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TABLE 1. - Experiments showing migration of double bond with higher olefins

(Table shown on page 056h7,_T,O.M. Reel 1k)

Autoclave charged with-

nickel metal |
Prehesting time in all experiments, 1 hour.
Time at reaction temperature in a1l experlments, 1 hour.

kb, Even when the starting ma+9L¢al ia 8 pure oleiln mixtures of iso-

meric aldehydes, alcoho lzy, and corresponding acids are ohta*ned If a termi-
nal olefin ig uee& about 60 percent of the branched compound is cobtained in
the oxo process. th only are o-methyl compounds formed from & terminal
olefin; but, in genera] double-bond isomerization causes production cof
«~alkyl branched products. The amount of isomeric o=31kyl branched alcohols
decreases with 1ncrea51ng s1ze of the alﬁjl rsdical.

5. It has been stath that the oxo reaction and +he isomerization pro-
ceed sinultanpczsly, the former with the greatesr velocity. For this reason,
when terminal- olefins are used, the formatien of branched products in the
reaction is not es great as would be predicted from laborast tory

expariments on the 1somerﬂzation of 0¢0T3ns in the presence of CO but in the
absence of Hy.-

MECHANTSM OF OXO REACTION

Cyclopropanone Ring Intermediate

The chemistry of the oxo reaction can be perceived more clearly after
consideration of other reactions involving carbon ronoxice. Dr. Reppe and
his coworkers have developed new reactions and brocesses that invelve novel
reactions of the acetyiencs olefins, and metallic carbonyls end hydrocar-
bonyls. Reppe has alsc made 1mnortant contributions to the chemistry of
carbon monoxide. For many years, carbon monoxide has been = substance of
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extraordinary interest to the chemical industry. Sdmé‘exampies of the la¥ge-
acale utilization of carhon monozide are the synthesis of CH,0H from CO and

, of Tormic acid, of acetic acid from.CHéOH:and_CO, and +h& Fischer-Tropsch
synthesis.

The great reactivity of carbon monoxide can be sttributed to its free
ciectron vair, and it was considered that CO should be capable of participat-
ing in many more reactions than had been reported. It was discovered that
acetylense and all acetylenic compounds rescted with CO in the presence of a
compound contzining an active hydrogen atom.

These reactions could be éarried oubt av atmospheric pressure, using
Ni(CO)h in stoichiometric quantities, or catalytically at elevated pressures
. using CO and metals cepable of forming carbonyls., Under the sams conditicons,

" however, Reppe was unable to add hydrogen itself o acetylene.

Using metal carbonyls at atmospheric pressure,. the so-called stoichio-
metric methed, it was necessary to use an acid to remove the metal. "The egua-
tion for the reaction 1lsg as follows: ‘ .

YHaD + BCpH + NL(CO)y, + 2ACL(nq.)— bCHp=CH-CCOH + NiClp(aq.} + Hp.

in the catalvtic process; nickel halidss were found to be the most fav-
orablec catalysts. The reacticon must be carried out under pressure so that
nickel carbonyl will be formed from the nickel salts. In the synthesis of
ethyl acrylate, the alcohol 1g passed over the catalyst at 1200-18G° C. in a
pressure tower with a countercurrent ctream of acstylene and carbon monoxide.
The crude liguor containing a high vercentaze of ethyl werylate 1s continu-
ously removed from the foct of the Tower. The formaticn of ethyl acrylate
from acetylens, carbon menoxide, and alcohol is an cxothermic reaction, and
the general reaction may be Tormulated in this way:

CoHy + CC + RCH ——— CEp=CUCCOR + 50,7 kcal.fmol. (R:CH3)
It was poStuiaﬁed that the intermediate product in this type.cf reaction
is cycloprapenone and that acrylic gcid derivatives are formed.by fission of

this hypothetical unstable ring system, a8 follows:

CHECH + €O —> CH=CH

c.
0
B0 - .
CHfFH-w——é_CHE = CHCOOH )
. co™
ROH- : )
CHECH-—f—7v§CHé = CH-CGOR
i o
S0 :

In the samc manner, esters, thicesters, amides, and other compyiands
could be produced.
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imilarly, using phenyl acetylene, phenylecyclopropenone
is might be expected to open in two ways.

