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Synthesis, Structures, and Dynamic Behaviour of Group 1B Metal-Ruthenium
Cluster Compounds containing Sulphur Ligands. X-Ray Crystal Structures of
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Treatment of a tetrahydrofuran solution of the salt K,[Ru,(n,-S)(CO),] with the complex [MX(PPh,)]

(M =CuorAu, X=CIL M= Ag, X

= 1), in the presence of TIPF, affords a mixture of cluster

compounds, [MRu,(u-H) (p,-S) (CO),(PPh,)] [for M = Cu (2), Ag (3). or Au (4)], [MRu,(u-H)-
(13-S)(CO)4(PPh,),] [for M = Cu (5) or Ag (6)], and [M,Ru,(p,-S)(CO),(PPh,),] [for M = Cu
(8). Ag (9). or Au (10)]. In addition, the pentanuclear clusters [M,Ru,(u,-S)(p-Ph,PCH,PPh,)-
(CO),] [M = Cu (12) or Au (13)] can be synthesized from the reaction between K,[Ru,(p,-S)-
(CO),] and [M,(u-Ph,PCH,PPh,)Cl,], using TIPF,. Infrared and n.m.r. spectroscopic data imply
that the tetranuclear copper- or silver-containing species (2), (3), (5), and (6) all adopt the same
‘butterfly’ MRu, metal-core geometry as that previously established for the Au cluster (4) and that
the pentanuclear Cu and Ag species (8) and (9) exhibit the same trigonal-bipyramidal M,Ru,
framework as that determined for the Au cluster (10). However, X-ray diffraction studies on the
bidentate phosphine-containing pentanuclear Cu,Ru, species (12) and its Au,Ru, analogue (13)
reveal two different metal-core structures. The Cu cluster (12) has a trigonal-bipyramidal metal
skeleton [Cu-Cu 2.515(3), Cu—-Ru 2.552(2)—2.794(2), Ru-Ru 2.814(2)—2.856(2) A], with one
of the two phosphine-bridged Cu atoms occupying an equatorial site and the other an axial site.
The S atom caps the Ru, face of the trigonal-bipyramidal unit. In the Au species (13), the metal
framework structure is intermediate between a trigonal bipyramid and a square-based pyramid
[Au-Au 2.802(1), Au-Ru 2.742(1)—2.836(1), Ru—Ru 2.773(2)—2.968(2) A]. Variable-temperature
n.m.r. studies show that, at ambient temperature in solution, the coinage metals in each of the
pentanuclear clusters (8)—(10), (12), and (13) are exchanging between the two distinct sites in
the cluster skeleton, the PPh, groups in the copper-ruthenium species (2) and the silver—ruthenium
species (3), (6), and (9) are undergoing intermolecular exchange between clusters, and the CO
ligands in all of the clusters exhibit dynamic behaviour involving intramolecular site-exchange.

The first paper in this series? describes our interest in experi-
mentally comparing the structures and chemical properties of
heteronuclear clusters containing M(PR;) (M = Cu or Ag,
R = alkyl or aryl) fragments with those of the analogous gold-
containing species. It has been previously reported® that the
reaction between [Ru;(u-H),(13-S)(CO),] and [AuMe(PPh;)]
affords a mixture of cluster compounds, [Ru,(u-H),(u;-S)-
(CO),(PPh;)L], [AuRu;(p-H)(u,;-S)(CO)g(PPh3)L], and
[Au;Ru;(pu;3-S)YCO)g(PPh,),L] (L = COor PPh,). A trigonal-
bipyramidal metal skeleton, with one gold atom occupying an
equatorial site and the other an axial site, was established for
[Au,Ru;(p;-SYCO)g(PPh,);] by X-ray diffraction.® From i.r.
and n.m.r. spectroscopic data, it was concluded * that the closely
related species [Au,Ru;(p;-S)(CO)g(PPh,),] also adopts this
core geometry and that the tetranuclear clusters [AuRu;(u-H)-
(H3-S)NCO)x(PPh;)L] both exhibit a ‘butterfly’ metal frame-
work, with the gold atom occupying a ‘wing-tip’ site. These
structural conclusions were subsequently confirmed by X-ray
diffraction studies* on the Au,Ru; species and on [AuRu,-

+ 1,2-p-[ Bis(diphenylphosphino)methane] 3,3,3,4,4.4,5,5,5-nona-
carbonyl-3,4,5-p,-sulphido-cyclo-dicoppertriruthenium(Cu—Cu)-
(5Cu-Ru)(3Ru-Ru) and -digoldtriruthenium(Au—Au)4Au—Ru)(3Ru—
Ru), respectively.

Supplementary data available: see Instructions for Authors, J. Chem.
Soc., Dalton Trans., 1987, Issue 1, pp. xvii—xx.

(p H)(13-S)(CO)y(PPh,)]. Furthermore, variable-temperature

31P-{'H} n.m.r. studies showed ? that, in solution, both of the
pentanuclear clusters [Au,Ru;(i3-S)(CO)4(PPh,),L] undergo
dynamic behaviour involving an exchange of the gold atoms
between the two distinct sites in the cluster skeletons and that
this process still occurs at —90 °C. In view of the novel fluxional
properties of these pentanuclear gold-ruthenium species, we
have extended this work to the synthesis of the analogous
copper and silver clusters. We also report how the structures
and dynamic behaviour of this type of cluster are affected when
the two coinage metals are linked together by the bidentate
phosphine Ph,PCH,PPh,.

Results and Discussion

Treatment of a tetrahydrofuran (thf) solution of [Ru,(u-H),-
(13-S)(CO),] with an excess of KH or an ethanol solution of the
cluster with an excess of KOH removes the two hydrido ligands to
give the salt K,[Ru;(n;-S)(CO)g]. A subsequent metathesis
reaction with [N(PPh,),]Cl yields (82%) the ruthenium cluster
dianion as its yellow [N(PPh;),]* salt, [N(PPh;),],[Ru;(u;-
SXCO)e] (1), which can be conveniently isolated and
characterized (Tables 1 and 2). The addition of two equivalents
of the complex [MX(PPh;)] (M =Cu or Au, X = Cl;
M = Ag, X = 1) to a thf solution of K,[Ru;(u;-S)(CO),], in
the presence of TIPF, affords a mixture of cluster compounds,


http://dx.doi.org/10.1039/DT9870001967

1968

[MRu;3(u-H)(u5-S)(CO)(PPh3)] [for M = Cu (2), Ag (3), or
Au (4)], [MRu ,(u-H)(u3-S)(CO)s(PPh,), ] [for M = Cu (5) or
Ag (6)], and [M,;Ru;(u;-S)(CO)y(PPhy),] [for M = Cu (8), Ag
(9), or Au (10)]. The components of each mixture can be readily
separated by column chromatography on Florisil or alumina, as
appropriate. Unfortunately, in the case of copper and silver, the
desired pentanuclear species (8) (11%) and (9) (7%) can only be
obtained in very poor yield and the major product from the

(0C)Ru //Ru(CO)a
[IN(PPhy),l, \liu(cm3
S
— -
)
M(PPh;)

H
\ /
(OC),Ru/ 2 Ru(co),L
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(2) M =Cu, L=CO (5) M = Cu, L = PPhy
(3) M = Ag, L = CO (6) M = Ag, L = PPhy
(4) M = Au, L= CO (7) M = Au, L = PPhy
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reaction is the phosphine-substituted tetranuclear cluster (5)
(53%) or (6) (43%). Both reactions afford another tetranuclear
cluster, without a PPh, group attached to ruthenium, although
the silver species (3) (25%) is produced in much higher yield
than the copper cluster (2) (8%;). A much better yield (58%;) of the
pentanuclear species (10) is obtained, together with a small
amount (7%) of the tetranuclear cluster (4), when K,[Ru;(u;-
8§)(CO),] is treated with [AuCl(PPh,)]. Interestingly, the
known * phosphine-substituted tetranuclear cluster [AuRu (-
H)(p3-S)(CO)g(PPh;),] (7) is not produced in the reaction.

