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Hexaruthenium carbido carbonyl methyl cluster
[PPN][Ru,C(CO),(CH,)] as catalyst precursor for hydrogenation
of olefins. Syntheses and structures of unsaturated and saturated
hexaruthenium hydrido clusters [PPN][Ru,C(CO),H]

and [PPN][Ru,C(CO), H]
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Abstract

Cluster [PPNIRu¢C(CO),4(CH3)] (2) has been found to be catalytic active for the hydrogenation and isomerization of olefins at
60°C after an induction period. Reaction of 2 or [PPN}[Ru¢C(CO),5(C;H )] with dihydrogen at 130°C gives an unsaturated hydrido
cluster [PPNJRu,C(CO);5H] (6), which behaves as the catalyst at ambient temperature. The structure of 6 has a carbon-centered
‘octahedral geometry of ruthenium atoms which is surrounded by fifteen carbonyl ligands, two terminal ones for each ruthenium
atom and three bridging ones, and a bridging hydrido ligand. Treatment of 6 with carbon monoxide yields a saturated hydrido
cluster [PPNJIRusC(CO),sH] (5), which is also prepared by protonation of [PPN},[RucC(CO)4]. X-ray analysis of § shows the
cluster anion is disordered between two sites in the ratio of 8 to 2. The major one contains a carbon centered octahedron of six
ruthenium atoms with two terminal carbonyl ligands for each ruthenium atom, with four bridging carbonyl ligands, and a terminal
hydrido ligand.
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1. Introduction

Metal cluster compounds have drawn much atten-
tion as possible new source of homogeneous catalyst,
because polynuclear coordination could induce reactiv-
ity into a ligand that differs significantly from that
produced by mononuclear coordination, and the pres-
ence of adjacent metals could help to promote multiple
addition of reactants and electrons to a ligand. How-
ever, there are few reports on homogeneous catalysis
that are characteristic of metal cluster [1]. This may be
ascribed to the cluster skeleton readily breaking down
under reaction conditions. We have been interested in
the use of clusters having an encapsulated element in
the cavity of the metal polyhedra [2] as catalyst, be-
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cause the interstitial element is expected to support
inherently-weak metal-metal bonds, from the inside of
the metal skeleton without disturbing the coordination
of reactants on the “cluster surface.” We selected the
dianionic ruthenium cluster [PPN][Ru,C(CO),] (1)
[3] as starting material and succeeded to prepare its
methyl, [PPN][Ru C(CO),((CH,)] (2), acetyl, [PPN]-
[Ru,C(CO),((COCH,)], and allyl, [PPN][Ru,(CO),;-
(p-n3-C3H,)] (3), derivatives without breaking down of
the metal framework of the parent compound [4]. Here
we describe the use of 2 as a successful catalyst precur-
sor for the hydrogenation and isomerization of olefins,
and isolation of the resulting catalytically-active coordi-
natively-unsaturated hydrido cluster.

Previously we reported the preparation of the hy-
drido cluster [PPh,J[Ru,C(CO),,H] (4) by protonation
of the corresponding dianion [PPN,J[Ru,C(CO),] [5].
We also report here the preparation of 4 and [PPNI-
[Ru,C(CO),cH] (5) by a different route, addition of
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carbon monoxide to the unsaturated cluster, and the
X-ray analysis of 5, which revealed a different structure
of the anionic moiety.

2. Results and discussion

2.1. Hydrogenation of olefin with [PPN][RusC(CO),s
(CH,)] (2) as catalyst precursor

In the presence of a catalytic amount of cluster 2
hydrogenation of 3-methyl-1-butene (3m1b) could not
be observed at room temperature and under 100 atm
of dihydrogen. However, at 60°C the hydrogenation
reaction took place after an induction period of ca. 2
h. When 2 was kept at 80°C for 2 h under 100 atm of
dihydrogen prior to introducting 3mib, the hydrogena-
tion took place even at room temperature without any
induction period. The reaction profile of 3mlb
is represented in Fig. 1. The isomerization of 3mlb
into 2-methyl-2-butene (2m2b) and 2-methyl-1-butene
(2m1b) occurred to an appreciable extent concurrently
with the hydrogenation into 2-methylbutane (2mb). By
comparison 3mlb was hydrogenated on charcoal-sup-
ported ruthenium metal (Ru-charcoal), and the reac-
tion profile, shown in Fig. 2, indicates that hydrogena-
tion was predominant. Similarly, the hydrogenation of
2m2b or 2mlb by 2 proceeded concurrently with iso-
merization in appreciable extent, but the hydrogena-
tion by Ru-charcoal proceeded to give only the hydro-
genation product 2mb. The rates of hydrogenation of
3m1b were measured in the temperature range of 20 to
80°C using 2 and Ru-charcoal, and the activation ener-
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Fig. 1. The hydrogenation profile of 3-methyl-1-butene (3milb) by
pretreated [PPN][Ru,C(CO),,(CH )] (2) with dihydrogen as the cat-
alyst; at 60°C under 100 atm of dihydrogen in THF, 3-methyl-1-butene
(3m1b) (O), 2-methyl-2-butene (2m2b) (O ), 2-methyl-1-butene (2m1b)
(a), and 2-methylbutane (2mb) (®).
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Fig. 2. The hydrogenation profile of 3-methyl-1-butene (3mib) by
Ru-charcoal; at 60°C under 100 atm of dihydrogen in THF, 3-methyl-
1-butene (3mlb) (0), 2-methyl-2-butene (2m2b) (O), and 2-methyl-
butane (2mb) (@).

gies were calculated as 11.7 £ 0.3 and 8.5 + 0.6 Kcal
mol ~ !, respectively.

Cyclohexanone and benzene were hydrogenated by
both catalysts. However, 2 was found to be inactive for
the hydrogenation of nitrobenzene to aniline, in con-
trast to Ru-charcoal. It is well known that the hydro-
genation of nitrobenzene proceeds very readily when
using Group VIII metal catalysts [6].

When isoprene was hydrogenated by 2, the selectiv-
ity of the half-hydrogenated products (2m1b, 2m2b,
and 3m1b) is 67% at the initial stage of the reaction,
which is in contrast with the 38% for Ru-charcoal
yielding the completely-hydrogenated product (2mb) as
the main product.

These results suggest that the active species in these
hydrogenations is not the bulk metal [7] produced by
the decomposition of 2, but a cluster species produced
from 2.

2.2. Reaction profile of [PPN][RusC(CO),,(CH;)] (2)
and [PPN][Ru,C(CO),(C;H,)] (3) with dihydrogen

Treatment of 2 in methanol with 1 atm of dihydro-
gen at 100°C for 1 h in a Pyrex ampoule produced
methane in 85% yield, suggesting the formation of a
hydrido cluster.

Reaction of 3 with dihydrogen is represented in
Figs. 3 and 4. As shown in Fig. 3, the reaction at 110°C
for 1 h gave mainly propylene and a little amount of
propane, though the combined yield was as low as 4%.
This figure also shows that the combined yield in-
creases up to 99%, but the relative content of propy-
lene decreases upon prolonged reaction times. These
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Fig. 3. The effect of time on the reaction of [PPNIRu¢C(CO);s-
(C4H5)) (3) with dihydrogen at 110°C in methanol under 1 atm of
dihydrogen; propylene (O), propane (®), and the combined amount
of them (D).

findings indicate that the propylene is released first
from cluster 3 and then hydrogenated into propane by
the catalytically-active species produced from 3.

As shown in Fig. 4, the reaction profile obtained by
changing the reaction temperature is somewhat differ-
ent from that obtained at constant temperature (Fig.
3). Up to 130°C the two reaction profiles are similar,
but at temperatures over 160°C the propylene pro-
duced was left intact. The inside of the glass ampoules
for these experiments became coated with a metal
mirror produced by decomposition of the cluster, and
the red solution of 3 turned clear. No such metal
mirror was observed in the experiments made at tem-
peratures below 130°C. These results clearly indicate
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Fig. 4. The effect of temperature on the reaction of [PPNRu,C-
(CO);5(C43H,)] (3) with 1 atm of dihydrogen for 1 h in methanol;
propylene (0), propane (®), and the combined amount of them (O).

that the bulk metal produced by decomposition of the
metal cluster has no significant activity in the catalytic
hydrogenation of propylene.

