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Stereochemistry in the 

Coordination Chemistry of Metal Surfaces 

• 	 E. L. Muetterties 

Contribution from the Department of Chemistry 
and the Materials and Molecular Research Division, 

Lawrence Berkeley Laboratory, University of California, 
• Berkeley, California 94720 

Abstract 

The stereochemistry of metal surface coordination chemistry is discussed 

with respect to the chemisorption states of hydrogen, carbon monoxide, 

nitriles, isocyanides, pyridine, benzene, acetylenesand olef ins. A 

stereocheinical comparison is made with the binding of such species on metal 

surfaces with the binding in discrete molecular clusters. 

Introduction 

Molecules can bind with metal surfaces in relatively complex fahion' 2  

with multicenter metal-ligarid atom interactions. Initial.binding may be 

followed by one or a series of bond scissions to yield an array of molecular 

fragments bound to single or to several metal atomS. 2 ' 3  Presently available 

spectroscopic and diffraction techniques for surface studies do not easily yield the 

precise structural and stereochemical definition of the techniques applicable 

to molecules and to bulk structures. 3  I describe here the status of 

stereochèmical definition of metal surface chemisorbed species and the 

possible stereocheinical relationships between these species and those bound 

to metal atoms in discrete or molecular mononuclear and polynuclear2 8 
 metal 

complexes. A set of relatively simple molecules, hydrogen, carbon monoxida, 

nitriles, isocyanides, pyridine, beniene, acetylenes and olefins is discussed 



in the contexts of stereochemistry in metal surface coordination chemistry 2  

and of the metal surface-metal cluster analogy. 24  The latter consideration 

is Of significance on several bases. Because molecules or molecular fragments 

can and sometimes do bind to more than one metal atom in a cluster, the 

comprehensive stereochemistry of ligand-metal interactions in clusters 
0 

provides a series of potential (and simple) models of metal-ligand stereo-

chemistry at metal surfaces that are useful in the attempts to structurally 

interpret spectroscopic, diffraction and chemical data for metal surface 

chemisorption states. Secondly, there should be instances where stereochemIcal 
0 

features or trends in clusters and in surfaces will diverge. Identification 

of such systems with subsequent delineation of the factor or factors 

responsible will assist in establishing the "boundary conditions" for the valid 

application of a lOcalized bonding model to surface chemisorption states. 

Hydrogen Chemisorption State 

Hydrogen chemisorption on most transition metals is dissociative 9  at 300 K in 

that the H-H bond is severed and the individual hydrogen atoms are directly 

bonded to metal atoms at the surface. Conceptually, this is the simplest 

stereochemical problem but it is very difficult to resolve 

experimentally because most surface physical techniques do not sense the 

presence of the hydrogennuclei. Even a "vibrational" technique now in an 

extensive stage of development--analysis of energy loss in electrons 

inelastically scattered from. the metal surface 10--does not always sense 

vibrational excitation of hydrogen atoms chemisorbed on the late transitiOn 

metals.
11

' 12  For nickel(lOO), hydrogen forms an ordered 2 x 2 structure 

and the hydrogen atom explicably lies in the hollow, four-fold bridging site 
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as judged by electron loss spe.ctroscopic studies 11 ' 12 (see Figure 1). 

Analysis of low energy electron diffraction data from a nickel(lll) surface 

with chemisorbed hydrogen established that the.unit cell is twice as large as 

that of the two dimensional surface unit cell of nickel(lll) and that the 

larger unit cell is not rotationally disjoint from the nickel surface atom 

unit ce11. 3 ' 14  Registry of the two cells isnot established unequivocally 

although it has been suggested that the hydrogenatoms lie over every other 

unfilled three-fold site and over every other filled three-fold site (Figure 

2).' 

W'5  e 	are in the procss of applying molecular orbital theory to this 

issue of where a hydrogen atom would be most favorably (energetically) placed 

on the (ill) surface of nickel. Preliminary resUlts suggest that the ordering 

should be 3-fold sites > 2-fold sites > sittingatop individual nickel atoms 

(Figure 2). Differentiation between filled and unfilled 3-fold sites will 

require a precise quantitative calculation; this more subtle 

stereochemical issue will not be resolved by such an approximate theoretical 

analysis. Interestingly, qualitative considerations suggest 

that a more stable configuration would be the placement of the hydrogen atoms 

in the subsurface octahedral holes of the (ill)nickel face. There then would be a 

seeming inconsistency with the interpretation 14  of the low energy electron 

diffraction data; however, both chemisorption states should be 

present with their concentrations a function of surface coverage, and the 

diffraction studies would detect only the surface bridging sites. An electron 

loss study of hydrogen on platinum(lll)l6a detected a loss at 500 cm 1  that 

was ascribed to hydrogen atoms at surface three-fold sites. A similar 

suggestion for hydrogen on palladium(lll) was made from infrared studiesk 

of films. 
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Precise structural and stereochemical data for hydridometal clusters are 

