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Several classes of commercially important
oxygenates, including acetaldehyde, ethanol, methyl
acetate, ethyl acetate and acetic acid as well as
C,—C; alcohol/acetate ester mixtures, may each be
selectively generated from synthesis gas through the
application of novel classes of ruthenium-containing
bimetallic catalysts particularly those of ruthenium
and cobalt (Ru—Co). A particular feature of these
versatile catalysts is that all precursors are iodide-
free. Products are formed through a combination
of carbon monoxide hydrogenation, methanol
homologation, methyl acetate homologation and
methanol carbonylation reaction sequences.
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INTRODUCTION

The utilization of homogeneous catalysis in organic
syntheses is one of the most important research areas
in chemistry today.! As part of our ongoing
development of new technology for manufacturing
specialty and commodity chemical from synthesis gas,
novel, highly versatile classes of transition-metal
bimetallic catalyst have been discovered in our
laboratories that show great promise for the selective
and facile hydrogenation of carbon monoxide and its
C,-derivatives. A wide range of specific aliphatic
oxygenates may be prepared; the scope of the catalysis
(Scheme 1 and Eqns [1]—[6]) includes:

(a) acetaldehyde and ethanol production via
methanol homologation;

*For Paper XI, see J. Mol. Catal., 1987, 43: 65.

(b) methyl acetate synthesis via methanol
carbonylation;

(c) ethyl acetate and acetic acid preparations from
methanol;

(d) methyl acetate homologation to ethyl acetate;

(e) production of C,—C; alcohols and their
acetate esters directly from synthesis gas.

Ruthenium-containing bimetallic catalysts are neces-
sary in each of these syntheses (a)—(e), particularly
ruthenium—cobalt combinations in the presence of
quaternary phosphonium salts. A particular feature of
all these catalyst systems is that, in contrast to most
prior studies, the ruthenium—cobalt combinations are
iodide-free and no iodide component is necessary for
the preparations of Scheme 1.

Each aliphatic oxygenate (Eqns [1]—[6]) is produced
via a sequence of two fundamental steps in organo-
metallic chemistry involving metal—alkyl and metal—
acyl intermediates, viz. carbonylation and carbonyla-
tion followed by hydrogenation, that are well estab-
lished in the science of homogeneous catalysis. The
degree and order of these steps will determine the
ultimate structure of the product. Syntheses are
complicated, however, by competing and paraliel
reactions, and by the exceedingly reactive nature of
certain intermediate species.

CH;0H+CO+2H, — C,Hs;OH+H,0 (]
CH;0H+CO+H, — CH;CHO+H,0 2]
2CH;0H+CO —= CH;COOCH;+H,0  [3]
2CH;0H+2C0O+2H, -~ CH3;COOC,Hs+2H,0 [4]
CH;COOCH; +CO+2H, — CH;COOC,Hs+H,0 [5]
CH;OH+CO — CH;COOH (6]

Acetaldehyde and ethanol are, of course, well
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Scheme 1 Synthesis of C~2 oxygenates using iodide-free homogeneous Ru—Co catalysts and synthesis gas.

established, large-volume, commodity chemicals.?
They are currently manufactured in the US for the most
part from petroleum-derived ethylene. Methyl and
ethyl acetate esters enjoy combined markets of ca
300 x 1051byr~! as solvents for coatings, plastics,
etc.3 Acetic acid is already a syngas-derived chemical.
Both the BASF* and highly successful Monsanto’
processes have been practiced commercially for some
time now. C;—C; alcohols and their acetate esters
could see vastly expanded markets as high-octane
blending agents for unleaded gasoline.®

RESULTS AND DISCUSSION

Ethanol and acetaldehyde syntheses

Methanol homologation is likely to become an
important industrial route to ethanol.” Furthermore, it
provides an excellent model for screening new
homogeneous catalyst systems. The recurring problems
in methanol homologation chemistry are difficulties in
achieving a selective synthesis of ethanol versus
acetaldehyde (Eqns [1], [2]), and the need for a stable,
recyclable catalyst system, as well as the necessity for
economically attractive rates of carbon monoxide
hydrogenation. We have discovered that the iodide-
free, homogeneous Co—Ru/Bu,PBr catalyst precursor
(Table 1) is an excellent candidate for rapid methanol
homologation, giving an unusual 76—84% ethanol
selectivity at high conversion levels (see Table 1, expts
1 and 2).8 Furthermore, the same catalyst
combinations are stable, homogeneous and easily

recyclable. There is no obvious appearance of metal
plating.