All of the new clusters were characterized by microanalysis
and spectroscopic measurements (Tables 1 and 2) and the 'H
and 3'P-{'H} n.m.r. spectra obtained for the known species (4)
and (10) are identical with those previously reported.® The very
close similarity between the i.r. and n.m.r. spectroscopic data for
the tetranuclear clusters (2)—(4) implies that the copper and
silver congeners (2) and (3) adopt the same ‘butterfly’ metal-

(OC),Ru

\NZ7

(PPh,)
M

~\\/ M(PPh,)

AN
—,Ru(CO), L

Ru(CO)3

S

8) M =Cu, L=CO
(9) M = Ag, L= CO
(1I0)M = Au, L= CO
(1NM = Au, L= PPh,

Table 1. Analytical” and physical data for the new cluster compounds

M.p. (8./°C)

Compound (decomp.)

(1) [N(PPh;,),]1,[Ru;3(n;-S)(CO),) 173—178

(2) [CuRu3(p-H)(n3-SXCO)o(PPh;)] 127—131

(3) [AgRu,(u-H)(;-SXCO)5(PPh,)] 138—142

(5) [CuRu3(p-H)(p3-SY(CO)g(PPh,), ] 156—160

(6) [AgRu,(1-H)(p5-S)CO)(PPhy),] 162—166

(7) [AuRu(p-H)(13-SACO)s(PPhy),1 ¢ 178—182

(8) [Cu,Ru;(p;5-S)YCO)o(PPhy),] 189—193

(9) [Ag,Ru;(;-S)CO)4(PPh,),] 194—198

(12) [Cu,Ru;(p;-S)(u-Ph, PCH,PPh,)(CO)s] 165—169
(13) [Au,Ru;(p;-S)(u-Ph,PCH, PPh,)}(CO),] 185—189

Analysis (%)

YiC‘dt r \

Vinar (CO)Y fom™! (VA C H
2061w, 2031vs, 1 997vs, 82 458.1 (58.4) 3.9 (3.6)
1972s br, 1 918w br
€2 083m, 2 062vs, 2 035vs, 8 35.6 (35.5) 2.0 (1.8)
2 004s, 1 986vs, 1933m
€2 086m, 2 063vs, 2 038vs, 25 33.9 (33.8) 1.6 (1.7)
2 000s, 1 990s, 1 979s,
1943m
2 065m, 2 030vs, 2 007s, 53 45.9 (46.0) 3027
1968m br, 1 938m br,
1921 (sh)
€2 064m, 2 032vs, 2011s, 43 44.1 (44.3) 29 (2.6)
1986m, 1975 (sh), 1 965s,
1936s, 1 928 (sh)
€2 065m, 2 033vs, 2015s, 414 (41.2) 2.6 (2.4)
1988m, 1977vs, 1 950m br
2057m, 2 023vs, 2 013 (sh), 11 43.5 (43.6) 2524)
1967m, 1 940s br
2 057m, 2 022vs, 2 014(sh), 7 40.7 (40.7) 24 (2.3)
1968m, 1 943s br
2059m, 2031vs, 2017vs, 46 37.0 (37.2) 2.0 2.0)
1980m, 1939s, 1 923 (sh)
2066m, 2 041vs, 2 025vs, 75 29.7 (29.9) 1.6 (1.6)

1 978m, 1 954s vbr

2 Calculated values given in parentheses. * Measured in dichloromethane solution, unless otherwise stated. ¢ Based on ruthenium reactant. ¢ N, 1.7
(1.7%,).  Measured in cyclohexane solution. / Cluster cannot be prepared from the salt K,[Ru;(u;-S)(CO),]. ¢ Cluster has not previously been

obtained pure.?



http://dx.doi.org/10.1039/DT9870001967

J. CHEM. SOC. DALTON TRANS. 1987

1969

Table 2. Hydrogen-1, phosphorus-31, and carbon-13 n.m.r. data“ for the new cluster compounds

Complex 'H* Sp.{'H}*

) 7.44—7.63 (m, Ph)

Q) v _1852(sbr, 1 H, p-H),  49(s)
7.36—7.53 (m, 15 H, Ph)

A3) *—19.65 (s, 1 H, p-H), 114.5[2xd, J('°°AgP) 481,
7.35—7.54 (m, 15 H, Ph) J('°7AgP) 417]

5) —17.79 [overlapping d 32.2 [d, PPh;Ru, J(PP)
of d, 1 H, p-H, J(PH) 6], 13], 4.1 [d, PPh,Cu, J(PP)
7.36—7.50 (m, 30 H, Ph) 13]

(6) k1856 [d, 1 H, p-H, 323 [2 x d of d, PPhyRu,
J(PH) 7], 7.24—7.67 (m, J('°%AgP) 35, J('°7AgP)
30 H, Ph) 32,J(PP)23],130[2xd of

d, PPh,Ag, J('°°AgP) 472,
J(1°7AgP) 408, J(PP) 23]

@®) 7.12—7.46 (m, Ph) "0.8(s)

9 7.05—7.52 (m, Ph) 113.5 [m, 'J('°°AgP) 440,
IJ(IO7A8P) 382, ZJ(IOQAg_
P)S, 2J("° AgP)4,J(**Ag-
109Ag) 31, J(lo9Ag_
107Ag) 27' J(|07A3107Ag)
24, J(PP) 0]

(12) 335 [t, 2 H, PCH,P, —75¢(s)
J(PH)11],7.42(m, 20 H,

Ph)
(13) 358 [t, 2 H, PCH,P, 50.8(s)

J(PH) 111,7.36 (m, 20 H,
Ph)

13C-{'H} (ambient temperature)’

7198.2 (CO), 134.2 [C*(Ph)], 132.6 [AA'X
pattern, C3(Ph), M(PC) 11], 1299 [AA'X
pattern, C2(Ph), N(PC) 13], 127.5 [apparent
d (AA’X pattern), C'(Ph), N(PC) 108]
193.7 (CO), 134.2 [d, C*(Ph), J(PC) 14],
131.4 [C4(Ph)], 130.4 [d, C'(Ph), J(PC) 40],
129.5 [d, C3(Ph) J(PC) 10]

i193.8 (CO), 1339 [d, C3(Ph), JPC) 16],
131.3 [C%Ph)], 130.2 [d, C!(Ph), J(PC)
35], 129.5 [d, C3(Ph), J(PC) 10]

199.7 (vbr, CO), 1959 (br, CO), 135.1 [d,
C'(RuPPh), J(PC) 43], 134.3 [d, C*(Cu-
PPh), J(PC) 14],133.9 [d, C3(RuPPh), J(PC)
11], 131.2 [d, C'(CuPPh), J(PC) 38], 131.0
[C*(CuPPh)], 130.7 [C*(RuPPh)], 129.3 [d,
C3(CuPPh),J(PC) 10],128.7 [d, C*(RuPPh),
J(PC) 10]

196.3 (br, CO), 134.9 [d, C'(RuPPh), J(PC)
44], 1339 [d, C*(AgPPh), J(PC) 16], 133.8
[d, C3(RuPPh), J(PC) 12], 131.0 [C*(Ag-
PPh)], 130.9 [d, C'(AgPPh), J(PC) 33],
130.4 [C4(RuPPh)], 129.3 [d, C3}(AgPPh),
J(PC) 10}, 128.4 [d, C}(RuPPh), J(PC) 10]