2.3. Synthesis and structure of [PPN][Ru,C(CO),sH]
(6)

In attempt to isolate the catalytically-active species,
2 was treated in methanol with dihydrogen (100 atm) at
100°C for 1 h in an autoclave. Work-up of the reaction
mixture afforded red crystals in a good yield. The IR
spectrum was similar to that of 2 showing a strong
absorption band at 2009 cm~! in the »(C=O) region.
This indicates that the product is mono-anionic, be-
cause the frequency is an intermediate of those of the
dianion [Et,N],[Ru,C(CO),s] (1978 cm™") [3] and the
neutral complex Ru4C(CO),, (2064 cm™") [8]. The 'H
NMR spectrum of the product showed a complex mul-
tiplet at 8 7.4-7.9 owing to phenyl protons of the
[PPN] cation and a singlet at —20.01 attributable to a
hydrido whose peak areas are in a ratio of 30: 1. There
is no indication of any other signals in the region of
8-100 to 100. On the basis of these spectroscopic data,
and the elemental analyses, the resulting complex was
assumed to be a mono-anionic carbido hydrido car-
bonyl hexanuclear ruthenium cluster. The same prod-
uct was obtained by treatment of 3 with dihydrogen.

In order to obtain the exact molecular structure of
the hydrido cluster a single-crystal X-ray diffraction
study was undertaken. The cluster was proved to be
[PPN][Ru,C(CO),sH] (6), and the structure of the an-
ionic part is shown in Fig. 5. The selected interatomic
distances and bond angles are listed in Tables 1 and 2,
respectively.

The octahedral metal skeleton of 2 remains in 6.
The metal-metal distances in 6 range from 2.8620(8) to
2.9558(8) A, and the carbonyl bridged Ru(2)-Ru(3)
edge is the shortest metal-metal bond in this cluster.
The second and third shortest metal-metal bonds are
the carbonyl semi-bridged edges Ru(4)-Ru(5) and
Ru(5)-Ru(6). The average unbridged metal-metal dis-
tance is 2. 900(9) A, which essentially is equal to that in
2 (2.903(14) A). Thus the metal-carbide bond lengths
iné (mean 2.051(9) A) are similar to those in 2 (mean
2.054(13) A).

There are fifteen carbonyl ligands in 6. One car-
bonyl ligand, C(23)O(23), bridges the Ru(2)-Ru(3)
edge, with metal-carbon bond lengths 2. 120(7) A to
Ru(2) and 2.036(7) A to Ru(3). Two carbonyl ligands,
C(45)Y0(45) and C(56)O(56), asymmetrically bridge the
Ru(4)-Ru(5) and Ru(5)-Ru(6) edges, respectively. In
both cases the longer metal-carbon bond lengths are
to Ru(5) (Ru(4)-((45), 1.985(8); Ru(5)-C(45), 20.301(9);
Ru(5)-C(56), 2.299(8); Ru(6)-C(56) 2.017(7) A). The
remaining twelve carbonyl ligands, two for each ruthe-
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Fig. 5. The molecular structure of [RusC(CO);sH]~ (anion of 6),
with the numbering of the oxygen atoms corresponding to that of the
relevant carbonyl carbon atoms. The first digit of each oxygen
number is the number-of the ruthenium atom to which the carbonyl
is attached.
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nium atom, are teorminal with Ru-C bond distances
1.864(9)-1.920(8) A (average 1.891(5) A), C-O dis-
tances 1.110(10)-1.154(10) A (average 1.138(4) A),
and Ru-C-O angles 169.5(8)-178.7(9)° (average
175.8(8)°). The C-O distances are shorter than those
for the bridging carbonyls.

One hydrogen atom (H(1)) in the cluster was re-
vealed by difference Fourier syntheses. This bridges

TABLE 1. Selected interatomic distances (A) and esd values for

Ru(1)-Ru(2) 2.9133(8) Ru(4)-C(0) 2.018(7)
Ru(1)-Ru(4) 2.8903(9) Ru(5)-C(0) 2.076(7)
Ru(1)-Ru(5) 2.9141(9) Ru(6)-C(0) 2.053(7)
Ru(1)-Ru(6) 2.8731(7) Ru(1)-H(1) 1.79(8)
Ru(2)-Ru(3) 2.8620(8) Ru(2)-H(1) 2.02(8)
Ru(2)-Ru(4) 2.9558(8) Ru(2)-C(23) 2.12(7)
Ru(2)-Ru(6) 2.9223(8) Ru(3)-C(23) 2.036(7)
Ru(3)-Ru(4) 2.8901(8) Ru(4)-C(45) 1.985(8)
Ru(3)-Ru(5) 2.9551(8) Ru(5)-C(45) 2.310(9)
Ru(3)-Ru(6) 2.8865(9) Ru(5)-C(56) 2.29%8)
Ru(4)-Ru(5) 2.8698(8) Ru(6)-C(56) 2.017(7)
Ru(5)~Ru(6) 2.8706(9) 0(23)-C(23) 1.170(9)
Ru(1)-C(0) 2.040(7) 0(45)-C(45) 1.144(11)
Ru(2)-C(0) 2.070(7) O(56)-C(56) 1.162(9)
Ru(3)-C(0) 2.049(7)

TABLE 2. Selected interatomic angles (°) and esd values for
[PPN][Ru4C(CO),sH] (6)

C(0)-Ru(1)-C(11)  137.8(3)
C(0)-Ru(1)-C(12)  135.0(3)
C(0)-Ru(1)-H(1) 89(2)

C(11)-Ru(1)-C(12) 87.1(4)
CAD-Ru(D-H(1)  90(3)

C(12)-Ru(D)-H(1)  90(2)

C(0)-Ru(2)-C(21)  114.3(3)
C0)-Ru(2)-C(22) 156.1(4)
C(0)-Ru(2)-C(23) 91.0(3)
C(0)-Ru(2)-H(1) 82.(2)

C21)-Ru(2)-C(22)  89.1(4)
C(21)-Ru(2)-C(23)  91.6(3)
C2D-Ru(2)-H(1)  95(2)

C(22)-Ru(2)-C(23)  93.3(3)
C(22)-Ru(2)-H(1)  92(2)

C(23)-Ru(2)-H(1) 1722)

C(0)-Ru(3)-C(23) 94.0(3)
C(0)-Ru(3)-C(31)  133.0(3)
C(0)-Ru(3)-C(32) 136.1(3)
C(23)-Ru(3)-C(31)  94.5(4)
C(23)-Ru(3)-C(32)  96.9(3)
C(31)-Ru(3)-C(32) 88.4(4)
C(0)-Ru(4)-C(41)  135.3(3)
C(0)-Ru4)-C(42) 131.7Q3)
C(0-Ru(4)-C(45)  99.4(3)
CAD-Ru()-C(42) 88.4(4)
Ru(6)-C(56)-0(56) 148.0(7)

C(41)-Ru4)-C45) 93.0(4)
C(42)-Ru(4)-C@45)  97.0(3)
C(0)-Ru(5)-C(45) 88.1(3)
C(0)-Ru(5)-C(51)  157.2(3)
C@-Ru(5)-C(52)  112.1(3)
C(0)-Ru(5)-C(56) 89.8(3)
C(45)-Ru(5)-C(51)  88.6(3)
C(45)-Ru(5)-C(52) 90.9(4)
C(45)-Ru(5)-C(56) 177.1(3)
O(51)-Ru(5)-C(52)  90.5(4)
C(51)-Ru(5)-C(56)  94.2(3)
C(52)-Ru(5)-C(56)  88.1(4)
C(0)-Ru(6)-C(56)  98.%(3)
C(0)-Ru(6)-C(61)  133.3(3)
C(0)-Ru(6)-C(62)  133.3(3)
C(56)-Ru(6)-C(61)  93.6(3)
C(56)-Ru(6)-C(62)  90.9(3)
C(61)-Ru(6)-C(62)  90.9(4)
Ru(2)-C(23)-Ru(3)  87.0(3)
Ru(2)-C(23)-0(23) 134.7(6)
Ru(3)-C(23)-0(23) 138.3(6)
Ru(4)-C(45)-Ru(5)  83.5(3)
Ru(4)-C(45)-0@45) 147.7(7)
Ru(5)-C(45)-0(45) 128.8(7)
Ru(5)-C(56)-Ru(6)  83.1(3)
Ru(5)-C(56)-0(56) 129.0(6)
Ru(D-H(1)-Ru(2)  9%(4)

the Ru(1)-Ru(2) edge, with the shorter metal-hydrido
interaction (1.79(8) A) to Ruo(l) and the longer metal—
hydrido interaction (2.02(8) A) to Ru(2).

