AD-R164 372 METAL CLUSTER TOPOLOGY 41 OSMIUM CARBONYL CLUSTERS(U) 11
- GEORGIA UNIV RTHENS DEPT OF CHENISTRY R B
29 JAN 86 TR-1J NO9914-83-K-0369
UNCLASSIFIED F/G 774

END
Funen
e




° s “u
LA S

1.6
=

i ddaa

m—m—m—m_,._um_u._u

EF

TETOMAL QNURCA (OF CTANDARDS.J963-A

MICROCOPY RESOLUTION TEST CHART

22 s

I
I

el
atladla 0 am

g
e

24
.

) W ACRES
LS A '}'
ALY :J'-:.I’ . -':v'

.."
)

o,

. O T el A TR T A oL,
o RO .w (S 2 1 H\.}n‘)h A.L-v.nn..».--. -I .Tr-‘\.-\.ﬁ.




P g U

Unclassified .
. SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) .
REPORT DOCUMENTATION PAGE BEF OB P DTN G PORM
T. ntron? NUMBER 2. GOVY ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER ~——.—
' Technical Report #15 z
8. TITLE (and Subtitle) S. TYPE OF REPOAT & PERIOC COVERED
METAL CILUSTER TOPOLOGY. 1. OSMIUM
CARBONYL CLUSTERS Technical Report
-t : 6. PERFPORMING ORG. REPORT NUMBER
7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBOER(s)
R.B. King ' N00014-85-K-0365
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. ::ggR.Ago!.L“langT.nﬁul“o.J‘lg. TASK
University of Georgia
Departraent of Chemistry NR 051-861
Athens, GA 30602
11, C_ONTROLLING QFFICE NAME AND ADORESS 12. REPORT DATE
- Office of Naval Research January 29, 1986
Department of the Navy 3. NUMBER OF PAGES
Arlington, VA 22217 26
T4. MONITORING AGENCY NAME & ADORESS(If different from Controiling Office) | 15. SECURITY CLASS. (of thie report)
15e. DECLASSIFICATION/ DOWNGRADING
SCHEDULE

. DISTRIBUTION STATEMENT (of this Report)

This document has been approved for public release and sale; its distribution is
unlimited.

. DISTRIBAUTION STATEMENT (of the sbetract antered In Block 20, if dil{ferent from Repeort) D1 ‘ ‘ ‘

——
[

3

AD-A164 372

18. SUPPLEMENTARY NQTES

To be published in Inorganica ¢himica Acta

19, KEY WORDS (Continue on reverse side Il necessery and identity by bdlock numbder)

Metal Clusters
Osmium

20. ABSTRACT (Continue on reverse side if necessary and identily by bloek numbet)

Important theoretical approaches to metal cluster bonding including the
Wade-Mingos skeletal electron pair method, the Teo topological electron count,
the King-Rouvray graph theory derived method, and Lauher’s extended Hilcke! calcula-
tions are shown to agree in their apparent skeletal electron counts for the most
prevalent metal cluster polyhedra including the tetrahedron, the trigonal bipyramid
(both ordinary and elongated), square pyramid, octahedron, bicapped tetrahedron,
pentagonal bipyramid, and capped octahedron. The graph theory derived method
is used to treat osmium carbonyl clusters containing from five to eleven osmium

1T FLE COPN

(7)) ':2:"" 1473 coimion OF 1 nOV 68 13 CasOLETE

Unclassified
$/N 0102 LK 014- 6601

SECURITY CLASHPICATION OF THIS PAGR (Whon Date Enternd)

\) Fu - -~

RN N

- T T T o T T T AP S S s
. - - - L R R R N PR RN ta L
» 2t

DRSS v e e e e Lt . Lt Nt e
LA, R S TR AT, T, L’L(Ll;*t_‘_'& PEAPE WP L P W S -

3
i
E
.

- - - . - - . - . . = =
- - - - - . - - i
PP A I I O R

AR
P W




Unclassified

SECUNTY CLASSIFICATION OF THIS PAGE (When Deta Entered

#20 (continued)

atoms. In this connection most osmium carbonyl clusters can be classified into th
following types: (1) Clusters exhibiting edge-localized bonding containing multipl
tetrahedral chambers (e.g., Os5(CO)qg, Osg(CO)qg, H20s7(CO)zg and HOsg(CO)23™)
(2) -Capped octahedral clusters derived from osmium carbonyl fragments of the ty
056+p(CO)19+7? (p=0, 1, 2, and 4) (e.g. 056(C0)182', Os7(CO)24, Osg(CO)zzz', an
H40s510(C0J24<7). Other more unusual osmium carbony! clusters such as the plana
Os6(C0O)17[P(OCH)3)3l4, the Osg cluster [Osg(C0O)21C3HIR]I", and the Osqq cluste
Os11C(CO)272' can also be treated satisfactorily by these methods. The importanc
of the number of ligands around isoelectronic Os, systems in determining the cluste
polyhedron is illustrated by the different cluster polyhedra found for each membe
of the following isoelectronic pairs: HOsg(CO)qg™/H20s6(CO)1g
0s7(C0)29/H20s7(CO)q, Osg(C0)222°/HOsg(CO)22". The tendency for osmiu
carbonyl clusters frequently to form polyhedra exhibiting edge-localized rathe
than globally delocalized bonding relates to the facility for osmium carbony! vertice
to contribute more than three internal orbitals to the cluster bonding. In this wa
Wade's well-known analogy between boron hydride clusters and metal clusters, whic
assumes exactly three internal orbitals for each vertex atom, is frequently no longe
followed in the case of osmium carbony! clusters.

$/N 0102- L~ 014- 6601

......................

. T I [ I e LT S I S s e .
NIV VIRV PUVURV U S VDV VB EEVEVEE MOV S S VS PRI ARV EFOVEROVE VS FE VSV FE FEVE DY SR v e

Unclassified
SECURITY CLASSIFICATION OF THIS PAGE(When Dats Entered)

’
s,
0

LA A

v e
I
‘.

