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(71)  We, SHELL INTERNATION-
ALE RESEARCH MAATSCHAPPIJ B.V., a
company organised under the laws of The
Netheslands, of 30 Carel van Byandtlaan, The

" Hague, The Netherlands, do hereby declare

the invention, for which we pray that a patent
may be granted to us, and the method by which

it is to be performed, ro be particularly des-

cribed in and by the following statement:—
The invention relatcs to a process for the
preparation of n-alkanes by catalytic hydro-

" genarion of carbon monoxide,
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Solid catalysts for the synthesis of hydro-
carbons by hydrogenation of carbon monoxide
hava been investigated on e large scale, cf.
Kitk-Othimer, * Encyclopedia of Chemicsl
Technology *,  second  edition, Volume 4
{1964), pages 446-489, The hcat of reaction
generated on these solid caralysts calls for
the use of reactors of elaborate construction
to ensure the removal of the heat from the
catalyst bed and thus to reduce the tendency
of the reaction tv produce increasing amounts
of methane at incrcasing temperatures,

The present invemtion provides the use of
dissolved caralysts and thus circumvents the
heat-transfer problem enconntered in  the
known processes referred to above in which
solid caralysts are employed.

Accordingly the invention provides a process
for the preparation of n-alkanes, which com-
prises contacting a gascous phase containing
carbon tnenoxide and hydrogen with an organic
solvent containing o dissolved trirnclear co-
ordination entity comprising (a) a triangular
array of ruthenium, of osmium or of cobalt
atoms, and (b) either a tridensate ligand bound
with the three coordinating atoms to the three
ratheniom or osmium atoms or z group
B—Cs==, bridged to the triangular array of
cobalt atoms to form a tetrabedral groupi
Co,C, R representipg 2 substituted or unsuh-
stituted hydrocarbyl group.

The tridentate ligand or the group R—C=
mentioned nnder (b) fits like a * cap ” on the
triangular array of mctal atoms; the trinuclear
coordination entities may, therefore, be called
* capped catalysts 7,

In ix process according to the prescat
invention methape, ethane, propane and all
n-alkanes with 4 to 30 carbon atems per
nwlecule are umaily formed in amounts such
that the quotient C, . H,,,,:CiH.,,. is con-
stant, n being an integer. between 9 and 24
inclusive and the divident and divisor repre-
senting the number of moles of the n-alkanes
ConHpnie and CHg o, Tespectively, formed
in the same period of time. This quotient is
teferred to hereimafter as the “regression
factor ™,

Each of the three rutheniwm, osmivm or
cobali atems in the triangnfar array may be
bound to three CO groups. Omne, two or 2l
three of these CO groups may be displaced by
other molecules, for example by 2 trihydrocar-
bylphosphine, a trihydrocarbylamine, a tri-
hydrocarbyl phosphite or a hydrocarbyl isonit-
tile. Two or more different molecules may be
used for displacement of twe or more CO
goups,

¢ wiangular array preferably consists of
ruthenfum or esminm atoms because the tri-
maclear ceordingtion entities containing such
an array do not give rise to inactive species
under the reaction conditions. Trinuclear co-
ordination emtities containing rutheniim ators
are preferred, because these are more active
than those containing osmium atoms.

