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Acetic acid has been generated directly from synthesis gas (CO/H,) in up to 95 wt% selectivity
and 97% carbon efficiency using a Ru-Co-1/Bu,PBr “‘melt’’ catalyst combination. The critical
roles of each of the ruthenium, cobalt, and iodide catalyst components in achieving maximum
selectivity to HOAc have been identified. C,-oxygenate formation is only observed in the presence
of ruthenium carbonyls; [Ru(CO);1;]~ is here the dominant species. Controlled quantities of iodide
ensure that initially formed MeOH is rapidly converted to the more reactive methyl iodide. Subse-
quent cobalt-catalyzed carbonylation to acetic acid may be preparatively attractive (>80% selectiv-
ity) relative to competing syntheses where the [Co(CO),]- concentration is maximized; that is,
where the Co/Ru ratio is >1, the syngas feedstock is rich in CO and the initial iodide/cobalt ratios
are close to unity. Formation of cobalt—iodide species in significant concentrations appears to be an

inhibiting step in this synthesis.

INTRODUCTION

A major C; chemistry research effort has
been underway in recent years directed to-
ward the large-scale synthesis of acetic
acid—as well as other commodity aliphatic
oxygenates and hydrocarbons—from syn-
thesis gas (7). In previous papers in this
series we have described the application of
ruthenium ‘‘melt’’ catalysis to the selective
hydrogenation of CO to lower alkanols (2,
3), carboxylic acid esters, diols such as eth-
ylene glycols (4, 5), as well as a two-step
process for generating ethylene and related
lower olefins (6). Here we describe a fur-
ther application of ruthenium ‘‘melt”’ catal-
ysis, wherein synthesis gas (CO/H,) is for
the first time converted directly to acetic
acid in >80 wt% selectivity in the crude
liquid product (7, 8).

2CO + 2H, — CH;COOH 0}

Ruthenium, cobalt, and halogen are the
key elements of this catalysis (7), although
ruthenium in combination with halogen-

! For the previous paper in this series see: Knifton,
J. F., J. Mol. Catal. 30, 281 (1985).
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containing zirconium and titanium deriva-
tive is also effective (8). In the case of the
Ru-Co couple, the highest yields of acetic
acid can generally be achieved with ruthe-
nium oxide, carbonyls, and complex deriv-
atives in combination with various cobalt
halides dispersed in low-melting quaternary
phosphonium halide salts (7). A significant
enhancement in both acetic acid productiv-
ity and selectivity is normally realized in
the presence of controlled quantities of io-
dide.

Previous published work on the genera-
tion of acetic acid from syngas is generally
confined to papers and patents disclosing
the use of modified rhodium heterogeneous
catalysts. Rhodium-on-silica alone (9), or
in combination with manganese (10), ruthe-
nium (/1), molybdenum (/2), and magne-
sium (13) promoters, yields acetic acid,
ethanol, and acetaldehyde as the principal
liquid-phase products. Wilson et al. (14)
have employed a variety of rhodium-on-sil-
ica catalysts under conditions of low (<5%)
CO conversions to produce two-carbon ox-
ygenates, specifically acetic acid, acetalde-
hyde and ethanol, with carbon efficiencies
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on the order of 50%. Methane is the princi-
pal by-product. The addition of 1% manga-
nese to Rh/SiO, catalyst raises the synthe-
sis rate about tenfold (15).

Recently, it has been reported by Kaplan
that carbon monoxide reacts with aqueous
HI to give acetic acid (/6) and that carbon
monoxide is catalytically converted to ace-
tic acid and to glycolic acid by solutions
containing acid (HCl or H;PO,) and com-
pounds of palladium, rhodium, platinum,
and iridium (17).

RESULTS

Data in Table 1 illustrate the production
of acetic acid from 1/1 syngas catalyzed by
ruthenium—cobalt halide bimetallic combi-
nations dispersed in tetrabutylphospho-
nium bromide (m.p. 100°C).