especially revealing and possibly suggestive. In three-atom and four-atom-

tetrahedral metal clusters, the hydrogen atom is never in the center of the 

cluster (th center interstice is too small to accommodate a hydrogen, atom) 

but is in one of three possible positions: (1) terminally bound to'a single 

metal atom (analog of the sitting atop a single metal atom for the surface 

case), (2) bridging between two metalatoms (analog of the two-fold site for 

a close-packed metal surface), and (3) bridging between three metal atoms 

(analog of a (111) surface plane three-fold site). 2  Of these cluster hydrides 

structurally characterized to date, bridging hydride' ligands are more common 

than terminal hydride ligands. In the only octahedral metal cluster hydrides 

for which the hydrogen atom positions are unequivocally established 

(by X-ray and neutron crystallographic studies), the hydrogen 

atoms are in the octahedral hole! These clusters include the bioctahedral 

cluster hydrides,17a  Ni 12 (CO) 21 H 3  and Ni1 2 (CO) 21 H 2 2 , and 'the octahedrallTh. 

Co 6 (CO) 15}F cluster. A similar placement is established for the hydride ligand 

18 
in the octahedral Nb6H unit of Nb6I11H. 	Thus the data for clusters and the 

qualitative considerations would suggest that, at least for the later 

transition metals like nickel and platinum, chemisorbed hydrogen should first go 

below the surface in the octahedral holes provided that the activation energy 

for 'migration from surface sites to these octahedral holes is not too high-- 

a large activation energy for such a migration is not anticipated. The next 

sites to be filled should be the three-fold surface sites. However, our 

molecular orbital calculations15  actually show that that three-fold sites are 

favored over octahedral holes and predict the former are filled before the 

octahedral holes. Perhaps, with CO chemisorbed on the riickel(ll1) surface 

(analog of the nickel, carbonyl hydride clusters), the relative energy for 

three-fold and for octahedral hole sites would be transposed. 

4 
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The mechanistic significance of subsurface hydrogen atoms in the 

chemistry of metal surfaces could be significant. For example, the catalytic 

hydrogenation of acetylenes to give olefins of largely cis-stereochemis try is 

explicable if a bound acetylene is "attacked" from below the surface by 

hydrogen atoms. Analogous stereochemical features of aromatic hydrocarbon 

hydrogenation (e.g., formation of largely cis dimethylcycloheanes from 

xylenes) at metal surfaces would also follow from such considerations. 

However, "attack" by surface hydrogen atoms would yield the same cis ste•reo 

chemistry in hydrogenation products of olef ins and arenes provided that the 

olefinic C-C bond and the C6arene plane are largely parallel to the surface. 

Attack from below the surface, nevertheless, does raise the interesting possibility,  

that effectively only one surface metal atom might be required per olefin 

hydrogenation sequence whereas more than one surface atom is required if the 

hydrogen atoms are all ab.ove the surface. 

Carbon Monoxide 

Like chemisorbed hydrogen atoms, the chemisorbed carbon monoxide 

molecule could reside in the 3-fold, 2-fold or 1-fold sites (Figure 2) 

normal to the (111) faces of aface-centered cubic metal with the carbon atom 

directly bonded to the metal: atOm or atoms. The basic electronic features 

of these interactions would be fully analogous to those of mononuclear or 

• 	polynuclear metal carbonyls. Carbon monoxide cannot penetrate the 	• 

surface as a molecule but it can, and does with the more electropositive metals 

like iron, chemiorb with scission of the carbon-oxygen bond and these 

individual atoms then can move into and below the surface at least at 

elevated temperatures. 

For associatively chemisorbed carbon monoxide on metals like nickel 
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palladium, platinum, rhodium, ruthenium and iridium, the precise stereochemistry 

is not well defined. Interpretations of complimentary low energy electron 

19 	 . 	20a 	 26 diffraction, 	angle resolved photoemission 	and energy loss data agree 

in placing the carbon atoms atop single nickel atoms in the (100) nickel surface 

(Figure 1) although in the first analysis, 19  the co vector was set substantially 

off tue normal to the surface plane. The behavior of the palladium(100) 

surface in CO chemisorption is apparently quite different than nickel. Here 

the experimental data for the ordered and centered (4x2) 450 structure are 

consistent only with CO bridging between two palladium atoms2b (Figure 1). 

This divergent behavior of CO on nickel and palladium surfaces is really quite 

unexpected--more specifically, it is surprisingthat the CO molecule is not 

bridge bonded on nickel(lOO). 

Recently, the analysis of energy loss in electrons inelastically scattered 

from metal crystal faces on which carbon monoxide is chendsorbed has provided 

an extensive set of data that identify the energy associated with the 

stretching of the C-O bond in the chemisorbed carbon monoxide molecule. The 

results are interesting and the apparent •stereochemical implications are not 

always simple and not necessarily expected from qualitative considerations. 

