in "Codimerization of Butadiene and Ethylene,"
Journal of Organometallic Chemistry, vol. 35, p. 381 (1972), a study of the
catalytic system described in the above cited articles by Iwamoto et al. report
that temperature of reaction appears critical for high selectivity using CoCl7-
dppe-Et3Al in dichloroethane. Page 381 expressly states that "between 80°C
and 11°C cis-1,4-hexadiene is formed in high yield, whereas below 80°C
more ethylene than butadiene is consumed with the result that Cg
compounds are produced. Above 110°C 1,4-hexadiene is isomerized to 2,4-
hexadiene." Teaching the same is US-A-3,647,902, to Henrici-Oliv et al.
(where the catalyst system is CoCly-dppe-Et3Al in a halogenated
hydrocarbon solvent), stating that the temperature must be not less than 8¢C°C
when ethylene is reacted with 1,3-butadiene, or poor selectivity results (col. 2,
lines 13-24).

The foregoing teachings in the prior art on conducting the reaction at
temperatures of at least 8C°C encompass specific described cobalt catalyst
systems where the diphosphine ligand is dppp. In US-A-3,405,194, examples
18-27, 43 and 88 employ dppp as a cobalt catalyst ligand. In examples 18-27,
the cobalt complex is CoCl; and dppp; in examples 43 and 48, the cobalt
complex is the acetyl acetonate of trivalent cobalt, i.e., Co(CsH702)3, with
the dppp ligand. (Acetylacetonate is sometimes referred to as "acac”; for
example, the acetylacetonate of trivalent cobalt is Co(acac);). The
organoaluminum compound used in examples 18-27, 43 and 88 is
trimethylaluminum ("TMAL") or triethylaluminum ("TEAL") when the cobalt
salt is CoCly and is sometimes diethylaluminum chloride ("DEAC") when
the cobalt salt is Co(acac)3. In all these examples employing the dppp ligand,
the temperatures are in the range 8¢° - 102°C.

"Effects of Ditertiary Phosphine Ligands in Co-dimerization of
Butadiene and Ethylene Catalyzed by cobalt Chloride-Ditertiary Phosphine-
Triethylaluminum" T. Kagawa, Y. Inoue, and H. Hashimoto, Bulletin of the
Chemical Society of Japan, 1970, 43, 1250, reports results for testing a CoC15-
PhoP(CH2)nPPhp-Et3A1 cartalyst system (Ph=phenyl, n=1234 etc) for
effect of length of the methylene chain between the two phosphorus atoms on

eI Tr ogen) .




of DEACin toluene (0.6 nL, 1.0 nole). Butadienc (22.9 g) was added to the
autocl ave at 60[err]C, which was pressured with ethyl ene, [
of ethylene stopped after 23 m nutes. Conversion of butadi
Selectivity to cis-1, 4-hexadi ene (based on product fornmed in{the reaction)
was 99.9% the only other product of the reaction was 2, 4- hekad2 48P 1A%

observed first-order rate constant for the reaction was 0.99% mn[ferr]. THe
rate constant per nmole Co is 238. '

9 This exanple illustrates the u3e of isoprene as th '
di ene react ant; 4 hByddiéhe" }: f _iggpgrem ' EMe theNgsieoduct is a
m xt ure of zﬂn%%hg)fi f—ﬁgﬁégggﬁgsgn - met %t@%rﬁ%ﬁé}(a ietne.hs%t The

reacti on wasaGhrdRRP-BUAY Andicase i | selativahindow ayigldato ¢ hi-hexadienee ffer at ur e
and pressur eypasdiéde. Exanple 1. Cobalt(l1) acetylacetonate (31 ng, 0.12

or thor xyl ener " To Wi LHRETaGR RacgiTss o | F1 1) BoeoaPhes SUiftolor DEAC i n
t ol uene (3. Zonmjugakdndiblefin it baprdéere ¢2Bopregs. didastplesy7HASsndg7t3%r olugh a

I f 3 ' ]
col um of 34,40 6584 964 %@Q%%@-@eylgwsaa@md do14Pe aytagtave at

60[err] C, which was_press v [ and consunption of ethylene
st opped aft esomsnwgteétyler@erl@emmmﬂn plsrpashu-Wrbertadiensed-Edlvi ty to
4-met hyl - 1, 4 hexadiciReat SR hAN-Rexaaiened b, ¥ Dexaeioc Ke Tani, H. Igaki,

and S. Yuguchi, Journal of Organic Chemistry 1967, 32, 4148, reaction of

isoprene with ethylene is reported rapid and selective (97.2 - 99%) at 80-98°C

with the CoCly-dppe-Et3A1l catalyst system.

Even variants of the cobalt catalyst systems teach reaction conversion
of conjugated diolefins to 1,4-dienes at a 80°C minimum. US-A-3,445,540
uses a triphosphine instead of a diphosphine, and US-A-3,574,139 uses cobalt
complexed with two diphosphines, i.e., bis [ethylene bis (diphenylphosphine)]
cobalt (0) or bis [ethylene bis (diphenylphosphine)] cobalt (I) hydride. Both
of these two patents state that "temperatures below 8(° C may be too slow for
operating convenience. The preferred temperature range lies between 80
and 120°C..." (US-A-3,574,139, col. 3, lines 70-74; US-A-3,445,540, col. §,
lines 35-39.)

In US-A-3,405,194, toluene is the solvent in examples 18-23 and 43;
halogenated hydrocarbon solvents are used in examples 24-27 and 88.
Halogenated hydrocarbon solvents are instructed to be used to improve
selectivity when the intended hexadiene is 1,4-hexadiene, and to provide the
further advantage of easier cobalt catalyst handling, since these solvents
dissolve the cobalt complex completely (col. 4, lines 60-67). In the article by
Henrici-Oliv et al. cited above, halogenated hydrocarbon solvents are said
to be favored, because CoCly-dppe is insoluble in toluene and alkylation
reactions of transition metal salts with aluminum alkyls are faster and more
complete in halogenated solvents than in aromatics. US-A-3,647-902 contain
a similar teaching

According to the present invention there is provided a process for
producing substantially pure 14 dienes, which comprises reacting a
conjugated diolefin with an alpha-olefin in a hydrocarbon solvent reaction
medium and in the presence of a catalyst system consisting essentially a
cobalt compound, a tertiary diphosphine and an organo aluminum



(1299 was essentially 100% The observed first-order rate constant for the
reaction was 0.218 mn[err]. The rate constant per mol e AEPL Jﬁ?ﬁh’T. SHEE'{

Exanpl e 10 The Exanple shows that using a nolar ratig

to Co(acac)n that is less than two is preferred. In this e | e, even

t hough t he 16- 2h8ER 11987
the cobalt salt of highest activity was quadrupled and a 2f 1j rati o of dppp

ligand to Co(acac)[err] was used, a nmuch slower rate of rejpction resulted.
A nolar ratio of dppp ligand of fromé4-little | ess than un

2 1is compound, characterized in that the catalyst system comprises: Co(acac)y
combined with dppp or a preformed complex of CoCl(dppp), where acac is
acetylacetonate, dppp is 1,3-bis (diphenylphosphino) propane, and n is the
valence of cobalt; and a dialkylaluminum halide, and in that the reaction is
performed at a temperature of less than 70°C to convert the conjugated
diolefin to the 1,4-diene with substantially 100% selectivity. It is preferred to
perform the process at a temperature of about 60°C. It is also preferred to.
perform the process at an alpha-olefin partial pressure of from 50 to 10,000
kPa (0.5 to 100 atmospheres). By "pure” is generally meant more than about
99%¢ 1,4-diene, preferably approaching or equaling 100% 1,4-diene.

