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INTRODUCTION

In the past twenty years molecular cluster chemistry has become
a rapidly expanding field in inorganic chemistry, due to its potential
role in surface studies and cétalysis. A cluster is defined as a
definite group of metal atoms which are held together by three or
more different metal-metal bonds. [1l] Main group elements such as
carbon, boron, phosphorous and nitrogen can also be involved as
vertices in the cluster framework. Included in the diverse area of
clusters [2] are polynuclear boron hydrides, metallaboranes, metal
carbonyl clusters and metal halide or metal sulfide clusters a few
of which are depicted in Fig;re 1.

Metal cluster chemistry plays an essential role in the
understanding of the interaction between substrates and the metal or
metal oxide surface during catalysis. The triangular bonding array
of metal atoms in the cluster is said to parallel the type of binding
on a metal surface, thereby providing the key to the analogy of
molecular clusters as models for metal surface bound species. [3-8]
(Fig. 2) Transition metal clusters have been studied not only as
model systems but also as possible catalysts. Study of the catalytic
behavior of transition metal clusters has been approached by two
different routes. Clusters have been examined as homogenous '

1



M6X12 (M=Nb,Ta)

2+ Cp! Cp*Mo, (u-S)
W30, (0,CH, )  (H,0) , 2 “P2™% 4

Figure 1. Examples from the Diverse Area of Cluster Chemistry.



Figure 2.

Examples of Metal Clusters as Models of
Surface Intermedidates in Catalysis.



4
catalysts [9,10] and have also been studied while on supports. Most
supported catalyst modeling studies consist of a metal bound to a
support surface; such as, A1203, SiOz, Ti02, polymers or zeolites,
through surface linkages like phosphines. [3,11-18] (Fig. 3) Recently

interests have turned to metal clusters bound directly to inorganic

oxides via the oxygen atoms. [12,19-27] (Fig. 4)

RECENT STUDIES ON METAL CLUSTERS

Metal cluster chemistry centers about the synthesis of homo-
or hetero- nuclear clusters aﬁd reactivity studies of these newly
synthesized clusters with Hz, CO, organic molecules, oxidizing and
reducing agents. Most of these reactivity studies are seen to mimic
the well established reactions of mononuclear chemistry. However,
the main concern is still to develop the systematic syntheses of
metal clusters and not to continue with the random approach
previously observed in the earlier stages of cluster chemistry. A
particular area in need of such an effort is that of the heteronuclear
clusters. Although a large number of heteronuclear clusters are
known, few can be synthesized in a systematic fashion. [28] The
emphasis of heteronuclear cluster research is that the presence of
two or more types of metal atoms in a cluster might serve to greatly
enhance catalytic activity, [29] due to the advantage of cooperativity
between the two adjacent, yet electronically different, metal centers.

The emphasis of this investigation has been to develop the

systematic synthesis of mixed metal. carbonyl clusters focusing on the
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Figure 3. Supported Metal Clusters via Surface Linkages.
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7
iron triad elements (Fe, Ru, Os). It is, therefore, appropriate at
this time to present the groundwork already established for hetero-
nuclear clusters, both synthetic and structural, on which the present

studies are based upon.

I. STRUCTURE AND BONDING IN TRANSITION METAL CLUSTERS

A. METAL-METAL BONDING

There are currently two approaches taken in cluster chemistry to
rationalize structures: the Effective Atomic Number Rule (EAN)
and the Polyhedral Skeletal Electron Pair Theory (PSEPT). [30-34]
The Effective Atomic Number Rule is essentially a valence-bond
approach that allocates the skeletal bonding electrons to localized
2-center metal-metal bonds. This approach is useful in describing
small clusters. {33] The Polyhedral Skeletal Electron Pair Theory, on
the other hand, notes the relationship between the polyhedral shape of
a cluster and the total number of skeletal electrons, instead of
assigning the skeletal electrons to individual bonds. This method
is useful in describing bonding occurring in the medium-sized clusters
of approximately 4~12 metal atoms. [33] Extended Huckel calculations
have been employed to predict the geometries of larger clusters
containing up to 25 metal atoms., [35]

Initially bonding in clusters was described in terms of the
Effective Number Rule until discovery of some clusters containing too
many electrons to be treated in this manner brought about the need for

alternate bonding descriptions. The Polyhedral Skeletal Electron Pair



Theory developed for boron hydrides and carboranes was extended to
include transition metal clusters, and remaing the most reliable
method for predicting the geometric arrangement of metal atoms in
-clusters.

The metal atoms in clusters occupy positions defining polyhedra
(or portions of polyhedra) with triangulated faces. The parent
polyhedral arrangement from which a given cluster is derived is
dependent on the number of skeletal electrons in that cluster. The
skeletal electrons (ne) can be determined by the following

relationships. [33] (Equations 1,2)
for main group fragments

vV4+x-2-= n, @))

for transition metal fragments

v+x-12-= n, (2)

no. valence electrons of the metal element

where, v

no. electrons cantributed by the ligands

b
n

Therefore, in an n-vertex polyhedron, (n + 1) bonding molecular
orbitals are génerated if each atom in the skeletal framework donates
three atomic orbitals for framework bonding. The metal atoms are then
observed to form the closed or CLOSO polyhedral arrangements, depicted
in Figure 5, if the cluster has (n + 1) skeletal bonding electron

pairs. Clusters having fewer vertices but the same number of skeletal



S5-vertex 6-vertex

7-vertex 8-vertex

AN A

"~ AN

10-vertex 12-vertex

Figure 5. Geometric Configurations of Closed Polyhedra.
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electron pairs as the CLOSO system have structures based upon
the closed polyhedron.. (Fig. 6) Clusters with one and two vertices
less than the closed polyhedron are named NIDO and ARACHNO clusters,

respectively.

B. METAL-LIGAND BONDING.

Although the aforementioned theories are useful in predicting the
metal geometry in a cluster, they cannot predict the ligand
arrangement about the metal atoms. The carbon monoxide and hydrogen
ligands are capable of several bonding modes to the metals. They can
bond in the terminal, edge~bridging and face-bridging (capping) modes
illustrated in Figure 7.

Some attempts have been made to rationalize the bonding modes
adopted by carbonyl groups in clusters. [36,37] It has been
suggested that the carbonyl bridge is primarily a means of
delocalizing negative charge in clusters. [38] There is a
pronounced trend toward increasing the number of bridging carbonyls
as the charge or electron density on the metal core is increased.

Attempts to predict the type of bonding for hydrogen ligands, on
the other hand, has met with very limited success. [39] Hydrides have
been observed to occupy the edge-bridged position most often; however,

both the terminal and capping modes have been observed on occasion.

IT. SYNTHETIC APPROACHES IN CLUSTER CHEMISTRY
Although a large number of clusters have been prepared and

characterized, they are often prepared via non-specific routes and



CLOSO
{n+l) pairs
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Figure 6. Geometric Arrangements of CLOSO, NIDO,

and ARACHNO Clusters Containing Six and
Seven Skeletal Electron Bonding Pairs.
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often generate complex mixtures of products. The reactions that have
been employed in transition metal cluster syntﬁeses can be broadly
divided into three major categories: (1) pyrolysis, (2) addition to
coordinately unsaturated species, and (3) redox condensation

reactions.

A. PYROLYSIS REACTIONS

Pyrolysis reactions generally involve the heating of one or more
stable compounds together to produce reactive fragments that can
recombine to form higher nuclearity clusters., Recent examples of the

pyrolysis method are outlined in the following reactions. [40-44]

100°C
—_—
[Ru(CO)3C12]2 + Fe(CO)5 Ru3(C0)12 +
30h
RuzFe(CO)12 +
Fe3(CO)12 + 3)
Fe,Ru(CO) , +
HzFeRu3(C0)13
Carius tube
OSB(CO)IIPRB - — Os3(C0)12 +
R=OMe 210°C, 16h
. _ HQOSA(CO)lz +

| OsS(CO)ISPR +
(4)
OSSC(CO)IAH(OPRZ) +
OsSC(CO)13H(OPR)(OPR2) +

OSSC(C0)13H(OPR2)(PR3)
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sealed tube

0s,(CO) :053(00)12 +

12 195-200°C, 12h

054(00)13 +

OsS(CO)16 +

Os6(CO)18 + (5)
0s,(C0),; + |
OsS(CO)23 +

Os C (CO)

sealed tube

053(C0)12 056(00)18 +

A 4

250°C
Os7(C0)21 +

o.e,g(c0)2-3 + (6)
OSB(CO)ZIC + -
OSS(CO)ISC

sealed tube

Os. (CO) > H Os_(CO0), .C +
3 12 Hzo(trace), 230°c / 19

H 054(CO)12
H(OH)OSB(CO)10 +
‘Hy0s.(C0) ¢ +
H,y0s5(CO)  + (7)
H 056(C0)18

H Osa(CO)13

OSS(CO)ISC4 +

products listed in (5)
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xylene

Ru, (CO),. + 0s_(CO) » RuOs, (CO).. +
3 12 3 175°C, 90h 2 12 8)

RuzOs(CO)12

12

Stone and co-workers have also demonstrated that hydrido mixed metal
clusters may be formed. For example, pyrolysis of Ru3(CO)12 with
Fe(CO)5 yields HZFeRu3(CO)13; however, product yields are again very
reaction condition dependent. [40] (Equations 9,10)

80-100°C

Ru,(CO),, + Fe(CO) » H_Ru, (CO),, +
3 12 5 24h, hex 24 13

FeRuZ(CO)12 + 9)

HzFeRu3(CO)13

(low yield)

Carius tube
Ru3(CO)12 + Fe(CO)

> Ru. (CO).. +
> 110°C, 24h 37712
FeRu, (CO) |, +
FezRU(CO)12 + (10)

H,FeRu,(CO) |,

(trace)

As is quite apparent from the above examples, complex mixtures
are often generated in pyrolysis reactions. Prediction of products
is also futile in.that these preparations are very reaction
condition dependent, as illustrated in Equations 5-7. The biggest
disadvantage, however, is that the product mixtures require tedious
chromatographic techniques to isolate pure compounds, often in very

low yield.
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B. ADDITION TO COORDINATELY UNSATURATED SPECIES
The discovery of unsaturated species such as those shown in
Figure 8 has had a major impact on cluster synthesis. The
application of this reaction type has been demonstrated by Stone [45,

47] using carbene and carbyne complexes. (Equations 11,12)

carbene
(CO)SCr==C(OMe)Ph
.Pt(PMe3)2(CZH4) (11)
(CO)SCr-——Pt(PMe3)2
o ome
carbyne

(C0) ,CPH=CR"

Pt(CZH&)(PRB)2 (R=Me2Ph) (12)
(CO)ZCPQQ-g;(PRB)Z
CR'
(C0)2CpWEECR'
' WCp(CO
RC\ - p(CO),
Pt l > chains or rings of
yd \\\CR' metal atoms

(C0)2pr



Figure 8.

Examples of Unsaturated Transition Metal Complexes.

LT
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This approach has also been adopted by Shore and co-workers [48-
50] in the case of H2053(CO)10 and proved successful in making
various triosmium-based tetranuclear mixed-metal clusters. (Fig. 9)
The success of this technique is due to the generation of much higher
yields of the cluster products especially in the area of mixed-metal
systems. Finally, it apppears that this reaction type is rather
adaptable to designed syntheses; provided the generation of an

unsaturated species is feasible.

C. REDOX CONDENSATION REACTIONS

The reaction of carbonylates with neutral metal carbonyls or
cationic metal carbonyls are labelled redox condensation
reactions. [23,36a,38,51,52] The first reaqtion of this type was
reported in 1965 by Hieber and Shubert [53] in the synthesis of
2-

2- .
[Fe4(CO)13] from [Fe3(C0)11] (Equation 13)

THF
" 4+ Fe(CO), ———p [Fe, (CO) ]2"+ 3co (13)
5 T Jsec 4 13

2
[Fe3(C0)11]

The great utility of the method is due to ease of reaction and
the large number of reactant combinations possible. The reaction of
carbonylates with monomeric, dimeric and higher nuclearity carbonyls
has yielded many clusters of both homo- and hetero- nuclear

varieties.

Work with monomeric species to form dinuclear complexes was first

shown to be feasible by Ruff [54] and then Anders and Graham [55] in



H.C
2 pRhOs3(CO)10 +

CPRhOS, (€O,

A

H, FeOs., (CO) }
2 3 [Fe(c0),1? Ru, (CO) |, HyRu0s,(€0) 4

CpRh (CO),,

1,05, (C0) .

CpCo(CO) CpN4(CO
2 (CpMo(CO) ] [CpNi( )]2

(n=2,3) "2
H

H,CpCo0s, (CO) | o H,CPNi0s,(CO) g

2 3

A 4

HZCPZMOZOSJ(CO)IZ +

_ HZCpM0053((,O)11 +

HCpMoOsS(CO)la

Figure 9. Reactivity Scheme for HZOs3(CO)10.

61
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the preparation of [MM'(CO)lO]- (eg. M=Mn, M'=Cr) systems. Shore

and co-workers [56] were able to prepare the homonuclear dianions
[Ruz(CO)S]Z_ and [032(C0)8]2_ (Fig. 10) in high yield and purity by
reaction of the mononuclear carbonylates [Ru(CO)A]z- and [05(00)4]2_

with the pentacarbonyl species Ru(CO)5 and Os(CO)S. (Equation 14)

2 [M(CO)A]Z- + 2 C02-—-+—[M(CO)A]2- + M(CO) ¢ + [003]2"
(M=Ru,0s)
M(CO)S (14)

2.
[MZ(CO)B] + CO

Even more recently, Coffy and Shore [57] have prepared the mixed-metal
dianions, [FeRu(CO)B]z_ and [RuOs(CO)8]2-, using the redox condensation

method. (Equation 15)

M'(CO)

2 [M(CO)A]Z_ + 2 Co > [MM'(CO)SIZ_ (15)

2

2- (M=Cr,

Trigonal bipyramidal clusters of the form [M2N13(CO)16]
Mo,W) were prepared by Dahl and co-workers [58] from dinuclear
carbonylates. Knight and Mays [59] (Fig. 11) and Geoffroy ([60]
(Equation 16) were able to prepare many mixed-metal tetranuclear
clusters in fair yield. However, at most times very complex,
inseparable mixtures resulted.

Most recently the redox condensation reaction has been employed

as a viable method for preparing pentanuclear and higher nuclearity

clusters. For example, Heaton [61,62] and others [63] have been



Figure 10. ORTEPS of [Ru2(00)8]2' and [052(c0)8]2'.
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C01(CO)s + Fe(00)s ——= {008, ] [Fe003(CO)2]a = HFeCos(CO) 5

M;(C0O),, + M'(CO)s" M3;M'(CO), ¢ HM,;M'(CO), ¢
-C0
M3M'(CO), & HM ;M (CO), s
=200 *2¢”
M3M'(CO)y 3%~ HyM,M'(CO); 5
M = Ru, Os; M" = Mn, Re
Mn(CO);~ + Fe(CO); — MnFe,(C0O), ™
1. relux/THF '
Fe(CO)?~ + Ru; 0s{CO), 5, RuOs,(CO), ; (mixture) e H; FeRu,; 0(CO), 5 (30%) +
H, FeRuOs3(C0)y 5 (40%)

Figure 11. Synthetic Route to Mixed-Metal Clusters
from Monomeric Carbonyls.

RA
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able to prepare a variety of rhodium clusters ranging from 5 to 12

metal atoms. (Equations 17-19)

[Co(c0), 1™
(1) Ru,0s(CO),., +
Ru3(C0)12 2 12
RuOSZ(CO)12
+
. (2) H
[CoRu, (CO)..]
3 13 (16)
HCoRuZOS(CO)13 +
HCoRuOsz(CO)13 +
HCoRu3(CO)13
2-
[PtRha(CO)IA] + L Rha(CO)12
2_
[Pt:Rh6(CO)16] (17
[PtRh,(CO) ;1™ + [Rh(CO),]
2- 2-
[PtRhA(CO)IZ] + Rha(CO)12 —————>-[PtRh8(CO)19] +

2-
[Rh12(00)30]
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[Fe(c0), 1"
111
[FeRh, (CO) ]2' i [Rh., (CO) ]2_
4 15 12 30
+ Y i
_ [FeRh(CO), ]
[Rh7(CO)16]3 5 16
+ _ (19)
4 -
[Rh7(C0)16]

. 2-
(1) [Rhy,(CO), ]

(i1) 3 Rh,(CO) ,
(iii) Rh, (CO) ,

As mentioned earlier, these reactions are also applicable in the
synthesis of homonuclear clusters. Shofe and co-workers have
successfully employed this reaction type in the preparation of alkali-
metal salts of higher nuclearity carbonylates in high yield. [64]

(Fig. 12)

ITI. PREPARATION OF CARBONYLATES

The alkali-metal carbonylates are very useful in the redox
condensation method because of their higher reactivity than previously
used amine and related salts. The alkali-metal carbonylates may be
prepared by four basic reaction types: (1) reaction of neutral
carbonyls with alkali metals, (2) reaction with alkali metal hydrides,
(3) reaction with alcoholic bases, and (4) substitution reactions of

carbonyl groups with anionic ligands.



RU3(C0) 12

- [RuG(CO),BJZ' + 5CO

3

i

[Ru3(c0)“]2' - [Ru4(c0),3]2"+ 2 CO

Figure 12. Synthetic Route to Higher Nuclearity Carbonylates.

2
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Of these four, the most useful is the reduction of carbonyl
complexes using alkali metals, [64-66] amalgams, [67] or alkali
metal hydrides. [68] Shore and co-workers [64-66] have made
extensive use éf alkali-metal benzophenone ketyls to reduce cluster
carbonyls, forming carbonylates in very high yield. (Fig. 13) This
method is favored over the pther reductions since they tend to

fragment polynuclear carbonyls forming mononuclear carbonylates.



3(M + PhyCO)

2(M + PhyCO)

—

12

3/2 (M + Ph,CO)

1(M+ PhyCO)

M= K & No , Li

27

a-
2 [Rug(co I*7 + 3c0

[Rugtco), 157+ co

3 2- 9 ."
ry [Ru4(C0)l3] + -‘-‘-CO

| . 2-
> [Rugtcong] + 3c¢0

Figure 13. Ketyl Reduction of Ru3(CO)12.



STATEMENT OF THE PROBLEM

The purpose of the present investigation is to develop systematic
syntheses of mixed-metal clusters using the redox condensation method.
Tetranuclear and higher nuclearity carbonyl clusters of the iron
triad (Fe, Ru, Os) are of particular interest since it is this triad
that has been implicated in many catalytic processes.

Once synthesized, structure determinations of these clusters
will be undertaken. The information thus gained can‘be used in

molecular modeling studies of these clusters on surfaces.

28



RESULTS & DISCUSSION

I. TRON/RUTHENIUM SYSTEMS

A. Introduction. The search for mixed metal clusters containing
iron and ruthenium begins with the dinuclear species. As mentioned
earlier, Coffy.and Shore [57] have been successful in synthesizing
the mixed metal dinuclear carbonylate, [FeRu(CO)S]Z—, using the redox
condensation method. (Equation 15)

Trinuclear clusters of iron and ruthenium were first generated by
Yawney and Stone [40] by the pyrolysis of Fe(CO)5 with [Ru(CO)3C12]2
in yields of 5-8%. (Equation 3) Generation of FezRu(CO)12 and
FeRuz(CO)12 is also possible from the pyrolysis of Fe(CO)5 with
Ru3(CO)12 with yields ranging from 7-11%. [40] (Equations 9,10)
Recently Venalainen and Pakkanen have synthesized FeZRu(CO)12 in up

to 20% yield from [Fe(CO)Q]Z_ and [Ru(CO)3C12]2. [69] (Equation 20)

,.  HO '
[RU(CO)3C12]2 + [Fe(CO)A] > r'Fe3(C0)12 +
Fe . Ru(CO) +
2 12 (20)
H,Fe,Ru, (CO) , +
HZFeRUB(CO)13

0f all the possible tetranuclear iron-ruthenium combinations,

29
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those clusters exhibiting metal ratios of 1Fe:3Ru and 2Fe:2Ru. are

isolable. HZFeRuB(CO)13 was observed by Yawney and Stone [40a] when

a ruthenium source such as [Ru(CO)3C or Ru3(C0)12 was pyrolyzed

12]2
in the presence of Fe(CO)S. (Equations 3,9,10) Yields were typically
low for these syntheses ranging from trace amounts to 97%.

Geoffroy and Gladfelter [70,71] were able to synthesize
HZFeRu3(CO)13 in improved yields (49-567%) using the redox
condensation of [Fe(CO)A]Z_ with Ru3(CO)12 according to Equation 21.

THF '
Naz[Fe(CO)a] + Ru3(CO)12 -——————-—>—Naz[FeRu3(CO)l3]
reflux
H3P04 21)

HZFeRu3(CO)13

Other cluster species obtained from this reaction are H4Ru4(CO)iZ,

Fe3(C0) HZRUA(CO)IB’ FeRuz(CO)lz, and HZFezRUZ(CO)13' These may

12°
be separated using TLC or column chromatography. HZFeZRuz(CO)13

seems to be the only impurity which may linger to contaminate the

HzFeRUB(CO)13 since retention times are similar. However,

HzFezRuz(CO)13 is less stable to silica gel then H2FeRu3(CO)13 and

tends to decompose during the elution process. [70a]

The cluster H FeRu3(CO)13 has been fully characterized by IR,

2
NMR [70-72] and X-ray crystallography. Figure 14 shows the molecular

structure of HZFeRUB(CO)IB' [73,74]



31

Figure 14. ORTEP of H2FeRu3(CO)13.
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Shore and co-workers [75] have also synthesized H FeRu3(C0)13

2

via the redox condensation method. If [Ruj(CO)II]Z- is reacted with
1/3 Fe_3(C0)12 one obtains a mixture of anions which upon protonation

affords HZRU4(CO)13, HzFeRu3(CO)13, Ru3(CO)12, FeRuz(CO)lz, FezRu(CO)12

and Fe3(CO)12. It was found; however, that H FeRu3(CO)13 may be

2

obtained in 80-90% when reacted according to Equation 22.

2- ., .
[Ru3(CO)11] + L Fez(CO)9

S~

[FeRu,(CO) ]

[Ru3(CO)11]2_ + Fe(CO)S / +

H (22)

HZFeR“3(C0)13

The mixed metal cluster HzFezRuz(CO)13 is another tetranuclear

iron-ruthenium system which is frequently synthesized along with

HZFeRu3(CO)13; however, it is most often obtained in very low

yields. [70a] It is believed to be isostructural with H FeRu3(CO)13

2
and has been claimed to be co-crystallized with HzFeRu3(CO)13 in

approximately 37% occupancy. [69] It has also been claimed to be
synthesized in yields of up to 20% from the reaction in Equation 20.
Reaction chemistry involving these bimetallic systems has been.

rather limited. Kaesz and co-workers [76] subjected H FeRu3(CO)13

2

under hydrogenation conditions to afforded the new cluster,

HAFeRu3(CO)12. (Equation 23)
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hexane
HzFeRu3(CO)13 +H, > 1141~*eR113(CO)12 (23)
reflux
(83.5%)

Other reactivity studies involve carbonyl ligand substitution with
various phosphines or alkynes forming clusters of the type
HzFeRu3(CO)13_x(PR3)x (x=1,2) or FeRu3(CO)12(RCECR'). [77]

Shore and co-workers [75], on the other hand, have expended much
effort on the generation of the anionic mixed-metal species,
[HFeRuB(CO)13]_ and [FeRu3(CO)13]2- via the reduction of the neutral
cluster with either alkali metal-benzophenone ketyls or alkali metal

hydrides. They have also been successful in the synthesis of the

highly charged anion, [FeRu3(C0)12]a_ by this method. (Equation 24)

[FeRu3(C0)13]2— + 2(Na/Ph,CO) —> [FeRu3(c0)12]‘" (24)

Geoffroy and co-workers [77] have also generated the anions,
[HFeRu3(CO)13]— and [HFezRuz(CO)lsl-. These clusters have been fully
characterized by spectroscopic means and in the case of

[PPh [FeRu3(CO)13] by X-ray crystallography. [75] These anionic

4]2
clusters are then used as models for mixed-metal species on a
catalytic surface. [78]

The synthesis of higher nuclearity clusters containing only iron
and ruthenium seems to be a challenge. To date, [FEARUZ(CO)ZZ]Z— is
the only cluster synthesized meeting this criterion. [79]

Synthesis of this rather unique cluster is accomplished as follows.

(Equation 25)
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THF
92—
[Fe3(CO)11] + FezRu(CO)12 ——;;:;—>-Fe3(c0)12 +
FezRu(CO)12 + (25)
2_
[FeARUZ(CO)ZZ]
(74%)

[PPN]Z[FeaRUZ(CO)ZZ] has been spectroscopically characterized. X-ray
crystallography (Fig. 15) indicates a very unusual structure. It
does not adopt the expected polyhedral arrangement but rather consists

of two FeZRu triangles joined by a Ru-Ru bond.