The ruthenium(III) acetylacetonate—
cobalt(Il) iodide couple, for exampie, when
dispersed in tetrabutylphosphonium bro-
mide (Example 1) and treated with 1/1 CO/
H; at 220°C, generates a liquid product con-
taining 76 wt% acetic acid plus 1.1 wt%
propionic acid (111 mmol total acid). The
liquid yield increase is 66% and the esti-
mated carbon selectivity to acetic plus pro-
pionic acids and their esters is 84%. There
is normally no metallic residue at this stage
(see Experimental), ruthenium and cobalt
recovery is essentially quantitative at the
end of the run, and the product acids may
be recovered in >90% purity by fractional
distillation. Methane and water are the ma-
jor by-products (although in estimating car-
bon efficiency, the quantities of CO, formed
as a result of water-gas shift activity (2) are
not included)?.

2 All liquid organic products (acids, esters, and alka-
nols) plus methane have been considered in this work
in estimating carbon efficiency for each of the individ-
ual experiments described in Table 1 and in the follow-
ing figures. The quantity of CO, formed is included in
Table 1, but is not considered in carbon selectivity
calculations since this component can be readily recy-
cled to the synthesis gas generator as a source of addi-
tional CO (see Ref. (18)). For previous examples of
ruthenium-catalyzed water-gas shift activity in acidic
media see Ref. (19).
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Example 2 provides a further illustration
of direct acetic acid synthesis. Here the
concentration of acetic acid in the crude lig-
uid product is 70 wt% and the estimated
carbon efficiency to acetic acid, propionic
acid, and their esters is 83%. Likewise, in
the case of the 6-h run of example 3, the
concentration of acetic acid in the liquid
product is 69 wt%, carbon efficiency to ace-
tic, propionic acids + esters is 87%, and the
turnover frequency is 1.1 X 1073 s~! basis
ruthenium charged.

A variety of ruthenium-containing pre-
cursors—coupled with cobalt halide, car-
bonate, and carbonyl compounds—at dif-
ferent initial Co/Ru atomic ratios, has
been found to yield the desired carboxylic
acids when dispersed in tetrabutylphospho-
nium bromide. Although the ruthenium-—
cobalt(Il) iodide combination provides
the highest selectivity to desired acetic
acid (Examples 1 — 4), it has been unex-
pectedly found that the carbonylation activ-
ity of the Ru-Col, couple is dramatically
suppressed when additional iodide-contain-
ing promoters (such as methyl iodide and
iodine, Examples 10 — 11) are introduced
into the reaction media. This surprising fea-
ture is discussed in more detail infra.

In a more detailed examination of the
ruthenium—cobalt—iodide ‘‘melt’”’ catalyst
system, we have followed the generation of
acetic acid and its acetate esters as a func-
tion of catalyst composition and certain op-
erating parameters, and examined the spec-
tral properties of these reaction products,
particularly with regard to the presence of
identifiable metal carbonyl species.

A typical reaction profile is illustrated in
Fig. 1 for the Ru;(CO),~Col,/BusPBr cata-
lyst precursor. Under the selected operat-
ing conditions, acetic acid is the major
product fraction; here it may comprise up
to 85 wt% of the liquid product fraction
(molar selectivity to HOAc is 86%, initial
turnover frequency ca. 2.0 X 103 s !perg
atom Ru charged). Methyl and ethyl ace-
tates are also in evidence.

