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Ruthenium carbonyl complexes in the presence of an iodide promoter, an acid, and a phosphine 
oxide provide an unusually selective catalytic system for the direct conversion of CO and H2 to 
ethanol. Reaction conditions studied range from 30 to 87 MPa and 180 to 250°C (1 MPa = 9.87 
atm). Other products include methanol, methane, acetaldehyde, ethylene glycol, and n-propanol. 
Much of the ethanol may be derived from initially formed methanol, and the acid component 
appears to be necessary to facilitate this homologation process. The basic phosphine oxide solvent 
levels the acidity of the solution, preventing a strong acid from protonating and destroying basic 
metal complexes involved in the CO hydrogenation process. 

INTRODUCTION 

As the price of petroleum continues to 
rise and its future availability becomes un- 
certain, synthesis gas (HZ/CO) becomes an 
increasingly attractive alternate feedstock 
for the chemical industry, The conversion 
of synthesis gas to organic chemicals has 
therefore become an important goal for re- 
search at both fundamental and applied lev- 
els. Homogeneous catalysts offer the po- 
tential advantage of forming certain desir- 
able organic products from HZ/CO with 
high selectivity, but few homogeneous 
systems are presently known to effectively 
catalyze such conversions. Soluble cobalt 
catalysts have been shown to convert syn- 
thesis gas to mixtures of products including 
methanol, ethanol, propanol, glycols, gly- 
cerine, and their formate esters (Z-5). Rho- 
dium complexes produce ethylene glycol 
and an array of minor products resembling 
that from cobalt-catalyzed reactions (3, 6). 
Homogeneous ruthenium catalysts have 
been found to hydrogenate carbon monox- 
ide to methanol and methyl formate (7), to 
methyl, ethyl, and glycol esters in carbox- 
ylic acid solvents (8, 9), or to methanol, 
ethylene glycol, and ethanol in the presence 
of certain promoters (10, II). Several metal 
complexes in the presence of strong Lewis 

acids have been found to reduce CO to hy- 
drocarbons (12, 13). Low activities for ho- 
mogeneous hydrogenation of CO have been 
reported for various other metal complexes 
(3, 4). In the above studies in which ethanol 
is formed, its rate of production is small, 
and the selectivity to this product is gener- 
ally low. We now report the discovery and 
investigation of a homogeneous catalytic 
system which produces ethanol directly 
from CO and H2 in high yields and at sub- 
stantial rates (24). 

EXPERIMENTAL 

Materials. Laboratory reactions were 
carried out under an atmosphere of dry NZ 
(or HZ, if noted) using standard Schlenk 
techniques. Tetrahydrofuran (THF) was 
distilled from LiAlH4 immediately before 
use. Tri-n-propylphosphine oxide (PaPO) 
was prepared by American Cyanamid, Inc. 
Other phosphine oxides and Rus(C0)i~ 
were obtained from Strem Chemicals, Inc. 
PPN[HRu3(CO)ii] (PPN = bis(triphenyl- 
phosphine)iminium) was prepared by the 
published method (15). 

Methods. Infrared spectra were recorded 
on a Perkin-Elmer 281B spectrophotome- 
ter using O.l-mm CaF2 cells. Elemental 
analyses were performed by Galbraith Lab- 
oratories, Inc., Knoxville, Tennessee. 
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When HI was used in reactions, solutions 
of known concentration were prepared by 
bubbling gaseous HI into the solvent and 
recording the weight gain; appropriate 
amounts of this mixture were then em- 
ployed in the reactions. 

Catalytic experiments were carried out in 
an Autoclave Engineers stainless-steel au- 
toclave of 125 ml of nominal volume, 
stirred by a magnetically coupled turbine. 
The catalyst mixture was charged to the re- 
actor, and the system was purged and pres- 
surized with approximately 2 MPa of CO. 
The temperature was then raised to the de- 
sired reaction temperature before admitting 
premixed Hz/CO at the specified pressure. 
As gas was consumed by reaction, incre- 
mental amounts were added to maintain the 
pressure within about 23.4 MPa of the 
specified pressure. Reactions were nor- 
mally allowed to proceed until a standard 
amount of Hz/CO had been consumed; thus 
amounts of products formed in most reac- 
tions are similar even though reaction times 
may be different. The reactor was then 
cooled immediately with circulating cold 
water. Product amounts were determined 
by vapor-phase chromatography using in- 
ternal standard methods. Reported rates 
are calculated based on product amounts 
and reaction times. These are therefore av- 
erage rates, and could differ significantly 
from instantaneous rates for some products 
(see Fig. 11, for example). Nevertheless, 
comparisons among the experiments are 
believed to be meaningful because of the 
fact that similar product concentrations 
were formed in most reactions; conversions 
are comparable. 

