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Summary 

The role of triphenylphosphine and solvents in the CoI+atalyzed 
reductive carbonylation of methanol to acetaldehyde has been studied. When 
utilized within a controlled molar range, triphenylphosphine has little, if 
any, effect on the acetaldehyde rate and selectivity. It does serve to reduce 
corrosion to an acceptable level. Acetaldehyde selectivity is markedly im- 
proved by use of a solvent. With few exceptions, most solvents readily de- 
compose under reaction conditions. 

Introduction 

It is well known that methanol, which is first made from synthesis gas, 
can be further reacted with synthesis gas by reductive carbonylation, 
homologation, or carbonylation to make acetaldehyde, ethanol and acetic 
acid, respectively [l]. Unsatisfactory conversion and selectivity have pre- 
vented commercialization of the reductive carbonylation or homologation 
technology. Additionally, fermentation routes to ethanol have now become 
economically competitive with synthesis gas-based processes [2, 31. Reduc- 
tive carbonylation of methanol has received some attention in the literature 
[ 4 - 91. Acetaldehyde can be used as a building block for numerous chemi- 
cals, for instance (i) condensation to higher aldehydes and alcohols, (ii) 
esters via the Tishenko reaction, specifically formation of ethyl acetate 
which can be readily cracked to acetic acid and ethylene, and (iii) vinyl 
ethers from various acetal derivatives. 

The reductive carbonylation of methanol is catalyzed, at least to some 
extent, by most Group VIII transition metals used in conjunction with a 
halogen ‘promoter [ 10 1. Of the Group VIII metals, cobalt has received the 
most attention. Halogen compounds (covalent or ionic) containing Cl, Br, 
or I promote the reaction, but iodides give the best reaction rates [ 111. In 
addition ‘to metal and halide components, additional promoters of the form 
ERs (E = N, P, As, Sb, Bi; R = organic moiety) are frequently used. Triaryl 
phosphines have been reported to enhance the ethanol selectivity at the 
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expense of acetaldehyde whereas triaryl arsines and stibines increase the 
acetaldehyde selectivity at the expense of ethanol [ 71. 

Here we wish to report the selective formation of acetaldehyde via a 
cobalt-iodide-phosphine catalyst. High conversion, rate and selectivity can 
be obtained with the proper selection of solvent, catalyst concentration, 
temperature and pressure. Also, solvent decomposition and corrosivity will 
be addressed. 

Experimental 

All chemicals were reagent grade and were used without further purifi- 
cation. Triphenylphosphine, iodine, methyl iodide and methanol were ob- 
tained from MCB. Co(OAc),*4Hz0 was purchased from Mallinckrodt, 
anhydrous cobaltous iodide from Research Organic-Inorganic and triphenyl- 
phosphine oxide from Alfa. 

The high pressure experiments were carried out in a 300 ml Hastelloy C 
autoclave. In a typical experiment CO(OAC)~*~H~O (8.0 mmol), IZ (14.0, 
mmol) and PPhs (30.8 mmol) or 8.0 mmol of preformed complexes are 
charged under Nz to a clean reactor containing 150 ml CHsOH. The reactor 
is sealed, purged with synthesis gas and pressured to 2000 psig with synthesis 
gas. Agitation (750 rpm) is begun and the reactor heated to the desired tem- 
perature within 40 min. At reaction temperature the reactor is pressured to 
5250 psig. The reaction is allowed to consume gas until the pressure has 
fallen to 4750 psig. The reactor is repressured to 5250 psig and cycled in this 
manner for 10 000 psig total uptake. The reactor contents are then cooled 
via internal cooling coils to 10 “C. A vapor phase sample is taken for analysis, 
and the liquid contents are placed in a chilled bottle. Gaseous products were 
analyzed on a Carle III-H chromatograph. Liquid products were analyzed 
with a Hewlett-Packard Model 5880 gas chromatograph equipped with two 
l/8 in X 10 ft 60/70 mesh Chromasorb 101 columns connected in series. 

The acetaldehyde rates are expressed as Mhr-’ (mol 1-i h-l) and are 
based on liquid volume. The acetaldehyde selectivity is calculated via 

moles AcH + moles DMA 
AcH selectivity = x 100% 

total moles of products 

where AcH equals acetaldehyde and DMA is 1,ldimethoxyethane. The 
methanol conversion is calculated via 

Methanol conversion 

= (moles MeOH fed) - (moles MeOH found) + (2 X moles DMA) x loo~ 
CJ 

moles MeOH fed 

In the methanol conversion formula, moles of methanol found does not 
include methanol equivalents in methyl acetate and dimethyl ether. 
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However, due to their ease of recovery the methanol equivalents in l,l- 
dimethoxyethane are included. 