Figure 2 illustrates the effect of incre-
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F1G. 1. Typical reaction profile. Reactor charge:
Ru3(CO);;, 4.0 mmol Ru; Col,, 4.0 mmol Co; Bu,PBr,
10.0 g; reaction conditions: 480 bar pressure; 220°C;
1:1 CO/H;. CH;COOH, ©; CH,;COOCH;, V;
CH,COOC,Hs, A.

mental changes in ruthenium catalyst con-
tent upon the production of acetic acid and
its C—C, alkyl acetate esters. Acetic acid
production is maximized at Ru/Co ratios of
ca. 1 — 1.5, however, the data in Fig. 2 do
show an approximate first-order depen-
dence of 20QAc™ (acetic acid plus acetate
esters) upon initial ruthenium content, at
least up to the 2/1, Ru/Co stoichiometry
under the chosen conditions. Selectivity to
acetic acid in the liquid product peaks at 92
wt% (carbon efficiency 95 mol%) for a cata-
lyst combination with initially low Ru/Co
ratios (e.g., 1:4). The formation of C,-C,
alkanols and their acetate esters rapidly ex-
ceeds acetic acid productivity when the Ru/
Co atomic ratio is raised above 1.5, al-
though two-carbon oxygenates continue to
be the predominant fraction. Smaller quan-
tities of glycol may be in evidence; CO,is a
significant gas fraction.

JOHN F. KNIFTON

The effect of varying cobalt concentra-
tion has been examined for two classes
of catalyst precursor, viz. Ru;(CO);—
COIz/ BU4PBI' and RU3(CO)|2—C02(CO)3—12/
BuyPBr. The highest acetic acid selectivity
in the liquid product (849%) was again
achieved for both experimental series at
Co/Ru molar ratios exceeding unity (see,
for example, Fig. 3). Maximum ZOAc~
content was achieved at Co/Ru ratios of
ca. 0.5 (Fig. 3), while the highest turnover
frequencies (5 X 1073 s~! per g atom Ru
charged) were measured at Col,/Ru molar
ratios of 1/4. No significant quantities of
acetic acid are detected in the absence of
the cobalt (see also Table 1, Example 13),
although acetate esters may be generated in
moderate yields, together with larger quan-
tities of C,-C, alkanol.

The presence of an iodide component
appears to be essential to the formation
of acetic acid in >70 wt% selectivity (7).
A series of comparative experiments us-
ing a ruthenium-cobalt catalyst of the gen-
eral composition Ru3(CO);,~Cox(CO)s-1/
Bu,PBr has been completed with different
iodine contents. Selectivity to acetic acid
reaches 95 wt% of the liquid product (97%
carbon efficiency) for the Ru-Co-31I formu-
lation (see Fig. 4). This is the highest HOAc¢
selectivity achieved to date in this work.
However, the heightened selectivity is gen-
erally realized at the expense of reactor
productivity. Lower I/(Ru + Co) atomic ra-
tios (e.g., 0.25) ensure a rise in productivity
(turnover frequency 2.9 X 1073 s71 per g
atom Ru), while HOAc selectivity dips to
10 wt% as methanol and homologation ac-
tivity increases. Essentially no liquid oxy-
genates are formed as the initial I/(Ru +
Co) atomic ratios approach two (see also
Fig. 3 and Table 1, Example 11).

DISCUSSION

It is clear that ruthenium—cobalt—iodide
catalyst dispersed in low-melting tetra-
butylphosphonium bromide provides a
unique means of selectively converting syn-
thesis gas in one step to acetic acid. Modest
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Fi16. 2. Effect of varying [Ru]. Reactor charge: Col;, 4.0 mmol; Bu,PBr, 10.0 g; reaction conditions
as per Fig. 1; reaction time, 6 h. CH;COOH, ©®; CH,COOCH;, ¥; CH;COOC,Hs, A; 2CH,COO", X;

CH;OH, CJ; C,H;0H, 6.

changes in catalyst formulation can, how-
ever, have profound effects upon liquid
product composition.

Cobalt and iodide are the critical catalyst
components that control the selectivity to
desired acetic acid (Figs. 3 and 4) and under
certain conditions they may also substan-
tially alter the overall productivity to liquid
oxygenates. The Ru-Co-31/Bu,PBr cata-
lyst stoichiometry, for example, gives ace-
tic acid in 95 wt% selectivity of the total
liquid product (Fig. 4), and while carbon
efficiency to HOACc is estimated to be 97
moi%, the CO hydrogenation rate is only
ca. 0.2 x 1073 s~1 per g atom Ru charged.
Turnover frequency, by contrast, may

reach 5.0 X 1072 s~! per g atom Ru charged
for a somewhat similar Ru3(CO);,—Col,/
Bu,PBr catalyst formulation (Ru: Co, 1:4)
where acetic acid selectivity is significantly
lower (see Fig. 3).