The highest selectivity, essentially 100 percent selectivity, is desired, in
order to maximize production of pure 1,4-dienes, thereby eliminating the
difficult separation of 2,4-diene and other by-products to satisfy the
commercial need for pure 1,4-dienes. It has been found that substantially
100% selectivity from reaction of conjugated diolefins with an alpha-olefin is
possible using the process according to the invention. Preferably the
selectivity is greater than 98.5%, more preferably greater than 99%, most
preferably 99.5% and ideally 100%. It is also possible by selection of reaction
conditions within the specified ranges to provide essentially pure 1.4-dienes
from conjugated diolefins at high rates of reaction and/or high catalys:
productivity. '

In order to obtain highest reaction rates per unit of catalyst, the prior
art has employed halogenated hydrocarbon solvents for preformed catalysts,
particularly the favored CoCly-dppe/TEAL catalyst system of the above
referenced prior art. However, halogenated solvents are environmentally
disfavored, are corrosive to equipment, and consequently are commercially
unattractive as a means of improving catalytic reaction rates and product
yields. With the process of this invention it is possible to promote reaction of
conjugated diolefins and alpha-olefins at high rates of reaction without the
use of halogenated hydrocarbon solvents.

Surprisingly, contrary to the teachings of the prior art, such results are
achievable at temperatures less than 80°C. Further, exceptional selectivity at
these reaction temperatures in this particular catalyst system may be
accompanied by vastly increased rates of reaction and catalyst productivity,
indicative of a very reactive species of catalyst. Still more surprisingly, these
results may be accomplished without use of the corrosive and



preferred, as in Exanple 7, which uses a dppp:Co ratio of 1.5.1, vet

achieves significantly greater activity with one-fourth thg W“!@E.aﬂ‘ﬁ
cobal t. The reaction was carried out in a simlar mafp -he—
sanme tenperature and pressure as in Exanple 7 but with a 2 1 dppp: %
ratio. Cobalt(ll) acetylacetonate (10 ng, 0.04 mmvole) and ¢ppp £3§Eﬁg, .48
mol e) were dissolved in 80 nL anhydrous toluene. To this ya$ added with
stirring a 25 wt% solution of DEAC in tolucnc (0.6 nL, 1.0§mmmole).

But adi ene (20.3 g) was added to the aufeclave at 60[err]C, |

pressured wehirSARY¥h@RNE distibrid Ralo t @ Ryd@Ta A dnOsddek it it a6 € §diok or 60
m nutes. At this tls\r%gg‘ﬁg verS| on, o ut a %gne was only 76% Selectivity to

cis-1,4- hetadieafe egused t“P\é’“B"ﬁP’?Y product of the reaction was
2, 4- hexadi ene. "ﬂfmabﬂmyeﬂpfcyésﬁn tigdprocesstaf thisnavemion are Chlacaggcti on was
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Tabl esm4n<[iﬁ é’blﬁl—&ew ‘ﬂ@rﬁbo&iég fggﬁ mlﬁé‘%’ﬁ) aa&? QE?( coc?talgsté are 10, in
descendi ng cs¢@emdofromﬁealbflamgammolmalxdr;heofr thee °©ﬂ€rrﬂéaf@tm@ ROR' Ak adi ene t o
L - hexad: enperd Riks 2 aBlyl Adbly id0me 1) r?@f%@f"& i¢ ifdhenadrgr ol of

o e acac) BENTER HUIAS 55 prrle. SreLHANBIR SHIOT SRR b o5
6,8) to abouhldride| Exmbmzmnﬁnms:anuwar.wbbmpyw1mﬂmr&mmdat afipgp per nol
of Co(acac) [setgbrulrylalummum halides. Conjugated diolefins employed suitably are 1,3-
butadiene (sometimes referred to herein simply as butadiene or "BD") or
isoprene, and the alpha monoolefins suitably are ethylene or propylene.
Where the reactants are butadiene and ethylene, pure 1,4-hexadiene is
produced.

When the cobalt catalyst is Co(acac)p, preferably from about 0.9 to
less than 2 mols of dppp are combined with the Co(acac)y in the reaction
medium. Advantageously, the mol ratio of dppp to Co(acac)y is effective to
produce a rate of reaction, at a reaction temperature less than 70°C,
preferably around 60°C, of at least about 120 mols of 1,4-hexadiene per mol
of cobalt per minute, where the conjugated diene is butadiene or where
isoprene or propylene are the reactants, of at least 30 mols of pure product
per mol of cobalt per minute. Ad\}antageously, the mol ratio of dppp to
Co(acac)y is effective for a catalyst productivity, at the reaction temperature
less than 7(PC, of at least about 1000-mols of 1,4-hexadiene per mol of cobalt.

In a preferred embodiment, the catalyst system is Co(acac)y combined
with dppp and diethylaluminum chloride or Co(acac)3 combined with dppp
and diethylaluminum chloride.

In another preferred embodiment, the process catalyst system is
CoClp(dppp) and diethylaluminum chloride. Using this system in the
process, the rate of the reaction suitably exceeds 100 mols of 1,4-hexadiene
produced per mol of cobalt per minute. The most preferred embodiment is a
process for preparing pure 1,4-hexadiene, which comprises reacting
butadiene with ethylene in the presence of a catalyst system consisting of (a)
Co (II) (acetylacetonate); and 1,3- bis (diphenylphosphino) propane in a
preferred mol ratio of about 1:1.5, and (b) diethylaluminum chioride, at a
mol ratio of A1/Co of at least 5:1, in a hydrocarbon solvent at reaction
conditions controlled in a temperature range from about S0°C to 69 C and an




«Co(acac)[err]. In all instances, selectivity to 1, 4-hexadiene-1s .
essentially 100% Table 5 tabul ates data fromthe orﬁgﬁﬁswﬂ'@” SHEET
exanmpl es of US-A- 3,405,194 (these use a Co(acac)3 conbingd fwmth dppp
catalyst). In Exanple 43 of the patent, a DEAC cocatal yst | g uae?sgb 1999
tenperature above 70[err]C. Rate of reaction was very slow jbout one fift
that of the mninumpreferred -rate for the Co(acac)[err] cpnerred—wtiTap
systemat |less than 70[err]C In patent Exanple 88, the nophoolefinis
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propyl ene and the rate is about a thit®-that of Exanpl e 43707 the patent.
I'n the tabl afpha-dlefin i partiabpressere arge ifforet By wna0,00€3KP4 . HriopydEne, and

?Eg?r abbr e‘ékr%ép%%?esir gffga%es o CeoAvert nth'léa Iu?asdiv;-.lrie %o aﬂg-h%Xadiene with
essentially 100% selectivity at a reaction rate of at least 500 mols of 1,4-
hexadiene produced per mol of cobalt per minute.

Optionally, the catalyst system employing the CoCl2(dppp) preformed
complex further includes triethylaluminum, preferably with no more than two
molar equivalents of triethylaluminum pre mol of the preformed complex.

The improved catalyst preferably uses diethylaluminum chloride as
the dialkylaluminum halide cocatalyst. This is uséd alone when the catalyst is
formed in situ from Co(acac)3 or Co(acac)p. When the improved preformed
complex CoCly(dppp) is used, triethylaluminum, preferably up to two
equivalents (Et3A1:Co not more than 2), may be added with the
diethylaluminum chloride.

The temperature of the reaction has a dramatic effect on the
selectivity of the reaction to the desired 1,4-diene with the catalyst systems
employed in the process of the present invention. The process temperature is
less than 70°C, preferably from S(°C to less than 70°C, and most preferably
from 55°C to 65°C, eg about 6(°C. In examples 1 through 3 and § through 10
below of the present improved process, the temperature of reaction is 60°C.
Selectivity to 1,4-hexadiene in these Examples approaches 100%. The
reaction rate and catalyst productivity are very high with the improved
catalyst despite the improvement in selectivity by use of a lower temperature.

The improved process may use a hydrocarbon solvent such as toluene
or xylene or the 1,4-diene product of the reaction, e.g. 1,4-hexadiene from the
reaction of butadiene with ethylene. No separation of a solvent from the
product is needed when the product is used as the solvent for the reaction.
Halogenated solvents are usable but unnecessary for adequate results.

The present invention is illustrated by the following Examples 1
through 3 and S through 10. In all of these examples except Example 5, data
is given on (1) conversion of the charged conjugated diene by a catalyst
system, i.e., the percent conversion of a conjugated diene charge to all
products of reaction, (2) productivity of a catalyst system, i.e., yield of the
desired 1,4-diene product per mol of cobalt catalyst, (3) selectivity of the
catalyst system for the desired 1,4-diene, i.e., the percent of all the products
which is the desired 1,4-diene, (4) the observed first order rate constant of
the catalyst system, and (5) the overall reaction rate of the catalyst system.