\ was postulated,

LY
s

06H5C = CH + 00 - C6H5q$qg

Co

I 0635

F:CHE e rhenylacrylic acid

. Hay . .
Copa —23 cgh
o COCH

Lo

CH-COCH . cinnamic acid

For some reason, only el -phenylacrylic aci
acetylene, howsver, fission of the h
oceurred in both direction, an
einnamic dcid were obtsined

a was formed.. With phenylmethyl-
pothetiecsl phenylmethylcyclopropenone
d both <-phenylcrotonic acid and «-methyl

.If the process using acetylene could be applied to dlefins
thought that the cyclopropancne ri
uct. This should, in a similar ms

pounds ‘containing a

, it was .
ng would he formed ss an intermediate prod-
nner, undergo hyGrolytic fission with com-
ctive hydrogen atoms, thus; -

€O
BCH—Cﬁglf—ffﬁ 3—Q§i§§g

C
b
R-CE-CE, + By "CHCE3 RCH,,CH,C00H

9]

It was found, in fact, that
carboxylic acids were formsd.
oh the oxo process sa carried out b
Germany. This firm ai
made on the Fischer-Tropsch process,
manufacture of aldehydes and glcohols
vwater gas over a catalvst containing c
Golden of the Pederal Bureau of Mines
1330, p. 3221). These workers passed
manganese oxide catalyst an 204° o,
reaction occurred vhen ethylenc and
when CoH), CO, and were passed over
of water-soluble compounds co
both aldehyvdes snd alcchols

Taring

5

Process.

220z

; by interaction of oléfins, CO + Hy0'at
200°-300° C., and 150-200 atmospheres,

¥ Ruhrchemie became generally available in
scoversd the oxo pro

but recovered the ethylene unchanged. No

ontaining oxyzen were Tormed,
Was established.
country hard-pressed for chemicals, fats,

- ;h -

both straight-chain and

e -mcthylated
the early part of this

warx, information

-
ar

€ss in following up cbhservations

It is. quite interesting to notc that the
by the interaction of an olefin with
cbalt was reported by Bmith, Hawk, and
in 1930 {Jour, Am. Chemn. Sce., vol. 52,
CO and ethylene over s cobglt-copper-

were passed over the s

ame catulyst; but
the catalyst at 204C ¢

-, up to 35 percent
and the pressnce of
Tt remained for Roclen, in a

and detergents, to develop the oxo
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“postulate, especially Tor molecular rearrangements, have consistently shown

._boils at 43° C., melts at_—250 C., and has a density of 1.32 at 17° oL, It is
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. Carbonylation is the name given to reactions wheérein CO is- added to an-
other compound, for example, 'to CpH,, olefins, tyclic oxides, etc., along
with stuch an H-containing compound as fy, Hy0, ROE, WH;, RSJ, etc. Reppe
ineludes the oxo reaction in the above as a special case. Using provylene,
the rroposed reaction mechaniem for the oxo reaction includes formation of
the cyclopropanone ring. '

B Hp . .« H

T} N ORCROR. Ty (T O
CHSCH_CHE + CO ,033 |,9H2 T OH3’Q CH3 + CH3CHQCHECHO

oC " CHO

Although postulation of a IF-membered ring intermediate in the gddition
of 00 to acetylenes and olefins in the above synthesis is convenient, exist-
ence of the intermediate cyclopropencie and cycloprorancone rings is open to
question. The idea of 3-membered ring compounds as intermediates has gener-
ally lost faver in the last few years. Ixperiments performed fo ftest the

that the ring intermediate did not exist. Cyclopropanone itself has not béen
preparcd. o

A cyclic ketone, when treated with diazomethanc, yields the next highser
eycloalkanone. AR attempt fo make ¢yclopropancne by treating ketene with
CHpllp yilelded cyclobutanone as the chiel product. Although cyclopropanone
was a presumed intermediate, none was isolated: o h

CEAN ] cEpN CHy—( = O
CHo=C=C 22 . | CHA=C=0 | 22y (2
2 ? [ | I CHo =
N 2
CH2 i
ketene L. B eyclcobutanone
It would be intercsting to.nmote if.a. detrivative of cyclobutancne could

be isolated from an cxo reaction run_ in the presence of diazomethane,

Although cyclopropancne has not as yet been isclated, the possibility
that it may be stablc at rcom tomperature is not doenied, but the compound
mist be highly reactive at room tempbérature. t the temperature of the oxo
regction (15000.), the compound should be more reactive snd this may be con-
strued as a point In favor of the ring intermsdizte.

