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BUTADIENE
1. Introduction

Butadiene, C4Hg, exists in two isomeric forms: 1,3-butadiene [106-99-0],
CH;=CH—CH=CHs;, and 1,2-butadiene [590-19-2], CH,=C=CH—CHs;. 1,3-
Butadiene is a commodity product of the petrochemical industry with a 2000
U.S. production of 4.4 billion pounds (2.0 x 10° kg) (1). Although this is not
very different from the production in 1971, it represents significant rebound
from the low production in the mid-1980s. Elastomers consume the bulk of 1,3-
butadiene, led by the manufacture of styrene—butadiene rubber (SBR). 1,3-Buta-
diene is manufactured primarily as a coproduct of steam cracking to produce
ethylene in the United States, Western Europe, and Japan. However, in certain
parts of the world it is still produced from ethanol. The earlier manufacturing
processes of dehydrogenation of n-butane and oxydehydrogenation of n-butenes
have significantly declined in importance and output. Efforts have been made to
make butadiene from other feedstocks such as other hydrocarbons, coal (2,3),
shale oil (4); and renewable sources like animal and vegetable oil (5), cellulose,
hemicellulose, and lignin (6,7), but in the United States none of these have
moved beyond the research and development stage.

The other isomer, 1,2-butadiene, a small by-product in 1,3-butadiene pro-
duction, has no significant current commercial interests. The production of 1,2-
butadiene in purities of 85% has been described (8). However, there are a number
of publications and patents on its recovery and applications, particularly in the
specialty polymer area (9,10) and as a gel inhibitor (11).
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2. Properties

1,3-Butadiene is a noncorrosive, colorless, flammable gas at room temperature
and atmospheric pressure. It has a mildly aromatic odor. It is sparingly soluble
in water, slightly soluble in methanol and ethanol, and soluble in organic
solvents like diethyl ether, benzene, and carbon tetrachloride. Its important

Table 1. Physical Properties of 1,3-Butadiene”

Property Value
CAS Registry Number [106-99-0]
RTECS accession number EI19275000
UN number 1010
molecular formula C4Hg
molecular weight 54.092
boiling point at 101.325 kPa®, °C —4.411
freezing point, °C —108.902
critical temperature, °C 152.0
critical pressure, MPa“ 4.32
critical volume, cm®/mol 221
critical density, g/mL 0.245
density (liquid), g/mL at

0°C 0.6452

15°C 0.6274

20°C 0.6211

25°C 0.6194

50°C 0.5818
density (gas) (air = 1) 1.9
heat capacity at 25°C, J/(mol - K)? 79.538
refractive index, n, at —25°C 1.4292
solubility in water at 25°C, ppm 735°
viscosity (liquid), mPa -s (=cP) at

—40°C 0.33

0°C 0.25

40°C 0.20
heat of formation, gas, kJ/mol? 110.165
heat of formation, liquid, kJ/mol® 88.7
free energy of formation, kJ/mol? 150.66
heat of vaporization, J/g? at

25°C 389

boiling point 418
flash point, °C -85
autoignition temperature, °C 417.8
explosion limits in air, vol %

lower 2.0

upper 11.5
minimum oxygen for combustion (MOC), %v/vOq

Ng—air 10

COgy—air 13
absorption

A, cm L 217

loge 4.32
“Refs. 23—-28.

®To convert kPa to mm Hg, multiply by 7.5.
“To convert MPa to psi, multiply by 145.
9To convert J to cal, divide by 4.184.

€245 mol ppm.
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Table 2. Physical Properties of 1,2-Butadiene®
Property Value
CAS Registry Number [690-19-2]
molecular formula C.Hg
molecular weight 54.092
boiling point at 101.325 kPa,® °C 10.85
freezing point, °C —136.19
density (liquid), g/mL at

0°C 0.676

20°C 0.652
heat of formation at 25°C (gas), kJ/mol° 162.21
heat of vaporization at 25°C, kJ/mol® 23.426
refractive index at 1.3°C 1.4205

“Refs. 24,29.
®To convert kPa to mm Hg, multiply by 7.5.
“To convert kJ to kecal, divide by 4.184.

physical properties are summarized in Table 1 (see also Ref. 12,13). 1,2-Buta-
diene is much less studied. It is a flammable gas at ambient conditions. Some
of its properties are summarized in Table 2.

1,3-Butadiene, the simplest conjugated diene, has been the subject of inten-
sive theoretical and experimental studies to understand its physical and chemi-
cal properties. The conjugation of the double bonds makes it 15 kJ/mol (3.6 kcal/
mol) (14) more thermodynamically stable than a molecule with two isolated sin-
gle bonds. The s-trans isomer, often called the trans form, is more stable than the
s-cis form at room temperature. Although there is a 20 kJ/mol (4.8 kcal/mol) rota-
tional barrier (15,16), rapid equilibrium allows reactions to take place with either
the s-cis or s-trans form (17,18).

(=J
X =

s-cis s-trans

The double-bond length in 1,3-butadiene is 0.134 nm, and the single-
bond, 0.148 nm. Since normal carbon—carbon single bonds are 0.154 nm, this
indicates the extent of double-bond character in the middle single bond. Upon
complexing with metal carbonyl moieties like Fe(CO)s, the two terminal
bonds lengthen to 0.141 nm, and the middle bond shortens even more to
0.145 nm (19).

Solubilities of 1,3-butadiene and many other organic compounds in water
have been extensively studied to gauge the impact of discharge of these materials
into aquatic systems. Estimates have been advanced by using the UNIFAC
derived method (20,21). Similarly, a mathematical model has been developed
to calculate the vapor—liquid equilibrium (VLE) for 1,3-butadiene in the presence
of steam (8).
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3. Reactions

Since the discovery of 1,3-butadiene in the nineteenth century, it has grown into
an extremely versatile and important industrial chemical (30). Its conjugated
double bonds allow a large number of unique reactions at both the 1,2- and
1,4-positions. Many of these reactions produce large volumes of important indus-
trial materials.

3.1. Addition Reactions. 1,3-Butadiene reacts readily via 1,2- and 1,4-
free radical or electrophilic addition reactions (31) to produce 1-butene or
2-butene substituted products, respectively.

X
y-x + 4 CH—CH 1,2-addition product
+ CHZ \CHZ Y-CH2 \CHZ ,2-addition produc
CH—CH CH=CH
Y-X + N — ! v -
CH, CH, Y—CH, CH,-X  1,4-addition product

The intermediate in these reactions in the case of the addition of YX is consistent
with the addition of Y to the 1-position to form an allylic intermediate to which X
adds to produce either the 1,2- or 1,4-product.

1,2 XZ  (or X¢)

CH—CH CH—CH ) 14
’ W — ’ -~

Y—X “HCl
* cH, ‘cH, Y—CH, & CH,

The addition of HX, where X is a halogen, has been thoroughly investigated
(32,33). Whether 1,2- or 1,4-product dominates depends on reaction conditions.
For example, although HCIl adds to butadiene at low temperatures to produce
75—80% of the 1,2-addition product, the thermodynamically more stable 1,4-
isomer is favored at higher temperatures (34). On the other hand, HI has been
shown to add to butadiene in the vapor phase by a pericyclic mechanism to pro-
duce the 1,4-product (35).

H—I
CH, (CHz ——> CH; CH,—1
A\ Sy / \ /
CH—CH CH=CH

Addition of water (36) or alcohols (37—39) directly to butadiene at 40—100°C pro-
duces the corresponding unsaturated alcohols or ethers. Acidic ion exchangers
have been used to catalyze these reactions. The yields for these latter reactions
are generally very low because of unfavorable thermodynamics. At 50°C addition
of acetic acid to butadiene produces the expected butenyl acetate with 60—100%
selectivity at butadiene conversions of 50%. The catalysts are ion-exchange
resins modified with quaternary ammonium, quaternary phosphonium, and
ammonium substituted ferrocenyl ions (40). Addition of amines yields unsatu-
rated alkyl amines. The reaction can be catalyzed by homogeneous catalysts
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such as Rh[P(CgHj5)3]3Cl (41) or heterogeneous catalysts such as MgO and other
solid bases (42).

The manufacture of hexamethylenediamine [124-09-4], a key comonomer in
nylon-6,6 production proceeds by a two-step HCN addition reaction to produce
adiponitrile [111-69-3], NCCH;CH;CH3;CH,CN. The adiponitrile is then hydro-
genated to produce the desired diamine. The other half of nylon-6,6, adipic
acid (qv), can also be produced from butadiene by means of either of two similar
routes involving the addition of CO. Reaction between the diamine and adipic
acid [124-04-5] produces nylon-6,6.

The first CO route to make adipic acid is a BASF process employing CO and
methanol in a two-step process producing dimethyl adipate [627-93-0], which is
then hydrolyzed to the acid (43—46). Cobalt carbonyl catalysts such as Coy(CO)g
are used. Palladium catalysts can be used to effect the same reactions at lower
pressures (47—49).

The other CO route for adipic acid manufacture involves 1,4-addition of CO
and O to butadiene to produce an intermediate, which is subsequently hydroge-
nated and hydrolyzed to adipic acid (50). This is called the oxycarbonylation pro-
cess. Both the BASF and the oxycarbonylation processes have been intensively
investigated.

Halogenation of butadiene has also attracted a lot of interest. Both 1,2- and
1,4-isomers are formed. Since the trans-1,4-isomer was observed from the 1,4-
addition product, researchers postulate that the electrophilic X* forms a 1,2-cyc-
lic intermediate and not a 1,4-cyclic intermediate that would form the cis-1,4-
addition product (51,52).

HzC\‘/CH —CH=CH,
X
+

Fluorination with XeF, or C¢H5IF5 gives both the 1,2- and 1,4-difluoro products.
This reaction proceeds via the initial electrophilic addition of F* to the diene (53).

Chloroprene (qv), 2-chloro-1,3-butadiene, [126-99-8] is produced commer-
cially from butadiene in a three-step process. Butadiene is first chlorinated at
300°C to a 60:40 mixture of the 1,2- and 1,4-dichlorobutene isomers. This mix-
ture is isomerized to the 3,4-dichloro-1-butene with the aid of a Cu—Cuy Clj cat-
alyst followed by dehydrochlorination with base such as NaOH (54).

The 1,4-dichloro-2-butene can also be separated and hydrolyzed with aqu-
eous NaOH to form 1,4-butenediol, which is hydrogenated with Ni catalyst to
produce 1,4-butanediol. In 1971, this process was commercialized in Japan
(55). The plant is now shut down because of unfavorable economics.

Butadiene also undergoes a 1,4-addition reaction with SO, to give sulfolene
[77-79-2]. This reaction followed by hydrogenation is commercially used to man-
ufacture sulfolane [126-33-0] (56).