The solvent screening experiments were carried out as follows. 
CO(OAC)~*~H~O, IZ and PPhs in a 1:2:2 molar ratio were charged to the reac- 
tor containing CH,OH and the solvent. The CHJOH:solvent ratio = 0.33:1 
(by volume, total volume = 150 ml). The reaction was carried out at 170 “C 
and 5000 psig for a total gas consumption of 3000 psi. The products were 
analyzed as described above. 

Preparation of Co12(OPPh3)2 
CoIz(anhydrous) (40.0 g, 127.9 mmol) was dissolved in 500 ml of 

argondegassed acetone. The green solution was filtered to remove a small 
amount of gray powder. OPPh, (73.0 g, 262.3 mmol) was dissolved in 400 
ml argondegassed acetone, and the CoIZ solution was added to it. The 
mixture was magnetically stirred under argon for 1 h, and the resulting air- 
stable blue crystalline material was filtered off, washed with two portions of 
hexane and two portions of acetone and dried on the frit. Yield 101.5 g, 
91.4%. The complex was characterized by comparison of its IR spectrum 
with published data (v(P=O) 1150 cm-‘) [ 121. 

Preparation of [MePPh,], [Co&] .(CH3)2C0 
The complex was prepared by an extension of the method of Nyholm 

and Gill [13]. [MePPhsJI (12.94 g, 32.0 mmol) was dissolved in 350 ml of 
argondegassed acetone. CoIZ (5.00 g, 167.0 mmol) was dissolved in 100 ml 
of acetone and the green solution filtered to remove some gray solid. The 
CoIZ solution was added to the [MePPhJI solution and the mixture stirred 
under argon for 3 h. The resulting air-stable green crystalline material which 
formed was filtered off, washed with a small amount of acetone and dried 
on the frit to give 11.2 g product. The filtrate was concentrated in uacuo to 
about l/4 its original volume, and an additional 5.5 g of product was ob- 
tained. Addition of hexane to the filtrate produced another 1.3 g of product. 
Total yield 18.0 g, 95.5%. This material was characterized by IR and NMR 
spectroscopy and was identical to the green material isolated from a catalytic 
run which is described below, except for differing solvent of crystallization. 

Isolation of complexes from a catalytic run 
The catalytic solution from a typical run (Co(OAc),*4HZ0, 8.0 mmol; 

IZ, 14.0 mmol; PPhs, 30.8 mmol; 170 “C, 5000 psig, 2.0 h, H?:CO = 1:l) was 
transferred from the receiver bottle in which it was stored to a 500 ml 
round-bottomed flask. The flask was fitted with a stopcock, and the solvent 
was removed in uacuo (10e4 torr, 35 “C) to give a green oil. A small amount 
of acetone was added to the oil, which converted to a green powder on 
scratching. The powder was filtered off and washed thoroughly with CHzClz 
which removed some blue material. The remaining green material was re- 
crystallized from acetone/hexane. An analytical sample of this material was 
recrystallized from CHzClz/heptane. Analysis Calcd. for C3~&12Co14pZ 



128 

([MePPh&[CoL,]~CH&&): C, 38.84; H, 3.18; Co, 4.89; I, 42.90; P, 5.14. 
Found: C, 39.09; H, 3.41; Co, 4.69; I, 40.90; P, 5.23. 

The blue CH,Cl, wash from above was evaporated to dryness to give 
a blue powder which was shown by IR spectroscopy to be fairly pure 
CoIs(OPPhs)s. 

A description of the high-pressure IR equipment, including the high- 
pressure infrared cell and spectrometer together with the usual operation 
procedure, has already appeared [ 141. 31P NMR spectra were obtained op a 
Varian FTSOA spectrometer at 32.2 MHz and are referenced to external 
H3P04. 