«Table 4

Co(acac)[err]

I'\I_l\f'\ I\

Conmbi ned Wth dppp Catal yst,
Less. Than 70[err]C  Ex. 7 8 EPL@EW’ENT S“EET
10 9 Co Cmpd Co(acac)[err] Co(acac) | Co(acac)[e
Co(acac)[err] Co(acac)[err] + 1.5 dppp + dppp +
+ dppp Co (mmol) 0.01 0. 04 0. 04 020149Eﬁ 1@@3 1
Or gano- DEAC DEAC DEAC DEA( '
Al um num Cnpd Al (Mol ) 1.00 1. 00 1 00 1.00
6. 00 Al/ Co 100 25-7- Z5 50
Sol vent &N u " Siri¢ &z Xofl ene Di
>0 o Th E‘o"lfﬁzersxon %ﬁdl'é‘@f) (exﬁr@&&@“ﬁ a I§etr ) is m&s e
22 9 odiese convertedzgp gll producty dividey bx ,Wﬁj{i )Of ene charged, (for 13- 494
34398 BJﬁdlene, perc@xﬁ(boﬁl/érﬁ@n is the percent ofdthob®,3-butadiedd cObidrted 11. (1:%1

2 Tine (i nﬁd aJﬂ produgtﬂmol 1,3- but%ne charged). 27 SC?ectxvxty" gacp%sed a a2 7
(O
(9)

enp
pércentage) is the6@ols yield of §@articular die6® product diviged by4theD Yi el d

mols oBYiehe converta® 184l produc?s?- fﬁ;us, selec?i%ir?%f the catalyst
system for 1,4-hexadiene with a charge of etﬁylene and 1,3-butadiene is mols
of 1,4-hexadiene yield/mols 1,3-butadiene converted to all products. "Yield"
of a desired product results from multiplying the selectivity percentage of the
catalyst system for that desired product under the conditions of the reaction
times the aggregate mols of all the products into which the charge diene is
converted.

The first order rate constant in the Examples is helpful for within
system comparisons. As is shown, the first order reaction rate constant per
mmole of cobalt can be about 15. Ethylene pressure in a2 500 mL vessel was
recorded vs. time during the reaction as the ethylene was fed to the reactor to
keep the pressure constant. The reaction was permitted to proceed for a long
enough time to determine the pressure of ethylene remaining afrer all
butadiene had been consumed. The Pyjme-Pfinal is then proportional to the
amount of butadiene remaining in the autoclave. The reaction is first order
for butadiene, and a plot of In(Pyime-Pginal) vs. time yields a straight line, the
slope of which is the observed rate constant.

33. 48

Example 1

In 2 nitrogen-filled glove box 6 mg (0.01 mmole) of a preformed
complex of CoC17 (1,3-bis (diphenylphosphino) propane) was dissolved in 80
mL anhydrous toluene. To this was added with stirring a 25 wt% solution of
diethylaluminum chloride in toluene (0.6 mL, 1.0 mmole). This solution was
transferred under nitrogen to a 300 mL stirred autoclave and heated to 60°C.
With the stirrer stopped, butadiene (20.8 g, dried and with ¢-butylcatechol
inhibitor removed by passing through a column of 3A molecular sieve and a
column of basic alumina) was pressured into the autoclave using ethylene and
the total pressure brought to 2089 kPa with the ethylene. The stirrer was
started, and the total pressure in the autoclave was kept constant at 1400 kPa
(200 psig) by feeding ethylene through a pressure regulator from a 500 mL
vessel containing ethylene at a higher pressure. The rate of the reaction was



.1, 4- HD Yield 0.41 0. 42 0. 44 0. 29 034 (nol s
Prodt'y. (nol /nol) 40, 764 10, 468 10, 970 7,123
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1st 0. 15 0. 095 0.195 0. 04 0.218 Olddr Rate K
(mn[err]) Rate/nnmmol 15. 00 2.38 4.90 2 15EF1999
1.82 Conv (% 08 99 99 74 99
Select'y (% 100 99. 9 99.9 . 99. 9 100
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monitored by the drop in pressure in this vessel. After the consumption of
ethylene had essentially stopped (71 minutes) the autoclave was cooled
rapidly in an ice bath. The autoclave was vented, opened, and the contents
removed and analyzed by gas chromatography. Conversion of butadiene was
97%. Selectivity to cis-1,4-hexadiene was 99.9%. The only other product of
the reaction was 2,4-hexadiene. Vinylcyclohexene, which is an impurity in the
butadiene, was also found. The observed first-order rate constant for the
reaction was 0.106 min-1, The rate constant per mmole Co is 10.6

Example 2

This example illustrates that the rate of the reaction doubles when the
amount of starting cobalt complex is doubled. The reaction was carried out
in a similar manner and at the same temperature and pressure as in Example
L.

11 mg (0.02 mmole) of the preformed complex of CoClip(1,3- bis
(diphenylphosphino) propane) was dissolved in 80 mL anhydrous toluene.
To this was added with stirring a 25 wt% solution of diethylaluminum
chloride in toluene (0.6 mL, 1.0 mmole). Only 11.8 g of butadiene was added
to the autoclave, and consumption of ethylene stopped after 37 minutes.
Conversion of butadiene was 94%. Selectivity to cis-1,4-hexadiene was 100%.
A trace of 2,4-hexadiene (less than 0.1%) was found. The observed first-
order rate constant for the reaction was 0.206 min-1. The rate constant per
mmole Co is 10.3.

Example 3
This illustrates the use of two equivalents of
triethylaluminum per cobalt in addition to an excess of diethylaluminum
chloride.

example

The reaction was carried out in a similar manner and at the same
temperature and pressure as Example 1. The preformed complex CoCly
(1,3-bis (diphenylphosphino) propane) (11 mg, 0.02 mmole) was dissolved in
80 mL anhydrous toluene. To this was added with stirring a 25 wt% solution
of diethylaluminum chloride in toluene (0.5 mL, 0.96 mmole) and also a 2.5
wt% solution of triethylaluminum in toluene (0.2 mL, 0.04 mmole).
Butadiene (22.7 g) was added to the autoclave, and consumption of ethylene
stopped after 25 minutes. Conversion of butadiene was 98%. Selectivity to
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Table U S. Patent 3.405. 194+— 8
Or ganoal unm num Cocat al ysjt .RERbAGEMEMINSHEE

70[err]C . 43 88 . o} ]
Co(acac)[err] Co(acac)[err] + dp +,
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:2351903 @El,@m&haiene was 1009, 3A trace of %%—%%xadiene (lAd §2n 0.1%) was 620

ound. The observed first-order rate constant for the reaction was 0.206 min-
1. The rate constant per mmole Co is 10.3.

Tables 1,2 and 3

The data of Examples 1, 2 and 3 for cis-1,4-hexadiene production
using a preformed cobalt chloride-dppp catalyst and DEAC cocatalyst at a
temperature less than 70°C are set forth in Table 1, arranged in descending
order of overall rate of reaction. The surprising difference between these
results and those using the samec catalyst but with a TEAL cocatalyst at
temperatures above 7(° C are seen by comparison of the data of Table 1 with
the data of following Table 2, a tabulation of data from examples contained
in US-A-3,405,194, also arranged in the same descending order. There is an
order of magnitude greater rate of reaction when using a preformed cobalt
chloride-dppp catalyst and DEAC cocatalyst at less than 70°C in accordance
with the invention, compared to using a preformed cobalt chloride-dppp
catalyst and TEAL cocatalyst at more than 70°C; further, the selectivity to
1,4-hexadiene is essentially 1009 when using the preformed cobalt chloride-
dppp catalyst and DEAC cocatalyst at less than 70°C, but is less than 90%
with the prior art catalyst system at the higher temperatures. The same
improvement exists whether the prior art process CoCly-dppp is preformed
or not. Table 3 tabulates data calculated from examples in the US-A-
3,405,194 patent in which the CoCly-dppp catalyst was formed in siru and
used in the presence of TEAL at temperatures above 70°C. Reaction rates
are on the same order as the preformed catalyst set out in Table 2. In Tables
1,2 and 3, "Al" is aluminum, "Co" is cobalt, "Cmpd" is compound, "BD" is
butadiene, "Di" is diene, and "1,4-HD" is 1,4-hexadiene. "Prodt’y"
productivity. “Conv" is conversion of butadiene to 1,4-hexadiene, and
"Select’y” is selectivity of conversion of butadiene to 1,4-hexadiene. "TMAL"
is Trimethyl Aluminum. .