B. Results & Discussion. It has been the goal of the present
investigation to generate higher nuclearitx clgsters containing iron
and ruthenium via the redox condensation method. The strategy
employed to generate these higher nuclearity clusters was to start
with a low nuclearity carbonylate and to systematically add one metal

fragment to increase the nuclearity of the resulting clusters.

. 2- 2-
1. Reactions of [Ru3(C0)11] and [Ru4(C0)13]
Reaction of [Ru3(C0)11]2— with an excess of Fe(CO)5 or FeZ(CO)9

affords Fe3(CO)9, H Ru4(CO)13, H

4 2

protonation according to Equation 26. Each of the cluster species

FeRu3(CO)13, and HzFezRuz(CO)13 upon

were isolated in pure form vig chromatographic techniques and
identified spectroscopically.
Unfortunately, the generation of higher nuclearity clusters other

than the known tetranuclear clusters was not realized. Varying both
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Figure 15. ORTEP of [Fe&RUZ(CO)ZZ] .
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_ THF ”
+ Fe,(CO), ~———» [Fe(CO), ] +
2 9 o 4

25°C - he
or [Ru, (CO),, 1" +

Fe(CO) [Rua(CO)m]z_ +

2-
[FeRu3(CO)13] +

2-
[FeZRUZ(CO)IB]

[Ru,(c0), 1%

Ht (26)
FeB(CO)12 +
HZ‘RUA(CO)12 +
HZRUA(CO)13 +

HZFeRu}(CO)13 +

HzFezRuz(CO)13

carbonylate and iron carbonyl concentrations and reaction conditions
only influenced the product yields not species formed. It should
also be noted that when Fe(CO)5 is the neutral carbonyl
employed, formation of Fe3(CO)12 is greatly reduced. This implies
that Fe2(00)9 dissociates into [Fe(CO)A]z_ and Fe(CO)S upon reaction;
the [Fe(CO)4]2- then recombines to form Fe3(C0)12 and excess Fe(CO)5
can be isolated. This occurrence was observed throughout this
work.

[Rua(C0)13]2— was reacted with iron pentacarbonyl or diiron
nonacarbonyl in an attempt to synthesize the penta- or hexa- nuclear

species; however, this was not achieved. InStead, the products
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obtained were those listed in Equation 26. Again, only product
yields could be altered with varying reaction conditions and
concentratiqns.

Reaction of the mixed metal species [FeRu3(CO)13]2- with diron

carbonyls did not produce the penta- or hexa- nuclear clusters

either. (Equation 27)

+
H
92—
[FeRu3(CO)13] + Fe(CO)5 ———;;:__p.HzFeRu:i(CO)13 +
Fe3(CO)12 +
HZRuA(CO)IB + (27)

H,Ru, (C0),, +

4

H2Fe2Ru2(C0)13

In this situation most of the product yield consisted of the FeRu3

tetranuclear cluster.

If the neutral species HzFeRu3(CO)13 was reacted with an excess
of Fe(CO)5 under more harsh conditions a small amount (8.7% by 1H
NMR) of a new complex formed; (Equation 28) however, the

majority of the product isolated is HZRUA(CO)13'

THF
H,FeRu, (CO) + Fe(CO) » H,Ru, (CO) +
2 3 13 =75 65°C, 2d 477 12
' H.Ru, (CO),. +
274 13 (28)
H2FeRu3(CO)13 +

Compound X

The new cluster which shall be temporarily called Compound X was
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been spectroscopically characterized. It is discussed fully
later in this chapter (Section 3--Reaction of [Ru6(C0)18]2-).

At this point it seems that the redox condensation method falls
short of our expectations to be able to generate higher nuclearity
clusters where M 2 5. It seems that although the combination of a
carbonylate with a neutral carbonyl species is a viable method for
the direct synthesis of heteronuclear clusters with M < 4, several
limitations cause it to fail with the laréer clusters. Limitations
that have been observed deal with the oxidizing/reducing ability Qf
the carbonyl/carbonylate combination and the stability of the product
with respect to the geometry of the polyhedral structure
adopted.

Geoffroy [80] has commented that if the carbonylate is a strong
reducing agent or if the neutral carbonyl cluster is easily oxidized,
a redox reaction rather than the desired condensation reaction occurs.
Therefore, greater nucleophilicity (basicity) of the carbonylate
should lead to more rapid reaction with addition (ie. condensation)
competing more effectively with other reaction pathways. [70a] In
other words, the neutral metal carbonyl functions as a Lewis acid
towards the carbonylate (the Lewis base). [81]

Geoffroy has also stated that the strength of the metal-carbonyl
bonds in the neutral carbonyl influences the reactivity of this
reaction type. [70a] One would then expect decreased reactivity and

product yield going down the iron triad. However, if product did form

one would expect greater product stability due to the enhanced strength.
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The second school of thought centers around the stability of
certain polyhedral geometries. [32a,35,82,83] In particular Minot
and Criado-Sancho [82a] and Mingos [82b] point out that the bond
overlap within the tetrahedron is greater than that available to the
octahedral geometry, thereby, implying increased stability of the
former relative to‘the latter geometry. However, this enhanced
stability is marginal and other factors are usually contributing more
heavily, especially in the low nuclearity clusters where the number of

valence electrons dictate the bonding characteristics.

3 4- 6—
2. Reactions of [Ru4(CO)12] and [Ru4(CO)11]
In an attempt to overcome the problems encountered when the
dianions were reacted with an iron carbonyl. source, the highly

4= and [RuA(CO)11]6— were employed. It

charged clusters [Rua(CO)lz]
was hoped that the increased basicity (nucleophilicity) of these
clusters would influence the condensation reaction ovér the other
pathways possible.

Reaction of each of these clusters with diiron carbonyl
(Equations 29,30); however, does not achieve the desired goal, namely,
mixed metal clusters of M > 4 were not observed.

_ (1) THF,25°C :
+ FeZ(CO)9 > HaRu4(CO)12 +

+
(2) H ,CH,C]
2772 HZRUQ(C0)13 +

4

[Rua(CO)IZ]

Fe3(CO)12 + (29)

H,FeRu,(CO) , +

Compound'X
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(1) THF

6-
[Rua(CO)ll] + Fez(CO)9 -—z;;—;;f—>-H4Ru4(CO)12 f

H2Ru4(00)13 +
FeB(CO)12 + (30)
HZFeRUB(CO)IB +

Compound X

In each case, isolable products are listed and are obtained in yields
comparable to those in the [Ru3(CO)ll]2_ or [Ru4(CO)13]2‘ reactions
with HaRu4(CO)12 being the major product under the reaction conditions
described. 1H NMR also indicates formation of the new cluster
Compound X in yields of up to 15% (by 1H NMR peak area integration),
which was first observed in the pyrolysis reaction of HZFeRu3(CO)13

with Fe(CO)S. It should be noted at this point that Compound X

appears in higher yield when the hexa-anion is the carbonylate.

. 2-
3. Reaction of [Ru6(C0)18]
The bond overlap may have a greater influence on the reactivity
due to enhanced stability or instability of the carbonylate than the
nucleophilicity does. To examine this possibility [Ru6(CO)18]2-

(PPN, PPh,, PMePh3, K, Na salts) was reacted with Fez(CO)9 or Fe(CO)s.

4
(Equations 31,32)

Once again the redox condensation reaction has failed to produce
higher nuclearity mixed-metal species. What seems to be taking
place is an oxidation/reduction reaction indicating that the

carbonylate is being oxidized by the carbonyl. Evidence for this

type of reaction is indicated by the formation of the new
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hexanuclear cluster HZRu6(CO)17 (previously referred to as Compound X)

under oxidative conditions. (Equation 33)

’e THF -

[Ru, (C0) 1% + Fe,(CO)q ‘—;;:Er’-FRua(CO)lz] +
2_

or [Rua(C0)13] +
Fe(CO) [Fe(CO)A]Z_ +

27—

[FeRu3(CO)13] +

2_

[Ru, (€O, -]

ut (31)

H,Ru, (CO) , +
HyRu, (CO), 4 +
Fe,(C0) |, +

H FeRu3(CO)13 +

2
H2Ru6(CO)17 (50-60%)
) (1) THF
— [/
[Rug (C0) 1% + Fe(CO)S“‘z;;:;:—*'HzRu6(CO)17 (30%) +
HZRUA(CO)13 + (32)
H,Ru, (CO),,
[Ru, (CO).. 1%~ + u¥ > 4 Ru. (CO)._ + CO (33)
Y6 18 2™6 17
ut=nc1,HBr,H.50 (40%)

2774

Minor amounts of HQRuA(CO)12 and HZRUA(CO)IB are also observed in

Equation 33, presumably formed through decomposition of [Ruﬁ(CO)IS]z—
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The new hexanuclear cluster H Ru6(CO)17 has been

2
spectroscopically characterized. It exhibits a singlet in the proton
NMR (Fig. 16A) at §-15.6 ppm which indicates the hydrides to be
equivalent and having a fairly stréng interaction with the metallic
core as suggested by its downfield shift. 130 NMR (Fig. 16B) at room
temperature shows a singlet in the terminal region, 6194.45 ppm,
which implies fluxionality of the cluster. Low temperature 13C NMR
is not possible due to the limited solubility of this cluster in.
organic solvents.

The highly symmetric structure that may be envisioned for this
cluster is also indicated in the IR. The solution IR (Fig. 17) in
CH2C12 consists of one major band (2060 cm—l).indicating terminal
carbonyls. The nujol spectrum; (Fig. 18) however, shows a weak
absorption at 1732 cm“1 indicative of a bridging carbonyl.

Upon closer examination of Equation 33, one might argue thgt a
simple protonation is actually occurring to form the product
HzRu6(C0)18. Indeed this product has been claimed first by Knight
and Mays [59a,59¢,87] (Equation 34) and later by Johnson and Lewis
[84-86] (Equation 35)

(1) THF,reflux

Ru. (CO),. + [Mn(CO).] > H_Ru, (CO). ., +
3 12 5 2y u' 2704 13

HARUA(CO)IZ +  (34)

HzRu6(CO)18

(trace)
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Figure 16. Proton (a) and Carbon-13 NMR Spectra
of (u3-H)2Ru6(u-CO)(CO)16.
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[HRu, (C0) ;]
i
[HRu6(C0)18]
/
[Ruﬁ(CO)ls]Z_ H (xs)  (35)
HZRU6(CO)18

(iy (1) HZSOQ
(2) NMe, C1/MeOH

- (di) () H2804 .
(2) PPNCl/MeOH

Knight and Mays claim to have obtained the H2Ru6(CO)18 cluster in
extremely low yields. On the other hand, Johnson and Lewis indicate
yields of up to 907 are possible. Reported spectroscopic evidence is
very limited from either research group; however, the IR spectra
that have been reported agree with what is observed for the
HZRUG(CO)17 cluster. (Fig. 17) (vco 2058(s), 2052(s), 2003(w) cm-—1
in CH2012 (84]; Veo 2060(s), 2054(s), 2008 (w) cm_1 in CClé [5%a])

A crystal structure of H2Ru6(CO)18 (crystal supplied by Knight
and Mays [59a]) has been solved by Churchill and Wormald. [59c¢,87]
Crystallographic data fo? HzRué(CO)18 as reported by Churchill and
Wormald are given in Table 1. The molecular structure of HZRUG(CO)IS
is given in Figure 19A. [87]

Churchill describes the molecule as follows. [59¢,87]

The two crystallographically independent H2Ru6(CO)18 clusters are

stereochemically equivalent, each molecule having precise C1
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Table 1. Crystallographic Data for HZRuﬁ(CO)IS'

Chemical formula/Color of cryst
Molecular wt

Space group

Molecules/unit cell

a, &

b, &

c, &

B, deg

Volume, unit cell R3

D(caled), g cm_3 
Radiation
Diffractometer
Scan mode

Absorption coeff, cm'-1

No. of reflctns used in structure

refinement
%
2, %

f’
wa
GOF

C18H2018Ru6/purple
1113

P21/c

4

16.627(23)

9.582(5)

19.446(19)
120.58(5)

2667.1

2.771

Mo Ka (0.710730 &)
Supper-Pace Buerger

w

" 33.15

2780

5.72
2.93
1.72




48

2.872 2874

Figure 19. 'HzRu (C0),,. Molecular Structure (a)
and Qroba&?e Location of Hydrides (b).
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symmetry with the six ruthenium atoms defining a distorted
octahedron. Each ruthenium is associated with three terminal carbonyl
ligands.

The two hydride ligand positions have not been determined in the
X-ray analysis; however, their most probable locations may be derived
from eiongated Ru-Ru bonds and displaced carbonylé: (i) Ru-Ru
distances within two opposite faces of each octahedron range from
2.950-2.959% as opposed to other Ru-Ru bonds of 2.850-2.8744;

(ii) three carbonyls lie almost vertically above each of the six small
octahedral faces, but carbonyls are spread away from truly axial
positions above the two large faces of the octahedron. (Fig. 19B)

In order to determine the exact nature of the cluster formed in
Equation 33, a crystal of HZRU6(CO)17 was subjected to X-ray analysis.
The molecular structure of this novel cluster is shown in Figure 20
and the crystal packing diagram in Figure 21. Selected views of the
metallic core displaying the compound's unique features are given in
Figures 22-23. Crystallographic data for this cluster appears’'in
Table 2. Selected bond distances and bond angles are listed in
Tables 3 and 4, respectively. (The particular features with respect
to the data collection and structure solution are described in the
Experimental Section of this dissertatién.)

The molecular structure of H_ Ru

276
056(00)18. [88) (Fig. 24) The cluster adopts a bicapped tetrahedral

(CO)17 is isostructural with

geometry where Ru(l), Ru(4), Ru(5), and Ru(6) describe the inner

tetrahedron; furthermore, Ru(2) and Ru(3) cap the Ru(l)-Ru(4)-Ru(6)
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Fi D
igure 20. ORTEP of (u,-H),Ru,(u-C0)(CO) .
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Crystal Packing Diagram of (u3-H)2Ru6(u-CO)(C0)16.

Figure 21.



Figure 22.

52

Selected Views of HZRU6(CO)17 Metallic Core.
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VL

Figure 23. Selected View of HzRuG(CO)17 Metallic Core.
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Table 2. Crystallographic Data for (y3—H)2Ru6(u—CO)(CO)16.

Chemical formula/Color of cryst
Molecular wt

Space group
Molecules/unit cell

Temp, °C

a, &

b, &

c, &

a, deg

B, deg

Y, deg

Volume, unit cell A3
D(calcd), g cm_3
Radiation

Absorptn coeff, cm-1
Max/Min transmissn, %
Scan mode

Data collectn limits, deg

No. of unique reflctns

No. of reflctns used in structure

refinement (>30(1))
No. variable parameters

Rg

wa/w
GOF

Ru6CI7017H2/purp1e
1090

P1

2

=40

8.131(4)

10.996(3)
15.350(2)

93.58(2)

97.89(2)

109.33(3)

1274.130

2.827

Mo Ka (0.710730 R)
34.8

99.83/95.84

w-20

4=55

5831

3181

369

0.028
0.032/0.04
0.989




Table 3. Selected Bond Distances (&) and Esd's of
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A. Metal-Metal Distances

Ru(l)-Ru(2) 2.833(1) Ru(2)-Ru(6)
Ru(1)~Ru(3) 2.833(1) Ru(3)-Ru(4)
Ru(1)-Ru(4) 2.753(1) Ru(3)~-Ru(5)
Ru (1)-Ru(5) 2.999(1) Ru(4)-Ru(5)
Ru(1)-Ru(6) 2.999(1) Ru(4)-Ru(6)
Ru(2)-Ru(4) 2.851(1) Ru(5)-Ru(6)

B. Ru'cbridge and C-0 Distances

Ru (5)-C(56) 2.102(9) C(56)-0(56)
Ru (6)-C(56) 2.282(9)

C. Ru'cterminal Distances

Ru(l)-C(1l) 1.903(8) Ru(3)-C(33)
Ru(l)-C(12) 1.912(8) Ru(4)-C(4l)
Ru(1)~-C(13) 1.921(9) Ru(4)-C(42)
Ru(2)-C(21) 1.874(9) Ru(4)-C(43)
Ru(2)-C(22) 1.893(9) Ru(5)-C(51)
Ru(2)-C(23) 1.912(9) Ru(5)-C(52)
Ru(3)-C(31) 1.861(9) Ru(6)-C(61)
Ru(3)-C(32) 1.896(9) Ru(6)~-C(62)

D. C-0 Distances

C(i1)-0(11) 1.123(9) C(33)-0(33)
C(12)-0(12) 1.148(9) C(41)-0(4l)
C(13)-0(13) 1.13(1) C(42)-0(42)
c(21)-o0(21) 1.14(1) C(43)-0(43)
C(22)-0(22) 1.12(1) C(51)~0(51)
€(23)-0(23) 1.12(1) C(52)-0(52)
C(31)-0(31) 1.15(1) C(61)-0(61)
C(32)-0(32) 1.12(1) C(62)-0(62)

RW NN NN

pod Pt el ek peed peet pmd et

Pt et et et et pud et ped

.690(1)
.850 (1)
.708 (1)
.993(1)
.009 (1)
.643(1)

.133(10)

.89(1)

.922(8)
.891(8)
.936(8)
.860(9)
.865(8)
«847(9)
.848(8)

J14(1)
.128(9)
.130(9)
.123(9)
J14(1)
.13(1)
J14(1)
.15(1)



Table 3. Selected Bond Distances (&) and Esd's of
(y3—H)2Ru6(p-CO)(CO)16 (cont.).
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E. Ru-H Distances -

cap
Ru(l)-H(1) 1.81(8) _ Ru(4)-H(2)
Ru(5)-H(l) 2.01(7) Ru(5)-H(2)

Ru(6)-H(l) 1.86(7) Ru(6)-H(2)

1.78(6)
1.98(6)
1.92(8)




Table 4.

Selected Bond Angles (deg) and Esd's of
(pB-H)zRu6(u—CO)(CO)16.
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A. Angles Within Ru

Ru(2)-Ru(l)-Ru(3)
Ru(2)-Ru(1)-Ru(4)
Ru(2)-Ru(l)-Ru(5)
Ru(2)-Ru(l)=Ru(6)
Ru(1)-Ru(2)-Ru(4)
Ru(1)~Ru(2)~Ru(b)
Ru(1l)-Ru(3)-Ru(4)
Ru(l)-Ru(3)-Ru(5)
Ru(l)-Ru(4)-Ru(2)

B. Ru-Ru-C

Ru(2)-Ru(1)-C(11)
Ru(2)~Ru(1)-C(12)
Ru(2)~Ru(1)-C(13)
Ru(3)=-Ru(1)-C(11)
Ru(3)-Ru(1)-C(12)
Ru(3)-Ru(1)~-C(13)
Ru(4)=Ru(1)-C(11)
Ru (4)-Ru(1)-C(12)
Ru (4)=Ru(1)~C(13)
Ru(5)-Ru(l)-C(1ll)
Ru(5)-Ru(1)~-C(12)
Ru(5)-Ru(1)-C(13)

Ru(6)-Ru(1)-C(11l)

Ru(6)-Ru(l)-C(12)
Ru(6)-Ru(1)-C(13)
Ru(l)-Ru(2)-C(21)
Ru (1)-Ru (2)~C(22)
Ru(l)=-Ru(2)-C(23)

terminal

Cluster

122,
6l.
101.

54
57

65.
57.

65

60.

86
165
78
92
71

159.

94.
132.
138.
146.

86.
120.
140.
125.

86.
162.

104
97

4(3)

19(3)
.86(2)
.94(2)
72(2)
95(2)
.49(2)
70(2)

Angles

4(2)
.9(3)
<1(3)
.8(2)
.7(3)
0(3)
1(3)
5(3)
1(3)
1(2)
1(2)
5(2)
5(2)
1(2)
1(3)
5(3)
.0(3)
-6(3)

36(2).

Ru(1)-Ru(4)-Ru(3)
Ru(1l)-Ru(4)-Ru(5)
Ru(1)-Ru (4)-Ru(6)
Ru(1)~Ru(5)~Ru(3)
Ru(1)=-Ru(5)-Ru(4)
Ru(1l)-Ru(5)-Ru(6)
Ru(1)-Ru(6)-Ru(2)
Ru(1)-Ru(6)-Ru(4)
Ru(1)-Ru(6)-Ru(5)

Ru(1l)-Ru(4)-C(41)
Ru(1l)-Ru(4)-C(42)
Ru(l)-Ru(4)-C(43)
Ru(2)-Ru(4)-C(41)
Ru(2)-Ru(4)-C(42)
Ru(2)=-Ru(4)-C(43)
Ru(3)-Ru(4)-C(4l)
Ru(3)-Ru(4)-C(42)
Ru(3)-Ru(4)-C(43)
Ru(5)~Ru(4)-C(41)
Ru(5)-Ru(4)-C(42)
Ru(5)-Ru(4)-C(43)
Ru(6)=-Ru(4)-C(41)
Ru(6)-Ru(4)-C(42)
Ru(6)-Ru(4)-C(43)
Ru(l)-Ru(5)-C(51)
Ru(1)-Ru(5)-C(52)
Ru(l)-Ru(5)-C(51)

60.
62.

62

59.
54.
.86(2)
.43(2)
.54(2)

63
59
54

63.

133.
.8(2)
.3(2)
73.
.9(2)
162.
165.
.1(2)
.5(2)

91
136

87

89
76

123.
142.

86.
6(3)
.0(2)
-9(3)
100.
145.
-0(3)

85
141
122

91

72(2)
77(2)

.55(2)

26(2)
70(2)

86 (2)

2(2)

1(2)

1(3)
7(2)

9(3)
5(2)
6(2)

6(3)
9(3)



Table 4.

Selected .Bond Angles (deg) and Esd's of

(93—H)2Ru6(u—co)(¢0)16 (cont.).
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Ru(4)-Ru(2)-C(21)
Ru(4)-Ru(2)-C(22)
Ru(4)-Ru(2)-C(23)
Ru(6)-Ru(2)-C(21)
Ru(6)-Ru(2)-C(22)
Ru(6)-Ru(2)-C(23)
Ru(1)=Ru(3)-C(31)
Ru(l)-Ru(3)-C(32)
Ru(1)-Ru(3)-C(33)
Ru(4)-Ru(3)-C(31)
Ru (4)=Ru(3)-C(32)
Ru(4)-Ru(3)-C(33)
Ru(5)-Ru(3)-C(31)
Ru(5)-Ru(3)-C(32)
Ru(5)-Ru(3)-C(33)

C. Ru-CObridge

Ru(5)-C(56)-0(56)
Ru(6)-C(56)-0(56)

D. Ru"cotermina]

Ru(l)-C(11)-0(1ll)
Ru(1)-C(12)-0(12)
Ru(l)-C(13)-0(13)
Ru(2)-C(21)-0(21)
Ru(2)~C(22)-0(22)
Ru(2)~C(23)-0(23)
Ru(3)-C(31)-0(31)
Ru(3)-C(32)-0(32)
Ru(3)-C(33)-0(33)

106.
-8(3)
99.

158

102
97

161

104

147.
138.

Angles

176
167
171

178.
.8(8)

178

178.
.0(8)
177.
.4(8)

178

177

2(3)

9(3)

.0(3)
.7(3)
161.
4(3)
108.
96.
.3(3)
164 .
96.
103.
103.
158.

9(2)

2(3)
1(3)

2(3)
7(3)
4(3)
3(3)
8(3)

and Ru-CO-Ru Angles

7(8)
3(8)

.4(8)
4(8)
.0(8)

2(8)

1(8)

4(8)

Ru(3)=Ru(5)-C(52)
Ru(4)-Ru(5)~-C(51)
Ru(4)-Ru(5)-C(52)
Ru(6)-Ru(5)-C(51)
Ru(6)-Ru(5)-C(52)
Ru(1)-Ru(6)-C(61)
Ru(1)-Ru(6)-C(62)
Ru(2)-Ru(6)-C(61)
Ru(2)-Ru(6)-C(62)
Ru(4)-Ru(6)-C(61)
Ru(4)-Ru(6)-C(62)
Ru(5)-Ru(6)-C(61)
Ru(5)-Ru(6)~C(62)

Ru{5)-C(56)~Ru(6)

Ru(4)-C(41)-0(41)
Ru (4)-C(42)-0(42)
Ru(4)-C(43)-0(42)
Ru(5)-C(51)-0(51)
Ru(5)-C(52)-0(52)
Ru(6)-C(61)-0(61)
Ru(6)-C(62)-0(62)

88
147

101.

127

132.
146.
‘103

88

94.

101
151
131
127

74

170.

176
172
176

179.