Results and discussion 

Initial experiments were carried out with a halide-free cobalt catalyst 
[15]. In methanol (no solvent) with a cobalt concentration of 0.08 M, 
(total cobalt charged) acetaldehyde rates and selectivities are typically 1.0 
Mhf’ and 60% at 170 “C and 5000 psi (HP:CO = 1:l). Ethanol (5 - lo%), 
methyl acetate (10 - 20%), dimethyl ether (1 - 5%) and methane (0 - 2%) 
are the major byproducts. It is generally thought that ethanol is obtained 
from the reduction of acetaldehyde [16]. Consistent with previous reports, 
increasing the temperature or H,:CO ratio increased ethanol selectivity [ 151. 

HCO(CO)~ (v(C0) 2050, 2030 cm-‘) [17] and Co(CO), (u(C0) 1890 
cm-‘) [ 181 (1:lO ratio) were identified by their characteristic CO stretching 
frequencies via high-pressure IR experiments carried out during the reaction 
at 170 “C! and 5000 psi. There was no indication of Co2(CO)s as judged by 
the lack of bridging CO bands in the IR spectra [17]. The importance of 
Co(CO)4 in the iodide-promoted system has been previously reported [ 71. 
Addition of PPh3 over the range PPh,:Co = 0.5:1 to 2:l resulted in a marked 
decrease in catalytic activity. HCo(C0)3PPh3, identified via high-pressure IR, 
is the major species present under reaction conditions. 

As described in the introduction, iodide promoters dramatically in- 
crease the activity of cobalt catalysts. Several studies have been published 
that describe the effect of temperature and pressure on the iodide-promoted 
reaction [ 4 - 91. We have found it particularly advantageous to operate at 
170 “C! and 5000 psi (1:l). Several iodide-containing complexes were 
examined as catalysts, and the results are summarized in Table 1. Besides 
increasing the rate, these complexes increase the acetaldehyde selectivity by 
10 to 15% over that normally observed with a halide-free cobalt catalyst. 
The ethanol selectivity drops, indicating that added iodide decreases the 
reducing ability of the cobalt catalyst. 

Addition of Co& dissolved in methanol results in an immediate color 
change from dark brown to pink, which is characteristic of Co(I1) solvated 
by methanol. This mixture at 170 “C and 5000 psi converts MeOH to acetal- 
dehyde at rates and selectivities of 7.0 Mhr-’ and 78%. CoIz(PPh3)2 also 
undergoes a similar color change when dissolved in methanol, and the 3’1P 
NMR spectrum of such a solution displays a somewhat broadened peak 
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TABLE 1 

Cub&-based catalysts for the reductive carbonylation of methanol* 

Critalyst charge AcH 

Rate Se1 

EtQH 

Rate Se1 

MeOAc 

Rate Se1 

Cc& 7.0 73 0.1 2.0 1.3 16.4 
‘-W(PPh& 6.9 77 0.3 2.7 1.3. 15.2 
cCr12(PPh3)2 + PPh3 4.9 72 0.3 3.9 0.74 18.2 
cQ12(PPhs)2 + 2PPh3 0.3 90 0.01 1.2 0.02 3.7 
Cc&(PPh& + 2PPh3 + 2CH31 7.5 72 0.2 1.9 1.4 20.6 
Co12(OPPh3)2 7.2 77 0.2 1.4 1.2 15.5 
C~r2(OPPh3)~ + 20PPh3 6.0 76 0.2 2.2 1.0 17.4 
Co12(OPPh3)2 + 2PPh3 6.5 77 0.3 3.4 1.1 15.3 
CoIz(OPPh3fz f 4PPh3 0.3 89 0.02 1.4 0.02 2.8 

aAH runs = 170 “C, 5000 psi with [Co] = 0.052 M. Methanol conversion maintained at 
50%. Rates are reported as MHr-’ and selectivities as percent. 

centered at -5.8 ppm and assigned to free PPh,. The peak broadening is 
presumably due to PPhs exchanging with Co(I1). At 10 “C and 1 atm CO we 
find that CoIz(PPh& ( in methanol) is readily converted to CoI(CO~~(PPh~)* 
[19]. The reduction of Co(I1) is thought to proceed according to eqn. (1) 
[203. 