The ligand distribution in 6 is similar to that in
[Ph, As],IRuC(CO),¢] [9], whose anion consists of two
terminal carbonyl ligands per ruthenium atom and four
edge-bridging carbonyl ligands, giving an approximate
overall D,, symmetry. Replacement of one of the
bridging carbonyl in the anion by a bridging hydrido
gives the anion of 6 with C, symmetry. In each case, a
set of bridging ligands interacts with a common ruthe-
nium atom having the longer metal-carbon or metal-
hydrogen bond lengths.

The anionic cluster of 6 has 84 valence electrons,
which is 2 less than the 86 valence electrons predicted
by the PSEP approach, for the hexanuclear octahedral
clusters such as 1, 2, and 3 [10]. Localization of the
unsaturation on a special Ru~-Ru edge could not be
observed from the examination of the Ru-Ru bond
distances. It is noteworthy that the interstitial carbide
atom inhibits the structural rearrangement of the octa-
hedron into the bicapped tetrahedron, as in the case of
the transformation of [Os(CO),cJ* into OsCO),q
[11], which is expected from the PSEP approach.

The direct formation of the unsaturated cluster 6
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from the reaction of 2 with dihydrogen suggests a
dissociative pathway as shown in eqn. (1).

[Ru6C(CO)16(CH3)] i

[Ru¢C(CO);5(CH,)] ™ —»

[Ru(C(CO),5(H)o(CH,)] T —>
[RuC(CO),sH] ™ (1)

If an associative pathway was operative a saturated
hydrido (5, see below) should be formed (eqn. (2)),
which was not the case.

[RuC(CO)1o(CH,)] T —

CH,

[RuC(CO)14(H)(CH,)] ~ =%
[RusC(CO)H] ™ (2)

Treatment of 3 in methanol with dihydrogen at
130°C also afforded 6 in good yield. In this case, the
p-n>-allyl ligand was thermally activated to the n!-allyl
ligand, to provide a coordination site for dihydrogen,
and then elimination of propylene left 6.

As mentioned above, hydrogenation of olefins could
only be initiated at higher temperatures when 2 was
employed. However, when 6 was used, the reaction
proceeded without any induction period even at room
temperature and the hydrogenation rates were the
same -as those when pretreated 2 was used as the
catalyst. Thus 6, a two electron deficient species with a
hydrido ligand, is the true active species of the hydro-
genation by 2.

2.4. Temperature dependent 'H NMR study of [PPN]-
[Ru C(CO),sH] (6)

The proton NMR spectrum of 6 in CD,Cl, at room
temperature consists of a multiplet at § 7.4-7.9 and a
singlet at & —20.01, whose peak areas are in a ratio of
30: 1. Upon cooling, the peak at 7.4-7.9, owing to the
[PPN] cation, remains unchanged, but that at 5§ —20.01,
owing to the hydrido, was split into two singlets. A
limiting spectrum in this region below —50°C showed
the singlets at 8§ —19.88 and —20.71. The ratio of the
peak areas between the two isomers is temperature
dependent and the intensities are in the ratio of 1.8:1
at —50°C. The temperature dependence and the non-
integral relationship of the area under these peaks
suggests the presence of two isomeric species. The
limiting spectrum in acetone-d, at —50°C was also
obtained. The relative ratio of their peak areas was
2.1:1 again confirming the presence of two isomers.
The equilibrium constants for low-field high-field iso-
mers were obtained from the peak areas in the limiting
spectrum, and the thermodynamic parameters were

calculated from a least-squares fit of In K plotted
against 1/7; in CD,Cl, AH= —-136+0.06 Kcal
mol™!, AS=-73+02 e.u, and K=0.55 (-50°C);
in CD,COCD, AH = —1.23 + 0.07 Kcal mol ™, AS =
—70+03 e.u., and K=0.47 (—50°C). These values
indicate that the low-field isomer has higher polarity,
though we have no basis for this on the structures at
present. . . .

From the 'H NMR measurements, two structural
isomers of [Ru,(CO),,H;]™ are assumed to be in solu-
tion, rapidly interchanging at room temperature {12],
and the X-ray analyses of the corresponding complexes
revealed the structures to be different only in the
position of the hydrido ligands [13]. The presence of
the two isomers of [Re,(CO),,HJ*~ could also be de-
duced by '"H NMR measurements, and two structural
isomers were determined crystallographically, and
shown to be different only in the position of the
hydrido ligand [14].

The parameters obtained are comparable with those
for the equilibrium for the two isomers of [Ru,(CO,,)-
H,]~ [12] and [Re,C(CO),,HF*~ [14].

The observed spectra indicate coalescence of the
two peaks to one line; this can be achieved by rapid
interchange of the isomers. The thermodynamic pa-
rameters for these merging resonances have been cal-
culated. First, the values for the rate constant were
calculated, based on the differences of chemical shift
of the two peaks, then the activation energy for the
coalescence could be calculated from the least-squares
fit of In(k /T) against 1/T; in CD,Cl, AH=112+14
Kcal mol™! and AS = -3.3 + 0.4 e.u.. Similar values
were reported for the isomers of [Ru,(CO),,H,]™ [12]
and [Re,C(CO),,H,]™ [15].

2.5. Reaction of [PPN][RusC(CO),sH] (6) with carbon
monoxide

In order to confirm the unsaturation 6 was allowed
to react under atmospheric pressure of carbon monox-
ide at room temperature for 30 min. Work-up of the
solution afforded deep-red crystals. The IR spectrum
of the product exhibited a strong band at 2009 cm ™!,
indicating the product to be a mono-anionic hexanu-
clear ruthenium cluster. The 'H NMR spectrum of the
product showed a singlet at 6 — 18.98, attributable to a
hydrido. Based on these data and elemental analysis,
the complex was assumed to be a saturated mono-
anionic carbido hydrido hexanuclear carbonyl cluster
[PPNJRu,C(CO),,HI (5). This compound was shown
to be the mono-anionic cluster that was obtained by
protonation of the corresponding dianionic cluster 1
[5]. It is noteworthy that 5§ does not show catalytic

activity for the hydrogenation of olefins at room tem-
perature.
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2.6. Structure of [PPN][Ru4C(CO) H] (5)

A single-crystal X-ray diffraction study of 5 has been
undertaken. The cation [PPN] has been fully located
but the anion [RusC(CO),(H]™ appears to be disor-
dered. Despite the disorder, the structure of the first
molecule [RusC(CO),(H]™ has been clearly estab-
lished and is shown in Fig. 6. The six ruthenium atoms
of the second molecule are located, but the carbonyl
groups could not be fully located because of their low
electron densities. The selected interatomic bond dis-
tances and angles of 5 are listed in Tables 3 and 4,
respectively.

The metal frameworks of the first and the second
molecules are the same as that shown in Fig. 7. The
two sets of the six ruthenium atoms form octahedrons
containing a common carbide atom C(0) at the center
of the octahedrons. The geometry of the anionic clus-
ter [RugQ(CO),cH]~ can be regarded as a sphere in
the first approximation, and hence the cluster may be
apt to show spherical disorder. Neither conformational
nor orientational relationships can be observed be-
tween the two molecules.

The mean Ru-Ru distances of the first agd the
second molecules are 2.885(9) and 2.883(19) A, and
mean Ru-carbide distances are 2.040(15) and 2.05(7)
A, respectively. These values are almost identical to
those of 4 [5].

As shown in Fig. 6, there are two bridging and two
semi-bridging carbonyl ligands in the first molecule.

022

0O42)

oEY)

Fig. 6. The molecular structure of [RuyC(CO),cH]~ (anion of §),
showing the atom numbering scheme.

