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 As Catalysts

Earl L. Muetterties
Department of Chemistry
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. " and
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Abstract

Experimental and theoretical modéls for structural and electronic features’

requisite for catalytic activity in metal clusters are critically examined.

.Specifically, the catalytic activity of the coordinately unsaturated class of |

BIé}n is discussed for thevhydrogenation.of olef ins,

acetylenes, arenes and carbon monoxide. Reaction mechanistic features of

clusters, {HRh[P(OR)

these cafalytic reactions are descfibed. Catalytic hydrbgenafion.of'cafbon
monoxide is also examined in the context of'the dissociative ‘pathway,
[M(surface)—CO-——q.M(surface)-o.+ M(surface)—C], and of cluster_modeis'of
intermediatés in metal surface caﬁélyzea_cé hydrogenation reactions. The
reaqtivity’of low-coordinate and exposed carbide caﬁbon atoms in molecular

metal carbide clusters is critically evaluated.

- Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48.

This manuscript was printed from originals provided by the author.



Introduction

. - 1-8 . C
In earlier analyses, we have established a correlation between

metal clusters and metal surfaces with chemisorbed molecules in the specific

contexts of (1) the metal frameworks wherein the metal cluster core structures are

. fragments of cubic and hexagonal close packed or body centered cubic metal

bulk structures, (2) ligand stereochemistry where the geometric features
of ligands bound to clusters and to metal surfaces are similar, (3) thermo-
dynamic features where the average bond energies for ligand-metal and metal-metal

bonds are very similar, for a specific metal, in the metal cluster and -

- the metal surface regime, and (4) mobility of.ligands bonded to metal

cluster frameworks and to metal surfaces. Nevertheless, there are sharp

distinctions between surfaces and clusters. The average coordination numbers

~

for metal-metal interactions and for metal-ligand interactions are distinctly

different for clusters and for surfaces: generally, the former are larger for
surfaces and the latter are larger for clusters. Additionally) the surface
state is typically differentiated from the cluster state in the degree of

coordination saturation--the metal atoms in the surface state are typically

less coordinately saturated even for the states in which molecules or

moleéular fragments are chemisorbed at the éurface than those metal atoms at the
periphery of a molecular metal cluster. _In the crucial chemical‘issue,

metal surfaces are far more reactive than metal clusters. Metal surfaces
exhibit a wide range and high level of cataiytic.activity,whereas most.

metal clusters are catalyticallj inert at least undervﬁodest reaction conditions.
Most reported cluéters are relatively stable and nonreactive; they are not

the products of sophisticated synthesis procedures designed to generate

highly reactive metal clusters. They commonly have been the products ofv
reaction mixtures run at forcing conditions and are thermodynamically

controlled not kinetically controlled products.



rﬁi often encounter the queétion, "what havg mgtal cluSters done (in a
catalytic context) better than the established molecular mononuclear metal
complexes?" The énswér simply is’nothiﬁg. A few clusters have been shown
to be catalyst precursors but for these systems there has been no unique
catalytic activity and there has been no QefinitiVe mechénistic study.

Why should there be an interest in molecuiar metal clusters in catalysts?
What are the expectations? Consider the conventional, coordinately
saturated metal cluster. For such a species to be catalytically active,
a bond must be broken either in a preequilibrium step before the catalysis
substrates bégin to coordinate to a specific metal atcm site or iﬁ a
- concerted (asSoéiative) step whefeby catalysis substrates coordinate to a
specific metal atom site. Bond scission may comprise a wetal-ligand or
'metal-metal bond cleavage.. If the latter prevails, the ciuster may only
serve'as avsource of reactive mononuclear metal comple# fragments. However,
even if the former prevails, the catalytic sequence may directly involve
only one of the metal atoms in the cluster frameﬁork. If concep£ua11y a
unique reactivity, eithgr stoichiometric or catalytic, is to be realized in
me;al clusters;1f378’? é cluster reéétivity predicated on contiguous mﬁltiplg
metél atom sites‘should-be sought. The issue then is the;design of a
cluster that preseﬁts the possibility of consecutive reactions at different
metal atom sites in a molecular cluster. Such reactivity is notbﬁgcessarily
achieved by simply heating (or literally pyrolyzing) a cluster, by
photoactivation or through the usebof a heteronuclear, yet coordinately
saturated, metal gluster.