~COI~(PR~)~ + 8CO - ~COI(CO)~(PR& + Co12 + 2PR& (1) 

Heating the mixture to 170 “C and press~i~ to 5000 psi (Hz:CO =: 1:l) 
results in loss of CoI(CO)2(PPhs)2. An IR spectrum of the reaction mixture 
displays an intense band at 1890 cm-l due to Co(CO),, two weak bands at 
2030 and 2050 em-i and a medium band at 1975 cm-i, The bands at 2030 
and 2050 cm-” have been previously reported in a non-phosphinecontaining 
cobalt-iodide catalyst, and are thought to be due to [CO(CH~OH)~(CO),I]“’ 
[?I. The band at 19’75 cm-’ is possibly due to HCo(CO)~PPh~, which is 
observed with a cobalt-PPhs catalyst. [Co(CO)a(PPh&]I, which is known to 
form in the reaction of CoIz(PPh& and CO at 2500 psi and 80 “C, is not 
observed 1211. When Co12(PPhs), was used as a cataIyst, the acetaldehyde 
rate and selectivity were very similar to those for CoIz alone (Table 1). A 31P 
B&lR spectrum of the recovered cataIyst solution showed a single sharp peak 
at 21 ppm assigned to [CH$Phs]+; there was no observable signaI for PPhs. 
An IR spectrum did not show CO stretches assignable to a cobalt carbonyl 
species. The cobaft was recovered as a mixture of [CoI_+.(OAc),] 2- (vi&r 
infra). Cobalt anions of the form [CoI,-,(OAc),j2- have been previously 
reported to be the predominant species under readtion conditions (species 
identified by UV-visible spectroscopy) in both carbonylation and hydro- 
formylation of methanol using a C~(OAC)~*~H,O/~ catalyst 122,231. 

A mixture of Co12(PPh3)2 and one or two equiv of PPha resulted in low 
catalytic activity; however, activity is regained via addition of CHsI such that 
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the CH$:PPhs molar ratio is 1:l. A 0.052 M solution of Co12(0PPhs), gave 
acetaldehyde rates and selectivities similar to Co& or Co12(PPh&. A 31P 
NMR spectrum of the recovered catalyst solution showed a single broad peak 
centered at 35 ppm assigned to OPPhs . Co12(OPPh3)2 was recovered from the 
reaction mixture in 80% yield. Addition of 2 equiv of OPPhs or PPh3 to a 
solution of Co12(0PPh3)2 had negligible effect on catalytic activity, whereas 
4 equiv of PPh, resulted in a marked decrease. 

The results indicate that 0PPh3 has little, if any, impact on the activity 
of a CoIZ catalyst. This is also true for PPh, when it is used within a well- 
defined range. The critical variable is the PPhs:I ratio, where I represents 
total iodide charged including the iodide equiv contained in CoIZ. If the 
PPh,:I ratio exceeds 1:l (Table 1) then substantial loss in catalytic activity 
is observed. As described later, the reaction is normally carried out with 
added PPhs in order to prevent corrosion. 

Charging the catalyst as a mixture of a cobalt salt (such as CO(OAC)~* 
4H,O), IZ, PPhs and CHsOH can lead to false conclusions regarding catalytic 
activities and dependencies, because unrecognized reactions may be occur- 
ring prior to the attainment of the desired operating conditions. For 
example, in the absence of CO(OAC)~*~H,O, we find that I2 and PPhs rapidly 
react with the CHsOH solvent at 25 “C to form CHsI, OPPhs and HzO. 

1s + PPhs - I*PPhs (2) 

12PPhs + CHsOH - OPPhs + CHsI + HI (3) 

HI + CHsOH - CHsI + Hz0 (4) 

In the presence of excess PPhs, CHsI reacts to form the phosphonium salt 
[CHsPPhJI. Product formation is complete within 10 min as judged by 31P 
NMR. The reaction of alcohols with P(V) species of the form RsPXz (R = 
aryl, alkyl; X = Cl, Br, I) is known and has been exploited for the prepara- 
tion of organic halides [24,26]. 

At 25 “C a 1:2:2 molar ratio of Co(OAc)s*4Hz0, IZ and PPhs dissolved 
in methanol generates Co12(0PPhs)s via eqns. (2), (3), (5) and (6) in 80% 
yield. HI, obtained via eqn. (3), initially reacts with CO(OAC)~*~H~O to 
generate CoIZ as shown in eqn. (6). With excess PPhs (1 < PPh& < 2), a 
mixture of CoI,(OPPh,), and [CHsPPhs],[Co14] is obtained, eqns. (6) and 
(7). At PPh& ratios greater than 2:1, [CH3PPhJ2 [CoI,] is the principal 
product. 

