151

Journal of Organometallic Chemistry, 372 (1989) 151-161
Elsevier Sequoia S.A., Lausanne — Printed in The Netherlands

JOM 09746

Roles of metal carbonyl complexes in the homogeneous
hydrogenation of carbon monoxide

B.D. Dombek
Union Carbide Corporation, South Charleston, WV 25303 (U.S.A.)
(Received October 20th, 1988)

Abstract

Homogeneous catalytic systems for converting carbon monoxide and hydrogen to
organic products are of possible commercial interest because of their potential for
high product selectivity. Useful products from these reactions are compounds such
as ethylene glycol, ethanol and higher alcohols, and acetic acid. Catalysts based on
three metals, Co, Rh, and Ru, have been found to have the highest activity for these
reactions. Recent developments on homogeneous catalyst systems based on these
metals and bimetallic derivatives of these systems are briefly reviewed. The apparent
importance of ionic catalytic intermediates is noted, and possible roles for basic
promoters are presented.

Introduction

The use of metal carbonyls as catalysts is an active field, and there are many
reactions catalyzed by these complexes in solution. The most fundamental of these
reactions is the hydrogenation of carbon monoxide, since CO is the basic ligand in
metal carbonyl chemistry and hydnide is the simplest ligand in coordination
chemistry, Nevertheless, many years passed after the discovery by Mond of the first
binary metal carbonyl before homogeneous catalysts were discovered to hydro-
genate CO. Many heterogeneous catalysts for CO reduction had been discovered
and developed in the meantime. This reaction remained strictly within the area of
heterogeneous catalysis until the early 1950’s when work at DuPont [1] showed that
cobalt catalysts, apparently homogeneous, could convert mixtures of CO and H, to
products including alcohols and glycols. Reported reaction conditions were very
severe, in the range of 3000 atm and 290° C, perhaps explaining why the reaction
was not discovered earlier. Productivities were low, and it appears that mixtures of
products were formed. Probably because of these limitations, this chemistry was not
further explored until the 1970’s when renewed interest in the conversion of CO to
chemicals and fuels was sparked by the oil shortages.
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Table 1

Some representative reaction data for experiments with Co, Rh, and Ru catalysts

No. Catalyst, additives, solvent Pressure Temperature MeOH/EG. TF“ Ref.
(atm.) (°0) {Molar) th™hH
1 Rh, cesium benzoate, amine, 18-crown-6 1020 280 0.64 308 3
2 Rh, cesium acetate, amine, 18-crown-6 544 270 0.68 39 3
3 Rh, N-methylpyrrolidone (NMP) 2000 300 0.64 3640 26
4 HCo(CO),, 1,4-dioxane 268 214 - 27 4
5 HCo(CO),. tetraglyme 1361 230 52 22 5
6 Ru;(C0O),,. ethanol 340 260 - 23 7
7 Ru,(CO)y,, KI, NMP 1020 240 8 458 8
8 Ru, o-phenylenediamine, tetraglyme 440 250 1.3 61 16
9 Ru, benzimidazole, NMP 500 240 3 304 17
10 Ru,(CO),,, Nal, YbCi,, K,CO;, NMP 850 230 - 260 20
11 Rh, N-methylimidazole, THF 550 240 0.8 57 22
12 Rh, P(i-Pr),, NMP 450 220 14 11 23

“ Turnover frequency, moles organic products/mole catalyst,/hour.

At that time, work at Union Carbide [2] led to the discovery that rhodium
complexes in solution could more effectively catalyze the reaction between CO and
hydrogen, producing ethylene glycol and methanol as the major products. Condi-
tions required were not as severe as those earlier reported for the cobalt catalysts,
and further work led to improved catalysts operating under milder conditions (see
Table 1, entries 1-3. It is interesting to note the large range of activity for these
three experiments with very similar catalyst systems, obtained under different
conditions of temperature and pressure. These examples point out the necessity of
considering reaction conditions when comparing activities among these CO hydro-
genation catalysts.)