,CHy

A

CH H;
| + SO, —— [:SO2 —_— CSO2
CH

S

CH,
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Formaldehyde also reacts with butadiene via the Prins reaction to produce pen-
tenediols or their derivatives. This reaction is catalyzed by a copper-containing
catalyst in a carboxylic acid solution (57) or RuCls (58). The addition of hydrogen
also proceeds via 1,2- and 1,4-addition.

3.2. Hydrogenation Reactions. Butadiene can be hydrogenated to n-
butanes and n-butane using a large number of heterogeneous (59) and homoge-
neous (60—64) catalysts. Palladium-containing membranes have also been used
to allow the use of permeated hydrogen to effect hydrogenation (65—-67). Many
catalysts have been developed and used commercially to remove small quantities
(<3%) of butadiene from 1-butene streams (68—71). Since 2-butene [107-01-7] is
more stable thermodynamically than 1-butene [106-98-9] under mild conditions,
catalysts that promote 1,2-addition and do not isomerize 1-butene are essential
for getting high 1-butene selectivity. Many of the palladium catalysts require the
use of CO to improve 1-butene selectivity (72—74).

Selectivities to various isomers are more difficult to predict when metal oxi-
des are used as catalysts. Zinc oxide (ZnO) preferentially produced 79% 1-butene
and several percent of cis-2-butene [624-64-6] (75). Cadmium oxide (CdO) cata-
lyst produced 55% 1-butene and 45% cis-2-butene. It was also reported that while
interconversion between 1-butene and cis-2-butene was quite facile on CdO, cis—
trans isomerization was slow. This finding was attributed to the presence of a n-
allyl anion intermediate (76). High cis-2-butene selectivities were obtained with
molybdenum carbonyl encapsulated in zeolites (77). On the other hand, deutera-
tion using ThO, catalyst produced predominantly the 1,4-addition product,
trans-2-butene-d, with no isotope scrambling (78).

/CHQD
CH=CH
pcH/

Although supported Pd catalysts have been the most extensively studied for
butadiene hydrogenation, a number of other catalysts have also been the object
of research studies. Some examples are Pd film catalysts, molybdenum sulfide,
metal catalysts containing Fe, Co, Ni, Ru, Rh, Os, Ir, Pt, Cu, MgO, HCO(CN)%’
on supports, and LaCoCs Perovskite. There are many others (79—85). Studies on
the well-characterized Mo(II) monomer and Mo(II) dimer on silica carrier cata-
lysts have shown wide variations not only in catalyst performance, but also of
activation energies (86).

Another method to hydrogenate butadiene occurs during an oxidation—
reduction reaction in which an alcohol is oxidized and butadiene is reduced.
Thus copper—chromia or copper—zinc oxide catalyzes the transfer of hydrogen
from 2-butanol or 2-propanol to butadiene at 90—-130°C (87,88).

3.3. Oxidation Reactions. Like all reactions between oxygen and
hydrocarbons, complete oxidation of butadiene is controlled by limiting the oxy-
gen and operating at specific temperature ranges. Other ways to control selectiv-
ity to specific products involve the use of catalysts and/or conducting the reaction
in the presence of other reagents. Some of the many oxidized products are
depicted in Figure 1.



Vol. 4 BUTADIENE 371

(0]
(0]
\
!\ H,C CH,
O T Anthraquinone
N . / 6]
Furan Metabolic
VPO AUTI/Mo
Catalyst 4 0
CH—CH
Electro // \\ V or Mo
-~ CH, CH, — || o
0 chemically | Maleic anhydride
Singlet \ Y
Tetrahydrofuan 0, Multistep 0
¢ \ i H,
CH;COOH | (I) ___—» HO(CH,);OH
Acetic acid o & Butanediol

Fig. 1. Oxidative reactions of butadiene.

The vapor-phase oxidation (VPO) of butadiene with air at 200—500°C pro-
duces maleic anhydride [108-31-6]. Catalysts used are based on vanadium and
molybdenum oxides (89,90). Alternatively, when using a catalyst containing
Al, Mo, and Ti, butadiene undergoes a complex series of condensations and oxi-
dations to form anthraquinone at 250°C (91).

Reaction between oxygen and butadiene in the liquid phase produces poly-
meric peroxides that can be explosive and shock-sensitive when concentrated.
Both Ir(I) and Rh(I) complexes have been shown to catalyze this polymerization
at 55°C (92). These peroxides, which are formed via 1,2- and 1,4-addition, can be
hydrogenated to produce the corresponding 1,2- or 1,4-butanediol [110-63-4] (93).
Butadiene can also react with singlet oxygen in a Diels—Alder type reaction to
produce a cyclic peroxide that can be hydrogenated to 1,4-butanediol.

Oxygen has also been shown to insert into butadiene over a VPO catalyst,
producing furan [110-00-9] (94). Under electrochemical conditions butadiene and
oxygen react at 100°C and 0.3 amp and 0.43 V producing tetrahydrofuran (THF)
[109-99-9]. The selectivity to THF was 90% at 18% conversion (95) and it can also
be made via direct catalytic oxidation of butadiene with oxygen. Active catalysts
are based on Pd in conjunction with polyacids (96), Se, Te, and Sb compounds in
the presence of CuyCl,, LiCls (97), or Bi—Mo (98).

The oxidation reaction between butadiene and oxygen and water in the pre-
sence of CO; or SO, produces 1,4-butenediol. The catalysts consist of iron acetyl-
acetonate and LiOH (99). The same reaction was also observed at 90°C with
groups 8—10 (VIII) transition metals such as Pd in the presence of I or iodides
(100). The butenediol can then be hydrogenated to butanediol [110-63-4]. In the
presence of copper compounds and at pH 2, hydrogenation leads to furan (101).

Alternatively, butadiene can be oxidized in the presence of acetic acid to
produce butenediol diacetate, a precursor to butanediol. The latter process has
been commercialized (102—104). This reaction is performed in the liquid phase
at 80°C with a Pd—Te—C catalyst. A different catalyst system based on
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PdCl,(NCCgHj5)s has been reported (105). Copper- (106) and rhodium- (107)
based catalysts have also been studied.

CHy;=CH—CH=CH; + 2 CH3COOH + O3 — CH3COOCH,
CH=CHCH;00CCH3; — H; CH3COOCH,CH,CH;CH;00CCH; =0
HOCH,CH;CH,;CH,0OH + 2 CH;COOH

Another butadiene oxidation process to produce butanediol is based on the
1,4-addition of tert-butyl hydroperoxide to butadiene (108). Cobalt on silica cata-
lyzes the first step. This is followed by hydrogenation of the resulting olefinic
diperoxide to produce butanediol and tert-butyl alcohol.

Butadiene can also be readily epoxidized with peracids to the monoepoxide
or the diepoxide (109,110). These have been proposed as important intermediates
in the metabolic cycle of butadiene in the human body (111).

3.4. Diels—Alder Reactions. The important dimerization between 1,3-
dienes and a wide variety of dienophiles to produce cyclohexene derivatives was
discovered in 1928 by Otto Diels and Kurt Alder. In 1950, they won the Nobel
Prize for their pioneering work. Butadiene has to be in the s-cis form in order
to participate in these concerted reactions. Typical examples of reaction products
from the reaction between butadiene and maleic anhydride (1), or cyclopenta-
diene (2), or itself (3), are cis-1,2,3,6-tetrahydrophthalic anhydride [27813-21-4],
5-vinyl-2-norbornene [3048-64-4], and 4-vinyl-1-cyclohexene [100-40-3], respec-
tively.

O

(6] CH\
: ©/ \CH2
0 CH=CH,

1) (2) 3)

Diels—Alder reactions with butadiene are generally thermally reversible and can
proceed in both gas and liquid phases. The reactions are exothermic and follow
second-order Kkinetics; first-order with respect to each reactant.

The dienophiles for reaction with butadiene can be alkenes, allenes, and
alkynes. Simple alkenes like ethylene are poor dienophiles resulting in sluggish
reactions. Substituted olefins, X—C=C—X/, are more reactive when X and/or X’
are C=C, Ar, COOR, COOH, COH, COR, COCI, CN, halogens, and many other
electron-withdrawing substituents (112-116). A compilation of the reaction
parameters between butadiene and C2—C4 olefins in the temperature range of
510-750°C has been published (117). Other double-bond or triple-bond com-
pounds, such as C=N—, —N=N—, O=C—, —C=N, and O, can also act as
dienophiles to give heterocyclic products. These types of concerted reactions
have been the subject of extensive orbital symmetry studies (118,119).

Diels—Alder reactions are thermal reactions requiring no catalysts (120).
However, over the years both acid- and metal-based homogeneous or heteroge-
neous catalysts have been developed (121-127). Some catalysts used in
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Diels—Alder catalyzed reactions of butadiene are Fe(NO),Cl-(CH3CHs),AICI,
Pd[P(CgH5)sl4, Cu(l) exchanged silica—alumina (128,129), large pore zeolites
(130), and carbon molecular sieves. An electrochemical process has also been
used to catalyze the self-condensation to vinylcyclohexene (131). When the asym-
metric Ni catalyst (4) was used, specificity to the enantomeric (S)-4-vinylcyclo-
hexene (132,133) was observed (26% enantiomeric excess).

CHR G G
Ni[(CgHs);P —N—CH—CH—0—P—CH,0P(C¢Hs)y]

“

When the Diels—Alder reaction between butadiene and itself is carried out
in the presence of alkali metal hydroxide or carbonate (such as KOH, NayCOs,
and K,COj3 on alumina or magnesia supports) dehydrogenation of the product,
vinylcyclohexene, to ethylbenzene can occur at the same time (134). The same
reaction can take place on simple metal oxides like ZrO,, MgO, CaO, SrO, and
BaO (135).

The Diels—Alder reaction between 2 mol of butadiene and 1 mol of quinone
[106-51-4] produces tetrahydroanthraquinone [28758-94-3] (136).

7 S
|CH |CH
CH + + CH —
\ v
CH, H,C
o) 0

3.5. Dimerization and Oligomerization Reactions. Besides Diels—
Alder type dimerization reactions, butadiene undergoes a number of other dimer-
ization or oligomerization reactions to produce cyclic or linear products. With the
proper catalysts these reactions proceed quite selectivity. Noncatalyzed or photo-
catalyzed dimerizations produce compounds like divinylcyclobutanes and have
been studied in detail (137,138).

A fascinating series of cyclodimerization or cyclotrimerization reactions was
first observed in the labs of Wilke to produce 1,5-cyclooctadiene [111-78-4] (COD)
and cis,trans,trans-1,5,9-cyclododecatriene [2765-29-9] (CTT), or t¢rans,-trans,
-trans-1,5,9-cyclododecatriene [676-22-2] (TTT).