One class of cluster structure that might possess a reactivity

seqﬁentially centered on contiguous metal atoms would have weak field



clusters, Os3(CO)lo(NCCH

ligands like acetonitrile or ethers bonded to these contiguous metal atoms.

iFacEle displacement of such weak field ligands from mononuclear and

polynuclear metal complexes is'well.established.g’10 However, oﬁly two
3)2 and‘Os3(C0_)lo(91efin)29 have been reported
with the requisite placement of two weak field iigands at adjacent
metal atom sites.11 This.;pproach-to clusters with multiple metal atom
site reactivity should prove successful espécially with multideﬁtate,
weak field ligands but no such cluster and associated catalytic chemistry
has been reported to date.

An alterﬁative approach t§ cluster cat#lysfs with‘édntiguous metal

atom site reactivity is the design of metal clusters with all or most

metal atoms coordinately unsaturated. This synthetic approach

to reactive metal clusters is presently a major thrust in our research and

“is discuséed, in some detail below, for a set of coordinately unsaturated, .

polynuclear rhodium hydrides.
A catalytic reaction of considerable scientific charm is _thevcatalyt‘:ic
hydrogenation of carbon monoxide.6 The reactant is a diatomic molecule

with a bond energy that exceeds that of any other bond in any known molecule.

~ Yet carbon monoxide can be hydrogenated to a variety of species such as

. methanol, alkanes, alkenes, arenes, etc. by such catalytic agents as metal

surfaces,lz'metal oxide'suffaces,12 and a few mononuclear metal carbonyls.l3’la

Of particular interest to us has been the mechanism of co hydrogenation‘.
reactions in which the C-0 bond is cleave&?‘at some step, so as to give‘
products that are hydrocarbons -- élkanes, alkenes,.or arehgs or a mixture
thereof. Contemporary evidence indicates that tﬁese reactions often occur by a

first step of dissociative CO chemisorption to give chemisorbed carbon and

oxygeh atoms. Subsequent steps of C-H and C-C bond formation occur in some



order to give the conventional products of the catalytic methanation or thé

- Fischer-Tropsch teactipn; the chemisorbed oxygen atoms are converfed‘tovco and/or wate

: 2
din parallel reaction sequences. The initial steps in this pathway of CO
ﬂydrogenation to hydrocarbons raises questions about model reactions or
intermediates in molecular metal clusters. We explore in the second
section of this artigle model reaction steps or intermediates in Cd

hydrogenation reaction sequences.

Discussion

Coordinately Unsaturated and Catalytically Active Metal Clusters

| A claéé of coordinately unsaturated meta} clusters was discovered
in our research group byFShéer accident. 'It had been established ﬁhat
n3—allylcobalt tris(trialkyl phoéphite) and tris(trialkylphospine) complexes.
were unique stereoselectiveVcatélysts for the hydrogenation of aromatic
hydrocarbons}jsln an attempt to extend this chemistry to rhodium;‘Andrew
Sivak found that hydrogen rapidly_cleaved-thé alkyl-rhodium bond in

. n3-C3H5Rh[P(QR)3]2 to give, among other products,polynuclear‘{HRh[P(OR)3]2}x

complexes with_x = 2 or 3.16_18 These pelynuclear rhodium hydrides have pro&en
to be catalysté of widely ranging chemistry and of extremelf high feactivity
for some simple hydrdgenéfion reactio'ns.l8 The significance of this-éhemistry
lies not in the value of the‘catalytic reactions because none is uﬁique

but in the mechanistic infdrmation about reaction sequences in clusters

" in which cont iguous metal atéms are involved and in the possible insights
provided by analogy to mechanistic features of similar reactions‘thati

proceed on metal surfaces. -

} are a dimer with

‘The polynuclear rhodium hydrides'{HRh[P(OR)3]2 x

triisopropyl phosphite ligands and trimers with trimethyl and triethyl



17,19 '
7.1 of the dimer

~ phosphite ligands. ZX-ray and neutron diffraction studies
es;ablished that the P4Rh2H2 framework atoms were coplanar within experimental

error; see 1 below.