Before discussing these results, it is instructive to consider the well 

established stereochemical features of metal carbonyl clusters. 2  

The binding of carbon monoxide to metal atoms in metal clusters includes 

(1) Terminal 2-center M-CO bonding with a V range of 2150 to 1950 cm'Co 

in neutral clusters. 
0 

(ii) "Edge" bridging 3-center 	/C\ 	bonding, analogous to 

the 2-fold potential binding site in a close packed metal surface 

(Figure 2), with a v range of -1880 to 1740 cm 1  in neutralCo 

clusters. 	 - 
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(iii) Face bridging 4-center 11 3-CO bonding with the CO vector normal to 

the M 3  centrolci, analogous to the 3-fold potential binding site in 

a closepacked metal surface (Figure 2), and with a v range of
CO 

- 	 -1 -1840 to 1620 cm 	in neutral clusters. 

These are the three established, idealized classes of metal-CO interactions 

in metal clusters; aberrant forms with unequal M-C distances are known for 

-• 

	

	the two classes of bridging CO interáctions, and these are, In a sens, 

intermediate states between the idealized forms. The energy difference 

between terminal and edge (37center) bridging sites can be quite small since 

studies 21  of intramolecular COexchange between such sites haeestáb1ished 

activation energies as low as -'-'8 kcal/mole which represents a maximum value 

for the energy difference between terminal and edge bridging CO bondenergies in 

these particular cases. In other cases, the activation energy for 

intramolecular site exchange is greater than 20 kcal/mole whichmiht indicate 

very large energy differences between bonding types. 21 TypIcally, the appearance 

of bridge bonding is more common in the clusters of first row transition 

metals than those of the second row which in turn are more common than in those 

of the third row. This shift appears to be largely electronIc in origin. 

Bridge bonding is more effective than terminal bonding for carbon monoxide in 

removing electron charge from the metal centers. This electronic effect 

is especially evident in the shift from terminal to bridge bonding upon 

increasing the formal negative charge on the cluster or upon increasing the 

number of strong 0 donor ligands like phosphines or phosphites. 

In addition to the above cited three idealized classes of carbon monoxide 

bound to metal atoms in clusters, there is a striking example 22  of a 

carbonyl ligand bound through both the earbon and the oxygen atoms to metal 

atoms in a cluster as structurally 22  depicted in:Figure 3. Conceptua1,, this 

cluster can be viewed as an intermediate between the associative and 

dissociative chemisorption states of carbon monoxide on a metal surface. 
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Much of the information about carbon monoxide chemisorbed states on 

metal surfaces has come from recent electron energy loss, studies although 

complimentary reflectance infrared studies have been made in.certain cases. 

One typical feature of these studies is that the apparent CO stretching 

frequency of chemisorbed carbon monoxide increases with increasing coverage 

of the surface by the carbon monoxide. For example, the frequency for CO on 	
Id 

Ru(OOl) (hexagonal close packed) dramatically and smoothly shifts from 1980 

to 2080 cm as surface coverage increases.23a One possible interpretation 

of this shift is that the stereochemistry 'smoothly shifts in registry 

(between surface metal 'atom and C(CO) atom two dimensional structures) from 

bridging to terminal ("sitting atop a single metal atom) binding as surface 

coverage 'increases. This registry explication is distressing to me--a 

coordination chemist--because the useful concept of directed bonding is 

inapplicable arid because the approximation of a localized, molecule-surface 

metal atom's interaction would appear to be of limited validity. I consider 

these possibilities to be relatively improbable especially for the 'case of 

low surface coverages simply because, the fundamental chemical bond and 

directed valence concepts, which are successful in explaining structure 

and stereochemistry for the gas, liquid, solution and solid states, should 

not suffer complete revocation in their application to surface chemistry. 

Perhaps, at high coverages particularly above one monolayer a more 

delocalized interaction will obtain since there will be a relatively 

large separation between the upper layers and the metal surface atoms and 

since nonbonded interactions between the adsorbed molecules will be more 

significant. 

A more attractive explanation for the CO frequency shifts with surface 

coverage is that the efficacy of the interaction of metal surface orbitals 

with the CO Tr*  orbital is significantly reduced as the extent 62 the co 
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surfnce coverage inceases(ef. discussion by Bradshaw and H offmana25C) 

Unresolved, however, is the issue of a stereochemical interpretation of the 

absolute values for the CO stretching frcquencies---are the values to a first 

approximation correlatable.with the ranges (cited above) associated with 

terminal, edge-bridging, and face-bridging CO ligands in molecular metal 

clusters? More appropriate would be the M-C stretching frequencies but 

unfortunately these are rarely pure MC stretching modes. Vibrational 

spectroscopic interpretations were relatively ineffective in correctly 

resolving fundamental structural and stereochemical issues in the early days 

of molecular structure studies but hopefully, this scenario will not be repeated 

in the more subtle and demanding area of surface structure determination. 