)

COD CTT TTT

These cyclodimerization and cyclotrimerization reactions are catalyzed by low
valent Ziegler-type Ni catalysts (139—144). Large ligands, such as tris-o-bipheny-
lyl phosphite on nickel tend to favor COD formation while smaller ligands favor
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the linear dimer, 1,3,7-octatriene. The dimer yield at 80°C and 101.3 kPa (1 atm)
is 96%. The nickel catalyst can also be placed on a support so that it can be
recycled (145). Many other type catalysts have been reported for this reaction
(146). The linear 1,3,7-octatriene and its 1,3,6 isomer are also obtained by a Pd
catalyzed dimerization (147—151). The kinetics of thermally induced dimeriza-
tion to cod has also been studied (152).

One of the butadiene dimerization products, cod, is commercially manufac-
tured and used as an intermediate in a process called FEAST to produce linear
a,¢p-dienes (153). 1,5-cyclooctadiene or cyclooctene [931-87-3], obtained from par-
tial hydrogenation, is metathesized with ethylene to produce 1,5-hexadiene [592-
42-7] or 1,9-decadiene [1647-16-1], respectively. Many variations to make other
diolefins have been demonstrated. Huls AG also metathesized cyclooctene with
itself to produce an elastomer useful in rubber blending (154). The cyclic cis,
-trans,trans-triene described above can be hydrogenated and oxidized to manu-
facture dodecanedioic acid [693-23-2]. The product was used in the past for the
production of the specialty nylon-6,12, Qiana (155,156).

The trimerization to produce cis,trans,trans-1,5,9-cyclododecatriene has
also been practiced commercially using a Ziegler—Natta catalyst TiCly—Aly
(CoH5)3Clg (157).

Linear dimerization and oligomerization of butadiene can be achieved by
using a number of catalyst systems based on Pd, Ni (158—161), and Fe (162).
1,7-Octadiene can be obtained selectively when the dimerization is carried out
in the presence of a reducing agent such as formic acid (163—165) or Hy/CO,
(166).

&CH\ L HCOOH 4CH\ ~ CHZ\ CHy - CHy
CH, CH —— CH, CH, CH, ~cH
Pd catalyst

Ziegler-type catalysts based upon Co, Ni, and Fe and in the presence of alu-
minum alkyls codimerize butadiene with olefins such as ethylene, producing 1,4-
hexadiene derivatives. A rhodium-based catalyst can be used to produce all the
trans-1,4-hexadiene used as the termonomer in the commercial EPDM (155,156)
(see ELASTOMERS, SYNTHETIC; ETHYLENE-PROPYLENE RUBBER). In contrast, cobalt and
iron catalysts are known to give the cis-isomer.

3.6. Telomerization Reactions. Butadiene can react readily with a
number of chain-transfer agents to undergo telomerization reactions. The more
often studied reagents are carbon dioxide (167—178), water (179—-181), ammonia
(182), alcohols (183—185), amines (186), acetic acid (187), water and CO, (188),
ammonia and CO, (189), epoxide and CO5 (190), mercaptans (191), and other sys-
tems (171). These reactions have been widely studied and used in making unsa-
turated lactones, alcohols, amines, ethers, esters, and many other compounds.

Reaction between butadiene and CO. has been extensively studied (171)
since the reaction was first demonstrated (167—170). This reaction has been
shown to be catalyzed by Pd (172,173), Ni (174), Ru (175), Pt (178), and Rh
(172,173) catalysts. Products include gamma (5) and delta lactones (6), acids
(7,8), and esters (9). Mechanistic studies have shown that butadiene initially
forms a dimer (Pd, Ru, Ni) or trimer (Rh) intermediate followed by CO; insertion
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(171). The fate of these intermediates depends on the metal, the ligands, and the
reaction conditions.

CHy
CH CH CH,
2\ Pz ¢CH\ /CHZ\ //CH\ H//
C CH CH; CH CH C
H3\ Z 3 CHZ\\ |
cu O 0 CH "0~ o COOH
(©) (6) (7
CH. CH CH
CH CH 2 P A
i 3 o §|C/ “cH”  “cH”
H 2 CH CH
XL ~ 7z ~ <~ 2
¢ CH CH ¢c\ _CH  _CH_ //CHZ\ _CH(
COOH O (0] CH CH; CH, CH,

® ®

The delta lactone can be obtained in very high yields when triisopropylphosphine
or tricyclohexylphosphine is the ligand along with Pd(acac); (acac = acetylaceto-
acetonate) as the metal source (171).

Coupling of butadiene with CO5 under electrochemically reducing condi-
tions produces decadienedioic acid, and pentenoic acid, as well as hexenedioic
acid (192). A review article on diene telomerization reactions catalyzed by transi-
tion metal catalysts has been published (193).

3.7. Polymerization Reactions. The polymerization of butadiene with
itself and with other monomers represents its largest commercial use. The
commercially most important polymers are SBR, polybutadiene (BR), styrene—
butadiene latex (SBL), acrylonitrile—butadiene—styrene polymer (ABS), and
nitrile rubber (NR). The reaction mechanisms are free-radical, anionic, cationic,
or coordinate, depending on the nature of the initiators or catalysts (194—196).

Different grades of SBR copolymers are prepared by either free-radical
initiated emulsion polymerization or anionic solution polymerization. The tech-
nology was developed during World War II to produce a substitute for natural
rubber. The properties of these SBRs are so good that natural rubber has never
again regained its importance. Today, SBR represents the single largest use of
butadiene (see ELASTOMERS, SYNTHETIC, POLYBUTADIENE; STYRENE-BUTADIENE RUBBER).

The original SBR process is carried out at ~50°C and is referred to as hot
polymerization. It accounts for only ~5% of all the rubber produced today. The
dominant cold polymerization technology today employs more active initiators
to effect polymerization at about 5°C. It accounts for ~ 85% of the products manu-
factured. Typical emulsion polymerization processes incorporate about 75%
butadiene. The initiators are based on persulfate in conjunction with mercaptans
(197), or organic hydroperoxide in conjunction with ferrous ion (198). The rest of
SBR is produced by anionic solution polymerization. The density of unvulcanized
SBR is 0.933 (199). The T, ranges from —59 to —64°C (199).

Homopolymerization of butadiene can proceed via 1,2- or 1,4-additions. The
1,4-addition produces the geometrically distinguishable trans or cis structures
with internal double bonds on the polymer chains. 1,2-Addition, on the other
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HzC CHz - HQC CH2
\ / \ ’

L£=C L£=C Cis-1,4-addition
H H H H )
HC ~— H H  CH
Cc=C ‘c=c Trans-1,4-addition

| | | | | | Isotactic 1,2-addition

CH Syndiotactic 1,2-addition
- - Y ,
CH, ~CH, | “cH, *CH,| “CH, “CH,

Fig. 2. Modes of addition of butadiene.

hand, yields either atactic, isotactic, or syndiotactic polymer structures with pen-
dent vinyl groups (Fig. 2). Commercial production of these polymers started in
1960 in the United States. Firestone and Goodyear account for >60% of the cur-
rent production capacity (see ELASTOMERS, SYNTHETIC-POLYBUTADIENE).

Very high cis-1,4-addition (>80%) imparts more desirable properties for
applications like heavy-duty tires (200). Structural properties of some typical
polybutadienes are listed in Table 3 (200—-202).

Extensive efforts have been made to develop catalyst systems to control the
stereochemistry, addition site, and other properties of the final polymers. Among
the most prominant ones are transition metal-based catalysts including Ziegler
or Ziegler—Natta type catalysts. The metals most frequently studied are Ti
(203,204), Mo (205), Co (206—208), Cr (206—208), Ni (209,210), V (205), Nd
(211-215), and other lanthanides (216). Of these, Ti, Co, and Ni complexes

Table 3. Properties of Polybutadiene

Melting

Type® Unit cell Density point, °C Tg, °C
1,4-cis monoclinic 1.01 2 —106
1,4-trans- hexagonal® -107

modification I 0.97 97

modification IT 0.93 145
1,2-syndiotactic rhombic 0.96 154 —28
1,2-isotactic rhombohedral 0.96 120

“See Figure 2.
bUp to 60°C.
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have been used commercially. It has long been recognized that by varying the
catalyst compositions, the trans/cis ratio for 1,4-additions can be controlled
quite selectively (204). Catalysts have also been developed to control the ratio
of 1,4- to 1,2-additions within the polymers (203).

In situ preparation of polymer blends of 1,4-polybutadiene with polystyr-
ene, or poly(1l-butene) has been achieved by using the heterogeneous Ziegler—
Natta type catalyst (CoH5)oAICI-Ti(OC4Hg), in the host polymers (217). Homo-
geneous catalysts can also be used to catalyze these reactions (218).

Anionic polymerization of butadiene has been intensively investigated over
the years. Alkali metals and their alkyl derivatives are most frequently used.
The process employing alkyllithium compounds as the initiators was first com-
mercialized in the 1950s. Typical vinyl (1,2-addition) content is ~10-25%, with
the balance about evenly divided between cis- and trans-1,4-addition, depending
on the alkyllithium catalyst selected (219). The vinyl content can be increased
substantially by the addition of polar compounds such as ethers or amines to
the reaction mixture (202,220,221). The most common catalyst used commer-
cially appears to be butyllithium. The products are mostly amorphous and pro-
vide desirable vulcanized rubber properties (202). By taking advantage of the
living polymer nature of the reaction, products containing various end groups,
such as —OH, —COOH, —SH, and others, can be prepared by terminating the
polymerization with the proper reagent (195).

Another better studied system is the Alfin (alkoxide—olefin) catalyst, which
is composed of a sodium salt, sodium alkoxide, and allylsodium (222). Similarly,
there are many different modifications of the system to produce polymers with
different 1,2- to 1,4-addition ratios as well as other properties (223).

Acrylonitrile—butadiene copolymers (nitrile—butadiene rubber, NBR) are
also produced via emulsion polymerization of butadiene with acrylonitrile,
CH;=CH—CN [107-13-1].

CH,=CH—CH=CH, + CH,—CH-CN —> CH,~CH=CH—CH,~CH,~CH"
CN

Acrylonitrile—butadiene—styrene resins are two-phase blends. These are
prepared by emulsion polymerization or suspension grafting polymerization.
Products from the former process contain 20—22% butadiene; those from the lat-
ter, 12—16%.

Butadiene can also be copolymerized with a large number of other olefins
(224) and SO, (225).

3.8. Other Reactions. Due to the highly reactive conjugated double
bonds, butadiene can undergo many reactions with transition metals to form
organometallic complexes. For example, iron pentacarbonyl reacts with buta-
diene to produce the tricarbonyl iron complex (10) (226). This and many other
organometallic complexes have been covered (227).