](C&)#OHI[CF$O,]. To a solution of 
Pr3PO (3.52 g, 20.0 mmol) in dichlorome- 
thane (25 ml) we added dropwise a solution 
of CF3S03H (3.0 g, 20.0 mmol) in CH2C12 
(5 ml). The solution was evaporated to 
dryness, and the white solid was washed 
with pentane and dried under high vac- 
uum to afford a yield of 6.33 g (97%): 
NMR (CD+&) 1.08 (9H, m), 1.30-2.30 
(12H, m), 10.80 (lH, s). Anal. calcd. for 

C,0H22F304PS: C, 36.81; H, 6.75; P, 9.51; 
F, 17.48. Found: C, 35.84; H, 6.66; P, 9.56; 
F, 16.83. 

Reaction of Ru3(CO),~ with HZ and 
Pr3P0. A solution of Ru3(CO),~ (2.56 g, 4 
mmol) and HI (0.67 g of 57% aqueous solu- 
tion, 3 mmol) in Pr3PO (30 ml) containing 5 
ml of sulfolane (to depress the solvent 
freezing point) was placed in a Fischer- 
Porter pressure bottle (Lab-Crest Scientific 
Glass Co., Warminster, Pa.) and stirred at 
65°C under 0.2 MPa of CO. The infrared 
spectrum was recorded after 46 h, and it 
indicated the presence of both [HRu3 
(CO),,]- and [Ru(CO),I$. 

[(CH3)3POHl[Ru(CO)3Z3]. To a mixture 
of Ru~(CO),Z (2.56 g, 4 mmol) and 
(CH3)3P0 (1.12 g, 12 mmol) in 100 ml of 
THF we added dropwise aqueous HI (8.08 
g of 57% solution, 36 mmol). The solution 
was then stirred for 2 h and evaporated to 
dryness. The residue was dissolved in 
CH$lz (80 ml) and diethyl ether (40 ml). 
Addition of hexane and cooling at -35°C 
gave large yellow needles which were dried 
under high vacuum at 70°C to afford a yield 
of 5.27 g (67%): NMR (CD&l,) 2.03 (9H, d, 
J = 13 Hz), 10.12 (IH, s). Anal. calcd. for 
C6Hi&OsPRu: C, 10.93; H, 1.52. Found: 
C, 11.30; H, 1.63. 

An analogous reaction with Pr3P0 pro- 
duced [(n-C3H&POH][Ru(CO)3W. Anal. 
calcd. for C~ZH&O~PRU: C, 19.38; H, 
2.96. Found: C, 20.66; H, 3.36. 

Reaction of RUDER with Hz and 
Pr3PO. Hydrogen gas was slowly bubbled 
through a mixture of Ru3(CO)iZ (2.08 g, 3.0 
mmol), Pr3P0 (45 ml), and sulfolane (5 ml) 
at 75°C. After 4 h, the infrared spectrum 
showed [HRu3(CO),,]- (Fig. 6) to be the 
only metal carbonyl product. 

Reaction of PPN[HRu3(CO),,] with 
[Pr3POHJ[CF3S03]. A solution of 
PPN[HRu3(CO)i1] (1.15 g, 1.0 mmol) in 
CH2C12 (45 ml) was treated with [Pr3 
POHI[CF$03] (0.33 g, 1.0 mmol). The in- 
frared spectrum, recorded after 15 min, 
showed Ru3(CO)i2 as the only metal car- 
bony1 complex. 
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RESULTS AND DISCUSSION 

Effects of Iodide Zen and HZ on 
Ru-Catalyzed CO Hydrogenation 

Ruthenium complexes in the presence of 
iodide salts such as KI have been found to 
catalyze the hydrogenation of carbon mon- 
oxide to methanol, ethylene glycol, and 
ethanol (10). Particularly effective solvents 
for this reaction are polar compounds, 
which include N-methylpyrrolidone and 
sulfolane (Table 1, entries 1 and 2). Phos- 
phine oxides have also been studied as sol- 
vents, and give results similar to those ob- 
tained in other polar solvents, but yield a 
somewhat higher proportion of the ethanol 
product (Table 1, entry 3). (No evidence of 
phosphine oxide decomposition was found 
in these experiments; catalytic solutions 
were examined for possible decomposition 
products by techniques which included in- 
frared spectroscopy, 31P NMR, and com- 
bined gas chromatography-mass spectrom- 
etry.) A major difference between the 
phosphine oxide and other solvents be- 
comes obvious when iodine or HI is added 

to these reaction mixtures before catalysis. 
(12 is converted to HI or its equivalent un- 
der catalytic reaction conditions; the two 
are found to yield identical results in this 
work.) Other compounds have also been 
observed to produce the equivalent of HI 
by their reaction or decomposition under 
catalytic conditions. Thus reactions of 
Ru(0) complexes in phosphine oxide sol- 
vents containing quaternary ammonium, 
phosphonium, and sulfonium iodides have 
been found to give good selectivities to eth- 
anol (Id), and mixtures of the same Ru 
complexes found in HI-promoted reactions 
(see below) were observed after catalysis. 
Figure 1 illustrates the consequence of add- 
ing increasing amounts of HI to a KI-pro- 
moted catalytic system’ in tri-n-propyl- 
phosphine oxide (Pr,PO) solvent. Rates to 
methanol and ethylene glycol are adversely 
affected, but the production of ethanol is 
very substantially increased by the addition 
of HI. (Similar results have been observed 
in the oxides of trimethylphosphine, tri- 
ethylphosphine, and tributylphosphine.) 
For comparison, Fig. 2 shows the results of 