Carbon monoxide chemisorption on. .Pt(lll) is on the basis of electron 

loss and reflection.infrared studies very different from the chemisorption 

of this molecule on Ni and Pd(ill) surfaces. 24  For CO on Pt, there is a 

single loss at -2075 cm 1  within the temperature range ofl5O to 300 1K for 

very low CO coverage. This loss shifts slightly on increasing coverage to 

about. 2100 cm 1  and also a new loss appears at 1870 cm 1 . The initial high 

energy CO vibration was ascribed to CO at sitting atop a single platinum 

atom and the lower energy vibration to CO bridging two platinum atoms. 

Interestingly, a stepped platinum surface 6(111) x (111) also shows a major 

CO absorption at 2075-2100 cm'. (Both the flat and the stepped 

surfaced also exhibit a colanon high energy thermal desorption peak for CO 

at -520-540 K--this peak is the sole peak for low CO coverages on the stepped 

surface and is the minor peak,. the major one is at -460 K, for the flat 

surface.) 

b 	. For nickel 25a, and palladium 25c (111) surfaces, the carbon monoxide 

molecules chemisorbed under conditions of low coverage exhibit a relatively 

low CO stretching frequency. Nickel at 140 K exhibited a loss at 1810 cm' 

'p 
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at low CO coverages and this loss shifted to 1910 cm '  with increasing 

coverages. It has been proposed25b that initially CO goes to the three-fold 

ridging sites on Ni(111) and then shifts to two-fold sites at higher 

cover.ages. Palladium(ll.l•) shows in reflectance infrared studies a. relatively 

constant CO stretching frequency at 1823 cm 1  with low CO surface coverages 

at 300 K. At higher coverages a very broad CO absorption band (-P100 wave 

numbers) centered around 1870 cm 1  is evident and the peak narrows and 

progressively shifts to -4946 cm 1  at very high coverages. Bradshaw and 

I-Ioffmann 25c proposed that on palladium(lll) the CO goes initially to 

three-fold sites and then shifts to two-fold sitesat intermediate cbverages. 

Thus there is an apparent, similarity in stereochemistry for the CO 

chemisorption states on Ni(lil) and Pd(lll). The proposals that, at low 

CO coverages, the carbon monoxide is at three-fold sites are consonant with 

basic coordination.chemistry principles. At low coverages, the surface 

energy (or in the jargon of coordination chemistry "the coordination 

unsaturation of the surface atoms") should be most effectively reduced by 

coordination of the CO molecules to a maximum of metal atoms--i.e., at 

three-fold bridging.sites. The proposed platinum-CO stereochemistry at 

low CO coverages seems anomalous. 	. 

The ostensibly simple stereochemical problem of CO chemisorption states 

on close packed metal surfaces seems to be relatively complex. Complimentary 

studies of these CO chentisorption statesby other spectroscopic and 

diffraction techniques may be required for a full resolution of the 

stereochemistry--this has been done for the case of CO on Ni(100) (where 

the consensus has CO bound to single nickel atoms and not in bridging sites 

as would be expected at low CO coverages on the basis of coordination 

principles). The experimental and interpretational difficulties in this 
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area are substanta].. More than one chemisorption state may obtain 

under a set of temperature and coverage conditions--espcciauy at high 

coverages. Such multiple chemisorption states can present problems because 

one sp.ectroscopic or diffraction technique may be particularly sensitive to 

one state and another technique to another state. Surface coverage by a 

molecule on a crystal can--at best--he only semi quantitatively estimated 

yet the vibrational studies show the sensitivity of the absorption 

characteristics to coverage. In addition, the single crystal faces are 

not atomically perfect. Since vibrational absorption intensities can vary 

substantially it is conceivable--but perhaps unlikely-that the absorption 

intensities for chemisorhed molecules bound at "imperfection sites" might 

be larger than for those bbund in the normal crystal plane. 

(nit r.ile) and Iyanidemi2rtion 

Chemisorption of C113CN On the Ni and Pt(lll) surfaces leads to weakly 

bound states. 27  BOth chemisorption processes are largely theai1y 

reversible and the desorption temperature for the Ni(lll) CH3CN state, the 

more tightly hound of the two, is about 385 K. In the nickel case, the 

CH3CN surface structure is ordered; there is a 2x2 unit cell (Figure 2).27 

For both these metals, the CH3CN molecule appears to be normal to the surface. 