AN
cH=Cl Fe(CO)s — Fe 2Co
CH, \CHZ + Fe(CO)s CO/Cldco *

(10)
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Side-chain anionic alkylation reactions with aromatic compounds take
place when catalyzed with strong basic catalysts, like Na—K (228). The yield is
83% when o-xylene reacts with butadiene.

4. Manufacture and Processing

The pattern of commercial production of 1,3-butadiene parallels the overall
development of the petrochemical industry. Since its discovery via pyrolysis of
various organic materials, butadiene has been manufactured from acetylene as
well as ethanol, both via butanediols (1,3- and 1,4-) as intermediates (see
ACETYLENE-DERIVED CHEMICALS). On a global basis, the importance of these processes
has decreased substantially because of the increasing production of butadiene
from petroleum sources. China and India still convert ethanol to butadiene
using the two-step process while Poland and the former USSR use a one-step process
(229,230). In the past butadiene also was produced by the dehydrogenation of
n-butane and oxydehydrogenation of n-butenes. However, butadiene is now pri-
marily produced as a by-product in the steam cracking of hydrocarbon streams to
produce ethylene. Except under market dislocation situations, butadiene is
almost exclusively manufactured by this process in the United States, Western
Europe, and Japan.

4.1. Steam Cracking. Steam cracking is a complex, highly endothermic
pyrolysis reaction. During the reaction a hydrocarbon feedstock is heated to
~800°C and 34 kPa (5 psi) for less than a second during which carbon—carbon
and carbon—hydrogen bonds are broken. As a result, a mixture of olefins, aro-
matics, tar, and gases are formed. These products are cooled and separated
into specific boiling range cuts of C;, Cy, C3, C4, etc. The C, fraction contains
butadiene, isobutylene, 1-butene, 2-butene, and some other minor hydrocarbons.
The overall yields of butadiene depend on both process parameters (231) and the
composition of feedstocks (Table 4) (232). Generally, heavier steam cracking feed-
stocks produce greater amounts of butadiene as a by-product. Thus, with heavier
feedstocks like light naphtha or virgin gas oil, up to about 5.4 wt% of the total
product is butadiene. The processes of separating butadiene from the other C,
compounds are described later.

4.2. Dehydrogenation of n-Butane. Dehydrogenation of n-butane
[106-97-8] via the Houdry process is carried out under partial vacuum, 35—75 kPa
(5—11 psi), at ~535—650°C with a fixed-bed catalyst. The catalyst consists of alu-
minum oxide and chromium oxide as the principal components. The reaction is
endothermic and the cycle life of the catalyst is ~10 min because of coke buildup.
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Table 4. Product Distribution from Steam Cracking Various Feedstocks®
Product yield, wt %

Feedstock Ethylene Propylene Butadiene Butenes BTX Fuel products
ethane 77.5 2.8 1.9 0.8 17.0
propane 42.0 16.8 3.0 1.3 3.0 33.9
light naphtha 33.7 15.6 4.5 4.2 9.1 32.9
light VGO® 20.4 14.1 5.4 6.3 8.5 45.3
“Ref. 232.

bVGO = vacuum gas oil.

Several parallel reactors are needed in the plant to allow for continuous opera-
tion with catalyst regeneration. Thermodynamics limits the conversion to
~30-40% and the ultimate yield is 60—65 wt% (233).

4.3. Oxydehydrogenation of n-Butenes. Normal butenes can be oxi-
datively dehydrogenated to butadiene in the presence of high concentration of
steam with fairly high selectivity (234). The conversion is no longer limited
by thermodynamics because of the oxidation of hydrogen to water. Reaction tem-
perature is below ~600°C to minimize over oxidation. Pressure is ~34—103 kPa
(5—15 psi).

4.4. Separation and Purification. Separation and purification of
butadiene from other components is dominated commercially by the extractive
distillation process. The most commonly used solvents are acetonitrile and
dimethylformamide. Dimethylacetamide, furfural, and N-methyl-2-pyrrolidi-
none also accomplish the separation. These solvents are aprotic polar compounds
that have high complexing affinity toward the more polarizable butadiene than
other olefins in the streams. Among the many factors that must be considered in
choosing the solvent process are cost, solvency, thermal stability, viscosity, toxi-
city, corrosivity, heat of vaporization, and fouling. The fact that no single solvent
has dominated the process suggests that there are no significant differences in
both operation and economics using most of these solvents. 1,3-Butadiene
separation from a crude C, stream using catalytic extractive distillation has
been described (235). There are continuous efforts around the world to search
for solvents (236,237) that reduce fouling (238,239) and improve operations
(240,241). A typical process schematic is shown in Figure 3. Processes using
membranes for butadiene separation have also been patented (242,243). A sys-
tem for purifying a 1,3-butadiene feedstock by using a separation column has
been patented (244).

Another approach to separate butadiene from other hydrocarbons is to use a
solution containing cuprous ammonium acetate that forms a weak copper(I) com-
plex with butadiene (245,246). The latter process has been used in a number of
plants.

In commercial extraction operations, the C4 fractions that contain buta-
diene, isobutene, and 1- and 2-butenes usually first go through a butadiene
extraction unit in which the butadiene is removed. This may be followed by iso-
butylene removal via reaction between isobutylene and methanol to form methyl
tert-butyl ether [1634-04-4] (MTBE). The butenes are then distilled from the
MTBE. 1-Butene may then be separated from 2-butene by distillation.
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Fig. 3. Separation and purification of butadiene: A, first extraction distillation tower; B,
solvent stripper; C, second extraction distillation tower; D, topping tower; E, tailing tower;
F, solvent recovery towers.

5. Handling, Storage, and Shipping

Large quantities of butadiene are manufactured, stored, transported, and
handled in a safe manner every day. Typical product specifications are listed
in Table 5. However, butadiene reacts with a large number of chemicals, has
an inherent tendency to dimerize and polymerize, and is toxic. Therefore, specific
handling, storage, and shipping procedures must be followed. A review of means
to prevent occupational exposure during handling, storage, and shipping has
been published (247).

Table 5. Butadiene Specifications and Test Methods”

Component Specification Test method
1,3-butadiene >99.5% ASTM D2593
inhibitor?, wppm 50-150 ASTM D1157
impurities, wppm, max
1,2-butadiene 20.0 ASTM D2593
propadiene 10.0 ASTM D2593
acetylenes (methyl, ethyl, vinyl) 20.0 ASTM D2593
dimers 500.0 ASTM D2426
isoprene 10.0 ASTM D2593
Chs 500.0 ASTM D2593 or D2426
sulfur 5.0 ASTM D4045 or D2784
peroxides (calculated as HyO5) 5.0 ASTM D1022
ammonia 5.0 water wash and ASTM D1426
water 300.0 Karl Fischer or panametric dew point
carbonyls 10.0 ASTM D4423
nonvolatile residues, wt % 0.05 ASTM D1025
oxygen in gas phase, vol % 0.10 teledyne oxygen analyzer

“Courtesy of Exxon Chemical Co.
btert—Butylcatechol [27213-78-1] TBC.
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Table 6. Effects of Temperature on Dimerization Rate
of Butadiene

Temperature, °C Butadiene, % dimerized/h
20 0.00015
40 0.0014
60 0.013
80 0.12
100 1.1

The thermally induced Diels—Alder dimerization reaction producing vinyl-
cyclohexene is very difficult to prevent except by lowering the storage tempera-
ture (248). Since the reaction rate increases about ninefold for every 20°C
increase in temperature (Table 6), care must be taken to keep butadiene at a
low temperature.

Butadiene reacts readily with oxygen to form polymeric peroxides, which
are not very soluble in liquid butadiene and tend to settle at the bottom of the
container because of their higher density. The peroxides are shock sensitive;
therefore it is imperative to exclude any source of oxygen from butadiene. Addi-
tion of antioxidants like ¢-butylcatechol (TBC) or butylated hydroxy toluene
(BHT) removes free radicals that can cause rapid exothermic polymerizations.
Butadiene shipments now routinely contain ~100 ppm TBC. Before use, the inhi-
bitor can easily be removed (249,250). Inert gas, such as nitrogen, can also be
used to blanket contained butadiene (251).

Butadiene is also known to form rubbery polymers caused by polymeriza-
tion initiators like free radicals or oxygen. Addition of antioxidants like TBC
and the use of lower storage temperatures can substantially reduce fouling
caused by these polymers. Butadiene and other olefins, such as isoprene, styrene,
and chloroprene, also form so-called popcorn polymers (252). These popcorn poly-
mers are hard, opaque, and porous. They have been reported to ignite sponta-
neously on exposure to air and, therefore, are usually kept under water. They
grow faster in the presence of seeds, or oxygen and rust. Because popcorn poly-
mers can grow exponentially (253), they can generate tremendous pressure
resulting in sudden rupture or plugging of containers, distillation towers, and
pipes (254). It is reported that rigorous exclusion of oxygen from the system,
metal surface passivation, and removal of popcorn polymer seeds can mitigate
most of this problem (253). Addition of antioxidants will also help, but the high
boiling points of many of these materials render them effective primarily in the
liquid phase. Recently, a comprehensive study of this phenomenon and effective
mitigation methods have been investigated, developed, and are available for
license (255).

Butadiene is primarily shipped in pressurized containers via railroads or
tankers. U.S. shipments of butadiene, which is classified as a flammable com-
pressed gas, are regulated by the Department of Transportation (256). Most
other countries have adopted their own regulations (30). Other information on
the handling of butadiene is also available (257). As a result of the extensive
emphasis on proper and timely responses to chemical spills, a comprehensive
handbook from the National Fire Protection Association is available (258).
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Table 7. U.S. Producers of Butadiene and their Capacities

Producer Capacity® x 10 kg (10°1b)
BP Amoco, Chocolate Bayou, Texas 90.7 (200)
Equistar, Channelview, Texas 281.2 (620)
Equistar, Chocolate Bayou, Texas 68.0 (150)
Equistar, Corpus Christi, Texas 90.7 (200)
Exxon, Baton Rouge, La. 149.7 (330)
Exxon, Baytown, Texas 122.5 (270)
Huntsman, Port Neches, Texas 370.6 (850)
Shell, Deer Park, Texas 136.0 (300)
Shell, Norco, La. 260.8 (575)
Texas Petrochemicals, Houston, Texas 415.0 (915)
Total 1985 (4,410)

“Per year of finished butadiene capacity.

6. Economic Aspects

World capacity grew at 3.3%/yr in 1994-1999 and reached 10 x 10° t as of
January 2000 (259). Most capacity was in Asia, South America, and the Middle
East. Asia is the world’s leading producer.

United States producers are listed in Table 7 (1). The estimated world
demand for 2003 is 5.8 billion 1b (2.6 million tons) (1).