This more extensive work established several principles which still largely apply
to homogeneous CO hydrogenation catalysts. Firstly, it showed that homogeneous
metal carbonyl catalysts can indeed hydrogenate CO. Secondly, the products of
these reactions are almost entirely oxygenates, not the paraffins/olefins which are
often obtained from heterogeneous catalysts. Thirdly, ethylene glycol and other
polyols are significant products; these compounds are not produced by heteroge-
neous catalysts.

Some questions were also raised by these results. The generality of this reaction
was unknown. Could other metal carbonyls also catalyze this conversion under the
appropriate conditions? Metal clusters were observed in rhodium catalyst solutions.
What was their role and are they essential components of such a catalyst system?
Questions also arose concerning the mechanism of the reaction. How might it
resemble or differ from mechanisms proposed for heterogeneous catalysts?

The remainder of this discussion will address these questions based on our work
and that of others which has been conducted in the last few years. I will only briefly
discuss, for background purposes, work which has appeared in a review of this area

[3].
Mechanistic studies with cobalt catalysts

Work done at several laboratories [4,5] re-investigated the homogeneous cobalt
catalyst and found that this system could be operated under milder conditions
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(Table 1, entries 4 and 5). These studies led to several conclusions concerning this
particular system. It was evident from spectroscopic studies that the mononuclear
cobalt hydride HCo(CO), was the major species present during catalysis. Kinetic
studies showed that the reaction was unimolecular in cobalt, supporting the involve-
ment of a mononuclear cobalt complex and an intramolecular process. The primary
products were methanol, ethylene glycol, and methyl formate. Ethanol was observed
as a secondary product, via methanol homologation. A plausible mechanism for the
conversion of CO/H, to products was outlined, based on observed kinetic re-
sponses to different variables. Apparently, the first step involved the intramolecular
hydride migration from the cobalt center to a carbonyl ligand to produce a formyl
ligand. Further addition of hydrogen to this complex could then generate a
formaldehyde-like intermediate.

The further reactions of this intermediate appear to be those of formaldehyde
hydrogenation and hydroformylation [3,4,5]. This type of scheme is likely to apply
generally to all of the systems studied to the present.

Unpromoted ruthenium catalysts

In the search for new catalysts for the homogeneous hydrogenation of CO, it was
found [6,7] that a simple metal carbonyl, ruthenium carbonyl, could also hydro-
genate CO (Table 1, entry 6). Many properties of this catalyst were similar to those
of the cobalt catalyst. A mononuclear metal carbonyl complex, Ru(CO),, was
observed in catalytic solutions. Kinetic evidence indicated that a mononuclear
catalyst, H,Ru(CO),, was probably involved. No paraffins or olefins were formed;
the primary products were methanol and methyl formate. All of the experimental
evidence supports a simple intramolecular mechanism for CO hydrogenation, simi-
lar to that proposed for cobalt catalysts.

One difference was observed between the cobalt and ruthenium catalysts; the Ru
system gave essentially no ethylene glycol. This is probably because of the preferred
direction of insertion of a formaldehyde-like intermediate into the metal-hydride
bond, leading to an intermediate which can undergo hydrogenation but no hydro-
formylation.

Halide-promoted ruthenium catalysts

Further study led us to the development of an improved ruthenium-based
catalyst for CO hydrogenation, which will be the described later. Searches for other
homogeneous catalysts for CO hydrogenation have been only partially successful;
some reactions have been found for complexes of iridium and rhenium, but the
activity of these systems is very much lower than the activity found for cobalt,
rhodium, and ruthenium catalysts. It is work on catalysts of these three metals
which has led to our present understanding of the catalytic process, and which will
be the topic of this discussion.