179
177

4(3)
.9(3)
3(3)
.6(2)
3(3)
5(3)
.0(3)
.9(3)
1(2)
.8(3)
.0(2)
.6(3)
.2(3)

.0(3)

5(7)
.0(7)
.0(8)
.8(8)
5(8)
.5(8)
L4(8)



Table 4. Selected Bond Angles (deg) and Esd's of
(u3-H)2Ru6(u—CO)(CO)16 (cont.).
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E. Ru-H-Ru Angles

Ru(l)-H(1)-Ru(2)
Ru(1l)-H(1)-Ru(3)
Ru(l)~H(1)~Ru(4)
Ru(1)-H(1)=Ru(5)
Ru(1)=H(1)=Ru(6)
Ru(2)-H(1)-Ru(3)
Ru(2)-H(1)-Ru(4)
Ru(2)-H(1)-Ru(5)
Ru(2)-H(1)~Ru(6)
Ru(3)-H(1)-Ru(4)
Ru(3)-H(1)-Ru(5)
Ru(3)-H(1)-Ru(6)
Ru(4)-H(1)-Ru(5)
Ru(4)-H(1)-Ru(6)
Ru(5)-H(1)-Ru(6)

58(2)
54(2)
58(2)
103(4)
110(4)
94 (2)
52(1)
113(3)
54(2)
50(1)
51(2)
112(3)
65(2)
66(2)
86(3)

Ru(l)-H(2)-Ru(2)
Ru(1)-H(2)-Ru(3)
Ru(1)-H(2)-Ru(4)
Ru(l)~H(2)-Ru(9)
Ru(l)-H(2)=Ru(6)
Ru(2)-H(2)-Ru(3)
Ru(2)-H(2)-Ru(4)
Ru(2)-H(2)-Ru(5)
Ru(2)-H(2)~Ru(6)
Ru(3)~H(2)-Ru(4)
Ru(3)-H(2)-Ru(5)
Ru(3)~-H(2)-Ru(6)
Ru(4)=H(2)-Ru(5)
Ru(4)-H(2)-Ru(6)
Ru(5)-H(2)-Ru(6)

51(1)
50(1)
58(2)
65(2)
65(2)
94(1)
58(2)
113(2)
53(1)
55(2)
52(1)
112(2)
105(3)
109(3)
85(2)
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Figure 24. Molecular Structure of Os6(C0)18.
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and Ru(l)-Ru(4)=-Ru(5) faces, respectively. The bond lengths within
the inner tetrahedron range from 2.643(1)-3.009(1)&; the capping
distances range from 2.690(1)-2.851(1)A. Ruthenium atoms Ru(l),
Ru(2), Ru(3) and Ru(4) sport three terminal carboﬁyls; while Ru(S)'
and Ru(6) have two terminal carbonyls and share a bridging carbonyl.
Capping hydrides H(1l) and H(2), interact with the Ru(l)-Ru(5)-Ru(6)
and Ru(4)-Ru(5)-Ru(6) faces, respectively.

The intermetallic distances, Fig. 25, within the cluster may be
classified as: (1) "normal" ruthenium-ruthenium bond distances,
(2) "short" ruthenium~-ruthenium distances, and (3) "long" ruthenium-
ruthenium distances. The bond distances Ru(l)-Ru(2)=2.833(1)1&,
Ru(2)-Ru(4)=2.851(1)&, Ru(l)-Ru(3)=2.833(1)&, and Ru(3)-Ru(4)=
2.850(1)R are considered '"mormal", being comparable to the average
Ru-Ru distance of 2.854& in'RuB(CO)lz. [89] These distances are also
comparable to those in other ruthenium clusters, for example:
PPNHBRuz‘(CO)12 (2.937(1)X average), [90] PPNHRuA(CO)13 (2.756(1)~-
2.835(1)R), [91] and PPNHRuB(CO)11 (2.815(2)-2.845(3)R). [68d]

Somewhat shorter distances associated with the outer edges
of the cluster are observed, Ru(2)-Ru(6)=2.690(1)& and Ru(3)-Ru(5)=
2.708(1)A. This may be attributed to distortion within the metal
framework.arising from the lengthening of the inner Ru~Ru bonds
(2.993(1)-3.009(1)X) by the capping hydrides. -This distortion is
exhibited by the enlarged bond angles associated with Ru(2) and
Ru(3). (Ru(l)-Ru(2)-Ru(6)=65.72(2)°, Ru(4)-Ru(2)-Ru(6)=65.70(2)°,

Ru(1)~Ru(3)-Ru(5)=65.49(2)°, and Ru(4)-Ru(3)-Ru(5)-65.10(2)°.)



Ru(5) Ru(5) Ru(6) Ru(6)

Ru(l) 2.690

2.833

2.851
Ru(4) Ru(4) Ru(2)

Ru(3)

Ru(4)

Figure 25. 1Intermetallic Bond Distances Within H2Ru6(C0)17.

29
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The inner tetrahedral bonds Ru(l)-Ru(5)=2.999.(1)4, Ru(i)-Ru(6)=
2.999(1)R, Ru(4)-Ru(5)=2.993(1)& and Ru(4)-Ru(6)=3.009(1)R are
lengthened appreciably relative to the non-bridged distances discussed
previously. This is consistent with the presence of Moy~ or u3—
hydride ligands. [49,55,59a,70a,92-100] The capping hydrides were
found directly from tﬁe X-ray analysis.and the metal~hydride distances
ranging from 1.78(6)-2.01(7)& are comparable to those reported in the
literature. [95-100)

A particularly intereéting feature of H2Ru6(CO)17 is the
extremely short Ru(5)-Ru(6) distance of 2.643(1)A. One could argue
that this bond is shortened due to the metals being in the formal
oxidation state of 0 as Mason [88] notes for the 056(C0)18 cluster,
0s(1)-0s(6)=2.7328. (Fig. 24) He argues that the 0s(3)-0s(4)
distance of 2.757&8 is also shortened due to the metals involved being
in a formal oxidation state of +l1. However, one should immediately
observe that the Ru(5)-Ru(6) distance is 0.0897 shorter than the
corresponding bond in 056(C0)18. This distance is greater than can
be accounted for by the differences in the covalent radii between
Os (1.2558) and Ru (1.2418). Also, if the covalent radii or formal
oxidation states played a substantial role then one would expect the
Ru(l)-Ru(4) distance of 2.753(1)& to also be severely shortened and
this is not observed. (compare to 0s(3)-0s(4)=2.7574)

Another possibility for the shortened bond is the presence of the
bridging carbonyl ligand. There is substantial evidence that bridging

hydride ligands lengthen metal-metal bonds as noted above; however, a
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bridging hydride supported by another bridging ligand may either
lengthen or shorten the metal-metal bond depending on the nature of
the other bridging ligand. [101] However, comparisons between bridged
and non-bridged Ru-Ru distances are usually less than 0.05&. For
example, a comparison between the two types of bonding situations in
HRu,(C0),(CNMe,) is 0.0274 {101] and in [HRu3(CO)“]— is 0.029&. [68]
The Ru(5)-Ru(6) bond is, therefore, considered double bonded in
character; similar to that observed in H,0s,(C0) . (2.6838). [95,99,
100]

The bridging carbonyl group is asymmetric, with Ru(5)-C(56)=
2.102(9)&, Ru(6)-C(56)=2.282(9)4, and the angles Ru(5)-C(56)-0(56)=
147.7(8)°, and Ru(6)-C(56)-0(56)=138.3(8)°. The distances and
angles associated with the terminal carbonyls are considered normal.

The questions which come to mind at this point are: (1) What is
the likelihood of simple protonation vs. redox behavior with respect
to the carbonyl/carbonylate combination? (2) 1Is it possible that the
carbonylate used in these reactions is really [Ru6(CO)17]2_, and that

we do only observe protonation according to Equation 367

2- + .
[Ru6(CO)17] + H r—ﬂzkue(c0)17 (36)

In an attempt to answer these questions especially that concerned
with the identity of the starting material, the carbonylate was
subjected to an X-ray diffraction experiment.

The molecular structure of this carbonylate proved to be the

same as that reported by Shore and Hsu [102] for the [Pth‘]+ salt and
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Johnson and Lewis [85] for the [PMePh3]+ salt. Figure 26 gives the
molecular structure as reported by Johnson and Lewis. Table 5 gives
crystallographic data comparing the results obtained in this X-ray
study (Column I) with that obtained by Shore and Hsu. (Column II)
(The particular details with respect to the data collection and
structure solution are outlined in the Experimental Section of this
" dissertation.) Therefore, one may conclude that a redox reaction is
occurring and not just a simple protonation.

However, this conclusion is challenged by the observations of
Johnson and Lewis [84-86] (Equation 35) where they reportbreaction of
a strong acid, HéSOA, with [PPN]Z[RU6(CO)18] results in formation of
H2Ru6(C0)18. A re-investigation of their experimental procedures
result in HZRUG(CO)17 formation (in this investigator's hands) as
identified by NMR, IR and elemental analysis. A re-investigation of
the procedure reported by Knight and Mays [59a,59c,87] (Equation 34)
also gives H2Ru6(C0)17. It can only be concluded, at this point in
time, that perhaps a very small amount of H2Ru6(C0)18 is formed in
these reactions and that the crystal Knight and Mays obtained was not
indicative of the bulk compound. H2R06(CO)17 seems to be the bulk
species formed in the reaction of [Ru6(CO)18]2— as shown by elemental

analysis. (see Experimental Section)

. 4- 6-
4. Reactions of [Ru6(C0)17] and [Ru6(CO)16]
As noted in Section 2, when the carbonylate was a highly charged

species formation of a new cluster; namely, HzRu6(CO)17 was observed.
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Figure 26. Molecular Structure of [Ru6(C0)18]2-.
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Table 5. Crystallographic Data for [PPhA]Z[Ru6(CO)18]°
Chemical formula C66H40RU6P20183 C66H40R96P2018b
Color of cryst dark brown ‘
Molecular wt 1788.622
Space group P21/c P21/c
z 4 4
Temp, °C 25 25
a, & 22.878(3) 22.854(2)
b, & 14,241(1) 14.257(2)
c, & 19.706(3) 19.655(3)
B , deg 90.93(1) 90.65(1)
Volume, A° 6419.6 6403.5
D(calcd), g cm-3 1.851
Absorptn coeff, cm_1 14.7 14.6
Scan mode w-26 w-20
Data collectn
limits, deg 4-40 4-50

No. of unique

reflctns 5965 6188
No. of reflctns used

in structure 3525 4766

refinement (>20(1)) (>30(1))
Rf 0.069
R ¢ 0.078

a .
this work

bShore and Hsu [102]}
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Since a tetranuclear cluster reactant resulted in a hexanuclear
product one may assume a cluster building pathway is
functional, whose activity is possibly influenced by the basicity of
the carbonylate. It was hoped that increasing the basicity of the
hexanuclear carbonylate would perhaps result in formation of either
a hetero- or homo- nuclear species with M 2 6.

Reaction of either [Ru6(CO)17]4_ or [Ru6(CO)16]6_ with Fe2(00)9
(Equation 37) resulted in HARUA(CO)IZ’ Fe3(CO)12, HZRUA(CO)IB’

HzFeRu3(CO)13 and HzRu6(CO)17 after protonation with a strong acid.

4-
[Ru6(C0)l7] + Fez(CO)9

H+
H4Ru4(C0)12 +
HZRU4(CO)13 +
Fe3(C0)12 + (37)
H2FeRu3(CO)13 +
H2Ru6(CO)17

H+

6-
[Ru6(CO)16] + Fez(CO)9

6- , o ,
When [Ru6(CO)16] was reacted with FeZ(CO)9 the yield of HzRué(CO)17
was observed to be 2-3 times that formed when [Ru6(CO)17]A- was
employed (by 1H NMR); however, the major products isolated were

H4RUA(CO)12 and HZRUA(CO)13'
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IT. IRON/OSMIUM SYSTEMS

A. Introduction. Mixed-metal clusters containing iron and osmium
have also been synthesized and characterized. One sees examples
ranging from the dinuclear species, [FeOs(CO)S]Z_, [57) (Equation 15)
through a pentanuclear cluster, H2Fe2033(C0)16. [50a]

Moss and Graham [103-105] reported the first synthesis of iron-
osmium trinuclear clusters, FeZOs(CO)12 and FeOsz(CO)lz, under mild
conditions. (Equations 38,39) Heretofore, harsh pyrolysis conditions
were used in the synthesis of the FeRu and RuOs trimers. {40,44]
(Equations 3-10)

n-heptane
4 Fe,(CO)y + H,0s(CO), > Fe,0s(C0),, +

25°C (38)

HZFeOSB(CO)13

FeZOS(CO)lzls formed in 707 yield while H2Fe053(C0)13 is only

observed in 6%.

n-heptane
H OSZ(CO)S + 2 Fez(CO)9 > FeOsz(CO)12 (39)

2 o
25°C (202)

As with the iron-ruthenium clusters, iron-osmium tetranuclear
clusters have also been prepared and fully characterized. As noted in
Equation 38, forﬁation of H2Fe053(CO)13 is possible, albeit in low
yield. Since this reaction reported by Moss and Graham, several

research groups have succeeded in synthesizing this cluster in yields

> 90%.
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Various methods are utilized in order to achieve formation of
this tetranuclear cluster. For example, Geoffroy first synthesized
H2Fe053(CO)13 in yields of 9% according to Equation 40. [70a]

46°C

2~
053(C0)12 + [Fe(CO)A] -3 H 053(CO)10 +

2

Fe. (CO) +
3 12 (40)
Fe205(00)12 +

H,Fe0s, (CO) ,

He later achieved yields of up to 95% using HZOSB(CO)IO in a
photolysis reaction. [71] (Equation 41)

hv

H2083(CO)10 + Fe(CO)5 ————p H FeOs3(CO)13 + 2 CO (41)

2

Shore and co-workers [50a] have also made use of the
unsaturation in H2053(C0)10 to form mixed~metal clusters containing
three osmium atoms. In their syntheses, they made use of the
versatility H2053(CO)10 possesses with respect to Lewis acid/base
character. In Equation 42, H2053(CO)10 functions as an apparent
Lewis acid reacting with the very nucleophilic iron carbonylate

[Fe(c0)4]2'.

H+

H,05,(C0) | + [Fe(C0), 1" ————> HFe0s,(CO) , ~  (42)

(82%)

2

The X-ray crystal structure of HZFeOs3(CO)13 has been solved by

Churchill [94] and is depicted in Figure 27.



Figure 27.

Molecular Structure of H

2

FeOsB(CO?13.
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The anionic [HFeOs3(CO)13]— cluster has also been prepared and
structurally characterized using the redox condensation method as

outlined below, [106] (Equation 44)
A
PPNZFGB(CO)11 + 053(C0)12-————)-PPNHFGOS3(CO)13 (44)

Shore [75,107] has used the neutral HZFeOS3(C0)13 cluster as a
source of [HFeOs3(CO)13]_ formation via an alkali-hydride reduction.
(Equation 45)

H2Fe053(CO)13 + MH-——-——-——#-[HFeOs3(CO)13] + H2 (45)
(M=Na,K) (72%)

As with the iron-ruthenium clusters, these mixed-metal clusters
particularly the anions are then used as models for cluster species

on metal supports. [78]

B. Results & Discussion. As was alluded to in the introduction, a
pentanuclear cluster H2F62053(00)16 has been synthesized by Plotkin
and Shore. [50a] The complex is a very minor side-product (< 2%)
of the reaction outlined in Equation 43.

The objective of this investigation has been to synthesize
higher nuclearity clusters. In this case, it was hoped to increase
the yield of the pentanuclear cluster and to possibly extend the
nuclearity of this species to six or more metals using the redox
condensation method. Perhaps the increased bond strength associated

with osmium atoms would stabilize the higher nuclearity complex formed,
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so that larger clusters are isolable; not just tetranuclear species

as was observed in the iron-ruthenium systems.

1. Reaction of [053(C0)11]2'
Reaction of [053(CO)11]2_ with two equivalents of Fez(CO)9 at
room temperature resulted in formation of the desired pentanuclear

cluster in yields comparable to Plotkin's observations. (Equation 46)

. . THF .
[Os3(CO)11] + 2 Fez(CO) ———> [Fe(CO), ] +
9 250 o
[FeOSB(CO)IB] +
2-
[Fe20s3(CO)16]
B (46)

Fe,(CO) ., +
H,Fe0s, (C0),, +

H2Fe2053(CO)16

Each of these clusters were isolated in pure form via chromatographic
techniques and identified spectroscopically. The pentanuclear
cluster HzFe2033(C0)16 exhibits a singlet in the proton NMR at

§-21.4 ppm (CDC13) or §-21.5 ppm (d8-toluene) (Fig. 284A), its upfield
character indicating hydrides bridging two osmium atoms. The 13C NMR
(Fig. 28B) shows a singlet at 6200.57 ppm indicating terminal
carbonyls. The IR agrees with that reported by Plotkin. [50a]

Reaction of [053(C0)11]2- with five equivalents of FeZ(CO)9 at

room temperature resulted in formation of H2Fe2053(CO)16 in yields of
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up to 7%. If the temperature of the reaction is lowered to 0°C the
rate of reactivity is decreased but yields between 13-15% are
observed. (see Experimental Section for details)
This cluster does not exhibit great stability in air or
moisture. If the reaction is worked-up with improperly dried
solvents br TLC plates which have not been activated thoroughly or if

small amounts of O, are present during the reaction period, formation

2
of HOS3(CO)IOOH and Os3(CO)12 are observed. Furthermore, upon
standing in solution (ie. during the course of crystal growth)
decomposition of H2Fe2033(C0)16 to form Os3(CO)12 and possibly
FeZOs(CO)12 is detected. The OsB(CO)12 has been identified by X-ray

analysis and the IR shows peaks due to FeZQs(CO)12 aﬁd 053(00)12.

2. Reaction of [FeOs3(CO)13]2-

In an attempt to determine the sequence of events which lead to
the formation of the pentanuclear cluster, the reaction of
[FeOs3(CO)13]2_ with Fe(CO)S should be carried out to see if the
formation of [Fe2083(C0)16]2_ can be detected. In order to do this,
the heretofore unknown dianion [FeOs3(C0)13]2- was synthesized. The

preparation was accomplished as follows. (Equation 47)

25°C
MZ[OSB(CO)II] + Fe(CO)5 -—;;;—)-Mz[Fe053(CO)13] + |
(M=Na,K) 053(00)12 + (47)

Fe,(C0) |,
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2-

Reaction of [FeOsB(CO)IB] with Fe(CO)5 does not afford

HZFeZOSB(CO)IB upon protonation, only HzFeOs3(CO)13 and Fe3(CO)12 are

isolated. From this result one may conclude that the pentanuclear
cluster is formed when an intact Fe2 unit combines with [053(00)11]2—
in a concerted fashion, rather than a step-wise addition of one iron
unit. This mechanism is similar to that proposed by Adams [108] for
the reactionlof Ru3(CO)9(u3—CO)(u3—S) with [CpMo(CQ)2]2 férming
Cp2M02Ru3(CO)16(u-CO)(uA—S).

Unfortunately, the formation of mixed-metal clusters with
M > 5 was not realized in these syntheses. It may at this poin£ be
advantageous to explore the reactivity of [056(C0)18]2_ or other

higher nuclearity systems in an attempt to isolate the larger cluster

systems.

ITI. RUTHENIUM/OSMIUM SYSTEMS
A. Introduction. To complete the study of mixed-metal clusters of
the iron triad, ruthenium-osmium systems must be considered. Mixed-
metal clusters containing ruthenium-osmium should exhibit increased
stability over the iron-ruthenium and iron-osmium clusters studied
thus far; due to the increased metal-metal bond strengths as one
goes down the triad.

As with the other systems studied, the synthetic strategy is to
build up clusters one metal fragment at a time using the redox
~ condensation method. Again, this has been employed in this research
group to successfully sythesize the mixed dimer [RuOs(CO)8]2—. [57]

(Equation 15)
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As outlined in Equation 8, the pyrolysis of Ru3(CO)12 with
Os3(C0)12 is the source for ruthenium-osmium trimetallic clusters:
[42] These clusters have been used by Geoffroy and co-workers [70]
to éenerate tetranuclear clusters containing three different metal

atoms. (Equation 48)

THF H
RUZOS(C0)12 + > > HARul‘(CO)12 +
reflux
RuOs,, (CO) + Fe, (CO) +
2 12 3 12 (48)
NazFe(CO)a HZFeRuZOS(CO)13 +
HzFeRUOSz(CO)13
The new clusters, HzFeRUZOs(CO)13 and HzFeRuOsz(C0)13, may be
isolated in yields of 307% and 407%, respectively. They have been fully

characterized in solution by 1H and 13C NMR [72] and appear to be

highly fluxional with respect to bridging carbonyl and hydride
ligands.
The tetranuclear system of particular interest to this research

2
devised. Geoffroy et al. [71,109] first synthesized HZRuOSB(CO)13

is H RuOs3(CO)13. Several synthetic routes to this cluster have been

using the unsaturated cluster H2053(C0) as shown in Equation 49.

10
Depending on the stoichiometry of the‘HZOs?’(CO)10 added one may

influence the yield of HZRu053(CO)13 obtained. When 1| equivalent is

employed 237% H RuOsB(CO)13 is isolated; whereas, increasing the

2

reactant to 3 equivalents increases the isolated yield of HZRUOSB(CO)13

to 537%. The reported clusters are obtained in pure form using column
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HZRUOS3(C0)13 + H2053(C0)10 + Ru3(C0)12 +

HZRUA(CO)13 + HAOSA(CO)IZ
Ru3(C0)12 (49)

ii H2Ru0s3(CO)13 + 3 CO + HZRUA(CO)13 +
HAOSA(CO)12 + Ru3(C0)12 + HZOSB(CO)IO

(i) 1 eq HZOSB(CO)IO’ hv, 70h

(ii) 3 eq H2053(C0)10, hv, 70h

chromatography (silica gel, hexane as eluent) and have been fully
characterized by common spectroscopic methods.

Johnson and Lewis [110-112] adopt a somewhat different approach‘
using the di-substituted osmium carbonyl, Os3(C0)1O(CNMe)2, and
reacting it with the mononuclear dianion [Ru(CO)a]z-. (Equation 50)

Yet another approach to HZRUOSB(CO)13 is employed by Gates et al.
[113,114] 1In this preparation the highly reactive mononuclear

carbonyl, Ru(CO)., is utilized according to Equation 51. H_RuOs.(CO)
5 3 13

2
was purified by column chromatography using hexane as the eluent and
isolated in yields of 30-45%. This cluster has been fully
characterized including the X-ray crystal structure. [115]

Shore and Siriwardane [75] utilized the redox condensation
reéction method to generate HzRuOs3(CO)13. 1f [Ru3(CO)11]2_ is
reacted with 1/3 053(CO)12 one obtains upon protonation the mixture

of neutral clusters HZRUA(CO)IB’ HzRuOs3(CO)13 and HZOSA(CO)IB' 1f

the stoichiometry of 053(CO)12 is raised to 2/3 equivalents, one
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]

i
—_—
053(CO)10(CNMe)2 + NazRu(CO)4 [PPN]Z[HRUOS3(CO)13

ii (50)

HZRUOS3(CO)13 (907%)

(i) (1) THF, 25°C

(2) PPNC1, CHzClz, 25°C

(3) TLC (50:10:40 CH,.C1

9 2:acetone:cyclohexane)

(ii) (1) CH2C12, 25°C, excess concentrated HZSOA

(2) TLC (20:80 CH2C12:cyclohexane)

hexane
H,0s_ (CO) + Ru(CQ) » H,_RuOs_(CO) -+
273 10 5 25°C, N2 2 3 13 (51)

Ru3(CO)12

obtains the aforementioned products along with the pentanuclear
species HZRUZOS3(C0)16 and HZOSS(CO)16' Finally, if one‘
equivalent of 053(C0)12 is reacted with one equivalent of Ru3(C0)12
all five species above are again observed with the higher
nuclearity clusters being formed in increased yields,

A second approach in an attempt to eliminate the large number
of side products observed in the reaction of [Ru3(CO)11]2_ with

2- .
Os3(C0)12, was to react [053(CO)11] with Ru(CO)5 as shown below.

[75] (Equation 52)

55°C H

Y

2..
[0s.(CO),,]°  + Ru(CO) > Ru,(CO) ., +
3 1] 5 THE 3 12 (52)

H,Ru0s,(CO)
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The mixed-metal cluster obtained from both reaction types was fully
characterized including a crystal structure. [75]

Reactivity studies of H RuOs3(C0)13 center around the preparation

2

of the tetrahydrido cluster H Ru0s3(CO)12 (Equation 53) and the

4
related monoanions, [HRuOs3(CO)13]— (Equation 54) and

[H3Ru053(c0)12]'. [113,114] (Equation 55)

octane
H2RuOs3(C0)13 + H, "HaRuOs3(CO)12 (53)
reflux
(85%)
i
e o
HZRUOSB(CO)IB + KOH/EtOH [EtaN][HRuOs3(CO)13] (54)
(85%)
(i) (1) 55°C
(2) EtANBr, -8°C
i
——-
H4Ru083(C0)12 + KOH/EtOH [thN][H3Ru053(CO)13] (55)
(90%)

(i) (1) 55°C

(2) EtaNBr, -8°C

Shore [75] has also shown that deprotonation with NaH leads to
formation of [HBRUOSB(CO)IZ] and [HRuOs3(C0)13] . A cleaner
deprotonation reaction can be achieved by using PPNCl to generate
[PPN][HRuOs3(CO)13] in approximately 70%. These clusters have

subsequently been used by Gates [114] in surface and catalytic

studies by attachment to Y—A1203 supports.
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B. Crystallographic Studies.
1. Shore and Siriwardane. The first X-ray analyses of

H2Ru053(C0)13 were reported by Shore and Siriwardane. [75] Crystals
for these studies were obtained from the reaction of [RU3(CO)11]2—

with 2/3 equivalent 053(00)12. The first set of crystals obtained
*
were shown to be a co-crystallized single crystal of HZOSA(CO)13’

HZRuOs3(CO)13 and HZRUA(C0)13 in the ratio 60:20:20%. The second

set of crystals obtained were shown to be a co-crystallized single

crystal of HZOSA(CO)lB and H RuOsB(CO)13 in the ratio of 20:807%.

