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A. INTRODUCTION

The rich chemistry of triosmium dodecacarbonyl (Os;(CO),,) is dominated by
derivatives containing either soft andjor n-aceepting ligands, such as phosphines
[1-3], alkynes [4] and nitriles [5], or small hydrocarbon fragments and molecules,
such as ethylidyne [6] and benzene [7] (see refs. 8-10 for recent reviews). However,
clusters containing “hard” oxygen donor atom ligands [11] such as alkoxides,
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carboxylates and oxyanions are becoming both abundant and increasingly important.
For the purpose of this review, oxyligands refers to ligands that are coordinated only
through oxygen donor atoms.

Owing to the durability of its metal core, Os;(CO),, has been found to be a
fruitful framework upon which to examine the coordination chemistry of “hard” oxy-
ligands with the formally low-valent transition metal centers found in carbonyl cluster
compounds. Among the various complexes known, one particularly interesting group
contains triply bridging tridentate oxyligands, such as sulfate [12] and phosphonate
[13]. The utility of Os,(CQ),, oxyligand derivatives extends beyond aspects of unusual
coordination modes and into the role of model compounds for phenomena such as
the chemisorption of oxyligands to metal surfaces [14] and of metal clusters to oxide
supports [15-17]. Other derivatives have served as synthetic intermediates [18-20].

The known types of oxyligand derivatives of Os3{(CO),, are shown below. For
each given type, the known examples are discussed herein with emphasis on synthetic
routes, reactivity, and crystallographic studies. Compilations of hydride ligand chemi-
cal shifts, and selected bond distances and angles appear in Sect. D.
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In the discussion that follows, oxyligand derivatives that otherwise contain
only carbonyl and hydride ligands are referred to as “unsubstituted” and those for
which one or more CO/H ligands have been replaced are called “substituted”.

B. COMPLEXES CONTAINING ONE OXYLIGAND
(i) n*-OE{(0).R, ligands (type A)

Two unsubstituted type A clusters have been prepared and characterized
by spectroscopic methods: (u-H)Os;(CO),, (7'-OC(O)CF;) [20] and (u-H)Os4(CO), ;-
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(n*-OReQ3) [21]. The former complex was synthesized by oxidative addition of
F3CCO,H to the substitutionally labile cluster Os3(CO),;(NCCHj;). The unidentate
nature of the trifluoroacetate group is evidenced by veoo vibrations at 1694 and
1413 cm~!. Carbonyl stretching frequencies and 'H NMR data suggest that this
cluster is isostructural with the halogen derivatives (u-H)Os4(CO); X (X=Cl, Br)
[22]; however, neither of these clusters has been examined crystallographically.
Consequently, the axial orientation of the halogen or trifluoroacetate ligands, pre-
sumed using electronic arguments (minimization of the number of good n-acceptors
trans to one another), has not been proven. The latter compound, (u-H)Os;(CO), -
(n*-OReQs), was prepared by reaction of (u-H)Os3(CO),; Br with AgReO,. Consis-
tent with »' coordination leading to approximate C;, symmetry for the perrhenate
group, this complex exhibits three Re—O stretches (940, 914 and 887 cm™!).

Protonation of the cyclometallated cluster [(u-H),0s3(CO){P(CcH,)Ph}] with
F,CCO,H is followed by coordination of the F;CCO; anion to give the substituted
type A cluster (u-H),0s3(CO)s(n*-OC(O)CF3) (u-PPh,) (1) [23]. Complex 1 was
structurally characterized. The F;CCOj ligand is axially bound and on the opposite
side of the Os; framework relative to the y-PPh, group.

PPh,
>c:,s [Nt
0%~ \®7fs\
b,

(ii} u-OR ligands (type B)

If substitution of a single carbonyl ligand in Os,(CO);, by OR™ were to occur,
an anionic cluster of formula [Os;(CO),,(OR)]1~ would result. Though such a species,
or its hydride equivalent HOs;(CO),,(OR), 1s a likely intermediate in the reaction
of Os;(CO),, with alcohols, no isolated examples with terminal OR ™ ligands have
been reported. Instead, the known alkoxide and hydroxide derivatives of Os;(CO};,
all contain bridging OR ™ ligands (types B and E). Type B clusters are discussed in
this section and type E clusters are discussed in Sect. C.

(a) Unsubstituted complexes

This class of compounds is extensive and alkoxy, phenoxy, siloxy, and vinyloxy
derivatives are known. The first type B compounds reported, (u-H)Os3(CO)o(u-OH)
and (u-H)Os3(CO),0(u-OMe), were obtained as low-yield by-products (1.6 and 0.2%,
respectively) in the synthesis of Os3(CO),, from 0sO, and CO in methanol [24,25].
Since this first report, several strategies have been found successful for the synthesis
of such clusters in high yields. Direct reaction of Os;(CO),, with alcohols at elevated
temperatures (typically 140-170°C) yields (4-H)Os3(CO);o(u-OR) derivatives (R=H
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[26]; R =Me, Ph, 2-naphthyl, CH,Ph, CHMe,, CHMePh, and CMe,Ph [27]; and
R=SiPh, [28,29]) in variable yields (trace to 81%) (Scheme 1). Using synthetic

ROH, -2C0

Os 3(CO) 12

Scheme 1.

(u-H)Os3(CO);0(1-OR)

intermediates such as Os;(CO);o(CsHg) and Os4(CO),((NCCHj),, less severe condi-
tions (refluxing cyclohexane) are required for reaction with alcohols, and clusters
prepared from these intermediates include those with R=H, Et, C¢Hy,, Ph, and
SiEt, [5,17,30]. The triethylsiloxy derivative (u-H)Os3(CO),o(u-OSiEt;) can also be
prepared from (u-H),0s3(CO)o(1-CH,) and Et,SiOH, presumably with liberation
of methane [16,31]. In the presence of ethereal HBF, and the weak acids water,
methanol, or ethylene glycol, (#-H)Os3(CO);o(t-N=CHNMe,) reacts to give (u-H)-
0583(CO)o{u-OR) (R=H, Me and CH,CH,OH) clusters in good yields (60~75%)
[32]. Clusters containing bridging vinyloxy groups, (4-H)Os;(CO)o(u-OCH=CR,)
(R=H, Me, and Ph), have been prepared from reaction of the unsaturated cluster
(u-H),0s4(CO),, and the appropriate substituted ketene (R,C=C=0) [33,34].
An improved procedure for the synthesis of (u-H)Os3(CO),o(u-OCH=CH,) from
(u-H),0s4(CO),, uses vinylene carbonate rather than ketene [35] (Scheme 2).

H\ ’H
7=S o
(1-H)20s5(CO)o  + o\c,o = (1-H)Os3(CO)1o(1-OCH=CHy)
]
0

Scheme 2.

The seemingly ubiquitous hydroxy compound (u-H)Os3(CO)yo{u-OH) has also
been obtained from the reaction of (u-H),0s,(CO),, with dioxygen in the presence
of CO and base [36]. Scheme 3 was proposed to account for this reaction, but O,
was not confirmed as the oxygen atom source by means such as a labeling study.

base, —H"

(1-H),085(CO);0 — (u-H),0s5(CO)y,

(u-H)Os5(CO);; 2% (- H)Os4(CO)1o(1-0)~ —— (4-H)Os5(CO);(u-OH)
Scheme 3.
Others have noted conversion of (-H),083(CO),0 to (u-H)Os3(CO),0(p-OH) in wet

acetone, suggesting reaction with water rather than O, [37]. Recently,
(#-H)Os3(CO),o(-OH) was obtained in good yield by reaction of Os3(CO),, chemi-
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sorbed onto silica with HF followed by hydrolysis [38]. The structural nature of
0s4(CO),, chemisorbed on silica is discussed below.