Carbonium-Ton Mechzanism

During recent ysars, it has been guite definitely established that many
Teactions proceed by a carbonium-ion mechanism. The carbonium ion is gener-
ally formed in the presence of a strong acid or electrephillic reagent. The
latest development in carbonyletion chemistry is the usge of metallic hydro-
carbenyls, which are ecids and react Qiffercntly from simplc carbonyls. Nickel
Carbonyl, Ni(CC)), is not 2 acid and does npt catalyze the oxo reaction. It

Cxtremely poisonous and must always be kept under water. There are 28 extra-
nclegy electrons in the nickel atom; if 2 clecirons are contributed by each

2202 - 15 -




h_ﬂItTis possibig that high-pressure hydrcgen is essential in the oxe reasction
.%o suppress ‘this decomposition. ' I

'ﬁé:Fe{CC)& in'1l&rge quantities and has studied their vhysical constants and

R.I, 4270

of 4 CO groups, the carbonyl has an inert gas structure (krypton). In s
sense, the nickel éxhibits zero valence. Tt has been shown that the chief
contributing structure for Ni(CO)u is '

-

C:

ith the CO bond having partly triple~bond character.

Cobalt has 27 extranuclear electrons; and, if 2 electrons arc contributed
by each of 4 GO groups, 35 electrons surround the cobalt nucleus. Cobalt car-

ﬁohyl {?o(éo)hl é melts at 519 C. and decomposes at'520.C;vﬁIf 1 electron is

e : SR r .
contributed by a hydrogen atom, giving the cobalt hydroearbonyl H*lpo(co)ﬁ ,
a shell of 36 electrons exists sbout the cobalt nucleus, and the incrt gas
form has been attaincd. The structure for this acid is probably:

CL.
o: .

c

-

. - LN |
i . :O::C::Co::c:i H H(+)

L]

O

This acid decomposes at high temperatufes, in acdordance with the Tollowing
equation:

2H CO(CO)L;_,E-:___;“}"HQ + [CD(CC‘L;)AJE |

Reppc has developed nev methods of preparing the compounds H Co(co}&'and

2202 - 16 -
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chemical behavior. Cobalt hydrocarbonyl is a stable compound, which,according

. to Hecht, melts at about -33° C, and boils with decompositicn at about +100 C.

- Tts alkaline solution can be heated to 200° (. for long periods without decom-
position. On the other hand, iron hydrocsrbenyl can be obtained pure only with
difficulty and is decomposed rapidly by alkali at 1000 0. Cobalt hydrocarbonjl
is a strong acid (about like HCL) and FefCO)h behaveés like an average monoc-

bagic acid. t can be titrated with caustic §0da, using methyl orange, and
the end point can be approached from either the aCJd or alksline side, Cobalt

hydrocarbonyl can be formed from a solution of ammoniacal cobalt chloride by
treatment with HoPOy in the presence of 0. The reacticn stops with formation

- of H C2(C0)y,, which, in contrast to the iren compound, is %table to carbon mon-
oxide. The reactlon can be represented as follows: - :

2CoCly + MWy + 3H20 + 1100 ~——3 28 Co(cO0)y + IIE,0l + Jco,,,

or, including excess ammonia to interact with the cce, the pollowlng reaction
may be written:

2 ii]o(l‘d’ﬂﬂJ Cl, + 11C0 + 61-120_._?.;; 2H co(co)h»-hmﬁhm + 3-(rmh)2003 + 2KH;.

It may bc noted, at this point, that the metallic hydrocarbonyls are not
new chemical compounds. They have been studied by W. Hieber and his colleagues
(Ztschr. anorg. sllgem. Chemie, vol. 204, 1932, p. 145). Methods of prepara-
tion and properties of the metal carbonyls and hydrocarbonyls have been re-
viewed by Arthur A. Blanchard (Chem. Reviews, vol. 21, 1937,p. 3) and by
W. Conard Fernelius (Imorganic Syntheses, vol. II, v, 22G)}.

Carbon menoxide is a colorless, odorless gas with well-known poiscnous
properties. It may be condensed to a colorless liguid at -190% €., and solid-
ifies 9% ¢, lower. For msny years, trere have been discuscions as to which of

T .

the structures, :C::0: amd :C:::0:, is the better ome. Pauling showsd thut

'three-resonatlng structures contribute to the molecule: (a) :C:0: (b) :C::0:

and (c) :C:::0:. Evidence from the varachor, heat of formation, dipele moment,
the force constant, and the interstomic distance indicates that all three

-+
forms are probable, with :C:::0: perheps making thc chief contribution. The

Tescnance enersy'o¢ carbon monoxide iz 58 k.-cal. /mole (that for benzene is
only 3% k.-cal./molc) and it is this very large rescnance energy which sta-
bilizes (O despite its lack of saturation of the carbon valences.