During 1994-1999 the price of butadiene was a high of $0.24/lb and a low of
$0.13/Ib tanks fob Gulf (1).

Since the bulk of butadiene is recovered from steam crackers, its economics
is very sensitive to the selection of feedstocks, operating conditions, and demand
patterns. Butadiene supply and, ultimately, its price are strongly influenced by
the demand for ethylene, the primary product from steam cracking. Currently,
there is a worldwide surplus of butadiene. Announcements of a number of new
ethylene plants will likely result in additional butadiene production, more than
enough to meet worldwide demand for polymers and other chemicals (1). When
butadiene is in excess supply, ethylene manufacturers can recycle the butadiene
as a feedstock for ethylene manufacturer.

7. Health and Safety Aspects

Butadiene has been used widely in producing many important industrial poly-
mers and other products. Thus over the years the effects on plant workers who
have been exposed to different levels of butadiene have been under increasing
scrutiny from manufacturers, users, health organizations, as well as government
agencies. Short-term exposure to high concentrations of butadiene may cause
irritation to the eyes, nose, and throat. Dermatitis and frostbite may result
from exposure to the liquid and the evaporating gas (247). Long-term physiologi-
cal reactions to 1,3-butadiene may vary individually.

Exposure studies have been made using mice and rats (260). These ex-
periments have demonstrated species differences in butadiene toxicity and
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Table 8. Exposure Limits of Butadiene in Selected Countries

Country Exposure limit®
Belgium 10 ppm

France 10 ppm
Germany carcinogen
Russia STEL 100 mg/m®
The Netherlands 21 ppm

United Kingdom 10 ppm

United States 2 ppm (ACGIH)

5 ppm for 15 min (OSHA)
1 ppm 8-h time weighted average (OSHA)

“Ref. 263.

carcinogenicity. Butadiene was found to be a potent carcinogen in the mouse, but
only a weak carcinogen in the rat. The interpretations have focused on differ-
ences in toxification rates and detoxification metabolisms as causative factors
(257). The metabolism is believed to proceed through intermediates involving
butadiene monoepoxide and butadiene diepoxide (260). A similar mechanism
has been proposed for its biodegradation pathway (261).

A retrospective epidemiological study covering a period of 36 years and a
population of ~14,000 workers from eight SBR production facilities in the United
States and Canada was the largest of several such studies conducted (260—262).
The study covered the period between 1943 and 1976 with an update from 1977
to 1985. Despite the difficulty in ascertaining the exposure levels, the authors of
that paper suggested there were no statistically significant differences in tumor
mortality in total or for any specific cause of death as compared to the general
population (260). In several epidemiological studies elevation in mortality were
observed for small subgroups and tumor types. See Table 8 for exposure limits in
selected countries.

There have been many reviews published on the toxicity of butadiene (264).
A summary of environmental health perspectives was presented at the 1988
Symposium on Toxicology, Carcinogenesis, and Human Health Effects of 1,3-
Butadiene (265). Detailed comparisons of various personal monitoring devices
are available (266), and control of occupational exposure to 1,3-butadiene has
been reviewed (267).

8. Uses

Butadiene is used primarily in polymers, including SBR, BR, ABS, SBL, and NR.
In 2000 these uses accounted for about 89% of butadiene consumed in the United
States (1). Styrene—butadiene rubber, the single largest user of butadiene, con-
sumes 29% of the total. It is followed by polybutadiene rubber at 27%. Consump-
tion for the other polymers, ABS, SBL, polychloroprene, and nitrile rubber are
listed in Table 9.

Another significant butadiene use is for manufacturing adiponitrile,
NC(CHy)4CN [111-69-3], a precursor for nylon-6,6 production. Other miscella-
neous chemical uses, such as for ENB (ethylidene norbornene) production,
account for 7% combined (Fig. 4) (271).
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Table 9. Pattern of Butadiene Uses in the United States, 2000“

End use Percentage of total, %
synthetic elastomers 61
styrene—butadiene rubber (SBR) 29
polybutadiene (BR) 27
polychloroprene (Neoprene) 3
nitrile rubber (NR) 2
polymers and resins 18
acrylonitrile—butadiene—styrene (ABS) 6
styrene—butadiene copolymer (latex) 12
chemicals and other uses 21
adiponitrile 14
others 7
“Ref. 1

gz o
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Fig. 4. Commercial uses of butadiene.

New butadiene applications are expected to grow from a small base, parti-
cularly liquid hydroxy-terminated homopolymers used in polyurethane for sea-
lants, waterproofing, electrical encapsulation, and adhesive (1). A recent patent
describes an epoxy resin composition for semiconductor encapsulation compris-
ing an epoxy resin, phenolic resin, and butadiene rubber particles (268). An
invention for improved polybutadiene composition suitable for use in molded
golf ball cores has been described (269). A butadiene rubber adhesive composition
with specified low syndiotactic butadiene has been patented (270).

BIBLIOGRAPHY

“Butadiene” in ECT 1st ed., Vol. 1, pp. 669-674, by A. A. Dolnick and M. Potash,
Publicker Industries, Inc.; in ECT 2nd ed., Vol. 3, pp. 784-815 by I. Kirshenbaum and



Vol.

4 BUTADIENE 385

R. P. Cahn, Exxon Research and Engineering Company; “Manufacture of Butadiene” in
ECT 3rd ed., Vol. 11, pp. 857-870, by C. E. Morrell, Esso Laboratories, Standard Oil
Development Company; “Butadiene” in ECT 4th ed., Vol. 4, pp. 663—690, by H. N. Sun
and J. P. Wristers, Exxon Chemical Company; “Butadiene” in ECT (online), posting
date: December 4, 2000, by H. N. Sun and J. P. Wristers, Exxon Chemical Company.

CITED PUBLICATIONS

1.

2.
3.
4.

N Ot

11.
12.

13.

14.

15.
16.
17.

18.

19.
20.
21.
22.
23.

24.
25.
26.

217.

“Butadiene”, ChemExpo Chemical Profile, Chemical News and Data, March 6, 2000,
http://www.chemexpo.com/Profile, searched Feb. 14, 2002.

S. K. Chatterjee and A. Das, Chem. Age, India 34, 751 (1983).

L. M. Stock, Prepr. Am. Chem. Soc., Div. Fuel Chem. 32, 463 (1987).

C. G. Rudershausen and J. B. Thompson, Prepr. Div. Pet. Chem., Am. Chem. Soc. 23,
241 (1978).

. Neth. Pat. 87,00,587 (Mar. 11, 1987), (to Lummus Crest B.V.).
. R. dJ. Evans and T. A. Milne, Energy Fuels 1, 123 (1987).
. T. Funazukuri, R. R. Hudgins, and P. L. Silverston, J. Anal. Appl. Pyrolysis 10, 225

(1987).

. U.S. Pat. 6,175,049 (Jan. 16, 2001), A. Stuwe, and co-workers (EC Erdolchemie

GmbH).

. Jpn. Pat. 83 25,635 (Feb. 15, 1983), (to Toray Industries, Inc.).
. M. Ghalamkar-Moazzam and T. L. Jacobs, J. Polym. Sci. Polym. Chem. Ed. 16, 701

(1978).

U.S. Pat. 4,239,870 (Dec. 16, 1980), R. L. Smith (to Phillips Petroleum Co.).

R. W. Gallant, Physical Properties of Hydrocarbons, Gulf Publishing Co., Houston,
Tex., 1968.

D. R. Stuff, E. F. Westrum, Jr., and G. C. Sinke, The Chemical Thermodynamics of
Organic Compounds, John Wiley & Sons, Inc., New York, 1969, pp. 330, 331.

G. B. Kistiakowsky, J. R. Ruhoff, H. A. Smith, and W. E. Vaughan, J. Am. Chem.
Soc. 57, 876 (1935); 58, 146, 237 (1936).

T. R. Durig, W. E. Bucy, and A. R. H. Cole, Can. J. Phys. 53, 1832 (1976).

L. A. Carriera, J. Chem. Phys. 62, 3851 (1975).

M. E. Squillacote, R. S. Sheridan, O. L. Chapman, and F. A. L. Anet, J. Am. Chem.
Soc. 101, 3657 (1979).

J. G. Aston, G. Szasz, H. W. Wooley, and F. G. Brickwedde, J. Chem. Phys. 14, 67
(1946).

D. J. Marais, N. Shepard, and B. P. Stoicheff, Tetrahedron 17, 163 (1962).

A. A. Al-Sahhaf, J. Environ. Science and Health A24, 49 (1989).

S. Banerjee and P. H. Howard, Environ. Sci. Technol. 22, 839 (1988).

O. Grotewohl, Chem. Tech. 40, 485 (1988).

W. Baker and A. L. Mossman, Matheson Gas Data Book 83, (1980) F. D. Rossini, K.
S. Pitzer, R. L. Arnett, R. M. Braun, and G. C. Pimentel, Selected Values of Physical
and Thermodynamic Properties of Hydrocarbons and Related Compounds, American
Petroleum Institute Research Project 44, Carnegie Press, Pittsburgh, Pa., 1953.

R. C. Weast, CRC Handb. Chem. Phys. 70, C161 (1990).

C. L. Yaws and P.-Y. Chiang, Chem. Eng. 95(13), 81 (1988).

N. Gee, K. Shinsaka, J. P. Dodelet, and G. R. Freeman, J. Chem. Thermodyn. 18, 221
(1986).

C. L. Yaws, H.-C. Yang, J. R. Hopper, and K. C. Hansen, Chem. Eng. 97(4), 177
(1990).



386

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

46.
47.

48.
49.
50.
51.
52.
53.

54.
55.

56.
57.

58.

59.

60.

BUTADIENE Vol. 4

Standard on Explosion Prevention Systems, National Fire Protection Association,
NFPA 69, Boston, Mass., 1973.

C. L. Yaws, H.-C. Yang, and W. A. Cawley, Hydrocarbon Process. 87 (June 1990).
H. J. Muller and E. Loser, Ullmanns Encycl. Tech. Chem. A4, 431 (1985).

dJ. Tsuji, Acct. Chem. Res. 6, 8 (1973).

U.S. Pat. 2,123,504 (July 12, 1938), H. B. Dykstra (to E. I. du Pont de Nemours & Co.,
Inc.).

H. Kubota, Rev. Phys. Chem. Jpn. 37, 25 (1967); L. M. Mascavage, H. Chi, S. La, and
D. R. Dalton, J. Org. Chem. 56, 595 (1991).

M. S. Kharasch, J. Kritchevsky, and F. R. Mayo, J. Org. Chem. 2, 489 (1938).

P. J. Gorton and R. Walsh, J. Chem. Soc., Chem. Commun., 782 (1972).

U.S. Pat. 4,645,863 (Feb. 24, 1987), W. Rebafka and H. Nickels (to BASF A.-G.).
U.S. Pat. 4,590,300 (May 20, 1986), M. J. Mullins and P. J. Hamlin (to Dow Chemical
Company).