Our encouraging results with ruthenium catalysts, much less expensive than
rhodium, led to the discovery that an ionic halide promoter had very significant
beneficial effects on the catalyst system (Table 1, entry 7). In fact, these promoters
appeared to change the behavior of the system entirely [8].
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These results encouraged us to investigate further the chemistry of the catalytic
species, with the expectation that further improving our understanding of the
chemistry could aid in improving the catalyst system. We first examined the
interaction of iodide salts with Ru,(CO),,. A reaction occurs at room temperature,
which goes somewhat faster in refluxing THF, vielding a ruthenium iodide cluster,
[Ru,(CO),1]", which has recently been characterized by an X-ray crystal structure
determination [9]. ‘

Although this reaction is quite interesting, it is chemistry which apparently occurs
very early in the catalytic process. Other complexes become more important under
actual catalytic conditions. We have found that the [Ru,(CO),I]” cluster reacts
rapidly with H,/CO to give two products, [HRu,(CO)]" and [Ru(CO),I,}",
along with some Ru;(CO),,. If Ru;(CO),, itself is treated with H,/CO or H,
alone in the presence of sufficient iodide salt, the two complexes alone can be
produced. Indeed spectroscopic studies of actual catalytic solutions after a reaction
or during catalysis (by high-pressure infrared spectroscopy) show these two com-
plexes as essentially the only species present. They are obviously quite stable and
must be regarded as being catalytically important, if not active themselves.

Some of our studies have been directed toward the question of how these
complexes are formed. We have found that Ru,(CO),, will react rapidly with H, in
the presence of a base such as Et;N to form [HRu,(CO),,]". In fact. a phosphine
oxide (pK gy = —0.5) is a sufficiently strong base to promote this reaction [10]:

Ru,(CO),, + R,PO + H, 2 R,POH[HRu,(CO),,| + CO (1)

The function of the base must be to stabilize the proton generated by the formation
of the hydride cluster and prevent it from reacting with the hydride.
We have also shown that acids react with Ru,(CO),, in the presence of iodide

anions to form [Ru(CQ),1,]":
1Ru,(CO),, + 2HI + I~ 2 [Ru(CO),l,] + H, + CO (2)

Thus the protons formed in the first reaction can apparently react with other
ruthenium species in solution to produce the oxidized ruthenium product in the
catalytic system.

Further chemistry occurs with the [Ru,(CO).I] " cluster upon heating more
strongly (Scheme 1). It can be transformed by an apparent reduction process to
[Ru,(CO),3]*", and upon further heating, this complex is converted to the carbido
cluster. These complexes appear not to be important in the catalytic chemistry,

25-60°C 120°C, N, >140°C, N,
Ruy(CO)p + I [Ru3(CO)gII" [Rug(CO)gl* [RugC(CO);6]2-
H
25 i o
Sa 25°C e st

[HRU4(CO);4 )" + [RU(CONgls]"

Scheme 1
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unless the conditions become toc severe; their formation appears to represent
catalyst deactivation.

The two ruthenium complexes observed in solution, [HRu,(CO),]” and
[Ru(CO),1,]7, can be prepared in the laboratory, and we have found that neither
complex alone has very much catalytic activity for syngas conversion. However, a
mixture of the two complexes does have the expected catalytic activity. In fact, in
inert solvents the optimum activity was observed with a 2/1 mixture of the two
complexes, which is the same ratio in which they are normally formed.

An explanation for the involvement of these compounds which seemed plausible
involved the anionic hydride cluster as a hydride source. However, the kinetics did
not support such a role for this complex. A more probable role for this hydride
cluster is to act as a precursor of an even more reactive metal hydride complex,

[HRu(CO),]™:
[HRu,(CO),,] + 3CO =2 [HRu(CO),] ~ + 2Ru(CO);s (3)

The [Ru(CO);I,]7 complex could also be involved in an equilibrium under
catalytic conditions, leading to a complex even more susceptible to attack by a
hydride:

[Ru(CO);1,] ™+ CO e Ru(CO),l, + 1~ (4)

Reaction of these two complexes in solution could then be envisioned to produce an
intermediate Ru formy! complex which could undergo further hydrogenation lead-
ing to the observed products. In fact, such a reaction scheme can fit very well with
the observed reaction kinetics.

