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Abstract

Several clusters containing AU3Ru3 cores have been made from reactions between hydrido-trirutheniurn clusters or AuRu3 clusters
and [0(Au(PPh3)hJ[BF.I]. In the former case. the Au3(PPh3)3 group acts as a three-electron donor, replacing (H+CO). The molecular
structures of Ru3(~3-CMeCHCMe)(CO)8{Au 3(PPh3)3} (4) andRu3( ~3-C2PhXCOMAu3(PPh3}J (13) have been determined by X-ray
crystallography. Comparisons are made between the parent RU 3 clusters and their aurated derivatives, which may contain open (bent) or
closed triangular AU3P3 moieties. according to whether there is more or lesselectron densityon thecluster. © 1997 ElsevierScience S.A.

1. Introduction

Elsewhere we have described the use of the trigold
oxonium reagents [O{Au(PR3)hJ+ (R =Ph, OMe) to
introduce two Au(PR3) fragments into clusters in one
step: with RU 3 clusters, the tendency to form Au-Au
bonds which is commonly found in polygold adducts of
metal clusters resulted in the formation of a two-elec
tron Au2(PR3)2 unit which replaced either a CO group
or two hydrogen atoms [1]. Formally, at least, the
Au2(PPh3)2 group is isolobal with the H2 molecule,
although detailed studies of the Au-Au interaction sug
gest that d:-s hybrid orbitals are used for Au-Au a
bonding with electron donation into empty 6p orbitals
t2].

Subsequently we have found that more than two
Au(PR3)groups may be introduced, as described herein.
Previous examples of addition of three Au(PPh3)groups
[or an Au3(PPh3)3 moiety] are limited to reactions
between polyhydrido clusters and AuMe(PPh3) [3a,3b]
and the reactions of poly-anionic clusters with
AuCl(PR3) [4] or [O{Au(PPh3)}3]+ [5a,5b]. Trigold
complexes containing only one other transition metal
atom have been formed in reactions of hydrido deriva
tives with Au(N03)(PPh3) [6]. The present method
operates under mild conditions and illustrates a useful
addition to the aI1110ury of aurating reagents. Partof this
workhas been communicated previously [7].
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2. Results

The reactions described below were carried out in
THF at room temperature and were generally complete
within 15-30 min. The products were isolated by
preparative t.l.c. and characterised by elemental micro
analyses and from the usual spectroscopic properties
where practicable. The most useful technique was fast
atom bombardment (FAB) mass spectrometry, but as
described before [8], ion association processes often
resulted in the formation of aggregate ions containing
extra Au or Au(PPh3) groups.

Reactions between Ru4( /L-H)4(CO)12 and
[O{Au(PPh 3)}3] + in the presence of [ppnJ[Co(CO)4]
([ppn] += [N(PPh3)2]+) afforded the known complexes
Rui /L-H)"_n(CO)12{Au,,(PPh3)n} [Il = I (1),3%; 1/ = 2
(2), 33%; 11 =3 (3), 2%]. Complex 3 was the sole
product (59% yield) from reactions between Ru.j( /L
H)4(CO)t2 and AuMe(PPh3) [3a,9], while all three com
plexes have been obtained from the various anions and
AuCl(PPh3) or [O{Au(PPh3»)3]+ [IOJ. The present
method does not give a significantly increased yield of
any of these products and shows that the use of the
trigold-oxonium saltto replace Hdirectly with Au(PPh3)
is not an efficient route to these materials. The predomi
nance of the Au2Ru 4 cluster serves to emphasise the
role of the [CO(CO)4r nucleophile in removing one of
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A similar reactionwith Ru 3( JL-H)( JL3-CI2HIS)(CO)9
gave the two complexes Ru 3( JL-H)( JL3
C12HlS)(CO)8{Au2(PPh3)2} (5; 60%) and Ru3( JL3
CI2HlS)(CO)g{Au3(PPh3h (6; 29%). Complex 5 is new
and was characterised by elemental analysis and from
its FAB mass spectrum. As with other complexes de
rived from 1,5,9-cyclododecatriene, the JH NMR spec
trum is complex, containing several overlapping reso-

nances for the ring protons. However, the Ru-H reso
nance at 8 -21.15 and the central allylic proton at 8
6.39, which are coupled to each other [J(HH) =: 2.3 Hz]
are characteristic of these complexes [12].