TABLE 1 

Catalytic Reactions of HZ and COa 

No. mm01 

Ru KI I2 

Solvent P 
WPa) 

Rates (mmol h-r) 

CH30H CHrCHrOH (CH,OH)r 

6 18 - NMP” 
6 18 - Sulfc 
6 18 0 PrrPOd 
6 - 3 Pr,PO 
6 - 3 Sulf 
3 - 1.5 PrpPO 
8 - 4 Pr,PO 
8 - 4 Pr,PO 

86.1 230 
86.1 230 
86.1 230 
86.1 230 
86.1 230 
41.3 250 
41.3’ 240 
41.3’ 210 

398 13 
270 9 
435 50 
162 293 
<2 (4 
41 86 
81 14Of 
32 538 

48 
44 
56 

<20 
<2 
<4 
<8 
<4 

0 Conditions: 75 ml solvent, 1 : 1 Hz/CO, Ru charged as Rur(CO)iZ. 
b iV-Methylpyrrolidone. 
c Sulfolane. 
d Tri-n-propylphosphine oxide. 
cHZ/CO=2:1. 
‘Methane produced at a rate of 164 mmol h-r. 
f Methane produced at a rate of 22 mmol h-i. 
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. Methmol + Ethanol 

FIG. 3. Effect of adding HI to RuJ(CO),r in PrrPO 
solvent. 75 ml PrSPO, 6 mmol Ru, 86.1 MPa, Hz: CO 
= 1, 230°C (HI added as I>). 

HI, nlrnOl 

FIG. 1. Effect of adding HI to a mixture of Ru,(C0)r2 
and KI in PrrPO solvent. 75 ml PrrPO, 6 mmol Ru, 18 
mmol KI, 86.1 MPa, Hz : CO = 1, 210°C. Runs are ca. 
0.3-l h. 

a similar study in sulfolane solvent; addi- 
tion of I;?(HI) causes only a small increase 
in ethanol production, and this compound 
never becomes a major product constitu- 
ent. Results comparable to those found in 
sulfolane have also been observed in other 
solvents, including 18-crown-6. 

Potassium iodide or other added iodide 
salts are found to be unnecessary in the 
phosphine oxide-HI reactions. For exam- 
ple, Fig. 3 demonstrates that good selectiv- 
ity and activity for ethanol formation can be 

300 
I 

HI, mmol 

FIG. 2. Effect of adding HI to a mixture of Ru,(CO)iI 
and KI in sulfolane solvent. 75 ml sulfolane, 6 mmol 
Ru, 18 mmol KI, 86.1 MPa, Hz : CO = 1, 230°C (HI 
added as IJ. 

obtained by adding only MHI) to Ru~(C0)u 
in phosphine oxide solvent. (In contrast, 
addition of I2 to Ru~(CO),Z in sulfolane sol- 
vent causes very low catalytic activity; cf. 
Table 1, entries 4 and 5.) Although it is not 
required, addition of KI to HI-promoted re- 
actions in phosphine oxide solvent does in- 
crease the catalytic activity and alter the 
selectivity (Fig. 4). 

Results of the above catalytic studies 
may be summarized as follows: 

(a) KI and other iodide salts are good 
promoters for Ru-catalyzed hydrogenation 
of CO to methanol, ethanol, and ethylene 
glycol in a variety of polar solvents, includ- 
ing phosphine oxides. 

0 Methanol 
A Ethanol 

0 Ethylene 
Glycol 

20 30 40 
KI, mmol 

FIG. 4. Effect of adding KI to a mixture of RuJ(CO),r 
and HI in PrSPO solvent. 75 ml PrrPO, 6 mmol Ru, 6 
mmol HI (added as IJ, 86.1 MPa, Hz : CO = 1, 230°C. 
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(b) HI in weakly basic solvents (such as 
sulfolane, p&n+ = -12.9r6) does not pro- 
mote CO hydrogenation by Ru complexes 
nor does it enhance CO reduction when 
added to Ru-KI mixtures. 

(c) Addition of HI to Ru complexes in 
phosphine oxide solvents promotes CO hy- 
drogenation (and is especially effective for 
ethanol formation). There is an optimum ra- 
tio of HI to Ru for maximum activity. 

(d) Addition of HI to a KI-promoted sys- 
tem in phosphine oxide solvents causes in- 
creased overall activity up to an optimum 
HI/Ru ratio, which may differ from the op- 
timum ratio in (c). Selectivity to ethanol is 
increased as well by the addition of HI. 