7196.6 [t, CO, J(PC) 4], 133.0 [apparent t
(AA’X pattern), C3(Ph), N(PC) 15], 1314
[C4(Ph)], 131.2 [apparent t (AA’X pattern),
C'(Ph), N(PC) 41], 129.3 [apparent t (AA'X
pattern), C3(Ph), N(PC) 11], 263 [t,
PCH,P, J(PC) 15]

7199.5 [t, CO, J(PC) 4], 133.1 [br, C(Ph)],
131.5 [C*(Ph)], 131.5 [apparent t (AA’X
pattern), C'(Ph), N(PC) 41], 129.1 [br,
C3(Ph)], 292 [t, PCH,P, J(PC) 20]

13C-{'H} (low
temperature)

204.4 (br, 3 CO), 1950
(br, 6 CO)

ca. 194 (vbr)

ca. 193 (vbr)

2031 (1 CO), 199.1 (1
CO), 1985 (br, 3 CO),
1969 (1 CO), 1940 (1
CO), 186.1 (1 CO)

=204.5 (1 CO), 199.4 (1
CO), 1979 (br, 3 CO),
1938 (1 CO), 1934 (1
CO), 187.4 (1 CO)

"ca. 195—192 (m, vbr)

"198.6 (br)

Chemical shifts () in p.p.m., coupling constants in Hz. ® Measured in [2H,]dichloromethane solution at ambient temperature, unless otherwise
stated. © Hydrogen-1 decoupled, measured in [2H,]dichloromethane solution at —90 °C, unless otherwise stated; chemical shifts positive to high
frequency of 85% H,PO, (external). ¢ Hydrogen-1 decoupled, measured in [?H,]dichloromethane-CH,Cl, solution; chemical shifts positive to
high frequency of SiMe,. © Measured at —90 °C, unless otherwise stated. / N(PC) = JJ(PC) + J(P'C)|. ? u-H at —40°C, 5 —18.21 [d, 1 H, J(PH)
8 Hz]. » Measured at —90 °C. ‘ Measured at —50 °C. 7 '*C-{'H} N.m.r. data at ambient temperature for previously reported * analogous gold
cluster, (4): 8 194.7 [d, CO, J(PC) 4], 134.0 [d, C}(Ph), J(PC) 15], 131.5 [C4(Ph)], 131.3 [d, C'(Ph), J(PC) 47}, 129.3 [d, C3}(Ph), J(PC) 11]; CO
signals at — 100 °C, ca. § 193 (vbr). * p-H at —90°C, § —18.96 [d, br, 1 H, J(PH) 4]. ! '*C-{"H} N.m.r. data at ambient temperature for the pre-
viously reported* (but not obtained pure) analogous gold cluster, (7): 8 197.1 (vbr, CO), 134.8 [d, C'(RuPPh), J(PC) 44], 134.2 [d, C}(AuPPh),
J(PC) 15], 134.0 [d, C¥(RuPPh), J(PC) 11], 132.1 [d, C'(AuPPh), J(PC) 47], 131.2 [C*(AuPPh)], 130.6 [C4(RuPPh)], 129.2 [d, C}(AuPPh),
J(PC) 11], 128.5 [d, C3(RuPPh), J(PC) 10]; CO signals at —90 °C, § 207.6 (1 CO), 199.3 (br, 4 CO), 192.9 (1 CO), 191.5 (1 CO), and 187.8 (1 CO).
™ Measured at — 100 “C. " At —90 °C, § 0.6 (vbr).

core geometry as that previously established ** for the cor-
responding gold compound (4). Likewise, the i.r. and nm.r.
spectroscopic data for the phosphine-substituted tetranuclear
clusters (5) and (6) closely resemble those for the previously
reported * gold analogue (7), suggesting a common metal-core
geometry for all three clusters. The structure of (7) is thought 3
to be very similar to that of (4), but with a CO ligand in one
of the Ru(CO); groups replaced by a PPh, ligand. The
phosphorus atom of the M(PPh,) moiety in (5)—(7) shows
coupling to the hydrido ligand and to the other PPh; group,
implying that the Ru(CO),(PPh,) fragment is attached to both
the hydrido ligand and the M(PPh;) unit in each cluster. In
order to confirm the formulations of compounds (5)—(7), they

were independently prepared (ca. 80%;) by treating the appro-
priate cluster (2)—(4) with PPh,.

The close similarity of the i.r. spectra for the pentanuclear
clusters (8)—(10) suggests that the copper and silver species (8)
and (9) adopt the same trigonal-bipyramidal metal framework
as that previously established * for the gold cluster (10), with one
coinage metal occupying an equatorial site and the other an
axial site. The 3'P-{'H} n.m.r. spectrum of (9) at —~50°C is a
complex multiplet, but analysis demonstrates that it consists of
a single averaged phosphorus resonance split by '07199Ag-3!p
couplings through one and two bonds and also by 1°7-1°°Ag—
107.109A¢ couplings. If the two silver atoms are undergoing
site-exchange, three different molecules of (9) are possible from
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Figure 1. Molecular structure of [Cu2Ru,(p3-S)(;,;-Ph2PCHZPth)-
(CO)o] (12), showing the crystallographic numbering. The carbon
atom of each carbonyl group has the same number as the oxygen atom

CH,

N

Ph,P—

PPh,

— /" Rucoy,

(0C)Ru

Ru(CO)3

S
(12)

the various combinations of silver isotopes. The subspectrum
of each of these isotopomers can be simulated using the A part
of an AA’XX’ or AA’MX spin system, as appropriate.> When
the sub-spectra are all summed together, with the appropriate
statistical weighting for the relative isotopic abundances, a very
good fit with the observed spectrum of (9) is obtained. The
magnitudes of J(1°7-19°Ag-107-109Ag) (24-31 Hz) for the penta-
nuclear Ag,Ru, cluster (9) are of the same order as those
reported (30-45 Hz)’ for the hexanuclear species [Ag,Ru,-
(u5-H),{p-Ph,P(CH,),PPh,}(CO),,] (n = 1, 2, or 4). As the
metal skeletons of the Ag,Ru, clusters all contain a trigonal-
bipyramidal Ag,Ru; unit, with adjacent silver atoms in close
contact,’® these data support the structure proposed for the
Ag,Ru, core in (9). At ambient temperature, an averaged phos-
phorus environment is also observed in the 3'P-{'H} n.m.r.
spectrum of the analogous Cu,Ru, compound (8), so both (8)
and (9) are undergoing a similar intramolecular metal-core
rearrangement to that previously observed 3 for the gold cluster
(10). Unlike the spectrum of (9), which is not significantly
broadened even at —90 °C, the singlet exhibited by (8) is very
severely broadened at this temperature, suggesting a higher free
energy of activation (AG*¥) for the fluxion in the copper species.

J. CHEM. SOC. DALTON TRANS. 1987
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Figure 2. Molecular structure of [Au,Ru;(p;-S)(u-Ph,PCH,PPh,)-
(CO)s] (13), showing the crystallographic numbering. The carbon
atom of each carbonyl group has the same number as the oxygen atom

CH,
Php—" g
PPh,

AV

(0C),Ru ;RU(CO)3

¥

a3)

Similar trends in AG* have been observed previously ®7 for
other series of Group 1B metal congeners.