1s catalyst
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Table 1
Preformed CoC17(dppp) Catalyst, DEAC Cocatalyst
Less Than 7P C

Ex 3 1 2
Co Cmpd CoCl CoClg CoC1,

(dppp) | (dppp) | (dpop)
Organo- DEAC+ | DEAC | DEAC
Aluminum TEAL
Cmpd
Al (mmol) 1.00 1.00 1.00
Al/Co S0 100 S0
Solvent toluene | toluene | toluene
BD (gms) 22.70 20.80 11.80
BD (mmol) 420 385 219
Di/Co 21,019 38,519 10,926
Time (min) 25 71 37
Temp (°C) 60 60 60
1,4-HD  Yield| 33.78 30.61 16.84
(gms)
1,4-HD  Yield| 0.41 0.37 0.21
(mols)
Prodty 20,563 37,262 10,253
(mol/mol)
Rate 823 525 277
(mol/mol/min)
Observed 1st | 0.206 0.106 0.206
Order Rate K
(min-1) '
Rate per mmol| 10.30 10.60 10.30
Co
Conv (%) 98 97 94
Select’y (%) 100 99.9 100



* 19- In the follow ng Exanples 11 through 14, results of using a
cat al'yst. system having a 1, 2-bi s (di phenyl phosphi no) et hane (dppe) catal yst
l.igand at a tenperature |ess than 70[err]C are shown. ”Ormpal arive .
Exanpl es 11 and 12 show that a substantially slower rate d¢f f REBat sni ontel |
results when dppe is conbined with Co(acac)[err] and DEACiatf a tenperaturg
of 60[err]C. This is the case wwth a nolar ratio of dppe: o |of qlggpqugi; 1
or 2:1. Conpar ati ve Exanple 11 %he reactlo
was carried out in a simlar manner ang.at the sane tenper|attre—and

pressure as in Exanple 1. Cobalt(ll),rg;g 4yl acetonate (10 g, 0.04 nmol e)
and dppe (16 ng, 0.04 nnnle) were d ed in 80 nmL anhydrous tol uene. To
this was added wi t U.Si¥Ha ¢ 4 R CoQl g} €atalysh| uni num chl ori de
in toluene (0.6 nL, 1.0 was addedtothe

autocl ave at 60[err] C, whi ﬂ‘ | ':EN?IG,- ?ﬁa'&’e hyl ene, and the reaction
was allowed to proceed for 60 minuytes (‘nn\/pr si on_of it adi ene was 99%
Sel ectivit Y EO Ci s-124-hexpdjene wag 99. 4% thej oply ofher prpdgct of the
reaction e aur erer e ogserved [ fiTst pruer rate congrant fjor the

reaction waS:OCQGPQ miGaCder | CoCat ¢ Cofpka atoCln [ fRbile c&oE21) §9C12
(dppp) | (dppp) | (dppp) | (dppp) | (dppp) | (dppp) | (dppp)
Co (mmol) | 0.25 0.18 0.25 0.13 0.50 0.50 0.50

Organo- TMAL | TEAL | TEAL | TEAL | TEAL | TEAL | TEAL

Aluminum

Cmpd

Al (mmol) { 15.65 | 8.47 10.95 1095 [ 146 5.11 5.11

Al1/Co 63 46 44 88 3 10 10

Solvent toluene | ethylene | toluene | toluene | toluene | toluene| toluene
_ chloride

BD (gms) | 114 85.7 100 100 100 20.5 20.5

BD 2,111 1,587 1,852 | 1,852 | 1,852 380 380

{mmol)

Di/Co 8.444 | 8,625 7,4017 | 14,815 | 3,704 759 759

Time 180 120 180 180 156 60 1140

(min) '

Temp CC) | 80-90 | 98-102 | 80-90 | 80-90 | 80-90 80-90 | 80-90
1,4-HD 161.80 | 67.20 116.70 | 51.80 | 105.80 | 24.40 | 13.40
Yield (g)
1,4-HD 1.97 0.82 1.42 0.63 1.29 0.30 0.16
Yield
(mols)
Prodt’y 7879 | 4,446 5,683 | 5045 {2576 594 326
(mol/mol) ‘
Rate 43.77 | 37.05 3157 | 28.03 16.51 9.90 0.29
(mol/mol/
min)

Conv (%) | 10741 | 65.05 18925 | 4041 |93.87 112.59 | 149.37

Select’y 87.01 | 79.37 86.11 | 8441 | 7422 69.61 | 28.82
(%)




«Conpar ati ve Exanple 12 The reaction was carried out

manner and at the sane tenperature and pressure as in Exanple 1.

in asimlar

s

(Cobalt(ll) acetylacetonate (10 ng, 0.04 mmol e) and dppe

mol e) were dissolved in 80 nL anhydrous toluene. To this
stirring a 25 wt % sol ution of diethylalum numchloride in
1.0 mmol e). Butadiene (20.6 g) was added to the autocl ave
whi ch was pressured with ethylene, and the reaction was al
for 60 m nutes. Conversion of butadi ege.was 99% Sel ecti vi

t| 6Q[€3ER 4999

| gwed to procee

ci s-1, 4- hexadi ene was 99.6% the only other product of the
2, 4- hexadi ene. The observed first-order

0.116 min[err]. (Rate constant) / (Mablegd Co) = 2. 90.

PRI LT |

| uene (0.6 nL

LO

reaction was

Exanpl es 13 and 14 ' L I mg)w‘
reaction results wh
A talyst, More Than 7

Ex. 27 26 25
Co Cmpd CoCla+ | CoClp+ | CoCln+

dppp 0.5 dppp | dppp
Co (mmol) 0.13 0.25 0.50
Organo- TEAL | TEAL TEAL
Aluminum Cmpd
Al (mmol) 7.27 7.30 7.30
Al/Co 58 29 15
Solvent ethylene | chloro- | chloro-

chloride | benzene | benzene
BD (gms) 67 67 67
BD (mmol) 1.241 1,241 1.241
Di/Co 9.926 4.963 2,481
Time (min) 180 180 180
Temp CC) 80-90 " | 80-90 80
1,4-HD Yield (g) | 83.70 78.50 85.00
1,4-HD Yield| 1.02 0.96 1.04
(mols) '
Prodt’y (mol/mol) | 8,151 3,822 2,069
Rate 45.28 21.23 17.24
(mol/mol/min)
Conv (%) 85.75 92.72 96.80
Select’y (%) 95.93 83.21 86.30

rate constant for the reacti on was

Conparative

t ﬁf&’ﬂﬁ%é;@l !Ey sl ower rate of



#20 - Co(acac)3 and DEAC at a tenperature less than 70C.

with'a dppe: Co nolar ratio of either 1:1 or 2:1.

Conpar ati ve Exanple 13 The reaction was carried ouf
manner and at the sane tenperature and pressure as in EXxa
Cobalt(I11) acetyl acetonate (14 ng, 0.04 mmol e) and dppe

mol e) were dissolved in 80 nL anhydrous toluene. To thig v

stirring a 25 w% solution of DEAC in toluene (0.6 n_, 1.

This is the case

REPLACEMENT

mpl e 1.

(16 gu.SEP 6999
s added with
0 ot ey

But adi ene (20.1 g) was added to'the auPocI ave at 60C, whi
wi th ethylene, and the reactlon was aI
Conversi on of but‘dimeiativefxagule doand Example §,which.fp

ch was pressured |
owed tQ proceeﬂgfor 0O m nutes.
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system of the present invention compared to the use of excess

diethylaluminum chloride (DEAC) as cocatalyst. In these two examples the

preformed complex CoCly(dppp) is initially dissolved in a small amount of

chlorobenzene in order to assure it is completely dissolved before addition of

the cocatalyst.