1
The Cdplénarity'of‘the core strucﬁure, and the near 90° coordination angles rigorously
establish the square planar coordination geoﬁetry about each fhodium atom.
. This dimer has onlyv28-valénce electrons and is coordinately unsaturated.
X-ray and neutron crystallographic:studiés of the trimer’{HRh[P(OCH3)3]2}3
established a core stﬁucture that was a nearly equilatéééi array of rhodium |
Afoms with hydrogen atoms bridging the triaﬁgulér edges. ' The immediate
coordination spherevabout each rhodium atom was square planar with two
.hydride hydrogen atoms and two phosphite phdsphorué atoms.  All intérbénd
angles about each rhodium atom were close to the 9O°7required fo? square
planar geometry (see Figure 1). Thé cluster is coordinately unsaturated and
has only 42 vaience'electrons;i48 is the nuﬁber for é nominally'saturatéd trinuclear
cluster.
These dimeric and trimeric rhodium hydrides were extremely active
catalyst precursoré,for terminal olefin hydrogenétion to alkanesJ-In fact,
the rates were, or nearly were, diffusion controlled at 20°C. The scientific
issue is "how do the reactioné proceed?" Neither dimer nor trimer reacted
rapidly with an olefin; these reaétions were extremely slow ana complex in
éharacter. Reaction with;hydrogen was virtualiy instantaneous and.

was visually épparent in the transition from green-black (dimer) or brown-black






(trimer) to bright red. We had expected-thatJhydrogen additionrwould convert

these polynuclear hydrides to mononuclear metal hydrides, equetions (1)

-and (2); however, the Stoichiometry established in each case Qas precisely one
2H, + {HRh[P(d—i-03H7)3]2}2;== 2H,Rh [P (0-1-C,H,) 41, (1)
3H, _+. {HRh[P(OCH,) 41,1}, = 3H3Rh[P'(OCH353]2 . @ |

mole . of H2 per moie of cluster, equations (3) and (4). There was no evidence

of a mononuclear species in this hydrogen reaction system.l_8 NMR' spectroscopic

H, + {HRh[P(0-i-C,H,),]1,},= H,Rh, [P(0-i-C,H,),], (3)

H, + {HRh[P(OCH;),1,},== H Rh [P(OCH;),l1, = (4)

. . - . : - 18
studies establlshed the dimer adduct to have .the stereochemistry shown in 2.

TN

Thievdimer hy&idgen adduct was stereochemicelly nonrigid. Hydride hydrogen
atom site exchange was slow at -90°C: there was one terminal and two discrete
bridged-hydride 1H NMR resonahces. On warming, hydrogen atom‘exchaege :
between sites Ht and Hb occurred first. The character ofAtﬁe line

shape changes of the low tempefature process established structure 5

as the exchange intermediate or transition state for theiovexall process 4.

T
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Also stereochemically nonrigid was the trimer hydrogen adduct, HSRh3[P(OCH3)3]6.
Because an unambigﬁous structural interpretation of the_lH NMR spectrum for
this trimer hydrogen adduct was not possible, a discussion of structural
and exchange phenomena ié deferréd until crystallographic data ére available
for this complex. Analogous crystallographic aata are bging sought for the
dimer hydrogen adduct, H4Rh2[P(OCH3)BJ4).18

A fairly precise definition .of mechanism is available for the hydrogenation
of alkenes catalyzed by the polynuclear rhodiumAhydfides. Tﬁe first step

was hydrogen addition: olefins like ethylene reacted very slowly with either

{HRh[P(D—i-C3H7)3J2}2 or {HRhA[P(,OCH3) 1.}

2793 but hydrogen reacted instantaﬁeously

with theldimer and trimer as noted above. Both dimer and trimer_hydrogen
adducts'reacted with olefins to rapidly form alkane and the dimer and-ttimer,
Irespeétively.. Low .temperature NMR studies with fhe dimer hydrogen adduct, |
H4Rh2[P(O—ifC3H7)3]4, showed that the addﬁét formgd a comple% with ethylgne

at -100°C. This olefin COmplex’répidly eliminated ethane to reform the dimer,

| . » - . v 18 :
{HRh[P(O—i—C3H7)3] }_, at temperatures above v -80°C. All these data  strongly

