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I. Abstract

Mechanistfc schemes for the metal surface cata]yzed reduction of
carbon monoxide to methanol and hydrocarbons have been proposed and the
feasibi]iiy of these mechanism§ are being tested by preparing and studying
the chemistry of metal clusters which resemble the proposed surface inter-
mediates. In an effort‘to prepare clusters with bound formyl groups,
Os3(C0)12 and 1k4(cd)]2 have been treéted with Li[BH(O—j}Pr)B]. Evidence
for a formyl intermediate has been obtained with 0s5(C0),,, and upon
acidification of solutions containing this species, the new cluster
053(C0)11CH2 js isolated. The CH2 group Qerives by the stepwise reduction
of C0, and experiments directed toward delineating the mechanism of this
transformation are described. Treatment of 053(00)11CH2 with H, at
70-80°C yields CH4, and thus the complete stoichiometric convgrsion of CO
to CH4 has been achieved on an 053 cluster. The new clusters [PPN]
[HFeRu{C0) ;51 and [PPNI[HFe,Ru,(C0)15] (PPN = (PhP),N") have been prepared
in an attempt to prepare analogs of [HFe4(CO)13]' which possesses an
unusually bound and‘presumab]y actjyated CO. The crystal struCtures of
each of these new clusters have revealed no unusuai CO bonding modes and
instead they adopt structures with pseudo-tetrahedral metal frameworks.
Several reactions have been conducted directed toward the preparation of
alkyl or acy]_substitutéd clusters and these are described. The reaction
of a series of mixed-metal clusters with CO have been studied. Each readily
fragments under—a CO atmosphere and 'ForszFeRu3(C0)13 the rdte'and mechanism

of this reaction have been determined.



II. Research Goals

The overall goals of this research are to develop an understanding

of the mechanisms by which metal surfaces catalyze the reduction of carbon

monoxide and to design mixed-metal dimers which should function as _homogeneous

catalysts for CO reduction.

ITI. Progress

We initially proposed the mechanisms shown in Schemes I and 11 on the
following pages for the metal surface catalyzed reduction of €0 to methanol
and to hydrocarbons and then set out to evaluate the feasibility of the
individual steps in these proposed mechanisms by using metal clusters to
mode] the various intermediates and individual reaction steps. The progress
in these areas is summarized jmmediately below (A-D) and this is followed
by a summary of our more recent studies directed toward homogeneous
reductjon of CO0 (E-F).

A. Reduction of C0 on an 0s., Cluster Face

Key intermediates in both Schemes I and II are IC and IIC which are
surface bound formyl species. Many mechanisms have invoked formyl species
bound to a single metal atom as a key intermediate in Fischer-Tropsch
chemistry..l"4 Our suggestion has been that even in the currently popular

6-9

C0-disseciation mechanisms, a formyl species is still a key intermediate

which assists the dissociation of CO according to Scheme JI. Furthermore,
studies have demonstrated that formyl species are key intermediates in the

stepwise reduction of CO by soluble organometallic comp]exes.]o-lz

We
thus set out to prepare and ideally, isolate clusters containing formyl

ligands.
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Scheme 1.

-~ Model for Methanol Synthesis

*Assume a constant source of
[H] is available either by

- surface diffusion from adjacent
metal atoms or H2 addition.
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Scheme II. Model for Hydrocarbon Synthesis
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Our efforts to synthesize formyl substituted clusters have focused
. .

on the reactions of clusters with the strong hydride donor [HB(O-j;Pr)BJ'

which has been extensively used by Casey and coworkers12']5

to synthesize
monomeric formyl complexes. Although we have thus far been unsuccessful in
isolating a formyl-substituted c1ustef, in at least one case we have
spectroscopically observed such a species. Further, as discussed below,
these reactions havg led to the stepwise reduction of CO to CH4 on a
cluster face by a reaction scheme which we believe proceeds through a formyl
intermediate.