Comparative Example 4
The reaction was carried out in a similar manner and

at the same

temperature and pressure as in Example 1. The preformed complex
CoCly(dppp) (27 mg, 0.05 mmole) was dissolved in 10 mL anhydrous
chlorobenzene. To this was added with stirring a 25 wt% solution of

triethylaluminum (TEAL) in toluene (0.8 mL, 1.5 mmole).
toluene (70 mL) was then added to this solution. Butadiene

Anhydrous
(21.6 g) was

added to the autoclave at 6(°C, which was pressured with ethylene, and the
eaction was allowed to proceed for 14 minutes. No significant uptake of

ethylene was observed during this time. Conversion of butadie

ne to cis-1,4-

hexadiene was less than 1%. No other product of the reaction was observed.

Example §

The reaction was carried out in a similar manner and

at the same

temperature and pressure as in Example 1. The preformed complex
- CoClo(dppp) (27 mg, 0.05 mmole) was dissolved in 10 mL anhydrous
chlorobenzene. To this was added with stirring a 25 wt% solution of

diethylaluminum chloride (DEAC) in toluene (0.8 mlL,

1.5 mmole).

Anhydrous toluene (70 mL) was then added to this solution. Butadiene (21.1
g) was added to the autoclave at 6(° C, which was pressured with ethylene,
and the reaction was allowed to proceed for 30 minutes. During the first few
minutes the reaction rate was so fast that the temperature could not be
controlled. Consumption of ethylene had essentially ceased after 6 minutes.
Conversion of butadiene was greater than 99%. Selectivity to cis-1,4-
hexadiene was 99.9%; the only other product of the reaction was 24-

hexadiene.



sConpar ati ve Exanple 14 The reaction was carried out in a simlar
manner and at the sane tenperature and pressure as in

Cobal t (111) acetyl acetonate (14 ng, 0.04 nmole) and dpp %&X@Eﬁ 5@557
mol e) were dissolved in 80 nL anhydrous toluene. To thjsf was added W {h;
stirring a 25 wt % solution of DEAC in toluene (0.6 m, 1.0 %ﬁ)

But adi ene (23.6 g) was added to the autoclave at 60[err was
pressured with ethylene, and the reaction was all owed tjo ‘proceet—For—aed
m nutes. Conversion of butadi ene was_ ][‘ﬁ% Selectivity tjo cis-1, 4-hexadi epe

was 99.75; the only other product of the reaction was 2. 4- hexadlene g
observed first order rate constantExamplefe reacti on was 0.020 min[err].

(Rate constant) Thi{ ENErhpleCZPl)JstraQs 59e use of Co(acac)s as the startmg cobalt  Tables
6 and 7 The .dat a_ of ‘irr%"fo 1 3.and 14, .al If o‘ggg at a
reaction t GPFRCHR, SOTRYENT [c&nﬂ ar ¥igeps {BpeH, 9

descendi ng cormpeundfis neededad ackiave esslanumlyethfecshhmwbsgrv'édtﬂret ardsewef ort h

t abul ati ons oldr pat ent exanpl es of US-A-3, 405,194
obt ai ned at oggtﬁlgg%ﬁ@ﬁ ;Br@ gl&rcg e%g than 70[err]C. The quantities of

Co(acac)n enpl oyBte T%CEQ@hﬁﬂse@ﬂlideug%Slm a3y BaRRRT anthat dBe sHBequant i ti es
enpl oyed i nefppapRLR fhd ss@?é R FeOTTbCBSQltM/I Bc&?ﬂ@et@h@iel@ﬂ@n%m vent)

gggn%?m y In?xrlolgo (ang ?%-bxs ?gxggenﬁghosphmo? p%)pa e (%9 mg, S Hme vent) - S
were dissolved in 80 mL anhydrous toluene. To this was added with stirring a
25 wt%% solution of dicthylaluminum chloride in toluene (0.6 mL, 1.0 mmole).
Butadiene (24.0 g) was added to the autoclave, which was pressured with
ethylene, and consumption of ethylene stopped after 27 minutes. Conversion
of butadiene was 99%. Selectivity to cis-1,4-hexadiene was 99.9%. The only
other product of the reaction was 2,4-hexadiene. The observed first-order

rate constant for the reaction was 0.195 min-1. The rate constant per mmole
Cois 4.9.

Example 7
This Example illustrates the use of Co(acac)s as the starting cobalt

compound component of the complex. Use of this cobalt compound in the
same relative molar amounts results in a rate of reaction about one and a half
times that found when the preformed complex CoClz-dppp is used (as in
Example 1).

The reaction was carried out in a similar manner and at the same
temperature and pressure as in Example 1. Cobalt(II) acetylacetonate (2.6
mg, 0.01 mmole) and dppp (6.2 mg, 0.015 mmole, dppp = 1,3-bis
(diphenylphiosphino) propane) were dissolved in 80 mlL anhydrous toluene.
This was accomplished by using 2 mL of a stock solution made by dissolving
Co(acac); (26 mg, 0.10 mmole) and dppp (62 mg, 0.15 mmole) in 20 mL of
anhydrous toluene. To the 80 mL catalyst solution was added with stirring a
25 wt% solution of DEAC in toluene (0.6 mL, 1.0 mmole). Butadiene (22.5
g) was added to the autoclave at 6(0°C, which was pressured with ethylene,
and consumption of ethylene stopped after 32 minutes. Conversion of
butadiene was 98%. Selectivity to cis-1,4-hexadiene was 100%; a trace of 2 4-
hexadiene (less than 0.1%) was found. The observed first-order rate constant
for the reaction was 0.150 min-1. The rate constant per mmole Co is 15.00.



#21 - Table 6, a catal yst system enploying the ligand 1, 2-bis

(di phenyl phosphi no) et hane, or "dppe" as abbrevi ated her ei Pe—ln_conbination.
with Co(acac)[err] or Co(acac)3, even in the presence of a cmgm_mﬁmgmnm

hal i de, and even at the sane tenperatures as used in Exanp}|ep—6—efe—8;

| ess than half as catalytically active as Exanples 6 and 8 The rgécﬁgﬁe
rates for the conparabl e patent exanples shown in table 7 shhw &hSER: I
slow reaction rate, nore than 30 tines slower than the ratpsiof Examples 31
t hrough 14.

In Table 7, "EASC' is ethyt.alum num sesquichl pride.

Example 8

This Example illustrates the use of the product cis-1,4-hexadiene as
solvent for the reaction.

The reaction was carried out in a similar manner and at the same
temperature and pressure as in Example 1. Cobalt(Il) acetylacetonate (10
mg, 0.04 mole) and dppp (19 mg, 0.045 mmole) were dissolved in 80 mL cis-
1,4-hexadiene (dried by passing through a column of 3A molecular sieve and
alumina under nitrogen). To this was added with stirring a 25 wt% solution
of DEAC in tolucne (0.6 mL, 1.0 mmole). Butadienc (22.9 g) was added to
the autoclave at 60°C, which was pressured with ethylene, and consumption
of ethylene stopped after 23 minutes. Conversion of butadiene was 99%.
Selectivity to cis-1,4-hexadiene (based on product formed in the reaction) was
99.9%; the only other product of the reaction was 2,4-hexadiene. The
observed first-order rate constant for the reaction was 0.095 min-l. The rate
constant per mmole Co is 2.38.

Example 9
This example illustrates the use of isoprene as the conjugated diene

reactant. In the reaction of isoprene with ethylene, the product is a mixture
of 4-methyl-1,4-hexadiene and 5-methyl-1,4-hexadiene.