272
implicate the folléwing reaction scheme (5) - (9):
{HRh[P(o—i4c H.).]1.} ;..—\ f;':ha.g}_'RhZP ’ ‘ (5)
37737272 poRagm e _
B RhGHsS Rheo® =2 P\}';h/n\ ~-P
P~ ~NH” P P/IEI ~H ~p - (6)
H . _ . H
P rhJH> P ' AH~gh~P 7.
poRISES RIS + Coffy —> pING RIS, - (7
H R .
: . . C2H4
AP S N S
Prlﬁh-HrR|h\p p~RhHZRACC,Hy o
TR , .
C2Hy
P\Rh(-g>Rhlg H —> C_H + {HRh [P~-i-C_H.) ] ]. » (9)
P S NP2 5 276 377'3°272
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Because step (g) to (9) was extremely fast, no information about‘the pcstulated_etﬁyi
in%ermediate can be obtained. The precise stereochemistry of the olefin complex

" (step 7) cannot be established frcm the NMR data: the stereochemistry

can bevestablished oniy if this therﬁally reactive intermediate can be

isolated by low tempefature techniques_as é single crYstal susceptible to a

low temperature X-ray or neutron diffraction study. Accepting the qualifying
rémarks.about the stereochemistry of some intermediates, the catalytic reaction
sequence has features that are important. Effectively, the sequence shows hydrogen
addition to one rhodium atom and olefin addition to the other rhodium atom, i.ei, oné
type of chemistry'at one metal site and anothef ét the second sitc - the

very type of reactivity thét we ceek in the'chemistry cf rcactive;bcoordinatelyv
unsaturated polynuclear metal complexes. ‘A similar chemistry can be

postulated for the trimer but more specific crystallographic data, as noted

above, are rquired; a gossible intermediate prior .to olefin.addition-is

“shown in é where one. rhodium atom is square planar, coordinately unsaturated,.

5

and presuﬁably the site of subsequent oleéin‘addition.

Olefin hydrogenation catalyzed by the pclynuclecr rhodium hydrides was -
extremely fast while acetylene'hydrogecation catalyied by these species was
relatively.slow -- yet the product of the acetylene hydrogenation reacticns
was an olefin, specifically the Siﬁ.; olefin, in reactions that were run short of"
completion}s'This observafion, not uncommon for_molécular and for surface

catalyzed reactions, is explicable only if the mechanisms of olefin and of

acetylene hydrogenations are sequentially differentiable. In our rhodium
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'sysfem, acetylenes unlike olefins reacted rapidly (and prefefentiaily with
respect to hydrogen) wifh the polynuclear rhodium hydrides to form inﬁermediate
_com.plexes.21 The intermediate complexes and the thermal reactivity of the
intermediates were a sensitive function of the substituents on the acetylenic
carbon atoms.21 In the spécific case of diphenylacetylene, the initial

).1.}, complex was a ' ..

reaction product with the dimeric'{HRh[P(o—i—C3H 31575

7
dimeric species with a bridginé hydride hydrogen atom and a vinyl,

C(C6H5=CH(C6H5), ligand that appeared to be bridging, 6.21 A crystallographic

analyéis of this intermédiate should be completed soon. Tﬁe rate determining

step in aéétylene hydrogenqtion was the hydrogen-éddition step to a
~ species like E to give the cis alkene and the rhodium hydride dimer.  Because

of the generality of selective acetylene hydrogenation, we are presently investigating
ﬁechanistic features of acetylene hydrogenation fgactions catalyzed by

molecular and metal surface catalysts. Inferestingly, fhe ﬁechanistic

features of no acetylene hydrogenation reaction has beén definitively

established with the exception of those catalyéed by'Kns—CSHS)2M02(CO)4(MZ—RC2R)22-

The {HRh[P (O-i-C_H Y.1.}. dimer also is_a catalyst for arene hydrogenation

37737272
but the reaction was extremely slow. This reaction is not mechanistically charac-
" terized but is presumed to involve monomeric HRh[P(O—i—C3H7)_3]2 species that are not
18,21

kinetically important in the olefin or acetylene hydrogenatibn reactions. .