Ger. Pat. 2,550,902 (May 26, 1977), K. Janowsky, H.-G. Wegner, and J. Woeliner
(to Deutsche Texaco AG).

Eur. Pat. Appl. 252,401 (Mar. 18, 1981), E. Drent (to Shell International Research
Maatschappij B.V.).

U.S. Pat. 4,450,286 and U.S. Pat. 4,450,287 (May 22, 1984), T. E. Paxton (to Shell
0il Co.).

R. Baker and D. E. Halliday, Tetrahedron Lett. 27, 2773 (1972).

Y. Kakuno and H. Hattovi, J. Catal. 85, 509 (1984).

U.S. Pat. 3,876,695 (Apr. 8, 1975), N. von Kutepow (to BASF A.-G.).

U.S. Pat. 4,550,195 (Oct. 29, 1985), R. Platz, R. Kummer, H. W. Schneider, and
K. Schwirten (to BASF A.-G.).

Ger. Pat. 3,638,218 (May 11, 1988), P. Panitz, H. Reitz, G. Schuch, and W. Seyfert
(to BASF A.-G.).

Ger. Pat. 3,638,219 (May 11, 1988), R. Maerkl and co-workers (to BASF A.-G.).
Eur. Pat. Appl. 271,145 (June 15, 1988), E. Drent (to Shell Internationale Research
Maatschappij B.V.).

Eur. Pat. Appl. 273,489 (July 6, 1988), E. Drent (to Shell Internationale Research
Maatschappij B.V.).

Eur. Pat. Appl. 284,170 (Sept. 28, 1988), E. Drent and J. Van Gogh (to Shell Inter-
nationale Research Maatschappij B.V.).

U.S. Pat. 4,171,450 (Oct. 16, 1979), H. S. Kesling and L. R. Zehner (to Atlantic Rich-
field Co.).

K. Mislow and H. M. Hellman, J. Am. Chem. Soc. 73, 244 (1951).

K. Mislow, J. Am. Chem. Soc. 75, 2512 (1953).

D. F. Shellhamer, R. J. Conner, R. E. Richardson, V. L. Heasley, and E. G. Heasley,
J. Org. Chem. 49, 5015 (1984).

J. H. Prescott, Chem. Eng. 78, 47 (Feb. 8, 1971).

U.S. Pat. 3,720,704 (Apr. 13, 1973), H. Sakomura, H. Kisaki, T. Tada, and S. Mabu-
chi (to Toyo Soda).

D. Craig, J. Am. Chem. Soc. 65, 1006 (1943).

Jpn. Pat. 76 115,408 (Oct. 12, 1976) and 76 88,908 (Aug. 4, 1976), W. Funakoshi and
T. Urasaki (to Teijin Ltd.).

J. Thivolle-Cazat and I. Tkatchenko, J. Chem. Soc., Chem. Commun. 19, 1128
(1982).

P. Rylander, Catalytic Hydrogenation in Organic Synthesis, Academic Press, Inc.,
New York, 1979, Chapt. 3.

F. J. McQuillin, Homogeneous Hydrogenation in Organic Chemistry, D. Reidel Pub-
lishing Co., Boston, Mass., 1976, pp. 46—48.



Vol.

61

62
63

64.
65.

66.
67.
68.
69.
70.

71.
72.

73.
74.
75.

76.
77.

78.
79.
80.

81.
82.

83.
84.
85.

86.
87.

88.

89.

90.
91.

92.
93.

94.
95.

4 BUTADIENE 387

. B. R. James, Homogeneous Hydrogenation, John Wiley & Sons, Inc., New York, 1973,
p. 148.

. J. Halpern and L. Y. Wong, J. Am. Chem. Soc. 90, 6665 (1968).

. M. G. Burnett and P. J. Conolly, J. Chem. Soc. A, 991 (1968).

U.S. Pat. 3,009,969 (Nov. 21, 1961), M. S. Spencer and D. A. Dowden (to ICI).

H. Inoue, H. Nagamoto, and M. Shinkai, Asahi Garasu Kogyo Gijutsu Shoreikai

Kenkyu Hokoku 31, 277 (1977).

H. Nagamoto and H. Inoue, Bull. Chem. Soc. Jpn. 59, 3935 (1986).

J. Tamaki, S. Nakayama, M. Yamamura, and T. Imanaka, Shokubai 29, 170 (1987).

M. Derrien, J.-P. Boitiaux, L. Quicke, and J. W. Andrews, AIChE Spring Meeting

Preprints, paper 82f (1989).

Ger. Pat. 3,417,549 (Nov. 14, 1985), H. Zimmermann and H. J. Wernicke (to Linde

A.-G).

J.-P. Boitiaux, J. Cosyns, M. Derrien, and G. Leger, Hydrocarbon Process. 51

(Mar. 1985).

H. Lauer and E. Kohle, Erdgas Petrochem. 36, 249 (1983).

Jpn. Pat. 86 85,333 (Apr. 30, 1986), M. Okamura, M. Yamase, K. Horii, Y. Setoguchi,

and Y. To (to Sumitomo Chem. Co., Ltd.).

Jpn. Pat. 84 05,127 (Jan. 12, 1984), (to Sumitomo Chemical Co., Ltd.).

Y. Furukawa and co-workers, Bull. Jpn. Petrol. Inst. 15, 71 (1973).

S. Naito, Y. Sakurai, H. Shimizu, T. Onishi, and K. Tamaru, Trans. Faraday Soc. 67,

1539 (1971).

T. Okuhara and K. I. Tanaka, J. Catal. 61, 135 (1980).

Y. Okamoto, A. Maezawa, H. Kane, and T. Imanaka, J. Chem. Soc. Chem. Commun.

380 (1988).

Y. Imizu, K. Tanabe, and H. Hattori, . Catal. 56, 303 (1979).

G. C. Bond and P. B. Wells, Adv. Catal. 15, 92 (1964).

G. C. Bond, Catalysis by Metals, Academic Press, Inc., New York, 1962, Chapts. 11

and 12.

J. Tamaki, S. Nakayama, M. Yamamura, and T. Imanaka, Shokubai 29, 170 (1987).

I. Suzuki and A. Shibata, Utsunomiya Daigaku Kyoikugakubu Kiyo, Dai-2-bu 34, 43

(1983).

A. M. Rosan, R. K. Crissey, and 1. L. Mador, Tetrahedron Lett. 25, 3787 (1984).

K. Shimazu and H. Kita, J. Chem. Soc., Faraday Trans. I 81, 175 (1985).

J. N. Nudel, B. S. Umansky, R. O. Piagentini, and E. A. Lombardo, JJ. Catal. 89, 362

(1984).

Y. Iwasawa, Adv. Catal. 35, 218 (1987).

Brit. Pat. 2,106,129 (Apr. 7, 1983), C. S. John and J. A. Van Broekhoven (to Shell

International Research Maatschappij, B.V.).

U.S. Pat. 4,421,933 (Dec. 20, 1983), J. A. M. Van Broekhoven and C. S. John (to Shell

0il Co.).

D. J. Hucknall, Selective Oxidation of Hydrocarbons, Academic Press, Inc., New

York, 1973, Chapt. 4.

M. Ai, J. Catal. 71, 88 (1981).

U.S. Pat. 4,400,324 (Aug. 23, 1983), T. S. Brima and A. B. Cottingham (to National

Distillers and Chemical Corp.).

F. Mares and R. Tang, J. Org. Chem. 43, 4631 (1978).

Jpn. Pat. 78,91,999 (Aug. 12, 1978), S. Mabuchi, S. Kumoi, and M. Sumida (to Toyo

Soda Manufacturing Co., Ltd.).

G. Centi and F. Trifiro, J. Mol. Catal. 35, 255 (1986).

U.S. Pat. 4,409,076 (Oct. 11, 1983), W. C. Seidel and D. N. Staikos (to E. I. du Pont de

Nemours & Co., Inc.).



388

96.

97.
98.

99.
100.
101.

102.
103.
104.

105.
106.
107.

108.
109.

110.

111.
112.

113.

114.
115.
116.
117.

118.

119.
120.
121.
122.

123.
124.
125.

126.
127.

128.
129.
130.
131.

BUTADIENE Vol. 4

U.S. Pat. 4,298,531 (Nov. 3, 1981), R. V. Lindsey, Jr. and W. W. Richard (to E. I. du
Pont de Nemours & Co., Inc.).

Jpn. Pat. 81,122,370 (Sept. 25, 1981), (to Mitsuibishi Chemical Industries).

U.S. Pat. 4,322,358 (Mar. 30, 1982), T. A. Bither and W. R. McCellan (to E. I. du Pont
de Nemours & Co., Inc.).

U.S. Pat. 4,234,747 (Nov. 18, 1980), C. J. McIndoe (to ICI, Ltd.).

Jpn. Pat. 84,84,831 (May 16, 1984), (to Mitsui Taotsu Chemicals, Inc.).

Eur. Pat. Appl. 8,457 (Mar. 5, 1980), D. I. Garnett and M. L. Peterson (to E. I. du
Pont de Nemours & Co., Inc.); Eur. Pat. Appl. 31,729 (July 8, 1981), R. V. Lindsey,
Jr., and W. W. Vernon (to E. I. du Pont de Nemours & Co., Inc.).

T. Onoda, Petrotech (Japan) 10, 810 (1987).

Y. Tanabe, Hydrocarbon Process. 60, 187 (Sept. 1981).

Eur. Pat. Appl. 289,725 (Nov. 9, 1988), J. Haji, I. Yokotake, T. Yamaguchi, M. Sato,
and N. Murai (to Mitsubushi Kasei Corp.).

A. V. Devekki and M. I. Yakushkin, Kinet. Katal. 28, 1099 (1987).

U.S. Pat. 4,044,041 (Aug. 23, 1977), P. R. Stapp (to Phillips Petroleum Co.).

I. Takehira, J. A. Trinidad Chena, S. Niwa, T. Hayakawa, and T. Ishikawa, J. Catal.
76, 354 (1982).

U.S. Pat. 4,384,146 (May 13, 1983), S. C. Tang (to Shell Oil Co.).

P. D. Lawley, in C. E. Searle, ed., Carcinogenesis by Alkylating Agents, in Chemical
Carcinogens ACS Monograph 173, American Chemical Society, Washington, D.C.,
1976, pp. 83—244.