’

R
208l

vy
f‘:"vll':
[T
R
P

...............................................

...................



---------

.
S e e e
LA.\APAF.‘ o= adata

OFFICE OF NAVAL RESEARCH
Contract N00014-84-K-0365

TECHNICAL REPORT NO. 15

Metal Cluster Topology. 1. Osmium Carbonyl Clusters

by
R.B. King

Prepared for Publication in

Inorganica Chimica Acta

2

)
o

[
S
T

.,

£J

o)
Y
)
)

e
’.'&

8,

Accession For

NTIS GR:sl K
DTIC T 7 ’

Unevss o 02 "
Jurtiooe

By . .
L_Q.i.qt,f" PR I AN

Avali~" il

Dist ; Spretas

Al

University of Georgia
Department of Chemistry
Athens, Georgia 30602

January 29, 1986

Reproduction in whole or in part is permitted
" for any purpose of the United States Government.

This document has been approved for public release
and sale; its distribution is unlimited.

I R L L e e e

BN ST SR Sty
N . L e - » . -
e AR Y LTS IS I AL ALV, ¢ e e s L




i,
1

(8
[}

Abstract
A

‘%mportant theoretical approaches to metal cluster bonding including

PPl LT L]

the Wade-Mingos skeletal electron pair method, the Teo topological electron
count, the King-Rouvray graph theory derived method, and Lauher's extended

Hllckel calculations are shown to agree in their apparent skeletal electron

2ttt el

counts for the most prevalent metal cluster polyhedra including the
tetrahedron, the trigonal bipyramid (both ordinary and elongated), square
pyramid, octahedron, bicapped tetrahedron, pentagonal bipyramid, and capped
octahedron. The graph theory derived method is used to treat osmium carbonyl
- clusters containing from five to eleven osmium atoms. In this connection
" most osmium carbonyl clusters can be classified into the following types:
(1) Clusters exhibiting edge-localized bonding containing multiple tetrahedral
chambersj (e.g., 085(C0)1g, Osg(CO)yg, H2087(CO)p9 and HOsg(CO)227); %2)
Capped octahedral clusters derived from osmium carbonyl fragments, of the

-

'. type O0sg4p(CO)1g42p (p=0, 1, 2, and 4) (e.g., 086(C0)132~, 087(CO)2y,

0sg(C0)722~, and H40s10(C€0)9427) . >Other more unusual osmium carbonyl clusters

.
%2 %

. \
such as the planar, 08 (€0)17[P(0CH3)3]4,  the Osg cluster,,[0s9(C0)31C3HaR] ",

4nd the Osyj clustert 0s13C(C0)272"3can also be treated satisfactorily by

&
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(\;h ese methods. The importance of the number of ligands around isoelectromnic
2Oy BUUEN (NN

Uén systems .in determining the cluster polyhedron 1is 1illustrated by the
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different cluster polyhedr found for each member of the following
isoelectronic pairs: %6“0)18-/52036(00)18- 0s7(C0)21/H9087(C0) 29,
0sg(C0) 752" /HOsg(C0) o™, »\}he tendency for osmium carbonyl clusters frequently
to form polyhedra exhibiting edge-localized rather than globally delocalized
:{j : bonding relates to the facility for osmium carbonyl vertices to contribute
. more than three internal orbitals to the cluster bonding., In this way Wade's
' well-known analogy between boron hydride clusters and/mXal clusters, which

0 assumes exactly three internal orbitals for each vertex atom, is frequently

:;: no longer followed in the case of osmium carbonyl clusters.
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. Introduction

During the past decade one of the most interesting areas of inorganic

chemistry has been the chemistry of metal cluster compounds. The theory
7~

of the structure and bonding in such cluster compounds has also attracted :-::C;:'_-
\:‘_\’\'

‘.“\

considerable attention. A key aspect in the early development of this theory :;:_1:.
o

was the recognition of the close relationships between polyhedral boranes
and carboranes on the one hand and transition metal clusters on the other
hand.2 This relationship also made relevant to transition metal cluster
chemistry the earlier observation3:4 of certain magic numbers of skeletal
electrons for stability of polyhedral boranes and carboranes, notably the
requirement of 2n + 2 skeletal electrons for deltahedral systems having
n vertices. These observations were also supported by early LCAO-MO
calculations by Hoffmann and Lipscomb on various boron hydride polyhedra.5’6

- Subsequent theoretical work on metal cluster compounds has involved

the development of mathematical justifications for the observed numbers
of skeletal electrons in metal cluster compounds. A key topological idea
in much of this work is the homeomorphism of cluster deltahedra to the

sphere.7 This 1idea provided the basis for both the graph theory derived

approach of the author in collaboration with Rouvr:ay8 as well as the perturbed
spherical shell theory of Stone.? Although it provides an elegant
justification of the stability of 2n + 2 skeletal electrons for deltahedral
systems, the perturbed spherical shell approach9 appears to be cumbersome

to apply to many of the more complicated metal cluster systems of current

interest. The graph theory derived approach, on the other hand, has the

< § advantage that its essential 1ideas can be applied to the understanding of
E;j the structure and bonding of even relatively complicated metal cluster

systems. This approach, in fact, 1is relatively tractable to inorganic ":""!
chemists since a detailed understanding of the underlying graph theory {is E :
.: 'f_
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not essential to application of the resulting ideas to cluster structure
and bonding.

Recently Teol0sll has developed an alternative method for electron
counting in polyhedral metal clusters based on topological ideas. Although
there are no inconsistencies between our graph theory derived method and
Teo's topological electron counting (TEC) method, our approach seems to
offer the following advantages:

(1) In Teo's approach the determination of X, the missing antibonding cluster
orbitals, 10,11 can give ambiguous results in certain cases. An exact value
for X is necessary for the electron counting to give the correct answer.