Ruthenium Complex Chemistry 

A. Reactions of RuJ(CO),~ with iodide 
salts under H21C0. Various Ru(0) com- 
plexes including Ru3(CO)rZ have been found 
to react under HZ/CO with ionic iodide 
compounds in a redox process according to 
Eq. (1) W, 17). 

$Ruj(C0),~ + 31- + H2 + 

2MWWd- + [Ru(COhh- 
1 2 

+ 3 co (1) 

The ratio of the two ruthenium complexes 
formed is found to be fixed by this redox 
stoichiometry and independent of excess 
iodide. The reaction occurs in a variety of 
solvents under mild conditions, and the 
above two complexes are also observed in 
catalytic solutions after CO hydrogenation 
reactions with iodide promoters. Evidence 
from iodide dependence studies indicates 
that these complexes are present as well 
under catalytic conditions, and both 1 and 2 
are found necessary to provide optimum re- 
action rates (10). (The individual com- 
plexes provide little or no activity, and can 
be observed unchanged after exposure to 
conditions normally employed for cataly- 

sis.) The maximum activity of these iodide- 
promoted catalytic systems has been ob- 
served at a l/2 molar ratio of about 2.0 (IO), 
even when this ratio is measured (by infra- 
red spectroscopy) at ambient conditions af- 
ter catalysis. This does not necessarily im- 
ply that these complexes are the operating 
catalysts in such systems. Rather, their 
presence presumably indicates that they 
comprise the most stable combination of Ru 
complexes under these conditions; other, 
more reactive complexes could be gener- 
ated by their interaction or combination. 
For example, a reaction such as the reverse 
of Eq. (1) would stoichiometrically form 
Ru(0) products. It can thus be seen that the 
l/2 ratio is diagnostic of the average ruthe- 
nium oxidation state of the system in any 
particular reaction, and that the maximum 
catalytic activity is obtained with an opti- 
mum average oxidation state. 

The ratio of 1 to 2 can be altered by the 
addition to catalytic reactions of reagents 
which have the effect of reducing or oxidiz- 
ing the system. Addition of a base which 
can act as a hydrogen halide acceptor was 
found to have the effect of reducing the sys- 
tem, a change which is manifested by an 
increase in the l/2 ratio. Generation of a 
base in situ can also reduce the system and 
alter the activity. Although Ru(I1) com- 
plexes such as [Ru(CO)&- are normally 
inactive for CO hydrogenation, activity de- 
velops in an amide solvent such as N- 
methylpyrrolidone, p&n+ = -0.9 (18). 
The basic character of this solvent perhaps 
contributes to some reduction of the ruthe- 
nium complexes. These observations may 
be relevant to the report that Ru(I1) halides 
(or ruthenium complexes with hydrogen 
halide promoters) are catalysts for the hy- 
drogenation of carbon monoxide; the “pre- 
ferred solvents” are organic amides (19). 

Conversely, addition to an alkali metal 
iodide-promoted system (containing 1 and 
2) of 12, HI, or another strong acid oxidizes 
a corresponding amount of 1 to 2. Thus ad- 
dition of HI to a KI-promoted catalytic sys- 
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tern in sulfolane solvent (as in Fig. 2) in- 
creases the average ruthenium oxidation 
state, decreases the l/2 ratio from the opti- 
mum observed value, and leads to dimin- 
ished activity. 

B. Reactions of RuJ(CO),~ in phosphine 
oxide solvents. Aside from the high selec- 
tivity to ethanol, catalytic reactions in 
phosphine oxide solvents differ signifi- 
cantly from reactions in many other sol- 
vents. One important difference is the ob- 
servation that addition of HI to a phosphine 
oxide solution of Ru~(CO)IZ alone increases 
catalytic activity; addition of HI to 
Ru3(CO)i2 in many other solvents does not 
promote activity, as noted above for sulfo- 
lane. Reasons for this behavior were exam- 
ined by studying the metal complexes 
formed in the phosphine oxide solutions. 
When carried out in a sealed reaction ves- 
sel, reaction of Ru3(C0)i2 with HI in phos- 
phine oxide solvent produces not only the 
expected oxidized Ru complex, [Ru 
(CO),I$, but also [HRu3(CO),,]- (Eq. (2)); 
the complexes were identified by their char- 
acteristic infrared spectra. 

RUDER + HI -% 
R,PO 

tHRu3(COh,I- + [Ru(C0hI31- (2) 
1 2 

The same complexes could be observed by 
infrared spectroscopy in reaction solutions 
of Ru3(CO)i2, HI, and Pr3PO after catalysis 
under HJCO pressure (Fig. 5). 