The nitrogen atom probably is bound at three-fold sites. In coordination 

chemistry, acetoni.trile is a weakly bound ligand thattypically is bonded to 

single metal atoms through the nitrogen atom. 28  

The isomer of acetonitrile, methyl isocyanide, is strongly bound to the 

nickel and platinum(lll) surfaces. 27  The binding to the nickel surface is 

thermally irreversible (hydrogen is evolved at380-480 K)and there is no 

evidence for displacement of the bound isocyanide molecule by other molecules 

like CO and acetylene. Methyl isocyanide chemisorption on plätiuumlll). is in part 
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thermally reversible and, the reversThie desorption temperature iñaximum is 500 

In cluster chemistry, an isocyanide can bind to a single metal 

atom in a2-center, 2-electron type of interaction or to two metal atoms in 

a bridging 3-center, 2-electron type of interaction. 2  Nmr studies of 

intramolecular isocyanide ligand site exchange in dinuclear metal complexes 

indicate that the energy difference between terminal and bridging sites is 

21 not very large (10-20 kcal/mole). 	However, an isocyanide ligand can also 

bind, in a multi-electron fashion, through both the carbon and nitrogen atoms 

as in NL+[CNC(CH3)3]7, 29  and this multi-center, multi-electron type of binding 

•can be quite robust. Hence, in the strong and thermally irreversible 

chemisbrption of. CH 3 NC on nickel(lll), the carbon and nitrogen atoms are 

probably bound to surface metal atoms. This would then place the hydrogen 

atoms of the methyl group closer to the metal surface than in the CH 3 CN case 

where the CN group is normal to the.surface. As established 30  in coordination 

chemistry, close approach of ligand carbon-hydrogen bonds to an unsaturated 

metal center can lead to a facile internal oxidative-additionof C-H to the 

metal atom to form Cr M-C and M-H bonds. This type of process could account 

for the thermal irreversibility of CH 3NC chemisorption on nickel and the 

evolution of hydrogen at the characteristic temperature for hydrogen desorption 

from a nickel surface as sketched in 1. 31 	 . 	 . 

H 

C—N 1-11  

CH 3 	
C—N "  , 	H 

/\ 1. 	 /A\! 
metal surface 	 metal surface. 

1 

An alternative 32  to initial associative CH3NC chemisorption would be a dissociative. 

process whereby CH3 and CN fragments would be bound initially to the surface. 

I 
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Sinco the C113NCchemisorption on platinum is in part thermally reversible, 

a distitiction between associative and dissociative chemisorption could be 

achieve.d for this case by isotopic labelling studies, e.g. chemisorption of 

a mixture of CD3NC and C11 3N 13 C and mass spectrometric analysis of the 

thermally desorbed isocyanide (nitrile 33 ). 34  

P)Lridine 

Pyridine strongly chemisorbs on metal surfaces. Infrared studies 35  

indicate that the chemisorplion process is dissociative with scission o[ 

the a carbon-hydro,on bond to form a pyridyl species as in 2 with metal-carbon 

H 	H 
\ 	• 1 

H-C 	C-H 
"C - N' 
/ 	\ 

2 

and metal-nitrogen bonds. In addition, low energy electron diffraction 

studies 36  of pyridine chernisorbed on platinum(l1l) suggest a.lárge anglebetween 

the plane of.  the C5N ring and the surface plane; and a large work function 

change 36  on chemisorption strongly implicates an interaction of nitrogen atom 

with the surface metal atoms. An interaction like 2 or a single N-Pt donor 

acceptor interaction are consistent with the data. Chemisorpt'ion of pyridine 

on nicke1(111) 37  is thermally irreversible, a property expected in a 

dissociative chemisorption process that, would generate species like 2. 

In mononuclear metal coordination chemistry, pyridine typically functions 

as a base or donor hg-md 	In metal cluster chemistry, pyridine can 
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function as a simple donor molecuJ.e and also can react in a "dissociative" 

fashion to give pyridyl cluster derivatives. The latter function is shown 

in the pyridi.ne reactions with osmiUm carbbnyl clusters 38  where the product, 

HOs3(CO)1oNCj1, has a heavy atom structure exclusive of the terminally bound 

carbonyl groups as shown in 3, with the C5N plane essentially normal to the Os3 

H H 
\ / 
C—C 

C-H 
"C—N' 

Os'--Os 

3 

plane. Thus the correspondence in function and stereochemistry between 

surface and cluster pyridine chemistry appears to be high. 

In the pyridine chemisorption processon metal surfaces, the following 

reaction sequences are the most probable ones. Initialinteraction between 

pyridine and a metal surface should be localized largely at the donor 

nitrogen atom to give a donor acceptor complex with the C5N ring plane more 

or less normal to the surface. Ring rocking in the C5N plane will bring 

the a-hydrogen atoms close to metal surface atoms. Thus a subsequent.C-H 

bond scission to give 2 andM-H surface species may occur. This secondary 

process is more likely to occur the more electropositive the metal and may 

proceed at high rates even at 20 ° C. For the more electronegative metals, 

like platinum, the rates for the C-H scission may become appreciable only at 

elevated temperatures and even may be lower than molecular dissociation rates 

whereby reversible or partly reversible thermal desorption will occur. 



:1.5 

t Ic 

• 	chemisorption of benzene on nickel and platinum low Miller index surfaces 

has been studied rdth1 extensively by low energy diffraction, photoemission 

and electron energy loss techniques. All structural conclusions from these 

studies agree. 36 ' 39  A Tf binding between the benzene and the surface metal 

• atoms has been proposed with the C6 ring more or less parallel to the metal 

surface--although some tilting of the rings for the Pt (ill) surface has been 

suggested froman analysis of low energy electron diffractionand Auger 

electron spectroscopic data. 39a 

There are at least four idealized structures for monocyclic aromatic 

hydrocarbons, 4-7, 40  in molecular arene-coordination chemistry. 