(2) Our graph theory derived method8,12,13,14 provides some insight relative
to the distribution of the total cluster electron counts between skeletal
bonding within the cluster polyhedron and bonding to exopolyhedral ligands.

(3) Our graph theory derived method distinguishes between localized and
delocalized bonding in cluster polyhedra.

This paper is the first of an anticipated series of papers intended
to illustrate nontrivial applications of our graph theory derived method
(GTD) to some of the more complicated gctual cluster systems. This initial
paper treats some of the more complicated known metal carbonyl clusters of
osmium, which in many respects is a well behaved metal since osmium carbonyl
vertices always have the favored 18-electron rare gas configuration and use
the normal three internal orbitals for bonding in delocalized clusters. Osmium
carbonyl clusters exhibit an interesting variety including a particularly
large collection of electron-poor system315!16 having capped triangular faces
as well as a collection of ten-vertex systems containing a fragment of the
face-centered cubic metal structure. Thus the osmium carbonyl clusters
discussed in this paper provide excellent illustrations of the general

principles for electron-poor capped deltahedra outlined in previous papers.8’13
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2. Background

A key distinction in polyhedral metal cluster bonding is that between
edge-localized bonding and (globally) delocalized bonding. Edge-localized
bonding involves ordinary two-electron two-center bonds along each of the
relevant polyhedral edges. Delocalized bonding combines surface bonding
with a multicenter bond at the core of the polyhedron. Relevant to the
choice between these two types of cluster bonding is the nﬁmber of intermal
orbitals contributed by the vertex atoms, which is usually three.8,13 Matching
the vertex degree or valency (number of edges meeting at the vertex in
question) with the number of internal orbitals from that vertex leads to
edge-localized bonding whereas a mismatch between the degree and number
of internal orbitals from a given vertex leads to delocalization.l3 Since
normal osmium carbonyl vertices contribute the usual three internal orbitals
to a cluster polyhedron, polyhedral vertices of degree three generate pockets
of edge-localization recognizable as tetrahedral chambers.8,13 Triangles
(e.g., 0s3(C0)17), tetrahedra, and polyhedra formed by fusing tetrahedra
(e.g., the trigonal bipyramid of 0s5(C0);g from two fused tetrahedra and
the bicapped tetrahedron of 0sg(CO);1g from three fused tetrahedra) are thus
built from a framework of edge-localized bonds with each vertex atom
contributing a number of internal orbitals equal to {ts degree.

In contrast to these metal cluster systems having edge-localized bonding,
a metal cluster system having globally delocalized bonding requires a
polyhedron with a degree of at least four for each vertex if each vertex
contributes the normal three internal orbitals to the cluster bonding. The
simplest such polyhedron is the octahedron in which each vertex has degree
four. Thus the smallest metal cluster system with globally delocalized

bonding is the octahedron having six vertices. In general "electron-precise”
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globally delocalized systems are based on polyhedra in which all faces are :;-.5:3
triangles and all vertices have degrees of at least four. Such polyhedra ::ét‘?;

o

are conveniently called deltahedra. A deltahedral system with n vertices ;:"'h
requires 2n electrons for n two-center surface bonds and two additional Ex"._.
electrons for the n-center core bond for a total of 2n + 2 skeletal electrons. :*::i‘:
Electron-rich systems having n vertices and more than 2n + 2 skeletal F'-F“
electrons are based on polyhedra having all triangular faces except for ;{:’
one face with more than three edges f<.>r each electron pair in excess of :_'
2n + 2 electrons. In cases of electron-rich systems having two or more :'-'
Yexcess" electron pairs, .fusion of the non-triangular faces can lead to __;

a larger hole. The electron-rich systems correspond to the nido, arachno,
and hypso systems in boron hydride chemistry3 which have one, two, or three
excess electron pairs, respectively. The non-triangular face(s) represent
topological holes in the otherwise closed surface leading to interruptions

in the delocalization. Electron-poor systems having n vertices and less

than 2n + 2 skeletal electrons are based on deltahedra with caps on one g
S
or more of the (triangular) faces. Such degree three vertex caps lead to \::_:'_
(SRR

tetrahedral chambers which may be recognized as '"pockets of localization."
The vertex atoms of the capped triangular faces of an electron-poor capped
deltahedron use more than three internal orbitals, namely 3 *+ ¢ internal
orbitals where ¢ is the number of capped triangular faces containing the
vertex in questiomn.

With these general considerations in mind it is instructive to compare

the apparent skeletal electron counts obtained by our graph theory derived

AP
method with those obtained by other methods. Table 1 shows that the results ::{
DU
obtained by our graph theory derived method (GID) are fully consistent with :j:_
w e "
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those obtained by Teo's topological electron count method (TEC)10,11 ang
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the original Wade-Mingos skeletal electron pair method (sEp)1,17,18 45 yell
as the extended HUckel calculations (EHC) of Lauher.l9 These methods are
applied as follows:

(1) Wade-Mingos skeletal electron pair method (SEP): 2v apparent skeletal

electrons for capped deltahedra, 2v + 2 apparent skeletal electrons for
deltahedra (without tetrahedral chambers), 2v + 4 apparent skeletal electrons
for "nido" polyhedra with one non-triangular faces, and 12 apparent skeletal
electrons for the tetrahedron.

(2) Teo topological electron count method (TEC): 12v electrons are

subtrac;ed from the total electron counts, N, in Teo's paperslo’ll in order
to convert his numbers to apparent skeletal electron counts. Alternatively,
his cluster valence molecular orbital formulal® can be converted to the
following apparent skeletal electron count formula:

ASEC = 2(2v - f + 2 + X) (1)
Either method of obtaining apparent skeletal electron counts from Teo's
total electron counts assumes that of the nine orbitals at each transition
metal vertex, six are external orbitals and three are internal orbitals.