2

Table 6 gives crystallographic data comparing the results of the two
studies described above.

In light of the co—cfystallization of the mixed-metal cluster
with the homonuclear clusters from this particular reaction, a new

synthetic route for H RuOs3(CO)13 was devised. A crystal for the

2

third crystallographic study was obtained from the reaction of
1
[Os3(CO)11]2- with Ru(CO)s. (Equation 52) Table 7 (Column I) gives

crystallographic data for H RuOs3(CO)13 for the third X-ray

2

analysis. The molecule is described as consisting of a RuOs3
tetrahedron. Each osmium atom sports three terminal carbonyls; while

the ruthenium atom has two terminal carbonyls and two semibridging

carbonyls (d(Ru—CSb)=1.QSSR (ave), d(Os—Csb)=2.SOSA (ave)). The

%

Co-crystallization: Crystallization of two or more chemically
different isostructural molecules which occupy
equivalent sites in the lattice of the crystal

in a random distribution.
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Table 6. Crystallographic Data for HzRuos3(CO)13-—Co-crystallized

Systems.

Crystal Composition

Space Group
Z

a, A

b, &

c, &

o, deg

B, deg

Y, deg
Volume, A3

Data collectn
limits, deg

No. of unique
reflctns

No. of reflctns used
in structure
refinement (>30(I))

wf
GOF

HZOSA(CO)13 (60%)
HZRUOSB(CO)13 (207%)
HZRUA(CO)IB (20%)
Pl bar

4 .

9.146(2)
26.650(7)
9.303(3)
92.00(2)
112.30(3)
81.76(2)

2014.87
4-50
9210
7096
0.061

0.076
2.121

H2Ru053(C0)13 (80%)

HZOSA(CO)IB (20%)

P21/c

8
23.082(5)
9.082(4)
19.296(5)

90.86(2)

4046.07

4-46

7095

4583

0.051
0.067
1.647




Table 7. Crystallographic Data for H

2
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RuOs3(C0)13.

Chemical formula
Color of cryst
Solvent system
Space group

Z

Temp, °C

a, &

b, &

c, &

o, deg

B, deg

Y, deg

Volume, A3

D(calcd), g cm_3

Radiation

Diffractometer

Absorptn coeff, cm

Scan mode

Data collectn
limits, deg

No. of unique
reflctns

No. of reflctns used

in structure
refinement

(>30(1))

Re

wa/w
GOF

a
C13013053RUH2
orange

o
CH2C12 (25°C)
P21/c
8
25
23.091(9)
9.083(7)

19.332(7)
90.81(4)

4052.25

3.40

Mo Ko (0.7107308)
CAD-4

195.7

w—-26

4-50

6882

4587

0.048
0.066/0.06
1.971

C13013053RUH2b
orange

pentane (25°C)
Pl bar

4

22

9.046(4)
9.140(4)
26.560(9)
81.88(3)
91.81(3)
112.07(3)

2014.1

3.42

Mo Ka (0.710730%)
Nicolet R3

196.8

w (full profile)

4-46

5397

4576
0.0491
0.0485
1.379

4Shore and Siriwardane [75]

theingold and Gates [115]
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bridging hydrides were located directly from the X-ray analysis and
are bridging the osmium base as expected from their 1H NMR chemical
shifts.

2. Rheingold and Gates. Crystals of H RuOs3(CO)13 for this

2
particular X-ray investigation were ob;ained from the reaction of
Ru(CO)5 and H2053(CO)10 in hexane at ambient temperature.

(Equation 51) Table 7 (Column II) gives crystallographic data for
HzRuOSB(CO)13 as reported by Rheingold and Gates. [115]

The basic structure of this cluster is analogous to that of
Shore and Siriwardane and is shown in Figure 29. The difference
arises in the interpretation of the structure refinement. Refinement
of the metal site occupancies show that in Molecule A Ru(l) is 1007
Ru in character; whereas, Molecule B is only 79% Ru in character at
that site and the residual 21% Ru is evenly distributed among the Os
sites. Rheingold subsequently attributes this to disordering* of the
metal atom identities; presumably because only one molecule exhibits
this behavior. As opposed to the phenomenon observed by Shore and

Siriwardane where both molecules showed identical behavior (within

experimental error).

C. Results & Discussion. Examination of the reported: structural

studies of H RuOs3(CO)13 by Shore et al. [75] and Rheingold et al.

2

*
Disorder: Crystallization of a pure molecule which exhibits random
orientation of the molecule throughout the crystal

lattice.



Figure 29.

Molecular Structure of H

2

RuOs3 (CO) 13
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[115] lead to some striking differences. The crystallographic
differences warranted the re-investigation of the synthesis and total

characterization of H Ru053(CO)13.

2
. 2- .

1. Reaction of [053(CO)11] with Ru3(CO)12 or Ru(CO)5

Reaction of [053(CO)11]2_ with 1/2 equivalent Ru3(CO)12 affords

a variety of products according to Equation 56.

[0s3(00)11]2' + 1/2 RuB(CO)li———§§;5—>'[RuA(CO)lzla_ +
[053(00)10]2' +
[0s, (C0) | ,1°7 +
[Ru0s, (CO) | ,1°7 +

2-
[RuZOSB(CO)16] +

[0s4(C0) 17

ut (56)

HARUA(CO)lz +
H2053(C0)10 +
H,0s, (C0) |, +
HzRuOSB(CO)13 +

HZRUZOS3(CO)16 +

HZOSS(CO)16

Separation of the reaction mixture using column chromatography, TLC
and HPLC leads to inseparable mixtures of one band containing

HZOSS(CO)16 and H2Ru20s3(CO)16 and a second band comprised of
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HZOSA(CO)13 and H RuOs3(C0)13. These cluster species were identified

2
as being a mixture by 1H NMR. (Fig. 30)

Due to the inseparable mixtures obtained in the above reactions,
a more suitable route to thé preparation of pure H2Ru053(CO)13 is
needed. Shore and Siriwardane apparently synthesized pure

2
they cite is as follows: 1H NMR 6-21.0 ppm; IR Veo 2110(vw), 2082(vs),

H RuOsB(CO)13 according to Equation 52. The spectroscopic evidence

2067 (vs), 2056(vs), 2029(m), 2025(m), 1870(w,br)'cm—1; FT-ICR MS
m/e 1044.

A re-investigation of their experimental procedure results in
formationvof the inseparable mixture HZRUOSB(CO)13 and HZOSA(CO)IB'
IR spectroscopic characterization of this mixture can be rather
misleading. As one may notice, the IR spectra of H2Ru053(C0)13 and
HZOSQ(CO)13 are very similar. (HZRuOs3(CO)13: Vo 2081 (vs), 2068(vs),
2056 (vs), 2027(m,sh), 2023(m,sh), 2018(m), 2006(w,sh) cm ' in hexane
[this work]; vCO 2081(vs), 2066(vs), 2055(vs), 2017(m,br), 1852

(w,br) cm © in CH,CL, [110]; v, 2081(vs), 2066(vs), 2055(vs), 2028 (m),

co
2023(m), 2017(s), 2007(w), 1868 (w,br) cm—1 in hexane [114])
(HZOSA(CO)13: Yoo 2081 (vs), 2064(vs), 2056(vs), 2019(s,br) cm_1 in
CH2C12[110]; Vo 2084 (vs), 2070(vs), 2060(vs), 2021(vs), 2005(w), 1860
(w,br) cm_1 [75];.\)CO 2090(s), 2062(s), 2053(s), 2041(w), 2020(vs),
1998 (w) , 1987 (w) em ! in cyclohexane [100b,114]) Figure 31A shows the
IR spectrum of the reaction mixture (vCO 2081(s), 2076(m,sh), 2066(vs),
2056(s), 2034(w,sh), 2025(s), 2017(m,sh), 2010(w,sh), 1993(vw),

1989 (vw) cm—1 in hexane) which was further identified to be a mixture



HZRuOSB(C0)13

6-21.05 ppm

H,0s, (CO)
§-21.38 ppm
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HZRUZOS3(CO)16
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Figure 30. Proton NMR Spectra of Inseparable (a) Penta-
and (b) Tetra- nuclear Clusters.
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1

by "H NMR. (Fig. 31B) (H2Ru083(CO)13 §-21.04 ppm, HZOSA(CO)IB
§-21.38 ppm in CDC13)

Another method of product characterization used widely in
cluster chemistry is mass spectroscopy. In this particular case, the
results obtained may lead to an erroneou; conclusion. The product
mixture described above was subjected to an FT-ICR MS study. The
results of this study show that at 100°C the product appears to be

pure H RuOs3(C0)l3. (Fig. 32) The parent peak occurs at m/e 1044 and

2
the sequential loss of 13 carbonyls and 2 hydrides are readily
observed. However, if the same sample is run at 125°C both

HZOSA(CO)13 and Hz
peaks of HZRuOSB(CO)13 and HZOSZ‘(CO)13 occur at m/e 1044 and m/e 1134,

RuOs3(CO)13 are present. (Fig. 33) The parent

respectively. The loss of 13 carbonyls and 2 hydrides from each
cluster can be identified. Therefore, H2Ru053(CO)13 is more volatile
than H2054(CO)13 and can be made to look pure depending on which
temperature the spectrum is run at.

Further purification of the reaction.mixture using multiple
column, TLC and HPLC chromatographic techniques does not succeed in
product separation. The conclusion can be made that once HZOSQ(CO)13

and H RuOsB(CO)13 are formed in the reaction, they are inseparable.

2
Therefore, one must be cautious in devising a reaction scheme which

eliminates the possibility of HZOSA(CO)IB formation.

. 2- .
2. Reaction of [Ru3(CO)11] with 053(C0)12
The product mixture obtained when [Ru3(CO)ll]2_ is reacted with

1/2 equivalent Os3(CO)12 is somewhat different (Equation 57) than that
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obtained when [OSS(CO)II]Z- is reacted with 1/2 Ru3(CO)12

(Equation 56) as previously described.

55°C
72—
[RUS(CO)II] + 1/2 083(C0)12 ——;;;———)-Ru3(CO)12 +
053(C0)12 +

[RUA(CO)IZ]A- +

[RuA(CO)13]2- +

2-
[RuOs3(CO)13] +

9-
[Ru2053(C0)16]

ut (57)

Ru3(CO)12 +
053(CO)12 +
H,Ru, (CO) , +
HZRUA(CO)13 +

H RuOS3(CO)13 +

2

HzRu2053(CO)16

Separations using column, TLC and HPLC chromatographic techniques are
successful in obtaining the pure mixed-metal products HZRUOS3(CO)13

and HZRUZOSB(CO)16' This success is possible because the

isostructural, homonuclear clusters HZOSA(CO)IB and HZOSS(CO)16 are

not formed.

The tetranuclear cluster H RuOs3(C0)13 has been spectroscopically

2

characterized. It exhibits a broad singlet in the proton NMR (Fig. 34)



Figure 34,

L |
-20 -21 -22
PPM

Proton NMR Spectrum of H2Ru053(CO)13.

94



95
at approximately §-~21.0 ppm (slightly solvent dependent, see
Experimental Section) which indicates the equivalence of the hydrides.
The upfield occurrence also indicates the position of the hydrides
to be bridging two osmium atoms as opposed to a heteronuclear bridge.
The IR specfrum shows a rather simple pattern indicative of a
fairly symmetrical structure. (Fig. 35) Comparison of this spectrum

with the spectra of H FeRuB(CO)13 and H2F8083(C0)13 shows that these

2
are indeed an isostructural series.

The pentanuclear cluster H2Ru2053(CO)16 may also be isolated ‘in
its pure form from this synthetic route. The proton NMR is a singlet
at §-19.54 ppm indicative of a heteronuclear bridging position
(Ru~H-Os). The IR spectrum (Fig. 36) is similar to that reported for
HZOSS(CO)lﬁ (vCO 2126(w), 2088(s), 2066(s), 2053(s), 2045(m,sh),
2038(w), 2013(m) cm”1 in cyclohexane [44a]) and H2Fe2053(CO)16
(vCO 2086(vs), 2070(vs), 2062(vs), 2040(w), 2030(s), 2005(m),

1983 (w) cm-1 [50a]) confirming their isostructural character.

Shore and Siriwardane [75] first synthesized HZRuZOs3(CO)16 from
the reaction of [Ru3(CO)11]2_ and 2/3 Os3(CO)12. They showed through
X-ray crystallography that this system is also plagued with
co-crystallization problems. In this case, the isostructural clusters
HZRUZOS3(CO)16 and HZOSS(CO)IG exhibit this phenomenon. Figure 37
depicts the structure as reported by Shore and Siriwardane. The
positions labelled Ru(l) and Ru(2) are the sites of co-crystallization

with the cluster occupancies actually being H2Ru2053(C0)16 and

HZOSS(CO)16 in a ratio of 75%:25%.
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Figure 37. Molecular Structure of HZRUZOSB(CO)IG'
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It seems that reaction of [Ru3(C0)11]2-

wiph 1/2 053(C0)12 is
a desirable synthetic route to the mixed-metal tetra- and penta-

nuclear systems; however, the yields obtained are quite low.

3. Crystallographic Determination of H2Ru053(C0)13

Several structural studies on H RuOs3(C0)13 were discussed

2
previously (Section B--Crystallographic Studies) and displayed marked
differences. These differences warranted the re~-determination of the
structure which is presented below.

The molecular structure of HzRu053(CO)13 is shown in figure 38.
Crystallographic data for this particular structural determination
appears in Table 8. Tables 9 and 10 list selected bond distances
and bond angles, respectively. (The particular features with respect
to the data collection and structure solution are described in the
Experimental Section of this dissertation.)

The molecular structure of this cluster is isosttuctural with
HzFeRu3(CO)13 [74] (Fig. 14) and H2

cluster adopts a distorted tetrahedral metal arrangement where a

Fe0s,(C0) ,. [94] (Fig. 27) The

ruthenium atom caps an Os_ triangle. Each osmium atom is associated

3
with three terminal carbonyls, whereas the ruthenium atoms bonds to
two terminal and two semibridging carbonyls.

The intermetéllic distances within the cluster may be
classified as: (1) "normal" osmium-osmium bond distances, (2) "long"

osmium-osmium distances, and (3) ruthenium-osmium distances. The bond

distance 0s(1)-0s(3)=2.839(2)A is considered "normal', being comparable
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Table 8. Crystallographic Data for (p—H)éRuOsS(CO)13.

. a b,c
Chemical formula RuOs3C13013H2 _ Ru053C13013H2
Molecular wt 1044 1044
Space group C2/c
Molecules/unit cell 8
Temp, °C 25 25
a, & 31.856(4) 23.044 (5)
b, & 9.774(1) 9.070(8)
c, & 13.953(2) 19.306(3)
B, deg 110.83(1) 90.82(2)
Volume, &° 4060.7 4034.8
D(calcd), g cm--3 3.395
Radiation Mo Ko (0.7107304)

Absorptn coeff, cm"1 195.2

Transmissn coeff, ¥ max. 99.67
min. 9.80

Scan mode w-286

Data collectn

limits, deg 4-55
No. of unique

reflctns 4065
No. of reflctns used

in structure

refinement

(>30(1)) 2371
No. variable

parameters 252
Rf 0.064
wa/w 0.076/0.05
GOF 2.065
extinctn coeff refined
%from pentane Ptrom cH.Cl “low angle data only (< 24° 280)

2772
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Table 9. Selected Bond Distances (&) and Esd's for (u-H)zRu053(CO)13.

A. Metal-Metal Distances

0s(1)-0s(2) 2.946(2) Os(1)-Ru(4) 2.795(3)
0s(1)-0s(3) 2.839(2) 0s(2)=-Ru(4) 2.787(2)
0s(2)-0s(3) 2.950(1) 0s(3)-Ru(4) 2.794(2)
B. M'Ctermina1 Distances
Os(1)-C(11) 1.90(3) 0s(3)~-C(31) 1.95(3)
0s(1)-C(12) 1.91(4) 0s(3)-C(32) 1.90(4)
Os(1)-C(13) ~1.88(3) 0s(3)-C(33) 1.88(3)
0s(2)-C(21) 1.94(3) Ru(4)-C(41) 1.87(3)
0s(2)-C(22) 1.89(3) Ru(4)-C(42) 1.94(4)
0s(2)-C(23) 1.90(4) Ru(4)-C(43) 1.85(4)
Ru(4)-C(44) 1.84(4)
C. M'Csemibridge Distances
0s(1)-C(43) 2.50(3) 0s(3)-C(42) 2.49(3)
D. C-0 Distances
c(l11)-0(11) 1.15(4) c@i31-o0@3L) 1.09(3)
C(12)-0(12) 1.15(5) C(32)-0(32) 1.12(5)
C(13)-0(13) 1.13(3) C(33)-0(33) 1.14(3)
c(2l)-o(2D) 1.08(3) C(41)-0(41) 1.21(4)
C(22)-0(22) 1.13(3) C(42)-0(42) 1.19(5)
C(23)-0(23) 1.15(5) C(43)-0(43) 1.23(4)
| C(44)-0(44) 1.20(5)
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Table 10. Selected Bond Angles (deg) and Esd's for (u—H)zRUOSB(C0)13.

A. Angles Within RuOs3 Core

0s(2)-0s(1)-0s(3) 61.28(4)
0s(2)-0s(1)-Ru(4) 58.02(5)
0s(3)~0s(l)-Ru(4) 59.44(5)
0s(1)-0s(2)-0s(3) 57.58(4)
B. M'M'Cterminal Angles
0s(2)-0s(1)-C(11) 106(1)
0s(2)-0s(l)-C(12)  113(1)
0s(2)-0s(1)-C(13) 145.8(9)
0s(3)-0s(1)-C(1l1) 93(1)
0s(3)-0s(1)-C(12) 174 (1)
0s(3)-0s(1)-C(13) 90.5(9)
Ru(4)-0s(1)-C(11) 152(1)
Ru(4)-0s(1)-C(12) 117(1)
Ru(4)-0s(1)-C(13) 92.0(8)
0s(1)-0s(2)-C(21) 114(1)
0s(1)-0s(2)-C(22) 103(1)
0s(1)-0s(2)-C(23) 148.0(8)
0s(3)-0s(2)-C(21) 112.6(8)
0s(3)-0s(2)~-C(22) 148.9(9)
0s(3)-0s(2)-C(23) 98.6(8)
Ru(4)-0s(2)-C(21) 169.6(9)
Ru(4)-0s(2)-C(22) 91.2(8)
Ru(4)-0s(2)-C(23) 91.7(8)
C. M'M'Csemibridge Angles
0s(1)-Ru(4)-C(43) 61(1)

0s(1)-0s(2)-Ru(4)
0s(3)-0s(2)-Ru(4)
0s(1)-0s(3)-0s(2)
0s(1)-0s(3)-Ru(4)
0s(2)-0s(3)~-Ru(4)

0s(1)-0s(3)-C(31)
0s(1)-0s(3)-C(32)
0s(1)-0s(3)~C(33)
0s(2)~0s(3)-C(31)
0s(2)-0s(3)~C(32)
0s(2)-0s(3)-C(33)
Ru(4)-0s(3)-C(31)
Ru(4)-0s(3)~C(32)
Ru(4)-0s(3)-C(33)
0s(1)-Ru(4)-C(41)
0s(1)-Ru(4)-C(42)
0s(1)-Ru(4)-C(44)
0s(2)-Ru(4)-C(41)
0s(2)-Ru (4)-C(42)
0s(2)~Ru (4)-C(43)
0s(2)-Ru(4)-C(44)
0s(3)-Ru(4)-C(41)
0s(3)~Ru(4)~C(43)
0s(3)-Ru(4)-C(44)

0s(3)-Ru(4)-C(42)

58.29(6)
58.20(5)
61.14(4)
59.50(6)
57.99(4)

87.7(9)
170.2(8)
95(1)
106.6(7)
109.3(8)
147.1(8)
147.2(9)
118.4(9)
91.3(7)
103(1)
121.5(9)
141(1)
165(1)
89.4(9)
91.1(9)
95(1)
104.7(9)
122.(1)
140(1)

60.4(9)
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Table 10. Selected Bond Angles (deg) and Esd's for (p-H)ZRuOS3(CO)13

(cont.).
D. M'Coterminal Angles
Os(1l)-C(11)-0(11) 177(3) 0s(3)-C(31)-0(31) 172(3)
0s(1)-C(12)-0(12) 176(3) 0s(3)-C(32)-0(32) 177(3)
0s(1)-C(13)-0(13) 177(3) 0s(3)-C(33)-0(33) 177(2)
0s(2)-C(21)-0(21) 178(4) Ru(4)-C(41)-0(41) 178(3)
0s(2)-C(22)-0(22) 174(2) Ru(4)-C(44)-0(44) 179(3)

0s(2)-C(23)-0(23) 176(2)

E. M-CO and M-CO-M Angles

semibridge
Ru(4)-C(42)-0(42) 159(3) Ru(4)-C(42)-0s(3) 77(1)
Ru(4)-C(43)-0(43) 160(3) Ru(4)-C(43)-0s(1) 78(1)
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to the distances found in 053(CQ)12 (d(Os-Os)ave=2.877(3)A [IOQa]) or
the unbridged osmium-osmium bonds in H2053(CO)10 (2.857(7)X [95,99,
100]), H2Fe033(CO)13 (2.847(1)R [94]), H4OSA(CO)11(CNMe) (2.822(1HA

[116]), HCpWOs3(C0)12(2.784(2)—2.799(2)A (117]) or H CpWOsB(CO)11

3
(2.825(2)-2.827(2)& [92]). Comparison of the corresponding distance
with that reported by Shore et al. (2.816(1)& for Molecule 1, 2.823(1)A&
for Molecule 2 [75]) or Rheingold et al. (2.850(1)& for Molecule 1,
2.842(1)& for Molecule 2 [115])- shows no significant difference.
Somewhat longer distances are associéted with 0s(2), 0s(1l)-0s(2)=
2.946(2)2 and 0s(2)-0s(3)=2.950(1)A. This lengthening is consistent
with the presence of bridging hydride ligands; [49,55,59a,70a,92-100]
however, the hydrides were not directly located in this study. These
bond lengths are comparable to those found in H2Fe053(C0)13 (2.934(1)4,

2.937(1)& [94]) or those reported for H RuOs3(CO)13 in the

2
previous studies. (Shore: 2.929(1)-2.947(1)& [75]; Rheingold:
2.945(1)-2.963(1)& [115])

The heterometallic distances Ru(4)-0s(1)=2.795(3)&, Ru(4)-0s(2)=
2.787(2)A and Ru(4)-0s(3)=2.794(2)X are consistent with those
reported by Shore (2.786(1)-2.825(1)& [75]) and Rheingold (2.787(2)-

2.817(2)& [115)) for H RuOsg(CO)IB.

2

Two semibridging carbonyls are associated with Ru(4) which exhibit
typical metal-carbon and carbon-oxygen bond distances as tabulated in
Table 9. In the isostructural clusters, HzFeRu3(CO)13 [74] and

HzFeOs3(CO)13 {94] a slight contraction of the metal-metal bond is

observed. Examination of the heterometallic distances associated
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with the semibridging carbonyl in all the HzRu053(CO)13 studies does
not reveal a similar trend. Bond angles associated with these
carbonyls are also typical and similar to those reported for the
isostructural analogs. (Table 11)

The final difference Fourier map'calculated for H2Ru053(C0)13
shows two peaks around Os(l) with 5.8 EA-3 about 0.9-1.048 away, 0s(2)
with two peaks with 4.6 ER_3 about 0.9-1.08 away, Os(3) with one peak
with 5.2 ER_3 about 1.08 away and Ru(4) with one peak 4.0 EA_3 about
0.98 away. This may suggest some type of orientational disorder of
the molecule, microscopic twinning or perhaps more likely due to the
marginal quality of the crystal used in this study. The quality of
the crystal being less than ideal is also observed in the presence of
thermal parameters going negative upon anisotropic refinement of
carbons C(ll), C(22), C(42) and C(44). The presence of high electron
density peaks around the metal atoms was also observed by Shore and
Siriwardane [75] and Rheingold and Gates [115] for HZRUOSB(CO)IB'
Yawney et al. [119] observed this for HzRua(CO)13 and similar
occurrences were noted by Churchill [87] and Dahl [120] for other
polynuclear metal carbonyl species.