Generally, CO hydrogenation catalyzed
by iodide-free ruthenium-cobalt ‘‘melt”
catalysis leads to the formation of liquid ox-
ygenates through at least four competing
reactions (2), viz.: methanol generation,
methanol homologation, methanol carbon-
ylation to acetic acid, and acid esterifica-
tion with product alkanols. Methanol, etha-
nol, and ethylene glycol generation do not
require a cobalt catalyst component (4, 5)
or the presence of iodide. The introduction
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Fi1G. 3. Effect of varying [Col,]. Reactor charge: Ru;(CO);,, 4.0 mmol Ru; Bu,PBr, 10.0 g; reaction
conditions as per Fig. 1; reaction time, 6 h. Legend as per Figs. 1 and 2, HOAc selectivity, +.

of a cobalt component (2) generally leads to
(a) increased carbonylation activity and the
formation of acetic acid; (b) the presence of
[Co(CO)4]~ as a dominant cobalt species in
solution; and (c) increased methanol ho-
mologation activity such that ethanol may
become the major liquid oxygenate product
fraction (3).

Although analogous relationships exist
for the ruthenium-cobalt iodide/quaternary
phosphonium salt catalysts examined in
this work, there are critical differences; by
careful control of the Ru: Co:1 atomic ra-
tios, this new class of catalyst can generate
acetic acid in >90 wt% selectivity in the
liquid phase with little or no alkanol by-
product formation.

The new data illustrate how prepara-
tively attractive yields of acetic acid (and
maximum rates of HOAc formation) may
be realized with the ‘““melt’’ catalyst system
when the following criteria are met:

(a) ruthenium—cobalt atomic ratios range
from ca. 0.5:1 — 2:1 (see Figs. 2 and 3);
(b) transition metal-iodide ratios (Ru:
Co:1I) are ca. 1:1:1 (Fig. 4); and (c) car-
bon monoxide partial pressures exceed ca.
70 bar (Fig. 5).

Spectroscopic  studies of  typical
Ru3(CO)2~Coy(CO)~I,/BusPBr  catalyst
solutions have served to aid considerably in
unraveling the differing roles of the ruthe-
nium-, cobalt-, and iodide-containing cat-
alyst components in these syntheses. A
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typical solution spectrum in the
metal-carbonyl region (Fig. 6) shows the
presence of significant concentrations of
both [Ru(CO);1;]~ (2108 and 2036 cm™~') and
[Co(CO),]~ (1886 cm~1, see Refs. (20, 21)).
Most of the ruthenium charged can be ac-
counted for on the basis of the strength of
the [Ru(CO)sl;]- absorptions. The impor-
tance of this species to the CO hydrogena-
tion syntheses is evident from the close par-
allel we find between the yields of liquid
oxygenate and acetic acid (XOAc™), and
the increase in ruthenium carbonyl iodide,
[Ru(CO)sls]~, content—as determined by
its characteristic absorption at 2036 cm™!,
The relationships are illustrated in Fig. 7.
NMR spectra of these typical product solu-
tions show no hydride signals to & —20
ppm. As in Table 1, Example 12, no
aliphatic oxygenates are formed in the ab-
sence of the ruthenium catalyst component.