(3) Graph theory derived method (GTD): 1In this case it is necessary to

distinguish between globally delocalized (D) and edge-localized (L) polyhedra.
Treatment of globally delocalized polyhedra leads clearly to the same result
as the SEP method. In the case of edge-localized polyhedra, a parameter
Z measuring "total vertex degrees in excess of three" must be considered
in order to compare the results of the GTD method with other methods. This
arises from the fact that for edge-localized polyhedra the number of internal
orbitals for each vertex is equal to its degree rather than to the constant
value of three. The parameter Z is simply obtained by the topological

relationship Z = 2¢ - 3v and is a generally useful "correction factor" for
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comparing apparent skeletal electron counts obtained by methods assuming
three internal orbitals from each vertex with those obtained by methods
assuming variable numbers of internal orbitals from eaéh vertex. The apparent
skeletal electron count (ASEC) numbers listed in the GTD column in Table

1 for__edge-localized polyhedra (L) can be simply obtained f€rom the

relationship
ASEC = 2e - 2Z = 6v - 2e (2)

A similar principle applies to capped deltahedra having a globally delocalized
deltahedron with one or more adjoined edge-localized tetrahedral chambers
such as the capped octahedron in Table 1. In such cases each cap generates
three new edge-localized bonds to the capping vertex but each vertex in
the capped face uses an "extra" internal orbital above three to form one
of the edge-localized bonds to the capping vertex. Therefore each capped
face of a deltahedron contributes three to the parameter Z but because of
the three edge-localized bonds to the cap, the GTD apparent skeletal count
for a capped deltahedron is the same as that of the corresponding uncapped
deltahedron.8

(4) Extended Hlickel calculations (EHC) of Lauher: Lauher's paperl? 1ike

Teo's papersm’11 presents total electron count numbers for cluster polyhedra
(CVE in Table II of Lauher's paperlg) from which 12v electrons must be
subtracted to convert them to apparent skeletal electron counts for comparison
with the results of the various theoretical approaches.

In the comparisons of apparent skeletal electron counts for different
metal cluster polyhedra in Table 1, the following points relative to specific
polyhedra should be noted:

(1) Tetrahedron: All of the theoretical methods give 12 apparent skeletal

electrons 1in accord with two-center bonds along the six edges of the

tetrahedron.
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(2) Trigonal bipyramid: For an ordinary trigonal bipyramid all theoretical

methods lead to 12 apparent skeletal electrons even though some invoke
delocalized bonding and others invoke localized bonding.m’11 An elongated
version of the trigonal bipyramid with four more apparent skeletal electrons
can be interpreted as having two less edges than the regular trigonal
bipyramid. In the GTD method the regular trigonal bipyramid is interpreted
to have edge-localized bonding and the elongated trigonal bipyramid is
interpreted to have globally delocalized bonding. The bonding topology
of the elongated trigonal ©bipyramid 1is discussed in more detail
elsewhere.13,14

(3) Square pypramid: The square pyramid is the simplest example of an

electron-rich nido polyhedron3 with 2n + 4 skeletal electrons,

(4) Octahedron: As noted above the octahedron is the simplest example

of an unambiguously globally delocalized deltahedron.

(5) Bicapped tetrahedron: In the GTD method 24 skeletal electrons are

required for edge localized bonding but there are six '"extra" internal
orbitals (i.e., Z = 6) arising from the two vertices of degree four and
the two vertices of degree five (i.e., (2)(4-3) + (2)(5-3) = 6) which provide
12 of these 24 skeletal electrons. Therefore, the apparent skeletal electron
count for the bicapped tetrahedron arising from our GTD method for comparison
with the other theories 1is 24-12 = 12 in excellent agreement with the numbers
obtained from the other theoretical approaches. This case is important
for illustrating the "apparent' nature of the apparent skeletal electron
counts necessary in Table 1 for comparison of the different theoretical
approaches. In addition this case is important for the specific osmium
carbonyl chemistry discussed in this paper in view of the bicapped tetrahedral

geometry of the 0sg(CO)yg cluster.
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: (6) Pentagonal bipyramid: Next to the octahedron this is the simplest ES:S
example of a globally delocalized deltahedron having 2n + 2 skeletal gg;
electrons. S
(7) _Capped octahedron: The capped octahedron is the simplest example of Egﬁ
a capped globally delocalized deltahedron. For reasons noted above the igg
apparent skeletal electron count of the capped octahedron is the same as i
t that of its central octahedron. o
; As noted above the specific objective of this paper is to apply ideas Ll
.! from the graph theory derived approach to metal cluster structure and bonding s
' in osmium carbonyl cluster systems. However, before considering specific
5;’ systems, some points concerning electron counting will be considered. The isg
distribution of carbonyl groups on the metal cluster framework is immaterial ;
for electron counting since every carbonyl group found in osmium carbonyl ;
chemistry whether it 1is terminal or bridging is a two-electron donor. ;
Exceptional carbonyl groups analogous to the four-electron donor bridging :2?7
carbonyl group in [(CgHs)PCH2P(CgHs)2]1oMn2(C0O)s5 (ref. 20) or the six-electron E;E
donor bridging carbonyl group in (Cs5H5)3Nb3(CO)7 (ref. 21) do not appear S&;
in osmium carbonyl chemistry. A u3-0s(C0)3 fragment using the normal three ::x
internal orbitals is also a two-electron donor since six of the eight i;;
osmium(0) electrons are needed to fill the three external osmium orbitals %:E
not involved in bonding to the three external carbonyl groups. Similarly th
a uz-0s(C0); fragment using two internal orbitals is also a two-electron K
donor. Thus for electron counting purposes edge-bridging u2-0s(CO); units féi
and face-bridging u3-0s(CO)3 units may be regarded as equivalents of the 'ii
two-electron donor bridging carbonyl groups wu;-CO and u3-CO, respectively, EE
thereby simplifying electron counting in complicated osmium carbonyl clusters. :;%
In the general case of an 0s(CO), vertex contributing s internal orbitals, E?E
AN

the neutral osmium atom and the x carbonyl groups furnish 8 and 2x electrons,

s 5 .
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respectively, of which 2(9-s) electrons are needed for the 9-s external
orbitals. This makes an 0s(CO)y vertex contributing s internal orbitals
a donor of 8 + 2x -~ 2(9 - s) = 8 + 2x - 18 + 28 = 2(s + x) -10 skeletal
electrons.