'•' 11 	 • 	' 	/ 

M. 

.x . 	 ••• 	 • 

7 
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In .monuclear transition metal chemistry, the fl 6-arene-metal class, 4, is by 

far the largest and, although •bond energies vary widely, the 11-ri 6-arene bond 

energy is large with respect to those of the other classes, the bond energy 

may be as large as 80 kcal/mole. 43  The diene-like, fl interaction between 

the arene and a metal in structural class 5 has been crystailographicaily 

defined for only about seven molecular complexes 43---the metal.-TI 	bond 

energy is not established for any complex but these bond energies should be 

somewhat lower than for the fl 6-arene--metal bond. The olefi-nic or fl 2-arene-

metal class, 6, is established only for d 1°  transition metal complexes and 

the bond strengths for these are relatively low. 43  One quite curious type 

of structure found for Pd2X2(arene)2 (X AlC14  or Al2C17) complexes 44  is 

shown in 7. In effect, this is a special case of Tj 2-arene-metal binding with 

a nearly square planar coordination geometry about each pali.dium atom. 

Development of metal cluster arene coordination chemistry is in a relatively 

early stage. In ruthenium cluster chemistry, there are examples, 45  specifically 

arene-RU6(CO)14 species, of an arene bound in an r1 6-fashion to a single ruthenium 

atom in the cluster. In addition, the reaction of benzene with 0s3(C0)1a 

yields a "benzyne' derivative, H20s3(C6H)(C0)9, in which a C611i unit is 

sigma bound to two osmium atoms and the ring is tilted toward the 0S3 plane 

through interactions of ring ii orbitals and orbitals of the third osmium atom 

(Figure 4)46  This reaction and the resultant complex represent a simple 

model of dissociative benzene chemisorption on a metal surface and of.the 

stereochemistry of the benzene fragment (benzyne)-metal surface interaction. 

We suggest that most initial interactions of benzene with metal surfaces 

are with the benzene Ti-  orbitals and that thebenzene ring will be more or 

less parallel to the surface. With thermal excitation, ring hydrogen atous 

may come in close proximity to the metal atoms at the surface. At this stage, 
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• . . carbon-hydrogen bond.scission il -tay occur to generate surface bound species. 

such as CH 4  (Figure 4). or C6H5 (bridging between two or more metal 

sUrface atoms).  This secondary process again woul.d be more 

favorable with the more electropositive metals. In fact, benzene chem:Lsorption 

on Ni(lll) is thermally irreversible whereas on Pt(ill) it is largely reversible.: 

When he temperature Of a (111) nickel crystal face with chemisorbed benzene 

is raised, hydrogen--and no other gaseous species--is evolved at -540 K. 37  

Alkyl substituted benzenes should behave in a largely analogous fashion 

to benzene; however, there is the possibility of the hydrogen atoms of the 

alkyl substituents interacting with metal surface atoms while a parallel 

relation between arene ring planes and surface planes is largely maintained. 

Significantly, catalytic studies have shown that for alkyl substituted 

benzene molecules, the aikyl C-H hydrogen atoms generally exchange more 

rapidly with deuterium than do aromatic C-H hydrogen atoms on most metal 

surfaces. 47 ' 48  A common intermediate may be, at least initially, a 7 or 

fl 3-benzylic type species wherein a largely parallel orientation of arene 

and metal surface planes is retained. 49  

Olefins and Acetylenes 

One of the distinctive properties of metal surfaces is facile scission 

of carbon-hydrogen bonds. . Rapid H-D exchange in D 2-alkane reaction mixtures, 

dehydrogenation, and hydrogenation all occur at 300 K over clean transition 

metal surfaces. This property, though obviously of great technological 

utility, significantly complicates stereochemical analysis of the chemisorption 

of alkanes, alkenes and alkynes on metal surfaces--especially on the more 

electropositive metal surfaces. Thus, it is not surprising that a stereo-

chemical definition of such hydrocarbon chemisorption process hanot been 
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achieved. Most carefully studied has been acetylene and ethylene chemisorption 

on Pt(lll) where the ordered chemisorption surface structure appears to involve 

not C2h 2  or C2114  but either a CH3CFI or CH3C species. 50 

The interaction of acetylene or ethylene with a mononuclear metal 

• complex is almost invariably a -Tr interaction of the acetylene or.olef in 

bonding and antibonding IT orbitals (Figure 5) and the metal orbitals with 

both acetylenic, or olefinic, carbon atoms within bonding distance ofa 

single metal atom. The interactions of these hydrocarbon IT orbitals should 

also predominate in the initial step of acetyletie or olefin chemisorption on 

a metalsurface., For the olefin, this state or n metallocycle like species, 8, 

CH2-CH2 

/ 	\ ,__-_ -,-..--------,'------- 
M M M M M 

8 

probably will be maintained unless or until hydrogen addition or abstraction 

reactions begin to occur as discussed below. Acetylenes, however, may 

undergo rehybridization at the acetylenic carbon atoms and form strong 

carbon-metal bonds with two or more surface metal atoms as has been observed 

in acetylene-cluster complexes (Figure. 6); a simple n 2-acetylene interaction 

is rarely observed in isolable cluster complexes. 