TABLE 3. Selected interatomic distances (A) and esd values fo
[PPNI[Ru,C(CO),cH] (5)

First molecule

Ru(1)~Ru(2) 2.911(2) Ru(6)-C(0) 2.078(13)
Ru(1)-Ru(4) 2.883(2) Ru(1)-C(12) 2.042(13)
Ru(1)-Ru(5) 2.885(2) Ru(1)-H(1) 2.19(9)
Ru(1)-Ru(6) 2.881(2) Ru(2)-12) 2.563(14)
Ru(2)-Ru(3) 2.832(2) Ru(2)-C(23) 2.194(13)
Ru(2)-Ru(49) 2.917(2) Ru{Z)-H(1) 1.62(9)
Ru(2)-Ru(6) 2.920(2) Ru(3)-((23) 2.073(11)
Ru(3)-Ru(4) 2.882(2) Ru(4)-C(45) 1.933(15)
Ru(3)-Ru(5) 2.923(1) Ru(4)-H(1) 2.28(10)
Ru(3)-Ru(6) 2.880(2) Ru(5)-C(45) 2.409(21)
Ru(4)-Ru(5) 2.876(2) Ru(5)-C(56) 2.139(17)
Ru(5)-Ru(6) 2.824(2) Ru(6)-C(56) 2.218(11)
Ru(1)-C(0) 2.034(9) 0(12)-((12) 1.059(17)
Ru(2)-C(0) 2.081(9) 0(23)-C(23) 1.15%(14)
Ru(3)-C(0) 2.048(9) 0O(45)-C(45) 1.19720)
Ru(4)-C(0) 1.991(13) 0(56)-C(56) 1.104(16)
Ru(5)-C(0) 2.00%(8)

Second molecule

Ru(01)-Ru(02) 2.791(5) Ru(02)-Ru(06) 2.896(6)
Ru(01)-Ru(04) 2.952(6) Ru(03)-Ru(04) 2.808(6)
Ru(01)-Ru(05) 2.804(8) Ru(03)-Ru(05) 2.924(6)
Ru(01)-Ru(06) 2.852(6) Ru(03)-Ru(06) 2.951(7)
Ru(02)-Ru(03) 2.998(10) Ru(04)-Ru(05) 2.898(6)
Ru(02)-Ru(04)  2.893(6) Ru(05)-Ru(06)  2.834(6)
(0)-Ru(01) 2.093(11) Ru(02)-((62) 2.80(2)
(®-Ru(02) 1.785(12) Ru(02)-C(012) 2.03(D
0)-Ru(03) 2.033(13) Ru(02)-C(02) 1.87(4)
C(0)-Ru(04) 2.018(10) Ru(06)-C(06) 1.93(8)
C(0)-Ru(05) 2.278(11) 0O(13)-C(01) 1.12(5)
C(0)-Ru(06) 2.105(10) C(62)-C(012) 0.95(8)

Ru(01)-C(62) 2.75(2)
Ru(01)-C(01) 1.89(6)
Ru(01)-C(012)  2.01(6)

0(02)-C(02) 1.07(5)
0(06)-C(06) 1.20(9)

The bridging ligands span two mutually-perpendicular
pairs of edges (ie., Ru(1)-Ru(2)-Ru(3) and Ru(4)-
Ru(5)-Ru{6)). The mean Ru-Ru bond lengths of
non-bridged edges range from 2.881(2) to 2.923(1) A,
and those of bridged edges from 2.824(2) to 2.832(2) A.
Thus, bridging seems to induce a significant contrac-
tion of the Ru—Ru bonds, as shown in the case of 6.
Each ruthenjum atom carries two terminal carbonyl
ligands, and the twelve terminal carbonyl groups seem
to be essentially normal with mean dimensions Ru-C
1.87(1), C-0O 1.15(1) A, and Ru—-C-O angles higher
than 172(1° (Ru(1)-C(11)-0O(11)). So far as metal,
carbide, and carbonyl distributions are discussed, the
overall arrangement of the first molecule is isostruc-
tural with that of the cluster dianion [Ru,C(CO),(1*~
of [AsPh,),[Ru,C(CO)] [9] of approximate overall
D, , symmetry.

A hydrido atom detected by '"H NMR at 6 —18.98
was located by the differential-Fourier syntheses as a
terminal ligand with a Ru(2)-H(1) distance 1.62(9) A,
shorter than that of the bridging ligand in 4 or 6. The
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hydrido is 1.08(10) A above the triangle plane of
Ru(1)-Ru(2)-Ru(4), with slight interactions with Ru(1)
(2.1909) A) and Ru(4) (2.28(10) A). In terms of overall
electron counting, the cluster anion of 5 contains 86
valence electrons, as predicted for a octahedron by
PSEP approach [10]. Consequently, 5 is an electroni-
cally-saturated cluster.

We have reported the structure of 4. Temperature
varying 'H NMR measurements did not show the
presence of the isomeric forms of the anion of 4 or § in
solution. The cluster anion of 4 is identical with that of
5 in solution, but different in the crystal. Comparison

TABLE 4. Selected interatomic angles (°) and esd values for
[PPNJRu,C(CO),cH] (5)

First molecule
Ru(2)-Ru(1)-H(1) 33(2)
Ru(4)-Ru(1)-H(1) 51(3)
X0)-Ru(1)-C(11)
C(0)-Ru(1)-C(12)

C(21)-Ru(2)-H(1) 64(4)
C(22)-Ru(2)-0(23)  92.2(7)
1347(7) C(22)-Ru(2)-H(1)  122(3)
104.9(4) C(23)-Ru(2)-H(1)  135(4)

C(0)-Ru(1)-C(13) 129.0(6) C(0)-Ru(3)-C(23) 97.4(4)
C(0)-Ru(1)-H(1) 66(2) C(0)-Ru(3)-C(31) 133.6(5)
C(11)-Ru(1)-C(12) 92.0(6) C(0)-Ru(3)-C(32) 132.6(6)
C(11)-Ru(1)-C(13) 88.3(8) (C(23)-Ru(3)-C(31) 94.7(5)
C(11D-Ru(1)-H(D) 98(3)  C(23)-Ru(3)-C(32) 99.1(5)

C(12)-Ru(1)-C(13) 97.6(7) C(1)-Ru(3)-C(32)  88.7(6)
C(12)-Ru(1)-H(1) 503>  Ru(1)-Ru(4)-H(D) 49(3)
C(13)-Ru(D)-H(1) 146(3)  Ru(2)-Ru(4)-H(1) 34(2)

Ru(1)-Ru(2)-H(1) 48(3)  C(0)-Ru(4)-C(41) 131.1(7)
Ru(4)~-Ru(2)-H(1) 51(3)  C(0)-Ru(4)-C(42) 131.3(5)
C(0)-Ru(2)-C(12) 87.5(4) C(0)-Ru(4)-C(45) 100.3(D

C(0)-Ru(2)-C(21) 122.0(6) C(0)-Ru(4)-H(1) 65(3)

C(0)-Ru(2)-C(22) 146.2(8) C(41)-Ru(4)-C(42) 88.9(7)
C(0)-Ru(2)-C(23) 92.8(4) C(41)-Ru(4)-C(45) 99.2(7)
C(0)-Ru(2)-H(1) 75(3)  C4D-Ru(@)-H(1) 76(3)

C(12)-Ru(2)-C(21) 89.7(6) C(42)-Ru(4)-C(45)
C(12)-Ru(2)-C(22)
C(12)-Ru(2)-C(23)

98.5(7)
88.4(7) C(42)-Ru(9)-H(1)  112(3)
178.3(6) C(45)-Ru(4)-H(1) 148(2)

C(12)-Ru(2)-H(D 44(4)  C(0M-Ru(5)-C(45) 85.4(5)
C(21)-Ru(2)-C(22) 91.6(9) C(0)-Ru(5)-C(51) 122.0(6)
C(21)-Ru(2)-C(23) 88.8(6) C(0)-Ru(5)-C(52) 125.1(7)
C(0)-Ru(5)-C(56) 98.0(5) Ru(1)-C(12)-O(12) 156.3(12)
C(45)-Ru(5)-C(51) 87.6(7 Ru(2)-C(12)-0(12) 126.2(10)
C(45)-Ru(5)-C(52) 84.5(9) Ru(2)-C(23)-Ru(3)  83.14)
C(45)-Ru(5)-C(56) 176.5(5) Ru(2)-C(23)-0(23) 134.410)
C(51)-Ru(5)-C(52) 111.3(8) Ru(3)-C(23)-0(23) 142.5(10)