3. Clusters of Five and Six Osmium Atoms

cetec e e

The cluster 0s5(CO)jg has a trigonal bipyramidal structure?? indicative
of edge-localized bonding. It has 18 actual skeletal electrons according
to the following skeletal electron counting scheme:

2 degree 3 Os (co)§ vertices in axial positions:

2[2(3 + 3) - 10] = (2) (2) = 4 electrons

3 degree 4 0s (CO)3 vertices in equatorial positions:

3[2(3 + 4) - 10] = (3)(4) = 12 electrons
extra CO group 2 electrons

Total skeletal electrons 18 electrons
These 18 skeletal electrons ccrrespond to edge-localized bonding with a
two-electron bond along each of the nine edges of the trigonal bipyramid.
Subtraction of a total of 6 skeletal electrons for the fourth internal
orbitals of each of the three equatorial osmium atoms in 0s5(C0);g from
these 18 actual skeletal electrons gives the 12 apparent skeletal electroms
listed in Table 1 for the ordinary trigonal bipyramid. Thus erroneously
considering 0s5(C0)jg as a globally delocalized system leads fortuitously
to a correct skeletal electron count after regarding 0s(CO)3 vertices as

using three internal orbitals regardless of their position in the trigonal

bipyramid:
5 degree 3 0s8(C0)3 vertices 10 electrons
extra CO group 2 electrons
Total skeletal electroms 12 electrons
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. These 12 skeletal electrons would be considered to correspond to the 2n kL:A
+ 2 skeletal electrons required for a five-vertex globally delocalized system éiéé
(i.e., n = 5). However, this correspondence 1is only fortuitous since t:~q
consideration . of a trigonal bipyramid as a delocalized rather than an gé:i

5 o

edge-localized cluster contradicts principles that are necessary to explain
the electron counts in other cluster systems.

One such system is 0sg(CO)18, whose Osg polyhedron is a bicapped
tettahedron,23 which may alternatively be regarded as three fused tetrahedra.
This polyhedron, 1like the regular octahedron, has 6 vertices, 12 edges,
and 8 faces. However, the bicapped tetrahedron has two vertices each of

degrees 3, 4, and 5, whereas all six vertices of the octahedron have degree

4. The 08g(C0)1g cluster may be formulated as a 24 skeletal electron system
using the following electron counting scheme:

2 degree 3 (capping) 0s(CO)3 vertices 4 electrons

2 degree 4 0s(C0)3 vertices:

2[2(3+4) - 10] = (2) (4) = 8 electrons

2 degree 5 0s (CO)3 vertices:

2{2(3+5)-10] = (2) (6) = 12 electrons
-i Total skeletal electrons 24 electrons

These 24 electrons correspond to edge-localized bonding with a two-electrom
bond along each of the 12 edges of the bicapped tetrahedron. Subtracting

a total of 12 skeletal electrons for the "extra" internal orbitals of the

osmium atoms at the two degree 5 vertices and the two degree 4 vertices
from these 24 actual skeletal electrons gives the 12 apparent skeletal Lo
- electrons listed in Table 1 for the bicapped tetrahedron. Thus, previous :{j:

treatments23 of 0sg(CO)1g used the skeletal counting rules for a globally
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{ delocalized system which 0sg(CO)3g is not. Under these rules 0sg(CO)pg A

end

b is a 12 skeletal electron system since each of the six 08(C0)3 vertices -
LA

CoA

. is considered to donate two skeletal electrons. The bicapped tetrahedral Sf}:
- ‘. ‘:

o \):'-‘_\

F~ rather than regular octahedral geometry of 0sg(CO)18 can then be rationalized TN

on the basis that 0sg(CO)1g has only 12 skeletal rather than the 14 skeletal
electrons (= (2)(6) + 2) required for a regular octahedron (with globally S

delocalized bonding). This simplified electron counting procedure is useful

T TR
.. ’ A "y

as a crude device for identifying electron-poor systems having less than
2n + 2 skeletal electrons. However, the above more detailed electron counting

for 0sg(C0)1g can relate its skeletal electron count more precisely to a

specific polyhedron system having tetrahedral chambers.
There are several examples of 14 skeletal electron Osg systems which

formally may be obtained by adding two electrons to 0sg(C0)1g (ref. 24).

The anions 0sg(C0)1g2~ and HOsg(CO)1g~ have the regular octahedral Osg nro

RN
geometry expected for a 14 skeletal electron system (counting all six 0s(CO)j3 i}:ﬁ
vertices as normal vertices contributing three internal orbitals). The gi;g
hydride Hy0s¢(C0)1g, although also electronically precise for a regular A

octahedron, instead adopts the geometry of a tetragonal pyramid (i.e.,

distorted square pyramid) with an 0s(CO)3 cap on one of the triangular faces, .
i.e. Hp0s5(C0)15[u3-08(CO)3]. The 14 skeletal electron count of H0s4(CO)ig T
is also correct for a square pyramid analogous to BgHg where the "extra" 'ﬁfﬁ
electron pair over 2n + 2 = 12 for n = 5 corresponds to the single
non-triangular face in the square pyramid (i.e., the square base). The RO

contrast between the octahedral Osg geometry in 0sg(C0)1g2~ and HOsg(CO)pg”
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and the capped tetragonal pyramid Osg geometry in Hy0s4(CO);g probably relates
to the steric requirements of the hydrogen atoms in Hj08¢(CO)1g, which bridge
opposite edges of the square base.