The data (particularly the relationships of
Figs. 2 and 7) are in keeping with our earlier
spectral correlations (2), pointing to initial
C;-oxygenate (methanol) formation being
associated with the presence of the [Ru
(C0O);X3]~ anion. This same monomeric
ruthenium(Il) carbonyl is dominant in re-
lated ruthenium-catalyzed acetate ester
(22) and carboxylic acid (23) synthesis, and
is critical to the facile generation of ethyl-
ene glycol and monohydric alkanols from
CO/H, (24). Nevertheless, these data do
not preclude the formation of spectroscop-
ically undetectable derivatives of [Ru
(CO)15]-, that are more reactive electro-
philic and nucleophilic intermediates, and
the truly catalytically active components of
these syntheses under steady-state condi-
tions. Chromatographic separation of the
crude liquid products from Table 1, Exam-
ples 1-4 failed to yield other identifiable
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mononuclear ruthenium carbonyls in the
highly polar ‘“melt’” media, although there
is tentative evidence for the presence of the
cluster anion [Ru;(CO)(;]*~. Anionic ruthe-
nium hydridocarbonyls of higher nuclear-
ity, e.g. [HRu;(CO)y1)-, can be detected
spectroscopically, but only at low iodide
content, where acetic acid selectivity is
poor (<20%), and alkanols are the predomi-
nant products (2, 4) (see Figs. 3 and 4).
Regarding the function of the cobalt com-
ponent, we find for different iodide charges
(at fixed Ru, Co) there is a close paral-
lel between HOAc productivity and the
presence of the cobalt carbonyls, and a
linear relationship between ZOAc~ and
[Co(CO)4]~ anion content (see Fig. 8). This

linear correspondence, taken together with
the [Co]l, HOACc selectivity correlation of
Fig. 3, is indicative of cobalt carbonyl—or
a derivative thereof—being responsible for
the formation of the desired acetic acid.

Additional evidence regarding the role
played by the cobalt carbonyl in the carbon-
ylation sequence comes from the following
observations.

(1) Acetic acid may be readily synthe-
sized from methanol (Eq. (2)) in the ab-
sence of ruthenium, in 96% selectivity,
using the CoxCO)s-L,/Bu/PBr ‘‘melt”
catalyst alone; the rate of this cobalt-cata-
lyzed carbonylation is >3 times faster than
the rate of acetic acid formation via reac-
tion (1) using the Ru~Co-1/Bu,PBr couple.
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Similarly, acetic acid may be generated
from methyl iodide using cobalt octa-
carbonyl-tetrabutylphosphonium bromide
as catalyst precursor.

(2) Starting from *C-enriched methanol,
the Coy(CO)s-I/BuPBr “‘melt’” catalyst
carbonylates to acetic acid in accord with
Eq. (2), enrichment being detected only on
the methyl carbon.

CH,0H + CO » CH:COOH ()

(3) In competitive experiments, although
Ru;(CO)1»/BusPBr and its cobalt-containing
analog, Ru3(CO);;-Col,/BusPBr, both ex-
hibit rapid rates of =C, oxygenate forma-
tion, the yield of HOACc is a factor of >10?
higher for the Ru—Co combination (see Ta-
ble 1, cf. Examples 3 and 13, and Fig. 3).
Cobalt—in the absence of ruthenium—
does not, on the other hand, convert syngas
to liquid oxygenates (Table 1, Example 12).
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Regarding the sensitivity of HOAc selec-
tivity to catalyst structure, we find that pre-
paratively attractive selectivities to acetic
acid (>80 wt%) in the liquid product may
be realized for the Ru-Co-1/Bus,PBr
“melt”’ catalysts when the following gen-
eral conditions are met: (a) cobalt : ruthe-
nium atomic ratios are ca. unity or greater
(see Figs. 2 and 3); (b) iodide/(Ru + Co)
ratios are ca. 1.5:1 or greater (Fig. 4); and
(c) the synthesis gas feedstock is rich in CO
(Fig. 9).

For example, at fixed ruthenium content,
increases in cobalt charge lead to significant
changes in [Co(CO)4]~ content, and for
both the Rus(CO);—Col,/BuPBr and
Ru;(CO),~1,/BusPBr formulations, there is
a linear correlation between acetic acid se-
lectivity and changes in [Co(CO),]~ content
(over limited [Col, see Fig. 10). This rela-
tionship provides further evidence implicat-
ing the cobalt carbonyls—or their deriva-
tives—as responsible for the carbonylation
activity leading to HOAc formation.