The reaction was carried out in a similar manner and at the same
temperature and pressure as in Example 1. Cobait(II) acetylacetonate (31
mg, 0.12 mmole) and dppp (52 mg, 0.125 mmole) were dissolved in 80 mL
anhydrous ortho-xylene. To this was added with stirring at 25 wt% solution
of DEAC in toluene (3.3 mL, 6 mole). Isoprene (23.6 g, dried by passing
through a column of 3A molecular sieve and alumina) was added to the
autoclave at 60°C, which was pressured with ethylene, and consumption of
ethylene stopped after 33 minutes. Conversion of isoprene was 99%.
Selectivity to 4-methyl-1,4-hexadiene (88%) and S-méthyl-1,4-hexadiene
(12%) was essentially 100%. The observed first-order rate constant for the
reaction was 0.218 min-1. The rate constant per mmole Co is 1.82.

Example 10

The Example shows that using a molar ratio of dppp ligand to
Co(acac)y, that is less than two is preferred. In this example, even though the
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Tabl e 6

Co(acac)[err] Conbi ned

Wt h- dppe Catal yst DEAC Cocat al yst. Less Than 7 A £ gyl
11 14 12 13 Co Onpd REPEACEMENT SHE
Co(acac)[err] Co(acac)[err] Co(acac)[err] Co(acac)[err] i
+ dppe + dppe +2 dppe + dppe Co (mmol) 21SEPO9®AL | |
0.01 0. 04 0. 04 Organo- DEAC DEAC

DEAC DEAC Al um num Cnpd Al (rmol) 1.00 1. 00

1.00 1.00 -16 -

amount of the cabalt salt of highest activity was quadrupled and a 2:1 ratio of
dppp ligand to Co(acac)y was used, a much slower rate of reaction resulted.
A molar ratio of dppp ligand of from a little less than unity to less than 2 is
preferred, as in Example 7, which uses a dppp:Co ratio of 1.5:1, yet achieves
significantly greater activity with one-fourth the amount of cobalt.

The reaction was carried out in a similar manner and at the same
temperature and pressure as in Example 7 but with a 2:1 dppp:Co mol ratio.
Cobalt(Il) acetylacetonate (10 mg, 0.04 mmole) and dppp (33 mg, 0.08
mmole) were dissolved in 80 mL anhydrous toluene. To this was added with
strring a4 25 wt% solution of DEAC in toluenc (0.6 mL, 1.0 mmole).
Butadiene (20.3 g) was added to the autoclave at 6(0° C, which was pressured
with ethylene, and the reaction was allowed to proceed for 60 minutes. At
this time conversion of butadiene was only 76%. Selectivity to cis-1,4-
hexadiene was 99.9%; the only other product of the reaction was 2,4-
hexadiene. The observed first-order rate constant for the reaction was 0.040
min-1. The rate constant per mmole Co is 1.00.

Tables 4 and 5.

Table 4 sets forth the data of Examples 6 - 10, in descending order of
rate of reaction. The rate of reaction for butadiene to 1,4-hexadiene is at
least about 120 (119) mols of 1,4-hexadiene per mol of cobalt catalyst pre
minute. When less than 2 mols of dppp are used per mal of Co(acac)y or
Co(acac)s, rates of reaction are from about 4 (Examples 6,8) to about 11
(Example 7) times higher than with 2 mols of dppp per mol of Co(acac); or
Co(acac)3. In all instances, selectivity to 1,4-hexadiene is essentially 100%.

Table 5 tabulates data from the comparable examples of US-A-
3,405,194 (these use a Co(acac)3 combined with dppp catalyst). In Example
43 of the patent, a DEAC cocatalyst is used at a temperature above 7(°C.
Rate of reaction was very slow, about one fifth that of the minimum preferred
rate for the Co(acac), combined with dppp system at less than 70°C. In
patent Example 88, the monoolefin is propylene and the rate is about a third
that of Example 43 of the patent.

In the tables, "IP" is isoprene, "C2" is ethylene, "C3" is propylene, and
other abbreviations are the same as in Tables 1, 2 and 3.
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Ex. 7 8 6 10 9

Co Cmpd Co(acac)y | Co(acac)y | Co(acac)s | Co(acac)y | Co(acac)y

+ 1.5dppp | + dppp + dppp + 2dppp | + dppp

Co (mmol) 0.01 0.04 0.04 0.04 0.12

Organo- DEAC DEAC DEAC DEAC DEAC

Aluminum Cmpd

Al (mmol) 1.00 1.00 1.00 1.00 6.00

Al/Co 100 25 25 25 50

Solvent - toluene 1,4-HD toluene toluene o-xviene

Di BD BD BD BED 1P

Di (gms) 22.5 22.9 24.00 20.3 23.6

Di (mmol) 417 424 444 376 350

Di/Co 41,667 10.602 11,111 9,398 2,917

C= C2 2 C2 C2 C2

Time (min) 32 23 27 60 33

Temp (°C) 60 60 60 60 60

1,4-HD Yield (g) | 33.48 34.39 36.04 23.40 32.99

1,4-HD Yield | 0.41 0.42 0.44 0.29 0.34

(mols)

Prodt’y (mol/mol) | 40,764 10,468 10,970 7,123 2,858

Rate 1,274 455 406 119 87

(mol/mol/min)

Observed Ist} 0.15 0.095 0.195 0.04 0218

Order Rate K

(min-1)

Rate/mmol 15.00 2.38 4.90 1.00 1.82

Conv (%) 98 99 99 76 99

Select'y (%) 100 99.9 99.9 99.9 100




- 23- Table 7 U S. Patent 3.405.194: Co(acac)[err

_gon,bi ned Wt Exfjppp Cat al yst a5 Or ganoal 291 num Cocat @;EA&EQ»&&}TT§%%TT
Co(acac) 3 Co(acac) 3 + 2.2 + 2.2 dppp
Co (mmol) 1. 00 1. 00 Or gano- Al uni n 2 168% 1999
EASC Cmpd
-18- -
Table §
U.S. Patent 3.405,194; Co(acac)y Combined With dppp Catalyst
Ex. 43 88
Co Cmpd Co(acac)s | Co(acac)3
+dppp | + 2dppp

Co (mmol) 0.50 0.10

Organo- DEAC TEAL

Aluminum Cmpd

Al (mmol) 8.0 73

Al/Co 16 73

Solvent toluene ethylene

chloride

Di BD BD

BD (gms) -1 16.2 21.1

BD (mmol) 0.31 0.39

Di/Co 620 3900

C= 2 c3

Time (min) 25 300

Temp °C) 80 90-100

1,4-HD Yield (g) | 23.70 22.10

1,4-HD Yield | 0.29 0.23

(mols)

Prodt’y (mol/mol) | 577 2298

Rate 23.08 7.66

(mol/mol/min)

Conv (%) 97.96 79.33

Select’y (%) 98.34 74.26




Al (ol ) 15.9 17.6 Al/ Co 15.9

17. 6~ Sol vent et hane t ol uene m@e e
32.4 16. 7 BD (mmol) 0. 60 : i?ﬂ(' WI}W:}:T)
600 310 Time (mn) 120 138

Termp([err] C 50 50 C= C2 {1SEP 999 2
1,4-HD Yield (g) 4250 11. 30 1, 4-HD d 0.52

0.14 (ol s) Prodt'y (nol/nol) 517 38 Rat e
4. 31 0. 10 (rol / ol / mi n) 19 Conv (% ( Q1. 31
47.71 Select'y (9 94.60 *7 " 93. 39

In the following Examples 11 through 14, results of using a catalyst
system having a 1,2-bis (diphenylphosphino)ethane (dppe) catalyst ligand at a
temperature less than 7°C are shown.

Comparative Examples 11 and 12 show that a substantially slower rate
of reaction results when dppe is combined with Co(acac)z and DEAC at a
temperature of 6(°C. This is the case with a molar ratio of dppe:Co of either
1:1or 2:1.