Using propylene as an example, the following‘méchaniém is proposed:

(1) B + |£Jo (co), 2 .c“'"r‘» 2H Co (CO)L = 2R v 2 Co (Co)y,~

e
(2) CHy - CH:: CH, + H*— — 033 - (‘F ~ (Hy
(33 _CH3 - Em - CHy + :5:::0: j———j?_CH3 - CH - CH3
e
. o - ) : 4+
(&) cHy -~ CH - CI-T3 + Fp —-> CHy - CH - CHy + E

! 1
cot ECC
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The poseibility for an electron shift in the_opposite direction glso exists;

that dis: (H, - H::H = cm, - H: CHr. The direction and extent of thig
2
, _ 37 ¢jce P3Nt . ‘

shift will depend on the substituent on either carbon.,

Free-Radical Mechanism

Professor M. S, Newman, in a discussion -of the -mechanism of the oxo re-
action with the authors, suzgested the rossibility of = free-radical type of
mechanism, TIn such a mechanism, the cohalt carbonyl may function as the chain
initiator and the hydrogen atom as the chain carrier. One way in which such
a2 free-radical mechanism can be Tormulated is as follows:

(1) ko(co)éfg T2 2 : co(co),

(2} By + : o(CO), £=7 B + Hco(c0),

(3)  R-CH=CH, + H' 72 R-CH-CH

A 3

() B-CH-CHj + CO Z=2 R-CH-CE,

Co

(5)  R-CH-CHy + Hy z==? R-CH-CHy + §'

|

co CHC

THe variety of reactioﬁ products cbtained during the oxo reaction can
be satisTactorily accounted for by suitable combinations of - fyee radicals.
Thus, the ketones obtained may be explzined by the combination of a keto rad-

ical produced in the fourth sten with a moleculs of olefin %o give a new free

radical, which could. then react with hydrogen *o give a ketone plus & hydrogen
atom, as shown below:

Ji
* R-CH-CHy +rR-CH=CHg'ﬁ R-CE-CO-CH-R
o
CH; (g CH, CH
R 303

R-CH-CO-CH-R + Hy &—= R-CE-CC-CH-R + H'

Another suggested scheme for writing a free-radical mecha
which the carbon menoxide reascts with a hydrogen atom:

nism ig one in

*H + CC > glo

———

R-CE=CH, + BCO = R-CE-CHy-CHO

[ ......,_._.5 .
R-CE—CHé-CHC:+ S gp—— R-CHQ—CHQ~CHU + H

- 18 -
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Tt must be emphasized that all the mechanisms. SUggeeted are purely spec-
- uwistive, for a systematic investigation of the oxo reaction, with carefully
controlled experimental conditions, is yet to be published. The suggested

mechanisrs can, however, provide the bases for such 7nvest1ﬂataons, some of
which are now under study at the Buresu of Minss,

CXO REACTIONS WITE FURE COMPOUNDS

Gasecus Olefins

The chemistry of the cxo reaction can be elucidated further by a study of
the behavior of pure compounds. Ethylene has been used extensively.

Roelsn stated that the oxo reaction had to be deme in the liquid phase.
with cthylene, a liquid medium must be used - for instance, water or foluene
as otherwise, the concentrated aldehydic product tends to polymerize and- the
polymers sct as en effective solvent for the cobalt catalyst. The optimum
temperature of the reaction for ethylene is quite low (115° C.}. A reaction

temperature lower than the optinum favors production of byproducts.

With sthylene, of course, only cne aldehyde can be formed. It is inter-
esting to note that the chief product in this case (propionaldehyde) can be
isolated. One experiment with ethylens gave the following products:

Percent
Propionaldehyde vevecosvsvanrasnracens 59
Propyl alcohel and diethyl ketonc ....- 18
Methyl ethyl acrolein tveeseraeassrons 8
Bigher-molecular weight products ...u. 10
Unidentified aveiseesersosnsmpnsrnsinsy 3D
: : 100

The opinion is expressed that the higher-melecular-welght products.prob—
ably are produced by condensation of methyl'ethyl acrolein during distillation
and probably arc. recoverable as the TONCMCT bv careful Vacuum distlllatlon.

I. B. Farben. carrled out the syntnesie of pvopionaidehyde with a flxea-
bed catalyst in an agucous system. The gas used contained equal volumes of
.CoHy, CC and Hs. The rate of water circulation was adj justed so thet the is-
suing solution contaiped 2-3 percent of propyl aldehyde, which was rcmoved by
distillation and the water recirculated. Roclen has stated that 20 - 25 per-
cent ethane was Tound in .this resction; this large amount of saturated hydro-
carbon is unusual. In the usual oxo reaction, very little, if any, products
of straight hydrogenation of thc clefins occur. The presence of CO hinders
this hydrogenation. The cobalt concentration of the catalyst was meintained
in this process by adding cobalt salts of fatty acids to the ingoing water.
The yield of propionzldehyde derived from the reaction w1th ethylene in the
bresence of HEO was later ralsed. to over 90 percent.