Nevertheless, the critical role of the io-
dide fraction in ensuring a selective acetic
acid synthesis is illustrated by the data in
Fig. 4. Here it can be seen that the intro-
duction of controlled quantities of iodide
component may bring about a greater than
20-fold improvement in acetic acid selectiv-
ity (from 4.3 to 94.8 wt%) in the liquid prod-
uct. While the acetic acid productivity
peaks at I/Co ratios of ca. unity, a further
increase in this ratio dramatically lowers
the HOACc productivity so that by 4/1 there
is essentially no liquid product. Signifi-
cantly, at this I/Co ratio, the infrared spec-
trum of the catalyst complex shows es-
sentially complete elimination of the
absorption at 1886 cm~! due to [Co(CO)4] -,
while the presence of [Col4)*~ is confirmed
by its characteristic (25) strong absorption
in the visible spectrum at ca. 700 um. Chro-
matographic separation of these crude lig-
uid products allows isolation of fractions
containing [Col4]*~. Once again then, car-
bonylation activity leading to acetic acid
tracks the presence of cobalt tetracarbonyl
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anion. Somewhat similar observations have
been reported for cobalt—iodide-catalyzed
methanol homologation (26).

To achieve, then, high acetic acid selec-
tivity directly from synthesis gas (Eq. (1)) it
is necessary to balance the rates of the two
consecutive steps of this preparation—ru-
thenium-carbonyl-catalyzed methanol for-
mation (¢) (Figs. 2 and 7) and cobalt—car-
bonyl-catalyzed carbonylation to acetic
acid (Figs. 8 and 10)—such that the instan-
taneous concentration of methanol does not
build to the level where competing second-
ary reactions, particularly methanol homol-
ogation (23, 27), ester homologation (28,
29), and acid esterification (22), become
important.

The iodide content of the catalyst formu-
lation is the key to avoiding these problems
of competing reactions and achieving maxi-
mum acetic acid selectivity. The addition of
iodide ensures that any initially formed
methanol (2) (Scheme 1) is rapidly (27) con-
verted to the more electrophilic methyl io-
dide. Cobalt-catalyzed carbonylation (pre-
sumably via the oxidative addition of the
newly formed CH;l to Co(CO); to yield
CH;Co(CO),4 (30), step C) then proceeds
via migratory insertion (step D) (31) to ace-
tic acid, thereby significantly improving
HOAC selectivity (Fig. 4) by avoiding alter-
native MeOH conversion paths to C,-oxy-
genates, such as homologation and esterifi-
cation. Nevertheless, further increases in
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the quantities of iodide beyond that needed
for methanol conversion to methyl iodide
(step B) may lead to a portion, or all, of the
catalytically active cobalt carbonyl revert-
ing to catalytically inactive cobalt iodide
species, e.g., the [ColyJ>~ anion (see Eq.
(3), Ref. (32)) identified in this work,
or possibly the cationic [Co(MeOH),
(CO),LI"* species® proposed earlier by
Pretzer and Kobylinski for their cobalt—io-
dide-catalyzed homologation of methanol
(26). The effect of this drop in [Co(CO),]~
content is a dramatic lowering of the overall
rate of carbonylation (see Figs. 4 and 10).
The increase in HOAc yield with initial in-
creased iodide content (I/Co ratio <1) and

3 Pretzer and Kobylinski (Ref. (26)) report absorp-
tion bands attributable to the [Co(MeOH),(CO),I]**
species at 2050, 2035, and 2010 cm~'. In our work the
strong band at 2036 cm~! due to [Ru(CO);l;]- masks
the two higher energy bands, but a weak absorption at
2005 cm™! (see Fig. 6) may be due to this species.

the typical decrease in HOAc yield at
higher I/Co ratios are well illustrated by the
graphs in Fig. 4. Methanol, ethanol, and
acetate esters tend to predominate only at
the lower iodide concentrations and lower
I/Co molar ratios.