Further support for this pathway was developed in laboratory studies of the
reactivity of [HRu(CO),]™. This is quite a powerful hydride donor, considering the
fact that it is a metal carbonyl hydride. It reacts with methanol at room tempera-
ture, decomposing to [HRu;(CO),,]” [11]. We found that this hydride does react
with Ru(CO),I, at room temperature or below; however, a Ru formyl complex if
formed was too unstable to be observed. A model compound, [CpRe(CO),(NO)]™,
was chosen because its carbonyl ligands should resemble those in Ru(CO),1,, based
on a correlation of the CO stretching force constants with reactivity toward
nucleophiles. This reaction does indeed proceed very well, and the Re formyl
complex can be observed in about a 30% yield [12].

These studies have shown that a metal formyl can be generated by intermolecular
hydride transfer from a metal hydride apparently regenerable from H,. Previous
mechanisms for CO hydrogenation relied upon intramolecular H atom migration to
a carbonyl.

Ruthenium / halide catalysts in phosphine oxide solvents

A modification of this system which gave quite interesting results is obtained by
conducting the catalytic reaction in a phosphine oxide solvent [10]. This provides a
somewhat basic medium, and the phosphine oxide apparently becomes involved in
the reaction. It can do so by acting with hydrogen as a reducing agent, as shown in
eq. 1 above. Catalytic solutions obtained from Ru,(CO),, and KI alone in tri-n-



156

propylphosphine oxide solvent show less than the normal amount of [Ru(CO),1,}".
presumably because of the equilibrium:

[Ru(CO),I,]  +2R,PO + H, = Ru’ + 2[R,POH]I + I (5)

(Any Ru’ species formed, such as Ru,(CO),,. could be readily converted to
[HRu,(CO),,]” by the process of eq. 1.)

Addition of acid (1, or HI) adjusts the ratio of [HRu,(CO),,]" to [Ru(CO),15]"
toward the optimum 2/1 ratio and thereby increases the activity of the catalytic
system [10]. A second effect observed was that the selectivity toward ethanol also
increased very significantly upon the addition of the acid. Apparently the phosphine
oxide provides a conjugate acid which is not a sufficiently strong acid to destroy the
ruthenium hydrides involved in the catalytic CO hydrogenation. yet is a sufficiently
strong acid to become involved in acid-catalyzed conversions involved in methanol
homologation to ethanol.

Ruthenium-rhodium catalysts

We have discovered another modification of this catalytic system which is more
selective for the production of ethylene glycol [13]. This system was found by the
addition of rhodium complexes to the ruthenium system. As increasing amounts of
Rh(CO),(acac) are added, the selectivity to glycol increases. although the total
activity remains essentially unchanged.

Our high-pressure IR studies on this system showed that the same ruthenium
complexes are present as in the standard Ru /1~ system. The rhodium is observed in
the form of [Rh(CO),I,]": no rhodium or ruthenium/shodium clusters were
observed.

The behavior of this system could possibly be due to formation of a formalde-
hyde intermediate by a ruthenium catalyst, followed by further conversion to
products by a rhodium catalyst. It could also be explained by an intermolecular
hydride transfer process involving both ruthenium and rhodium complexes. The
ruthentum hydride can now transfer H™ to either a Ru carbonyl or a Rh carbonyl,
generating either a Ru formyl or a Rh formyl. The latter intermediate can proceed
10 products with a selectivity more characteristic of a Rh catalyst.

This combined Ru/Rh catalytic system appears to have many advantages and
could become a practical system if the raw matenal economics would justify further
development.