Ruhrchemie prepared proplonsldehyde in the presence of toluene as solvent
because toluene was easy to separate from the reaction products. Ylelds were
Zood {80 percent). & much smaller amount of ethane was reported.
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Diolefing - Conjugated Systems
‘ CHy - CHs
When 2,5-dimethylhexadiene-1,5 (CHé = é - (CHé)g -G 1= ) was sub-

Jected to the oxo reaction in the absence of a solvent, strong resin Iormatlon
owing to polymerization of the dimethyl-hexadiene took place. If the diolefin
was dissolved in about four times its volume of solvent, (generally cyclohex-
ane), the reaction went suoothly, and the products were diztillable after hy-
drogenation. After the catalyst was removed oy filtration, the solvent was
evaporated and the &1v0h01a fractionally distilled at 5 mm. Hg pressure.
Fractions at 70°-75° C. and 1180-1530 C., were obtained; -the higher-beiling
fraction (36 nercent of the product) was a pure decane-diol, whereas the.
lqwer—boilinc fract.on was a nonyl alcohol,

The oxo reactzon there¢ore, occurred only to a small extent at hoth
double bonds. The greater portion of Water gas combined enly with one double
bond, the other double bond being simply hydrogenated. The nonyl alcohol thus
‘ formed was enerely saturated. and had an sgreesble cdor similar to citronel-
lal - a ‘substence to which it is - structurally very similar. The decane-dicl
was & colorless, odeorless, thick liguid.

An attempt was made to repress formation of the C-9 alcohol as much as
possible and to increase the diol yield. For this purpose, the carbon monnx-
ide content of the water gas was increased to repress the hydrogenation. For
the same reason, the oxo reaction was carried out at the lowest possible tem-
perature., The diol yield, however, was-not increcased by these nmegsures. Car-
bon disulfide, which represses hydrogeration in the first stege, was added to
the catalyst; subsequently, the aldehyde groups formed were hydrogenated to
alcohols with a different catalyst. Even this did not incressc the yield be-
yond 35 percent of the theoretical.  A-further attempt +6 prevent hydrogena-~
tion by using paraformeldehyde instead of water gas Tailed; no rcaction oc-
curred.

_ To stebilize the dialdehyde initially formed, an attEth was made to
prepare the acetal in situ. For this purpose methanol was used as a solvent,
but no increaue in the yzcld of diol was achieved. Unsuccessful experiments
also were performed with the purposc of modifying the oxo reaction by using,
instead of water gas, CC and HyC or CO and alcohol on the diene, in the hope
of obtaining a good yield of dimethyl suberic acid or of 1ts. ester, respec-
tively. No eonversion at all occurred 1n these atuemptu.

Tetrumethylbutadlcne {3,4-dimethylhexadiene-2 h) gives an almost quanti-
tat*ve y101d of C-9 alcohol under the usual oxo condltlon&, no dicl at all is
formed., This was assumed to bé due to the fact that the conjugated double-
fbond ystem is hydrogenated first, even in the presence of carben monoxide, E
" and the resulting monoe-olefin then undergocs the usual oxo reaction. Experl» :
ment verified this assumpticn; at 100° C. in the presence of water gas and the
usual cobalt catalyst, 1 mole of Hydrogen was absorbed,

. It was suspsctpd that the reason that 2,5-dimethylhexadiene-1,5 formed
oniy Lo percent diol was that it was contam1na+ed with the conjuzated isomer.
Cereful physical measurements, however, showed that this was not the case,
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tions of the reaction was also investigated, but it was Found that a tempera-
ture of over 2000 in the presence of the catalyst was required to iscmerize
the compound to the conjugated isomer, It was posgible that local overheating
produced such high temperatures during the 0xo0. resction; howe?ér; dilution
with solvent did not inecrease the diol yield. Replacement of the kieselguhr
with aluminum oxide (to minimize isomerization) did not increase tho diecl
yield. 2 :

Tsomerization of the isolated diolefin to the conjugated diclefin under condi-

Dimethallyl sulfide and dimeths1lyl ether were prepared and subjected to
an oxo treatment. It was expected that a higher yield of a diol would te -
Tormed, since the sulfur atom or the oxyzen atom should prevent the double-
bond migration to form a conjugated system. Both substances, however, react,
when dissolved in cyclohexane under the usual oxo conditions, in s yet inex-
plicable way. The boiling point of the reaction products increased gradually
from 100° to L00C, and each fraction had only = very small hydroxyl number.

Additional work was done on the question of isomerization of diolefins
under oxo-reaction conditiond, but the dicl yield was not improved, In this
sense, regsulis werc negative, but the work with diolelfins is of much interest
because methods of attack upon the oxo resction are illustrated.