A rather different type of Osg cluster is represented by

08(C0)17[P(OCH3) 3], which has the following planar Osg arrangement25:

The X-ray structure?5 shows that O0sg(C0)17[P(OCH3)3]4, can be regarded as
0s3(C0)g[np-0s(C0)2[P(OCH3)3]2]12[u2-08(CO)4]. Since, as noted above, the
up-0s(C0)4 wunit and its substitution product up-08(C0)7[P(OCH3)3], are
two-electron donors like bridging carbonyl groups, the cluster
0s6(C0)17[P(0CH3)3]4 becomes isoelectronic with 083(C0)j2, which, of course,
is very stable. Note, however, that all of the carbonyl groups in 0s3(C0)j3
are terminal?® in contrast to 0s3(C0)g[u2-08(C0)2[P(OCH3)3]12]12(Hp-08(C0)4]
in which the isoelectronic n-0s(CO0)sLo (L = CO or P(OCH3)3) units are edge
bridges. This is a good example cf the greater tendency for 0s(CO)sL; units

to function as bridges than their isoelectronic CO analogues.

4. Clusters of Seven and Eight Osmium Atoms

The cluster 0s7(CO)2; is shown to be a capped octahedron?? and thus
is best formulated as 0sg(C0)18[{u-0s(C0)3]. The seven 0s(CO)3 units give
0s7(C0)7; a total of 14 skeletal electrons in accord with the 2n + 2 electron
(n = 6) requirement for the central globally delocalized Osg octahedron.

The cluster H087(C0)yg is isoelectronic with 087(C0)3; but does not

form a related capped octahedral structure. Instead it forms a bicapged
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tetrahedral structure 0s4(C0)10{n3-08(C0)3]12{n2-08(C0)4] [n3-H]7 with an
edge-bridging uz-0s(C0)4 group.21 The electron counting in this system can
be performed in the following manner analogous to that of 0sg(C0)1g (see
above):

2 degree 3 (capping) 0s(CO)3 vertices 4 electrons

2 degree 4 0s(CC)3 vertices

0 .‘-.\ !..
8 2[2(3+4) - 10] = (2) (4) = 8 electrons }:;}}5
. “,\'.:.':-.
- 2 degree 5 0s(CO)3 vertices 3:L}:
< - h:\
. 2[{2(3 + 5) - 10] = (2) (6) = 12 electrons
& 1 up-0s8(CO)4 group 2 electrons
5 2 hydrogen atoms: (2) (1) = . 2 electrons

deficiency of two CO groups from the above (i.e.,
the above add up to 22 CO groups whereas H087(C0)3q

has only 20 CO groups) -4 electrons

Total skeletal electrons 24 electrons

These 24 skeletal electrons correspond to edge-localized bonding with a
two-electron bond along each of the 12 edges of the bicapped tetrahedron.
The radically different structures of 0s7(C0)3; and H2087(CO)7g9 can relate
to the different steric requirements of 21 ligands (CO groups) in the former
case and 22 ligands (20 CO groups and 2 H atoms) in the latter case.

The two isoelectronic Osg clusters, namely 0sg(C0)922~ and HOsg(CO)35",
also have different structures which similarly can relate to the different
steric requirements of 22 and 23 ligands surrounding the Osg cluster. The
dianion 0sg(C0)722~ 1s a bicapped octahedron?d whereas the monoanion
HOsg(C0)22~ 1is a bicapped pair of edge-fused tetrahedra.30 The electron

counting in 08g(C0)222~ (i.e., 08g(C0)1g[n3-08(C0)3)22") can be most readily
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vigsualized as follows realizing that the central Osg octahedron is a globally

delocalized deltahedron using three internal orbitals from the vertex atoms:

6 0s8(CO)3 vertices 12 electrons
2 u3-08(C0)3 caps 4 electrons
-2 charge on dianion 2 electrons

deficiency of two CO groups from the above
(i.e., the above add up to 24 CO groups
whereas 0sg(C0)2,2~ has only 22 CO groups) -4 electrons

Total skeletal electrons 14 electrons

These 14 skeletal electrons are, of course, the correct 2n + 2 (n = 6) number

for the central Osg octahedrom.

The geometry of the pair of edge~fused tetrahedra in HOsg(C0)32” can

be represented as follows:

This polyhedral network thus has 11 edges, four degree 3 vertices, and two
degree 5 vertices. Regarding HOsg(CO0)32" as HOsg(CO)16[n3-08(CO)3]2”~ leads
to the following electron counting scheme using edge-~localized bonding for
the Osg edge-fused tetrahedral pair:

2 degree 5 0s(C0)3 vertices

2[2(3+5) - 10] = (2) (6) = 12 electrons
4 degree 3 0s (CO)3 vertices 8 electrons
2 u3-08(CO)3 caps 4 electrons
-1 charge on anion 1 electron
hydrogen atom 1 electron
deficiency of two CO groups from above -4 electrons
Total skeletal electrons 22 electrons
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:': P These 22 skeletal electrons correspond to edge-localized bonding with a

i:i.: two-electron bond along each of the 11 edges of the edge-fused tetrahedral

5 pair in accord with expectations. :F:iw

:.' Comparison of 0sg(C0)7,2~ and HOsg(CO)7,~ indicates that the globally E:

E: delocalized octahedron and the edge-localized edge-fused fetrahedral pair . é o

. effectively have identical skeletal electron requirements. The globally ?{:}:

' delocalized octahedron requires 2n + 2 = 14 skeletal electrons with each :'1'::‘_
vertex using three internal orbitals. The edge-fused tetrahedral pair *\

requires 22 skeletal electrons for two-electron. bonds along each of the
11 edges. However, two of the six vertices of the edge-fused tetrahedral
pair use five rather than three internal orbitals thereby increasing the
apparent skeletal electron count of the system by eight corresponding to

an electron pair for each "extra" internal orbital above three for the two

degree 5 vertex atoms. Thus four electron pairs (i.e., eight electrons)

which are non-bonding in an Osg octahedron become bonding in an Osg edge-fused fl::\:.
tetrahedral pair so that a 14 skeletal electron 0sg octahedron is .._:";::
isoelectronic with a 22 skeletal electron Osé edge-fused tetrahedral pair. ,n.;:'
Thus skeletal electron count alone will not distinguish between a globally P'
delocalized octahedron and an edge-localized pair of edge-fused tetrahedra. .,
However, the requirement of five internal orbitals for two of the six vertex

atoms will make the pair of edge-fused tetrahedra unfavorable except for

some of the heavy transition metals such as osmium.