Comparison of all the H2Ru053(CO)13 structures discussed thus far
lead one to believe that two crystalline polymorphs* exist for this

cluster, a monoclinic form and a triclinic form. Rheingold [115]

*
Polymorphism: Property of crystallizing in two or more forms with

distinct structures. [118]
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Table 11. Comparison of Semibridging Carbonyl Bond Distances and

Bond Angles for H

HyFeRu, (CO) 5 -

2

RuOs3(CO)13. H

2

FeOsB(CO)13 and

a
H RuOs3(CO)13

2
M'-c (&)¢ 2.50(3)
2.49(3)
M'-M-C (deg) . 61()
60.4(9)
M-C-0 (deg) 159(3)
160(3)
M-C...M' (deg) 77(1)
78(1)

b
HzFe053(C0)13

2.34(2)
2.35(2)

58.9(7)
58.9(6)

152.5(2)
153.6(2)

79.3(8)
78.6(7)

c
HzFeRu3(CO)13

2.334(5)
2.299(5)

58.9(2)
58.5(2)

154.7(5)
152.5(4)

78.8(2)
79.1(2)

athis work

bRef. 94

“Ref. 74

d . . .
M denotes apex metal, M' denotes metals in triamgular unit



108
suggests the polymorphs arise due to crystallization from different
solvent systems. Apparently crystallization from pentane favotrs the
triclinic crystal'system; whereas, CH2C12 favors the monoclinic
system. (Table 7)

As part of this structural analysis, the effect of the solvent on
crystallization was studied. Crystals were grown from pentane or
CH,Cl, using H

2772 2
which was shown to be pure by lH NMR, IR and HPLC. Crystals were

RuOsB(CO)13 obtained from the same synthetic mixture

grown under identical environmental conditions in order to ensure
effects; such as, temperature did not play a substantial role in the
crystallization process. Unit cell parameters for these two samples
are collected in Table 8. One sees that the different solvents cause
a change in space groups; however, the crystal system remains the
same (ie. monoclinic).

Upon closer examination of Tables 6-8, one may draw the conclusion
that incorporation of a high ratio of HZOSA(CO)IB* into the single
crystal would tend to cause crystallization in the triclinic crystal
system. Large amounts of HZRuOs3(C0)13 or HZRU4(C0)13** would favor
crystallization in the monoclinic system.

Examination of the metal thermal parameters for all the

HzRuOSB(CO)13 structure analyses are tabulated in Table 12 (excluding

*

Crystallization Data for HZOSA(CO)13 [75]
a=9.129(4)A a=91.95(4)° Pl bar (z=4)
b=26.552(6)A  B=112.27(4)° D _=3.46 g cm >

€=9.025(5)A v=81.76(3)°
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Table 12. Comparison of Metal Thermal Parameters in HZRu053(CO)13.

() Biso

This Work Shore & Siriwardane®
Os 2.87(2) 2.92(2) 3.26(2)
Os 2.64(2) 2.84(2) 2.87(2)
Os 2.94(2) 2.97(2) 3.31(2)
Ru 2.14(2) 2.19(3) 2.37(3)
(B) B, > from U,

Uiso Rheingold & Gates® Biso Rheingold & Gates
Os 35(1) 41(1) 2.81 3.29
Os 34 (1) 43(1) 2.73 3.45
Os 38(1) 42(1) 3.05 3.37
Ru 25(1) 34(1) 2.00 2.73
(Cc) Uisod from B, o

This Work Shore & Siriwardane
Os 36 36 41
0s 33 | 35 36
Os 37 37 41
Ru 27 27 30

a . . .
data corresponding to structure solution in Table 7-Column I

b 2 %2 * . . .
calculated as Biso=Uiso(2“ a ”) where a =reciprocal of a axis since

=B [118,142] (a axis chosen since has largest reciprocal

Biso 81178227833
value)

“data corresponding to structure solution in Table 7-Column II

*
dcalculated as U. =B, /2n2A 2
iso "iso
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the co-crystallized situations). Normally an abnormal value would be
observed for the ruthenium atom if co-crystallization were occurring
at this position; however, the data here does not give conclusive
evidence for or against co-crystallization.

A re-investigation of the experimental procedures cited by
Rheingold and Gates [113-115] (Equation 51) results in formation of
the inseparable mixture HZRUOSB(CO)13 and HZOSA(CO)13 (in this
investigator's hands) as identified by 1H NMR, IR and HPLC. Therefore,
based upon the chemical and structural studies performed here, the
conclusion is made that HZRuOSB(CO)13 in its pure form crystallizes
in the monoclinic system and any type of co-crystallization not

disorder influences crystal growth and is exhibited as the triclinic

form.

IV. REACTIVITY STUDIES OF H2Ru6(CO)17

As mentioned earlier, the overall geometry adopted by HzRu6(C0)17
is a bicapped tetrahedron. This type of metal framework is rare for
a hexanuclear cluster, for example, [Ru6(C0)18]2-, which usually
exhibits an octahedral arrangement according to classical electron
counting rules, [31,33,34a,121-122] as depicted in Figure 39 for

related ruthenium and osmium c¢lusters. If one counts electrons for

*%k
Crystallization Data for H Rua(CO)13 [119]

2
a=9.534(10)8 B=90.29(3)°
b=9.032(9)& P21/c (z=8)

C=47.44(4)R
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[Ru6(CO)18]2- one arrives at the "magic number" of 86 electrons for a
stable octahedral arrangement; howeQer, for HZRu6(CO)17 only 84
electrons are present. This electron-deficiency determines the
outcome of the framework geometry and one may predict a bicapped
tetrahedron when the Capping Principle developed by Mingos [32a,123]
is invoked. Surface science also recognizes this geometry as a
logical progression to metal crystallite formation. [124,125]
(Fig. 40)

The elegtron deficiency of the HZRU6(CO)17 cluster may also be
described as being "localized" at the site of the Ru(5)-Ru(6) bond.
This description is similar to arguments used with respect to the
electron deficiency (44 electrons) and multiple bond character of
H2053(CO)10; The possible importance of the unsaturation in
H RuG(CO)17 regarding reactivity is discussed in the following

2

sections.

A. DEPROTONATION OF H2Ru6(C0)17

In an ongoing attempt to study cluster species on supports, it
has become necessary to independently synthesize and fully
characterize anionic cluster species, in order to elucidate events
occurring on the support.

It has been sﬁown by Lavigne and Kaesz [126] that PPNCl is
capable of deprotonating hydrido complexes selectively forming the
monoanion under mild conditions. Deprotonation reactions using PPNC1

were employed in the attempt -to generate the monoanion, [HRu6(CO)17]



Figure 40. Metal Crystallite Growth.
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This anion would be rather interesting in that it, too, is an 84
electron, unsaturated species. Unfortunately, this reaction does
not proceed as planned; instead, formation of [HRu6(CO)18]- and
[HSRUA(CO)IZ]— is observed. (Equation 59) |
25°C
H2Ru6(CO)17 + PPNC1 -———‘——"[PPN][HRU6(CO)18] +

(59)
[PPN] [H,Ru, (CO) ]

The formation of [PPN][HBRUA(CO)IZ] is readily identified by

1 13

H NMR (6-17.04 ppm) (Fig. 41) and ~C NMR (5198.17 ppm) (Fig. 42)

[68a]; the [PPNfThRu6(CO)18], on the other hand, is not. The
saturated monoanion, [HRu6(CO)18]_, exhibits a singlet in the 13C
NMR at §202.01 ppm which indicates equivalent terminal carbonyls.
(Fig. 42) The proton spectrum at first glance does not indicate any
hydrides associated with this cluster. However, if the downfield
region between 820 to 10 ppm is magnified a resonance at ¢16.4 ppm
is detected. This signal does not always appear cleanly in the 'H
NMR, most time severe magnification is necessary. A signal this
deshielded suggests the presence of an interstitial hydride [127]
which agrees well with that reported by Johnson and Lewis for this
monoanion. [84-86] - However, one may doubt the existence of this peak
due to its lack of intensity and haphazard appearance.

In order to determine the true nature of the monoanion, an X-ray
énalysis was performed. The molecular structure of this anion proved

to be the same as reported by Johnson and Lewis [84,86] for one of the

crystalline forms they observed. Figure 43 gives the molecular
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Figure 41. Proton NMR Spectrum of [HRUG(CO)IS]-
and [H3Ru4(CO)12] .
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Figure 43. Molecular Structure of [HRU6(CO)18] .
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structure of ,[PPN][HRuG(CO) 18] as reported by Johnson and Lewis.
Table 13 gives crystallographic data obtained in this study. Table 14
gives the crystallographic data obtained by Johnson and Lewis. (The
particular details with respect to this data collection and structure
solution are outlined in the Experimental Section.) As with the
previous analysis, location of the interstitial hydride was not
possible.

Once it became apparent that the product in this deprotomation’
was actually [PPN][HRu6(CO)18], the most logical concerns were:
(1) Is CO being liberated in the reaction so that [HRU6(CO)18]- is
being formed instead of the desired [HRu6(CO)17]—? (2) Could the
neutral unsaturated cluster be regenerated by protonation of the
[HRu, (CO) 1" or would the product obtained by H,Ru,(C0),.?

In a series of experiments it was shown that CO is indeed given
off during the reaction as identified by gas mass spectra. It was

also shown that H Ru6(CO)17 may be regenerated according to the

2
reaction below; (Equation 60) however, yields of HéRué(CO)17 are

disappointingly low.

+
H
[HRu6(C0)18] ——————-——)-HzRué(CO)l7
+ + (60)
[H3Ru4(C0)12] l-la'Rul‘(CO)12

Note that this result is in disagreement with what Johnson and Lewis

[84-86] claimed as outlined in Equation 35.
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Table 13. Crystallographic Data for [PPN][HRu6(CO)18].

Chemical formula/Color of cryst
Molecular wt

Space group

Molecules/unit cell

Temp, °C

a, &

b, &

c, &

a, deg

B, deg

Y, deg

Volume, unit cell A3

D(calcd), g cm_3
Absorptn coeff, cm.'1
Max/Min transmissn, %
Scan mode

Data collectn limits, deg
No. of unique reflctns

No. of reflctns used in structure
refinement (>30(I))

CSAH33P2NRu6018/orange-red
1655.55

Pl

18.004 (4)
19.002(3)
19.170(3)
62.39(1)
77.95(2)
83.13(2)
5681.36
1.787
16.4
99.95/87.69
w=-26
4-45
15398

9623
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Table 14. Crystallographic Data for [PPN][HRUG(CO)IB] as Reported
by Johnson and Lewis.

Space group P12 P21/nb
Molecules/unit cell 4 12
a, & 18.083(4) 33.82(8)
b, & 19.101(4) 52.55(10)
c, & 19.238(5) 9.832(2)
o, deg 117.70(4)
B, deg 78.13(2)
Yy, deg 97.05(2)
Volume, unit cell A3 5767 17452
D(calcd), g cm‘3 1.90 1.88
No. of reflctns used

in structure

refinement

(>30(1)) 9165
Rf . 0.068 0.23
Scan mode 6~-26
Radiation Mo Ka (0.7107308)
Diffractometer Philips PW1100

a . .. . - . .
triclinic cell converted to Cl cell in actual structure solution

a=19.248 (4)A a=91.23(2)°
b=33.912(8)4 8=101.86(3)°
c=18.081(4)4 v=92.53(2)°

bonly Ru atoms refined
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The analogy has been made between HZOSS(CO)IO and HZRUG(CO)17
with respect to the unsaturation within the cluster framework. It
has been shown by Kennedy [48] that reaction of H2053(CO)10 with
an alkali-metal hydride results in the saturated, 48 electron anionic
cluster [H3OS3(CO)10] . Perhaps the H2Ru6(CO)17 cluster in the
presence of a hydride source; such as KH, would also display similar

reactivity. (Equation 61)

H2Ru6(CO)17 + 1 or 2 eq MH —44» M[H3Ru6(CO)17]
(M=Na,K)
(61)

AsPhACl

M[HRuﬁ(Co)lgl ;.[AsPhA][HRu6(CO)18]

(65%)

As is outlined above, formation of [H3Ru6(CO)17]— is not realized,
only the aforementioned [HRuG(CO)IS]_ species is isolable. It has
been noted by Johnson and Lewis [84] and Shapley [67] that
[HRu6(C0)18]- does not readily deprotonate even under strongly basic

conditions.

B. HYDROGENATION OR CARBONYLATION OF H2Ru6(C0)17

HZOSB(CO)IO readily undergoes addition réactions with two-electron
donors; such as, CO, PR3, isocyanides and halides. Unsaturated
hydrocarbons and transition metal fragments are also incorporated into
this highly reactive cluster [48-51,128] (Equation 62), Since
H,Ru (CO)17 displays a site of unsaturation one would hope that similar

2776

reactions could be carried out.
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RC=CR
> H OSB(CO)IO(RC =CR)
L
HZOSS(CO)IO > H2053(CO)10L (62)
» H,MOs, (CO)
M(C0)3 2 3 13

The reaction of HZRué(CO)17 with H2 or CO under various

conditions does not lead to addition of the HZ or CO relieving the
cluster of its unsaturation as shown in Equation 63.

2Ru (CO)

CcoO / 6

HzRu6(CO)17 (63)

X2//\ .

Instead, fragmentation of the cluster is observed. (Equation 64)*

Ru6(CO)17

Co

H Ru (CO) + H,Ru, (CO) +
4774 12 (64)

H,Ru, (CO)
6 17
Ru3(C0)12

N

i,

*
Reaction conditions ranging from 1 eq reactant gas to l atm reactant

gas over the cluster solution or bubbling of gas through the cluster

solution at temperatures ranging from -10°C to 40°C.
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This fragmgntation pattern is similar to that displayed by 056(CO)18
in the presence of strong bases; such as, OH , OMe or CN . [129]
Fragmentation of 036(C0)18 is also obtained when reacted with CO or
H, under high pressures and temperatures. [130] (Equation 65)

2

(1) 6 CO
(2) 160°C, 90 atm

> 055(00)19 + 0s(CO)5
056(c0)18 | (65)

Fl) HZ

(2) 190°C, 100 atm

> H,0s, (CO),, + H,0s(CO),
The fragmentation of HZRU6(CO)17 may be envisioned as depicted
in Figure 44 where one sees successive loss of "Ru(CO)3“ units. Loss
of the first Ru(CO)3 capping unit results in generation of a
reactive, unstable Ru5 species which is not detectable by 1H NMR.
Loss of a second Ru(CO)3 unit generates the stable Ru4 species. It
should be noted that in the hydrogenation reaction the major cluster
isolated is HARUA(CO)IZ' If the carbonylation reaction is carried

out, HZRUA(CO)13 constitutes the major yield. Ru3(C0)12 may be

generated from combination of the reactive "Ru(CO)3" fragments.

C. HYDROBORATION OF HZRU6(CO)17
Hydroboration of unsaturated organic compounds is a useful

reductive method and has been extensively studied by Brown and co-

workers. [131] The concept of hydroboration has been extended to



Figure 44.

Proposed Fragmentation Pattern
for (u3—H)2Ru6(u—CO)(CO)16.
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unsaturated trangition metal complexes, namely H2033(CO)10, by
Shore and co-workers. {48,49,50h,50i] They were able to show that
reactions conducted under different conditions can lead to two very
unique cluster systems: a triosmium borylidyne carbonyl (Equation 66)
(Fig. 45) and a boroxine-supported oxymethylidyne carbonyl. (Equation
67) (Fig. 46)

OMe2 (1 eq)

1 >
H 053(C0)10 + % B_H ,,HBOSB(CO)QBCO (66)

2 276 o
CH2C12,25 c

1
Hy08,(C0) o + % B,H,

THF (xs) (67)

CH2C12,25 c

1/3 [(u-H)3(CO)9053(u-C0)]3(3303)

The intent here was to generate a hexanuclear analog of the
H3053(CO)9BC0 cluster. H2Ru6(CO)17 was reacted with 1/2

equivalent B and 1 equivalent Mezo in CH2C12 in a manner similar

2%
to that shown in Equation 66 for H20s3(C0)10- 11B NMR indicates
formation of B203 (621.54(s) ppm in d8-acetone). The proton NMR
shows formation of HARuA(CO)12 (6-17.74 ppm in CD2C12) along with
hydride signals between 6-18.0 to -18.5 ppm. However, upon

purification by TLC the only isolable product proved to be HARUQ(CO)IZ'

D. REACTIVITY OF H2Ru6(CO)17 WITH OXONIUM SALTS
The lack of reactivity of H2Ru6(CO)17 could be caused by the

presence of the bridging carbonyl spanning the doubly bonded
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Figure 45. ORTEP of H3Os3(CO)9BCO.
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Figure 46. Molecular Structure of
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Ru(5)-Ru(6) bond. Perhaps reactivity of this cluster could be
induced through the bridging carbonyl unit. If the bond order of the
bridging carbonyl is reduced that site should then be more
susceptible to attack. This type of reactivity is observed for the
trimetallic systems [HM3(u—CO)(CO)10]- (M=Ru,0s). [132-136]

However if H2Ru6(C0)17 is reacted with either Me3OBF4 or
Et OPF6 no signal due to a p-COMe moiety could be detected by proton

3

NMR. In the case of Me3OBF4

which may be the result of an interstitial hydride. Using Et3OPF6

one observes a signal at §12.22 ppm

a signal at 68.83 ppm grows in which may be due to an interstitial
hydride rearrangement but is more likely due to u3—CH) formation.
In either case the region between 80 to =35 ppm is void of any
hydride signals. Further purification to isolate these species was
futile. Other products obtained in low yields were H2Ru4(CO)13 and
H4Ru4(CO)12, most of the product mixture consisted of unreacted

H2Ru6(CO)17.



CONCLUDING REMARKS

The primary goal of this investigation was to develop systematic
syntheses of mixed-metal clusters using the redox condensation
method. Using this method, the higher nuclearity clusters
HZOSS(CO)16’ H,Fe Os3(CO)16 and H_Ru 053(C0)16 were generated.

272 272

Tetranuclear clusters, HzFeZRuz(CO)13, HzFeRu3(C0)13, HZFeOs3(CO)13

and H2Ru053(CO)13 were also observed.
In the course of this investigation the novel, unsaturated,
hexanuclear cluster, (u3—H)2Ru6(u—CO)(CO)16, was synthesized and
structurally characterized. Reactivity studies of
(pB—H)ZRuG(u—Cd)(CO)16 with small molecules showed that there is
li;tle tendency to oxidatively add two-electron donors.  Fragmentation
of the metallic core to give tetranuclear clusters was observed.
Additionally, the structure of H2Ru033(C0)13 was
re-determined. It exists in the monoclinic crystal system when pure
and in the triclinic system when co-crystallized with HZOSA(CO)13'

Also, [PPh [Ru6(CO)18] and [PPN][HRu6(CO)18] were structurally

4]2

characterized.
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EXPERIMENTAL

I. APPARATUS
A. VACUUM SYSTEM

A Pyrex glass high-vacuum system similar to that described by
Shriver [137] was used for manipulation of volatile compounds. The
vacuum line consists of two reaction manifolds, McLeod gauge, and
distillation train. The entire system was evacuated to a pressure of
10—5 torr by a two-stage mercury diffusion pump and a Wélch Duo-Seal
high-~speed mechanical pump, which were protected by traps cooled to
~-196°C (liquid nitrogen) and -78°C (dry ice/isopropanol),
respectively.

One reaction manifold contains five inlets consisting of two
Fischer-Porter 9-mm Solv-Seal joints and three 14/35 standard taper
joints, equipped with Fischer-Porter Teflon stopcocks. The other
manifold consists of five 14/35 standard taper joints equipped with
Fischer-Porter Teflon stopcocks. Mercury blowouts were attached to
each of the inlets and were used for monitoring reaction pressures.

The distillagion train consists of four U-traps with 4-mm bore
ground glass stopcocks, an isolated mercury manometer, a 14/35

standard taper joint inlet, and a 9/18 ball joint inlet.

130
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B. GLOVE BOX

Manipulation of non-volatile air-sensitive compounds was
conducted in a Vacuum Atmospheres glove box. A nitrogen atmosphere
(Matheson) in the range of 10 ppm oxygen was maintained by continual
circulation of pre-purified nitrogen through a purification tower which
contains Ridox oxygen scavenger (Fischer Scientific Co.) and Linde
13-X molecular sieves. The nitrogen atmosphere was monitored by mass
spectral analysis, the titanocene test and also be exposing a freshly-
piece of potassium. Design and operation of the glove box has been

described previously. [138]

C. GLASSWARE

Pyrex and Kimax round-bottom flasks with 9-mm or 15-mm Fischer-
Porter Solv-Seal joints were utilized. These vessels were
connected to the vacuum line by glass adaptors with Teflon stopcocks.
Sidearm flasks and tiptubes were used for addition of various non-
volatile reactants to the reaction mixture and also for removal of
samples for NMR., A typical reaction apparatus for an NMR study is
illustrated in Figure 47. Filtrations were carried out using vacuum

extractors as shown in Figure 48.

D. FILTRATION APPARATUS

For filtrations requiring removal of very fine particulate matter
from solution (ie. HPLC) the filtration apparatus shown in Figure 49

was employed. It consisted of a Teflon PFA inline filter purchased
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Figure 47. Reaction Apparatus for NMR Study.
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Figure 49. Filtration Apparatus.
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from Cole-Parmer Internatjonal with certain modifications. Design of

this apparatus has been described previously. [139]

E. NUCLEAR MAGNETIC RESONANCE SPECTRA

Nuclear Magnetic Resonance spectra were obtained on Bruker
AM-500, Bruker WH-300, Bruker MSL-300, Bruker AM-250 and Bruker
WP-200 spectrometers operating in the FT mode. The spectrometers were
equipped with variable temperature and heteronuclear dec0upiing
capabilities. The operating frequency, MHz, of each spectrometer is

listed below:

SPECTROMETER Iy Mg 13¢
Bruker AM-500 500.14 125.75
Bruker WH-300 300.13 96.27 75.48
Bruker MSL-300 ' 96.30

Bruker AM250 250.13 80.25 62.90
Bruker WP-200 200.13

.Proton and carbon-13 shifts are reported in § units referenced to
tetramethylsilane (TMS) at 0.00 ppm. Boron-ll chemical shifts are

relative to Et20/BF3 at 0.00 ppm.

F. INFRARED SPECTRA
Infrared spectra were obtained with a Matteson Cygnus=25 FT
spectrometer. Solution spectra were obtained in matched Perkin-

Elmer liquid cells with 0.l- or 0.5-mm Teflon spacers and KBr or

NaCl windows.
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G. THIN-LAYER CHROMATOGRAPHY (TLC)

The plates used were made by first mixing silica gel, CaSOa,
and H20 in a 30:8:80 ratio by weight. The paste was then deposited
on 20 x 20 cm glass plates forming a homogenous layer of 2-mm
thickness. The plates were then stored in a closed space for a

week to control the drying process. The plates were activated by

heating in an oven at 90-100°C for 7 hours before use.

H. HIGH PRESSURE LIQUID CHROMATOGRAPHY (HPLC)

A Perkin-Elmer high pressure liquid chromatograph equipped
with an analytical column (PEO 258-0051) was used to analyze neutral
cluster complexes for qualitative analysis. A preparativé silica
column (PEO 258-5002) was also used for preparative scale separations.
Heptane and methylene chloride were used to elute samples.
Chromatograms were plotted on a Linear plotter as a variation of

absorbance at 255 nm UV radiation produced by a deuterium lamp.

I. SINGLE CRYSTAL X-RAY DIFFRACTION
1. Hardware

All data was collected using the Enraf-Nonius Delft CAD4 Kappa
Axis Diffractometer system. (Fig. 50) This system consists of the
Diffractis 586 Generator and CAD4 Kappa Geometry Goniostat equipped
with a microscope (75x magnification) attached to the Omega base
with a standard crystal-to-detector distance of 173 mm.

The power to the X-ray tube was supplied by a 3 kW constant

potential X-ray generator and the X-ray source consisted of a Mo



137

A's /x—l@%&\

—

N

Figure 50.

X,Y,Z Coordinate System and Rotation Directions on

the CAD4 Kappa Geometry Diffractometer System.
(Reproduced from "Enraf Nonius CAD4 Diffractometer
User's Manual"; Enraf Nonius Delft: Delft, The
Netherlands, 1982 by permission of Enraf Nonius Delft.)
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target emitting graphite-monochromated Mo Ka radiation at
A=0.710730 A. The X-ray tube was operated at 20 mA and 45 kV.

The crystals were cooled in a continuous stream of air using
an FTS Systems refrigeration unit. Collécted data was processed on
a Digital PDP 11/44 minicomputer interfaced to the diffractometer.
The operations of the diffractometer were controlled by input from a
LA 34 lineprinter which has a speed of 30 characters/second. The
movements of the kappa goniostat can also be controlled manually using
a pocket terminal. The steps up to the data collection were carried
out using the pocket terminal and the LA 34 lineprinter. The PDP
11/44 computer is also interfaced to a LA 120 lineprinter with a
speed of 180 characters/second, a VT100 video terminal, and a
VT330 graphics terminal. The data reduction, structure solution and
‘refinement were carried out on these peripherals using the Structure
Determination Package (SDP). [140]

Molecular structure orientations using the program ORTEP [141]
or PLUTO [140] were monitored on an ESPRIT EXECUTIVE 10/102 graphics
terminal or the VT330 graphics terminal. The final ORTEP plots were
drawn on a TEKTRONIX 4662 Interactive Digital plotter or an Evans &
Sutherland PS300 graphics terminal using the computer program

PSORTEP. [142]

2. Software

The programs discussed below are part of the CAD4 data collection
package [143] and SDP (Structure Determination Package) [140] written

for use with this system.