(b) Substituted complexes

The majority of substituted type B clusters have been synthesized directly from
unsubstituted alkoxy precursors. There are four important reactions for the alkoxy
derivatives: (a) substitution of a bridgehead carbonyl(s) ligand, (b) hydride replace-
ment, (¢} acid-induced displacement of OR ™, and (d) base-induced displacement of
OR ™. Reactions (a) and (b) give substituted alkoxy derivatives and are discussed in
this section. Reactions (¢) and (d) have been used to prepare other derivatives of
054{(CO),,, including carboxylate complexes that are discussed later.

The hydroxy derivative (u-H)Os3(CO),o{u-OH) reacts with PPh; under very
mild conditions (20°C) with loss of CO to give high yields (93%) of the bridgehead
substituted cluster {u-H)Os;3(CO)o(PPh,) (u-OH) (2} [39,40]. Its structure was con-
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firmed by X-ray crystallography. No intermediate species having a terminal OH
group was reported. Under slightly more vigorous conditions (refluxing hexane) and
using diphenylphosphinomethane (dppm), (1-H)Os;(CO)g(u-OH) (u,n*-dppm) has
been prepared [41]. (u-H)Os3(CO),o(1-OMe) reacts with CH,(NMe,), in heptane at
reflux to give two isomeric clusters of general formula (u-H)Os;(CO)o(C(H)NMe,)-
(#-OMe) (3 and 4) [42]. Both 3 and 4 were studied by X-ray crystallography.
Oxidative decarbonylation, as opposed to thermally induced decarbonylation,
has also been used to prepare bridgehead substituted clusters. Derivatives prepared
by oxidative decarbonylation of unsubstituted type B precursors with Me;NO in
acetonitrile include those with the general formula (u-H)Os3(CO)o(L) (1-OR) (R=H,
Me, Et, and Ph; L =NCCH;) (Scheme 4) [43]. Reaction of the acetonitrile derivatives

(1-H)Os5(CO),0(1-OR) + Me,NO —H
(1-H)Os,5(CO)s(NCCH,)(1-OR) + CO, + Me, N
Scheme 4.

with trimethylphosphite generates stereochemical isomers of formula (u-H)Os;-
(COY(L) (u-OR) (R=H, Me, Et, and Ph; L=P(OMe);). Spectroscopic evidence
suggests that these isomers differ in the positioning of the phosphite ligand on a
bridgehead osmium atom, ie. cis or tranms to the hydride ligand as in 5 or 6,
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respectively. Tetrametal clusters of formula (u-H),0s5(CO)o[OsH(CO),] (u-OR)
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5 )
(7) (R=Me, Ph) have been prepared by reaction of (u-H)Os,(CO)o(NCCHa) (4-OR)
and H,0s(CO), [44] (Scheme 5).
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Scheme S.

Clusters with two P(OMe), ligands ((u-H)Os1(CO)a(P(OMe);),(1-OR) (R=H,
Me and Ph)) are obtained by reaction of the appropriate unsubstituted precursor
with slightly more than two equivalents of Me,NO in acetonitrile and the subsequent
addition of excess phosphite ligand. In these clusters, the phosphite ligands are
disposed to separate bridgehead osmium atoms in the final products and stereochemi-
cal isomers were again noted (8 and 9). Similarly, a tetrametal cluster of formula

Os{COJ, 0s{CO)
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{MeQ)P~——iOF - (MO} ——0F 04— P(OMe)s
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(u-H),053(CO)s(NCCH ) [OsH(CO),] (u~OPh) (10) has been prepared by reaction
of (u-H)Os;3{(CO),o{u-OPh) and H,0s(CO), after “activation” with 2.2 equivalents of
Me,;NO [45]. .
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Reaction of Os3(CO)yo(3-S) with two equivalents of Me;NO-2H,O gives
(u-H)Os3(CO)g(NMe;) (u-OH) (u5-S) (11) [46]. Acid (F3CCO,H)-induced isomeriza-
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tion of (u-H)Os3(CO)o(1t3-CCCPh,OR) gives (u-H)Os3(CO)g (u-OH)(13-C=C=CPh,)
(12) as a result of hydroxyl group migration from the carbon atom to the metal
framework [47]. Each of these clusters was characterized by X-ray crystallography.

Replacement of a bridging hydride ligand in a type B cluster by the isolobal
Au(PPh,)" moiety has been achieved in low yield (7%) following the procedure
outlined in Scheme 6 [48].

Li{NPr}), ~78°C, ~H" Au(PPh)C), TIPF,), — TICI
(u-H)Os5(CO)yo(u-OH) —2 S PPhC), THPF)

warm to 20°C

(u-AuPPh;)0s5(CO),o(1-OH)

Scheme 6.

{c) Additional reactions

Acid-induced displacement of hydroxide from (p-H)Os3(CO)o(u-OH) has
been achieved with carboxylic acids (formic, acetic, trifluoroacetic, and
(n°-CsH,CO,H)Mn(CO),), giving carboxylate-bridged species [ 18,49]. These deriva-
tives are discussed later. Reaction of (u-H)Os3(CO),o(u-OH) with HBF , in acetonitrile
gives the cluster cation [(u-H)Os3(CO)o(NCCH,),]* [50]. These reactions have
been suggested to proceed by protonation of the bridging hydroxyl group and its
displacement as water by a conjugate base or solvent molecules. In contrast,
{(u-H)Os5(CO),o(u-OPh) is relatively stable towards substitution of the y-OPh group
by carboxylate ligands and in acid media (F;CCO,H) a species reversibly protonated
at a metal-metal bond is obtained [18,19]. This protonated species only slowly
converts to (u-H)Os3(CO),o(u,n%-0,CCF).

At low temperature (—45°C), HCl and F,CCO,H react with (u-H)Os3(CO)yo-
(-OCH=CH,) by addition across the vinyloxy group to give {i-H)Os;3(CO);o-
{(ui-OCHXCH,;) (X=Cl and OC(O)CF;) [35]. When warmed to room temperature,
B-elimination occurs, giving acetaldehyde and the clusters (u-H)Os3(CO),o(u-Cl)
and (u-H)Os3(CO),4(1,n2-0,CCF,), respectively. Protonation of (u-H)Os3(CO);o-
(ui-OCH=CH,) with ethereal HBF, at —78°C in dichloromethane followed by the
addition of (Et,N)X salts (X=Cl, Br, or I) and warming gives (u-H)Os;(CO),o(t-X)
complexes in good yields (65, 55, and 81% for X=Cl, Br, and I, respectively). A
similar protonation reaction in methanol solvent, followed by deprotonation with
(Bu,N)OH, gives (u-H)Os3(CO),o(u-OMe) (57%).

Base-induced hydroxide displacement has been reported for (u-H)Os;3(CO), -
{u-OH). Reaction with pyridine affords the pyridyl-bridged cluster (u-H)Os;3(CO),0-
{(u-CsH,N) (13) [51]. Reaction with esterified a-amino acids gives amide-bridged
clusters (14) [52].

Intramolecular metallation of a phenyl ring occurs upon thermolysis (refluxing
nonane) of (u-H)Os;3(CO),o(u-OR) derivatives when R is an aromatic group [27].
For R=Ph, it was originally proposed that the product, (u-H),O0s3(CO)o{u-OC¢H,),
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had the structure 15a. Later, a diffraction study showed that the correct structure
was 15b [53]. For R=1-naphthyl, o-hydroxyphenyl, 2-phenylisopropyl, and 1-phenyl-
(COM

(oc)30s</ {OC),0s 0 (OC):;OS\ /Os(CO)z

O
@5& w0 é\ TTbucoy R
Qs
(cmd)?\®/ (cou\@/ QO

{158) {15b) (16
ethyl, nonacarbonyl compounds of formula (u-H),0s,(CO)o(u-OR) have also been
isolated, but, in contrast to their phenyl counterparts; aromatic groups in these
derivatives are metallated at a y position and the cluster is substituted at a bridgehead
metal center (16).