2HI + Co(OAc)s - CoI, + 2HOAc (5) 

CoIZ + OPPh, - Co12(0PPha), (6) 

2[ CHsPPhs]I + Co12(0PPh& - [CHsPPhs] 2 [ Co14] + 20PPh3 (7) 

A series of experiments were carried out in order to examine the effect 
of added HI. In these experiments (170 “C!, 5000 psig, 2.0 h, 150 ml CHsOH) 



131 

0 1 ’ ’ f 
0 6.0 II 

[H+]* x 103M 
3. 0 

Fig. 1. The rate of acetaldehyde formation as a function of initial [HI I2 at constant [I-]. 

the catalyst charge consisted of Co(OAc)z*4H,O (4.0 mmol), PPhs (15.4 
mmol), and varying amounts of HI and KI such that a constant I- concentra- 
tion (I- = 15.4 mmol) was maintained. As shown in Fig. 1, at constant [I-] 
the acetaldehyde rate increases linearly with the square of the initial [HI]. 
This second order dependence is only observed with Co(OAc),*4HsO. For 
example, the rate remains relatively unchanged when CoIZ is utilized with 
combinations of HI and KI. A rate enhancement is not observed with 
protonic acids other than hydrohalic acids. In all likelihood, the second 
order dependence is a result of the transformation of CO(OAC)~*~H~O into 
Co& via eqn. (5) upon charging of the reagents. A rate enhancement over 
a limited range of added HI to a Co(OAc)Z*4Hz0-LiI catalyst has been 
noted [9]. 

In experiments carried out at 170 “C and 5000 psi with a catalyst 
charge consisting of Co(OAc)Z*4Hz0:12:PPhs = 1:2:2 (molar basis, [Co] = 
0.052 M) acetaldehyde rates and selectivities are 6.8 Mhr-’ and 77%. These 
results are nearly identical to those observed with CoIJOPPh&, Table 1, 
which is expected based on the stoichiometry of eqns. (2) through (6). 
Similar results were obtained with Co(OAc)2*4HZO:Iz:PPhs = 1:2:4. A 31P 
NMR spectrum of the recovered catalyst solution showed a sharp peak at 
21 ppm assigned to [CHsPPhsr, and a broad peak centered at 35 ppm 
assigned to OPPh3 exchanging with paramagnetic Co(I1). From this reaction 
mixture, the cobalt complex [CH&‘Ph,],[CoI,] was isolated in 45% yield 
based on charged cobalt. CoI,(OPPh3)2 was also a major product but was not 
quantified due to its difficulty in purification. These results demonstrate 
that excess PPh3, which is not oxidized by I2 and CHsOH, is quaternized by 
CH31 to form [CH3PPh3]I which further reacts with Co12(OPPh3), according 
to eqn. (7). Hence, with a Co(OAc)z*4HZO:Iz:PPh3 = 1:2:4 catalyst charge, 
CoIz(OPPhs), and [CHsPPh3],[Co14] account for the bulk of the catalyst 
components both before and after catalysis. 
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TABLE 2 

The effect of solvents in the reductive carbonylation of methanola 

Solvent Reaction CHsOH AcH 
time 
(h) 

conversion Rate Sel 
EtOH MeOAc 

Rate Sei Rate Se1 

diphenyl ether 1.15 66 1.8’ 88 0.07 3.4 6.05 3.5 
THF 0.38 45 3.6 90 0.0 0.0 0.2 4.0 
2-ethoxyethyl ether 0.48 64 5.4 36 0.2 2.6 0.2 5.9 
1 ,4-dioxane 0.51 71 3.5 87 0.09 2.3 Trace 
n-propanol 0.45 56 1.8 73 0.2 7.1 b 

iso-propanol 0.58 53 3.9 89 0.3 6.6 0.03 3.0 
ethylene glycol 1.23 45 0.2 low 0.03 7.6 0.1 3.6 
1,4-butanediol 0.98 72 1.9 25 C C 

2,5-hexanediol 0.53 66 3.8 87 0.1 4-3 0.1 3.6 
methyl ethyl ketone 0.51 52 4.4 86 0.06 1.0 6.3 8.0 
2,5-hexanedione 0.82 66 1.9 74 0.03 1.2 0.4 2.1 
nonane 1.68 56 3.1 84 0.2 4.8 6.2 5.8 
toluene 0.9 62 4.2 86 0.2 3.7 6.2 5.6 

sAlI runs = 170 “C, 5000 psig with [Co] = 0.052 M, [Iz] = 0.104 M and [PPhs] = 0.104 
M. Rates are reported as Mhr-i. Selectivities and conversions are reported as percent. 
bNot well resolved via GC. 
%omplex reaction mixture due to solvent decomposition. 