139

The automated SEARCH progfam is used to scan the crystal's
reciprocal space to find and center observable reflections. This
program is then followed by SETANG which actually centers the
reflections previously located in the SEARCH program, since now the
angle settings of ¢, 20, w and K are known, approximately.

After several reflections (usually 25) have been centered, an
initial orientation matrix is calculated and the unit cell dimensions
are determined. Optimized angular values from the initial
orientation matrix are subseduently used in a least squares
refinement program, LS, to ensure the crystal's proper orientation
and a f£inal orientation matrix is generated and used in the
computatiop'of the positions of the reflections during the data
collection.

Using information from the final orientation matrix and unit cell
dimensions, the crystal's reflections are classified as belonging to
one of the seven crystal systems. Hence, knowing the crystal system
influences the amount of data collected. (Table 15)

The data collection method utilized in the intensity data
acquisition is normally the w-26 scan mode, where both the crystal
and detector are in motion. Parameters pertaining to this collection
mode such as, maximum and minimum 26, scan width, scan rate and the
time for background intensity measurements are specified in DATCIN,
depending on the size and shape of the diffraction peaks based on a

few trial scans. The stability of the crystal and diffractometer



Table 15.

Classsification of the Seven Crystal Systems.
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CRYSTAL SYSTEM

Triclinic
Monoclinic
Orthorhombic
Tetragonal
Rhombohedral
Hexagonal

Cubic

atb#
athbt
atbt
a=b#
a=b-=
a=b#
a=b=

90°; B # 90°

PARAMETERS

a #BFY
o=y =
a=8=y=90°
a=8=1y-=90°
a =8 =1y #90°
a =8 =90° vy
o B =.Y = 90°
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electronics are also monitored in this scan mode by measuring the
intensities of seQeral standard reflections after every batch of 500
reflections.

The Structure Determination Package (SDP) processes the X-ray
data and applies appropriate polarization and absorption corrections,
.solves and refines the structure and produces the tables and
drawings for publication. Described below is a brief account of the
program sequenée used in data reduction and structure solution.,

The programs GENESIS and BEGIN initialize the data reduction
sequence by creating the STRUC.NME file. This file is a general
parameter file in which all preliminary information pertaining to the
crystal and data collection are stored.

The data, at this point, may be corrected for intensity decay
using the program DECAY. A numerical or graphical display of the
crystal's decay pattern as indicated by the intensity of the standard
reflections may be calculated using the program STDPLT.

The program PSI is the initial step of the empirical absorption
correction routine using Y scan data taken from the PSI.DAT file.
Program EAC actually applies the empirical absorption correction to
the reflection data using the crystal's orientation matrix and the
psi data from program PSI.

Space group requirements must also be taken into consideration
when applying corrections to the data. First, reflections which are
considered to be unobserved or systematically absent are removed via

the program REJECT. Table 16 lists absent reflection requirements of



Table 16.
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Systematic Absences Caused by Translational Symmetry
in the Crystal System.

SYMMETRY ELEMENT

AFFECTED REFLECTION

CONDITION FOR ABSENCE

2-fold screw (21)

Glide plane 1 a
b glide
¢ glide
n glide
d glide

Glide plane 1 b
a glide
c glide
n glide
d glide

Glide plane [ ¢

a glide

b glide

n glide

d glide
A-centered (A)
B-centered (B)

C-centered (C)

F-centered (F)

Body-centered (I)

h00
0k0
001

Okl

ho1l

hkO

hkl

h
k
1

= X = x
+ +

g T =
+ +

T > T
+ 4+

oS o o =
+ ++ 4+ + + o+

1}

2n + 1
2n + 1
2n + 1
2n + 1
2n + 1
1 = 2n
1 = 4n
2n + 1
2n + 1
1 =2n
1 =4n
2n + 1
2n + 1
k = 2n
k = 4n
1 =2n
1 =2n
k = 2n
k = 2n
1l =2n
1 =2n
k +1

+

+ 4+ + + 4+ o+

odd

1, 2, or 3

1, 2, or 3

12 even or

l} not all
1) odd

= 2n + 1
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of the 230 crystallographic space groups. [l44] Secondly, the data
is averaged in PAINT to remove equivalent reflections due to the

Friedel pair relationship, F F

hkl

Having the reduced structure factor data, the phase angles must

~h-k-1"

be calculated by one of several methods. The direct methods program
MULTAN is most often used. 1In the subsequent programs EXFFT and
DMS, simple stereochemical restraints concerning bond lengths and
bond angles are applied to produce a "sensible" structure. In the
case where direct methods failed to give a true solution, a
Patterson map, PATTERSON, could be used to attempt to solve the
structure.

The Structure Determination Package (SDP) has a rather
flexible set of programs to analyze the geometry of the peaks
obtained from either MULTAN or PATTERSON. The most widely used
SEARCH program uses the electron density peaks to produce a line-
printer plot of the molecular units as well as giving a complete
listing of bond distances and angles. The program DMS may also be
used for this purpose but is most often restricted to bond
distances of up to 2.04.

The ATOMS program is the main utility for modifying atomic
parameters obtaingd. It is used for adding/deleting, sorting,
renaming etc. of the atoms or electron density peaks. It is also
used to modify thermal parameter options in the subsequent least

squares refinement, LSFM.

Finally, ESD and the set of programs PTA, BTA, and FTA complete
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the structure solution by calculating the bond distances and angles
(with standard deviations) to produce the final tables for

publication.

J. MASS SPECTRA

Mass spectra (CI, FAB) were obtained at the 0OSU Chemical
Instrument Center by using a VG 70-250S mass spectrometer. FT-ICR
(Fourier Transform Ion Cyclotron Resonance) mass spectra were
obtained on a Niéolet FT-MS-1000 spectrometer equipped with a l-inch
cubic cell and a 3.022 Tesla coil. Mass spectra of all gas samples
were run on either a modified AEI MS-10 spectrometer or a
Balzers QME 112 Quadrupole mass spectrometer with a Faraday cup

detector.

IT. REAGENTS
A. ACETYL CHLORIDE

Acetyl chloride was obtained from Mallinckrodt. Purification of
the acetyl chloride involved refluxing it over PCl5 for several hours
and then distilling it. It was then re-distilled from quinoline and
subsequently fractionated in a series of traps at -31°C, -78°C, and

-196°C. The acetyl chloride was collected in the -78°C trap.

B. AMMONIA

Ammonia was obtained from Matheson Scientific Products. It was
purified by condensation onto metallic Na followed by stirring for
several hours. Purified ammonia was transferred into a thick-walled

Pyrex tube equipped with a 4-mm Kontes stopcock and stored at -78°C.
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C. BENZOPHENONE
Benzophenone was purchased from Fischer Scientific Co. and used

as received.

D. BIS(TRIPHENYLPHOSPHORANYLIDENE)AMMONIUM CHLORIDE
Bis(triphenylphosphoranylidene)ammonium chloride was obtained from
from Aldrich Chemical Co. It was dried at 110°C overnight and stored

in a glove box prior to use.

E. CARBON DIOXIDE

Carbon dioxide was obtained from Matheson Scientific Products.
It was purified by fractionation through successive U-traps at -78°C,
--111°C, and -126°C and stored in a thick-walled Pyrex tube equipped

with a 4-mm Kontes stopcock at -78°C.

F. CARBON MONOXIDE

Carbon monoxide, 99.9%, was obtained from Matheson Gas Products

and used as received.

13

G. CARBON MONOXIDE (99% “~C ENRICHED)

Carbon monoxide, 99% 13C enriched, was purchased from Monsanto

(Mound Laboratory, OH) and used as received.

H. DIBORANE

Diborane was kindly donated by Dr. Joseph Wermer, Mr. Timothy

Coffy and Mr. David Workman.
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I. DIIRON NONACARBONYL
Diiron nonacarbonyl was purchased from Aldrich Chemical Co. and

used as received.

J. DIMETHYL ETHER
Dimethyl ether was kindly donated by Dr. Thomas Getman and Mr.

Philipp Niedenzu.

K. ETHYLENE
Ethylene was obtained from Matheson Scientific Products and used

as received.

L. HYDROGEN

Hydrogen (pre-purified) was obtained from Union Carbide Corp.

Linde Division and used as received.

M. HYDROGEN BROMIDE

Hydrogen bromide was obtained from Matheson Scientific Products.
It was purified by fractionation through a -140°C trap and stored in

a thick-walled Pyrex tube equipped with a Kontes stopcock at -78°C.

N. HYDROGEN CHLORIDE

Hydrogen chloride was obtained from Matheson Scientific Products.
It was purified by fractionation through a series of traps at -78°C,
~111°C, and -126°C and stored in a thick-walled Pyrex tube equipped

with a Kontes stopcock at -78°C.
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0. IRON PENTACARBONYL

Iron pentacarbonyl was purchased from Aldrich Chemical Co. It
was vacuum distilled into a lightproof storage tube and stored at

-15°C.

P. LITHIUM TRIETHYLBOROHYDRIDE, 1.0M IN TETRAHYDROFURAN
Lithium triethylborohydride, 1.0M in THF, was obtained from

Aldrich Chemical Co. and used in the glove box.

Q. POTASSIUM

Potassium metal in mineral oil was purchased from Mallinckrodt.
It was washed with hexane and cut into pieces and stored in the

glove box.

R. POTASSIUM HYDRIDE

Potassium hydride in mineral oil was purchased from Alfa Products
Ventron Division. It was washed with either hexane or pentane and

stored in the glove box prior to use.

S. RUTHENIUM(III) CHLORIDE

Ruthenium(IIiI) chloride was purchased from Aldrich Chemical Co.

and used as received. It was stored in the glove box.

T. SILICA GEL FOR COLUMN CHROMATOGRAPHY
Silica gel for this purpose, Grade H type 100-200 mesh size was
obtained from Davison Chemical or Grade 60 type 0.063-0.1000 mm

particle size was obtained from EM Science, and used as received.
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U. SILICA GEL FOR THIN-LAYER CHROMATOGRAPHY
Silica gel for this purpose, 60 PF254, was obtained from EM

Reagents and used as received.

V. SODIUM
Sodium metal in mineral oil was purchased from Mallinckrodt.
Preparation prior to use of this alkali metal is identical to that of

potassium metal. It was stored in the glove box prior to use.

W. SULFUR (SUBLIMED)
Sulfur (sublimed) was purchased from Mallinckrodt and used as

received.

X. SULFURIC ACID

Sulfuric acid (aqueous) was used as received from Mallinckrodt.

Y. TETRAPHENYLARSONIUM CHLORIDE
Tetraphenylarsonium chloride was purchased from Aldrich Chemical
Co. or J. T. Baker Chemical Co. It was dried at 100°C under vacuum

and stored in a glove box prior to use.

Z. TETRAPHENYLPHOSPHONIUM BROMIDE
Tetraphenylphosphonium bromide was purchased from Aldrich

Chemical Co. and used as received.

AA. TRIETHYL OXONIUM HEXAFLUOROPHOSPHATE
Triethyl oxonium hexafluorophosphate was purchased from Aldrich
Chemical Co. and used as received. It was stored at -15°C in a glove

box.
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BB. TRIETHYLBORON
Triethylboron was kindly donated by Dr. Thomas Getman and Mr.

David ‘Workman.

CC. TRIFLUOROACETIC ACID

Trifluoroacetic acid was purchased from Alfa Products Ventron
Division. It was stored in the dark at -15°C and degassed prior to

use.

DD. TRIIRON DODECACARBONYL
Triiron dodecacarbonyl was purchased from Strem Chemical, Inc.

It was recrystallized from CH2C12 and dried under vacuum at 25°C and

stored under NZ at -15°C.

EE. TRIMETHYL OXONIUM TETRAFLUOROBORATE
Trimethyl oxonium tetrafluoroborate was obtained from Alfa

Products Ventron Division. It was stored under N2 at -15°C and used

in the glove box.

FF. TRIMETHYLAMINE N-OXIDE DIHYDRATE

Trimethylamine N-oxide dihydrate was purchased from Aldrich

Chemical Co. and sublimed prior to use.

GG. TRIMETHYLBORON

Trimethylboron was kindly donated by Dr. Martin Payne and Dr.

Thomas Getman.
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HH.  TRIOSMIUM DODECACARBONYL

Triosmium dodecacarbonyl was purchased from Strem Chemical, Inc.

and used as received.

II. TRIPHENYLMETHYLPHOSPHONIUM TETRAFLUOROBORATE
Triphenylmethylphosphonium tetrafluoroborate was purchased from

Alfa Products Ventron Division and used in the glove box.

JJ. TRIRUTHENIUM DODECACARBONYL

Triruthenium dodecacarbonyl was purchased from Strem Chemical,

Inc. and used as received.

ITI. SOLVENTS

Pentane, hexane gnd cyclohexane were dried over CaH2 at
elevated temperatures for a minimum of 24 hours. They were then
vacuum distilled into solvent storage bulbs. Methylene chloride and
acetonitrile were dried over either CaH2 or P205 at room temperature
for a minimum of 48 hours and then vacuum distilled into solvent
storage bulbs. Dimethyl ether, benzene and toluene were dried over
CaCl2 or sodium-benzophenone ketyl at elevated temperatures for a
minimum of 24 hours and subsequently distilled into solvent storage
bulbs containing sodium-benzophenone ketyl. Tetrahydrofuran and
diethyl ether were dried over sodium-benzophenone ketyl at elevated
temperatures for a minimum of 24 hours and vacuum distilled into

storage bulbs containing sodium metal and benzophenone. Methanol was

dried by refluxing over magnesium methoxide [143] and vacuum
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distilled into a storage bulb. Deuterated solvents were dried and

stored in the same manner as the proton-containing analog.

IV. CRYSTAL GROWING

Crystal growing procédures and conditions are intrinsically a
matter of trial and error and.have varied for the different compounds
reported here. .A basic starting point to obtain suitable crystals for
diffraction is outlined below. For air-stable compounds, the
preferred procedure is as follows.

The desired compound is dissolved in a minimum amount of a less
polar solvent to which a more polar solvent is added. The more polar
solvent is added in a dropwise manner to the solution so as not to
agitate the culture tube. The tube is flushed with nitrogen and then
quickly sealed and left undisturbed in a refrigerator (~15°C) until
crystals appear on the sides of the tube.

A similar procedure is adapted to grow crystals of air-sensitive
compounds by using a diffusion apparatus. (Fig. 51) 1In the glove box,
the compound is again dissolved in a solvent; however, this time the
desired solvent is the more polar solvent. The solution is placed in
the removable tube of the apparatus. The apparatus is then removed
from the glove box and evacuated on the vacuum line. A less polar
solvent is then transferred viag the vacuum line to the other tube
of this apparatus. The apparatus is placed in an undisturbed place
which is free of large temperature fluctuations. The stopcock between
the two tubes is opened and adjusted so that an observable change in

the solvent levels occurs only after 3-5 hours. When the crystals
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Figure 51. Crystal Growing Apparatus.
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are observed on the walls of the removable tube, the solvent is
decanted to the other side leaving the crystals behind. The crystals

may then be removed from the tube and sealed in glass capillaries.

V. PREPARATION OF STARTING MATERIALS
A. M2053(C0)11 (M=Na,K)
MZOSS(CO)ll was prepared by the method of Shore and co-

workers. [146]

13 _
“B. M2053( CO)11 (M=Na,K) | -
M2053(13CO)11 was enriched by equilibration of 1 atm 13CO over a

THF solution of the anion at room temperature.

C. [PPN1,[0s4(c0) ;]

Metathesis of K2053(CO)11 with PPNCl afforded [PPN]Z[OSB(CO)II]'

D. [PPN]2[053(CO)9CC0]
[PPN]Z[OS3(CO)9CCO] was prepared in a similar manner to that of

its analogs, [PPN]Z[Fe3(CO)9CCO] [147] and [PPN]Z[Ru3(CO)QCCO]. [148]

E. HOs3(C0),,COCH,

HOs3(CO)10COCH was prepared as described by Keister and co-

3
workers. [149] Another method was also employed using a slight
modification [98] of the procedure described by Johnson [150] for

the synthesis of HRus(CO)IOCOCH3.

F. HOS3(CO)1OCH

HOSB(CO)IOCH was prepared by the literature method of

Shapley. [149]
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G. KHOS3(C0)11
KHOs3(CO)11 was prepared by the method developed by

Bricker. [152]

H. K[BR3H] (R=Me,Et)
K[BR3H] was prepared by the method developed by Nagel [153]

or a slight variation thereof.

I. H,0s,(CO),CCH

2773 9772

H2053(CO)9CCH was prepared by the method developed by

2
Deeming. [154]

J. H2053(C0)9CC0

H2053(C0)9CCO may be accomplished by two methods. [98] The
first method involves the protonation of [PPN]2[053(C0)9CC0]. [155]
The alternative method involves thermal conversion of the osmium

methylidyne cluster, HOSB(CO)lOCH' [8,156]

K. M,[Ru(C0),] (M=Na,K)
MZ[RU(CO)Q] was prepared by the method of Stone and co-

workers. [112]

L. MZ[OS(CO)4] (M=Na,K)
MZ[OS(CO)A] was prepared by the method of Stone and co-

workers. [112]
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M. MZ[RUG(CO)IBJ (M=Na,K,PPN)
M2[Ru6(co)18] was prepared by modification of one of the methods
developed by Shore [64], Johnson and Lewis [84] or Shapley [67] as

outlined below.

Prep I.
A flask was charged with Ru3(C0)12 (0.5000g, 0.7824 mmoles), K

(0.0315g, 0.8057 mmoles) and Ph,CO (0.1432g, 0.7859 mmoles) to which

2
THF was introduced. The mixture was stirred at 60-65°C for 38 hours
during which time the solution turned deep red. The THF was removed
and CH2C12

NOTE: 1If the reaction temperature is reduced to 55-60°C the reaction

was introduced to precipitate out K2Ru6(CO)18.

slows and is complete within 65 hours. Also when Na is the

counterion the reaction rate is slowed.

Prep II.

Ru3(CO)12 (0.0965g, 0.1509 mmoles) was dissolved in 20 mL THF.
KOH (0.2603g, 4.5762 mmoles) was dissolved in 0.1 mL HZO and 2 mL
THF. The Ru3(CO)12 solution was slowly dripped into the aqueous
KOH solution over a period of 30 minutes. During the course of 1%
hours at room temperature the solution turned dark red-brown. The
solvent was removed and MeOH added. To this solution was added PPNC1
(0.1018g, 0.1173 mmoles) and again stirred at room temperature for
3% hours. Filtration to remove unreacted PPNCl afforded

[PPN]Z[RU6(CO)18] as a dark brown solid.
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Prep 1I11.

A flask was charged with KZRUA(CO)IB (0.1000g, 0.1181 mmoles),
Ru3(C0)12 (0.0503g, 0.0787 mmoles) and THF. The solution was
stirred at 60-65°C for 53 hours. After this reaction period the
THF was removed and the product was precipitated using CH2C12.
NOTE: Preparation of K2Ru6(CO)18 can also be accomplished by

reacting K2Ru3(CO)11 with Ru3(CO)12 in a 1:1 stoichiometric

ratio. [64] (Fig. 12)

N. M'2[Ru6(C0)18] (M'=PMePh3,PPh4)
Metathesis of KZRu6(CO)18 with PhaPBr or Ph3MePBF4 afforded
M',[Ru (CO), 1.

13 _
M2[Ru6(1300)18] was enriched by equilibration of 1 atm 13CO over

a THF solution of the anion at room temperature.

P. MZ[RU4(CO)13] (M=Na,K)
M2[Ru4(CO)13] was prepared by the method of Shore and co-

workers. [64]

Q. M2[Ru3(C0)11] (M=Na, K)
M2[Ru3(CO)11] was prepared by the method of Shore and co-

workers. [64]

R. Na6[Ru4(CO)11]

Na6[RU4(CO)ll] was prepared by the method of Shore and co-

workers. [65]
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S. K4[Ru6(C0)17] |
KA[RU6(CO)17] was prepared by the method of Shore and co-

workers. [65]

T. KG[Ru6(CO)16]
K6[Ru6(C0)16] was prepared by the method of Shore and co-

workers. [65]

u. Ru3(CO)12
Ru3(C0)12 that was prepared from RuCl3 and CO was accomplished

with a slight modification [139] of the literature procedure. [84]

In the glo&e box, 5g of RuCl, was weighed into a small vial and

3
was sealed with parafilm. About 150 mL of fresh MeOH and a Teflon-
coated stir bar were added to the glass jacket in the bomb and the
RuCl3 was immediately added. The bomb was sealed and the atmosphere
over the solution was flushed several times with CO gas from the
cylinder. The bomb was then pressurized to 750 psi CO and heated to
125°C. The bomb was allowed to stir for 8-9 hours. After this time
period the bomb was slowly cooled to room temperature, vented and
opened to the air. Orange crystals of Ru3(CO)12 were filtered using
the mother liquor to wash the crystals. Usually the crystals could be
used without further purification. 1If, however, the crystals had

impurities they were crystallized from hot toluene. Average yield

was 3.4g (84%)
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V. K FeRu3(C0)13

2

K2FeRu3(CO)13 was prepared by the method developed by

Siriwardane. {75]

W. H20$4(CO)13

2774

Siriwardane. [75]

H,0s (CO)13 was prepared by the method developed by

VI. PREPARATION OF NEW COMPOUNDS
A. IRON/RUTHENIUM SYSTEMS

1. Reaction of [Rus(C0);;1%”

K2Ru3(CO)11 (0.0996g, 0.144 mmoles) and Fe2(CO)9 (0.2649¢,
0.7281 mmoles) were placed in a flask. THF was introduced and the
mixture stirred at room temperature for 6 hours. The solvent was
removed leaving behind a dark green-brown residue. The residue was
dissolved in CH2C12, protonated with HCl (0.5069 mmoles) and stirred
at room temperature for 7 hours. Filtration afforded a greyish-white
precipitate and a dark brown filtrate. Purification of the filtrate
by TLC (silica gel, hexane) yielded four bands (in order of
decreasing Rf): yellow, green, purple, and orange-brown. The
compounds were identified as HaRua(CO)12 (11.4%) [34b,76], FeB(CO)12

(11.77%), H2Ru4(C0)13 (17.0%) [110,157}, and H FeRu3(C0)13 (10-20%)

2
[40a,60,71], respectively, by IR or NMR spectroscopy.

. 2.
2. Reaction of [Ru4(C0)13]
A flask attached to the vacuum line was charged with KZRUA(CO)13

(0.1005g, 0.1187 mmoles) and Fe2(00)9 (0.2138g, 0.5877 mmoles). THF
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was condensed in and the solution stirred at room temperature for 6
hours. The solvent was removed and CH2012 introduced. Protonation
using HC1 (0.4816 mmoles) was stirred at room temperature for 7 hours
and subsequent purification via TLC (silica gel, hexane) afforded four
bands; yellow, green, purple, and orange-brown. Spectroscopic data
(IH NMR and IR) indicate formation of HARua(CO)12 [34b,76], Fe3(CO)12,

HZRUZ‘(CO)12 [110,157], and H FeRu3(CO)13 [40a,60,71], respectively.

2
A minor amount of H,Fe Ruz(CO)13 [69,70a] is also formed which is

2772

partially inseparable from HzFeRu3(CO)13.

NOTE: 1In the above reactions one may substitute Fe(CO)5 for Fe2(CO)9.
If this is done, formation of Fe3(CO)12 is severly depressed or
even eliminated indicating that FeZ(CO)9 disproportionates in
solution to give Fe(CO)5 and [Fe(CO)ajz- under these reaction
conditions. Further evidence for this occurrence is that when
Fez(CO)9 is employed one recovers unreacted Fe(CO)5 while
removing the solvent, THF, prior to protonation.

NOTE: Changing reaction conditions (ie. reaction time for both the
initial redox condensation and the protonation, solvents, etc.)

and reactant concentrations only influences the product

yields not the species formed.

3. Reaction of [Ru,(CO) ]4-
4 12
KARUA(CO)lz (0.0728g, 0.0808 mmoles) and Fez(CO)9 (0.1489¢g,
0.4093 mmoles) were combined in a flask and THF condensed in. The
solution was stirred at room temperature for.20 hours. The solvent

was removed. Protonation of the resulting dark purple-brown residue
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with HC1 (0.4331 mmoles) in CH at room temperature afforded

2
H Ru (CO)12 (3.1%) [34b,76], Fe (CO)12 (9.6%), H 4(CO)13 (2.47)
[110,157], HZFeRu3(CO)13-(7.3%) (40a,60,71], and H Fe Ru2(00)13

(trace) [69,70a] after TLC (silica.gel, hexane).

. ’”
4. Reaction of [FeRu3(C0)13]

A flask was charged with K FeRu3(CO)13 (0.0665g, 0.0827 mmoles)

2
and THF was introduced. Fe(CO)5 (0;1103 mmoles) was condensed into
the flask and the reaction mixture stirred at 55°C for 25 hours. THF
was removed, CH2012 introduced and HC1 (0.4689 mmoles) condensed onto
the reaction mixture. The solution was stirred at room temperature
for 4 hours and purification by TLC (silica gel, hexane) afforded
H4Ru (CO)12 [34b,76], Fe3(CO)12, HZRUA(CO)13 [110,157], HzFeRu3(CO)13

[40a,60,71], and trace amounts of H,Fe Ru2(C0)13 [69,70a]. The

2
major product was H2FeRu3(CO)13.