We first examined the reaction of Ru3(CO)]2 with [HB(D117Pr)3] © but
even when conducted at -77°C, the oniy product formed was [HRu3(CO)]]]',

eq. 1.
Rﬁ3(CO)]2 + [HB(O-i;Pr)3]'-+ [H$u3(C?)11]' + CO + B(O-iypr)B (m

We believe that a formy]-Ru3 cluster js initially formed but that it rapidly
Joses CO with hydride migration to Ru to give the observed [HRuB(CO)]Z]_
product. '

Since the decomposition of a Ru3-formy] intermediate is 1ikely
enhanced by CO dissociation from the cluster, we turned to 053(C0)]é for
which the M-CO bonds are known to be stronger and more resistant to
dissociation.]6 When a suspension of 053((30)]2 in THF at -77°C 1is treated
with Li[HB(O—i;Pr)3], the 053(00)]2 rapidly dissolves, inCicating reaction,
and a deep yellow solution results. Warm up to 25°C causes a change in color
from yellow to oranée and from these solutions [HOSB(CO)]]]— can be
isolated. A numbar of other, presently uncharacterized, cluster anions are
also present. These observations indicate that an Osa-formyl species is

formed and has soma stability at low temperature,but that it decomposes to



3
05,(C0);, + [BH(0-1-Pr),]1 ™ — —Hs 05,0004ty (2)
053(C0)1}CH2 + H2-—é+ Os, clusters + CH4 (3) -

If D2 is employed in these experiments, CH202 results.

¥hile thig work was in progress, a paper appeared by Pruett and
coworker*s]7 at Unjon Carbide which reported s1ightly different observations
pertaining to similar chemistry. Theywerealso studying the reaction of
clusters with hydridic reducing agents but only with 053((20),12 and Ir4(CO)12
were they able to obtain evidence for a formyl species. ‘With 053(60)]2,

they observed a weak band in the 1590-1610 e

region of the IR and a very
weak 1H NMR resonance at & 14.9 ppm which may be attributed to a 053-1"01"'“.)’1
species, presumably [053(C0)]1(CH0)J'. Warm-up gave a mixture of [HOs3(CO)]1]_
and other unidentified anjonic clusters. Treatment of the solution containing
the initial formyl species with CF3COOH gave, in contrast to our results,
small amounts of MeQH. They gave no mention of the 053(C0)”CH2 product.

This 053(C0)12 based system appears ideally suited for a mechanistic
study to ascertain how CH4 and CH30H are produced via reduction of 0 on
a cluster face. We have undertaken such a study and our various
experimental results are most consistent with the reaction sequence shown
in Scheme III. Many of the elementarysteps in the proposed scheme take
precedence from the reactions which monomeric formyl complexes undergo

as demonstrated by Casey, Gladsyz, and others.1o"]5

The key sequence is
protonation of the initial formyl complex [053(00)]](CH0)]", 2, to give

the intermediate hydroxy-carbene 3 which can react with another molecule
of 2 to produce the hydroxy-methyl complex 4. In the presence of H3P04,

4 presumably loses H,0 to generate 053(C0)]](CH2), 1, which we isolate
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Under the different acidification conditions employed by Pruett
and coworkers, 4 can apparently cleave to produce CH3OH. Our various
experiments which support the mechanism shown in Scheme III are briefly
summarized below.

1. An appreciable yield of 053(00)”CH2 is obtained only when acid
is added when the 1570 cm™) band of 2 is at its maximum
intensity. Acidification before this band grows in or after
it decays gives none of the desired Oss(CO)]]CHZ, thus indicating
that acid must react with [053(C0)]](CH0)]' to give the observed
053(00)“6H2 product.