C(51)-Ru(5)-C(56) 90.1(7) Ru(4)-C@45)-Ru(5)  82.2(7)

C(52)-Ru(5)-C(56) 93.8(9) Ru(4)-C@45)-0(45) 154.2(17)
C(0)-Ru(6)-C(56) 93.6(5) Ru(5)-C(45)-0(45) 123.3(13)
C(0)-Ru(6)-C(61) 135.7(6) Ru(5)-C(56)-Ru(6)  80.8(5)

C(0)-Ru(6)-C(62) 139.2(5) Ru(5)-C(56)-0(56)  140.2(11)
C(56)-Ru(6)-C(61) 94.3(5) Ru(6)-C(56)-O(56) 138.4(12)

C(56)-Ru(6)-C(62) 94.4(5) Ru(1)-H(1)-Ru(2) 98(5)
C(61)-Ru(6)-C(62) 83.4(6) Ru(1)-H(1)-Ru(4) 80(3)
Ru(1)-C(12)-Ru(2) 77.5(4) Ru(2)-H(1)-Ru(4) 95(4)

Second molecule

Ru(01)-C(01)-0(13) 154(4)
Ru(01)-C(012)-C(62)  133(4)
Ru(01)-C(012)-Ru(01)  87(3)

Ru(02)-C(012)-C(62) 136(4)
Ru(02)-C{02)-0(02) 163(4)
Ru(06)-C(06)-O(06) 160(6)

Fig. 7. The two components of the disordered cluster {RuC(CO),6-
H]~ (anion of 5), viewed from the same direction as in Fig. 6.
Carbonyl and hydrido ligands are omitted for clarity.

of these cluster anions shows that the major differ-
ences are the overall arrangement of the carbonyl and
hydrido ligands, because the anion of 4 has three
bridging carbonyl and a bridging hydrido ligands.

Similar conformational isomers are reported for the
dianions of [Et,NL[Ru,C(CO),,] [16] and [AsPh,],-
[RugC(CO)4). Though distinct isomers of the cluster
anion [RugC(CO),(J*~ have not been confirmed in
solution, two structural isomers of different carbonyl
distribution have been obtained in the solid state bear-
ing different counter cations. Structures of [Ru,C-
(CO),cH]~ therefore are another example of the two
isomeric forms of a high-nuclearity metal carbonyl clus-
ter anion, different only in their ligand distribution, to
be characterized by X-ray analyses.

3. Experimental details

3.1. General

Clusters [PPNL[Ru,C(CO),c] (1) [3], [PPN]JRuC-
(CO)IG(CH3)] ) [4], and [PPN][RUGC(CO)ls(C:;Hs)]
(3) [4] were prepared according the literature. Ruthe-
nium metal catalyst (0.5% ruthenium on activated car-
bon) was purchased from Nippon Engelhard Indus-
tries. All the chemicals used for hydrogenations —
methyl butenes (3mlb, 2m2b, and 2mlb), cyclohex-
anone, benzene, isoprene, nitrobenzene, and THF -
were distilled prior to use. Other chemicals were used
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as received, unless otherwise stated. All reactions and
manipulations were carried out under argon. IR and
NMR spectra were recorded on a Jasco A-202 spec-
trophotometer and a Jeol GSX-500 spectrometer, re-
spectively.

3.2. Hydrogenation

Typically, a 50-ml stainless steel pressure bottle,
containing a teflon-coated stirring bar and [PPN][Ru -
C(CO),4(CH;)] (2) (2.50 mg, 1.54 X 10~3 mmol), was
charged with THF (15 ml) against a stream of argon,
then pressurized to 100 atm with dihydrogen and im-
mersed in a water bath at 80°C. The mixture was
stirred magnetically. After 2 h the vessel was trans-
ferred into an iced water bath for 30 s and then into a
dry ice-methanol bath for 3 min, with stirring. After
the gas was released, 3-methyl-1-butene (3m1b) (0.559
ml, 5.00 mmol) was introduced against a stream of
argon, and the vessel pressurized again with dihydro-
gen to 100 atm. Hydrogenation started immediately
after immersion of the vessel in the water bath at 60°C.
After every 30 min the reaction vessel was cooled in
the same manner as described above, and a sample of
the solution was taken by a syringe. The reaction was
then restarted by admitting dihydrogen. The hydro-
genation samples were analyzed by GLC on a column
of 25wt% sebaconitrile on Uniport C (olefins), 10wt%
benton 34 on Neopak 1A (cyclohexanone), and Swt%
bis(2,3-dihydroxypropyl) ether on Chromosorb (nitro
benzene). v .

The conversion was proportional to the reaction
time without an induction period, and reached ca 6%
after 3 h. The reaction rate was proportional to the
amount of 2 and independent of the concentration of
the substrate. Thus, the data could be analyzed, and
was based on the zero-order of the reaction with re-
spect to the substrate. Isomerization was neglected for
the determination of the hydrogenation rate, because
the concentration of the substrate remained almost
constant while the conversion remained low.

When Ru-charcoal was used as the catalyst, catalyst
pre-treatment and hydrogenation reactions were con-
ducted in the same manner described above. No induc-
tion periods were observed.

The turn-over frequencies of 3mlb hydrogenation
by 2 and Ru-charcoal were 0.087 /s and 2.68 /s, respec-
tively, assuming that all the metal atoms of Ru-char-
coal were active sites.

3.3. Reaction of [PPN][RusC(CO),,(CH;)] (2) and
[PPN][RusC(CO),5(C;H,)] (3) with dihydrogen
Cluster 3 (10.00 mg, 6.17 X 10~* mmol) and
methanol (2 ml) were placed in a Pyrex glass ampoule
(ca. 100 ml) with fine drawn neck. The ampoule was

then charged with 1 atm of dihydrogen and sealed
quickly with a frame. Immediate cooling of the hot spot
by blowing a quick stream of air is essential, because
the vapor of methanol will otherwise decompose on the
hot glass wall in the presence of dihydrogen to yield
methane in significant amounts. The ampoule was set
in a stainless steel pressure vessel and the vessel was
then placed in an oven at 130°C. After 1 h the ampoule
was opened in degassed water. The total amount of the
gas, collected above the water, was measured, and the
composition of the gas analyzed by GLC on a column
of alumina and 25 wt% sebaconitrile on Uniport C. In
the gas phase, propylene and propane were produced
in 94% yield, based on 3, and no other hydrocarbons
were detected. The blank test showed formation of
methane of not more than 0.5% equivalent of 3 and of
no other hydrocarbons.

The reaction of 2 was carried out similarly. Analyses
of the reaction products showed the formation of
methane, but of no other hydrocarbons.

3.4. Preparation of [PPN][Ru,C(CO),;H] (6)

Cluster 2 (105 mg, 0.065 mmol) and methanel (20
ml) were added to a 100 ml autoclave, equipped with
an inner glass tube and a teflon-coated stirring bar.
The autoclave was pressurized to 100 atm with dihy-
drogen and heated to 100°C with stirring, and kept at
100°C for 1 h. After cooling to room temperature, the
solution was filtered and concentrated to ca. 2 ml at
50°C. Then the solution was allowed to stand overnight
at room temperature. Red crystals had formed, and
were collected, washed with an ethanol-hexane (1:1)
mixture and dried in vacuo (80 mg, 0.051 mmol, 78%
yield). IR (CH,Cl,): »(C=0) 2070w, 2009s, 1952w, and
1814m cm~!. "H NMR (acetone-d,): 6 7.4-7.9 (30H,
m, phenyl), —20.03 (1H, s, hydrido); (CD,Cl,): & 7.4-
7.9 (30H, m, phenyl), —20.01 (1H, s, hydrido). Anal.
Found: C, 39.28, H, 1.98; N, 0.93. C;,H;;NO,P,Ru,
calcd.: C, 39.58; H, 1.98; N, 0.89%.