Additional modification of the catalyst, substituting
ruthenium metal for ruthenium(IV) dioxide hydrate
(RuQ,) substantially alters the overall reducing power
of the system, such that acetaldehyde is now the major
product fraction (Table 1, expt 3). All three catalyst
components — the ruthenium metal (Ru), dicobalt
octacarbonyl [Co,(CO)3] and tetrabutylphosphonium
bromide (BusPBr) — are critical to acetaldehyde
production.® Cobalt is required to ensure the forma-
tion of C,-oxygenates, while both the ruthenium metal
and Bu,PBr are necessary for acetaldehyde to be the
ultimate product in preference to ethanol, methyl
acetate and ethyl acetate (see expts 3—6).

Methy! acetate, ethyl acetate and acetic
acid

The same ruthenium—cobalt—quaternary phosphonium
salt combination is also effective for methanol car-
bonylation and the synthesis of methyl acetate (Eqn
[31).10 Under the chosen conditions of Table 2, expt
7, 90% selectivity to methyl acetate can be achieved
with this iodide-free catalyst at conversion levels of
ca 56% . As the level of methanol conversion is raised
to near-quantitative (in this case by raising the operating
temperature), ethyl acetate becomes a significant
by-product.

A further modification of the gas composition, using
synthesis gas (CO/H, ratios of 4:1 to 12:1 Table 2,
expts 10—13) rather than carbon monoxide alone,
allows ethyl acetate to be the major product and
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provides a novel route to ethyl acetate from methanol
(Eqn [4])."!

To our knowledge these are the first examples of
selective methyl and ethyl acetate syntheses from
methanol in the absence of an iodide promoter.!6

A second route to ethyl acetate formation is methyl
acetate homologation (Eqn [5]), again using the
ruthenium —cobalt—quaternary phosphonium salt
homogeneous catalyst system.!2 Modest selectivity to
ethyl acetate (73%, at 100% MeOAc conversion) is
achieved here with acetic acid the only detectable by-
product in the liquid phase (22% selectivity).

Acetic acid may revert to the major product (Eqn
[6]) when the Ru—Co—Bu,PBr catalyst is coupled
with a strong Brensted acid such as sulfuric acid,
Nafion® (a perfluorinated ion-exchange polymer) and
methanesulfonic acid. Selectivities of 75—87% are
possible at the higher pressures (see Table 2, expts
14—17).13
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C;—C, alcohols and their acetate ester mixtures of
varying composition can be generated directly from
synthesis gas also using a ruthenium—cobalt—
quaternary phosphonium salt homogeneous catalyst
system. The actual composition of the product liquid
is determined to a large degree by: (a) the choice of
solvent, (b) the Ru/Co ratio, (c) the choice of
quaternary salt and (d) the reaction time.

The use of a ruthenium(IV) dioxide/dicobalt
octacarbonyl/tetrabutylphosphonium bromide mix
{1:0.25:10), in ether solvents such as p-dioxane and
tetraglyme, is highly effective for C;—C; alcohol/
acetate ester syntheses in 85% selectivity (Table 3, expt
18).14 The reaction rate is 0.04 gcm—>h~!. Both
aliphatic and aromatic hydrocarbon solvents lead to
considerably lower productivities and amine solvents
such as N-methylmorpholine tend to deactivate the
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Figure 1 Alcohols and esters from synthesis gas. Effect of cobalt catalyst charge: Ru, 1-0 mmol; Co, 0—4-0 mmol; BusPBr, 10-0 g.
Product profile: methanol, A; ethanol, O; propanol, V; methyl acetate ¢ ; ethyl acetate, 0 acetic acid, x.
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system further. The choice of phosphonium salt also
has some bearing on the product composition, with
tetrabutylphosphonium salt favoring the formation of
methanol and ethanol and alkyltriphenylphosphonium
bromides increasing the carbonylation capability and
affording 60% selectivity to ethyl acetate directly from
CO/H, (Table 3, expt 24).