‘The mridentate ligand may be any molecule
having three atems cach of which is capable
of functioning as a donor of electrons in a co-
ordinate bond with a rutheninm or an osminm
atom. These three coordinating stoms may
be, for example, arsenic or, as is preferred,
phosphorus atoms. Each of the three phos-
phorus atoms may be bound to (wo hydrocarbyl
groups and te one and the same silicon atom,
The silicon atom may also be bound 10 &
bhydrocarbyl group, The hydrocarbyl groups
bound to the phosphorus atoms and the
hydrocarbyl group bound to the silicon atom
may be, for cxample, alkyl, cycloalkyl or
aryl groups. The hydrocarbyl groups may be
substitated, for example by 2 hydrocarbyloxy
group, or unsubstituted. Exemples of suirable
alkyl groups are methyl, ethyl, propyl, i-propyl
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and n-buryl groups. The trinuclear coordina-
uon enrity composed of (a) a triangulur
arrey of ruchenium atoms, euch of which is
bound o three CO groups, and (b} methyl-
3 tri—(di-n—butylphusphino)silanf: for the
structural formula see catalyst T on the formuia
page — proved to he suitable, Angther example
of a caralyst is the trinuclear coordination
entity compased of (2) a triangular array of
10 ruthenium atoms, each’ of which is bound 1o
three CO gromps, and (b) closo-tetrakis-
{phenylsi yl)hexakis(phenylphosphine) . The
cumnpound mentioned under (b) is described in
Angew, Chem. Internat. Edit. 1969, &, page
989; for the straciural fermula of the latter
catalyst see catalyst IT on the formnla page,
The group in the gronp R—C== may be,
for example an alkyl, a cyclealkyl or an aryi
group. If desired, the group R may carty a
sobstituent, for example a hydrocarbyloxy
group, Examples of suirable alkyl groops are
methyl, ethyl, propyl, i-prupyl, n-butyl sece
butyl and tert-buryl gronps, A methylidyne
group which is bridged to 2 triangular array
of cobait atoms, each of which is bound to
three Co groups, is suitable; for the stmctural
formula of this known compound see structure
III on the formula page. :
The process is preferably conducted ar efe-
vated temperatires —- for example, at a
temperature in the range of from 200° C o
350° C — aad elevated Pressures, for example
at a starting pressure of at least 50 bar,
measured at 20° C. Suitable starting pressures
arc, for example, berwesn 75 and 300 bar,
measured ar 20° C. The hydrogen is prefer-
ably applied in a partial pressure in the range
of from 10%, to 80% and particalatly from
405, to 75% of the sum of the partial
pressures of hydrogen and carbon monoxide.
The catalyst may he used in very low concen-
trations, for example, berween 0.1 and 10
millimol per litrc of the organic solvent.
Examplcs of solvents which may be used in
the process are (1) aliphatic hydrucarbons, for
example n-hexane, n-heptane, n-octane, n-
dodecanc or mixtures of aliphatic hydrocar-
bons, for example, gasoline and kerosine frac-
tons, (2) cycloaliphatic hydrocarbons, for
50 example,  eyclohexane, methylcyclohexane,
cycloheprane and decalin (cis and trans), (3)
aromatic hydrocarhons, for example, benzenc,
toluene, o-xvlene, m-xylene, xylene and
' tetrahydronaphthalene, (4) e ers, for ex-
55 ample tetrahydrofuran, tetrahydropyran, 1,4-
dioxane, monomethyl and dimethyl cthers of
ethylene glycol, propylene glycol, 1,3-butane-
diol and I4-butanediol; ai(2-hydroxyethyl}
" ether and di(2-hydroxypropyl) ~ ether, (5
60 ketones, for cxample, acetone, 2-butanone,
methyl, methyl isopropyl ketone, diisoburyl
kerane, cyclohexanore and cycloheptanone, (8)
estets, for cxample, methyl  acetate, ethyl
acetate, propyl acetate, butyl avetate, pentyl
65 acetare, methyl propionare, ethyl butyrare and
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methy! isobutyrate, and {77 wethanel,
Trinuclear coordination entivies corEposed
of (a) a triangular armay of rurhenium or
osmizm atoms each of which is bound 1o
threc CO groups — of which one, ™wo or all
three may be displaced by other molecules —
and (b) a tridenzate ligand bound with the
three coordinating atoms to the three ruih-~
enium or osmium atoms may he prepared by

‘contacting dodecacarbonyl-trianguly-trirathen.

ium  or dedecacarhonyl-triangulo-triosmium
with the tridenrtate ligand which is to he
bound with thres coordinating atoms to the
three ruthenium or nsmium atoms, in the
presence of 2 solvent, This solvent may be,
for example, a hydrocarbon, such as an aro.
matic or alipharic hydrocarhon. Optionally,
one, two or all three of the CO groups in
the trinuclear coordination entity thus prepared
may be displaced by other molccnles,

MeLhyItri—(di-n~butylphosphino)silanc may
be prepared by contacting a methyltrihalosilane
with di-n-butylphosphinolithium in a solvent
at a temperature below —20°C; “hale ”
indicaring a halogen arom having an aromic
mumber of at least 17. An example of a suitable
solvent s diethyl ether, Metly Atrichlorasilane
iz 2 very suitable srarring metgyltrihalosﬂane.

‘The Examples further illusirate the inven.
tion.

The structural formulae of the catalysts
used are dipicted on the formmila page. Each
catalyst is indicated with a Roman numeral,
The dotted lines in formulae I and IT indi-
cate the three coordinate bonds between the
three rutheniom atoms and the threc coordin-
ating phosphorus atoms in the tridentate
lgand, -

The caralysts were tested in a 0,1—1 auro-
clave consisting of stainless sreel type 316,
This sicel is described in R, H, Perry and
C. H. Chilton, Chemical Bngineers’ Handbook,
fifth edition (1973), pages 23—39, During
each experiment the contents of the ammclave
were stirred vigorously by means of 2 magnetic
pulsating stirrer. -

The infrared {IR) and nuclear magnetic
resonance (NMR) spectra of the novel com-
pounds prepared were in agreement with the
structures shown on the formmla page. The
abbreviations used in the presentation of the
IR datz have the following  meanings:
$ = strong, m = medium, and w = weak.