Beyond the above stages, hydrogen addition or abstraction may occur. 

The hydrogen atom source in addition reactions may be either the ubiquitous 

hydrogen (H2) "impurities" present in metal systems isolated from air or 

oxygen or the chemisorbed olefiti or acetylene molecule through hydrogen 

transfer (e.g., 3C2FI!(metal surface) -- CH6(g) + 2CH3C(metal surface). 

On a tungsten surface, ethylene chends orbs at very low temperatures to give 
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some intact C2H1 species which is progressively dehydrogenated with temperature 

increase to give hydrogen gas and a tungsten surface with only carbon on it. 

* Similar gross observations are typical for C2H2 or C2H4 chemisorption on 

other metal surfaces. 

The interaction of ethylene with the osmium cluster H20s3(CO)1 0  is 

instructive Here the implicated or established steps are 

H20s3(CO)1o* + C2Ht :± H20s3(CO)10( 2-C 211) 

20S3(CO)10(fl 2 C2H)HOS3(CO)10(C21I5) 

H0s 3 (CO) 10 C 2H 5  + C2H4 	 (Tj 
 

(TI 	? Os3(CO)10( 2-C2H) 

OS3(CO)10(n-C2H)---4HOs3(Co)1 0 (CH=cH2 ) 

H0s3(CO)10(CH=CH2) —3H0s3(CO) 9 (C}I=C}1 2 ) + Co 

F10s3 (CO) 9 (CH=CH2) —p H20s3 (CO)9 (C=CH2)* 

H20s3(CO)9(C=CH2) --- H 3 0s3 (CO ) 9 ( C_CH3 ) *  

The starred species, the reactant hydride, vinyl, vinylidene and carbyne 

complexes, have been detected, isolated and crystallographically defined 

51-54  (Figure 7). 	Similar reaction sequences can be envisaged for C2H-meta1 

surface reactiOns. 

A special point should be addressed here in this section. This is the 

issue of alkyl radical interactions at a metal surface. In mononuclear metal 

coordination chemistry, an alkyl radical is bound in a simple two-center, 

two-electron fashion. However, a CH3 group may bridge between two metal 
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• atoms in dimeric (e.g., Al 2 (CH 3 ) 6 ) or polynuclear species through a two-electron, 

3-center bond 	In principle, this multi-center type of bonding could also he 

extended to a four-center structure with a CH3 group bridging three metal 

atoms (or above three-fold s:Ltes in close packed metal surfaces). There is 

now evidence that there maybe an extensive aikyl metal cluster chemistry 

which should be instructive asa crude, simple model of stereochemistry 

and chemistry foralkyl species chemisorbed on metal surfaces. Recently 

Calvert and Shapley 55  prepared a methyl derivative of an osmium cluster, 

CH 3 0s 3 (H)(CO) 10 ,in which the CH 3  group is unsymmetrically bridge bonded 
H 

between two osmium atoms, Os—C—H—Os. This species is rather like an 
H 

• intermediate or transition state in the activation (and ultimate scission) 

of a carbon-hydrogen bond. Most significantly, this methyl derivative is, 

in solution, in equilibrium with a methylene-hydride cluster (Figure 8). 

This discovery, in metal cluster chernistryprovides a possible simple model 

for the nearly pervasive phenomenon of hydrogen atom lability in chemisorbed 

hydrocarbons. 	 • 	 • 	 • 
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FIGURE 1. 

The topview of a (100),face of a close-packed metal. For this face, 

.thOre are three different biding.sites for a llgaid atom which are 

denoted as (A), (B) and (C) 	Positio-i (A) represents the two-center, 

two-electron site ("sitting atop" Site), position (B) represents the 

• 	three-center, two-electron bridging site and position (C) the five-center 

• site in which the ligand atom is bound to four equivalent metal atoms. 