The importance of the cobalt-to-ruthenium atomic
ratio is illustrated in Fig. 1. Although C;~C; alcohols
are generated in substantial yields in the absence of
cobalt, both methanol and ethanol content are
maximized at Co/Ru ratios of ca 0.5. A further
increase in cobalt content, on the other hand, leads to
substantial enhancement in carbonylation activity and
acetic acid is the major product fraction (up to 68%
selectivities) at Co/Ru > 1 (Eqn [7]).%

2CO + 2H, — CH,COOH 7]

A typical synthesis profile for the Ru;(CO)qy/
C0,(CO)4/Bu,PBr catalyst shows that while the
predominant initial reaction is methanol formation,
homologation to C,—C; alkanols becomes increas-
ingly important so that ethanol is eventually the major
fraction in the later stages - where methanol
concentrations actually decline.' A similar sequence
is evident for the methyl and ethyl acetate ester
fractions.

CONCLUSIONS

Bimetallic, ruthenium—cobalt—quaternary phosphon-

ium salt catalyst systems provide a new generation of

catalyst systems for the generation of a variety of

different aliphatic oxygenates from synthises gas.
Particular applications include:

acetaldehyde and ethanol production via methanol
homologation;

methyl acetate synthesis via methanol carbonylation;

ethyl acetate and acetic acid preparations from
methanol;

methyl acetate homologation to ethyl acetate;

production of C;—Cj; alcohols and their acetate
esters directly from carbon monoxide/hydrogen
mixtures.

Acknowledgements The authors thanks Texaco Inc. for permission
to publish this paper and Messrs D W White, R Gonzales and MR
Swenson for experimental assistance.

REFERENCES

1. Parshall, G W Homogeneous Catalysis, Wiley—Interscience,
New York, 1981; Davies, SG Organotransition Metal
Chemistry: Applications in Organic Synthesis, Pergamon,
Oxford, 1982; Kosak, JR Catalysis of Organic Reactions,
Marcel Dekker Inc., New York, 1984; Sheldon, R A Chemicals
from Synthesis Gas, D Riedel Publishing Co, Boston, 1983

2. Anon Chemical Marketing Reporter, 12 May 1986; ibid., 25
February 1985

3. Anon Chemical Marketing Reporter, 31 March 1980; Chemical
Economics Handbook, SRI Internationa, May 1982

4. Hohenschutz, J, von Kutepow, N and Himmele, W
Hydrocarbon Processing, November 1966, 141

5. Roth, JF, Craddock, J H, Hershman, A and Paulik, FE
Chemtech, October 1971, 600

6. Knifton, J F, Grigsby, R A and Herbstman, S Hydrocarbon
Processing, January 1984, 111

7. Anon Methanol — New Chemical Uses, Chem Systems Report
#82-1, January 1983; roper, M and Loevenich, H Catalysis
in Cy Chemistry, D Reidel Publishing Co, Boston, 1983;
Slocum, D W Catalysis in Organic Synthesis, Academic Press,
New York, 1980

8 Lin, J H and Knifton, J F (Texaco Develop. Corp.) US Patent
4 424 384 (1984)

9. Lin, J J and Knifton, J F (Texaco Develop. Corp.) US Patent
4 433 176 (1984)

10. Lin, J J and Knifton, J F (Texaco Develop. Corp.) US Patent
4 484 (002 (1984)

Ii. Lin, JJ and Knifton, J F US Patent pending

12. Lin, JJ and Knifton, J F (Texaco Develop. Corp.) US Patent
4 414 410 (1983)

13. Vanderpool, S H, Lin, J J and Duranleau, R US Patent pending

14, Knifton, J F and Lin, J J Paper #03G18 presented at the 1984
International Chemical Congress of Pacific Basin Societies,
December 1984

15. Knifton, I F, Lin, J J and Grigsby, R A Organometallics, 1984,
3: 62

16. Jenner, G Applied Catal., 1989, 50: 99