BEXAMPLE 1.
Preparation of
methyliri-{di-n-hutylphosphino)silane

A flask kept ar a temperature of —80° G
was charged under argon with a solution of
19.1 mmol of methylzichlorosilane in 50 mi
of diethyl ether and subsequently — over a
pericd of ten minutes with stirring — with a
solution of 57.2 mmo! of di-n-butylphosphino-
lithium in [00 mi of diethyl ether. The rc-
action mixwure thus formed was allowed 10
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reach 22° C and left at this temperature for

- 16 hours. The solid precipirate (lithium chlor--

ide} formed during the resction was removed
by filration. The filtrate was boiled down and
the viscous residue obtaiped wus distgHed ar
sub-atmospheric pressure to give the desired
silane in a yield of 70%, This silane, a vis-
cos colourless oil, bofled ar 150°C at a
pressure of 0.05 mm Hg.

EXAMPLE II
Preparation of catalyst I »

A flask was charged with 2,03 mzol of the
methyhri-(di-n-butylphosphino)silane  pre-
parcd as described above, 1.83 mmol of dode-
cacarbonyl-tringulo-trirutheninm  and 50 ml
of benzene and the contents of rhe flask
were kept with stirring at & temperature of
BO° C for four hours. Then, the contents of
the Hask were boiled down and the dark residue
obtained was rriturated with 25 ml of a
mixture of 10% vel of diethyl ether and 909,
vol of n-pentane to precipitate catalyst 1,
This catalyst was ohtained as yellow-brown
crystals in a yield of 16%,, calculated on dode-
cacarbonyl-triangulo-triruthenivm,  Blemental
analysis of the crystals pave the following re-
sults: 393 %w C (caled. 39.5 %w) and
5.6%w H (caled, 5.5 %w).

The infrared data (CsI) of the catalyst were
as follows; nmu (CO) 2035 cm>(s), 1985
cm3(s), 1948 cm(w), 1925 ami(s),
1842 em—(m), 1800 cm—(s). These absorp-
tions, with the exception of thar at 1842
<, were broad (widrh at half height about
25 em '} “Lhe structure of the catalyst de-
picted on the formula page was confirmed by
single crystal X-ray analysis,

EXAMPLE III,
Preparation of catalyst 11

A flask was charped with 3.08 mmol of
P.Si,(C.H.},s — the ligand bound o dode-
cacarbonyl-triangulo-triruthenium  in  catalyst
11 — 2.77 mmni of dodecacarbonyl-triangnlo-
triruthenium and 100 mi of benzene and the
contents of the flask were kept with stimring
at 3 temperatuce of 70° C for 16 hours. Then,
the contents of the fask were hoiled down
at a pressire of 15 mm Hg and the brown
nily residue obtained was triturated with 50 mi
of p-pentane to precipitare caralyst 1. This
catalyst was obrained in a yield of 939,
cdicuiated on  dodecacarbonyl-triangulo-tri-
ruthendum. The infrared spectrum of a solu-
tion of caralyst IT in benzene showed 2 broad
absorption centred at 2000 cm—, Absorptiods
criginating from  dodecacarbonyl-trizngulo-
trituthenivm were absent.

EXAMPLES IV and V.
Preparation of
n-alkanes using catalysts I and ¥
The autaclave was charped with 50 ml of

n-heptane and 0.166 mmol of catalyst I (con-

centration 3.3 mmol/!), prepared a5 described
.in Example 11, Then, an equimolar mixtuzre of
carbon monoxide and hydrogen was intro-
duced at & temperatore of 20° C untdl the
total pressure was 92 bar., The comtents of
the antoclave were heated over a period of
30 minutes to 300° C — 2 pressure of 148
bar was ohserved afrer this period — and kept

at this temperature for 20 hours; a pressure

of 110 bar was observed after 10 houry at
300° . Subsequently, the autoclave was cooled
to 20° C and the rumber of moles of n-alkanes
formed per mole of catalyst I and present in
the gas phase was determined. The results
are presented in Table I (Example IV),

TABLE I
Cutalyst Mol of n-alkanes in gas phase per mol of catalyst
Example No. CH, C,H, C.H, CH,o
v I 03 2.8 Q.ﬁ? 6.13
v I 18.8 1.8 0.14 0

Then, the autoclave was cleaned and charged
with 50 ml of n-heptane and 0.33 mmo] of
catalyst II {concentration 6.6 mmel/1Y, pre-
pared as described in Example II1. Subse-
quently, an cquimolar mixture of carbon mon-
oxide and hydrogen was introduced ar a
emperature of 23° C unril the toral pressure
was 88 bar. The experiment was further con-
ducted as dcscribeﬁpibove. The pressures at
the ¢nd of the warming up peried of 30
mindes and of the period of 10 hours were

141 bar and 134 har, respectively. The results
are presented in Table % (Example VB.