At ambient temperature, **C-{'H} n.m.r. studies (Table 2)
show that all of the clusters (1)——(9) are undergoing dynamic
behaviour involving CO site-exchange. At —90 °C, a spectrum
consistent with the ground-state structure can be obtained for
the salt (1), but for all the other clusters it is not possible to
stop the fluxional process completely, even at —90 or — 100 °C.
In addition, variable-temperature 'H and *'P-{'H} n.m.r.
spectroscopic studies (Table 2) demonstrate that the PPh,
group(s) in the copper-ruthenium species (2) and the silver—
ruthenium clusters (3), (6), and (9) are undergoing inter-
molecular exchange between clusters at ambient temperature.
This type of dynamic behaviour has been observed previously
for a number of heteronuclear silver clusters 27 and also for one
mixed-metal copper cluster.?

Treatment of a thf solution of K,[Ru;(u;-S)(CO),] with a
dichloromethane solution of the complex [M,(u-Ph,PCH,-
PPh,)Cl,] (M = Cu or Au), in the presence of TIPF, affords
good yields of the pentanuclear clusters [M,Ru;(u,-S)-
(u-Ph,PCH,PPh,)(CO)s] [M = Cu (12) or Au (13)], as dark
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Table 3. Selected bond lengths (A), with estimated standard deviations in parentheses, for [M,;Ru,(i5-S)(u-Ph,PCH,PPh,)(CO),] [M = Cu(12)or

Au (13)]
12) (13)

Ru(1)}-Ru(2) 2.856(2) 2.968(2)
Ru(1)-M(1) 2.654(2) 2.792(1)
Ru(1)-S 2.357(5) 2.340(3)
Ru(1)-C(12) 2.081(22) 1.871(15)
Ru(2)-Ru(3) 2.814(2) 2.7732)
Ru(2)-M(2) 2.794(2) 3.335(1)
Ru(2)-C(21) 1.819(19) 1.918(13)
Ru(2)-C(23) 1.845(22) 1.846(14)
Ru(3)-S 2.336(6) 2359(4)
Ru(3)-C(32) 1.870(23) 1.881(17)
M(1)>-M(2) 2.515(3) 2.802(1)
M(2)---C(32) 2.274(23) 2.543(15)
C(11)-0(11) 1.082(25) 1.18(3)
C(13)-0(13) 1.15321) 1.129(20)
C(22)-0(22) 1.17(3) 1.172(23)
C31)-0(31) 1.146(25) 1.145(23)
C(33)-0(33) 1.13(3) 1.176(19)
P(1)-C(111) 1.775(10) 1.818(10)
P(2)-C(1) 1.840(17) 1.852(14)
P(Q2)-C(221) 1.828(9) 1.820(11)

12) 13)
Ru(1)>-Ru(3) 2.837(3) 2.923(1)
Ru(1)-M(2) 2.745(3) 2.836(1)
Ru(1)-C(11) 1.944(21) 1.838(20)
Ru(1)-C(13) 1.904(17) 1.915(15)
Ru(2)-M(1) 2.597(3) 2.785(1)
Ru(2)-S 2.348(5) 2.339(4)
Ru(2)-C(22) 1.85721) 1.885(16)
Ru(3}-M(2) 2.552(2) 2.742(1)
Ru(3)-C(31) 1.910(20) 1.872(19)
Ru(3)-C(33) 1.919(25) 1.842(15)
M(1)-P(1) 2.214(5) 2.307(3)
M(2-P(2) 2.231(5) 2.315(3)
C(12)-0(12) 1.00(3) 1.158(20)
C21)-0(21) 1.215(23) 1.129(17)
C(23)-0(23) 1.15(3) 1.169(19)
C(32)-0(32) 1.18(3) 1.162(22)
P(1)-C(1) 1.850(16) 1.850(12)
P(1)-C(121) 1.863(14) 1.815(11)
P(2)-C(211) 1.777(12) 1.826(8)

orange microcrystals (46%) for (12) and red microcrystals (15%,)
for (13). The analytical and spectroscopic data (Tables 1 and 2)
for the two clusters are fully consistent with the proposed
formulations.

X-Ray diffraction studies of the two pentanuclear clusters
(12) and (13) show the molecular structures illustrated in
Figures I and 2, respectively. Selected bond lengths for the two
compounds are summarized in Table 3, and selected angles in
Table 4. The Cu,Ru, metal skeleton of (12) has a distorted
trigonal-bipyramidal geometry, with Cu(1) occupying an axial
site and Cu(2) being equatorial. This structure is similar to that
established previously for the Au,Ru; clusters (10) and (11).>*
In contrast, the metal core of the new Au,Ru, cluster (13) may
be regarded as derived from this type of geometry by the
breaking of one equatorial metal-metal contact [Au(2) - - -
Ru(2) 3.335(1) A] to give an overall structure intermediate
between a trigonal bipyramid and a square-based pyramid. The
ligand distributions in (12) and (13) are similar, with each
cluster having a bidentate Ph,PCH,PPh, ligand spanning the
M(1)-M(2) bond, the S atom capping the Ru, face, and the CO
ligands essentially linear.

The bridged Cu(1)-Cu(2) distance in (12) [2.515(3) ,&] is
significantly shorter than the unbridged distances reported in
the heteronuclear clusters [Cu,Ru,(u;-H),(CO),,(PPh;),]
[2.699(2) A]7 and [Cu,;RucC(CO), ((NCMe),] [mean reported
value, 2.691(1) A],® but is closer to the shorter Cu—Cu separa-
tions in the homonuclear sxecies [CugHg(PR;3)6] (R = Ph or
p-tolyl) [2.494—2.595(5) A]® and [CugHg{p-Ph,P(CH,),-
PPh,},] [2.453—2.517(3) A].® The Au(1)-Au(2) distance in
(13) [2.802(1) A] is significantly shorter than that observed for
the unbridged Au—Au contacts in (10) [2.967(2) A]* and (11)
[2.915(2) f],’ but it is similar to the lengths of the bridged
Au-Au vectors in [Au,Ru,(p;-H)(p-H)(u-Ph,PCH,PPh,)-
(CO),,] [2.823(1) A1® and [Au,Ru,(u-H)pu-Ph,PCH,PPh,)-
(CO),,(PPh,)] [2.758(2) A].'!

The equatorial Cu-Ru separations in (12) [Cu(2)-Ru(l)
2.745(3) and Cu(2)-Ru(2) 2.794(2) A] are significantly longer
than the corresponding axial distances [Cu(1)-Ru(1) 2.654(2),
Cu(1)-Ru(2) 2.597(3), and Cu(2)-Ru(3) 2.552(2) A]. Previously
reported 812 ynbridged Cu-Ru distances show a similar
range of lengths [2.577—2.741(1) A]. The ‘equatorial’ Au-Ru
separations in the gold cluster (13) [Au(2)-Ru(1) 2.836(1) and
Au(2)-+-Ru(2) 3.335(1) A] are also significantly longer than the

‘axial’ distances [Au(1)-Ru(1) 2.792(1), Au(1)-Ru(2) 2.785(1),
and Au(2)-Ru(3) 2.742(1) A]. In this case, the Au(2)- - - Ru(2)
‘equatorial’ distance is too long to indicate significant bonding
interaction, so that the metal skeleton of (13) is distorted from
trigonal bipyramidal towards square-based pyramidal geo-
metry. The four atoms that form the ‘square base’ in the pyra-
midal description of the geometry show marked tetrahedral
distortion from exact planarity [deviations from the mean
plane: Ru(2) and Au(2) 0.25, and Ru(3) and Au(l) —0.25 &],
and the metal framework is best envisaged as intermediate
between a trigonal bipyramid and a square-based pyramid.
There are two other examples of a change in the metal-core
geometry of a heteronuclear cluster on replacement of two
PPh;, groups attached to gold atoms by a Ph,PCH,PPh, lig-
and. The monocapped trigonal-bipyramidal metal skeleton of
the hexanuclear species [Au,Ru,(p,-H)(u-H)(CO), ,(PPh,),]
and the bicapped trigonal-bipyramidal metal framework of the
heptanuclear cluster [Au;Ru,(u;-H)CO),,(PPh,);] are
altered to somewhat distorted mono- or bi-capped square-
based pyramidal geometries, respectively, by this type of ligand
change.®!