Since iodide was added to these reactions 
only in the form of HI, it was postulated 
that the above anionic complexes were 
present as their [R,POH]+ salts. The pKan+ 
of (CH&PO has been estimated to be -0.5 
(18), and several [R3POH]+ salts have been 
reported (20-25). We also prepared stable 
[R3POH]CF$03 salts from phosphine ox- 
ides and CF3S03H (see Experimental). The 
formation of the salts observed in Eq. (2) 

I 

/ 

I I 1 
2100 1900 cm-1 

FIG. 5. Infrared spectrum of solution obtained from 
fiPO> RuJ(W,Z, and HI, after catalysis. 75 ml 
Pr3P0, 6 mmol Ru, 6 mmol HI. Conditions of reac- 
tion:86.1 MPa,H,:CO= 1,230”C.Bandat21OOcm~~ 
and shoulder at 2030 cm-’ are assigned to [Ru 
(CO),I,l- . 

of the two reactions shown in Eqs. (3) and 
(4): 

RuJ(CO),Z + HZ + R3PO ZG 
[R~‘OH~[HR~~~WI~~ + CO, (3) 

$Ru3(C0),2 + 3[R,POH]I = 
M’OHl[RWW31 + Hz 

then appears to result from a combination + CO + 2R3P0. (4) 
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The reaction of Eq. (3) was found to pro- 
ceed in Pr3P0 solvent at 70°C under 1 
atm of Hz; quantitative formation of 
[HRuj(CO)i I]- was observed by infrared 
spectroscopy (Fig. 6). (Although this prod- 
uct was not isolated, an analogous reaction 
with Et3N in THF solvent produced isola- 
ble [Et3NH][HRu3(CO)II] (27). An attempt 
to carry out the reaction of Eq. (3) in THF 
solvent using a stoichiometric amount of 
Pr3PO did not produce [HRu3(CO),J; in- 
stead we found that the reverse (26) of Eq. 
(3) was observed when stoichiometric 

I I I 
2100 1900 cm-’ 

FIG. 6. Infrared spectrum of [Pr3POH][HRu,(CO),,] 
in Pr3P0 solvent. 

1 I I 

r 

I I I 
2100 1900 cm-’ 

FIG. 7. Infrared spectrum of [Me3POH][Ru(CO),13] 
in THF solvent. 

amounts of [PPN][HRuJ(CO),~] and [Prj 
POH][CF$SOJ were mixed. It thus ap- 
pears that a substantial concentration of 
phosphine oxide is required to shift Eq. (3) 
to the anionic Ru complex. 

The reaction of Eq. (4) was also demon- 
strated individually. Reactions of the stoi- 
chiometric amounts of RUDER, R3P0 
(R = CH3, n-CjH7), and aqueous HI at 25°C 
under N2 yield stable complexes of the for- 
mula [RJPOH][RU(CO>&] (Fig. 7). The 
presence of the [R3POH]+ ion is confirmed 
by a v(OH) in the infrared spectrum (20) 
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and by observation of the unique proton in 
the iH NMR spectrum. 

Reactions (3) and (4) can operate jointly 
under Hz/CO; this can be illustrated by 
combining Eqs. (3) and (4): 

3[R,POH][Ru(CO)&l + 7R3PO + 2C0 
2 

+ 4H2 e M’OWMWWd 
1 

+ 9[RjPOH]I. (5) 

The catalytic activity (Fig. 3) and the rela- 
tive proportions of the two ruthenium com- 
plexes observed, 1 and 2, are dependent on 
the amount of HI added to the system. A 
l/2 ratio of about 2.0 is associated with 
maximum activity in the closely related II- 
promoted sulfolane-solvent system (IO), 
and infrared spectra of HI-promoted phos- 
phine oxide solutions show a similar ratio 
of complexes at optimum activity (cf. Figs. 
5 and 8). (It should be noted that increased 
pressures of HZ and CO are expected to al- 
ter this ratio somewhat in the acid-pro- 
moted phosphine oxide system, as seen in 
Eq. (5).) Addition of more HI to an opti- 
mum system causes the activity to drop as 
increasing amounts of 2 are formed at the 
expense of 1. Essentially complete conver- 
sion to 2 is observed in infrared spectra of 
catalytic reaction solutions with high levels 
of HI, and these solutions are practically 
inactive for CO hydrogenation (see Figs. 1 
and 3). 

As expected from Eq. (5), the ratio of 1 to 
2 is also dependent on the concentration of 
R3PO. Figure 9 illustrates the increase in 
activity by an HI-Ru~(CO)~~ system as the 
proportion of R3PO to sulfolane is in- 
creased. In this study solutions with low 
activity are found to contain a high propor- 
tion of 2, and those with improved activity 
have a l/2 mole ratio closer to the value of 
2.0 noted above. 