2[C0(CO)4]“ + 312

— 2Col; + 8CO + 21 (3)

As in related cobalt-catalyzed methanol
carbonylation processes (Eq. 2)* the pro-
duction of HOAc is favored by high CO
partial pressures (Fig. 5) and a CO-rich en-
vironment (Fig. 9) and it is likely that in
both processes carbon monoxide is in-
volved in the rate-limiting step (Scheme 1,
step D). The complex, nonlinear, depen-
dences upon CO and H, partial pressures
(Fig. 5) are indicative of pressure-depen-

4 Reaction conditions and Ru-Co catalyst charge as
per Fig. 1.
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FiG. 10. HOACc selectivity versus [Co(CO),]~. Catalyst precursor Ruy(CO);—Col,/BusPBr, reaction
conditions as per Fig. 3, @; catalyst precursor Ru;(CO),,—Co(CO)s—I,/Bu,PBr, reaction charge:
Ru3(CO);;, 4.0 mmol Ru; Cox(CO)g, 1-8 mmol Co; I, 4.0 mmol; Bu,PBr, 10.0 g; reaction conditions as

per Fig. 1, H.

dent metal carbonyl equilibria involving ei-
ther, or both, the Ru and Co metal centers.
A lowering of Pco (<85 bar), in particular,
can be seen to alter the ruthenium nuclear-
ity, so that both ruthenium(l), [Ru
(CO):15]- (Fig. 6), and [HRus3(CO);]~ (Ref.
(2)) may be detected spectroscopically.
An apparent activation energy of ca. 31
kcal mol~! has been estimated in this work
from an Arrhenius plot of ZOAc™~ versus
temperature (200-240°C).* An Arrhenius
plot for the cobalt-catalyzed methanol car-
bonylation process (Eq. (2)) is reportedly
nonlinear (33), but the activation energy
measured here is notably higher than the
14.7 kcal mol~! reported (34) for the rho-
dium-catalyzed methanol carbonylation, or
the 19 kcal mol~! in ketonic solvents (35).
A migratory CO insertion mechanism for

initial methanol formation, as depicted in
Scheme 1 (involving the intermediate for-
mation of labile ruthenium—formyl (36-39)
and -hydroxymethyl (40, 41) complexes),
is in keeping with our earlier kinetic and
spectroscopic studies for the related Ru;
(CO);»-Coy(CO)s/BuPBr “melt” catalyst
system (2). In that work, initial methanol
formation was found to be first order in
[Ru], linearly dependently upon CO partial
pressure and qualitatively dependent upon
the presence of [Ru(CO);Br;]-. In the
present study, the sensitivity of methanol
formation to [Ru] can be seen in Fig. 2,
while the formation of minor quantities of
methyl formate and ethylene glycol (Table
1) points to the importance of intermediate
metal-methoxy and —hydroxymethyl spe-
cies (2, 42).
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Methane formation (Table 1, column 10)
is believed to result primarily from hydro-
genolysis of labile methyl-metal intermedi-
ates (2, 23) (e.g., from step C, Scheme 1).
This has been established in experiments
similar to Eq. (2), where, for the Ru-Co-I
catalyst precursors, product methane con-
taining the 3C label is confirmed by gas-
phase infrared spectroscopy (Eq. (4)). A
similar result has been reported by Warren
and Dombek (24) during ethanol genera-
tion from CO/H; via homogeneous ruthe-
nium catalysis in the presence of an iodide
promoter. Under our preferred HOAc syn-
thesis conditions (7), there is no evidence
for metal precipitates (vide supra) and
methane formation is not considered to be
heterogeneously catalyzed.