5. Reduction of H2FeRu3(CO)13

HZFeRUB(CO)13 (0.0312g, 0.0430 mmoles) and K (0.0038g, 0.097
mmoles) and PhZCO (0.0158g, 0.0867 mmoles) were combined in a flask.
THF was added and the reaction stirred at room temperature for 36
hours. Within several minutes the reaction turned from red-orange
to dark red. The reaction was filtered to remove a greyish-white
precipitate and the filtrate analyzed via 1H NMR. 1H NMR indicates
formation of KH Ru (CO)12 [68a], H Rua(CO)13 {110,157], H RuA(CO)12

[34b,76] and‘mostly unreacted H FeRu3(CO)13

2



l6l

6. Reaction of [Ru4(CO)11]6"

Na Ru (CO) (0.0262g, 0.0307 mmoles) was reacted with FeZ(CO)9
(0.0566g, 0.156 mmoles) in THF. The mixture was stirred at room
temperature for 14 hours at which time the solution turned purple.
The THF was removed and the residue taken up in CH2C12. Protonation
with HBr (0.3722 mmoles) afforded H (CO)12 [34b,76], Fe (CO)12
H RuA(CO)13 {110,157], H2FeRu3(CO)13 {40a,60,71] and small amounts of
H Ru6(C0)17. These compounds were purified via TLC (silica gel,

hexane) and identified by standard spectral means.

7. Reaction of [Ru,.(CO) ]4-
6 17
KARUG(C0)17 (0.0249g, 0.0200 mmoles) and FeZ(CO)9 (0.0424g,
0.117 mmoles) were reacted in THF at room temperature for 14 hours
at which time the solution turned purple. Protonation in CHZCl2
with HBr (0.1933 mmoles) afforded HQRUA(CO)12 [34b,76], Fe3(CO)12,
H Ru4(C0)13 [110,157], H FeRu (CO)13 [40a,60,71] and fairly low

yields of HZRu6(CO)17

8. Reaction of [Ru.(CO) ]6'
6 16
K Ru6(CO)16 (0.0254g, 0.0196 mmoles) was reacted with Fe (CO)
(0.0418g, 0.115 mmoles) in THF. The mixture was stirred at room
temperature for 14 hours at which time the solution turned purple as
in the above cases. The THF was removed and the residue taken up in
CH,C1 Protonation with HBr (0.2577 mmoles) and purification as

2772°

above afforded the same products in comparable yields.
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9. Reaction of [Ru6(C0)18]2'

KZRUG(CO)IB (0.110g, 0.0921 mmoles) and FeZ(CO)9 (0.1730¢g,
0.4755 mmoles) were added to a flask to which THF was introduced.
The mixture was stirred at room temperature for 25 hours. The solvent
was removed and the purple residue taken up in CH2C12. HC1l (0.3364
mmoles) was added and the reaction was stirred at room temperature for
4 hours. The solution was filtered to remove a greyish-white
precipitate assumed to be KCI. CH2C12 removal from the filtrate and
introduction of hexane precipitated out HZRUG(CO)17 as a dark purple

solid in 557% yield. Hexane was removed from the filtrate and CH Cl2

2

introduced. This fraction was then purified by TLC (silica gel,
hexane) to give the previously observed clusters HZ‘RUA(CO)12 (< 5%)
[34b,76], Fe3(CO)12 (10%), H2Ru4(C0)13 (< 5%) [110,157],

HZFeRuB(CO)13 (10%) [40a,60,71] and trace amounts of HzFezRuz(CO)13

[69,70a].

Spectral Characterization of H2Ru6(C0)17.

1

H NMR (CDCl,, 30°C) 6-15.61 (s,2H) ppm

3
(CDZClZ’ 30°C) 6-15.56 (s,2H) ppm

13

C NMR (CDCl, 30°C) 6194.45 (s) ppm

3

IR (CHZCl 30°C) Yoo 2060(vs), 2055(s,sh), 2006(w), 1983 (vw,sh) cm“l

2’
(nujol, 30°C) v, 2050(s,br), 2006(w), 1732(w,br) em !

Elemental Analysis: Calced for Cl7H2017Ru6'

Calcd: C, 18.76; H, 0.18

Found: C, 18.78; H, 0.21
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Crystallographic quality crystals were grown from slow evaporation
of a CHZClZ/hexane solution at room temperature. Suitable crystals
may also be grown from slow eQaporation of concentrated CHZCI2

solutions at either room or lower temperatures.

10. Reaction of [Rug(C0);1"

KZRU6(00)18 (0.111g, 0.0935 mmoles) were reacted with Fe(CO)5
(0.1545 mmoles, 1.65 eq) in THF at 55°C for 25 hours. Removal of
THF and protonation with HCl (0.4259 mmoles) in CH2C12 afforded
HzRu6(CO)17 (30%) along with minor amounts of HARUA(CO)IZ [34b,76]
and HZRUA(CO)IB [110,157].

7. 13

C Enrichment of H2Ru6((30)17

KzRu6(CO)18 (0.101g, 0.0852 mmoles) and Fez(CO)9 (0.1654g,
0.4546 mmoles) were combined in a flask which was attached to the
vacuum line. THF was condensed in and the reaction was stirred at
room temperature for 3% hours. 13CO (1.4 atm) was transferred to the
reaction vessel at -196°C and the reaction was warmed to room
temperature. The reaction was stirred for an additional 10 hours.
THF was removed and CH2C12 introduced. HCl (0.3293 mmoles) was added
and stirred at room temperature for 2 hours. The solution was
filtered to remove a greyish-white precipitate. The filtrate was
dried and subsequently taken up in hexane to precipitate out
iR (1c0) .
NOTE: Enrichment of H2Ru6(C0)17 can also be accomplished using

K2Ru6(l3CO)18. Percentage enrichment for H2Ru6(C0)17 is

slightly better than the above method.
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12. Pyrolysis of HzFeRu3(C0)13

HzFeRu3(C0)13 (0.0115g, 0.0159 mmoles) was placed into a flask

to which was condensed THF and Fe(CO)5 (0.1718 mmoles, 10.8 eq). The
reaction was stirred at 65°C for 2 days. During this time the

original orange solution underwent discoloration until it was yellowish

brown in color. At this time the solvent was removed and no Fe(CO)5

was observed with the volatiles. CH2C12 was added and the solution
filtered.‘ 1H NMR of this solution indicated formation of HaRua(CO)12
[34b,76], HZRUA(CO)13 [110,157], unreacted HZFeRu3(C0)13 and

HzRu6(CO)17 (9% based on peak area).

. 2~
13. Protonation of [Ru6(C0)18]
K2Ru6(CO)18 (0.1491g, 0.1254 mmoles) was protonated with HC1

(0.4259 mmoles) in CH The solution was stirred at room

2C12.
temperature for 19 hours and then CH2C12 was removed. 1H NMR of the

residue showed formation of HARUA(CO)IZ’ HzRuA(CO)13 and H2Ru6(CO)17.

HzRu6(CO)17 was isolated in 40.1% yield from this reaction.

B. IRON/OSMIUM SYSTEMS

1. Preparation of NazFe0$3(CO)13

An extractor was charged with N82053<C0)11 (0.2002g, 0.2153
mmoles) and THF condensed in. Fe(CO)5 (0.4634 mmoles) was condensed
into the flask and the solution stirred at room temperature for 7
hours. The THF and excess Fe(CO)5 was pumped away and CH2C12 added

.. o 2=
to precipitate NazFeOsg(CO)13 (33%). [FeOs3(C0)13] was
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characterized by comparison of its IR spectrum with that of

2-. [75] Other products obtained in this reaction were

[FeRUB(CO)13]
Os3(CO)12 and Fe3(CO)12.
The potassium salt was prepared using K2053(C0)11 and generally

was produced in approx. 507% yield when the same reaction conditions

described above are employed.

2. Reaction of [FeOs3(CO)13]2'

NaZFeOSB(CO)13 (0.0756g, 0.0726 mmoles) was reacted with Fe(CO)5
(0.1103 mmoles) in THF at 55°C for 25 hours. Solvent removal and
protonation with HC1 (0.3944 mmoles) in CH2C12 afforded Fe3(CO)12

(60%) and H FeOs3(C0)13 (37%). [50a,71]

2

3. Reaction of [053(CO)11]2'

KZOSB(CO)II (0.0975g, 0.102 mmoles) and Fez(CO)9 (0.2215g,
0.6089 mmoles) were combined and THF introduced. The reaction was
stirred at 0°C for 3-4 days then at room temperature for 1 hour.
The solvent was removed and the residue protonated with HC1l (0.4331
mmoles) in CH2C12 and stirred at room temperature for 1} hours.
Purification vZa multiple TLC runs (silica gel, 4:1 hexane:toluene)

afforded HZOSS(CO)IO [76,100b], Fe3(CO)12, H2Fe053(C0)13, [50a,71]

FeZOS(CO)12 {40,42,103,105] and HZFeZOS3(CO)16 (13-15%) . [50a]

Spectral Characterization of HZFe2053(C0)16'

1H NMR (CDCl., 30°C) 6-21.39 (s,2H) ppm -

3
(d8—toluene, 30°C) 6-21.52 (s,2H) ppm
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13¢ mm (CDC1,, 30°C) 6200.57 (s) ppm

The IR spectrum matches that reported by Plotkin and Shore. [50a]
FAB MS shows a parent peak which corresponds to the molecular
1, 56 192 12 16,
formula H2 Fe2 053 C16 O16 m/z(obsd) 1138, m/z(caled) 1138.
NOTE: The above preparation gives optimum yields of HZFe2053(CO)16
when run at 0°C for 4 days with a 5-6 molar excess of Fez(CO)g.

If the reaction conditions are varied one may obtain the yields

as indicated below.

Fe Eq T,°C Time %1 RN ARN #IV Al
2 25 22h - - 11.4 1.5 24.2
5 25 12h trace - > 20 <5 9.9
5 25 22h - trace 19.2 6.8 44 .6
5 0 16h 2.1 trace 9.9 13-15 XX
25 12h
5 0 3d -— trace 8.8 12-15 > 22
25 1h
5 0 4d - trace 15.1 13-15 '9.5-30
25 1h
I = HZOSS(CO)IO -- = not observed
I1 = Fezos(CO)12 XX = not measured

I1I = Fe3(CO)12

IV = H2Fe2053(CO)16

V = H,Fe0s,(CO) 4

NOTE: If solvents are not thoroughly dried or if the TLC plates are
not properly activated, HzFe2053(CO)16 is not observed to form
or is formed in extremely low yield. The product which is

formed instead is HOs3(C0)100H and 053(60)12.
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Crystals were grown by slow evaporation of either the mixed solvent
system CHZCIZ/hexane or the pure solQent CH2012 at room temperature.
Crystals were not observed to form at lower temperatures or in other
solvent systems. During the course of crystal growth which was a
rather long time (3-6 weeks approximately) the product H2Fe2033(C0)16

decomposed'forming Os3(CO)12 and most likely FeZOs(CO)lz.

13 .
4. C Enrichment of HZFeZOSB(CO)16

K2053(C0)11 (0.1001g, 0.1046 mmoles) and Fez(CO)9 (0.2039¢g,
0.5605 mmoles) were combined and THF introduced. The reaction was
stirred at 0°C for 2 days. 13CO (1.7 atm) was transferred to the
reaction vessel at -196°C and the reaction was then warmed to 0°C
and stirred for an additional 1) days and then at room temperature
for 1 hour. The solvent was removed and the residue protonated with
HC1 (0.3722 mmoles) in CH2C12 and stirred at room temperature for 2
heurs. Purification viaga TLC (silica gel, 4:1 hexane:toluene) afforded
HZFeZOs3(13CO)16 along with enriched H2053(CO)10, Fe3(CO)12,

HZFeOS3(CO)13 and FeZOS(CO)IZ'
NOTE: Enrichment can also be accomplished using K2053(13CO).
Enrichment by this second method is slightly better than

that above depending on the degree of ‘enrichment of the

K,08,(C0) ;-

5. Reduction of H2Fe053(C0)13

H2Fe0s3(CO)13 (0.0398g, 0.0401 mmoles) and K (0.0033g, 0.084

mmoles) and Ph2C0 (0.0149g, 0.0818 mmoles) were combined in a flask.
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THF was added and the reaction stirred at room temperature for 36
hours. Within several minutes the reaction turned from orange-yellow
to red-orange. The reaction was filtered to remove a greyish-white
precipitate. The filtrate was taken up in hexane and subsequently
filtered giving a red precipitate and a yellow filtrate. The red
precipitate was shown to be KHFeOs3(CO)13 [110] by 1H NMR. The yellow

filtrated was identified as Os3(C0)12.

C. RUTHENIUM/OSMIUM SYSTEMS

1. Reaction of [053(C0)11]2- with Ru3(CO)12

A THF solution of K2033(C0)11 (0.1013g, 0.1059 mmoles) was slowly
dripped into a THF solution of Ru3(CO)12 (0.0339g, 0.0530 mmoles)
which was maintained at 55°C. The reaction was stirred at 55°C for
24 hours. The THF was removed and CH2C12 introduced. Protonation
using HCl (0.1933 mmoles) and purification by column chromatography
(silica gel, hexane) afforded four bands in order of elution: yellow,
yellow-orange, orange-brown and dark brown. The yellow band was
identified as H Rua(CO)12 [34b,76] which also contained minor

4

quantities of H2053(C0)10, H2Ru2053(C0)16 [75] and HZOSS(CO)16' [44a]

Purification of the orange-brown band by TLC or HPLC yielded

HZRUZOSB(CO)16 and H2

orange band consisted of the chromatographically inseparable mixture

OSS(CO)16 as inseparable mixtures. The yellow-

H RuOs3(CO)13 and H

2 054(C0)13'

2
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2. Reaction of [0s5(C0);;1°” with Ru(C0),

A two-neck flask was charged with NazRu(CO)4 (0.0537g, 0.207
mmoles) in THF. A driptube was connected which contained a THF
solution of KZOs3(CO)11 (0.2010g, 0.2101 mmoles). CO2 (1.0308

mmoles) was condensed onto the Na Ru(CO)4 solution at -196°C and the

2
reaction vessel was then covered with aluminum foil to exélude all
light. The reaction was stirred at -22°C for 3 hours and then

brought down to -78°C. Excess 002 was removed by pumping on the
reaction mixture for at least 15 minutes while keeping it at -78°C.
The KZOS3(CO)11 solution was slowly added as the mixture was stirred
at 0°C. The reaction was maintained at 0°C while stirring for 3 hours
and then warmed to room temperature and placed in anloil bath
maintained at 55°C. The reaction was stirred at 55°C for 4 hours,
cooled to room temperature and subsequently protonated with HC1
(0.9931 mmoles). Purification via TLC (3:l hexane:CH2C12, silica

gel) afforded three bands (purple, yellow, and orange in decreasing

R value). The purple and yellow bands were identified as H2053(C0)10
(13%) 176,100b] and H,Ru, (CO) , (7%) [34b,76], respectively, by 4
NMR and IR. Further purification of the orange band by numerous HPLC
runs (10%:90% CHZClzzn-heptane, normal phase, silica gel) and TLC
(silica gel, 3:1 hexane:CHZCIZ) gave H2Ru053(CO)13 [{71,75,110] and

HZOSA(CO)13 (44a,110] as an inseparable mixture.

. 2~ .
3. Reaction of [Ru3(C0)11] with Os3(C0)12
A THF solution of K2Ru3(CO)11 (0.1500g, 0.2175 mmoles) was slowly

dripped into a THF solution of 083(00)12 (0.0980g, 0.108 mmoles)
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which was maintained at 55°C. The reaction mixture was stirred at
55°C for 22 hours and then protonated using HC1 (0.3865 mmolés) in
CH2012. Purification vZa column chromatography (silica gel, hexane)
afforded four bands. These bands were in order of elution: yellow,
orange-red, orange-brown and dark brown. The yellow band was
identified as a mixture of Os3(CO)12 and HaRUA(CO)IZ' [34b,76] The
orange-red band was HzRu4(CO)13. [110,157] The orange-brown band was
identified as a mixture of HZRUA(CO)13 and HZRuOs3(CO)l3. Finally the
dark brown band was identified as a mixture of H2Ru053(CO)13 and
HZRu2053(CO)16' [75] Further purification of the orange-brown band
via TLC (silica gel, hexane) gave two bands: orange-red and yellow-
orange. The orange-red band was identified as HZRUA(CO)13 and the
yellow-orange band as HZRUOSB(C0)13 (13%). Further purification of

the dark brown band by TLC (silica gel, 5:1 hexane:CHZClz) gave

H2Ru2053(C0)16 (6%) and minor amounts of the products Ru3(CO)12 and

053(00)12.

Spectral Characterization of HZRUOS3(CO)13.

i mr (CgDg» 30°C) 6-21.21 (s,2H) ppm

(cbcl 30°C) 6-21.05 (s,2H) ppm

3,
(CDZClZ’ 30°C) 6-20.96 (s,2H) ppm

IR (hexane, 30°C) vCO 2081 (vs), 2068(vs), 2056(vs), 2027 (m,sh),

2023 (m,sh), 2018(m), 2006(w,sh) cm '

FT-ICR MS shows a parent ion peak which corresponds to the molecular

formula 1HzlozRu19205312C1316013 m/z(obsd) 1044, m/z(calecd) 1044. The

sequential loss of each of the 13 carbonyls and the 2 hydrides from
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the molecular ion was observed. Crystallographic quality crystals
were grown from slow evaporation of a CH2C12 solution or from pentane

solution at either room or lower temperatures.

Spectral Characterization of H2Ru2053(C0)16.

lH NMR (CDC1,, 30°C) 6-19.54 (s,2H) ppm

3
IR (CHZClZ’ 30°C) Voo 2123(w), 2081(s), 2061(vs), 2047(s),

2016 (w,sh) cm L

VII. REACTIVITY STUDIES OF H2Ru6(C0)17
A. DEPROTONATION OF(HZRUG(CO)17 WITH PPNC1

H2Ru6(CO)17 (0.0187g, 0.0172 mmoles) and PPNC1 (0.0098g, 0.017
mmoles) were combined in an extractor and THF introduced. The
reaction was stirred at room temperature for 2 hours during which
time the reaction changed from purple to deep orange-red. The
solvent was removed and hexane added to precipitate out a dark red-
orange solid in 637 yield. This .compound was identified on the basis
of 1H NMR (616.38 ppm (CDC13), 8§16.46 ppm (dS-THF)), 13C NMR (6202.01
PPM (d8—THF)) and X-ray analysis as PPNHRu6(CO)18. The X-ray and 1H
NMR are in accord with that reported by Johnson and Lewis. [86]
Johnson and Lewis have reported that the 13C NMR exhibits a sharp
singlet at room temperature; however, failed to report the chemical
shift. The other product in the reaction is PPNHBRUA(CO)12 as
identified by 1l-l NMR (6-17.04 ppm (CDC13)) and 13C NMR (§198.17 ppm
(d8~THF)). [68a] Suitable crystals for X-ray analysis were grown from

slow diffusion of hexane into CH C12'at room temperature.

2
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B. DEPROTONATION OF H2Ru6(C0)17-NITH NaH

H2Ru6(C0)l.7 (0.0585g, 0.0536 mmoles) and NaH (0.0020g, 0.083
mmoles) were combined in a flask and THF introduced. The reaction was
stirred at 55°C for 24 hours. THF was removed and Ph4A501 (0.0290¢,
0.0692 mmoies) was added to the residue. A mixed solvent system of
CHZCIZ/THF was condensed in. The reaction was stirred at room
temperature for 8% hours. The mixed solvent was removed and the flask
taken into a glove box where an extractor was attached. Fresh CH2C12

was condensed in to precipitate out Ph4AsHRu6(CO)18 in 65% yield.

The filtrate was identified as PhaAsH3Ru4(CO)12 on the basis of 1H

NMR.

The potassium salt was generated using KH in place of NaH. The
reaction conditions were as follows: One or two equivalents of KH
were reacted with one equivalent of H2Ru6(CO)17. The solution was
stirred at 55°C for 12 hours.

NOTE: CO was observed to be liberated in these reduction reactions as

identified by mass spectral analysis.

C. PROTONATION OF [HRuG(CO)18]'/[H3Ru4(co)12]' REACTION MIXTURES
?rotonation of ‘the product mixtures from either Reaction A or B

in CH2C12 or THF at room temperature with a strong acid (H3POA, HCl,

HBr, or H SOA) results in formation of HZRU6(C0)17 and HQRUQ(CO)IZ

2
as identified by 1H NMR.

NOTE: H4Ru4(CO)12 can be isolated from the above reaction in

approximately 25%; therefore, approximately 1 equivalent CO is
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liberated upon deprotonation. This liberated CO then reacts

to form [HRu6(CO)18]

D. HYDROGENATION OF H,Ru

2Rug(C0),

7

1. With 1 atm H2

An atmosphere of H, was expanded over a CH 012 solution of

2 2

H2Ru6(CO)17 (0.010g, 0.0092 mmoles). This solution was stirred at
room temperature for 6 hours. During this period the solution turned
from purple to red-orange. Spectroscopic analysis indicated cluster

fragmentation to give HARUA(CO)IZ (major product), HZRUA(CO)13 and

trace amounts of Ru3(C0)12.

2. With 1 equivalent Hz--NMR Study

The reaction was studied in a 5-mL reaction vessel with a sidearm
connected to an NMR tube. H2 (0.0137 mmoles, l.3eq) was ﬁeasured
using a calibrated bulb and then expanded over a CD2012 (dried,
degassed) solution of HZRU6(C0)17 (0.0111g, 0.0102 mmoles) which
was kept at -196°C. The sample was then sealed uﬁder high vacuum.
NMR data was collected at room temperature every 20 minutes over a
period of 12 hours. During this reaction period no change in the
NMR spectrum was observed. After 24 hours at room temperature the
cluster was observed to fragment forming HARUA(CO)IZ' The IR spectrum

of the solution indicated the presence of Ru3(CO)12 in trace amounts.

3. With Bubbling H2
HZRU6(CO)17 (0.010g, 0.0095 mmoles) was dissolved in CH,Cl, and

maintained at 40°C. H., was bubbled through the solution for 2
)
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hours. Spectroscopic analysis revealed HARUA(CO)IZ to be the
as the major product.

If the reaction above is run at -10°C for 4 hours, the products
formed are HARUQ(CO)12 (major), HzRua(CO)13 and trace amounts of
RUS(CO)IZ'

E. CARBONYLATION OF H,Ru

2Rug(€0)

17

1. With 1 atm CO

An atmosphere of CO was expanded over a CH2C12 solution of
HzRu6(CO)17 (0.0206g, 0.0189 mmoles). This solution was stirred at
room temperature over a period of 5 hours. During the course of the
reaction the solution changed from purple to red to orange-red to
orange and finally yellow-orange. Removal of the solVvent and
purification by TLC (silica gel, CHZClz) gave HzRua(CO)13 and
Ru3(CO)12 as identified by 1H NMR and IR.

If the reaction is run for 1-1% hours as opposed to 5 hours,
formation of HARU4(C0)12 in addition to the HzRul‘(CO)13 and
RuB(CO)12 is observed.

2. With 1 equivalent CO--NMR Study

The reaction was studied in a 5-mLJreaction vessel with a sidearm
connected to an NMR tube. CO (0.0106 mmoles, l.leq) was measured
using a calibrated bulb and then expanded over a CD2C12 (dried,
degassed) solution of H2Ru6(CO)17 (0.0104g, 0.0095 mmoles) which was

kept at -196°C. The sample was then sealed under high vacuum. NMR

data was collected at room temperaturc every 20 minutes over a period
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of 12 hoursf (The ipitial spectrum was taken after the sample
equilibrated to room temperature, approx. 5 minutes.) During this
reaction period no change in the NMR spectrum was observed. After
48 hours at room temperature and continuing for an additional 7 days
the cluster was observed to fragment forming HaRu4(CO)12 (major),

and H2Ru4(00)13 (minor). Ru3(CO)12 was also observed via IR.

3. With Bubbling CO
HZRu6(CQ)17 (0.011g, 0.0098 mmoles) was dissolved in CHZCl2
and maintained at 40°C. CO was bubbled through this solution for
2 hours. Removal of the CH2C12 and subsequent spectroscopic analysis

indicated cluster fragmentation as previously observed.

If the reaction is run for 5 hours at -10°C cluster fragmentation

is still observed.