Comparative Example 11

The reaction was carried out in a similar manner and at the same
temperature and pressure as in Example 1. Cobalt(II) acetylacetonate (10
mg, 0.04 mmole) and dppe (16 mg, 0.04 mmole) were dissolved in 80 mL
anhydrous toluene. To this was added with stirring 2 25 wt% solution of
diethylaluminum chloride in toluene (0.6 mL, 1.0 mmole). Butadiene (22.3
g) was added to the autoclave at 6(°C, which was pressured with ethylene,
and the reaction was allowed to proceed for 60 minutes. Conversion of
butadiene was 99%. Selectivity to cis-1,4-hexadiene was 99.4%; the only
other product of the reaction was 2,4-hexadiene. The observed first order
rate constant for the reaction was 0.073 min-l. (Rate constant) / (mmole
Co) = 1.83. -

Comparative Example 12

The reaction was carried out in a similar manner and at the same
temperature and pressure as in Example 1. (Cobalt(II) acetylacetonate (10
mg, 0.04 mmole) and dppe (32 mg, 0.08 mmole) were dissolved in 80 mL
anhydrous toluene. To this was added with stirring a 25 wt% solution of
diethylaluminum chlioride in toluene (0.6 mL, 1.0 mmole). Butadiene (20.6
g) was added to the autoclave at 6(° C, which was pressured with ethylene,
and the reaction was allowed to proceed for 60 minutes. Conversion of
butadiene was 99%. Selectivity to cis-'l,4-hexadiene was 99.6%; the only
other product of the reaction was 2,4-hexadiene. The observed first-order
rate constant for the reaction was 0.116 min-l. (Rate constant) / (mmole
Co) = 2.90.

Comparative Examples 13 and 14 which follow show that a
substantially slower rate of reaction results when dppe is combined with




.- 24- CLAIM5 1. A process for preparing pure 1,4

di enes w thout the use of halogenated hydrocarbon AL VE YR A TY pY
conprises: reacting a conjugated diolefin with an al ppd ST e
presence of a cobalt catal yst - system consi sting essenjif :

1. Co(acac)[err] conmbined with dppp or Cod [err] (dppp), 2 1SEP1999 agac
I s acetyl acetonate, n equals the val ence of opal t, and |
dppp S 1, 3- bi s(di phenyl phosphi no) - pr opane, ||and 2. &
di al kyl al um num chl ori de, present at a_sg®l ar ratflo of Al/Co of at

| east 5:1, I n.a nqgnszhal ogenat ed hydr ocarbon_saql vent reaction,
medi um  at %@&@MRQQBE&Q%%sem%awr%iqswm P&, This is the case with

a dppe:Co molar ratio of either 1:1 or 2:1.

Comparative Example 13

The reaction was carried out in a similar manner and at the same
temperature and pressure as in Example 1. Cobalt(IIl) acetylacetonate (14
mg, 0.04 mmole) and dppe (16 mg, 0.04 mmole) were dissolved in 80 mL
anhydrous woluene. To this was added with stirring a 25 wt% solution of
DEAC in toluene (0.6 mL, 1.0 mmole). Butadiene (20.1 g) was added to the
autoclave at 60°C, which was pressured with cthylene, and the reaction was
allowed to proceed for 60 minutes. Conversion of butadiene was 99%.
Selectivity to cis-1,4-hexadiene was 99.6%; the only other product of the
reaction was 2,4-hexadiene. The observed first order rate constant for the
reaction was 0.114 min-1, (Rate constant) / (mmole Co) = 2.85.

mparative Example 14

The reaction was carried out in a similar manner and at the same
temperature and pressure as in Example 1. Cobalt(IIl) acetylacetonate (14
mg, 0.04 mmole) and dppe (32 mg, 0.08 mmole) were dissolved in 80 mL
anhydrous toluene. To this was added with stirring a 25 wt% solution of
DEAC in toluene (0.6 mL, 1.0 mmole). Butadiene (23.6 g) was added to the
autoclave at 6(°C, which was pressured with ethylene, and the reaction was
allowed to proceed for 49 minutes. Conversion of butadiene was 76%.
Selectivity to cis-1,4-hexadiene was 99.75; the only other product of the
reaction was 2,4-hexadiene. The observed first order rate constant for the
reaction was 0.020 min-1, (Rate constant) / (mmole Co) = 0.50.

Tables 6 and 7

The data of Examples 11, 12 13 and 14, all obtained at a reaction
temperature less than 70°C, are set forth in Table 6, in descending order of
rate of reaction. The following Table 7 sets forth tabulations of data
calculated from the patent examples of US-A-3,405,194 obtained at a
reaction temperature less than 70°C. The quantities of Co(acac), employed
in Examples 11 through 14 are the same as the quantities employed in
Example 6 for Co(acac)3 combined with dppp (toluene solvent) and Example
8 for Co(acac)y combined with dppp (1,4-hexadiene solvent). As seen from



tenperature range less than 70[err]C. and an al pha-olefin parti al

pressure range fromabout 0.5 to about 100 at m)sphere E?’ d \f@ﬁ 1
¢onvert the conjugated diolefin to a 1,4-diene iﬁ S '
100% selectivity. 2. The process of claiml1, in wh ch said

conj ugat ed diolefin is butadiene, said al pha-olefin i t 194 SER 1999
and said 1,4-diene is 1,4-hexadiene. 3. The process of cjam2, in whic
said cobalt catalyst systemis said Co(acac)[err] conpi

and wherein fromabout 0.9 to leg3g.than 2 nols of dppp_are

nmbi ned th t f
i aim 2. | gpiech SOIAVECHSEM bmplivins e Tgang) (2 B8 diPhenvipnestigal) [orr]
conbi ned wi 'cthadp,pgr aimbe“ as abbhireyiaed hetdim mmotombunaoomfwmpﬁlp(ztoacﬁoagracac) [err]
I's ef f iéé% &g@[d:%ﬁ‘jalr%ehéé ?f Qﬁlﬁllgl?zﬂhfr@ﬁhm%ghgemd eyen a?%}fet i on

t enper at ur e
1, 4- hexadi eﬁ@nﬁeﬁemmrataf%c%aqs'@d par Examplegi ¢ and 8, is less than half a5’

catalytically active as Examples 6 and 8. The reaction rates for the
comparable patent examples shown in table 7 show an extremely slow
reaction rate, more than 30 times slower than the rates of Examples 11
through 14. In Table 7, "EASC" is ethyl aluminum sesquichloride.



5. The process of claim2, in which said cobalt catalyst
- 25 - . systemis said Co(acac)[err] conbined with dppp—ard-where
“the nol ratio of dppp to Co(acac)[err] is effective for a} REPLACEWBNTY SHEET
productivity, at the reaction tenperature | ess than Yoferric——of—at
| east about 1000 nols of 1,4- hexadi ene per nol of c3b | t SEP mahe
process of claim1, in which said cobalt catal yst sypt amgg
Co(acac)[err] conbined with dppp and di et h- ;
<22
Table 6
Co(acac)nCombined With dppe Catalyst
DEA - ocatalyst, Less Than
Ex. 11 14 12 13
Co Cmpd Co(acac)y | Co(acac)s | Co(acac)p | Co(acac)3
+ dppe + dppe +2 dppe + dppe
Co (mmol) 0.01 0.01 0.04 0.04
Organo- DEAC DEAC DEAC DEAC
Aluminum Cmpd
A1l (mmol) 1.00 1.00 1.00 1.00
Al/Co 25 25 25 25
Solvent toluene toluene toluene toluene
BD (gms) 22.3 23.6 20.6 20.1
BD (mmol) 413 437 381 372
Di/Co 10,324 10,926 9.537 9.306
Time (min) 60 49 60 60
Temp °C) 60 60 60 60
C= 2 C2 C2 C2
14-HD Yield (g) | 33.32 12715 30.84 30.10
1,4-HD Yield | 0.41 0.33 0.38 037
(mols)
Prodt’y (mol/mol) | 10,142 8,265 9.388 9,160
Rate 169 169 156 153
(mol/mol/min)
Observed 1st} 0.073 0.02 0.116 0.114
Order Rate K
(min-1)
Rate/mmol 1.83 0.50 2.90 2.85
Conv (%) 99 76 99 99
Select’y (%) 99.4 99.7 99.6 99.6




ylalum num chloride. 7.
cat al yst systemis Co(acac)[err]
yl al um num chl ori de. 8.