E. Malvoisin, G. Lhoest, F. Poncelet, M. Roberfroid, and M. Mercier, J. Chromatogr.
178, 419 (1979).

E. Loeser, Annu. Meet. Proc. Int. Inst. Synth. Rubber Prod. Paper 13 (1987).

H. H. Wasserman, Diels—Alder Reactions, Elsevier Science Publishing Co., Inc., New
York, 1965.

W. von E. Doering, M. Franck-Neumann, D. Hasselmann, and R. L. Kaye, J. Am.
Chem. Soc. 94, 3833 (1972).

W. Oppolzer, Angew. Chem. Int. Ed. 16, 10 (1977).

A. U. Konovalov, Russ. Chem. Rev. 52, 1064 (1983).

G. Consiglio and R. M. Waymouth, Chem. Rev. 89, 257 (1989).

T. Sakai, in L. F. Albright, B. L. Crynes, and W. H. Corcoran, eds., Pyrolysis: Theory
and Industrial Practice, Academic Press, Inc., New York, 1983, pp. 100, 101.

R. B. Woodward and R. Hoffmann, The Conservation of Orbital Symmetry, Academic
Press, Inc., New York, 1970.

K. Fukui, Acc. Chem. Res. 4, 57 (1971).

U.S. Pat. 3,454,665 (July 8, 1969), H. E. Cler (to Esso Research and Engineering Co.).
R. Z. Dolor and P. Vogal, J. Mol. Catal. 60, 65 (1990).

P. V. Bonnesen, C. L. Puckett, R. V. Honeychuck, and W. H. Hersh, J. Am. Chem.
Soc. 111, 6070 (1989).

Jpn. Pat. 80 87,728 (July 2, 1980), (to Mitsui Petrochemical Industries, Ltd.).

U.S. Pat. 3,767,593 (Oct. 23, 1973), C. L. Meyers (to Phillips Petroleum Company).
U.S. Pat. 4,125,483 (Nov. 14, 1978), R. S. Downing, J. van Amstel, and A. H. Joustra
(to Shell Oil Co.).

A. Goliaszewski and J. Schwartz, Organometallics 4, 415 (1985).

U.S. Pat. 4,384,153 (May 17, 1983) and 4,413,154 (Nov. 1, 1983), R. M. Dessau (to
Mobil Oil Corp.).

I. E. Maxwell, R. S. Downing, and S. A. J. van Langen, J. Catal. 61, 485 (1980).

I. E. Maxwell, J. J. de Boer, and R. S. Downing, J. Catal. 61, 493 (1980).

R. M. Dessau, J. Chem. Soc. Chem. Commun. 1167 (1986).

A. Mortreux, J. C. Bavay, and F. Petit, Nouv. J. Chim. 4, 671 (1980).



Vol.

132.
133.
134.

135.

136.

137.

138.
139.
140.
141.

142.
143.
144.

145.
146.
147.
148.
149.

150.
151.
152.

153.
154.
155.
156.
157.
158.
159.
160.

161.

162.

163.
164.

165.
166.
167.

168.
169.

4 BUTADIENE 389

P. Cros and G. Buono, New J. Chem. 11, 573 (1987).

W. J. Richter, J. Mol. Catal. 13, 201 (1981).

U.S. Pat. 4,367,358 (Jan. 4, 1983), L. G. Wideman, L. A. Bente, and J. A. Kuczkowski
(to Goodyear Tire and Rubber Co.).

H. Suzuka and H. Hattori, Appl. Catal. 47, L7 (1989); J. Mol. Catal. 63, 371
(1990).

K. T. Finley, in S. Patai, The Chemistry of the Quinonoid Compounds, Part 2, John
Wiley & Sons, Inc., New York, 1974, 986—1068.

J. J. Gajewski, Organic Chemistry Series, in H. H. Wasserman, ed., Hydrocarbon
Thermal Isomerization, Vol. 5, Academic Press, Inc., New York, 1981, pp. 271-282.
J. A. Berson and P. B. Dervan, J. Am. Chem. Soc. 95, 267 (1973).

U. Schuchardt and F. Santos Dias, J. Mol. Catal. 29, 145 (1985).

H. Heimbach, P. W. Jolly, and C. Wilke, Adv. Organomet. Chem. 8, 29 (1970).

U.S. Pat. 3,219,716 (Nov. 23, 1965), D. Wittenberg, H. Lautenschlager, N. von
Kutepow, F. Meier, and H. Seibt (to BASF A.-G.).

G. Wilke, ed., Angew. Chem., Int. 2, 105 (1963).

G. Wilke and co-workers, Angew. Chem. 69, 397 (1957); and 71, 574 (1959).

P. W. Jolly and G. Wilke, The Organic Chemistry of Nickel, Vol. 2, Academic Press,
Inc., New York, 1975.

D. E. Bergbreiter and R. Chandran, J. Chem. Soc. Chem. Commun. 1396 (1985).
H. tom Dieck and J. Dietrich, Angew. Chem. Int. Ed. Engl. 24, 781 (1985).

A. Goliaszewski and J. Schwartz, Organometallics 4, 415 (1985).

Jpn. Pat. 82 03,651 (Jan. 22, 1982), (to Kureha Chemical Industry Co., Ltd.).

P. Denis, A. Mortreux, F. Pepit, G. Buono, and G. Peiffer, J. Org. Chem. 49, 5274
(1984).

G. Wilke and co-workers, Angew. Chem. Int. Ed. Engl. 5, 151 (1966).

A. Musco and A. Silvani, Organomet. Chem. 88, C41 (1975).

G. Huybrechts, L. Luyckx, T. Vandenboom, and B. Van Mele, Int. J. Chem. Kinet.
9, 283 (1977).

FEAST Olefins Technical Bulletin, Shell Oil Co., 1990.

K. J. Ivin, Olefin Metathesis, Academic Press, Inc., New York, 1983, p. 162.

G. W. Parshall, Homogeneous Catalysis, Wiley-Interscience, New York, 1980.

G. W. Parshall and W. A. Nugent, Chemtech 5, 314 (1988).

W. Ring and J. Gaube, J. Chem. Eng. Tech. 36, 1041 (1966).

W. Keim, Angew. Chem. Int. Ed. Engl. 29, 235 (1990).

W. J. Richter, J. Mol. Catal. 34, 145 (1986).

Eur. Pat. 161,979 (Nov. 21, 1985), A. Mortreux, F. Pepit, P. Denis, G. Buono, and
G. Peiffer (to Société Chimique des Charbonnages).

Ger. Pat. 118,409 (June 12, 1976), W. Lindenlaub, W. Walter, H. Fuellbier, and
E. Alder.

G. P. Potapov, V. V. Punegov, and U. M. Dzhemilev, Izv. Akad. Nauk. SSSR, Ser.
Khim. 7, 1468 (1985).

C. U. Pittman, Jr., R. M. Haines, and J. J. Yang, J. Mol. Catal. 15, 377 (1982).
Ger. Pat. 3,024,879 (Jan. 28, 1982), B. Schleppinghoff and H. Schoeneberger (to EC
Erdoelchemie GmbH).

Eur. Pat. Appl. 8,139 (Feb. 20, 1980), K. Nozaki (to Shell International Res.
Maatschappij, B. V.).

Eur. Pat. Appl. 43,039 (Jan. 6, 1982), B. Schleppinghoff, H. D. Koehler, and H.
Schoeneberger (to EC Erdoelchemie GmbH).

Y. Sasaki, Y. Inoue, and H. Hashimoto, J. Chem. Soc. Chem. Commun. 605 (1976).
Y. Inoue, Y. Sasaki, and H. Hashimoto, Bull. Chem. Soc. Jpn. 51, 2375 (1978).

A. Musco, C. Prego, and V. Tartiari, Inor. Chim. Acta 28, 1L.147 (1978).



390

170.

171.
172.

173.
174.

175.
176.

177.
178.
179.
180.
181.
182.
183.
184.
185.
186.

187.
188.

189.

190.

191.

192.
193.

194.
195.

196.
197.
198.
199.

200.

201
202

BUTADIENE Vol. 4

U.S. Pat. 4,167,513 (Nov. 9, 1979), A. Musco, R. Santi, and G. P. Chiusoli (to
Montedison SpA).

P. Braunstein, D. Matt, and D. Nobel, Chem. Rev. 88, 747 (1988).

Eur. Pat. Appl. 234,668 (Sept. 2, 1987), E. Drent (to Shell International Research
Maatschappij B.V.).

A. Behr, K. D. Juszak, and R. He, Int. Congr. Catal. [Proc], 8th ed. 5, V565 (1984).
H. Hoberg, Y. Peres, A. Milchereit, and S. Gross, J. Organomet. Chem. 345, C17
(1988).

A. Behr, Bull. Soc. Chim. Belg. 94, 671 (1985).

A. Behr, in W. Keim, ed., Catalysis in C; Chemistry, D. Reidel Publishing Co.,
Dordrecht, Holland, 1983, pp. 191-194.

P. Braunstein, D. Matt, and D. Nobel, J. Am. Chem. Soc. 110, 3207 (1988).

U.S. Pat. 4,554,375 (Nov. 19, 1985), J. J. Lin and D. C. Alexander (to Texaco Inc.).
Eur. Pat. Appl. 287,066 (Oct. 19, 1988), Y. Tokitoh and N. Yoshimura (to Kuraray
Co., Ltd.).

J. P. Bianchini, B. Waegell, E. M. Gaydou, H. Rzehak, and W. Keim, J. Mol. Catal.
10, 247 (1981).

Fr. Pat. 2,499,978 (Aug. 20, 1982), N. Yoshimura and M. Tamura (to Kuraray Co.,
Ltd.).

dJ. Tsuji, T. Takahashi, Y. Kobayashi, H. Yamada, and I. Minami, Kenkyo Hokoku—
Asahi Garasu Kogyo Gijutsu Shoreikai 38, 301 (1981).

K. Kaneda, M. Higuchi, and T. Imanaka, Chem. Express 3, 335 (1988).

Jpn. Pat. 87 63,5638 (Mar. 20, 1987), (to National Distillers and Chemical Co.).

Eur. Pat. Appl. 104,602 (Apr. 4, 1984), A. J. Chalk and K. L. Purszcki (to Givaudan,
L., et Cie SA).

U. M. Dzhemilev, F. A. Selimov, and G. A. Tolstikov, Izv. Akad. Nauk SSSR, Ser.
Khim. 348 (1980).

dJ. Tsuji, I. Shimizu, H. Suzuki, and Y. Naito, J. Am. Chem. Soc. 101, 5070 (1979).
Jpn. Pat. 86 06,807 (Mar. 1, 1986), T. Onoda, H. Wada, K. Sato, and Y. Kasori
(to Mitsubishi Chemical Industry).