.,
g

v
¢

5. A Cluster of Nine Osmium Atoms

As interesting Osg cluster [0sg(C0)2jC3H2R]™ (R = H, CH3) has recently

been characterized sttucturally.31 This cluster may be regarded as a

*r

» 1)

""
AL

..; tetracapped 0s;C3 pentagonal bipyramid with five additional face-bridging
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0s(CO)3 groups. As expected from the requirement of d orbitals for atoms

Ty
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4

in capped fac:es,8 only the two Os3j triangles of the central 0s4C3 pentagonal
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bipyramid are capped and then one of the 0Os3 faces of each cap is capped
by another 0s(CO)3 cap. Thus there are two layers of caps in this structure.
However, the 0s(CO)3 units are formally donors of two skeletal electrons
regardless of their locations in the structure. Therefore this cluster
may be regarded as 084(C0)gC3HR2[1y-08(CO)3]5 = for electrom counting
purposes thereby providing the expected 16 skeletal electrons (= 2n + 2
where n = 7) for the central 0s,C3 pentagonal bipyramid as follows:

4 08(C0)y vertices of the pentagonal bipyramid 0 electrons

3 CH/CR vertices of the peﬁtagonal bipyramid: (3) (3) 9 electrons
5 bridging u,~08(CO)3 groups: (5) (2) = ‘ 10 electrons
=1 charge on anion 1 electron
deficiency of 2 CO groups from the above (i.e., the
above add up to 23 CO groups rather than the 21 CO

groups actually found in [0sg(C0)3C3HsR]™): -4 electrons

Total skeletal electrons 16 electrons

This is a good example of a cluster where a reliable electron count does
not require understanding all of the details of a complicated structure.

An 1interesting feature of the above electron-counting scheme is that
an 0s8(CO); vertex using three internal orbitals contributes zero skeletal
electrons. This conforms to the 2(s + x)~10 formula noted above (x is the
number of carbonyl groups and s is the number of internal orbitals) and
arises from the fact that the eight electrons from the osmium (0) atom are
all needed for non-bonding pairs in the four external orbitals not used
by the two CO groups.

6. Clusters of Ten and Eleven Osmium Atoms

A series of isoelectronic clusters of ten osmium atoms is known in which
a central Osg octahedron has four faces capped by u3-08(CO)4 groups so that

no two capped faces share an edge. These 0s10 clusters include the carbides
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bipyramid are capped and then one of the 0Osj3 faces of each cap is capped

by another 0s(CO)3 cap. Thus there are two layers of caps in this structure.
However, the O0s(CO)3 units are formally donors of two skeletal electrons
regardless of their 1locations in the structure. Therefore this cluster
may be regarded as 0s4(C0)gC3HaR2[bp-08(CO)3]5 - for electron counting
purposes thereby providing the expected 16 skeletal electrons (= 2n + 2
where n = 7) for the central 0s4C3 pentagonal bipyramid as follows:

4 0s8(CO), vertices of the pentagonal bipyramid 0 electrons

3 CH/CR vertices of the peﬁtagonal bipyramid: (3) (3) = 9 electrons

5 bridging u,-0s8(CO)3 groups: (5) (2) = | 10 electrons

=1 charge on anion 1 electron

deficiency of 2 CO groups from the above (i.e., the

above add up to 23 CO groups rather than the 21 CO

groups actually found in [0sg(C0)3;C3H2R]"™): -4 electrons

Total skeletal electrons 16 electrons

This is a good example of a cluster where a reliable electron count does
not require understanding all of the details of a complicated structure.

An interesting feature of the above electron-counting scheme is that
an 0s(CO); vertex using three internal orbitals contributes zero skeletal
electrons. This conforms to the 2(s + x)-10 formula noted above (x is the
number of carbonyl groups and s is the number of internal orbitals) and
arises from the fact that the eight electrons from the osmium (0) atom are
all needed for non-bonding pairs in the four external orbitals not used
by the two CO groups.

6. Clusters of Ten and Eleven Osmium Atoms

A series of isoelectronic clusters of ten osmium atoms is known in which

a central Osg octahedron has four faces capped by H3-08(C0)3 groups so that

no two capped faces share an edge. These 0sjg clusters include the carbides
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0s10C(C0) 242 (ref. 32) and HOs1gC(CO)z4~(ref. 33) in which a carbon atom
is in the center of the Osg octahedron as well as H,0810(C0)42"(ref. 34)
lacking such an interstitial carbon atom. The skeletal electron counting
is similar, of course, for all of these isoelectronic Osjp systems as

illustrated below for 0s1gC(C0)242~ (i.e., 08gC(CO)q12[1u3-08(C0O)31427):

6 0s(C0)y vertices 0 electrons
4 u3-0s(CO)3 caps 8 electrons
1 interstitial carbon atom 4 electrons
-2 charge on anion 2 electrons
Total skeletal electrons 14 electrons

The observed 14 skeletal electrons are in accord with expectations for the
central globally delocalized Osg octahedron.