In the remainder of this discussion, I intend to review some of the more
significant and interesting advances in the area of homogeneous CO hydrogenation.
Much of the recent work which has been published in this area has come from
companies participating in the Japanese C1 chemistry project which was active from
1980 to 1987. This was a joint funding venture of the Agency of Industrial
Science & Technology and MITL

Recent developments
Ruthenium catalysts

The postulated intermediates formaldehyde and glycolaldehyde have been de-
tected in reactions of Ru/halide catalysts [14]. At low temperatures. the rate-de-
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termining step is postulated to be the formation of formaldehyde in this system,
while at higher temperatures (> 180 ° C) formaldehyde exists at a level approaching
the equilibrium concentration. It was noted that addition of a rhodium complex to
the catalyst system gives an even higher selectivity to glycoaldehyde.

The activity of the Ru-halide system was found to be somewhat enhanced for
ethylene glycol formation by addition of a rhenium carbonyl compound [15].
High-pressure infrared studies showed [HRu,(CO),,]” and an unidentified rhenium
carbony! complex which is thought to be a rhenium carbonyl halide anion. No
ruthenium—rhenium clusters were observed.

The change observed upon addition of the rhenium complex is sufficiently small
that it is not possible to determine whether this is a true activity increase or the
result of an altered selectivity. It is possible that the synergistic behavior observed is
the result of a transfer of hydride from a Ru complex to a Re carbonyl complex.

The use of o-phenylenediamine as a promoter for ruthenium catalysts has been
described [16]. These results are interesting, since no halide was used, and signifi-
cant rates and selectivities to ethylene glycol were reported (Table 1, entry &). The
meta- and para-isomers of phenylenediamine were reported to have no promoter
effect.

Later reports have indicated that benzimidazole and related compounds are
effective promoters for the ruthenium catalyst. It has become evident from more
recent work that o-phenylenediamine can be converted under these catalytic condi-
tions into benzimidazole, which may be the catalytically important derivaiive. Thus,
imidazoles, particularly benzimidazole, were reported to be good promoters for
ruthenium catalysts [17] (Table 1, entry 9). The imidazole structure is essential to
this behavior; other N-heterocycles are reportedly not active.

N-Alkyl substituted benzimidazoles are reported to be even better promoters for
the Ru catalyst [18]. Studies of this system have indicated that the only ruthenium
complex observed after catalysis is the [HRu,(CO),;]” cluster. Under catalytic
conditions, the complexes Ru(CO); and Ru(CO),L (L = the benzimidazole) were
observed in addition to the cluster.

The equilibrium constant for the reaction below has been studied with various

substituted imidazoles at 20° C in THF:
Ru(CO)s + Imid 2 Ru(CO),(Imid) + CO (6)
The equilibrium constant for this reaction was found to fall within the range of
0.1-0.4 for the better imidazole promoters; K was less than 0.01 for other amines
such as pyridine and N-methylmorpholine. The magnitude of this equilibrium
constant was observed to correlate with the rate of ethylene glycol formation for
various substituted benzimidazoles studied. Therefore it was proposed that the
unique promoting effect of imidazoles on ethylene glycol formation is attributable
to their high coordination abilities to the Ru carbonyl complex. It is suggested that a
species such as H, Ru(CO), L is the active species for ethylene glycol formation, and
that this and other neutral species are the most important species in solution.

Another possibility which should be considered involves ionic intermediates and
acid-base chemistry. The fact that [HRu,(CO),,]” is observed under these reaction
conditions must mean that the following equilibrium is operating;:

H, + 3Ru(CO)s + Imid 2 [HRu,(CO),;] ™ + [ImidH] * + 4 CO (7)
pKBH* = 5—7
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The hydride cluster 1s the predominant ruthenium species in solution:
[HRu,(CO),;]"/ Ru(CO),/Ru(CO),L =70/19/12 mol% in a typical run. Thus,
nearly 90% of the Ru present is in this cluster. The protonated imidazole is relatively
acidic, and could serve as a proton source for various ruthenium complexes in
solution, such as Ru(CO), L. Protonation of such a species could generate a cationic
complex which would be readily attacked by a nucleophilic hydride, with possible
formation of a formyl intermediate. Such a scheme seems to be consistent with the
reported experimental observations, including the correlation of ethylene glycol
activity with the coordinating ability of the imidazole.