The Cu-P and Au-P bond lengths [mean 2.221(5) and
2.311(3) A, respectively] are similar to those observed in related
compounds.?~*7-11:13.14 The Ru-S bond lengths in (12) and
(13) do not differ significantly from their mean values (2.346 A),
which are the same in both clusters.

The metal-carbonyl angles in both compounds are in the
normal range observed for terminal CO ligands [M—C-O 167—
179° for (12) and 168-179° for (13)]. In both (12) and (13), there
is an extremely short contact between CO(32), attached to the
apical Ru(3) atom, and the coinage metal M(2) [Cu(2) - - - C(32)
2.274(23) and Au(2)--- C(32) 2.543(15) A]. Very short M~C
contacts between Cu atoms?®!5 or Au atoms*'4'¢ and
essentially linear CO ligands bonded to adjacent metals have
been reported before in heteronuclear clusters.

A single resonance is observed in the ambient-temperature
31P-{'H} n.m.r. spectra of (12) and (13) and, in each case, the
signal s still a sharp singlet at —90 °C. Thus, the intramolecular
core rearrangement which exchanges the coinage metals between
the two distinct sites in the metal skeletons of (8)}—(11) still
occurs when the two Group 1B metals are linked together by
a bidentate phosphine ligand in (12) and (13). In addition, it
is of special interest that the metal-core geometry adopted by
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Table 4. Selected bond angles (°), with estimated standard deviations in parentheses, for [M,Ru;(jt3-S)(u-Ph, PCH, PPh,)(CO),] [M = Cu (12) or

Au (13)]

(12) a3
Ru(3)-Ru(1)}-Ru(2) 59.2(1) 56.1(1)
M(1)-Ru(1)-Ru(3) 100.3(1) 98.2(1)
M(2)-Ru(1)-Ru(3) 54.4(1) 56.8(1)
S-Ru(1)-Ru(2) 52.5(1) 50.6(1)
S-Ru(1)-M(1) 107.3(1) 107.1(1)
C(11)-Ru(1)-Ru(2) 148.9(7) 137.6(5)
C(11)}-Ru(1)-M(1) 153.8(6) 163.2(6)
C(11)-Ru(1)-S 98.9(6) 89.5(5)
C(12)-Ru(1)-Ru(3) 147.9(5) 145.7(5)
C(12)-Ru(1)-M(2) 139.7(5) 140.7(4)
C(12)-Ru(1)-C(11) 939(9) 99.8(7)
C(13)-Ru(1)}-Ru(3) 113.8(6) 118.9(4)
C(13)-Ru(1)-M(2) 68.7(6) 68.2(4)
C(13)-Ru(1)-C(11) 87.3(8) 90.1(7)
Ru(3)-Ru(2)-Ru(1) 60.1(1) 61.1(1)
M(1)-Ru(2)-Ru(3) 102.3(1) 102.1(1)
M(2)-Ru(2)}-Ru(3) 54.1(1) 52.4(1)
S-Ru(2)-Ru(1) 52.8(1) 50.7(1)
S-Ru(2)-M(1) 109.5(1) 107.3(1)
C(1)-Ru(2)-Ru(1) 118.0(6) 117.9(5)
C1)-Ru(2}-M(1) 68.7(6) 71.1(4)
C21)-Ru(2)-S 160.3(6) 155.8(5)
C(22)-Ru(2)-Ru(3) 149.7(6) 157.1(5)
C(22)-Ru(2)-M(2) 129.9(6) 132.6(4)
C(22)-Ru(2)-C(21) 99.3(8) 100.0(6)
C(23)-Ru(2)-Ru(3) 95.0(6) 87.3(5)
C(23)-Ru(2)-M(2) 130.7(7) 127.1(5)
C(23)-Ru(2)}-C(21) 94.0(9) 92.0(6)
Ru(2)-Ru(3)-Ru(1) 60.7(1) 62.7(1)
M(2)-Ru(3)-Ru(2) 62.5(1) 74.4(1)
S-Ru(3)-Ru(2) 53.3(1) 53.5(1)
C(G1)-Ru(3)}-Ru(l) 96.4(8) 93.2(4)
C(31)-Ru(3)-M(2) 126.2(6) 99.2(4)
C(32)-Ru(3)}-Ru(1) 12.1(7) 123.4(4)
C(32)-Ru(3)-M(2) 59.5(7) 63.6(4)
C(32)-Ru(3)}-C(31) 93.6(9) 99.5(8)
C(33)-Ru(3)-Ru(2) 94.1(6) 102.6(6)
C(33)-Ru(3)-S 100.0(7) 92.2(5)
C(33)-Ru(3)-C(32) 91(1) 91.1(7)
M(2-M(1)}-Ru(1) 64.1(1) 60.9(1)
P(1)-M(1)-Ru(1) 138.0(1) 140.2(1)
P(1)-M(1)-M(2) 102.6(1) 95.7(1)
Ru(3-M(2)-Ru(1) 64.7(1) 63.2(1)
M(1)-M(2)-Ru(1) 60.4(1) 59.4(1)
M(1)-M(2)-Ru(3) 112.6(1) 102.4(1)
C(32)-M(2)-Ru(2) 101.4(5) 73.6(5)
C(32-M2)-M(1) 157.6(6) 125.0(5)
P(2)-M(2)}-Ru(2) 134.6(1) 1259(1)
P2)-M(2)-M(1) 92.9(1) 92.1(1)
Ru(2)-S-Ru(1) 74.7(1) 78.7(1)
Ru(3)-S-Ru(2) 73.8(2) 72.3(1)
0(12)-C(12)-Ru(1) 176(2) 176(1)
0(21)-C21)-Ru(2) 167(1) 169(1)
0(23)-C(23)-Ru(2) 178(2) 177(1)
M(2)-C(32)-Ru(3) 75.3(8) 74.9(5)
0(32)-C(32)-M(2) 118Q2) 114(1)
C(1)-P(1)-M(1) 107.9(5) 106.3(3)
C(111)-P(1)}-C(1) 106.4(6) 105.2(5)
C(121)-P(1)-C(1) 102.5(6) 106.3(6)
C(1)-P2}-M(2) 113.8(6) 112.2(4)
C211)-P(2}-C(1) 105.8(6) 104.1(5)
C(221)-P(2)-C(1) 100.6(6) 103.9(5)
P(2)-C(1)-P(1) 115.3(8) 116.0(7)