When added to a KI-promoted Ru cata- 
lyst in sulfolane, HI causes only decreased 
activity (Fig. 2), but, as described previ- 
ously, the acid enhances overall activity 

4 r 

I I 
2100 1900 cm“ 

FIG. 8. Infrared spectrum of sulfolane solution of 
[HRu3(CO),& and [Ru(CO)~I&. Complexes are the 
PPN+ salts and are present in a 2 : 1 molar ratio. Band 
at 2100 cm-l is assigned to [Ru(CO)&-. 

when added in proper amounts to KI-con- 
taining phosphine oxide catalyst solutions 
(Fig. 1). This difference is also apparently a 
result of the higher basicity of the phos- 
phine oxide. Upon reaction with Hz/CO 
and KI in a weakly basic solvent such as 
sulfolane, Ru3(CO)i~ can produce 1 and 2 
only in a 2 : 1 ratio (Eq. (1)). However, in 
the more basic phosphine oxide solvent, 
additional 1 is formed via an acid-base 
equilibrium related to Eq. (3). Therefore a 
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250 

t 

0 Ethylene Glycol 

Percent Pr3P0 (vol.) 

FIG. 9. Effect of Pr3P0 concentration on catalysis 
by mixtures of RQ(CO),~ and HI. 75 ml solvent, 6 
mmol Ru, 8 mmol HI (added as I*), 86.1 MPa, Hz : CO 
= 1, 230°C. 

phosphine oxide system promoted with 
only KI is expected to contain a higher- 
than-optimum proportion of 1 to 2, and this 
is confirmed by infrared spectroscopy (cf. 
Figs. 8 and 10). Addition of HI alters this 
ratio in the direction of the optimum and 
increases overall activity; further additions 
cause the expected diminished activity. 

As seen in Fig. 4, addition of KI to an 
HI-R3PO system has the effect of increas- 
ing the rates to methanol and ethylene gly- 
col. These increases in rate are similar to 
those observed upon addition of excess io- 
dide salts to the Ru system in other solvents 
(10). However, in the R3PO-HI reactions 
of Fig. 4 the amount of [R3POH]I (i.e., HI) 
remains constant, and it is interesting to ob- 
serve that the rate of ethanol formation also 
remains essentially unchanged. 

These observations are consistent with 
the following generalizations: (a) Rates to 
all CO reduction products are dependent on 
the Ru oxidation state of the system, as re- 
flected by the l/2 ratio. This parameter may 
be adjusted by the addition of acid (or base) 
to the system, and an optimum value of this 
ratio is observed at about 2.0. (b) Rates to 

methanol and ethylene glycol (but not etha- 
nol) are additionally dependent on the con- 
centration of I-, present as alkali metal io- 
dides and also as [R3POH]I under some 
conditions in R3P0 solvent. (c) The selec- 
tive formation of ethanol requires the pres- 
ence of acid (e.g., see Figs. 1, 3, and 4), but 
the addition of excess acid can reduce or 
destroy the activity of the system by oxidiz- 
ing the catalyst, as described in (a). 

f 

I I I 
2100 1900 cm’ 

FIG. 10. Infrared spectrum of solution obtained from 
Pr,PO, Ru,(CO),~, and KI, after catalysis. 75 ml 
Pr,PO, 6 mmol Ru, 18 mmol KI. Conditions of reac- 
tion: 86.1 MPa, H2 : CO = 1, 230°C. Band at 2100 cm-’ 
is assigned to [Ru(CO),IJ. 
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Consideration of the last point raises 
what is perhaps the critical difference be- 
tween reactions in phosphine oxide sol- 
vents and in other, less basic media. Reac- 
tion mixtures in R3P0 solvent can contain 
relatively high concentrations of an acid (in 
the form of the acidic cation [R3POHl+) 
which appears necessary to promote etha- 
nol formation, and can simultaneously con- 
tain ruthenium complexes in the optimum 
average oxidation state for CO reduction. 
Indeed, the complexes 1 and 2 are present 
in some of these R3P0 solutions exclusively 
as the [RjPOH]+ salts. In contrast, addition 
of strong acids to solutions containing 1 in 
more weakly basic solvents leads to de- 
struction of this complex and a net oxida- 
tion of the metal catalyst system. Thus the 
phosphine oxide solvent appears to serve at 
least two purposes in the conversion of HZ/ 
CO to ethanol; it is a sufficiently strong 
base to allow the formation of reduced ru- 
thenium complexes (e.g., Eq. (3)) neces- 
sary for CO hydrogenation, and its conju- 
gate acid is a sufficiently strong acid to 
promote ethanol formation via an appar- 
ently acid-catalyzed process. 

Although we believe that it should be 
possible to find other solvents or additives 
of the proper basicity to simulate the behav- 
ior of phosphine oxides in this system, high 
stability of the compound under reaction 
conditions and appropriate solvent proper- 
ties are also requirements. 