_ An infrared analysis of the cazalyst sofutions
at the end of the above two cxperiments
{Exampics IV and V) showcd that no ruth-
cnium. pentacarbonyi was present,

The total yicld of n-alkanes with 3 1o 25
carbon atoms per molecule was less than 0.5 E
per g of ruthenium in catalysrs [ and II.

A blank experiment conducted without
catalyst yielded a gas phasc containing 0.3%,
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mol of methane and less than (.01 ¥, mol of
each of the n-alkanes having mozz than ope
carhon atom per molecule. For comparison:
the gas phases abtained in Examples IV and
V contained 6,99 and 1.7 % ol of methane,
rcspectively,

EXAMPLE VL
Preparation of
n-alkanes and propene using caralyst ITT
The uutoclave was charged with. 50 ml
of n-heprane and 0.33 mmol of catalyst 11
(concentration 6.6 mmol /1), Subsequently, an

equimalar raizture of carbon menexide and
hydrogen was introduced into the autoclave
at a temperanre of 22°C until the total
pressure was 100 bar, afrer which the auto-
clave was heated over a period of 0.75 hours
e 300° C — a pressure of 145 bar was ob-
seryed after this period - and kepi at this
temperaiare for 21 hours; a pressure of 106
bar was observed after 10 hours at 300° C.
Then the autoclave was cosled to 20° C and
the number of moles of n-hydrocarbons formed
per male of catalyst III and present in the
Bas phase was dctermined, Table II presents
the results.

TABLLE IT

Mol of hydrocarbons in gas phase per mol of catalyst IT]

n-alkanes
CH, CH, C;H,
49 2.5 1.2

n-alkenes
n-C L, C.H,
0.2 0.1

The toral yield of n-olkames with 3 o 25
casbon atoms per molccale was 3.6 g per g of
cobalt in catalyst II1. The regression facror
for the n-alkanes with 10 to 25 carbon atoms
per molecule was 0,73,

After reaction nove of the catalyst IIT was
Present in solution.

WHAT WE CLAIM IS:—

1. Process for the preparation of n-alkanes,
which comprises contacting a gaseous phase
containing carbon monuxide and bydrogen
with an orpanic solvent cantaining a dissolved
trinaclear coordination enrity comprising (a)
a triangular array of ruthenium, of osmium
or of cobalt atoms, and (b) either a tridentate
ligand bound with the three coordinating atoms
to the three mithenium or esmium atems oy 3
group R—Ce= bridged to the rriangular array
of cobalt atoms to form a tetrahedral group-
ing Co,C und R representing a substituted or
unsubstintted hydrocarbyl group,

2. Process as claimed in clain 1, in which
the three coordinating atoms in the tridentate
tigand are phosphorus atoms,

3. Process as claimed in claim 2, in which
each of the three phosphorus atoms is bound

te two hydrecarbyl groups and to one and the
same silicon atom. -~ )

4. Process as claimed in clalm 3, in which
cach of the phosphorus atoms and the silicon
atom are bound to alkyl geoups only.

5. Process as claimed in claim 4, in which
the triguclear coordination entity is com-
Posed of (a) a triangular array of ruthenium
atomns, each of which is bound to three CO
grovps, and (b) methyl-tri-(di-n~butylphos-
phine)silane,

6. Process as claimed in claim 1, in which
the R—C= group is a methylidyne group
bridged to the triangular array of cobalt atoms,
each of which is also bound to three €O
groups,

7. Process as claimed in claim 1, sub-
stantially as hercinbefore described with refar-
ence to Examples TV, V and VI

8. N-alkanes whenever prepared by a pro-
cess a8 climed in any one of the preceding
claims.

ROY C. ROGERS,
Chartered Patent Agent,
Skelt Centre,
London, SE1 7NA.
Agent for the Applicants,.

Printed for ITer Majesty's Stutionery Offica by the Cour@er Press, Leamington Spa, 1950,
Published by the Fatent Office, 25 Southampion Bulldings, London, WC2A. 1AY, from
which copies may be obiatned.
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This drawing is a reproduction of
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