The analogous reaction of 3 (90 mg, 0.056 mmol)
with dihydrogen at 130°C also gave 6 (62 mg, 0.039
mmol, 71% yield).

3.5. Preparation of [PPN][Ru,C(CO), H] (5)

A solution of 6 (50 mg, 0.032 mmol) in CH,Cl, (10
ml) was placed in a 100-ml reaction vessel and then
carbon monoxide was introduced (1 atm). After stirring
for 30 min at room temperature the solution was
filtered and concentrated (1 ml). Methanol (1 ml) was
added and the mixture was then kept at 0°C for 1 h.
Red crystals were collected, washed with ethanol-
hexane and dried in vacuo (38 mg, 0.024 mmol, 75%
yield). IR (CH,CL,): »(C=0) 2065w, 2009vs, 1959w,
1864w(br), 1815m(br) cm~'. '"H NMR (acetone-d,): &
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7.5-7.8 30H, m, phenyl), —18.98 (1H, s, hydrido). The
spectrum did not change, not even if the temperature
was lowered as far as —70°C. Anal. Found: C, 39.40;
H, 2.00; N, 0.85. C;;H;;NO,(P,Ru, caled.: C, 39.63;
H, 1.95; N, 0.87%.

Cluster § could also be obtained by the protonation
of [PPN],[Ru,C(CO),4] (1), as described in the preced-
ing paper [5].

3.6. Structure determination

3.6.1. Data collection

Red single crystals of 6 suitable for X-ray measure-
ments were obtained by recrystallization from hot
methanol. The crystal was fixed with the mother liquor
in a glass capillary filled with argon. Deep-red single
crystals of § were obtained by diffusion of dry hexane
into a dry CH,Cl, solution in a tube (8 mm id.) at
room temperature for a few days. The crystal was fixed
with Apiezon grease L in a glass capillary filled with
argon.

Unit cell dimensions were derived from the least-
squares fit of the angular settings of 20 reflections with
20° < 20 < 25°. Intensity data were collected at 21°C by
use of Rigaku AFC-4 (for 6) and Enraf-Nonius CAD4

TABLE 5. Crystallographic data

(for 4) fourcircle automated diffractometers with
graphite-monochromatized Mo-Ka radiation. Crystal
data and experimental details are listed in Table 5.

3.6.2. Structure analysis and refinement for 6

The survey of the data set revealed no systematic
extinctions and no symmetry other than the Friedel
condition (1). Thus, the crystal belongs to the triclinic
class with space group P1 or P1. The latter centrosym-
metric possibility was strongly indicated by the cell
volume (consistent with Z = 2) and was confirmed by
the successful refinement of the structure for this
higher-symmetry space group. Data were not corrected
for absorption because deviations of F, for axial reflec-
tions at y =90 were within +5%. Throughout the
analysis, the analytical form of the scattering factor
[17a] for the appropriate neutral atom used in calculat-
ing F, was corrected for both real (Af’) and imaginary
(Af”) components of anomalous dispersions [17b]. The
structure was solved by direct methods by use of the
program MULTAN [18], which located six ruthenium
atoms of the asymmetric unit. The remaining non-hy-
drogen atoms and 29 hydrogen atoms were located
from subsequent difference Fourier syntheses. The re-
maining two phenyl hydrogens were not located. They

[PPNIRu,(CO),xH] (5) [PPN][Ru,C(CO),sH] (6)

Formula Cs3H3 NO P Rug Cs;H4 NO,sP,Rug
Formula weight 1606.19 1578.18

Crystal system Triclinic Triclinic

Space group (No.) P12 P1(2)

a, A 14.401(2) 18.703(4)

b, A 17.522(3) 15.924(4)

¢ A 12.535(2) 9.518(2)

a,”’ 109.269(14) 102.60(2)

B,° 97.055(13) 91.58(2)

v,° 72.634(12) 94.01(2)

Cell volume, A3 2849 2757

z 2 2

D yieqr gcm ™3 1.873 1.904
Temperature, °C 21 21
* Size (mm) 0.18 % 0.29 x 0.63 0.17 X 0.46 X 0.50
AMo-Ka), A 0.71073 0.71073

20 limit, ° 55 55

Unique obsd. reflections 7928 (F = 30) 8513(F 2 30)
No. of parameters 786 802

Linear abs. coeff. p, cm™ 16.42 16.96

F(000), e 1556 1528

Correction made ¢ scan no

Transmission coeff. 0.9174-0.9997

R 0.0666 0.0506

R, (w) 0.0635 (w=1) 0.0468 (w=1/0)
Goodness of fit indicator 2.76 287

8P mapr € A3 1.60 1.26
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TﬁBLE 6. Atomic coordinates and equivalent temperature factors
(A2?) for [PPNJRu,C(CO),sH] (6) with esd values in parentheses

Atom x y z Beq 2
Ru(1) 0.20752(3) 0.16063(4) 0.49504(6) 35
Ru(2) 0.1708%3) 0.31148(4) 0.70653(6) 34
Ru(3) 0.28733(3) 0.41248(4) 0.62017(7) 38
Ru(4) 0.18459(3) 0.31752(4) 0.40017(6) 35
Ru(5) 0.32691(3) 0.26117(4) 0.40481(7) 39
Ru(6) 0.31579(3) 0.25342(4) 0.70201(6) 35
P(D) 0.17045(9) -0.18236(12) 1.05543(20) 34
P(2) 0.33158(9) —0.20514(12) 1.05235(20) 34
o1 0.23408(42) —~0.00942(43) 0.56999(94) 8.7
0(12) 0.08711(34) 0.06067(40) 0.29706(74) 6.7
O(21) 0.02873(29) 0.36645(40) 0.61317(72) 6.3
0(22) 0.10364(39) 0.31283(62) 0.99197(75) 9.2
023) 0.19933(32) 0.50109(39) 0.86084(69) 6.5
o031 0.27122(39) 0.57242(43) 0.50614(88) 8.1
0(32) 0.41683(32) 0.50874(40) 0.79444(80) 71
041) 0.13300(40) 0.48333(43) 0.33763(88) 8.3
0(42) 0.05209(33) 0.22588(43) 0.22578(76) 7.0
0(45) 0.26119(33) 0.30460(52) 0.12262(64) 7.2
0o(51) 0.40357(42) 0.16309(59) 0.15146(74) 9.6
0(52) 0.43532(33) 0.40990(45) 0.39944(84) 13
0O(56) 0.45842(26) 0.20453(40) 0.56807(60) 54
0(61) 0.40623(35) 0.35411(44) 0.96327(67) 6.9
0(62) 0.33107(36) 0.09214(46) 0.81737(82) 7.6
N 0.25222(30) —0.18801(45) 1.08683(71) 4.8
() 0.24766(36) 0.28631(46) 0.55349(71) 31
c(1) 0.22305(44) 0.05630(54) 0.54494(103) 54
c(12) 0.13359%(41) 0.10024(50) 0.36852(87) 4.6
1) 0.08450(44) 0.34621(54) 0.63785(95) 5.2
Q22) 0.12874(42) 0.31130(63) 0.88392(91) 55
(23) 0.21386(37) 0.44136(51) 0.77389%(84) 44
Q(31) 0.2762(X45) 0.51178(56) 0.54688(102) 5.5
C(32) 0.36722(41) 0.47148(47) 0.73103(92) 4.7
c@41) 0.15410(46) 0.42231(58) 0.36142(97) 5.6
Cc42) 0.10208(41) 0.25833(51) 0.29159(88) 4.6
C345) 0.25138(43) 0.30181(59) 0.23964(89) 51
C(51) 0.37571(47) 0.19667(65) 0.24671(88) 58
C(52) 0.39019(43) 0.35862(59) 0.40987(101) 54
(56) 0.40052(38) 0.22670(47) 0.57783(79) 4.1
C(61) 0.37384(41) 0.31953(55) 0.86317(85) 48
(62) 0.32354(40) 0.15094(59) 0.77185(91) 50
C(A1)  0.15453(34) —0.08674(44) 0.99136(70) 34
C(A2)  0.20068(39) —0.01305(49) 1.04133(85) 43
C(A3)  0.18852(50) 0.06366(53) 0.99952(100) 56
C(A4)  0.13078(58) 0.06508(59) 0.90849(110) 6.6
C(A5)  0.08480(57) —0.00493(62) 0.86172(119) 71
C(A6)  0.09578(45) —0.08151(56) 0.90345(97) 5.5
C(B1D 0.12768(37) —0.27385(45) 0.92645(85) 4.1
aB2) 0.14819(51) —0.28863(60) 0.78549(92) 5.9
(B3) 0.11401(59) —0.35720(65) 0.68263(103) 72
aB4) 0.06231(56) —0.40891(60) 0.72191(130) 79
C(B5) 0.04261(53) —0.39761(61) 0.86018(138) 7.7
C(B6) 0.07515(44) —0.32795(54) 0.96625(106) 57
C(C1) 0.12655(37) —0.17463(48) 1.22196(80) 4.0
C(C2) 0.05694(47) —0.14599%(62) 1.23433(101) 59
C(C3) 0.02347(59) —0.13850(69) 1.36284(121) 7.6
C(C4) 0.05728(67) —0.15861(86) 1.47532(121) 9.0
C(C5)  0.12499%(72) —0.18780(100)  1.46632(123) 10.0
C(C6) 0.16082(55) —0.19650(81) 1.33655(103) 75
C(D1)  0.38970(35) —0.1163%(44) 1.15366(74) 3.6
C(D2)  0.45646(40) —0.09432(53) 1.10650(89) 4.7
(D3)  0.49973(43) —0.02654(60) 1.19001(109) 59