Acetaldehyde selectivity is improved at the expense of reaction rate 
by the addition of a solvent. Numerous solvents were screened (Table 2) 
including ethers, polyethers, alcohols, polyols, ketones and alkanes Only the 
selectivities to the three major products, acetaldehyde, ethanol and methyl 
acetate, are reported in Table 2. Other species account~g for the remainder 
of the products include dimethyl ether, methane, diethyl ether, croton- 
aldehyde and n-butanol. The latter two products, acetaldehyde condensation 
products, were formed in trace amounts. They are known to be generated in 
moderate yields under longer reaction times or with Co-I-(R,PS), or 
Co-I-RSR catalysts [29,30]. In most cases the solvents examined in this 
study decomposed. Many species are capable of causing or aiding in solvent 
decomposition. Most noteworthy are I-, CH,I, Hz0 and strong acids such as 
HI and possibly HCO(CO)~ . Solvent decomposition can occur in a variety of 
ways including (i) acid cleavage of ether linkages [26,27], (ii) ~11 known 
hydrolysis and halogenation reactions, (iii) participation in condensation 
reactions with ace~dehyde, and (iv) reaction as substrates for sy#thesis gas 
conversions such as hydrogenation, reductive carbonylation, homologation 
and carbonylation [ 281. 

In general, the best acetaldehyde rates and selectivities, typically 3 to 
5 Mhii and 80 to 90%, are obtained in ethers and polyethers. These solvents 
have excellent solubility properties, especially for maintaining homogeneous 
mixtures during product refining; however, all but diphenyl ether decompose 
rapidly, For example, the highest acetaldehyde rate for any solvent is ob- 
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served with tetraglyme (6.6 Mhi’); however, tetraglyme rapidly decomposes 
to triethylene glycol and methoxyte~ae~ylene glycol. Triethylene glycol is 
a reasonable solvent, but eventually decomposes to ethylene glycol and di- 
ethylene glycol which are extremely poor solvents. Somewhat lower rates are 
obtained with alcohols and polyols. There is a distinct increase in acetal- 
dehyde rate and selectivity on going from primary to secondary alcohols, 
typically 1.5 - 2.0 Mhf ’ and 75% in primary alcohols and 2.5 - 3.5 Mhr-i 
and 85% in secondary alcohols. This same trend is also observed in polyols; 
1,4-butanediol gives low rate/selectivity whereas 3,5-hexanediol gives high 
rate/selectivity. The origin of this rate and selectivity e~~cement is un- 
clear. One plausible explanation is that secondary alcohols transfer methyl 
groups as shown below [ 281. 

7 7 
R-C-OH + CHsOH H”, R~-O-CHs + Hz0 

R R 

7 r 
RT-OCHs + Co(CO), - CH,CO(CO)~ + RT-Q- 

ii R 

E: I: 
RT-O- + HCo(C0)~ - RT-OH f Co(CO), 

CH&O(CO)~ + Hz + CO - CH$H + HCO(CO)~ 

(8) 

(9) 

(11) 

AlI of the primary and secondary alcohols tested (C, thru Cs) decompose 
during long-term operation. The major decomposition products include 
aldehydes, alkyl iodides and ethers. It is well known that alcohols other 
than methanol undergo reductive carbonylation and homologation. 

Of the ketones examined (Table 2), methyl ethyl ketone was found 
to be somewhat stable in long-term operation. Acetone is hydrogenated to 
isopropanol, whereas cyclopentanone decomposes into numerous unidenti- 
fied species. The diketones result in low acetaldehyde rates, possibly due to 
catalyst inhibition via cheIation. Esters are known to undergo hydroformyla- 
tion and homologation [31,32]. In a reaction carried out with methyl 
acetate (no methanol) 10 000 psi synthesis gas was consumed, resulting in 
a mixture composed mainly of ethyl acetate, acetic acid and acetaldehyde. 
Other esters were not examined due to their hydrolytic ~s~b~i~. 