Miscellaneous Pure Clefins.

| 2Mcthyl -Pentene-1: The following products were identified in the oxo
reaction of 2-mocthyl-pentene-1: 3-methyl-hexaldchyde {mostly}, 3-methyl-
hexanol-1, 3 methyl-caproic acid, and 2,8-dimethyl -undecanone-5.

‘Cyclohexene: A schome for preparing cyplohexyl ethylene to be used as
the starting material in plastic manufacture was outlined as follows:

— CH=0
lo x d '- QH'E2O
LXa. L =
I> + CO _ .
Syclohexenc 75 percent

“CHp-CHpOU - Hy0 N ~HC=CHp

P -cyclohexylethyl aleohol cyclohexyl-athylens

Partly reduced aromatic rings undergo. the oxo remction. However, attempts
. 1o Further build up the higher alcohols in a scries of oxo resctions and dehy-
© drations were not sucecessTul probably because of extensive formation of
branched chain olefins.

'Dipentene; This compound absorbed oﬁly'enough water gas to react with 1
doub1E Bora,

2200 - 21 -
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' Diéyclopentadiene: The oxoirggction with this compound rroduced a browm-
black, viscous, resinlike mass. o ' :

Ethylt oieate: This compound gave an 87 percent yield of hydrozymethyl
ethyl stearate. , ‘ . .

Allyl Alcohol: Only 40 percent of the expected volume of water gas was
absorbed with this compound , However, 100 percent conversion took Place, as
indicated by the complete absence of allyl alcohol in the reactlon product.
The expected l,h butane dicl could not be found with certainty in the reaction
products., Aldehydes, aleohols, and csters were present in the product.

Styrene: Aromatic compounds'containing an olefinic link in thg side
chain remcted in the side chain, ailthough difficulties cometimes werse experi-
enced due to polymerization of the olefin, for example, with styrene. The

aromatic ring did not resct.

Halogengted Compounds: An oxo reaction occurred with thig type of com-
pound, but the nature of the products was not clear.

ANALYSIS OF OXO PRODUCTS

An olefin in the ¢ =-Cﬁo'range when subjected to the oxo reaction forms
a primary‘alcohol.whichlgoilsasome 30° above the original olefin. If the
boiling range of the oxo charge. does not exceed 30° C., the alcohols may he
separated from the hydrocarbons by distillstion.

. For rav materiasls of & wider boiling range, the alcohols may be separated
by the boric acid ester method. The crude profduct is fractionated into 509-
60° boiling range cuts, and these are worked up scparately. The product is
esterified with » slight excess of vorie acld at 95°-120° 0. and atmospherie
pressure. The water formed and the lower-boiling hydroecarbons are continu-
ously removed as overhead. The reaction products ars then distilled st gt.
mospherie Iressure, or under vacuum, - if this is necessary to avoid deconiposi -
tion of the boric acid ester. These esters are stable up to about 300° C. at
atmaspheric pressure., The separation of alcchols gnd hydrocarbons is not dif-
ficult, as the esterification inercases the boiling point of the alcohol about
120° ¢. above the rest of the cut.

The separated esters are now mixed with recycle boric geid sclution and
hydrolyzed by heating to g59-120%° C. The hot mixture of nlcohols and 156-17
bercent H,BO., solution separates into two layers, znd the upper alcohol layer
1s washed with water and redistilled. The boric acid solution is cooled +o
57 C., the boric acid ¢rystals are filtered off for recireulation to the cs-
terifiCation'stage, and the filtrate is reécycled to the hydrolysis Stage,

In a patent application by Dr. Herald and Dr. Brude at Ludwigshafen it
Was claimed that the borie acid ester of all known types of alechols cemld be
made. This inciudes aliphatic, mono or volynuclear aromatic, ‘alicyelic, and
pPolyhydroxy compounds. The alcohol group may be in one of the nueclei or
attached to a side chain.

2200 - 20 o
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_ A complete account of this methed of separating oxo alcohols is given in
T.0.M. Reel 134, Section TT, Document 22, Frames 1047-1059.

In most of the oxo wdrk, the products were not fully identifisd. This
wzs especially true for oxo chalges that were oletfin mixtures. The olefin
content of the charge was first determined; usually the. icdine number was used
A general idea of what had transpired during the oxo reaction was then ob-
tained by making the fellowing determinations: '

1. The OH number using acetic arhydride.
2. The CO number using HoRCHLHCL and breomothenol blue indicator.

3- A molecular weight by the conventional freezing point depresgsion.

L., A saponification rumber.