TABLE 6 (continued)

Atom x y z B, *?

eq
C(D4) 0.47679(49) 0.01934(56) 1.31988(101) 5.7
C(Ds5) 0.41049(49) —0.00417(58) 1.36745(94) 5.6
C(D6) 0.36732(40) —0.07088(50) 1.28431(84) 44
C(E1) 0.35188(35) —0.21449(45) 0.86602(75) 3.6
A(E2) 0.39132(46) —0.28050(51) 0.79251(87) 49
C(E3) 0.40565(50) —0.28494(60) 0.6518%(96) 58
C(E4) 0.38024(46) —0.22734(62) 0.57767(85) 55
(ES) 0.34157(46) —0.16016(61) 0.65039(96) 5.6
C(E6) 0.32721(43) —0.15538(55) 0.79429%(89) 49
C(F1) 0.35397(38) —0.30042(47) 1.10792(75) 38
C(F2) 0.42027(43) —0.30840(58) 1.17054(102) 5.5
C(F3) 0.43614(56) —0.38347(68) 1.21004(115) 70
C(F4) 0.38494(62) —0.45098(63) 1.19191(107) 7.0
C(F5) 0.31753(64) —0.44422(65) 1.13107(124) 7.7
C(F¢) 0.30287(50) —0.36974(57) 1.08916(106) 6.0

H(1) 0.1446(42) 0.1835(51)  0.6342(85) 6.6(21)
H(A2) 0.2398(34)  —0.0207(41)  1.0982(69) 3.9(15)
H(A3) 0.2254(46) 0.1158(55)  1.0381(92) 7.424)
H(A4) 0.1203(45) 0.1224(54)  0.8828(89) 7.3(22)
H(AS) 0.0416(62)  —0.0085(74)  0.7932(125)  12.5(37)
H(A6) 0.0665(44)  —0.1310(53)  0.848%(%0) 7.0(22)
H(B2) 0.1788(42)  —0.2447(51)  0.7491(86) 6.5(21)
H(B3) 0.1319(48)  —0.366%58)  0.577%96) 8.2(25)
H(B4) 0.038%(60)  —04563(71)  0.6547(121)  11.9(35)
H(BS5) 0.0155(50)  —0.4452(60)  0.8982(100) 8.8(26)
H(B6) 0.0615(50)  —0.3178(60)  1.0775(100) 8.7(26)
H(C2) 0.0324(67)  —0.1375(80)  1.1258(136)  13.%(40)
H(C3) -0.0365(70) —0.1173(83) 1.3706(141)  14.6(43)
H(C4) 0.0310(60)  —0.1627(72)  1.5684(121)  12.0(35)
H(C5) 0.1465(74)  —0.2092(89)  1.541%(148)  15.5(46)
H(D2) 0.473%(42)  —0.1193(51)  1.0095(86) 6.5(21)
H(D3) 0.5428(40)  —0.013947)  1.1532(79) 5.6(19)
H(D4) 0.5056(40) 0.0654(49)  1.3808(82) 5.8(19)
H(D5) 0.3973(60) 0.034%(72)  1.4744(120) 11.8(34)
H(D6) 0.3231(32)  —0.0848(39)  1.3235(65) 3.4(14)
H(E2) 0.4030(36) —0.3267(43)  0.8486(72) 4.4(16)
H(E3) 0.4258(52)  —0.3322(63)  0.5902(104) 9.4(28)
H(E4) 0.3951(50)  —0.2344(59)  0.4734(100) 8.7(26)
H(E5) 0.3322(45)  —0.1130(54)  0.6045(90) 7.4(22)
H(E®6) 0.3059(52)  —0.1063(62)  0.8436(105) 9.3(28)
H(F2) 0.4541(35)  —0.2681(42)  1.1777(70) 4.1(15)
H(F4) 0.3925(57)  —0.5105(68)  1.231(114)  10.7(32)
H(F5) 0.2802(43)  —0.4891(52)  1.1278(86) 6.5(21)
H(F6) 0262%(70)  —03650(83)  1.0443(141)  14.4(43)

? Beq=§(ZiZjB,~ja,»bj) for non-hydrogen atoms. Hydrogen atoms
were refined isotropically.

were refined by the block-diagonal least-squares
method [19], with anisotropic thermal parameters for
non-hydrogen atoms and isotropic thermal parameter
for hydrogen atoms. The final R(F) and R (F) values
are 5.06% and 4.68% with the weighting scheme w =
1/0. The final difference Fourier synthesis showedo no
unexpected features, with the highest peak 1.0 ¢ A~
within the covalent radius of the ruthenium atom.
Final positional and thermal parameters are listed in
Table 6.
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TOABLE 7. Atomic coordinates and equivalent temperature factors
(A?) for [PPNIRuC(CO),¢H] (5) with esd values in parentheses

TABLE 7 (continued)