Pathways of Ethanol Formation 

In addition to ethanol, methanol, and eth- 
ylene glycol, this catalytic system in R3P0 
solvent also yields smaller amounts of other 
compounds which are useful in defining the 
pathways of product formation. Methane is 
observed in most reactions; indeed it is in- 
teresting to note that this is a rare example 
of a homogeneous catalytic system which 
produces substantial amounts of methane 
directly from HZ/CO. Other minor products 
include acetaldehyde, n-propanol, and 
longer straight-chain alcohols. It thus ap- 
pears plausible that the alcohol products 

are formed in a chain-growth process from 
aldehyde intermediates. 

Several other catalytic systems, espe- 
cially those containing cobalt, have previ- 
ously been shown to form at least small 
amounts of ethanol from Hz/CO (1-5). It 
has been inferred that the ethanol observed 
in these reactions is a secondary product 
derived from initially formed methanol via 
homologation (2, 3). 

CH30H + CO + 2Hz --, 
CH3CH20H + H20. (6) 

Indeed, cobalt carbonyl complexes are well 
known to homologate alcohols with synthe- 
sis gas (27). Ruthenium complexes in the 
presence of iodide promoters and HZ/CO 
have also been reported to homologate 
methanol to ethanol (28-31), as well as to 
catalyze similar reactions of esters, ethers 
(29-31), and carboxylic acids (32). The im- 
portance of an acid component in these re- 
actions has been noted (29-31), and its pur- 
pose may be to facilitate conversion of the 
substrate to alkyl iodide or activate it in 
other ways for addition to a metal center. 
These acid-promoted catalytic mixtures 
have been reported to contain the Ru(I1) 
iodide complexes [Ru(CO)~IJ- and Ru 
(CO)J2 or [Ru(CO)&h (29-32). Since one 
of these Ru(I1) complexes, [Ru(CO)&]-, is 
observed in HI-promoted phosphine oxide 
solutions, it is reasonable to assume that at 
least some of the ethanol produced in these 
reactions could be derived from methanol. 
However, since this system and others 
closely related produce ethylene glycol di- 
rectly from HZ/CO, it seemed plausible that 
ethanol could also be formed in an analo- 
gous manner, i.e., without the intermediacy 
of methanol. A possible outline of such a 
process in an acid medium is depicted as 

I-,, 2 M-CH OH Ht\ &=CH 
2 -% 

-Hz0 
2 

-Hi 

3 4 

M-CH3 -$ HOCH2CH3. (7) 2 
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Complexes containing the hydroxy- 
methyl ligand (3) are postulated intermedi- 
ates in the formation of ethylene glycol 
from HZ/CO (2-4, 33). A number of studies 
have indicated that methylidene complexes 
such as 4 are formed in reactions of M- 
CHzOH (34) and M-CHzOR complexes 
(35-39); in some cases such electrophilic 
methylidene complexes have been ob- 
served spectroscopically (40, 42) and iso- 
lated (42, 43). (A referee has suggested that 
the work of Cutler et al. (44) might lead one 
to expect ethers as products by reaction of 
4 with alcohols present in the system, to 
give M-CHzOR intermediates. Indeed, di- 
methyl ether and methyl ethyl ether have 
been detected as trace products in these 
catalytic reactions, but we do not take this 
as evidence for the intermediacy of 4. Pro- 
tonolysis of M-CHzOR to give 4 might be 
expected to be even more favorable than 
protonolysis of hydroxymethyl complex 3.) 
Heterolytic activation of hydrogen by a 
process such as that of Eq. (2) would gener- 
ate a proton and create a hydride ligand 
which could be transferred to the electro- 
philic methylidene ligand. (See Ref. (4.5) 
for studies of hydride donation by [HRuJ 
(CO), i] - .) The resulting methyl ligand could 
then be converted to ethanol as in methanol 
homologation (27). The process of Eq. (7) 
thus involves donation and removal of pro- 
tons, steps which could involve the phos- 
phine oxide molecule and its conjugate 
acid. It is also conceivable that proton do- 
nation could be even more extensively in- 
volved in the CO reduction process by this 
system; the proton-induced reduction of 
CO on an anionic iron cluster has recently 

been demonstrated stoichiometrically (45, 
46). However, there are many similarities 
in the behavior and characteristics of the 
HI-promoted phosphine oxide system with 
those of related iodide-promoted systems in 
other solvents (overall reaction rates, tem- 
perature and pressure dependences, com- 
plexes observed in solution, etc.). These 
observations lead us to believe that the 
rate-determining steps for initial CO hydro- 
genation in this system are essentially the 
same as in solvents of very different basic- 
ity, under conditions such that the concen- 
tration of proton donors will be much dif- 
ferent . 

Experiments with i3C-labeled methanol 
were carried out to gain information about 
its possible conversion to ethanol in this 
system. Shown in Table 2 are the results of 
one such experiment in which a known 
amount of 13CH30H was added to a stan- 
dard reaction solution before catalysis. The 
amounts of liquid products derived from 
the labeled methanol were determined by 
i3C NMR using as standards solutions from 
identical catalytic experiments without 
added methanol and synthetic solutions 
containing known amounts of products. 
Methane containing the i3C label was ana- 
lyzed by gas-phase infrared spectroscopy. 
It is clear that methanol is converted to eth- 
anol (and methane, as well as other minor 
products) under reaction conditions. Al- 
though in principle a kinetic analysis of 
these or similar data could yield informa- 
tion concerning the extent of ethanol for- 
mation from methanol, experimental diffi- 
culties associated with high-pressure oper- 
ation precluded this type of analysis. 