reaction rate constant per
The process of claiml,
Ccd [err] (dppp) and diethylal um num chl ori de.
in which the rate of the
pr oduced per nmol of cobalt per
whi ch said cobalt catal yst
with no nore

mol e of cobal t

m npg e.
syste r her
than two nol ar equi

The process of claiml,
conbi ned with dppp anB
The process of claim6é,
i s at
i n which said cobalt catalyst

| east

10. The prode
reacti on exceeds 100 nol s of
11. The proces

in which-said cobalt

in whichit
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of claim?9

1, 4- hexadi ene

I ncludes triethylalum num

s of triethylalum num per nol

CoCl [err] (dppp). X.S.Patent 3405.194: Co(acac)y, Combined With dppp Catalyst

Organoaluminum Cocatalyst, Less Than 7 C

EX. 39 47
Co Cmpd Co(acac)z | Co(acac)3
+ 2.2 dppp | + 2.2 dppp
Co (mmol) 1.00 1.00
Organo-Aluminum | DEAC EASC
Cmpd
Al (mmol) 15.9 17.6
Al1/Co 15.9 17.6
Solvent ethane toluene
BD (gms) 32.4 16.7
BD (mmol) 0.60 0.31
Di/Co 600 310
Time (min) 120 1380
Temp °C) 50 30
C= C2 2
1,4-HD Yield (g) | 42.50 11.30
1,4-HD Yield| 0.52 0.14
(mols)
Prodt’y (mol/mol) | 517 138
Rate 431 0.10
(mo!l/mol/min)
Conv (%) 91.31 47.71
Select’y (%) 94.60 93.39




A12. The process of claim1, in which said non-hal ogenat ed hydr ocar bon
solvent,is selected fromone or nore of tol uene, xylene and a

1, 4-di ene whi cHYSR s B ed of the reaction. 13. '@J@me@mssgggT
J H re is at | east about &
s of claim 13, in which sai

claim1 in which aRe—-te$s
about 60[err]C - 26 -

&

than 70[err] C terzfpfrél&%lt

=24 -

laims;

1. A process for producing substantially pure 1,4 dienes, which comprises
reacting a conjugated diolefin with an alpha-olefin in a hydrocarbon
solvent reaction medium and in the presence of a catalyst system
consisting essentially a cobalt compound, a tertiary diphosphine and
an organo aluminum compound, characterized in that the catalyst
system comprises:

1. Co(acac), combined with dppp or a preformed
complex of CoCly(dppp), where acac. is
acetylacetonate, dppp is 1,3-bis

(diphenylphosphino) propane, and n is the
valence of cobalt; and
2. a dialkylaluminum halide,
wherein the reaction is performed at a temperature of less than 70°C
to convert the conjugated diolefin to the 1,4-diene with substantially

100% selectivity.

2. The process of Claim 1, wherein the temperature is at least 50°C and
less than 7(° C, preferably about 6(° C.

3. The process of Claim 1 or 2, wherein the halide is chloride.

4. The process of any preceding claim, when performed at an alpha-
olefin partial pressure of from S0 to 10,000 kPa (0.5 to 100
atmospheres).

5. The process of any preceding claim, wherein the hydrocarbon solvent
is non-halogenated.

6. The process of Claim 5, wherein the solvent is toluene, xylene, a 14-
diene which is the product of the reaction, or a mixture of any two or
more thereof.

7. The process of any preceding claim, wherein the conjugated diolefin is

butadiene or isoprene, the alpha-olefin is ethylene or propylene and
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15. The process af _claim1, in which said conjugated diolefin is

it

butadi ene and said alpha-olefin s propyl ene. 16. Ne A PEG T
claim 15, in which 3% e@@b&aﬂ*tﬂ%ﬁ&hyst system and sai gtéé‘éﬁﬁgﬁﬁs%gﬂ
conditions are effecti oduce a rate of reactionf at the
reaction t enper 7/0[err]C., of at |east hbput2 38ERDI$Y

of 2-nethyl -1, 4- hexadi ene per nol of cobalt per m nut ¢ 17. The
process of claim1, in which said conjugated diol efin rs Tsoprene
and said al pha-olefin is ethyl ene .2@nd in which said cohalf catalyst

system and said reactio ondj.tions are effectjve to produce _a rate of
rgaction, at the tPS&C“t'ﬁ%SHe fseﬂf)%f”é"tc{’ﬁr@' I?-é'%‘hl']h]aﬁ'h?ﬁ[ch‘i“?ﬂv er amixuureof ¢ | east
about 30 nols of 4amethyi-ifehexhdiénernld$tmethyl-1,4-hedadienadi ene and

5- et hyl - 1, 4- hexadi ene per nol of cobalt per mnute. 18. The
process of claim1l in which said conjugated diolefin is isoprene
and said a¥pha-Bhecpriosessiof any preceding claim, wherein the selectivity is greater
than 99.5%.
9. The process of any preceding claim, in which the rate of reaction is at

least 100 mols of 1,4-diene per mol of cobalt per minute.

10.  The process of Claim 9, wherein conjugated diolefin is butadienc and
the alpha-olefin is ethylene, and wherein the cobalt catalyst system
and the reaction conditions are effective to produce a rate of reaction
of at least 500 mols of 1,4-hexadiene produced per mol of cobalt per
minute,

11.  The process of any of Claims 1 to 8, wherein the conjugated diolefin is
butadiene and the alpha-olefin is propylene and wherein the cobalt
catalyst system and the reaction conditions are effective to produce a
rate of reaction of at least 30 mols of 2-methyl-1,4 hexadiene per mol
of cobalt per minute.

12 The process of any of Claims 1 to 8, wherein the conjugated diolefin is
isoprene and the alpha-olefin is ethylene and wherein the cobalt
catalyst system and the reaction conditions are effective to produce a
rate of reaction of at least 30 mols of a mixture of 4-methyl-1,4-
hexadiene and 5-methyl-1,4-hexadiene per mol of cobalt per minute.

13.  The process of any preceding claim, wherein the dialkylaluminum
halide is diethylaluminum chloride.

14, The process of any preceding claim, when performed at a catalyst
productivity of at least 1000 mols of 1,4-diene per mol of cobalt.

15.  The process of any preceding claim, wherein the cobalt catalyst system

comprises Co(acac)y and wherein from 0.9 to less than 2 mols of dppp
are combined with the Co(acac)y,.
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Jpropylene. 19. A process for preparing 1, 4- hexadi ene, whi ch

conprises: reacting butadiene with ethylene in the prresence.of .a
cobalt catal yst system consisting of (a) Co(11) - (acefyREBCIOMENE)SHRET
and 1, 3- bi s(di phenyl - phosphi no) propane in a nol !
1:1.5, and (b) diethylalumnumchloride, at a nol rati { i
of at least 5:1, in a non-hal ogenated hydrocarbon sol v<>nt£§§df’c§3?| n I
conditions controlled in a tenperature range fromaboul_ S0[err]C tc
69[err] C. and an et hyl ene partial ogressure range from about 0.5 to :
about 100 atnospheres, effective to convert the but adh e
1, 4-hexadiene with essentially 100% selectivity at a reaction rate of

at | east 5001610l sTid process ot afty peecedirgetaint, ochereit theicobalt cablysiaystetn per
m nute. comprises Co(acac) combined with dppp and wherein the first order
reaction rate constant per mmole of cobalt is at least 15.

17.  The process of any of Claims 1 to 14, wherein the catalyst system
comprises CoCly(dppp) and further includes triethylaluminum with
no more than two molar equivalents of triethylaluminum per mol

CoC17(dppp).

18.  The process of any preceding claim, wherein the catalyst system has an
Al/Co molar ratio of at least 5:1.

19.  The process in accordance with any one or more of the preceding
claims, comprising the further step of using the produced 1,4-dienes in
a polymerization process.

20.  Polyolefin polymers manufactured with 1,4-dienes produced according
to any one or more of the preceding claims.
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PROCESS FOR PRODUCING 1,4-DIENES

Abstract

Pure 1,4-dienes are produced at high rates of reaction by reacting a
conjugated diene and an alpha monoolefin at a temperature below 70°C in the
presence of a catalyst comprising a 1,3-bis-(diphenylphosphino) propane ligand
of Co(I) (acetylacetonate), or Co(Il)(acetylacetonate), or CoCl, in combination

with a dialkylaluminum halide such as diethylaluminum chioride.