F. HYDROBORATION OF HZRUG(CO)17

H2Ru6(C0)17 (0.0420g, 0.0385 mmoles) was dissolved in CH2012
and frozen at -196°C. BZH6 (0.0211 mmoles, 0.55eq) and Mezo (0.0423
mmoles, l.leq) were condensed over into the reaction flask and the
flask covered with foil. The reaction was then stirred at room
temperature for 3 days. A white precipitate formed which was
filtered off and subsequently identified as B203 by llB NMR
(821.54 (s) ppm (dﬁ—acetone)). Removal of the solvent after filtration

afforded a red-brown residue which exhibited hydride signals between

§~18.0 to ~18.5 ppm along with some HARUA(CO)12 (6-17.74 ppm
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(CDZClz))' The residue decomposed upon purification by TLC (silica

gel, cyclohexane) to give HQRUA(CO)12 as the only isolable product.

G. REACTION OF H,Ru.(CO).., WITH OXONIUM SALTS

2776

1. With Me3OBF4

HZRu6(CO)17 (0.0093g, 0.0085 mmoles) and Me3OBF4 (0.0368g, 0.248

17

mmoles) were combined in a flask to which CH2C12 was introduced. The

reaction was allowed to stir at room temperature for 3 days. The
CH2C12 was removed and the residue taken up in CD2C12. 1H NMR
indicates formation of H2Ru4(CO)13 presumably from the decomposition
of HZRu6(CO)17. 1H NMR also exhibits a singlet at 812.22 ppm which
could be indicative of a species with an interstitial hydride

similar to that found for [HRu6(CO)18]— (616.43 ppm). [86]

Treatment by TLC led to decomposition products that could not
be removed from the silica gel. Purification by fractional

cystallization techniques did not prove to be fruitful either.

2. With Et30PF6

Reaction with Et3OPF6

gives a species exhibiting a signal at 68.83 ppm (CD2C12) in the

for 5 days at room temperature as above

proton NMR. NMR also displayed peaks which can be attributed to the
—-CZH5 group (83.61 (q), 2.1 (t) ppm). However, since purification
was again futile one can not say with certainty that the species
formed contains an ethoxy moiety. Again, the downfield signal could
indicate an interstitial hydride; but since this signal is higher

upfield it could indicate -CH formation. Other products observed are

HARUA<CO)12 and minor amounts of szua(LO)IB.
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VIII. STRUCTURE DETERMINATION OF H,Ru.(CO)

2 6( 17

For X-ray examination and data collection, a suitable crystal of
approximate dimensions 0.200 x 0.150 x 0.050 mm was mounted in a
glass capillary. All X-ray data were collected at -40°C on an
Enraf-Nonius diffractometer with graphite~monochromated Mo Ka
radiation.

Table 2 gives crystallographic data for H2Ru6(CO)17. Unit cell
parameters (a, b, ¢, a, B, y) were obtained by least squares
refinement of the angular settings (¢, w, k) from 25 reflections,
well-aistributed in reciprocal space and lying in a 20 range of
24-~30°. Intensity data were collected in the w-26 scan mode with
4<20<55°. Four standard reflections were monitored and showed no
significant decay. Data were corrected for Lorentz and polarization
effects. The intensities were also corrected for absorption by using
an empirical method based on the crystal orientation and measured ¥
scans.

The structure was solved by a combination of the direct method
MULTAN 11/82 [140]) and the difference Fourier technique, and refined
by full-matrix least squares. Analytical atomic scattering
factors were used throughout the structure refinement with both the
real and imaginary components of the anomolous dispersion included for
all atoms. The heavy atoms first appeared in the E-map. Then the
positions of the remaining atoms were determined from a Fourier

synthesis which was phased on the metal atoms. Full-matrix least



178
squares refinement minimizing w( EJ - FJ )2 was carried out by using
anisotropic thermal parameters. The weights were taken as
w = [o(I)2 + (ki[)?']-'!E where k = 0.04 was chosen to make wAF2
uniformly distribﬁted in FOL The full-matrix least squares
refinement converged with Rf = I( Fol- FJ )/t FJ and
wa = [Zw( kJ - Fc|)2/2 FJ 2]li equal to 0.028 and 0.032, respectively,
and GOF = 0.989.

The capping hydrogens were located directly from the difference
Fourier synthesis and are in agreement with other structures. [95-
100] The positions and thermal parameters of the hydrogens were
included in the least squares refinement. Final atomic positional

and isotropic thermal parameters are given in Table 17.

IX. STRUCTURE DETERMINATION OF [PPh4]2[Ru6(CO)18]

For X-ray examination and data collection, a suitable
crystal grown from MeOH/CH2C12/pentane was mounted in a glass
capillary. All X-ray data were collected at 25°C on an Enraf-Nonius
diffractometer with graphite-monochromated Mo Ko radiation.

Table 5 gives crystallographic data for [PPh&]Z[Ru6(CO)18]'
Unit cell parameters (a, b, ¢, a, 8, yY) were obtained by least
squares refinement of the angular settings (¢, w, k) from 25
reflections, well-distributed in reciprocal space and lying in a 260
range of 24-30°. Intensity data were collected in the w-20 scan mode
with 4<26<40°. Three standard reflections were monitored and showed

moderate (4%) decay. Data were corrected for Lorentz and polarization

and decay effects.
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Table 17. Atomic Positional Parameters and Isothermal Parameters
(and Esd's) for HzRu6(CO)17.

ATOM X A y B(iso)
Ru(1) 0.70731(7) 0.25043(5) 0.15385(4) 1.53(1)
Ru(2) 0.96165(8) 0.50013(5) 0.21079(4) 1.98(1)
Ru(3) 0.74110(8) 0.02328(5) 0.21960(4) 2.00(1)
Ru(4) 0.98069(7) 0.27580(5) 0.28909(4) 1.59(1)
Ru(5) 0.61249(8) 0.16162(5) 0.32692(4) 1.93(1)
Ru(6) 0.72866(8) 0.41516(5) 0.32114(4) 1.90(1)
o(ll) 0.9125(7) 0.2334(5) 0.0062(4) 3.2(1)
0(12) 0.3764(8) 0.0352(6) 0.0582(4) 3.7(2)
0(13) 0.5170(8) 0.4103(6) 0.0553(4) 4.2(1)
0(21) 1.2417(9) 0.7307(6) 0.3213(4) 4.6(2)
0(22) 0.8004(9) 0.6831(6) 0.1255(5) 4.6(2)
0(23) 1.1920(8) 0.5078(6) 0.0701(4) 3.8(1)
0(31) 0.8470(9) -0.1573(6) 0.3368(4) 4.9(2)
0(32) 0.4211(9) -0.2070(6) 0.1386(5) 5.0(2)
0(33) 0.9579(8) -0.0325(6) 0.0867(4) 4.3(2)
0(41) 1.2731(8) 0.4976(5) 0.4055(4) 3.5(1)
0(42) 1.2256(7) 0.2488(6) 0.1639(4) 3.7(1)
0(43) 1.0912(8) 0.1130(6) 0.4239(4) 4.,0(2)
0(51) 0.2412(8) -0.0205(6) 0.2650(5) 4.1(2)
0(52) 0.3316(9) -0.0012(7) 0.5290(4) 6.5(2)
0(56) 0.4676(8) 0.3092(6) 0.4603(4) 3.8(1)
0(61) 0.9553(8) 0.6354 (6) 0.4562(4) 3.9(2)
0(62) 0.5129(8) 0.5768(5) 0.2588(4) 4.1(1)
c(11) 0.841(1) 0.2410(7) 0.0629(5) 2.3(2)
c(12) 0.506(1) 0.1055(7) 0.0994(5) 2.6(2)
c(13) 0.599(1) 0.3602(7) 0.0945(5) 2.6(2)
c(21) 1.135(1) 0.6426(7) 0.2808(5) 3.1(2)
c(22) 0.859(1) 0.6140(7) 0.1566(5) 2.9(2)
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Table ‘'17. Atomic Positional Parameters and Isothermal Parameters
(and Esd's) for H2Ru6(CO)17 (cont.).

ATOM X Y L B(iso)
C(23) 1.107(1) 0.5029(7) 0.1223(5) 2.9(2)
c(31) 0.807(1) -0.0866(7) 0.2933(6) 3.0(2)
C(32) 0.538(1) -0.1196(7) 0.1679(6) 2.9(2)
C(33) 0.874(1) -0.0107(7) 0.1350(6) 3.1(2)
c(4l) 1.160(1) 0.4233(7) 0.3590(5) 2.4(2)
C(42) 1.1296(9) 0.2590(7) 0.2082(5) 2.3(2)
C(43) 1.044 (1) 0.1647(7) 0.3705(5)  2.5(2)
c(51) 0.384(1) 0.0458(7) ' 0.2895(5) 2.6(2)
C(52) 1.645(1) 1.0592(8) 0.4156(5) 3.6(2)
C(56) 0.544(1) 0.2936(8) 0.4071(5) 2.9(2)
c(61) 0.869(1) 0.5509(7) 0.4049(5) 2.6(2)
C(62) 0.597(1) 0.5167(7) 0.2845(5) 2.5(2)
H(1) 0.583(9) 0.281(7) 0.236(4) 2(2)%
H(2) 0.845(7) 0.300(5) 0.366(4) 1(1)*

Starred atoms were refined isotropically.

Anisotropically refined atoms are given in the form of the isotropic
equivalent thermal parameter defined as:

(4/3)*%[a2*B(1l,1) + b2*B(2,2) + c2*B(3,3) + ab(cos gamma)*B(1,2) +
ac(cos beta)*B(1,3) + bc(cos alpha)*B8(2,3)]
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The structure was solved by a combination of the direct method
MULTAN 11/82 [140] and the difference Fourier technique, and refined
by full-matrix least squares. Analytical atomic scattering factors
were used throughout the structure refinement with both the real and
imaginary components of the anomolous dispersion included for all
atoms. The heavy atoms first appeared in the E-map. Theh the
positions of the remaining atoms were determined from a Fourier
synthesis which was phasea on the metal atoms.

Since the crystal structure had been previously determined by
Shore and Hsu [102] and Johnson and Lewis, [85] further refinement
was abandoned after all the atoms were refined isotropically. The

Rf value had converged below 10% at this point.

X. STRUCTURE DETERMINATION OF H2RuOS3(C0)13

For X-ray examination and data collection, a suitable crystal
grown from pentane solution of approximate dimensions 0.300 x 0.350 x
0.275 mm was mounted in a glass capillary. All X-ray data were
collected at 25°C on an Enraf~Nonius diffractometer with graphite-
monochromated Mo Ko radiation.

Table 8 gives crystallographic data for H2Ru033(C0)13. Unit cell
parameters (a, b, ¢, a, B, Y) were obtained by least squares refinement
of the angular settings (¢, k, w) from 25 reflections, well-distributed
in reciprocal space and lying in a 26 range of 24-30°. Intensity data
were collected in the w-26 scan mode with 4<20<55°. Three ;tandard
reflections were monitored and showed no significant decay; however,

data were corrected for decay nonetheless. Data were also corrected
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for Lorentz and polarization effects. The intensities were also
corrected for absorption by usiﬂg an empirical ﬁethod based on the
crystal orientation and measured ¢ scans.

The structure was solved by a combination of the direct method
MULTAN 11/82 [140] and the difference Fourier technique, and refined
by full-matrix least squares. Analytical atomic scattering factors
were used throughout the structure refinement with both the real and
imaginary components of the anomolous dispersion included for all
atoms. The heavy atoms fifst appeared on the E-map. Then the
positions of the remaining atoms were determined from a Fourier
synthesis which was phased on the metal atoms. Full-matrix least
squares refinement minimizing w( FJ - Fcl)z was carried out by
using anisotropic thermal parameters for all atoms except Cll, C22,
C42 and C44 which were refined isotropically. These atoms were so
refined due to the appearance of negative anisotropic thermal
parameters. The weights were taken as .w = [o(I)2 + (kI)?']_Li where
k = 0.05 was chosen to make wAF2 uniformly distributed in EJ. The
full-matrix least squares refinement converged with
R = 2 - FJ)/z ) ana R = (zw( |- F])2/2 [ %1% equal to
0.064 and 0.075, respectively, and GOF = 2.065. Final atomic

positional and isotropic thermal parameters are given in Table 18.

XI. STRUCTURE DETERMINATION OF [PPN][HRU6(C0)18]
For X-ray examination and data collection, a suitable crystal of

approximate dimensions 0.250 x 0.275 % 0.325 mm was mounted in a glass
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Table 18. Atomic Positional Parameters and Isothermal Parameters

(and Esd's) for HZRUOS3(C0)13.

ATOM X Y Z B(iso)
0s (1) 0.17489(4) 0.2777(1) 0.59779(8) 2.87(2)
0s(2) 0.13991(4) 0.2195(1) 0.76263(8) 2.63(2)
0s(3) 0.10332(4) 0.4400(1) 0.61151(8) 2.94(2)
Ru (4) 0.08985(7) 0.1638(2) 0.5578(1) 2.14(4)
o(11) 0.2419(9) 0.511(3) 0.675(2) 8.0(9)
0(12) 0.2499(9) 0.085(3) 0.594(2) 7.6(8)
0(13) 0.1551(8) 0.366(2) 0.379(1) 4.9(6)
0(21) ©0.198(1) 0.325(2) 0.971(2)  6.7(8)
0(22) 0.1639(9) -0.077(2) 0.814(2) 6.4(7)
0(23) 0.0590(7) 0.167(2) 0.826(2) 6.0(6)
0(31) 0.165(1) 0.686(2) 0.673(2) 6.5(7)
0(32) 0.0323(9) 0.596(2) 0.663(2) 6.8(7)
0(33) '~ 0.0706(8) 10.530(2) 0.390(1) 5.3(6)
0(41) 0.0478(9) 0.161(2) 0.322(2) 6.3(7)
0(42) 0.0049(9) 0.297(3) 0.573(2) 6.5(7)
0(43) 0.1558(9) -0.050(2) 0.537(2) 6.6(7)
0(44) 0.045(1) ~0.089(3) 0.603(2) 11(1)
c(11) 0.217(1) 0.421(3) 0.648(2) 4.2(6)*
c(12) 0.222(1) 0.155(3) 0.598(2) 4.7(8)
c(13) 0.1604(9) 0.329(3) 0.460(2) 3.2(6)
c(21) 0.178(1) 0.288(3) 0.896(2) 4.3(7)
c(22) 0.153(1) 0.031(3) 0.790(2) 4.0(6)*
c(23) 0.089(1) 0.192(3) 0.801(2) 3.9(7)
c(3l) 0.146(1) 0.592(3) 0.654(2) 3.4(7)
c(32) 0.058(1) 0.535(3) 0.643(2) 4.7(7)
c(33) 0.083(1) 0.492(2) 0.473(2) 3.5(7)
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Table 18. Atomic Positional Parameters and Isothermal Parameters
(and Esd's) for H2Ru053(C0)13 (cont.).

ATOM X « y z B(iso0)
ceal) 0.065(1) 0.164(3) 0.415(2) 3.9(7)
C(42) 0.041(1) 0.271(3) 0.570(2) 4.2(6)*
C(43) 0.135(1) 0.054(3) 0.547(2) 5.5(9)
C(44) 0.062(1) . 0.011(3) 0.586(3) 4.9(7)*

Starred atoms were refined isotropically.

Anisotropically refined atoms are given in the form of the isotropic
equivalent thermal parameter defined as:

(4/3)*[a24%B8(1,1) + b2*%B8(2,2) + c2%B8(3,3) + ab(cos gamma)#*B8(1,2) +
ac(cos beta)*B8(1,3) + bc(cos alpha)*B8(2,3)]
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capillary. All X-ray data were collected at -50°C on an Enraf-Nonius
diffractometer with graphite-monochromated Mo Ka radiation.

Table 13 gives crystallographic data for [PPN][HRu6(CO)i8]. Unit
cell parameters (a, b, ¢, a, B, Y) were obtained by least squares
refinement of the angular settings (¢, k, w) from 25 reflections,
well-distributed in reciprocal space and lying in a 20 range of
24-30°. Intensity data were collected in the w-26 scan mode with
4€20<45°. Three standard reflections were monitored and showed no
significant decay. Data were corrected for Lorentz and polarization
effects. The intensities were also corrected for absorption by using
an empirical method based on the crystal orientation and measured Y
scans.

The structure was solved by a combination of the direct method
MULTAN 11/82 [140] and the difference Fourier technique, and refined
by full-matrix least squares. Analytical atomic scattering factors
were used throughout the structure refinement with both the real and
imaginary components of the anomolous dispersion included for all
atoms. The heavy atoms first appeared in the E-map. Then the
positions of the remaining atoms were determined from a Fourier
synthesis, which was phased on Fhe metal atoms.

Since the crystal structure had been previously determined by
Johnson and Lewis [84,86] further refinement was abandoned after
refinement of the structure isotropically brought Rf below 10%.

Aé with Johnson and Lewis, the interstitial hydride could not be

located even after low temperaturc data collection.



APPENDIX

REACTION OF H2053(C0)9CCO WITH BZH6
The thrust behind cluster chemistry is its connection to surface
science and catalysis. Keeping this in mind, the cluster chemist
always attempts to synthesize models for molecules on a metal surface.
One of the key reactions in catalysis today is the conversion of CO to
hydrocarbons. This idea was the premise on which the reduction of
(u—H)3OS3(CO)9(u3—BCO) with BH3 was carried out to form the |
triosmium borylidene carbonyl, (u-H)BOs3(CO)9(u3-n2-BCH2). [159]

(Equation 68)

(u—H)3053(C0)9(u3-BC0) + BH3

THF

(u-H?3033(C0)9(u3—n2‘—BCH2) + 1/3(H,8,0,) (68)

373
1/3BH3 + 2/3B203

The borylidyne is reduced by the diborane to form the borylidene
cluster. This reaction [159] is believed to occur through initial
attack of BH3 on the oxygen of the -BCO unit followed by transfer of

186
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two hydrides to the carbon atoms and subsequent elimination of HBO
to form the boryidene and H3B3O3 which then decomposes to B203 and
B2H6. [160]

The borylidene is of interest due to its possible relationship
to an intermediate which might form on a metal boride surface during
the methanation of CO in the presence of a metal boride catalyst. The
next logical question is: Could this reduction with BH3 be carried out
using (u—H)ZOs3(CO)9(u3-CCO) to model an intermediate on a metal
carbide surface?

The triosmium ethylidyne cluster, (u-H)3OS3(CO)9(u~CCH3), which
has been previously reported by Deeming [154] is the resulting product

when diborane is reacted at ambient temperature with the

ketenylidene, (u—H)ZOss(CO)g(u3—CCO). [98,161] (Equation 69)

(u~H)2083(C0)9(u3—CC0) + BH —THF'——b{u—H)3OSB(CO)9(u3-CCH3) (69)

3

In the case of the ketenylidene, a two-fold reduction seems to be
occurring to produce the ethylidyne rather than the vinylidene.

In an independent experiment, (Equation 70) diborane was reacted
with the vinylidene under identical conditions as in the
ketenylidene case; however, no reaction was observed to occur when

]

followed by proton NMR.

2
- "= - — N :
(u H)2053(C0)9(u3 n CCH2) + BH3 THF No Reaction (70)

Thus the reduction of (u—H)2053(C0)9(u3—CC0) appears to proceed via a
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concerted reduction mechanism involving BH, coordination to the

3

oxygen of the -CCO moiety as opposed to a two-step reduction to
first form the vinylidene and then the final product,
(u—H)3Os3(CO)9(u3—CCH3).

However, it has been suggested by Shapley [162] that the source
of diborane may affect the reaction outcome. He reports that if

commerical BHB-THF, containing ca. 5 mole 7% NaBHA as a stabilizer,

is employed the vinylidene, (u—H)2053(C0)9(u3-w2-CCH2) is observed

in 547 yield. (Equation 71)

BH
4 5
H2053(CO)90CO + BHB-THF'———————P-HZOS3(CO)9CCH2 (54%) + a1

H2053(CO)9CCH3 (39%)

4
potential intermediate [H2053(CO)9CCHO]- which may be involved in an

These results suggest that BH, acts as a reducing agent forming the

"jonic" pathway leading to the formation of the observed
product. [162] However, he later reports that in an independent

reaction of [H2053(CO)QCCHO]_ with BHB—THF no evidence for formation

of either H2053(C0)9CCH2 or H3053(C0)9CCH3

Independent reactions of HZOS3(CO)9CCO in the presence of either

was observed. [162]

commercial BH3-THF Or pure B2H6 in THF, show no signs of

[HOSB(CO)QCCHO]— or H2053(CO)9CCH when followed by proton NMR. The

2

i Cc .
only product formed is H3Os3(CO)9 CH3
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A. Reaction of H2053(C0)9CC0 With Pure BZHG
In a typical reaction, an excess of B2H6 (0.276 mmoles) was
condensed into a THF solution of H2033(CO)9CCO (0.023 mmoles). This

solution was stirred at room temperature for 12 hours. The
volatiles were removed and the resulting yellow residue was
purified by TLC (silica gel, CHZClZ:hexane). The product was

identified as H Os3(CO)9CCH by comparison of its lH NMR spectrum to

3 3
that reported by Deeming [154] and Yesinowski and Bailey [163] and IR

spectrum reported by Evans and McNulty. [164] The product was isolated

in ca. 30% yield. lH NMR (CDCl., 30°C) 64.54 (s,2H), -18.58 (s,3H)

3
ppm; (Fig. 52) IR (CHClB) Voo 2077 (m), 2068(m,sh), 2056(m),

2033(s,sh), 2021(s) cm *. (Fig. 53) The mass spectrum shows a parent
ion peak which corresponds to the molecular formula 12C111H61609192053
m/z(obsd) 858, m/z(calcd) 858. The sequential loss of each of the

nine carbonyls from the molecular ion was visible in the mass spectrum.

B. NMR Reaction of H2053(C0)90C0 With Pure BZH6 in THF

An NMR tube sealed to an adaptor and attached to the vacuum line
was charged with a d8—THF solution of H2053(CO)9CC0 (0.0095 mmoles)
and cooled to -196°C. While at fhis temperature B2H6 (0.0095 mmoles)
was condensed onto the solution and the NMR tube sealed under vacuum.
The NMR sample was warmed‘to room temperature and the first spectrum

recorded after 10 minutes reaction time. The reaction was followed

at room temperature by lH and 11B NMR over a period ot 16 hours.

is approximately 50-

Conversion from H Os3(CO)9CCO to H Osa(CO)gcCH

2 3 3
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Figure 52. Proton NMR Spectrum of (u—H)3053(C0)9(p3—CCH3).
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Figure 53. IR Spectrum of (u-—H)3053(CO)9(u3-CCH)3.
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55%. The boron-11 spectrum shows formation of a boron oxide species
at 84.1 (t, JB—H = 132 Hz) ppm.
In a second NMR experiment, B2H6 (0.012 mmoles) was reacted with
HZOS3(CO)9CCO (0.024 mmoles). lH indicates formation of

H,0s (C0)9CCH in approximately 25% yield after 16 hours and leveling

3773 3
off at 28% after 22 hours.

C. NMR Reaction of H2053(C0)9CC0 With Pure BH3-THF in CHZC]2
An NMR tube sealed to an adaptor and attached to the vacuum line
was charged with HZOSS(CO)QCCO (0.0426 mmoles) in CD2C12 (0.4 nmL).

BZH6 (0.2130 mmoles) and THF (0.4295 mmoles) were condensed over and

the tube cooled to -196°C and sealed under vacuum. The NMR sample

was warmed to room temperature and the first spectrum recorded after
11

5 minutes reaction time., The reaction was followed by 1H and "B

NMR over a period of 5 hours. During this time lH NMR showed only

H3Os3(CO)QCCH3 formation. The 11B NMR showed formation of the

previously observed oxide at 84.1 (t, JB—H = 132 Hz) ppm along with
a new species exhibiting a septet at §18.00 (septet, JB—H = 184 Hz)

ppm which upon proton decoupling collapses to a singlet.

D. NMR Reaction of H2053(C0)9(:C0 With Commercia’ BH3-—THF in CHZC12

CD2C12 (0.4 mL) and BH_-THF (0.4 wmL @ 1M, 0.4 mmol, ca. 5 mol 7%

3

NaBH4 as stabilizer) were added to H2053(CO)9000 (0.0424 mmoles) under

N2 in an NMR tube. The contents of the tube were frozen at -196°C and

the N2purged from the system. The NMR tube was sealed under vacuum

1
and then warmed to room temperature. The reaction was followed by 'H
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11 . ,
and "B NMR over a period fo 10 hours recording the first spectrum

after 5 minutes of reaction time. During this time only the formation

of H 033(CO)9CCH was observed.

3 3
E. Reaction of H2053(C0)9CCH2 With Pure 82H6

An excess of B2H6 (0.2758 mmoles) was condensed into a THF
solution of H2053(00)9CCH2 (0.0208 mmoles). The solution was then

stirred at room temperature for 12 hours. The volatiles were 1

removed and the residue dissolved in CDC13. ;H NMR showed no

formation of H,Os (CO)9CCH or other cluster species, only the

3773

starting vinylidene cluster.

3

F. NMR Reaction of H2053(C0)9CCH2 With Pure BZHG in THF.
B2H6 (0.0132 mmoles) was reacted with H2053(C0)9CCH2 (0.0132
mmoles) in a manner analogous to that described in the HZOSB(CO)QCCO

case. 1H NMR indicated no formation of H3053(C0)90CH3 after 12 hours

at room temperature. No reaction was observed even after 1 week.
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