Lastly, it was anticipated that alkanes would be poor solvents because 
of their low catalyst and water solubilities; however, by increasing the 
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CHsOH: solvent ratio to 2: 1 (by volume) reasonable rates (2 to 4 Mhr- ‘) and 
selectivities (-85%) were obtained. There was no indication of decomposi- 
tion of the alkanes tested; however, in most cases the product mixture 
contained several phases, making product refining quite difficult. 

Of the solvents listed in Table 2, none show a correlation of rate with 
solvent polarity. This might have been expected due to the postulated inter- 
mediacy of cobalt carbonyl anions in the reaction mechanism [16]. The 
selectivity increase is observed over a wide range of different solvents. As in 
the case with methanol (no solvent), methyl acetate is the principal by 
product. Methyl acetate probably originates from the reaction of an inter- 
mediate acyl-cobalt complex with methanol [ 331. 

CHJOH 9 
Q 

CH&OCHs (12) 

CH&Co( CO),& 

~ CH a!H (13) 

Reducing the initial methanol concentration by diluting the system with a 
solvent will favor formation of acet~dehyde; at constant volume the Hz con- 
centration is relatively unchanged. 

The promotional effect of iodides is generally assumed to be a result of 
the in situ formation of CHsI, which then rapidly reacts with the metal 
catalyst. In our work we found nearly identical results when charging I*, HI, 
CHaI or [CHaPPhs]I. HI is generated from I2 and Hz and rapidly reacts with 
CHsOH to give CHaI. In the case of ~CH~Ph~]I, CHsI is obtained by the 
equilibrium 

[ CHaPPha] I 1_ CHsI + PPhs 

In contrast, low rates were obtained with Group I or II iodides. Addition of 
Group I or II metal carbonates to a CO(OAC)~*~H~O, Iz and PPhs catalyst 
mixture had no effect on the activity, ruling out i~ibition by the metal 
cations. These results are in contrast to a phosphine-free cobalt catalyst, for 
which Group I iodides were reported to be better promoters than Iz [ 341. 

Little information is available in the literature regarding stress corrosion 
or pitting of stainless steels by the iodide ion. It has been noted that intense 
corrosion occurs with most metals upon heating Hz and 12 to 370 “C [35]. 
We have found excessive corrosion rates (>O.Ol in per year) with 304,316, 
and 317 stainless steel in methanol reductive carbonylation experiments 
carried out with CoIz (0.052 M) at 170 “C and 5000 psi. Similar exp.eriments 
utilizing PPhs, i.e., a catalyst consisting of Co(OAc)2*4Hz0:Iz:PPha = 1:2:2, 
Co12(PPhs), or [CHaPPh3]&o14, result in low corrosion rates for 316 (0.002 
in per year) and 317 (0.0076 in per year) stainless steel and little, if any, 
corrosion with Hastelloy C@. Excessive corrosion does result if the 12:PPhs 
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molar ratio exceeds 2.0. The mechanism by which PPhs inhibits corrosion is 
not known. Possibilities include (i) formation of a protective coating on the 
reactor walls (not observed), (ii) stabilization of cobalt complexes which 
might otherwise be corrosive, or (iii) containing the iodide within the 
catalytic cycle via reaction of free CHsI or HI with PPhs. The fact that the 
bulk of the iodide is contained within Co12(0PPh3)2 and [CHsPPhJ]&o14 
supports the last notion. 

Conclusion 

Reductive carbonylation of methanol to acetaldehyde can be carried 
out with good rates and selectivity using a cobalt/iodide catalyst. The addi- 
tion of phosphines reduces the corrosivity of the system, and when the ratio 
of phosphine to iodide is maintained within a controlled range, little effect 
on the acetaldehyde rate and selectivity is observed. At higher P:I ratios, 
catalytic activity decreases significantly. When the catalyst components are 
charged as PRs and I*, a series of reactions occurs which results in the forma- 
tion of CHsI, OPRs and [MePRJI. 

Although selectivity to acetaldehyde of 70 - 80% is achieved by the 
cobalt/iodide/phosphine system in pure methanol, use of a solvent is re- 
quired to obtain very high selectivities (>90%). The solvent functions 
primarily as a diluent which retards the reaction of the presumed interme- 
diate cobalt acyl with methanol to form methyl acetate, the major by- 
product. With the exception of diphenyl ether and alkanes, solvent decom- 
position becomes a major problem under the reaction conditions employed, 
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