In the analogous cobalt system, monomeric HCo[P(OR)3]2 is presumed to be the






. . ‘_ . 4
key catalytic species and reacts with benzene to form HCo[P(OR3]2(n ~C6H6).23

Intermediates in CO Hydrogenation Reactions

There is a current sciéntific fascination‘wifh CO.hydroqenétion reactions,
a fascination prgdicated on technological features of potential imporfance..
The readyvgeneration of CO + Hz.mixtures'from‘coél |
reserves.has served to focus attention on the potential importance of catalytic
reactions.that can convert these mixtures to useful hydrocarbons or hydrocarbon

intermediates. The value of the CO + H, conversions to methanol is of

‘ 2
substantial teéhnologiéal and economical importance and should remain so.
Improvements in this basic Catalytic reaction will prcbably come slowly.

The primary limitation in the best processes tbday_ié neat reméval. For this
reason, theré is an interest in a homoéeneous catalytic précess where this
heat femoval problem might be resolved without sacrifice in space time
yvields of methahol and;in catalyst lifetimes. Alternatively, methane can

be produced as a fuel from CO and H_ but at an energy expenditure in the C-0O

2

bond cleavage reaction. BAnother alternative is the conversion of CO and H2'

to a mixture of hydrocarboné or hydfocarbon derivatives——fhe basic Fischer-
Tropsch reaction. The future economics of ﬁhis type of reaction is questionable--
it is energy consumptive and,as we know it toda&, nonsélective{ Alternatives

are selective syntheses of specific hydrbcarbons, or hydrbcarbon derivatifes, e.g.,

ethylene or ethanol, from CO and H. but these possibilities are not established

2

to date. I see the academic issue in catalytic CO + H2 reactions as one of
establishing reaction mechanism sequences. Establishment of reaction mechanisms for
co + H2'reactioné is not only scientifically challengiﬁg but also of potential long 'f
range technological value for a rational design of new selective hydro-
carbon syntheses. Here T wish. to éddress,specifié aspects of catalytic co + H2

reactions in which CH, or hydrocarbons (Fischer-Tropsch reactions) are produced.



| ]

The chemisorption behavior of carbon honoxide on metallic surfaces
’is%aependent upon the electropositive character of the metal. At the
"one eXtreme, the chemisorption and thermal'desorption-processes for CO on the
more_electronegafive metals like platinum and iridium appear to be fully
molecular (associati&e); For éxample, Qe hévé found that the. chemisorption
of 13CO and C180 mixtures on platinum (111) surfaces ét 20 to 250°C led to é
~chemisorption state that on_thermolysis vielded only l.3C0 and C180, né

13C180.24

cross product There was no evidence of C-O bond cleavage under

,these réaction conditions.‘ However, the chemisorption of CO on i?on surfaces;
'good catalysﬁs for Fischer-Tropsch reaétions, is:dissoéiative‘in character to
give disjoiﬁt carbon and oxygen atomé chemisorbed on the surface. Similarv
evidence has been presented fof ruth_e_nium,25 cobalt,25 and_niékei.zs'z6 surfaces,
théhfare al;o gdod caﬁalysts for hydrocarbons frbﬁ.co-+ H2. ~ Thus,

the Fischer-Troéséh reéétions and aiso the methanation reaction (methane
produciné réactiqn) often appear. to initially involQe as a'sole or a
contributing.hydrocarbon synthesis sequence the disSpciative chemisorption.‘
of CO to give M(surface)—c_énd M(#urface)—o species. Evidence has been
vpreéentedvthat the M(surface)-C species are reactive towards hydiogen, to'give
hydrocarbons, ‘at temperatures as low as‘25°C.27_ Some investigators are

27-31

directly addressing mechanistic features of such CO + H, catalytic reactions.