5. A density determinstion - in the conventiorsl manner with a
Pycnometer. -

The degres of branching in the oxo alcchols could be determined by dehy-
dration, ozonization, and subsequent cleavage of the olefin., Two new ideas
‘were claimed in this determination by the Germans. . ‘

1. The end point in ozone additicn could be determined by working at

low temperatures. At low temperatures. the excegs of ozone is dissolved in

. the hydrocarbon, giving a blue cclor which thus indicates the end point <f
‘the ozone additicn. : ' :

2. B8ilver oxide is used for th@ oxidative cleavege of the olefins. Cnly
acids are thus formed ag final prodicts, and zeod yields are cbtained.

CFEPATING CONDITIONS

Effect of Temperature

The temperature emploved in the oxo reacticn covers a wide range {115°-
190° C.) and, in goreral, depends upon the activity of the catalyst and the
Particular charge stock. With fresh catelyst, the optimum temperature varies
Trom 115° €. for cthylene to about 160° (1., depending en the molccular weight
of the olefin; higher temperstures sometimes are used Tor plefin mixtures.
The reacticn velocity is. low at low temperatures, If.the temperature is too
high, however, side reactions ccour, and some CH), usually is formed.

Using a C-16 ¢lefin, if the oxo reaction is’ sfarted and maintain=d at =
high tsmperature (1709-190° C.}, the resulting oxc alechols will have a low
melting point. If the oxo reaction is:started at low temperatures (L00°-

- 130° ¢.) and the temperaturc slowly ralsed while the reaction is going to
Completion, the resulting oxe alcohols will have an apprecisbly higher melt-
ing point., It appears that displacemﬂnt of the doutle bond induccd by ccbalt
Carbonyl is much more temperature-dependent than the oxo reasction itself apd
ecours at a faster rate at higher temperatures. :
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with that of the reactor. It was then mixed batchwise in the reactor with

water gas at the rate of 720 cubic meters an hour; each batch of 700 1iters
Tilled the reactor sbout three-quarters full, -

to approximately 1350 C. after 10-15 minutes and té approximataely 145° (.
aftsr 20-30 minutes. The oxo reaction was then complete. The waste gzs was
Lartly vented and the rest recycled, being continuonaly made up to the correct
Droportions of €O and Hé- -The whele oxo resction, inéluding chargirg and dis-
charging, tock absut an hour. About 50-100 cyeles cxhausted the catalyst.

At 1530 atmosvheres and 1809 C., hydrogen of 90-92 percént'purity-was_used_&s
the gas feed at thé rate of 40O cubic meters per hour. Hollow ceramic filter
elements were used to separate the catalyst from the preducts, and the gleo-
hels were then distilled under. vacuum. Ore kilogram of olcfins usually yields
about 1 kilogram of distilled alcohol. o -

pRO2 - C S -2k
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Effect of Pressure

The oxo reaction, especizlly under continucus conditions, is markedly
pressure-dependent. ressure dependence, it -is true, is not very marked when

& fresh catalyst is used, but a once-used catalyst showed the following
behavior: ' , o

Pressure (atm, ) Approximate conversion (%)
50 - 15 '
100 50 :
150 70-80
225 o 95

These values hold for a reaction time of 1 hour. It was concluded that
continuous plant operation under 150 atmospheres was not feasible.

Process Conditions

Tt is Impcrtant to note that both the oxo reacticn and the hydrogenation
are exothermic, and some means of temperature control mist be incorporated
into the oxo process. Another factor essential +o any scheme for cperating
the oxo process is that the synthesis-gas rate in both stages must be high

enough to insure efficient stirring and complete suspension of the catalyst.

1. Bateh Production of Qxo Alecchols

In the full-scale oxc plant at Holten, the reactors were 12 meters long
and had en external diameter of- 570 mm. and an interngl diameter of 400 mm.;
the volume of a reactor was 1.2 cubic meters. Imside the reactor wes a bundle
of 31 cooling tubes comnected +o z steam chest; the tubes were 8 me%ers'long
and 38 mm. in outside diameter, with a total ares of 30 square meters. 1,250
kg. of clefins per hour were mixed with 3 to 5 pércent of fihély ground cats-
lyst in a tank and then transferred in batches of 700-720 liters +o the charg-
ing vessel. Fére, the pressure of the mixture (150 atmospheres ) was equalized

From & temperature of about 1259 ¢ at'the'startgfthe temperature ross

The same type of reactor was used to hydrogerate the crude aldehydes.




R.I. k270

5, (ontiguous Cperation.

Work at Leuna showed that considerably higher throughputs were obtained
prom contimicus operation. A description of the latest metheod of eperaticn
of the Leuna plant was sbtained by W. A. Horne from Dr. Gemassmer, the chemist
airectly in charge of the plant. This description, including a flow sheet of
the continuous oxo plant, is given in Informetion Circular T370, Report on the
Tnvestigation by Fuels and Tubridants Teams at the I. G. ¥arbenindustrie A. G.
Leuna Works, Merseburg, Germany, Pages 89-91, edited by R. Holroyd.