* CO/H, *

CH;0H — CH, 4
In conclusion then, it is evident from the
data presented supra, that each of the ru-
thenium-, cobalt-, and iodide-containing
species have very specific roles to play in
the ‘““melt’’ catalyzed conversion of synthe-
sis gas to acetic acid. C-oxygenate forma-
tion is only observed in the presence of ru-
thenium carbonyls—[Ru(CO);l;]~ is here
the dominant species and there is a direct
relationship between liquid yield, ZOAc~
productivity and [Ru(CO);I;]~ content (see
Figs. 2 and 7). Controlled quantities of io-
dide ensure that initially formed MeOH is
rapidly converted to the more reactive
methyl iodide. Subsequent cobalt-catalyzed
carbonylation to acetic acid may be prepar-
atively attractive (>80% selectivity, good
yields) relative to competing syntheses,
where the [Co(CO),]~ concentration is
maximized (Figs. 8 and 10); that is, where
the Co/Ru ratio is >1, the syngas feedstock
is rich in CO, and the initial iodide/cobalt
ratios are ca. unity. Formation of cobalt—
iodide species appears to be a competing,

inhibitory, step in this catalysis.

EXPERIMENTAL

Triruthenium dodecacarbonyl, cobalt(II)
iodide hydrate and related metal oxides,
salts and complexes were purchased from

JOHN F. KNIFTON

outside suppliers. Tetrabutylphosphonium
bromide was purchased from Aldrich
Chemical Company and used as received.
Synthesis gas was supplied by Big Three
Industries in various proportions of carbon
monoxide and hydrogen. All high-pressure
experiments were conducted in an 845-ml
capacity Aminco pressure reactor con-
structed of 316 stainless steel, fitted with
heating and agitation means, and hooked to
a large, high-pressure synthesis gas reser-
voir. The reactor was always used with in-
terchangeable Pyrex glass liners.

The extent of reaction and distribution of
products was determined by gas-liquid
chromatography. Acetic acid and propionic
acid products, as well as their esters, were
isolated by fractional distillation in vacuo,
or by GLC trapping and identified by one of
the following techniques, GLC, FTIR,
NMR, and elemental analyses. Minor by-
products were identified by GLC-FTIR or
GLC-MS.

Acetic Acid Synthesis

A mixture of triruthenium dodecacar-
bonyl (4.0 mmol Ru, 0.852 g) and cobalt
iodide (4.0 mmol, 1.395 g) dispersed in
tetrabutylphosphonium bromide (10.0 g) is
transferred to a glass liner, under N, purge,
to an 845-ml capacity pressure reactor
equipped with heating and means of agita-
tion. The reactor is sealed, flushed with
CO/H,, and pressured to 138 bar with 1/1
CO/H,. The mixture is heated to 220°C
with rocking, the pressure raised to 482 bar
by CO/H, from a large surge tank, and the
reactor held at temperature for 18 h. Pres-
sure in the reactor is maintained at ca. 480
bar by incremental additions of CO/H; from
the surge tank.

On cooling, the reactor pressure (281 bar)
is noted, typical gas samples taken, and the
excess gas removed. The emerald-green
liquid product (22.5 g) shows no evidence
of a solid fraction. Samples are analyzed by
GLC and Karl-Fischer titration. Typical
data are 67.5 wt% acetic acid, 3.3 wt% pro-
pionic acid, 2.8 wt% methyl acetate, 15.3
wt% ethyl acetate, 5.8 wt% propyl acetate,
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and 0.7 wt% water. Analyses of typical off-
gas samples show the presence of 50% hy-
drogen, 44% carbon monoxide, 4.7% car-
bon dioxide, and 0.5% methane. Liquid
yield is (22.5-12.2/12.2) x 100 = 84%.

The product acids and esters may be re-
covered from the crude liquid by fractional
distillation. The residual tetrabutylphos-
phonium bromide sait shows no change in
structure of the BusP* unit—basis 3'P and
BC analyses. Some halide exchange with
the iodide component of the Ru-Co cata-
lyst is evident from the characteristic’ IR
spectral bands in the region 2800-3000
cm™! and at ca. 900 cm™.
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