12) a3)
M(1)-Ru(1)-Ru(2) 56.1(1) 57.7(1)
M(2)}-Ru(1)-Ru(2) 59.8(1) 70.1(1)
M(2)-Ru(1)-M(1) 55.5(1) 59.7(1)
S-Ru(1)>-Ru(3) 52.5(1) 51.8(1)
S-Ru(1)-M(2) 96.7(2) 103.6(1)
C(11)-Ru(1)-Ru(3) 95.1(7) 89.8(5)
C(11)-Ru(1}-M(2) 121.6(7) 114.5(6)
C(12)-Ru(1)}-Ru(2) 100.1(5) 97.7(6)
C(12)-Ru(1)-M(1) 84.2(5) 81.9(4)
C(12)-Ru(1)-S 95.7(5) 95.0(5)
C(13)-Ru(1)}-Ru(2) 117.8(5) 126.7(5)
C(13)-Ru(1)}-M(1) 67.2(5) 73.1(5)
C(13)-Ru(1)-S 165.2(6) 170.7(4)
C(13)-Ru(1)-C(12) 97.3(8) 94.2(6)
M(1)-Ru(2)-Ru(1) 58.0(1) 57.9(1)
M(2)-Ru(2)-Ru(1) 58.1(1) 53.1(1)
M(2)-Ru(2)-M(1) 55.5(1) 53.6(1)
S-Ru(2)-Ru(3) 52.9(1) 54.2(1)
S-Ru(2)-M(2) 95.6(1) 90.2(1)
CQ21)-Ru(2)}-Ru(3) 107.7(6) 101.9(5)
C1)-Ru(2}-M(2) 66.8(5) 69.2(5)
C(22)-Ru(2)-Ru(1) 95.2(6) 102.5(5)
C(22)-Ru(2)-M(1) 74.5(6) 79.1(4)
C(22)-Ru(2)-S 98.9(6) 103.4(4)
C(23)-Ru(2)-Ru(1) 143.4(6) 139.2(5)
C(23)-Ru(2)-M(1) 158.4(6) 162.0(4)
C(23)-Ru(2)-S 91.2(6) 90.6(5)
C(23)-Ru(2)-C(22) 96.7(9) 98.3(7)
M(2-Ru(3)}-Ru(1) 61.0(1) 60.0(1)
S-Ru(3)-Ru(1) 53.1(1) 51.3(1)
S-Ru(3}-M(2) 102.8(1) 106.0(1)
C(31)-Ru(3)-Ru(2) 149.7(8) 155.3(4)
C(31)-Ru(3)-S 97.7(7) 108.0(4)
C(32)-Ru(3)-Ru(2) 112.8(6) 98.8(6)
C(32)-Ru(3)-S 162.3(7) 152.1(7)
C(33)-Ru(3)-Ru(1) 150.3(7) 143.1(5)
C(33)-Ru(3)-M(2) 123.8(7) 153.1(5)
C(33)-Ru(3}-C(31) 100.2(9) 93.6(7)
Ru(2)-M(1)-Ru(1) 65.9(1) 64.3(1)
M(2)-M(1)-Ru(2) 66.2(1) 733(1)
P(1)-M(1)}-Ru(2) 148.4(2) 143.7(1)
Ru(2)-M(2)-Ru(1) 62.1(1) 56.8(1)
Ru(3)-M(2)-Ru(2) 63.3(1) 53.2(1)
M(1-M(2)-Ru(2) 58.3(1) 53.1(1)
C(32-M(2)-Ru(1) 103.1(6) 104.5(4)
C(32-M(2)-Ru(3) 45.1(6) 41.5(4)
P(2)-M(2)-Ru(1) 136.4(2) 143.3(1)
P(2)-M(2)-Ru(3) 154.3(2) 152.3(1)
P(2)-M(2)-C(32) 109.2(6) 111.1(4)
Ru(3)-S-Ru(1) 74.4(1) 76.9(1)
O(11)-C(11)>-Ru(1) 1712) 176(1)
0O(13)-C(13)-Ru(1) 173(2) 168(1)
0(22)-C(22)-Ru(2) 1772) 171(1)
0O(31)-C(31)-Ru(3) 179(2) 179(1)
0(32)-C(32)-Ru(3) 167(2) 169(2)
0(33)-C(33)-Ru(3) 177(2) 178(2)
C(111)-P(1)-M(1) 117.3(4) 119.9(3)
C(121)-P(1)-M(1) 115.2(4) 115.0(3)
C(121)-P(1)~C(111) 106.2(5) 103.0(4)
CQ11)}-P2)-M(2) 113.7(4) 111.6(2)
C(221)-P(2}-M(2) 116.6(3) 120.0(3)
C(221)-P(2)-C(211) 105.0(5) 103.6(4)

(13) is actually somewhere in between the trigonal-bipyramidal
structure of (8)—{(12) and the square-based pyramidal structure
of the intermediate required for a restricted Berry pseudo-
rotation, the mechanism proposed® to explain the intra-

molecular metal-core rearrangements in (10) and (11). The
observation that the Au,Ru; metal framework of (13) shows
considerable distortion in the same manner as that required in
this mechanism lends support to the proposed method of
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coinage metal site-exchange. The restricted Berry pseudo-
rotation mechanism is also consistent with the fact that the two
gold atoms are still able to undergo pairwise exchange in the
distorted metal framework of (13).

Experimental

The techniques used and the instrumentation employed have
been described elsewhere. Light petroleum refers to that
fraction of b.p. 40—60 °C. Established methods were used
to prepare [Ru;(u-H),(115-S)(CO),1,"” [AgI(PPh;)],'® and
[M,(p-Ph,PCH,PPh,)Cl,] (M = Cu'? or Au2°). The com-
plexes [MCI(PPh;)] (M = Cu?' or Au?2) were synthesized by
adaptation of published routes. Analytical and other physical
data for the new compounds are presented in Table 1, together
with their L.r. spectra, and Table 2 summarizes the results of
n.m.r. spectroscopic measurements. Product separation by
column chromatography was performed on Aldrich Florisil
(100—200 mesh) or B.D.H. alumina (Brockman activity II).

Synthesis of [N(PPh;),];[Ru;(i;-S)(CO)g].—An ethanol
(15 cm?®) suspension of [Ru,(u-H),(1t;-S)(CO),] (0.25 g, 0.42
mmol) was treated with KOH (0.10 g, 1.80 mmol) and the
mixture was stirred at 60 °C for 30 min. After filtration of the
resultant dark red mixture through a Celite pad (ca. 1 x 3 cm),
an ethanol (10 cm?) solution of [N(PPh,),]Cl (0.50 g, 0.87
mmol) was added. The crude dark yellow product was collected
by filtration onto a Celite pad (ca. 1 x 3 cm) and then washed
successively with ethanol (3 x 10 cm?®) and diethyl ether
(3 x 10 cm?). To remove the KCl produced in the reaction, the
crude product was extracted with dichloromethane (3 x 10
cm?) and filtered through the Celite pad. Careful addition of
light petroleum to this solution afforded yellow microcrystals of
[N(PPh3),1,[Rus(3-SXCO),] (1) (0.58 g).

Reaction of K,[Ru;z(u;-SYCO)y] with [MX(PPh,)]
(M =Cuor Au, X =Cl; M = Ag, X = I).—A thf (80 cm?)
solution of [Ru;(p-H),(u;-S)(CO)s] (0.25 g, 0.42 mmol) was
treated with an excess of KH (0.15 g, 3.8 mmol) and the mixture
was allowed to stir overnight at ambient temperature. After
filtration of the red-brown product through a Celite pad (ca.
I x 3 cm), [CuCI(PPh,)] (0.31 g, 0.86 mmol) and TIPF
(0.60 g, 1.72 mmol) were added and the mixture was stirred for
1 h. A second filtration through a Celite pad (ca. 1 x 3 cm) was
followed by the removal of the solvent under reduced pressure
and the crude orange residue was dissolved in a dichloro-
methane-light petroleum mixture (1:4). Chromatography at
—20°C on a Florisil column (20 x 3 cm), eluting with a
dichloromethane-light petroleum mixture (1:4), afforded three
fractions, which after removal of the solvent under reduced
pressure, yielded: (i) orange microcrystals of [CuRu,(u-H)-
(13-S)(CO)4(PPh3)] (2) (0.03 g), recrystallized from light
petroleum; (ii) orange microcrystals of [CuRu,(pu-H)(p;-S)-
(CO)s(PPh3),] (5) (0.26 g), recrystallized from a dichloro-
methane-light petroleum mixture; (iii) dark orange micro-
crystals of [Cu,Ru;(p;-S)(CO)o(PPh;),] (8) (0.06 g), recrystal-
lized from a dichloromethane-light petroleum mixture.