The clusters O0sg(C0)182~, 0s7(C0)31, 0sg(C0)222~, and H40810(CO)p42"
may all be regarded as derivatives of a homologous series of clusters of
the type 0s5+p(CO)19+2p formed by capping a central Osg octahedron with
p u3-0s(CO0)3 caps where p is 0, 1, 2, and 4, respectively. The maximum
number of such u3-08(CO)3 caps on a central Osg octahedron is likely to
be 4 (i.e., 0<p<4) since otherwise some vertices of the central Osg octahedron
would need six internal orbitals: three for the globally delocalized bonding
in the central Osg octahedron and three for localized bonds to u3-0s(CO)j3
caps. Steric considerations concerning the orientations of the maximum
nine (= one s orbital, three p orbitals, and five d orbitals) valence orbitals
of an osmium vertex suggest that five might be the maximum possible number
of internal orbitals which can be contributed by a surface atom of an osmium
polyhedron. This suggests that the 0sjy polyhedron found in 03100(C0)242',
HOs19C(C0)24™, and H40810(C0)242" is the largest Osg+p Polycapped octahedron

which can be formed by capping a total of p faces of a central Osg octahedron
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‘ with u3-0s8(CO)3 groups. Clusters based on more than ten osmium atoms are :::"}::a

S

therefore 1likely to exhibit structural features other than capped Osg 'J‘s'\d‘
octahedra.

The following other points concerning capped Osg octahedra are of
interest:
(1) The tetracapped octahedra in the Osjp clusters mentioned above have
T4 symmetry and represent a fragment of the face-centered cubic lattice3d
found in many metals. Thus the face-centered cubic lattice may be regarded
as a network of l4-vertex octacapped octahedra, i.e., the 0s)g tetracapped
octahedra with four added caps on each of the four uncapped octahedral faces.
Here, however, the analogy between these 0Osjy polyhedra and face-centered
f cubic metals ends since the four tetrahedral chambers in the 0Osjg polyhedra

have edge-localized bonding whereas the bonding in free metals, including

the face-centered cubic ones, is fully delocalized leading to features such

as Fermi surfaces36 which are not found in these finite molecular clusters. ,::._;:: =
(2) 0sg clusters based on tricapped octahedra do not seem to be known. :\:,.::
: However, such clusters should be possible and would be based on a tricapped ii{
i octahedral 0sg(CO)25 (i.e., 036+p(co)19+zp for p = 3). Possible ':-_.;jlf:f-.

stoichiometries for such Osg clusters include 0sgC(C0)322~ and H,0s9(C0)9;.2
) The above considerations suggest new structural principles for clusters
containing more than ten osmium atoms. The only structurally characterized -‘:',:‘_?l-_,'-

such clusters appear to be 08]1C(C0)272" (ref. 16) and its copper derivative

‘ [0811C(CO)27Cu(NCCH3) ]~ (ref. 37). These clusters are based on a central

‘ Os7 &4-capped trigonal prism with a carbon atom in the center and with four ::

of the six triangular faces capped by u3-0s(CO0)3 groups. The skeletal

- electrons for 0s11C(C0)272"(i.e., 087C(C0);5[u3-0s(C0)3142) can be counted :-::"-.-."l:.

as follows: '_-.-:'.:"-‘.f-'.
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7 08(CO)y vertices 0 electrons
extra CO group 2 electrons
interstitial carbon atom 4 electrons
4 p3-0s8(CO)3 caps 8 electrons
=2 charge on anion 2 electrons
Total skeletal electrons 16 electrons

The observed 16 electrons correspond to the 2n + 2 skeletal electrons
expected for a globally delocalized Os; polyhedron. However, the observed
Os7 polyhedron is not the pentagonal bipyramid found in B7H72' (ref. 38)
but instead is a 4-capped trigonal prism which is not a deltahedron since
it has two rectangular faces. In this case the deviation from a deltahedral
structure for a 2n + 2 sgkeletal electron system is probably a consequence
of the volume requirements of the interstitial carbon atom in the center
of the polyhedron. An interstitial atom requires a larger polyhedral volume
leading in some cases to fewer edges than found in the otherwise expected
deltahedron. A similar situation is found in rhodium carbonyl chemistry
where the peripheral Rhjs polyhedron in the rhodium-centered clusters
[Rh12(C0)24(Rh)Hg.¢]"* (x = 2 or 3)39 40 i3 not an icosahedron or other
deltahedron but instead has six rectangular and eight triangular faces even
though it has the 26 skeletal electrons (26 = 2n + 2 for n = 12) required

for a globally delocalized deltahedral system.

7. Summar
The known chemistry of osmium carbonyl clusters containing five or more
metal atoms indicates that osmium carbonyl vertices always have the favored
18-electron rare gas configuration in contrast to some of the later
transition metals such as platinum and gold where 16 and even l4-electron

configurations are found. Furthermore, edge-localized bonding relative

v
»




to globally delocalized bonding appears to be more frequently found in osmium
carbonyl clusters than in clusters of other transition metals leading to
the following consequences:

(1) The abundance of osmium carbonyl clusters based on fused tetrahedra
or containing tetrahedral chambers.

(2) The limitation of globally delocalized polyhedra to the octahedron in
osmium carbonyl derivatives having six to ten osmium atoms. In other words
clusters containing n osmium atoms where 7<{n<10 use at least n-6 of the
osmium atoms as caps leading frequently to structures based on central
octahedra having various numbers of capped faces.

(3) The occurrence of a structure (namely that of HOsg(C0),”) based on
an edge-localized pair of edge-~fused tetrahedra even though the system has
the correct number of electrons for an alternative structure based on a
globally delocalized center octahedron. Related to this phenomenon is the
observation of a partially localized capped tetragonal pyramid structure
for H20s6(C0)1g which has the correct number of electrons for a globally
delocalized octahedral structure.

The tendency for osmium carbonyl clusters to form polyhedra exhibiting
edge-localized rather than globally delocalized bonding relates to the
facility for osmium carbonyl vertices to contribute more than three internal
orbitals to the cluster bonding. In this manner osmium carbonyl clusters
differ most greatly from boron hydride clusters in which the availability

of only s and p orbitals to the vertex boron atoms limit the number of

internal orbitals to three. Thus Wade's well-known analogyl between boron

hydride clusters and transition metal clusters is frequently no longer
followed in the case of osmium carbonyl clusters.
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