2
We are attempting to establish analog or model reactions of such surface
reaction sequences in molecular metal clusters. These attempts are described
below.

Reaction of Fe(.CO)5 and Fe(CO)42— yvields FeGC(CO)léz-’ an octahedral iron

cluster, 7, with a carbide carbon atom at the center of the octahedron.
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Formation of this interstitial or cage'carbiderfrom carbon monoxide éstablished
in clﬁster chemistry a capability for the conversion of CO to a carbide

éarbon atom but the product has not an exposed but a ¢age carbide carbon

atom; Subsequent carbide hydrogenation, in>further pﬁrsuing the analogy,'_

would require an'exposed carbide carbon atom. However, an intermediate in

this #eactidn may be'FeSC(CO)l42“, a square pyramidal iron cluster with an
’exposed carbide carbon atom located in the square base, because the conversion

of FeSC(CO)142_ to (FeGC(COilGZ_] with iron.carbonyls haé been demonstrated. The
structure of the parent FeSQ(COll5 carbide.cluster with én exposed carbide

carbon atom is shown in 8.32

8

In the Cd aiSSOCiatiVe chemisorption péthway to hydrocarbons ffom CO.+ Hp
ieactants on métal.surfaces,'the second step is osteﬁsibly surface hydrogen ator
transfer to the carbide carbon atom to initially form a chemisorbed CH fragment
that subsequentlj thrﬁugh'a series of C-H and C{C bond formation reactions
leads to hydrocarbonnformation ala the Fische?—Tropsch reaction. Can this

'vsec0nd step of hydrogen atom addition to a . carbide surface atom be modeled
in molecular cluster chemistry? Such a reaction step requires a second step of
hydrogen o#idative addition and.ihen hydrégeﬁ-atom migration to the carbon B
center to form a-mefhylidyne, CH ligand. We have éttempted'fo add hydrogen

to the Fesc(,CO)5 cluster, 8, but with no success up to temperatures of Vv 80 - 90°C.

- ‘ . L. 33
where thermal decomposition of the cluster was relatively rapid. In addition,
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1
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L

the expoéed carbide carbon atom of § appeared to have little.or no donor
 'ch;racter; éttempts to protonatelthe cafbide cagbon atom‘of § were also.'
'hnsuccessfﬁl. Activation éf'g towards hydfogen addition is'also being sought
through photoactivation (possible generation of the coordinately.unsaturated
F-eSC(CO)14 clustér) and by substitution of CO by phosphine or phosphite ligands.
Neverthelesé, it is clear that the cafbidé carbon atom in the coorainately
 saturated FeSC(CO)15 molecuie is not especially reactive and.doe; not model
the reactive carbon atoms generated on metal surfaces byvdissociative Cco
chemisorption reactions.

Aétually, the low reactivity of the FesC cluster wés to be expected.
first, FeSC(Cd)15 is COOrdinately’saturated élthqugﬁ thié feature},in principle,‘
could be circuﬁvented_simply by thermal or photo—dissociation.of a carbonyl
ligand. Secondly and mostvcritiCally, the carbide carbon atom in FeSC(CO)15 haé
a coordination number of five--the carbon afdm'is within bdnding distance of all
five iron atoms--a féature thatvundoubtedly lowers the reéctivitynof the cérbide

carbon atom. All other previously known metal carbide clusters with exposed

C(C0) (sQuare pyramidal M

5 15

carbide carbon atoms are structurally analogous to Fe 5

¢oie structures with the carbide‘carbon atom located ;n the basal plane or
displaced slightly from this plane away from the unique apical metéi atom).
However, a surface carbide -carbon atom generated from CO éissociative chemi-
sorption typically should have a metal éoordination number of three or, maximally,
four. Thus, a cluster carbide model if it is to have high reactivity should

vhave the carbide carbon atom bonded to only three or four metal atoms. Our
research has beeﬁ di£ec£ed tb'the synthesis of such cluéters and we have

obtained one cluster that hés provided substantial insight to carbidevbased
cluster chemistry and possibly to metal surface chemistry.34 ihe ciuster is

Fe4C(CO)122— which has the iron carbon framework illustrated in 9; the
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2

"in the cluster.