(d) Structurally characterized complexes

Structurally characterized triosmium carbonyl clusters containing a single
#-OR moiety include (u-H)Os3(CO)g(NMe;) (u-OH) (u,-S) (11) [46], (u-H)Os3(CO)q-
(1-OMe) (u3,7*>-C(H)NMe;) (4) [42], (1-H)Os3(CO)s(u-OH) (u3-C=C=CPh,) (12)
[47], (u-H)Os3(CO)o(L) (u-OR) (R=H, L=PPh; (2) [39] and PMe,Ph [55];
R=Me, L=CH)NMe, (3) [42]), (u-H)Osy(CO)s(y-OH) (un*-dppm) (17) [41],
and (u-H)Os;3(CO);6(u-OR) (R =Me (18) [54] and SiEt, [17]).

Each of the clusters containing triply bridging ligands (4, 11, and 12) have
several common structural features: (i) nine terminal two ¢~ donors, (i} a non-metal—
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metal bonding Os—Os edge bridged by a u-OR group (Os—Os distances of 3.492,
3.3707, and 3.373 A, respectively), (iii) u-H and u-OR groups bridging different
Os—Os edges, (iv) elongated u-H bridged Os—Os edge (u-H bridged Os—Os edge
(A)/Os—Os edge not bridged by H or OR (A): 2.873/2.793, 2.9018/2.7869, and
2.903/2.865, respectively).

H o, Me

‘o,

_'bs\ 0\ o~ —.".Os\ O\ :’_..-.‘
Ky R
P——uC¢H,
Phy
(an (18)

In the remaining structurally characterized (u-OR) (u-H) derivatives, the u-OR
and y-H ligands bridge the same Os—Os edge. The cluster (u-H)Os3(CO),o(u-OMe)
(18), whose structure has been fully described {54], serves to illustrate this and other
features. Unlike 4, 11 and 12, all of the Os—Os distances for 18 are within normal
bonding distance (2.812, 2.813, and 2.822 A). On the basis of simple electron counting,
this distinction is expected. The u-OMe group is disposed at 106.42° relative to the
triosmium plane, and symmetrically bridges an Os—Os edge (Os—O distances of
2.112 and 2.093 A). The hydride ligand bridges the same Os—Os edge as the methoxy
group and the Os; and Os—H—Os planes form an angle of 123.32°, Selected structural
parameters for the entire group of unsubstituted type B clusters are given in Sect. D.
(Table 2). Note that the double-edge bridged Os—Os distances are all slightly shorter
than their unbridged counterparts. Since hydride-bridged Os—Os bonds are normally
longer than their unbridged counterparts [56—58], this suggests a contracting influ-
ence by the u-OR group.

For the substituted clusters, the non-carbonyl ligands occupy bridgehead sites.
They are cis to the hydride in (u-H)Os3(CO)o(PMe, Ph) (u-OH) [55] and (u-H)Os,-
(CO)(PPh,) (#-OH) (2) [39] and trans to the hydride in (u-H)Os;(CO)(C(H)NMe,)-
(u1-OMe) (3) [42]. For the chelating phosphine in (u-H)Os3(CO)g(u-OH)
(un*-dppm) (17) [41], the ligand is coordinated diequatorially.

(e) 'H NMR data for (u-H) (u-OR) complexes

'H NMR data for the bridging hydride ligands in double edge bridged type B
clusters are summarized in Sect. D (Table 1). Hydride resonances for unsubstituted
clusters fall in the range 6 —11.25 to —12.84 and all are singlets. For u-OH com-
plexes, no hydride-hydroxyl proton coupling has been observed. For the substituted
compounds, the hydride ligand chemical shifts range from 6—11.32 to 6—13.12.
When the hetero ligand is a phosphine, two-bond phosphorus—hydrogen coupling
is seen. The magnitude of this coupling is small for cis configurations (position A in
19) (7.0-11.9 Hz) and large for trans configurations (position B in 19) (58-65 Hz). In
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the instance of P(OMe); substitution, there is little difference between the hydride
ligand chemical shifts for cis or trans configurations.

H. G
aof (I)s”"
ro” 8 | ~

(19)

(f) Os3(CO),q on silica
Reaction of Os3(CO),, or the “lightly stabilized” complex Os;(CO);o(NCCH,;),
with silica or alumina results in a surface-grafted triosmium carbonyl species
[28,29,59]. The formulation of this species as a chemisorbed Os;(CO),, cluster is
based on the observation that two equivalents of CO are released upon reaction
[28,29,59], and the results of various spectroscopic measurements such as Raman
[60,61], IR [28,29,59,61-63], and EXAFS [29,59,61,64-66].

co co
oc, | £0 oc, | .co oc,, | 1%

5D o O
oc” °’\“§O§ ’Q'C;OS\ <0 \_Q

e > S SIS
(20) (21)7*'*"' (22) 0\'\'\'“"'7
In principle, an Os;(CO),;, moiety can bond to an oxide support in three
distinct modes: 20, 21, and 22. For each of these modes, a clear molecular analogue
exists, and much of the inference as to the structure of the grafted cluster has been
derived from spectral comparisons with molecular model compounds. Mode 21 can
be eliminated as a possibility because an Os—H vibration has been observed by IR
[67]. Distinguishing between the two remaining possibilities has been most clearly
demonstrated by comparison of magic-angle-spinning *C NMR for the supported
cluster with solution '3C NMR spectra for model compounds such as (u-H)-
Os3(CO);o(n*-0,CH),  Os3(CO)1o(u-OMe),, and  (u-H)Os;3(CO),(u-OSiEts)
[15,16] By this and other methods it is now evident that the supported cluster is
bound as shown by 20. Thus, the formulation of the supported cluster can be written
as (u-H)Os;3(CO);(p-O8Si=). Two model compounds for this type of interaction
have been structurally characterized: (u-H)Os3(CO),o(u-OSiEt;) [17] and
(-H)Os3(CO),0[(4-0O)Si;046(CsHy,)7] [68].

Co

(iii) un*-0,ER, ligands (type C)

Oxyligands with more than one oxygen donor atom can potentially bond to
the triosmium cluster framework by replacing two or more carbonyl ligands. For
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carboxylate ligands, the bridging didentate mode (type C) is common, but chelation
to a single metal center is unknown. As compared with the y-OR derivatives, p,n°
carboxylate ligands adopt more nearly axial coordination to the Os, framework,

{a)} Unsubstituted complexes

Though many unsubstituted type C clusters exist, no synthetic procedures
involving direct thermal reaction of Os3(CO),, with carboxylic acids are known
to give carboxylate triosmium clusters in high yield. The complex (u-H)Os3(CO)40-
(un*-O,CCH;) has been obtained as a minor product from the reaction of Os;-
(CO),, and acetic acid in n-octane at reflux and in the presence of PhCN, but the
two major products were non-oxyligand compounds [69]. However, several
decacarbonyl species have been found to be excellent synthetic intermediates.

0s5(C0O),0(CcHg) reacts readily in refluxing cyclohexane with carboxylic acids
to give (u-H)Os3(CO),0(u,n%-O,CR) (23) (R = H, Me, CF,, Et, Ph, p-chlorophenyl, p-
nitrophenyl, or CO,Et) clusters in generally excellent yields (ca. 90%) [30] (Scheme 8).

Sk W] D
bV l \(L_
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1
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AN > /‘l"\ i ?i.
“ loon, O N\
N,
“ \és{ [ O
A y
Scheme 8.