2. Only 053(00)”CH2 is formed when acidification is carried out
with D'. When [BD(Et)3]' is used 1in the initial reaction and
acidification is carried out with H+, only OSB(CO)”CD2 results.
These experiments indicate that both hydrogens in the Oss(CO)HCH2
product come from the initially produced formyl species, and
thus necessitate hydride transfer from the second molecule of
[053(c0)”(cno)]'.

We are continuing to investigate the mechanism(s) of these unique
trar~formations including the final reaction of 053(C0)HCH2 with H2 to
produce CH4, and aim to have the various experiments completed and a
manuscript submitted by October, 1980.

B. Reaction of Ir4ﬂCQ)§2 with [BH(O-i-Rr)gll

We have briefly examined the reaction of Ir4(c0)]2 with [BH(O-ijr)3]'.
Upon combination of these reagents at -78°C or 0°C, a rapid yellow to
orange color change ensues and a new band at 1600 cm"1 appears in the IR
spectrum. This is in the same position as the band attributed to [Ir4(CO)11~

(CHO)]™ prepared by a similar procedure by Pruett and coworkers.17



Acidification of this solution gives a new hexane soluble cluster
(Ir"‘((:[})l2 is insoluble in hexane) which shows a mass spectrum which is
consistent with the formation of Ir4(C0)]TCH0H. This species is ana]pgous
to compound 3 in Scheme III} We thus may have isolated a second inter-
mediate in the overall transformation of CO into CH4 and CHjOH. Further
characterization of this cémpound and a study of its reactivity is in
progress.

A very fnteresting aspect of this complex,if indeed Ir4(C0)T1(CHOH)
proves to be the correct formulation,in that it is an amalog of the type
of complex proposed to.exist_in Union Carbide's th cluster catalyzed
production of ethylene giycol from CO/HZ. Further hydrogeﬁation to
yield Ir4(C0)11(CH20H) followed by condensation of two such species
would yield HOCH2CH20H, Obviously, we are very interested in the
chemfsthywhichthiscompoundwj]l show and plan to explore it in detail
in the coming months. ‘ |

€. Structures of Tetranuclear Fe-Ru Clusters as Models for CO

Activation

The cluster [HFe4(CO)]3]' has been shown to adopt the butter%ly

structure sketched in 5 with a folded-over, multiply~bonded and presumably

activated CD.]8




Significantly, Shriver and coworker519 have recently shown that treatment
of this particular anion with strong acid leads to CO reduction and the
production of CH4. In order to assess the factors which influence the
formation of a cluster with such an activated CO, and ideally to prepare
analogs more suitable for a mechanistic study of the CO raduction step,
we set out to prepare the mixed-metal derivatives, [HFexRu4_x(C0)13]'

(x =3, 2, 1).

Two of these have been prepared via the reactions shown in eqs. 4-5.

Ru3(C0)12 + [HFe(C0)4]- - EHFeRu3(C0)}3]- (6) (4)

Ru,Fe(C0);, + [HFe(C0), 1™ ~ [HFe,Ru,(C0);51" (2) (5)

The remaining member of the series, [HFe3Ru(C0)13]', has not yet been
synthesized. We have determined the crystal structure of 6 by neutron

diffraction with R. Bau and T. Koetzl’®

and 7 by x-ray diffraction in our
laboratories, but,unfortunately,neither of these clusters adopt an open
butterfly structure analogous to 5 but instead they have the closed

pseudo-tetrahedral framewarks as shown in the ORTEP drawings below.

[HFeRu,(C0) 5T [HFe,Ru,(C0)151"



The W owmr spectrum of [HFeRu3(CO)13]' does suggest the presence of isomers
in solution but the only one presently characterized is B. '

D. Reactions Directed Toward the Preparation of AcyleShbstituted

Clusters
Acyl and alkyl substituted clusters are direct models for intermediates
11k and Iig, r~spectively, of Scheme 1I. Furthermore, an acyl ciuster can
be viewed as an analog of a formyl cluster and thus is an indirect model
for IC and 1IC. In our initial experiments, we allowed Meli to react with
Ru3(C0)]2 in the presence of [PPN]C1, but the product actually isolated
was not an acyl cluster but instead [PPN][C]RUQ(CO)]3], eq. 6.