U. M. Dzhemilev, R. V. Kunakova, and V. V. Sidorova, Izv. Akad. Nauk SSSR, Ser.
Khim. 2, 403 (1987).

T. Fujinami, T. Suzuki, M. Kamiya, S. Fukuzawa, and S. Sakai, Chem. Lett., 199
(1985).

U. M. Dzhemilev, R. V. Kunakova, and N. Z. Baibulatova, Izv. Akad. Nauk SSSR,
Ser. Khim., 128 (1986).

D. Pletcher and J. T. Girault, J. Appl. Electrochem. 16, 791 (1986).

Arno Behr in R. Ugo, ed., Aspects of Homogeneous Catalysis, Vol. 5, D. Reidel Pub-
lishing Co., Dordrecht, Holland, 1984, pp. 3—73.

W. Cooper, Dev. Polym. 1, 103 (1979).

D. P. Tate and T. W. Bethea, in J. I. Kroschwitz, ed., Encyclopedia of Polymer Science
and Engineering, Vol. 2, Wiley-Interscience, New York, 1985, pp. 537—590.

D. H. Richards, Chem. Soc. Rev. 6, 235 (1977).

Ref. 20, p. 553.

E. B. Storey, Rubber Chem. Tech. 34, 1402 (1961).

L. A. Wood in J. Brandrup and E. H. Immergut, eds., Polymer Handbook, 3rd ed.,
John Wiley & Sons, Inc., New York, 1989, p. 9.

H. F. Mark, in A. Vidal and J. B. Dannet, eds., Chemistry and Technology of Rubber,
Applied Polymer Symposium, Vol. 39, John Wiley & Sons, Inc., New York, 1982,
p- 15.

. W. S. Bahary, D. 1. Sapper, and J. H. Lane, Rubber Chem. Technol. 40, 1529 (1967).
. H. L. Stephens, in Ref. 197, pp. V1-V5.



Vol.

203.
204.
205.
206.
207.
208.
209.

210.

211.
212.

213.
214.

215.
216.
217.
218.
219.

220.

221.
222.

223.
224.
225.

226.
227.
228.
229.
230.
231.

232.

233.
234.
235.
236.
237.
238.

239.

240.
241.

4 BUTADIENE 391

N. G. Gaylord, T. K. Kwei, and H. F. Mark, J. Polym. Sci. 42, 417 (1960).

Belg. Pat. 573,680 (1958), (to Montecatini).

G. Natta, J. Polym. Sci. 48, 219 (1960).

Y. Lin and co-workers, Huaxue Xuebao 43, 438 (1985).

U.S. Pat. 3,094,514 (June 18, 1963), H. Tucker (to Goodrich-Gulf Chemicals).

W. Cooper, Ind. Eng. Chem. Prod. Res. Develop. 9, 457 (1970).

P. Teyssie, P. Hadjiandreou, M. Julemont, and R. Warin, NATO ASI Ser., Ser. C. 215
(1987).

U.S. Pat. 4,155,880 (May 22, 1979), M. C. Throckmorton and W. M. Saltman
(to Goodyear Fire and Rubber Co.).

J. Witte, Angew. Makromol. Chemie 94, 119 (1981).

U.S. Pat. 4,260,707 (Apr. 7, 1981), G. Sylvester, J. Witte, and G. Marwede (to Bayer,
AG).

T. Sun and co-workers, Yingyong Huaxue 2, 47 (1985).

Z. M. Sabirov, N. K. Minchenkova, N. A. Vakhrusheva, and Y. B. Monakov, Dokl.
Akad. Nauk SSSR 312, 147 (1990).

Z. M. Sabirov, Y. B. Monakov, and G. A. Tolstikov, J. Mol. Catal. 56, 194 (1989).
Y. B. Monakov, N. G. Marina, and G. A. Tolstikov, Chem. Stosow. 32, 547 (1988).
M. E. Gavin and S. A. Heffner, Macromolecules 22, 3307 (1989).

F. W. Breitbarth and co-workers, Acta Polym. 37, 508 (1986).

G. V. Vinogradov, E. A. Dzyura, A. Y. Malkin, and V. A. Grechanovskii, J. Polym.
Sci. A29, 1153 (1971).

H. E. Adams, R. L. Bebb, L. E. Forman, and L. B. Wakefield, Rubber Chem. Technol.
45, 1252 (1972); I. Kuntz and A. Gerber, JJ. Polym. Sci. 42, 299 (1960).

A. W. Langer, Jr., Polym. Prepr. Div. Polym. Chem. Amer. Chem. Soc. 7, 132 (1966).
A. A. Morton in N. M. Bikales, ed., Encyclopedia of Polymer Science and Technology,
Vol. 1, Wiley-Interscience, New York, 1964, p. 629.

Ref. 194, p. 563.

D. Su, D. Yu, L. Hu, and S. Jiao, J. Polmer. Sci. A27, 3769 (1989).

Z. Florjanczyk, T. Florjanczyk, and B. B. Klopotek, Makromol. Chem. 188, 2811
(1987).

R. Pettit and G. F. Emerson, Adv. Organometallic Chem. 1, 1 (1964).

A. J. Pearson, Metallo-Organic Chemistry, John Wiley & Sons, Inc., New York, 1985.
Jpn. Pat. 81 34,571 (Aug. 11, 1981); Neth. Appl. 74 14,746 (May 14, 1976), (to Teiji Ltd.).
Chemical Economics Handbook, SRI International, Dec. 1990.

S. Kvisle, A. Aguero, and R. P. A. Aneeden, Appl. Catal. 43, 117 (1988).

A. K. K. Lee and A. M. Aitani, Oil Gas J., 60 (Sept. 10, 1990), and references cited
therein.

F. P. Wilcher, B. V. Vora, and P. R. Pujado, De Witt 1990 Petrochemical Review, T-1
(1990).

Hydrocarbon Process. 94 (Nov. 1989).

U.S. Pat. 3,907,918 (Sept. 23, 1975), T. Hutson, Jr., (to Phillips Petroleum Co.).
U.S. Pat. 6,040,489 (March 21, 2000), T. Imai (to UOP LLC).

Jpn. Pat. 82,120,532, and 82,120,533 (July 27, 1982), (to Nippon Oil Co., Ltd.).
U.S. Pat. 4,596,655 (June 24, 1986), A. T. Van Eiji (to The Dow Chemical Company).
U.S. Pat. 4,268,361 (May 19, 1981), (to B. F. Goodrich Co.); U.S. Pat. 4,269,668 (May
26, 1981), P. V. Patel (to B. F. Goodrich Co.).

Eur. Pat. Appl. 30,673 (June 24, 1981), H. Hiroshi and N. Iwaki (to Nippon Zeon Co.,
Ltd.).

Ger. Pat. 2,724,365 (Nov. 30, 1978), D. Stockburger and co-workers, (to BASF A.-G.).
K. Volkamer, K. J. Schneider, A. Lindner, D. Bender, and E. Kohle, Erdgas, Petro-
chem. 34, 343 (1981).



392

242,
243.

244.
245.
246.
247,
248.
249.
250.
251.
252.
253.
254.
255.
256.
257.
258.
259.

260.
261.

262.
263.
264.
265.
266.
267.
268.
269.

270.

271.

BUTADIENE Vol. 4

Jpn. Pat. 81,02,811 (Jan. 13, 1981), (to Showa Denko K.K.).

Jpn. Pat. 85,90,005 (May 21, 1985), (to Agency of Industrial Sciences and
Technology).

U.S. Pat. 6,093,285 (July 25, 2000), D. T. Fernald and co-workers (to Phillips
Petroleum Co.).

U.S. Pat. 3,192,282 (June 29, 1965), C. E. Porter (to Esso Research and Engineering
Co.).

U.S. Pat. 2,985,687 (Oct. 25, 1961), R. P. Cahn (to Esso Research and Engineering
Co.).

M. Sittig, Handbook of Toxic and Hazardous Chemicals and Carcinogens, Noyes
Publications, N.J., 1985, p. 153.

Ger. Pat. 2,051,548 (Apr. 4, 1972), (to Erdolchemie GmbH).

W. Braker and A. L. Mossman, eds., Matheson Gas Data Book, 6th ed., 1980, p. 80.
Technical Bulletin No. AL-154, Aldrich Chemical Co.

M. Nitsche, Chem.-Anlagen Verfahren 12, 86 (1977).

M. S. Kharasch, Ind. Eng., Chem. 39, 830 (1947).

G. H. Miller and co-workers, <J. Polym. Sci. C, 1109 (1964).

L. Bretherick, Handbook of Reactive Chemical Hazards, 3rd ed., Butterworths, UK,
1985, p. 419.

Exxon Chemical Co., unpublished data, 1989.

Code of Federal Regulations, Title 49, 1975.

Properties and Essential Information for Safe Handling and Use of Butadiene,
Pamphlet SD-55, the Chemical Manufacturing Association, Washington, D.C., 1990.
Hazardous Materials Response Handbook, National Fire Protection Association,
1989.

dJ. Larson, Butadiene, Chemical Economics Handbook, SRI, Menlo Park, Calif., Nov.
2000.

E. Loeser, Annu. Meet. Proc.-Int. Inst. Synth. Rubber Prod. Paper 13 (1988).

R. J. Watkinson and H. J. Somerville, The Microbial Utilization of Butadiene, Shell
Research Ltd., Sittingbourne Research Centre, Kent, UK, 1976.

R. K. Hinderer, Annu. Meet. Proc.- Int. Inst. Synth. Rubber Prod., 32 (1988).

T. Carreon, “Aliphatic Hydrocarbons” in E. Bingham, B. Cohrrsen, C. H. Powell, eds
Patty’s Toxicology, Vol. 4, John wiley & Sons, Inc., New York, 2001, Chapt. 49,
pp. 110, 111.

C. D. Meester, Mutat. Res. 195, 273 (1988).

Environmental Health Perspectives, U.S. Department of Health and Human
Services, Washington, D.C., Vol. 86, 1990.

D. W. Gosselink, D. L. Braun, H. E. Mullins, S. T. Rodriguez, and F. W. Snowden,
Chemical Hazards in the Workplace, American Chemical Society Symposium Series
149, Las Vegas, Nev., 1980, pp. 195—-207.

E. R. Krishnan and T. K. Corwin, Proc. APCA Annu. Meet. 80th 5, 87/84A.14 (1987).
U.S. Pat. 6,288,169 (Sept. 11, 2001), H. Usui and co-workers (to Nitto Denko Corp.).
U.S. Pat. 6,277,920 (Aug. 21, 2001), R. D. Nesbitt (to Spalding Sports Worldwide,
Inc.).

U.S. Pat. 6,187,855 (Feb. 13, 2001), Y. Nagai and K. Yamaguchi (to Bridgestone
Corporation).

Exxon Chemical Company, unpublished data, 1990.

H. N. Sun
J. P. WRISTERS
Exxon Chemical Company