The imidazole-promoted ruthenium systems are reported to be quite active and
selective for the production of ethylene glycol. However, disadvantages appear to be
the relative instability of these promoters under the reaction conditions and the
difficulty in separating the promoter and its decomposition products from the
desired reaction products [19].

We have noted that the use of lanthanide complexes as additives to a Ru/ halide
system significantly increases the activity of the system. particularly for methanol
formation [20]. In some cases. the activity was doubled or tripled by addition of
these promoters, although the selectivity for ethylene glycol was greatly diminished
(Table 1. entry 10). Further studies have shown that it is possible to alter the
selectivity of these systems to allow the enhanced production of ethanol and higher
alcohols.

Rhodium caralysts

Exposure of Rh,(CO),, to H,/CO pressure in N-methylpyrrolidone solution
gives a colorless solution of [Rh(CO),] , identified by high-pressure infrared
spectroscopy (at 200 atm, 25°C) [21]. Heating this solution to 200°C causes a
second complex to appear at the expense of the [Rh(CO),]: the solution remains
colorless and there is no evidence for clusters. This reversible reaction is suggested
to be a ligand substitution process leading to a neutral solvent-coordinated Rh
hydride species. PPN[Rh(CO),] in NMP shows no catalytic activity, but addition of
I-methylimidazolium p-toluenesulfonate gives an active catalyst.

These observations suggest that {[R;NH][Rh(CO),] is a precursor of a hydride
which is catalytically important:

[BH] " [Rh(CO),] ~ @ [HRh(CO),B] + CO (8)
(B = tertiary amine, amide or urea solvent)

It has been reported that the use of large amounts of imidazoles with a rhodium
catalyst (100 to 500-fold excess over rhodium) gave active catalysts for CO hydro-
genation [22] (Table 1, entry 11). Various other nitrogen bases were reported to
provide little activity. In this system, highest activity was seen in nonpolar solvents
(toluene, benzene), but low activity was reported in polar solvents (N, N "-dimethyl-
imidazolidinone, sulfolane). High-pressure infrared studies indicated that three Rh
species were present at 200°C under 300 atm of H,/CO. These complexes were
identified as [Rh(CO),] , HRh(CO),, and HRWCO),L (L = the imidazole). The
identity of the latter complex was supported by changes in its CO frequencies with
changing identity of L. A correlation was reported between the activity for ethylene
glycol formation and the concentration of HRh(CO),L present. Use of a polar
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imid + HRh(CO), ==——==—======' HRh(CO)4(Imkl)

Cool,
Polar
Solvents

imidH] " [R(CO),]’
Scheme 2

solvent caused most of the Rh to convert to [Rh(CO),]™, and the activity of the
system became very low. Likewise, cooling the solution converted the system into
the ionic form (Scheme 2).

It is interesting to note that the basicity of the imidazole compounds thus appears
to be very closely matched with that of [Rh(CO),]™ under the catalytic conditions.
Stronger bases, or the presence of polar solvents which can favor the ionic species,
lead to the predominant formation of [Rh(CO),]™ and a loss in catalytic activity.
The coordinating ability of the imidazole compounds is also perhaps significant, and
the imidazole-coordinated Rh compound may actually be involved in the catalytic
chemistry. However, it is possible that these compounds simply stabilize the Rh and
provide a source of the active Rh hydride species.

An active system for the production of ethylene glycol is based on the use of
bulky alkylphosphines such as (i-Pr);P [23] (Table 1, entry 12). The phosphine
ligands are reported to significantly enhance the activity and stability of the
thodium catalyst. Phosphites, arylphosphines, and alkylphosphines with smaller
cone angles decompose to form the inactive [Rth(CO)zl]z‘ cluster, but the bulky
phosphines are apparently more resistant to this decomposition. High-pressure
infrared studies indicate that [Rh(CO),]” and HRh(CO),L (L = phosphine) are
present during catalysis. (The protonated phosphine is presumably the counterion
present with the tetracarbonylrhodate anion.) The optimum P/Rh ratio for the
bulky phosphines was found to be between 0.5 and 2. Other studies indicate that
less bulky phosphines can be suitably employed if their concentrations are ap-
propriately chosen [24].