Orange microcrystals of [AgRu,(p-H)(u;-S)(CO)o(PPh,)]
(3) (0.10 g) and [AgRu;(u-H)(13-S)YCO)s(PPh;),] (6) (0.22 g)
and dark orange microcrystals of [Ag,Ru;(n3-S)(CO)o(PPh;), ]
(9) (0.04 g) were similarly prepared, using [Agl(PPh,)] (0.42 g,
0.85 mmol) instead of [CuCl(PPh,)] and alumina instead of
Florisil for the chromatography at —20 °C. When the same
procedure was used with [AuCl(PPh,)] (0.42 g, 0.85 mmol)
instead of [CuCI(PPh,)], and alumina at room temperature
instead of Florisil at —20 °C for the chromatography, orange
crystals of [AuRu;(p-H)(1;-S)(CO)o(PPh;)] (4) (0.03 g) and
red crystals of [Au,Ru;(p;-S)(CO)g(PPh,),1:0.5CH,Cl, (10)
(0.38 g) were obtained.

1973

Reaction of [MRu;(u-H)(u5-S)(CO)g(PPh;)] (M = Cu, Ag,
or Au) with PPh,—To a diethyl ether (30 cm?) solution of
[CuRu,(u-H)(u3-S)(CO)g(PPh;)] (0.17 g, 0.19 mmol) was
added powdered PPh; (0.05 g, 0.19 mmol) and the mixture was
stirred for 2 h. After removal of the solvent under reduced
pressure, the crude residue was dissolved in a dichloromethane—
light petroleum mixture (1:4) and chromatographed on a
Florisil column (15 x 2 cm) at —20°C. Elution with a
dichloromethane-light petroleum mixture (1:4) afforded a
faint yellow fraction, followed by an intense orange fraction.
After removal of the solvent from these fractions under reduced
pressure, they were identified as unreacted starting material
and [CuRus(p-H)(i;5-S)(CO)4(PPh3),]1 (5) (0.17 g, 80%),
respectively.

Similar treatment of [AgRu,(p-H)(13-S)(CO)4(PPh,)] (0.18
g, 0.19 mmol) or [AuRu;(p-H)(3-S)(CO)4(PPh;)] (0.20 g, 0.19
mmol), using the appropriate chromatography conditions as
described in the previous section, afforded [AgRu;(p-H)(ps-
S)(CO)g(PPh;),] (6) (0.17 g, 76%) or [AuRu;(u-H)(u,-
S)(CO)g(PPh;),] (7) (0.19 g, 78%,), respectively, together with
small amounts of unreacted starting material.

Reaction of K,[Ru,(u;-S)(CO)g] with [M,(u-Ph,PCH,-
PPh,)Cl,] (M = Cu or Au).—To a thf (50 cm?) solution of
K [Ru;(p5-S)(CO),], prepared from [Ru(u-H),(k;5-S)(CO)s]
(0.30 g, 0.51 mmol) as previously described, was added a di-
chloromethane (50 cm?®) solution of [Cu,(u-Ph,PCH,PPh,)-
Cl,] (0.30 g, 0.52 mmol) and solid TIPF (0.70 g, 2.00 mmol).
The mixture was stirred overnight and then filtered through a
Celite pad (ca. 1 x 3 cm). After removal of the solvent under
reduced pressure, the crude dark orange residue was dissolved
in a dichloromethane-light petroleum mixture (1:2) and chro-
matographed on a Florisil column (20 x 3 cm) at —20 °C.
Elution with a dichloromethane-light petroleum mixture (1:2)
afforded a dark orange fraction containing the product. After
removal of the solvent from this fraction under reduced
pressure, crystallization of the residue from a dichloromethane—
light petroleum mixture yielded dark orange microcrystals of
[Cu,Ru;(u3-S)(p-Ph, PCH,PPh,)(CO),] (12) (0.26 g).

Red microcrystals of [Au,Ru;(u;-S)Y(u-Ph,PCH,PPh,)-
(CO)s]1 (13) (0.52 g) were similarly prepared, using [Au,-
(u-Ph,PCH,PPh,)Cl,] (043 g, 0.51 mmol) instead of [Cu,(u-
Ph,PCH,PPh,)Cl,], and alumina at room temperature instead
of Florisil at —20 °C for the chromatography.

Crystal Structure Determination—Cerystals of [M ,Ru;(15-S)-
(u-Ph,PCH,PPh,}(CO),] (M = Cu or Au) were grown from
dichloromethane-light petroleum solutions by slow layer
diffusion at —20 °C.

Crystal data for (12). C3,H,,Cu,0O4P,Ru;S, M = 1098.85,
monoclinic, space group C2/c, a = 24.329(4), b = 10.926(2),
c=293055) A, B=299.6252)°, U=7680.16 A3 Z =38,
D, = 1.900 g cm™, F(000) = 4 272, A(Mo-K,) = 0.710 69 A,
p(Mo-K,) = 22.71 cm™..

Crystal data for (13). C3,H,,Au,04,P,Ru,S, M = 1365.71,
triclinic, space group PT (no. 2), a = 18.428(3), b = 11.067(2),
¢ = 10462(2) A, « = 111.53(2), B = 79.47(2), y = 108.09(2)°,
U = 188095 A% Z =2, D, = 2411 g cm™, F{000) = 1 104,
MMo-K,) = 0.711069 A, p(Mo-K,) = 87.36 cm™".

The data collection and processing methods for (12) and (13)
were similar to those described previously.?® The crystals
selected for data collection had dimensions 0.22 x 0.20 x 0.18
and 0.28 x 0.15 x 0.13 mm for (12) and (13), respectively.
A scan width of 0.70° was used to collect data in the 0 range
25—33° for both crystals. For the gold compound (13), 360
azimuthal scan data were used in the absorption correction and
the relative transmission factor varied from 1.00 to 0.47. The
data for (12) were not corrected for absorption. Equivalent
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Table 5. Fractional atomic co-ordinates for (M ,Ru;(i;-S)(p-Ph,PCH,PPh,}(CO),] [M = Cu (12) or Au (13)], with estimated standard deviations

in parentheses

(12)