Only the formate complex was obtained in poor yield (20%). Using Os;-
{CO),o(CgH 4), instead, the formate derivative can be isolated in 61% yield [14].
The p-hydroxy compound (u-H)Os3(CO)yo(u-OH]} reacts with carboxylic acids (R=
H, Me, and CF3) to give type C complexes under mild conditions (room temperature
to 40°C) (yields: 68, 100, and 97% for (u-H)Os3(CO),o(u1n*-O,CR) (R=H, Me, and
CF, respectively)) [18]. When the unusual carboxylic acid (4°-CsH,CO,H)Mn(CO),
is reacted with (u-H)Os;3(CO)o(u-OH), the heterometallic cluster (u-H)-
055(CO),o(1,1*-0,CCsH,Mn(CO);) can be obtained after prolonged reflux (80 h)
in THF (48% yield) [49]. Reaction of either (u-H)Os;(CO),o(u-CH=CH,) [70],
(u-H)Os5(CO)1o(u1-N=CHNMe,) [32] or {(u-H)Os3(CO),o(u-OCH=CH,) [35] with
excess F3CCO,H gives (u-H)Os;3(CO);o(u,n*>-0,CCF5). Reaction of (u-H)Os;-
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(CO)o(ui-N=CHNMe,) with acetic acid in the presence of the strong acid
HBF, - Et,O gives (u-H)Os3(CO),0(u,n?-0,CCH;) (97%) [32].

Os(CO|
(0108 \/ (CO)s
08(CO)q
(l)s,(CO)n O\C/o/ Ph\ Ph
A,c =0 é /,P =0
:”\_.os O_A ;i_ /O/ \o ,.\L O‘ cl); i_
| > ool e
o= |
(COJ
(24) (25) (26)

The unusual cluster anion [(u-H)Os;(CO);o{un2-0,C(0s6(CO);4)}1~ (24) is
obtained from reaction of Qs4(CO),s and HOs3(CO);; in dichloromethane in a rapid
room temperature reaction [71,72]. It was isolated as the PPN salt in 70-80% yield
and structurally characterized (see below). An oxylate bridged “dimer” (25) has been
obtained by reaction of Os;(CO),o(NCCHj), and oxalic acid [73].

Bridging bidentate coordination of diphenylphosphinate is found in (u-H)-
Os;(CO),o(u,n*-O,PPh,) (26) [74]. This cluster was prepared in 57-65% yield by
reaction of Os;(CO),o(NCCH;), or Os;(CO),o(CgH,4), with Ph,PO,H and was
structurally characterized.

(b) Reactions

Only a few studies on the reactivity of type C clusters have been reported.
(u-H)Os3(CO),o(1,n>-0,CCH;) reacts rapidly with BH; at —40°C in CD,Cl, [75].
'H NMR spectra suggested that an anionic formyl complex, [(u-H)Os3(CO),
(C(O)H).(u,n2-0,CCH3)] ", had formed. Warming to 0°C, hydride migration from
the formyl group to the metal was proposed to occur giving the dihydride
[(u-H),0585(CO)0(112-0,CCH;)] ~. Upon acidification, the starting cluster was
obtained. These results are summarized in Scheme 9.

(-H)Os3(CO), o(?-0,CMe) ——

[(4-H)Os3(CO)s(C(O)H)(72-0,CMe)] - ——

H*, —H;

[(u-H),0s5(CO),o(p*-0,CMe)] - ————
(u-H)Os3(CO)10(;1,112-02CMe)

Scheme 9.

Reactions of (u-H)Os3(CO),(u,n*-0,CR) (R=H, Me, and Ph) with Me;NO
give the bridgehead substituted clusters (u-H)Os3(CO)o(NMes) (un%-O,CR) (27) in
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good yields (70, 70, and 55% for R=H, Me, and Ph, respectively) [76]. Further
reaction of these trimethylamine complexes with P(OMe), give the analogous phos-
phite-substituted clusters. 'H NMR data, especially a %Jpy value of ~10 Hz, are
consistent with the P(OMe), ligand being coordinated to a bridgehead osmium atom
and cis to the bridging hydride (28).

R R Me
' ! L
"'0. | 04'c=.:? -""" o o, ‘ 04' a? ;_‘4’ "%, I 04’ ) ?J’f
., Os. N 08.""' NMHa o, Os — OS —-—P(OMe)s -\03 —-——-0&"""‘
L A A
[} ] ¥
~ N -~ N ~ \
(27} (28} (28)

(¢) Structurally characterized complexes

The structurally characterized type C clusters are listed in Sect. D (Table 2). In
all instances, the carboxylate moiety is bridging bidentate and very near to truly
axial ligation (O—0Os—0s—0O “coordination plane”/Os; plane dihedral angles range
from 97.0 to 100.5°). The hydride ligand, located directly for R=Me and with an
apparent position for the others, bridges the same Os—Os edge and lies nearly in the
triosmium plane. For example, in (u-H)Os3(CO),o(u,n*-O,CMe) (29) the Os, plane/
Os—H—Os plane dihedral angle is 167° [69]. The double edge-bridged Os—Os bonds
are all somewhat longer than their unbridged counterparts. Hydrogen bridging
generally elongates Os—Os bonds by ~0.15 A [58]. That the lengthening is less than
expected for these compounds results from the opposing effect of the carboxylate
ligand and its small “bite”. Acute Os—Os—O angles (e.g. 81.2 {ave)® in (u-H)-
Os5(CO),0(un*-0O,CH)) provide support for this contention. Compared with the
carboxylate derivatives, the phosphinate ligand in (u-H)Os5(CO),o(1t,n*>-O,PPh,) (26)
is much closer to being normal to the Os; plane as evidenced by an O—Os—Q0s—O
“coordination plane” angle of 93.91 {(ave)® and Os—0Os—O angles of 84.5 (ave)° [74].

The compound [(u-H)Os3(CO),o(1t,7%-0,C(Os6(CO), 1)1~ (24) differs from the
other carboxylate derivatives in two significant respects: the C—Q distances for the
un*-0,C moiety are longer (1.299 vs. ~1.25 A) and the O—C—O angle (112.4° vs.
~128°) is smaller [71,72]. An alternative to viewing this cluster as the “carboxylate”
ligand O,C(0s4(CO);4) bound to a (u-H)Os,(CO),, fragment is to consider the
Os—CO, unit as a carbene. Simple electron counting suggests this is a reasonable
possibility. For a carbene unit, the C—O bond orders should be close to one and,
hence, the C—O distances should be longer than for a carboxylate moiety (formal
bond order 1.5). Indeed, parameters for the Os—CO, moiety in the 24 unit compare
favorably with the carbene ligand in (u-H)Os,(CO)g(n1-C(OMe),) (13-CPh) (C—O =
1.299 (ave) and 1.315 (ave) A, Os—C{carbene)=2.009 and 2.039 A, O—C—O angle=
112.4° and 109.0°) [77].
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(d) *H NMR datafor (u-H) (un*-O,ER,) complexes

'H NMR chemical shifts for hydride ligands in type C clusters are summarized
in Sect. D. Hydride resonances for the unsubstituted carboxylate compounds fall in
a very narrow range: 6 —10.10 to §--10.42. Bridgebead substitution of CO by NMe,
causes a downfield shift of about 1 ppm. For P(OMe); substitution, little effect on
the chemical shift of the resonance is observed, and the hydride signal is split into a
doublet with the magnitude of the coupling (*Jp; = 12.2 Hz) consistent with phosphite
coordination to an equatorial site cis to the bridging hydride. The phosphinate
cluster (u-H)Os;(CO),o(un?-O,PPh,) exhibits a doublet (*Jp;=8.7 Hz) for the
hydride ligand at §—1049 [74].