[ty

iron. atoms are in a butterfly array with the carbide carbon atom nestled above

3 : : R R . . :
5'36 The carbide carbon atom is within bonding distance of all four

the wings.
iron atoms. This fogr—coordinate.carbide éluster is coordinately saturated and
explicably underwent no reaction with hydrogen‘at least under mild conditions.3é
However, oxidation of Fe4C(CO)122— with silver ion at v 0°C yielded the very
;eactivg Fe4C(CO)12 cluster which in fact reacted with H_  and D, to form

2 2
. 2 - 2 34
respectively the clusters HFe4(n -CH)(CO)12 and DFe4(n_—CD)(CO)12.

" Thus,
facile hydrogenation, at least to the methylidyne'stagé, of a carbide carbon atom
in a cluster has been demonstrated. Understandably) this is not part of a catalytic

cycle but it does présent a viable model of the first step in a carbide carbon atom

hydrogenation sequence. In addition, the methylidyne cluster product has provided

~some valuablé information. about the bonding of a methylidyne fragment to an aggregate .

. : . 3
of metal atoms and of the chemical character of the methylidyne hydrogen atom.

The éore,structure of HFe4(T]2-CH_)(CO)12 as established.by a low temperature

VX—ray and neutron diffraction studies is iilustrated'inlo;not_shown are

10

the twelve terminally bonded CO ligands——thrée are bonded to each iron atom

35,36 ' ; :
_ There are two cluster molecules in the asymmetric

unit of the unit éell; and within near experimental error, there are no differences

between the. two molecules. Of focal interest to this discussion is the

methylidyne ligand. The methylidyne carbon atom is.within bonding distance,

o ,
1.83 to 1.93a, of all four iron atoms in the cluster, and the methylidyne
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hydrogen atom is within bonding distance .of the carbon atom and one of the
apical iron atoms. Tight, closed three-center two electron bonding, analogous
to established structures in boron hydride chemistry, is suggested'by the bond

. . ]
distances in this three-center unit, 1l.  The Fe-H distance is 1.75A, only

H

/ N\

C —————Fe

11

~ -~

slightly larger than thé Fe—H‘distance-(l.67g) for the hydride hydrogen atom -
~ that bridées between the two basai iron atomé-.The Fe-C distance is normal 1.93&;
Aand thé C-H distance is unusually long, l.lsi(aver), bu; §till a bonding
distaﬁce;'”The long C-H distance ié consistent.with structu;al, exchange,
-and chemical data cited below. |

_NMR studies of solutions of‘HFe4v(n2'—CH)(CO)12 established a rapid switch
of the methylidyne hydrogen atom from one apical iron atqm to the o.ther.34

In addition, there was a slower site exchange of hydrogen atoms between the

Fe, site.34 Base removed the hydrogen

C-H-Fe site, 11, and the Fe _ ,-H-Fe, .,

atoms in HFe4(n2—CH)(CO)12 as protons; the déprotonation occurred in stepwise
- fashion first to give [HFe4C(C0)12f] and then [fe4C(CQ)122—]. The "acidity"
of the.methylidyne hydrogen atom was clgarly_shown in the abstraction of the
hydrogen atom by the weak base methanol tq give [HFe4C(CO)12_].34

 A11'previous1y reported méleculaf metal clusters with méthylidyne ligands
had the methyiidyne carbon atom bonded to three metal atoms to fofm a

- compressed tetrahedrai CM, core with the C-H bond colinear with the-

Sav 3 -
. - . . . 37,38
three-fold axis, e.qg., HCCoB(_CO)9 and related ruthenium. and osminum clusters.