TABLE 2 

Results of a Catalytic Experiment Containing Added VHjOHO 

U-WI-b CH30H CH$ZHzOH CHKH$H20H -I 

Total (mmol) 5.2 95 149 8.3 34 
From WHpOH (mmol) 0 1.3 13 0.5 6.2 

a Reaction conditions: 75 ml Pr3P0, 15 mmol Ru, 7.5 mmol 12, 86.1 MPa, H&O = 1, 23o”C, 0.30 h, 0.85 g of 
93% Wlabeled CHXOH added before run. 
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Therefore, to gain further information 
about the mechanism of ethanol formation 
by this system, a study was undertaken of 
the distribution of products as a function of 
reaction time. Identical reactions were run 
for differing periods of time, which avoided 
several potential problems involved in sam- 
pling a single reaction during catalytic oper- 
ation. Results of this series of experiments 
are plotted in Fig. 11; instantaneous net 
rates of product formation are given by the 
slopes of the appropriate curves. 

It is found that rates to ethanol, methane, 
ethylene glycol, and n-propanol are linear 
within experimental error over the reaction 
time investigated. (Although an upward 
curvature is expected in the plots for sec- 
ondary products, this will occur only in the 
early stages of the reaction before extinc- 
tion of the apparent methanol rate. Experi- 
mental uncertainties in both the short reac- 
tion times and small amounts of products 
could easily mask such initial curvature.) 
The apparent rate of methanol formation 
decreases markedly with time, and levels 
off to a net methanol rate of zero. Extrapo- 
lation of this curve to the beginning of the 
reaction gives an estimate of the initial rate 
of methanol formation. This rate (~650 
mmol h-l) is in very good agreement with 
the sum of the rates (646 mmol h-l, as de- 
termined from Fig. 11) to the products pos- 
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FIG. Il. Product distribution vs reaction time. 75 ml 
Pr#O, 15 mmol Ru, 15 mmol HI (added as I*), 86.1 
MPa, H2 : CO = 1, 230°C. 

sibly derived from methanol (as shown by 
the separate experiment with 13CH30H), 
i.e., ethanol (420 mmol h-l), methane (200 
mm01 h-l), and n-propanol (26 mmol h-l). 
It is therefore evident that much or all of 
these products could have been derived 
from initially formed methanol via homolo- 
gation or hydrogenolysis. (Even if ethanol 
is formed in this system via methanol ho- 
mologation, this represents “direct” pro- 
duction of ethanol from Hz/CO in the sense 
that no methanol is charged to the reaction; 
it is formed and consumed in situ.) Al- 
though it is not required by these results, 
the possible operation of a second pathway 
to ethanol related to Eq. (7) cannot be dis- 
counted. The extent to which such a path- 
way contributes to total ethanol formation 
under various reaction conditions is not 
known. 

CONCLUSIONS 

Research on this catalytic system has 
again demonstrated the importance of me- 
dium effects in homogeneous catalysis. 
This phenomenon is perhaps especially sig- 
nificant in complex catalytic processes 
which may involve consecutive conver- 
sions or multiple catalytic components. 
Formation of ethanol from HZ/CO in this 
phosphine oxide solvent system and from 
CH3OH in related processes appears to be 
dependent upon the presence of an acid 
component. However, addition of strong 
acids to halide-promoted ruthenium cata- 
lytic systems can also disrupt the initial CO 
hydrogenation process, evidently by pro- 
tonation and destruction (oxidation) of an- 
ionic Ru complexes involved in that step. 
The phosphine oxide solvent can level the 
acidity of added strong acids, providing a 
medium of appropriate acidity for certain 
acid-catalyzed conversions while still per- 
mitting the presence of basic metal com- 
plexes required in other steps. The precise 
nature of the acid-catalyzed process is not 
known. Since many of the observed prod- 
ucts are possibly derived from methanol, it 
is reasonable to suggest that the acid facili- 
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tates formation of a methyl ligand from 
methanol, perhaps through an iodomethane 
intermediate. The selectivity to ethanol will 
then be determined largely by factors also 
involved in the extensively studied metha- 
nol homologation process (27). Alterna- 
tively, some of the ethanol may be selec- 
tively formed in a direct route from HI/CO, 
e.g., via methylidene complexes. The roles 
of specific metal complexes involved in the 
various stages of product formation have 
not been addressed in this report. Research 
is continuing with the goal of clarifying 
these issues and extending to other cata- 
lytic processes the concepts generated by 
this study. 
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