(iv) usn>-O;ER ligands (type D)

Type D clusters of the general formula (u-H),0s3(CO)o(p3,n-O3ER) (E=S,
R=0; E=P, R=0H, Me, Ph; E=As, R=Ph) have been prepared by reaction of

(u-H); O53(CO)g(3-CH) —2220 =, B0, (u-H),083(COs(tt3 1°-03S0)
(30)

FyCSO,H, ~CH, RPO;H, or RAsOH, H,0

(#-H)30s5(CO)o(u15-CH)
(1-H); 033(CO)g(p15 ,'13'03ER)

Scheme 10.

(1-H);3055(CO)s(u3-CH) with strong acids (Scheme 10) [12,13,21,78]. Both the sulfate
(30) [12] and phenylphosphonate [13] derivatives have been structurally charac-
terized. The IR spectra of these derivatives very clearly show important oxyligand
vibrational modes. As shown in Fig. 1, the IR spectrum of (u-H),0s;(CO)s-

i

4000 2000 1400 800 cm™?

Fig. 1. IR spectrum of 30 dispersed in KBr. (Reproduced with permission from ref. 21.)
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(13,1-O3S0) exhibits four strong and well-resolved vgo bands (1275, 1048, 1020 and
966 cm ™ 1) consistent with a SO, ligand having approximate C, symmetry. Fluxional
behavior consistent with hydride migration about the Os; framework has been
observed for the phenylphosphonate complex [13]. These complexes react reversibly
with methoxide to give base adducts of formula [(u-H),0s5(CO)s(C(O)OMe)-
(13.n3-O3ER)] ™ [79]. On the basis of spectroscopic evidence, the site of adduct form-
ation is an equatorial CO ligand on the unique Os atom (31).

o) Ph
I :.

o / l\o o / CI)\O
Oc.ols o ols,,..co OCn..olsl cLl.CO
oc” ~co  oc”| I | ~co

I Os I Os

C S 1N C €0 ™ /TN, O

o OC ¢ coO o oc” ¢ h:om

[o] o 0
(30) (31)

C. COMPLEXES CONTAINING TWO OXYLIGANDS
(i) (u-OR), complexes (type E)

This class is represented only by double edge-bridged bis-alkoxy compounds
of the general formula Os;(CO),¢(u-OR),. Preparative routes for only the bis-
methoxy derivative have been described in detail. Originally obtained as a co-product
in the high-pressure synthesis of Os;(CO),, from OsO, and CO in methanol solvent
in low yield (~5%) [24,25], subsequent methods include its synthesis by reaction of
0s,4(CO);, and methanol at 160-170°C for 19h (13% yield) [27], and (u-H)-
0s4(CO),o(#-OMe) and methanol at 145°C for 12 h (19%) [16]. The latter pro-
cedure possibly proceeds via the mechanism described in Scheme 11. Bis-ethoxy

(1-H)Os,5(CO),o(-OMe) + MeOH —

H,055(CO),o(OMe), —> Os5(CO),o(u-OMe),
Scheme 11.

[80,81] and phenoxy [28,29,53] species have been mentioned in the literature, but
few details on their preparation or properties were provided.
Me

O
(0C) 08— _\08(00)3

(oc)aos\o
Me

32)
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The cluster Os;(CO)yo(u-OMe), (32) has been structurally characterized [82].
The doubly bridged edge is much longer than the other Os—Os edges (3.078(3) vs.
2.819(ave) A), suggesting the absence of a metal-metal bond. Formal electron count-
ing is consistent with this observation though, as discussed below, the electronic
properties of these clusters are more complex and not amenable to a simple descrip-
tion. The methoxy groups are symmetrically disposed, forming angles of 117° and
110° relative to the triosmium plane.

(a) Bonding in (u-OR), complexes

To satisfy the 18 electron rule, formal electron counting would suggest metal—
metal bond orders of two, one, and zero for the double edge-bridged clusters
(1-H),053(CO)yp, (u-H)Os3(CO),5(u-OMe), and Os3(CO),4(u-OMe),, respectively.
Increasing metal-metal distances of 2.670, 2.863, and 3.078 A support this suggestion
and Mason and Mingos provided a qualitative description of the bonding in these
clusters based upon it [83]. However, Broach and Williams, in their neutron diffrac-
tion study of (u-H),0s4(CO),,, described the Os,H, moiety in terms of a four-center,
four-electron bond (alternatively two three-center, two-electron bonds as in diborane)
[84]. Further work on the electronic properties of (u-X) (u-Y) clusters (X=H,
Y =H, halogen, OR; X=Y =halogen, OR) by Sherwood and Hall [85], Chesky and
Hall [86], and Granozzi et al. [81], are in agreement with such a description and
they proposed no significant direct Os—Os bonding for the bridged edges. Only a
weak “t,,—t,.” interaction, of diminishing importance going from the dihydride to
methoxy hydride to dimethoxy compounds, which is bonding for (u-H),0s4(CO),,
and weakly antibonding for Os;(CO),o(u-OMe),, was proposed. Additional lengthen-
ing influences for 3¢~ donor-substituted species result from interactions of the p
orbitals on the donor ligands with a low-lying unoccupied MO which is antibonding
with respect to the Os atoms.

(ii) Complexes containing one n'-OE(0Q) R, and one u,n*-0,ER, ligand (type F)

Reaction of (u-H);0s5(CO)e(u3-CH) with F3CSO,H, followed by careful layer-
ing of the reaction solution with diethyl ether, gives (u-H),0s(CO)o(O;SCF3), (33)
in good yield (76%) [20]. From 33, other type F clusters can be prepared by reaction
with neat carboxylic acids (Scheme 12). Reaction of 33 with neat NCCHj; gives the
cationic cluster [(u-H),0s3(CO)o(NCCH,);] (O3SCF3), in high yield (79%).

The mixed oxyligand cluster (u-H),Os3(CO)g(u,n?-0,CMe) (n!-OS(0),CF;)
(34), which has been structurally characterized, shows remarkable stability towards
substitution of its triflate ligand as evidenced by its lack of reactivity with potential
ligands such as THF and NCCH3. Structural data, especially the long S—O(Os)
distance (1.50(1) A), provide further evidence that the triflate ligand in 34 is tightly
bound compared with other transition metal triflate complexes. Some substitution
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(k-H); O55(CO)o(O3 SCF5), — 222 2w
33)
(1-H), Os3(CO)o(11,n*-0O, CR)(n*-OS(0), CF ;)
R =H, Me (34), CF,

(1-H), 085(C0)s (03 SCF 3), — 2o 22

33)
(1-H); Os3(CO)o(un*-0O, CR)(n'-OC(O)R)
R = H, CF3
Scheme 12.
P
| od 1
o} .
>Os/®',\0$—
I \@_OS{I
N\~ 7 I
A
FiC Yo (3 X=1¢C
= 67-72°C
72°C
MeCO,H .

(u’H)ZOSS(CO)Q(ug'S) 60-75 °C (P'H)Osa(co)w(ll'x)

THF, MeCN 2 1

PhCN, CO 76 °C (n-H)20s3(CO)g(1.n"-0CMe)(n '-OC{O)Me)

H,, FCSO,~ | 2h +

Os2(1-02CMe)>(CO)g
No Rxn

Scheme 13.

chemistry has been reported for 34 at elevated temperature (60—-80°C) (Scheme 13),
but most of the products isolated did not result from replacement of only the triflate
ligand.