The rhodium system promoted by bulky phosphines has been extensively studied
and operated in a continuous pilot plant under the Japanese C1 chemistry program
{19).

This recent Rh work thus indicates that compounds of the formula
HRh(CO),L,,,, (L=phosphine, imidazole, etc.), and particularly HRh(CO),L
could be the catalytically significant species present in these systems. Earlier work
on hydroformylation of formaldehyde by Chan et al., of Monsanto is interesting to
review in light of these studies [25]. The hydroformylation studies showed that
phosphine-Rh complexes such as HRh(CO),L, (L = PPh;) can convert formalde-
hyde to glycolaldehyde at conditions of 270 atm of H,/CO pressure and 110°C. A
dissociative mechanism appears to be operative, requiring dissociation of L or CO
from the Rh to allow coordination of formaldehyde, a weakly coordinating ligand;
thus excess phosphine significantly retards the reaction. Addition of an amine such
as Et,N deprotonates HRh(CO),L

HRh(CO),L, + Et;N(+H,/CO) = [Rh(CO),] ~+ [Rh(CO),L] " (9)
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Addition of the amine causes the rate of formaldehyde hydroformylation to increase
significantly, even in the presence of excess phosphine, suggesting the importance of
anionic species in catalysis. Since [Rh(CO),]™ was shown to be relatively inert. the
phosphine-substituted anion is presumed to be the important complex.

The function of the amine is apparently to provide a second, non-dissociative.
route for the addition of formaldehyde:

[Et,NH] "+ [Rh(CO),;L] + H,CO - HOCH,Rh(CO);L + Et;N (10)

The sodium salt of [Rh(CO),L]" was shown to be a much less active catalyst.

The similarity of the complexes involved in this reaction, the hydroformylation of
formaldehyde, and the complexes described above which are involved in the
conversion of H, /CO (perhaps through a formaldehyde intermediate) to ethylene
glycol are quite striking. The parallels suggest that much of the catalytic chemistry is
quite similar, if not identical.

Conclusions

A common observation which seems to emerge from work on the most active
homogeneous catalytic systems for CO hydrogenation is the prevalence of ionic
complexes or the potential for forming such species. In many of these systems. the
presence of a proton base of the correct basicity can enhance the activity of the
various catalysts. When the basicity is closely matched with the acidity of metal
hydrides involved, the base provides ready availability of both the metal hydride
and the metal carbonyl anion with a readily available proton. Too strong a base will
irreversibly deprotonate the carbonyl hydride, thus precluding catalytic hydrogena-
tion activity. The availability of the active proton may be very important in the
utilization of formaldehyde, a possible intermediate under the conditions commonly
employed. A non-dissociative mechanism for adding formaldehyde to a catalyst
species seems particularly important for this reaction, where high CO pressures
would compete very effectively with weakly coordinating formaldehyde for any
vacant coordination sites.

A second function of an added base may be to control the acid strength of the
system, thus determining which metal complexes are present. A more basic system
can favor the presence of more highly reduced complexes, while a more acidic
system can lead to the production of oxidized complexes.

Although metal carbonyl clusters are observed in some of these catalytic systems,
other systems appear to have equally high activity with evidence for only mono-
nuclear catalytic intermediates. Thus, if clusters are actually involved in the catalytic
interconversions, their behavior does not seem to be unique.

Although there appear to be some common themes in this catalytic chemistry,
particularly with regard to a general route from a formaldehyde-like intermediate to
methanol and ethylene glycol, it appears that there are several types of processes
possible for the initial activation of CO. It is evident that different catalyst systems
have varying characteristics, and only further knowledge of the detailed mechanisms
will allow the construction of a more unified picture of these processes.
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