Atom x y z
Ru(1) 0.088 31(6) 0.209 40(12) 0.054 15(6)
Ru(2) 0.161 28(S) 0.168 91(12) 0.139 77(6)
Ru(3) 0.046 05(6) 0.128 47(12) 0.133 53(7)
M(1) 0.164 22(8) 0.369 45(17) 0.092 67(9)
M) 0.078 90(8) 0.349 64(17) 0.130 19(8)
S 0.107 0(2) 0.022 6(4) 0.093 9(2)
P(1) 0.177 6(2) 0.569 9(4) 0.092 6(2)
P(Q2) 0.077 9(2) 0.548 9(4) 0.146 52)
C(11) 0.023 2(9) 0.159 7(19) 0.010 2(8)
o(11) —0.016 6(6) 0.140 7(13) —0.011 2(6)
C(12) 0.143 3(8) 0.180 5(17) 0.007 9(7)
0(12) 0.171 8(6) 0.164 9(14) —0.012 5(6)
C(13) 0.069 1(7) 0.374 0(15) 0.037 (7)
O(13) 0.056 3(4) 0469 7(11) 0.022 4(5)
C(21) 0.179 7(7) 0.299 6(16) 0.177 1(7)
0Q21) 0.196 8(5) 0.370 1(11) 0.208 9(5)
C(22) 0.225 6(7) 0.158 5(16) 0.113 7(7)
0(22) 0.264 8(6) 0.155 1(13) 0.095 6(6)
C(23) 0.181 9(8) 0.055 3(19) 0.186 1(8)
0O(23) 0.194 7(6) —0.013 0(14) 0.2157(6)
C@31) —0.022 0(9) 0.062 2(19) 0.101 0(8)
0Q31) —0.062 7(6) 0.023 3(15) 0.080 8(6)
C(32) 0.010 2(9) 0.254 0(19) 0.160 5(8)
0(32) —0.0194(7) 0.314 6(16) 0.179 4(7)
C(33) 0.054 0(9) 0.033 7(20) 0.189 4(9)
0(33) 0.058 6(6) —0.016 7(14) 0.223 3(6)
C(1) 0.116 2(6) 0.644 0(14) 0.110 6(6)
C(112) 0.242 1(4) 0.751 2(9) 0.142 5(4)
C(113) 0.289 7(4) 0.791 7(9) 0.171 9(4)
C(114) 0.3322(4) 0.709 4(9) 0.188 4(4)
C(115) 0.327 1(4) 0.586 5(9) 0.175 6(4)
C(116) 0.279 6(4) 0.545 9(9) 0.146 1(4)
C(11n 0.237 0(4) 0.628 3(9) 0.129 6(4)
C(122) 0.190 4(4) 0.565 2(8) —0.001 3(5)
C(123) 0.187 0(4) 0.613 2(8) —0.045 8(5)
C(124) 0.171 4(4) 0.735 1(8) —0.054 4(5)
C(125) 0.159 5(4) 0.808 9(8) —0.018 5(5)
C(126) 0.162 9(4) 0.760 9(8) 0.026 0(5)
C(121) 0.178 4(4) 0.639 0(8) 0.034 6(5)
C(212) 0.085 3(3) 0.518 1(8) 0.238 7(4)
C(213) 0.106 4(3) 0.537 5(8) 0.285 4(4)
C(214) 0.148 7(3) 0.622 9(8) 0.298 2(4)
C(215) 0.170 0(3) 0.689 0(8) 0.264 4(4)
C(216) 0.148 9(3) 0.669 7(8) 0.21774)
CQ11y 0.106 6(3) 0.584 2(8) 0.204 8(4)
C(222) 0.000 2(3) 0.726 4(8) 0.162 5(3)
C(223) —0.050 2(3) 0.789 5(8) 0.152 3(3)
C(224) —0.0910(3) 0.750 5(8) 0.116 0(3)
C(225) —0.081 4(3) 0.648 5(8) 0.089 8(2)
C(226) —0.0310(3) 0.585 4(8) 0.100 0(3)
C(221) 0.009 8(3) 0.624 4(8) 0.136 3(3)

13)

x ¥y z
0.317 41(6) —0.018 81(9) —0.247 59(10)
0.307 00(6) —0.209 02(9) —0.101 47(10)
0.187 42(6) —0.253 20(10) —0.254 06(11)
0.341 26(3) 0.068 68(5) 0.031 63(5)
0.191 32(3) —0.012 37(5) —0.046 34(5)
0.3159(2) —0.246 8(3) —0.3382(3)
0.3207(2) 0.234 6(3) 0.235 3(3)
0.148 6(2) 0.1170(3) 0.166 9(3)
0.296 3(10) —0.028 0(16) —0.416 4(17)
0.284 0(8) —0.026 4(13) —0.522 3(13)
0.424 2(9) 0.045 2(13) —0.262 6(14)
0.490 2(8) 0.078 8(11) —0.280 2(12)
0.301 1(8) 0.157 3(13) —0.167 2(14)
0.298 5(6) 0.264 7(11) —0.138 9(11)
0.258 71(8) —0.173 2(12) 0.082 2(13)
0.229 0(6) —0.173 3(10) 0.186 7(11)
0.409 4(9) —0.171 8(13) —0.064 0(14)
0471 3(8) —0.167 6(12) —0.046 4(12)
0.278 7(8) —0.392 3(14) —0.133 3(14)
0.261 7(7) —0.509 1(11) —0.159 0(12)
0.140 0(9) —0.228 8(13) —0.383 1(14)
0.1109(7) —0.216 1(11) —0.463 5(11)
0.107 3(10) —0.253 4(16) —0.114 1(17)
0.058 3(9) —0.274 2(14) —0.031 3(5)
0.156 8(10) —0.438 4(16) —0.327 %(16)
0.137 7(8) —0.556 4(12) —03770(13)
0.219 47) 0.177 7(12) 0.296 5(12)
0.425 1(5) 0.198 7(8) 0.367 0(8)
0.470 6(5) 0.229 6(8) 0473 6(8)
0.466 1(5) 0.3377(8) 0.594 2(8)
0.416 2(5) 0.414 9(8) 0.608 3(8)
0.370 7(5) 0.3841(8) 0.501 7(8)
0.375 2(5) 0.275 9(8) 0.381 1(8)
0.289 2(5) 0.486 0(8) 0.301 3(8)
0.303 4(5) 0.612 0(8) 0.287 1(8)
0.361 1(5) 0.649 9(8) 0.191 7(8)
0.404 6(5) 0.561 8(8) 0.110 4(8)
0.390 4(5) 0.435 8(8) 0.124 5(8)
0.3327%(5) 0.397 9(8) 0.220 0(8)

—0.007 4(5) 0.014 8(7) 0.207 1(8)
—0.073 %5) —0.070 (7) 0.245 7(8)
—0.069 5(5) —0.1527(7) 0.317 2(8)
0.001 4(5) —0.148 6(7) 0.350 0(8)
0.068 0(5) —0.062 8(7) 0.311 4(8)
0.063 6(5) 0.018 9(7) 0.240 0(8)
0.140 4(5) 0.318 1(8) 0.074 1(7)
0.123 4(5) 0.436 8(8) 0.087 9(7)
0.087 8(5) 0.505 0(8) 0211 2(7)
0.069 2(5) 0.454 5(8) 0.320 5(7)
0.086 3(5) 0.335 8(8) 0.306 7(7)
0.1219(5) 0.267 6(8) 0.183 4(7)

reflections were averaged to give 3 556 and 4 666 data with
I > 3.00(7) for (12) and (13), respectively.

Structure solution and refinement.** The positions of the three
ruthenium atoms for (12) and the two gold atoms for (13) were
determined from Patterson syntheses. The remaining metal
atoms and the other non-hydrogen atoms were located from
subsequent difference Fourier syntheses. The phenyl rings were
treated as rigid hexagons [d(C-C) = 1.395 AJ and the hydrogen
atoms were included in the structure factor calculations at
calculated positions [d(C-H) = 1.08 A] with fixed thermal
parameters of 0.08 A2 The metal, phosphorus, and sulphur
atoms were assigned anisotropic thermal parameters in the final
cycles of full-matrix refinement which converged at R and R’

values of 0.0641 and 0.0618 for (12) and 0.0455 and 0.0461 for
(13), with weights of 1/o2(I) assigned to individual reflections in
both structures. For (12) and (13), selected bond lengths are
given in Table 3 and selected interbond angles in Table 4. The
final atomic co-ordinates for both structures are given in Table 5.
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