0F'6¢ (zH 9L ‘P STI~ 10 1/f4dd «V)H

49 (ZH L8 P 9T~ DA 1/ud®sNd V) H

by 134 (zH¥8 Py~ Eieleie] 1/5GNO)d V) ud
T 137 (zZHOL P $9TI— DA 1/*GWO)M V) ¥
e £ (zH 6'L ‘P) SSTI— f0ao 1/5(6GINO) V) SN
a 3% (zog ‘P zrer— oA 1/56GINO) V) H
= %% ) eeri— oan 1/NOSW |
= 157 ) zeni— f0an I/NOSI SN
i 134 G vs11— Ao I/NDPI H
I~ 89 () 9671~ SDan 1/0D H{IrgootoNs
g Ll &) 9¢ 11~ DA 1/0D tydrs
8 L1 ©) LeTI— DA 1/00 a8
¥ 143 (s) €8°11— 0adn 1/00 “Ydo=HD
m e ) ve11~ Dan /0D LWD=HD
= v () seT1— Soan /0D THO=HD
$ iz &) L6111 - HAan 1/00 Ayiyden-z
E Jird ) orzi— DAD 1/00 4d
= Lz () LoT1— foan 1/00 YdSWHD
& LT ©) - foaon 1/0D Hd*HO
© 93 (®) ys 1~ lielcio) 1/0D FHO(EAD(0D0HD
¢¢ (s) 1871~ Ao 1/00 EHOIDHD

143 1571~ Riel{¢re) /0D HOHD'HD

Le &) 8T~ Reldie] 1/0D LIWHD

8¢ sz Belse) 1100 THYD

0¢ ) o1 S0an /0D i

o () 921— D0 1/00 H
(40-1)"(7)*° (0D ) sso(H)

ud ufq ;|

BEY | H1 ¢ JUIAJOS xoidwo))

148

2H{OD) 50 Jo seaneausp puedydxo ur spuedy opuphy uidpLiq 10§ SYIYS [BHWSY))

I 14VL

(o))

40 SHALLVAIMEA ANVOITAXO 404 S'TIONY ANV SHONVLSIA ANOS JHLOFTIS ANV SLATHS TVOINTHD ANVOIT ZATYAAH A0 SNOILLVIIdWOD 'd



149

G.R. Frauenhoff{ Coord. Chem. Rev. 121 (1992) 131-154

6L

¢l
¢l
£l
4!
4!

9L
9L
SL
9L
9L
9L
9L
1L
194
0t
1
0
3
0t
0t
0t
0t

134
|17
134
134
194
194
137
[47

(ZHS'1 ‘P 6L TI—
(zZH ST ‘P) $TOI—

(s) sTTI—

(zH £ ‘p) 89°T1—
(zH € ‘P) LSTI—
(ZH T P) st'TI—
) p0T1—

(ZH T'T1 ‘P) ¥EO1—
() €16~

01—

ZH 21 ‘P) 9501 —
(s) s¢'6—

(ZH TT1 ‘P) LSOI—
(s) ge6—

() yZ01—

(s) 01—

(s) 6201~

() 0101~

) s1°01—

(s) 001 —

(s) 0£01—

(s) sc01—

(8) zvo1—

(s) 8T01—

(zZH $9 ‘8 ‘PP) 8'TI—
(ZH 6’1 ) 89'T1—
(ZH 98 1) 09'11—
(zH 6 VD S6T1—

(zH 6§ P) STTI—
(zH 8S ‘P) 6LTI—
(ZH 8S ‘P) L9T1—

(s) z6T1—

“Otad

Rell¢re)
HeX¢ /o]
delles)

0D *aD)
0D%*ad)

f10a0
S0ad
1'ap
Helee)
DA
fDad
foap
Ao
%)
fao
DAad
fPDao
oA
S0an
foao
DA
fad

fDao
fDao
Ao
foao
Releio)
S0ad
fDad
Span

oS

udsvy
SNd
4dd
HOd
oS

1/5GINO)M
/S9N
1/-[H(0)D]
1/5(cGINOM
/59N
1/5(GWOM
/59N
1/0D
1/0D
1/00
1/00
/00
1/0D
1/0D
1/00
1/0D
/0D

Z/EGWONM
qc/muddp
T/SGINOXM
7/fGINO)
1/5(GNOM
1/5(6IWO)M
/GO
1/5NNHD

_[(4q%0-W 1) (aw0(0)0) 2 (02) ts0*(H-1) ]

(4T~ WE1)S(0D) SO (H1)

ud

qd

SN

SN

IN

H

H
_[“Y(00)*s0]
HODUW(*H®D)
|00
TON*H?Dd
DTHD-d

4d

o)

5|

SN

H

(4D%0- M) (1)*~°" (0D ) Sso(H)

(g V) O
«V V) H
«{V V) ud
«V ‘V)H
«{f) ud
«{9) 1
«8) SN
() oW



(wddp- k) (HO-7)¥(0D) *SO(H-")q

‘suea} s1 T 1ey) (q) 19139 pue pueSy apupAy SuiSpiaqg syl 031 s St T yeyy sareoipul (V) 101197,

<
= (zH 1 ‘P) 8¥°E1—
= 1T ZH 1 'P) 921 — 0D**ad) (HOM(EIDUOISO- ¥)5(0D) EsO(H-)
& (ZH S ‘1 ‘PP) 60°L1—
£ 14 (ZH 11 ‘1 ‘PP) S6'S1—~ eXuie} (Cudd-"(E10(0)00-: Y (0D} SOUH-")
= (zH 99 ‘P) 9€1—
- St (zH 8°€ ‘P) 901 — Helefe] {Udo-"MHOD)HSOJEEGINO)) 8(0D)EsOHH-1)
K 34 8) £6— () 08— fDad (4do-"["(0D)HSOJ(FHOON) (0D) *sOUH-7)
g 44 vel— ‘T01— 0ad (4d0-"[*(0D)HS0)(0D) *sO*(H-)
m b Tyi— ‘01— DA (eBWO-")[*(0D)HSO14(0D)  sO*(H-")
~ SL 16S1— ‘80°01— Pad _[GWD*0- kM) (00)s0U(H-)]
§ €L ) 1701 Ao [(0*D)H°"(0D)*sOH-")}]
S w (ZH €T ‘P) LETI— f0ao (FaNN(H)O- W EM)(BINO-) %(0D) fsO(H-T)
w 9% ) sv6i— S0Aad (S-SMHO-M(ENN)(0D) SsOH-T)
g vL (zH L'8 ‘P) 6¥°01— oadn (*ydd*O- k") °(0D) sO(H-")
8 0z (®) 6751~ ID'an (C12(0)100-1 1) "(0D)*sO(H-")
" S4Y10
&
S
(174 () 11— dielleie} &40
174 () 0811— DFao SN
0T () 8811 — DEAd H
(E4D%(0)80- 1) (4D*0- 1) (0D ) st (H1)
0z ) 6TTI— eXleie) % (o)
174 ©) 9pzI— el¢e} oW
0T (s) 05°21— el e} H
(4(0)00-14) (4D%0-41)6(0D)sO*(H-1)
(ZH L'T T PP} €TTI—
6L (zH € ‘T PP} LEOI— A 4dd
ad u/1 |
<
b PN H1e¢ JUdA[OS xa[dwo))