In the shaded areas to the left are depicted two possible 2x2 unit cells 

for a chemisorbed ordered layer. In the lower left is a cell based on a 

registry with the four-fold sites so that ligating atoms would be at the 

four-fold sites. Above is an alternative 2x2 unit cell based on ligating 

atoms at sitting atop positions. To the right is a representatIon of the 

centered (4x2)-45 0  unit cell. Here the unit cell of the ordered 

chemisorbed layer is rotated 450  from the unit cell of the (100) metal 

surface. This centered 4x2 unit cell is established for the ordered 

cbemisorption state of carbon monoxide on palladium. 
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FIGURE 2 

A view looking down the first two layers of a (111) face of 

a cubic close-pacl'ed metal (face-centerLd cubic), e g , nickel, 

palladium or platinum. Shown by shading are two possible 2x2 unit 

cells for an ordered chemisorbed state on this metal surface. The 

one at the upper left is based on ligating atoms bound to the "etipty" 

three-fold sites (i.e., over the octahedral subsurface holes). The 

one in the lower right is based on ligating atoms at filled three-fold 

sitcs (i e , situated over subsurface tetrahedral holes) 	The two-fold 

site is labelled X in the upper right hand corner of the drawing. 
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FIGURE 3 

This drawing depicts the iron atom skeleton of the cluster ion 

HFe(CO) 13 1 . Only one of the 13 carbonyl ligands is shown and this 

is the carhonyl in which the carbon atom is bonded to the four iron: 

atom9 and the oxygen atom is also bound to one of the iron atoms The 

remaining 12 carbonyl ligands are terminally bound to the iron atoms, 

three to each iron atom and their approximate positions are show -n by 

the single lines on the periphery of the spheres that represent the 

iron atoms. 
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FIGURE 4. 

The cluster complex, I1 2 0s3(C611)(CO)9 is.formed in the high 

temperature reaction of benzene with the unsaturated metal cluster 

Os (CO) o. Each of the osmium atoms is bound in a conventional two-

centered-two electron manner with three carbonyl ligands The two 

hydride ligands aredirectly bound to osmium atoms. The remaining C6H 

fragment is in effect Cr bound to two of the osmium atoms through the 

• 	two adjacent benzyne carbon atoms of the ring and the thirdosmium 

atom is bondect through an overlap of metal orbitals with the p(ir) 

orbitals of the two benzyne carbon atoms. 

1 





-29- 

FI(,UPE 5 

The conventional representation for the interaction of the ir 

and orbitals of an acetylenic or an olefinic molecule with the 

d oibitals of a transLtlon metal in fl 2-olefin-netal complexes 



- 	 I 

I. 
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FIGURE 6. 

Acetylene complexes with tr.inuclear metal clusters invariably 

invo11e the interaction of orhitals associated with acetylenic carbon 

atoms with orbitals associated with all three metal atoms. Two 

different orientations of the acetylenic C-C vector with respect to 

the ring triangle has been observed and these two idealized skeletal 

models are shown above with only the core M3C2 atoms included. Each 

• carbon atom bears an alkyl or aryl substituent (not shown) that is 

directed above at an angle of about 300 to the C-C vector. 
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• 	FIGURE 7. 

In this figure, the structure and stereochemistry for a series of 

osmium cluster hydrides and their hydrocarbon derivatives are depicted. 

For the hydrocarhon.set, the.stereochemistry of the N 3-C 2  interactions 

is shown for a series of related hydrocarbon fràgments--CH=CH 2 ., C=C11 2  

and C-CH 3 . . The osmium atoms are shown as shaded circles,. Hydrogen and 

carbon atoms are labelled with the exception of structure 7c where the 

two carbon atoms simply are represented by solid cricles. Structure 7a 

shows the stereochemistry, of the two hydride hydrogen atoms in the 

cluster, H20s 3 (CO) 10 . The orientation of the terminally bound carbonyl 

groups are shown by solid lines attached to the shaded osmium circles. 

In 7h, the heavy atom and hydrogen atom stereochemistry.for the cluster, 

}10s 3 (CO)1 0 (CH=CH 2 ) is depicted, and in 7c the positions of the heavy. 

atoms in the c-luster, H20s3(CO) 9 (C=CH 2 ), are shown. The positions of 

the nine carbonylswhich are attached in a terminal fashion to the three. 

osmium atoms are shown by the lines directed out from the shaded osmium 

circles. Hydrogen atom positions have'not been established in the 

H20s3(CO)9(C=CH 2 ) cluster by crystallographic studies.; however, spectral. 

studies indicate that the carbon atom at the left bears two hydrogen 

atoms and the one to the right, none. In 7d the carbon atom, osmium 

atom and hydride hydrogen atom positions in the cluster H30s3(CO) 9 CCH 3  

(based on the crystallographic analysis of the ruthenium analog) are 

shown.. Not depicted in this skeletal representation are the nine carbonyl 

ligands--simply for clarity purposes; each osmium atom is terminally 

bonded to three carbonyl ligands. 	. . . 	. . 	. 
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FIGURE 8 

• 	 Representation of the equilibrium solution species for a cluster 

that has the composition Os(CO)10CH4. The iethyiene.structure on the 

right has been established by crystallographic analysis. The precise 

structure of the thethyl derivatlire on the left has not as yet been 

• 	
crystàllogràphicaiIy defined but nmr spectroscopic data clearly indicate 

that the methyl group is in an unsymmetric bridging position becauseof 

a three-center, two-electron C-H-Os interaction 
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