Atom x y z B, *®
First molecule

Ru(1) 0.6253%8) 0.21394(8) 0.40720(8) 57
Ru(2) 0.53871(8) 0.33779(8) 0.61444(11) 6.1
Ru(®) 0.70014(7) 0.27274(7) | 0.74315(8) 4.6
Ru(4) 0.59853(8) 0.1587%(7) 0.59114(8) 53
Ru(5) 0.79125(8) 0.14840(7) 0.53720(10) 5.6
Ru(6) 0.73576(8) 0.32116(7) 0.55693(9) 5.1
P(1) 0.04663(17) 0.32398(15) 0.18482(19) 4.0
P(2) 0.21721(17) 0.24663(15) 0.03787(19) 4.1
o(11) 0.56904(95) 0.07042(87) 0.23904(107) 119
0(12) 0.42922(74) 0.32883(79) 0.36507(84) 9.5
0(13) 0.71892(74) 0.23541(72) 0.21652(79) 10.8
0oQ21) 0.35034(69) 0.31512(72) 0.66498(101) 9.2
0(22) 0.43498(122) 0.52053(89) 0.64000(129) 14.5
0(23) 0.53570(73) 0.41815(58) 0.87645(78) 73
o3 0.70731(67) 0.20017(61) 0.92650(79) 6.9
0(32) 0.85006(76) 0.35439%(72) 0.88099%(85) 8.6
041) 0.4499%(107) 0.07949(98) 0.44792(110) 14.0
042) 0.51293(72) 1.14649(70) 0.79076(80) 7.8
0(45) 0.74616(88) —0.0113%64) 0.57187(97) 9.4
0o(51) 0.83726(77) 0.02255(63) 0.29873(86) 8.6
0(52) 0.93571(96) 0.08870(90) 0.7121(120) 124
0(56) 0.94831(57) 0.21592(54) 0.48467(67) 5.6
0o(61) 0.83707(84) 0.44515(67) 0.71396(92) 8.9
0(62) 0.74020(95) 0.40543(80) 0.38315(101) 10.6
N 0.12930(54) 0.31602(45) 0.10724(63) 4.6
(o(1)] 0.66478(68) 0.23868(64) 0.57395(78) 4.8
Cc(11) 0.58499%(109) 0.12998(102)  0.30271(123) 7.8
Cc(12) 0.49347(95) 0.29893(101)  0.40286(117) 6.8
c(13) 0.68110(106) 0.2274%(106)  0.2933%(115) 7.3
C(@21) 0.42245(101) 0.32250(95) 0.64356(129) 6.9
C(22) 0.47835(156) 0.45037(105)  0.62562(161) 10.8
CQ23) 0.57455(93) 0.36911(78) 0.79622(106) 5.5
Cc@3n 0.70146(81) 0.22513(78) 0.85956(111) 5.2
C(32) 0.79257(103) 0.32637(94) 0.82857(109) 6.5
C(41) 0.50789%(131) 0.11262(118)  0.50273(131) 9.2
C(42) 0.54415091) 0.15436(83) 0.7200%102) 54
C(45) 0.70675(127) 0.05876(102)  0.56988(130) 8.2
Cc(51) 0.81758(129) 0.06826(96) 0.38524(137) 83
C(52) 0.87998(142) 0.11440(133)  0.64147(208) 12.7
C(56) 0.87358(90) 0.22137(82) 0.5045%(101) 5.3
c(61) 0.79713(100) 0.39876(81) 0.65515(115) 6.2
C(62) 0.74296(98) 0.37671(84) 0.45136(113) 9.1
C(AD 0.07984(68) 0.36094(55) 0.33209(75) 44
c(A2) 0.01743(73) 0.37442(62) 0.41574(83) 53
aA3) 0.04518(90) 0.40049%(71) 0.52884(90) 6.7
q(Ad) 0.13390(85) 0.41415(74) 0.55685(88) 6.8
C(A5) 0.19610(83) 0.40436(74) 0.47624(96) 6.9
C(A6) 0.16845(74) 0.37668(63) 0.36296(81) 53
C(B1) 0.01253(64) 0.22942(54) 0.16332(73) 4.2
C(B2) 0.04138(76) 0.18276(60) 0.23817(81) 53
C(B3) 0.01603(90) 0.10838(70) 0.21657(99) 6.7
C(B4) —0.03768(85) 0.08258(68) 0.12118(102) 6.8
C(BS) —0.06527(90) 0.12488(74) 0.04670(102) 7.1
C(B6) —0.04007(75) 0.19791(64) 0.06464(87) 5.5
C(C1) -—0.06116(69) 0.40125(57) 0.15764(71) 4.6
C(C2) —0.04803(84) 0.46722(65) 0.12925(89) 6.1
C(C3) —0.13173(96) 0.52926(72) 0.11144(99) 7.2
C(C4) -—-0.021974(89) 0.52306(75) 0.12277(98) 7.5
C(Cs) —0.23350(84) 0.45870(78) 0.15167(104) 7.4

Atom x y z B, *®
(C6) —0.15380(77)  0.39928(69) 0.17032(91) 6.0
D) 0.25074(63)  0.14740(59) 0.0669%77) 45
aD2) 0.23226(79)  0.07698(69) —0.01097(95) 6.2
Cc(D3) 0.25782(102) 0.00271(78) 0.01762(122) 8.8
a(D4) 0.29417(112)  0.00220(87) 0.12012(137) 9.7
aDs) 0.31240(101)  0.07186(87) 0.19884(117) 8.7
C(D6) 0.28974(83) 0.14621(72) 0.17225(98) 6.5
C(E1) 0.32252(69)  0.28566(64) 0.06803(74) 4.9
C(E2) 0.41438(79)  0.23123(78) 0.05253(88) 6.7
C(E3) 0.49928(98)  0.25699(98) 0.06717(114) 9.2
C(E4) 0.48196(98)  0.33925(102) 0.09561(110) 9.4
C(ES) 0.39456(114)  0.40124(88) 0.11496(115) 9.3
C(E6) 0.31014(85)  0.37007(77) 0.09944(94) 6.8
C(F1) 0.18947(69)  0.22778(63) —-0.11142(73) 49
a(F2) 0.26397(91)  0.18244(94) —0.18845(95) 8.2
Q(F3) 0.24011(98)  0.17509(98) —0.3025%(102) 9.2
C(F4) 0.15053(104) 0.20126(95) —0.33744(99) 89
C(F5) 0.07855(98)  0.24403(89) —0.26619%(108) 8.8
C(F6) 0.09844(84) 0.25811(74) —0.14853(88) 6.5

H() 0.5030(66)  0.261%57) 0.5214(76)  3.82D°
Second molecule

Ru(01)  0.75630(28)  0.21500(27) 0.44247(34) 4.7
Ru(02) 0.64770(33)  0.34936(27) 0.61117(43) 5.8
Ru(03)  0.57967(33)  0.22869%(40) 0.68382(42) 7.0
Ru(04) 0.77941(28) 0.21121(25) 0.67808(34) 44
Ru(05)  0.69406(33)  0.09653(25) 0.4993236) 5.0
Ru(06)  0.55337(30)  0.23309(31) 0.44848(36) 5.2
0(02) 0.5109(21) 0.5083(18) 0.6056(24) 43(6)°
0(06) 0.3662(31) 0.1991(27) 0.4941(36) 8.3(10)®
(01) 0.7546(36) 0.2171(31) 0.2922(41) 5.1(10)®
(012) 0.7351(41) 0.3402(36) 0.4895(48) 6.5(12) ®
Cc(02) 0.5492(30) 0.4457(26) 0.6041(35) 4.1(8)°
C(06) 0.4438(48) 0.2125(42) 0.496%(56) 8.7(15) ®

* B, =3(L,L;B;;a;b;) for non-hydrogen atoms.

® Refined isotropically.

3.6.3. Structure analysis and refinement for 5

Analogous to the manner described above, six
ruthenium atoms, [PPN] cation, carbide atom, and
sixteen carbonyl ligands associated with the cluster
anion were located. At this stage a difference-Fourier
map revealed six high peaks more than 1.0 A apart
from the ruthenium atoms. The six peaks'age 28-41A
apart from each other and about 2.0 A from the
carbide atom C(0) and constitute an octahedron. Hence
the peaks were assigned as ruthenium atoms of a
disordered molecule of the cluster anion [Ru C(CO),¢-
H]. The [PPN] component was not disordered.

Subsequent difference-Fourier syntheses located a
hydrogen atom of the first cluster molecule but only
four carbonyl ligands of the second molecule because
of their low electron densities. Two of the oxygen
atoms of the carbonyl ligands of the second molecule,
the oxygen connected to C(01) and C(012), were too
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close to the atoms of the first molecule, O(13) and
C(62) respectively, to be refined independently, so they
were treated as in the same positions.

At this stage the structure of the anion [Ru C-
(CO),H]™ revealed two fully located isomeric forms,
the first molecule of the cluster anion with four bridg-
ing carbonyl and a terminal hydrido ligands and the
anion of 4 with three bridging carbonyl and a bridging
hydrido ligands [5]. However, the structure of the sec-
ond molecule of 5 could not be associated with the
previous two. Thus, the carbonyl ligands of the second
cluster could not be fully located.

All the non-hydrogen atoms were refined with
anisotropic thermal parameters, and the hydrido atom
H(1) was refined with an isotropic thermal parameter.
The major to minor component of the cluster anion
80.4% :19.6% was estimated from the Fourier synthe-
ses. The site of the carbide atom C(0) was of full
occupancy, since that atom was common for the first
and the second molecules. As refinement proceeded,
30 hydrogen atoms attached to the phenyl rings of the
cation [PPN] were added in their idealized positions
for the structure factor calculations, but their positions
were not refined. The final model converged with
R(F) 6.66% and R(F), 6.35% with the weighting
scheme w = 1. The location of the carbonyl groups of
the second cluster was not sufficient but the principal
features of the compound are nevertheless established.
Final positional and thermal parameters are listed in
Table 7.
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