(panutuoo) 1 3IGVL



€1 (2A®)896°C (ea®)01T UddEO-h =) 5(0D) O H(H-)
Tl (22®)996°C (CI)TS rd (0OS O~ 51)S(OD) EsO*(H-)
— AT Ol &1t
a
LIL ¥l $001 $68T (EIX:)1Y s -[(*"(0D) *sOD*0O- M) (0D) EsO(H-)]
vL (ere)g gl | (2AB)16'¢6 (ene)sp6T (eae)s 1T (*9dd*O-k1)°(0OD) *sO(H ")
€L (1oz1 (D816 (oar)S1Z [(*o*) Y 0D)Eso(H-}]
0C (Dsz1 #8638 6)1LLT (eav)1T CAOHOISO- W(EHDDTO- k') S(0D) SsOHH )
6v (N6l 9'86 (D116 (eaelp1C {£(ODNNTHEDDTQ- 1} °H(OD) SsO(H-)
69 oLzt 0L6 01606 Mere (FHDD* O~ 11)° (0D) *sO(HM)
¥1 (eam)gLT1 (241)9°86 (248)606°'C (ca®)ISTT (HD*OQ- i) (0D) EsO(H-")
AHTO- M
8 (ea®)1°56 (eav)e1 (£)8Lo°¢ (9av)60°C (BWO-)°H(0D)Es0
|87 (wLLe (3A8)291°T (wddp-_ u'mM)(HO-)%(0D) sO(H-1)
w (1zeve (B3INN(H)D- e )] (BIO-7) 4(0D) EsO(H-7)
Ly (1901 CIN) RS (sav)E1T (CadO=0=D-t")(HO-")%(0D)*sO(H-)
- 9P (e)L €01 ©)LoLE e (eAe)Zy1T (S-*")(HO-M) (AN *(0D) *sO(H-)
a) W (6)088L'Z (IO [FaNNH)D]O0D)EsO(H-1)
= s @wes ®108c (eae)LzIT (HO)(Ud "> Nd) %(0D) *SO(H-™)
- ot'6€ Z8 808°C (re)z1T (HO-M(*4dd)*(0D)*sO(H-1)
Q 89 @68LT (eav)zI T [XC*H®OX ' OL18(0-7)]°H(0D) fsO(H-)
= L1 @618 (DLLL'T (ea®)811T ((3mS0-1)°"(0D) *sO(H-")
) S 6'€8 90t 18T (ea®)E01°T (3O-)°"(0D)*sO(H-)
§ Jo-1
-
5 € (176¥1°C (“udd-"( 22(0)20-:8)%0D)sO*(H-7)
© 174 otoriz  (CADHOISO- ¥ (FHDO®O- ) %(0D) SO (H-")
m “W'(0)40-Uu
M/M soxaidwod YoO-n
] 10§ 918ue SO—0O—SO soue}SIp
3 10 saxajdwod 9[8ur  oueld SO—sSO
& “dF* Q- U 10§ UOIRUIPIOOD,, pasSpuq 20UR)ISIP
= o ~S[8ue a1q,, 0—d—0 £sO/pueBAxO puediAxQ 0—s0 xapduro)
o

"PIYBIYSIY ST pAISI] 318 LIep S} YOIYMm J0§ puedi| oyl
2HOD)* SO Jo saanealdp puediLxo 10j (3op) sojSue pue (y) sOUBISIP puoq PadAIes

7 HTAVI



152 G.R. Frauenhoff{ Coord. Chem. Rev. 121 (1992) 131-154

ACKNOWLEDGEMENT

The author wishes to thank Professor John R. Shapley for financial support

and helpful discussions.

REFERENCES

1
2
3
4
5
6
7

8
9

10

11

12

13
14

15
16
17

18
19
20
21
22
23
24
25
26
27
28

29

C.W. Bradford and R.S. Nyholm, Chem. Commun., (1967) 384.

A.J. Deeming, B.F.G. Johnson and J. Lewis, J. Chem. Soc. A, (1970) 897.

C.W. Bradford and R.S. Nyholm, J. Chem. Soc. Dalton Trans., (1973) 529.

A.J. Deeming, S. Hasso and M. Underhill, J. Chem. Soc. Dalton Trans., (1975) 1614.

M. Tachikawa and J.R. Shapley, J. Organomet. Chem., 124 (1977) C19.

AJ. Deeming and M. Underhill, J. Chem. Soc. Chem. Commun., (1973) 277.

M.P. Gomez-Sal, B.F.G. Johnson, J. Lewis, P.R. Raithby and A.H. Wright, J. Chem. Soc.
Chem. Commun., (1985) 1682.

B.F.G. Johnson (Ed.), Transition Metal Clusters, Wiley, New York, 1980.

R.D. Adams and J.P. Selegue, in G. Wilkinson (Ed.), Comprehensive Organometallic Chem-
istry, Vol. 4, Pergamon Press, Oxford, 1982, p. 967.

D.F. Shriver, H.D. Kaesz and R.D. Adams (Eds.), The Chemistry of Metal Cluster Com-
plexes, VCH Publishers, New York, 1990.

R.G. Pearson (Ed.), Hard and Soft Acids and Bases, Dowden Hutchinson and Ross,
Stroudsburg, 1973.

R.L. Keiter, D.S. Strickland, S.R. Wilson and J.R. Shapley, J. Am. Chem. Soc., 108 (1986)
3846.

G.R. Frauenhoff, J.-C. Liu, S.R. Wilson and I.R. Shapley, J. Organomet. Chem., in press.
J.R. Shapley, G.M. St. George, M.R. Churchill and F.J. Hollander, Inorg. Chem., 21 (1982)
3295.

T.H. Walter, G.R. Frauenhoff, J.R. Shapley and E. Oldfield, Inorg. Chem., 27 (1988) 2561.
T.H. Walter, G.R. Frauenhoff, J.R. Shapley and E. Oldfield, Inorg. Chem., 30 (1991) 4732.
L. D’Ornelas, A. Choplin, J.M. Basset, L.-Y. Hsu and S. Shore, Nouv. J. Chem., 9 (1985)
155.

E.D. Korniets, V.A. Maksakov, L.K. Kedrova, N.I. Shakot’ko and S.P. Gubin, Izv. Akad.
Nauk SSSR Ser. Khim., 32 (1983) 435.

E.D. Korniets, L.K. Kedrova and N.G. Maksimov, Izv. Akad. Nauk SSSR Ser. Chim., 36
(1987) 2064,

G.R. Frauenhoff, S.R. Wilson and J.R. Shapley, Inorg. Chem., 30 (1991) 78.

G.R. Frauenhoff, Ph.D. Thesis, University of Illinois at Urbana-Champaign, 1989.
B.F.G. Johnson, J. Lewis and D.A. Pippard, J. Chem. Soc. Dalton Trans., (1981) 407.
S.B. Colbran, P.T. Irele, B.F.G. Johnson, P.T. Kaye, J. Lewis and P.R. Raithby, J. Chem.
Soc. Dalton Trans., (1989) 2033.

B.F.G. Johnson, J. Lewis and P.A. Kilty, J. Chem. Soc. A, (1968) 2859.

B.F.G. Johnson, J. Lewis and P.A. Kilty, Chem. Commun., (1968) 180.

C.R. Eady, B.F.G. Johnson and J. Lewis, J. Organomet. Chem., 57 (1973) C84.

K.A. Azam, A.J. Deeming, R.E. Kimber and P.R. Shukla, J. Chem. Soc. Dalton Trans.,
(1976) 1853.

A.K. Smith, B. Besson, J.M. Basset, R. Psaro, A. Fusi and R. Ugo, J. Organomet. Chem.,
192 (1980) C31.

R. Psaro, R. Ugo, G.M. Zanderighi, B. Besson, A.K. Smith and J. M. Basset, J. Organomet.
Chem., 213 (1981) 215.



G.R. Frauenhoff{ Coord. Chem. Rev. 121 (1992) 131-154 153

30 E.G. Bryan, B.F.G. Johnson and J. Lewis, J. Chem. Soc. Dalton Trans., (1977) 1328.

31 R.B. Calvert, Ph.D. Thesis, University of Illinois at Urbana-Champaign, 1979.

32 J. Banford, M.J. Mays and P.R. Raithby, J. Chem. Soc. Dalton Trans., (1985) 1355.

33 K.A. Azam and A.J. Deeming, J. Chem. Soc. Chem. Commun., (1977) 472.

34 K.A. Azam, AJ. Deeming and L.P. Rothwell, J. Chem. Soc. Dalton Trans., (1981) 91.

35 AJ. Arce, AJ. Deeming, S. Donovan-Mtunzi and S.E. Kabir, J. Chem. Soc. Dalton Trans.,
(1985) 2479.

36 S.P. Gubin, V.A. Maksakov, LK. Kedrova and E.D. Korniets, Dokl. Akad. Nauk SSSR,
271 (1983) 354.

37 G.M. St. George, Ph.D. Thesis, University of Illinois at Urbana-Champaign, 1982.

38 C. Dossi, A. Fusi, M. Pizzotti and R. Psaro, Organometallics, 9 (1990) 1994,

39 N.V. Podberezskaya, V.A. Maksakov, L K. Kedrova, E.D. Korniets and S.P. Gubin, Koord.
Khim., 10 (1984) 919.

40 V.A. Maksakov, M.I. Terekhova, E.ID. Korniets, L.K. Kedrova, E.D. Petrov and S.P.
Gubin, Izv. Akad. Nauk SSSR Ser. Khim.,, 35 (1986) 553.