All these clusters were coordinately saturated. The iron butterfly would have been
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coordinately unsaturated without the three-center C-H-Fe interaction, %Z.
Sihce metal atoms at a metal_surface;are typically coordinétely unsaturated
© even with chemisorbed molecules on the surface, it seems reasonable to
presume that‘a CH fragment bound to a meﬁal surface would have‘the CH vector
tipped with respect to the surface normal so as to devélop multicentei
-C-H-M bonding. Wé have attempted to éainvsome understanding of such surface
boﬁding features by a molecular o?bital study of ?he bonding of simple.
.CHx fragments to_a-metal s‘urface.39 We'found, fof the face_centered.cubic

nickel (111) surface, stereochemistry 12 with the methylidyne carbon. atom over a

~

12

~

three-fold site to be of lower energy than for the carbon atom over a two-fold site
or directly over a single metal étom.39' However, of lowest energy is stereochemistry

13 with the carbon atom slightly off the three-fold site and with the C-H vector
13

tipped so as to generate a three;centeer—H—Ni interaction. Of experihental
significance is the spectroscopic evidence that chemisbrbed.CH on a Ni(1l1ll) surface
has the C-H bond tipped with respect to the surface norxﬁal.40 A stereochemical and
bonaing model vamethylidyne as found for the iron cluster is apparently a model of -

potential significances for metal surfaces. The high lability of the metﬁylidyhe
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‘hydrogen aﬁom with respect to H-D exchange with metal hydride hydiogén atom
environments'for the iron cluster is fully COnsistenﬁ with the metal surface
 ‘observations for herocérbon - D2 mixtures. Also notable is the long C-H
- bond distance for the methylidyne ligand in the cluster and.the "protonic"
character of the hydrogen atom.' If the analogy between cluster and surface
extends fo such'bonaing and chemical detail, thén basic éites on sﬁpported v
metal catalysts may substantially affect the eatalytic reactidn»sequences
for hydrocarbbn reactions and for CO hydrogenation reactions that proceéd
through CH sprface intermediates.
‘We now seek more detéi;éd informatioﬁ ébout possible. later. steps .in
€O hydrogénation reactions (methanation or Fischer-Tropsch reaétions)
from cluster chemistry‘or cluster models of iﬂtermediates. Specifically,

we seek structural and stereqchemiéal definition of CH., and CH

2

3 bonding in

coordinately unsaturated. metal clusters. Multicenter C-H-metal bonding should
also be important . for CH, and CH3 ligands. In fact, our molecular orbital

calculations for CH2 on a Ni(lll) surface ‘indicate that 14 is of lower energy

than 15 simply because of the three-center C-H-metal bonding in 14. 'Also, the

14 ' ' . 15

. : H
methyl ligands in the osmium cluster H(CH3)053(C0110 has multicenter Os—g—H—Os

29,

bonding as shown in 16 and thereby the cluster achieves coordination saturation

-~ B

through this additional bonding interaction.4_1
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16
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Chemistry for nitrogen (nitride clusters) analogous to the forégoingv
iron carbide chemistry has récently been developed and these clusters maf
provide insight to nitrogen conversipn by hydrogen to_‘ammonia.42 The cluster
‘HFesN(CO)i4, which has an exposed nitride nitrogen'atdm in the bgse of a
square pyramid of iron atoms is isoelectronic and is structurally analogous
to the.previbusly cited FeSC(CO)15 as esfablishedvby an X-ray diffraction
sﬁudy. Two four;coqrdinate nitrides, HEe4N(CO)12 and [Fe4N(CO)12_] have
- also been prépared'but their chemistry is not vet defined.but all spectroscopic

2~, 9,'with_the hydride

" ligand in HFe4N(Cd)12 bridging the basal (Fe?) iron atoms. 42

. data indicate that these are analogous to Fe4C(CO)12
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Figure 1:™
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Schematic representation of the crystallographically determined structure

3Rh3P6cluster

coordination sphere. Although the H3R3P6'core structure is not coplanar

of {HRh[P(OCH3)3]2}3 in the reduced context of the H

(the core only has near-c2 symmetry), each rhodium atom has a near

‘square planar coordination geometry with two hydride and two phosphorus

(phosphiterligand)'ligand atoms. Inspection of the figure shows that

all interbond H-Rh-H, H-Rh-P, and P-Rh-P angles are nearly 90°.
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