[PPNICT + Rug(CO)y, * Litte =2 [pPNI[CTRu, (€0, 5] (6)

The structure of this product was determined by x-ray diffraction and

o]
is srown in 8.7

jo .

In subsequent experiments we showed that the [C1Ru,(C0) 141 anion derives
by simply heating Ru,(t’lo)l2 in the presence of a €1~ source. This work

is described in a paper now in press in Inorg. Chem.Z]



When the reaction shown in eq. 6 is conducted without {pPN]CT or
another C1~ soufce present a material is isolated in 20-30% yield for
which chemical analysis suggests the formulation [PPN][Ru3(C0)]](-ﬁCH3)].
Although this product may be the desired acyl substituted
cluster, it still needs to be completely characterized, ideally by a
single-crystal x-ray diffraction study. We are currently carrying out
such characterization studies and are beginning to explore its reactivity.

E. Synthesis and Characterization of Dimeric Metal Complexes for

Catalysis of CO Reduction

It has been our intent in this phase of our research to design
and direct the synthesis of homogeneous catalysts which should be able to
reduce carbon monoxide. Under the premise that two or more metals are
necessary to effect such reduction by polarizing CO or by stabilizing the
initially formed formyl intermediate, our attention has been focussed on
transition metal dimers and especially dimers possessing one early and
one late transition metal.

Following the precedent set by Bercaw's22 stoichiometric reduction
of CO using (CSMES)ZZr derivatives, we initially set out to prepare
mixed-metal dimers containing Zr. Although a variety of reactions have
been conducted and a large number of product mixtures have been obtained,
only a few compounds have thus far been characterized because of separation
and purification difficulties. The reaction which has been the rmost

successful is that leading to the preparation of the Zr-Fe dimer shown

in eqs. 7 and 8.

Fe(C0)3(PPh2H)2 + 2n-Buli - 2 BuH + Liz[Fe(c0)3(PPh2)2] (7)



L12[Fe(C0)3(PPh2)2] + (CSHS)ZZrC12 + 2 LiCl +

This compound has been chafacterized spectroscopically and its chemistry
is presently being examined. Initial results indicate that it will not
assist CO reduction, presumably because of the presence of the two bridging
u-Pth groups which prevent the desired dinteraction of.lr with the CO.
In other’attempts to prepare Zr-Fe dimers with only
one bridging group, we have carried out the reactions shown in egs. 9
and 10. The products shown are those expected and although materials
have been obtained from these reactions, their full characterization is

still in progress.
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In another set of experiments we have prepared the C02 dimer 8

shown in eq. 11.
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Treatment of 9 with [BH(O—j;Pr)3]’ produces what appears to be a dimeric
formyl species at -78°C. This species is reactive and decomposes upon
warm-up to give a product mixture which is presently being characterized.

F. Reaction of Tetranuclear Mixed-Metal Clusters with CO

We have examined the reactions of a number of mixed-metal clusters
with CO and found that they all readily fragment under rather mild
conditions. Full details of this work are described in the inanuscript
which is in press (September, 1980) in Inorganic Chemistry

and=15reﬂelesed—as—ﬂppende‘T?3 The most important conclusions drawn fram
this study are:

1. Realization that metal clusters with nuclearity greater than
3 are generally inherently unstable under CO atmospheres and
readily fragment to produce lower-nuclearity products. Thus,
uniess such clusters are tied together with bridging ligands,
they will probably be unsuitatle for directly catalyzing
reduction of CO. They may, however, fragment to yield catalytic
pieces.

2. Determination of the mechanism by which these fragmentation
reactions occur. This was accomplished by the series of kinetic

experiments outlined in Appendix 1 which also gives'the derived

mechanism. : Y
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