41 S.R. Hodge, BF.G. Johnson, J. Lewis and P.R. Raithby, J. Chem. Soc. Dalton Trans.,
{1987) 931.

42 R.D. Adams and J.E. Babin, Organometallics, 6 (1987} 1364.

43 E.J. Ditzel, M.P. Gomez-Sal, B.F.G. Johnson, J. Lewis and P.R. Raithby, J. Chem. Soc.
Dalton Trans., (1987) 1623.

44 E.J. Ditzel, B.F.G. Johnson, J. Lewis, P.R. Raithby and M.J. Taylor, J. Chem. Soc. Dalton
Trans., (1985) 555.

45 E.J. Ditzel, B.F.G. Johnson and J. Lewis, J. Chem. Soc. Dalton Trans., (1987) 1289,

46 R.D. Adams, JL.E. Babin and H.S. Kim, Inorg. Chem., 25 (1986} 1122.

47 S. Aime, AJ. Deeming, M.B. Hursthouse and J.D.J. Backer-Dirks, J. Chem. Soc. Dalton
Trans., (1982) 1625,

48 K. Burgess, B.F.G. Johnson, J. Lewis and P.R. Raithby, J. Chem. Soc. Dalton Trans., (1983)
1661.

49 V.A. Maksakov, N.V. Podberezskaya, V.E. Zavodnik, 1.V. Bragina, LK. Kedrova, ED.
Korniets, V.K. Bel’skii, V.V. Bakakin and S.P. Gubin, Koord. Khim., 12 (1986) 1132.

50 C.E. Anson, E.J. Ditzel, M. Fajardo, H.D. Holden, B.F.G. Johnson, J. Lewis, J. Puga and
P.R. Raithby, J. Chem. Soc. Dalton Trans., (1984) 2723.

51 V.A. Maksakov, E.D. Korniets, L.K. Kedrova and S.P. Gubin, Izv. Akad. Nauk SSSR Ser.
Khim., 12 (1981) 2793,

52 V.A. Maksakov, E.V. Golubovskaya, E.D. Korniets, L.V. Chernii and S.P. Gubin, Izv. Akad.
Nauk SSSR Ser. Khim., 33 (1984) 1194.

53 K.A. Azam, AJ. Deeming, L.P. Rothwell, M.B. Hursthouse and L. New, J. Chem. Soc.
Chem. Commun., (1978) 1086.

54 M.R. Churchill and H.J. Wasserman, Inorg. Chem., 19 (1980) 2391.

55 A.J. Deeming, P.J. Manning, I.P. Rothwell, M.B. Hursthouse and N.P.C. Walker, J. Chem.
Soc. Dalton Trans., (1984) 2039.

56 J.R. Shapley, I.B. Keister, M.R. Churchill and B.G. DeBoer, . Am. Chem. Soc., 97 (1975}
4145,

57 R.B. Calvert, J.R. Shapley, A.J. Shultz, JM. Williams, S.L. Suib and G.D. Stucky, J. Am.
Chem. Soc., 100 (1978) 6240.

58 M.R. Churchill, Adv. Chem. Ser., 167 (1978) 36.

59 B. Besson, B. Moraweck, A.K. Smith, J.M. Basset, R. Psaro, A. Fusi and R. Ugo, J. Chem.
Soc. Chem. Commun., (1980} 569.

60 M. Deeba, B.J. Steusand, G.L. Schrader and B.C. Gates, J. Catal,, 69 (1981) 218.



154 G.R. Frauenhoff/ Coord. Chem. Rev. 121 (1992) 131-154

61

62

63
64

65
66
67

68
69

70
71

72
73

74
75

76
77
78
79
80
81

82
83
84
85
86

S.L. Cook, J. Evans, G.S. McNulty and G.N. Greaves, J. Chem. Soc. Dalton Trans., (1986)
7.

G. Collier, D.J. Hunt, S.D. Jackson, R.B. Moyes, I.A. Pickering, P.B. Wells, A.F. Simpson
and R. Whyman, J. Catal., 80 (1983) 154.

H. Knozinger and Y. Zhao, J. Catal,, 71 (1981) 337.

F.B.M. Duivenvoorden, D.C. Koningsberger, Y.S. Uh and B.C. Gates, J. Am. Chem. Soc.,
108 (1986) 6254.

J. Evans, Spectrochim. Acta Part A, 43 (1987) 1511.

S.L. Cook, J. Evans and G.N. Greaves, J. Chem. Soc. Chem. Commun., (1983) 1287.
V.D. Alexiev, N. Binsted, J. Evans, G.N. Greaves and R.J. Price, J. Chem. Soc. Chem.
Commun., (1987) 395.

J.-C. Liu, S.R. Wilson, J.R. Shapley and F.J. Feher, Inorg. Chem., 29 (1990) 5138.

P.M. Lausarot, G.A. Vaglio, M. Valle, A. Tiripicchio, M.T. Camellini and P. Gariboldi,
J. Organomet. Chem., 291 (1985) 221.

A.J. Deeming and P.J. Manning, J. Organomet. Chem., 265 (1984) 87.

C.R. Eady, JJ. Guy, B.F.G. Johnson, J. Lewis, M.C. Malatesta and G.M. Sheldrick,
J. Chem. Soc. Chem. Commun., (1976) 602.

J.J. Guy and G.M. Sheldrick, Acta Crystallogr. Sect. B, 34 (1978) 1718.

B.F.G. Johnson, J. Lewis, P.R. Raithby, V.P. Saharan and W.T. Wong, J. Chem. Soc. Chem.
Commun., (1991) 365.

G.R. Frauenhoff, J.-C. Liu, S.R. Wilson and J.R. Shapley, J. Organomet. Chem., in press.
B.F.G. Johnson, R L. Kelley, J. Lewis and J.R. Thornback, J. Organomet. Chem., 190 (1980)
C91.

E.J. Ditzel, B.F.G. Johnson and J. Lewis, J. Chem. Soc. Dalton Trans., (1987) 1293.

J.R. Shapley, W.-Y. Yeh, M.R. Churchill and Y. Li, Organometallics, 4 (1985) 1898.

D.S. Strickland,” Ph.D. Thesis, University of Illinois at Urbana-Champaign, 1983.

G.R. Frauenhoff and J.R. Shapley, J. Organomet. Chem., 397 (1990) 359.

S.F.A. Kettle and P.L. Stanghellini, Inorg. Chem., 21 (1982) 1447.

G. Granozzi, R. Benoni, E. Tondello, M. Casarin, S. Aime and D. Osella, Inorg. Chem., 22
(1983) 3899.

V.F. Allen, R. Mason and P.B. Hitchcock, J. Organomet. Chem., 140 (1977) 297.

R. Mason and D.M.P. Mingos, J. Organomet. Chem., 50 (1973) 53.

R.W. Broach and J.M. Williams, Inorg. Chem., 18 (1979) 316.

D.E. Sherwood and M.B. Hall, Inorg. Chem., 21 (1982) 3458.

P.T. Chesky and M.B. Hall, Inorg. Chem., 22 (1983) 3327.