USES COF CX0 FRCLUCTS
Teterzents

Germany's main interest in the oxo process from a commercial standpoint
from 1940 orward was apparently for the production of washing agnd wetting
agents, obtainable by sulfonating alcohols. It wee concluded that the mixture
of oxXo alcohols was better than any of the individual alcohols when converted
to washing and wetting agents. Test proved that oxo alcohols were better for
this purpoée thap the cmall Praction of similar murber carbon-atom alcchols
that could be obtained from the Synol process. A typical procedure for ob-
taining oxc detergents is given below. - - N

Low-temperature thermal cracking of gatsch (soft paraitin wax ) produced
olefirs having the following boiling ranges:

Boiling range, “C. Olefins, %
190-305 56.0
£210-305 53.0
230-30% 5.0

The 'bxierung” of thesc cuts was carried out et 130° C. and 200 atmos-
pheres of water gas, using the usual wischer-Tropsch catalyst. Reduction of
the resulting aldehydes wa3 carried out at 180° . and 200 atmospheras of Hs.
The oxo aslcohols were then sulfonated sith chlorosulphenic acid in the usual
way: ' o '

Alcohol Sulfate
R-CHp-CH,CH + ClSG3H-w—~ > RCHQCHECSOBH + BC1
The_resulting Ysoaps" were fire white rowders forming clear colorless solu-
tions when 5 percent was dissolved in water at rocm temperature. These orod-
Ucts met requirements of storage stability, wetting power, and foan propensity.
They were excellent for washing both wool and sotton, inciuding "fine washing."

?lasticizers

Tn sddition to use in making washing powders, the oxo process wag used
or was plemned for use by the Germans to make phthalic acid csters of 7-10
carbon-etem alcohols., The products were alleged to make excellent plasticiz-
ers. Begimning in April 1943, Kuhrbenzin planned to deliver, at a regular
yearly rate, 6,000 tons of a Kogasin fractior, cut to include 7-10 carbon-
atom molecules (80-175°C.) and containing at least 35 percent olefin.
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This cut was to be sent through the oxo Process at Leuna, and the crude
aleohols were to be shipped to Schkapou (site of an I. G. Farben. Tubber-
menufacturing plant). It was planned to' esterify the alechols in the Presence
of the neutfal cils. Tt was found that the neutral oil could be useq advan- ¥
tageously as a water-transporting medium (the azedtropic removal of water i
continudus esterification). : - '

Fetty Acids

With the shortage of fats, it was natural thet the Germans should hgve
turned to oxo alcohols as a scurce of fatty acids. It was found possitle to
convert 20 percent of high-molecular-weight oxo slcohols into fatty acids by
heating with an alkali amalgam., Attempts to oxidize oxo alecohols to fatty
acids by btlowing air through the liquid alcohels in the presence of a cava-
lyst - thet is, 0.5 percent manganede stearate -4 were ot successtul. . To ob-
tuin fair yvields of Tatty acids, ‘temperatures sbove 2000 C. were.necessary;
at these'temperatures, dehydrogenation conditions were regched. The 012'016
fetty acids prepared from the oxo alcohols had remarkably low melting points,
Scaps prepared from Cy5 and Cié fatty acids were -satisfactory; soaps from .C "y
013, and Cil fatty'acias had peculisr odors. Sbaps prepared from fatty aci&E
of a lower carbon content wers hygroscopie. An almost negligible gmount of
fatty acids was derived from oxo alcohols by Germany. C .

Other Uses

Some of the pilot-scale products from the further processing of oxo glco-

hols included cutting olle, ‘lubriceting oils, Disse) ¢ils, and hydraulic R
fluids. Very good lubricating 0ils, with pour points of -T6° C. and belo%'were¥ .
made by preparing acids and alcohols from suitable olefins and uniting the two .}
to form esters. This technique, applied to clefins of lower molecular weight, 5
gave good hydraulic Tfluids., Diesel oil with the astonishing cetene nupber of
280 was made by converting a rangs of oxo alcohols to their nitric mcid
esters; this oil was under consideration during the war as 2 cold-starting o
aircraft,fuel. Roelen had used propiohaldehyde, Frepared by subjecting ethyl- i}
€né to the oxo reaction, in making a synthetic drying oil. I. Gs Farben. pre- |
pared a nCQ—Clo nleohel mixture from gz dimethyl-hoxadiene that eould be sub- f
stituted for rose essence in perfumess. The CXa Frocese has elmost unlimited
synthetic possibilities. ' '