Complex 6 has been prepared on an earlier occasion,
by deprotonation of the parent RU 3 cluster with K
Selectride (K[BHBu~]) and addition of
[O{Au(PPh3)}3]+; its structure was determined by X-ray
crystallography [13]. The 31 P NMR spectrum of 6 con
tains a singlet at 8 60.3 at room temperature. On
cooling to 245 K, this separates into three equal inten
sity signals at 8 46.2, 61.7 and 64.5, in accord with the
solid-state structure, which has three non-equivalent
Au(PPh 3) groups.

Partially aurated hydrido-nahenium clusters can ex
change further hydrogens for Au(PR3) groups. For ex
ample, the reaction between Ru~( JL3
H)2(CO)I2{Au2(PPh3)2} and AuMe(PPh3) gave a 63%
yield of 3, while RU4( JL3-HMCO)J2{Au2( p.-dppm)}
similarly gave Ru 4( JL-H)(CO)12{Au 3( JL-dppm)(PPh3)}
(7) (54%) [9]. Here we have investigated the further
addition of Au(PPh) groups to clusters already contain
ing one gold atom but no hydride. The complex
Ru3( JL3-C 2Bul)(COMAu(PPh3)} (8) was originally de
scribed by Braunstein and coworkers [14], who also
determined its structure. An alternative, improved, syn
thesis of this complex, and the related derivatives
Ru3( JL3-C2Ph)(COMAu(L)} [L = PPh3 (9), P(tO!)3
(10)] and {Ru 3( JL3-F2 Ph)(CO)9 AU}2( JL-dppe) (11), by
direct addition of Au(C:!R)(L) to Ru3(CO)12 ill the
presence of Me3NO, is described in the Section 5. The
reaction between 8 and the trigold-oxonium salt gave

F ig. I. PIOI of a molecule of Ru J { 1L3
CMeCHCMeXCO)g{Au J{PPh3)3} (4), onto the Au; plane. showing
the atom numbering scheme. carbon atoms being designated by
number only. Non-hydrogen atoms are shown with 20% thermal
envelopes; hydrogen atoms have arbitrary radii of 0.1 A.

(14)(12) R~ Bu'
(13) R ~ Ph

theAu(PPh3)units from the trigold-oxonium saltduring
the reaction [I].

In c o n trast, the cluster RU 3( 1L 3-
CMeCHCMe)(CO)8{Au3(PPh3)J} (4) wasformed in vir
tually quantitative yield in thereaction between RU3( IL
H)(JL3-CMeCHCMe)(CO)9 [11], the trigold-oxonium
salt and [ppn][Co(CO)J Complex 4 was characterised
by a rather imprecise single-crystal X-ray study (see
below). The spectroscopic properties of 4 are generally
in accord with the solid-state structure. In the IR spec
trum, only four bands are found in the v(CO) region
between 2042 and 1914 em- I. The IH NMR spectrum
contains resonances at 8 2.82 and 6.33, which can be
assigned to the Me groups and the central H of the
ftrallylic ligand, respectively. At room temperature, the
I P NMR spectrum contains a broad resonance at S

62.2, which at 245 K separates into two signals at 8
45.5 and 62.8 of relative intensities I:2, respectively.
This is not consistent with the solid-state structure (see
below) where there are three types of Au(PPh 3) groups
and suggests that at least two fluxional processes are
occurring in solution, or that two of theexpected singlet
resonances are accidentally equivalent.



M.I. Bruce etal.] Journal of Organometatlic Chemistry 545-546 (J997) 207-218

Table I
Selected structural parameters in AuJRu J and AUJRu2CO complexes compared withanalogol'r, RUJ complexes (see also Fig. 3)

209

(j) Type(ll)
Complex
Reference
Core
Au(l)-Au(2)
Au(])-Au(3)
Au(2)-Au(3)
Au(l)-Ru(l)
Au(l)-Ru(2)
Au(])-Ru(3)
Au(2)-Ru(l)
Au(2)-Ru(2)
Au(3)-Ru(l)
Au(3)-Ru(3)
Ru(l)-Ru(2)
RU(])-Ru(3)
Ru(Z)-Ru(3)
Ru-Ru (av.)
A(Ru-Ru)
Au(2)-Au(I)-Au(3)
Au(2)-Ru(l)-Au{3)
Dihedral AuJjRuJ
(jj) Type(b)
Complex
Reference
Core
Au(l)-Au(2)
Au(I)-Au(3)
Au(2)-Au(3)
Au(l)-Ru(l)
Au(l)-Ru(2)
Au(J)-Ru(3)
Au(2)-Ru(l)
Au(2)-Ru(2)
Au(3)-Ru(l)
Ru(J}-Ru(2)
Ru{J)-Ru(3)
Ru(2)-Ru(3)
Ru-RII(av.)
A(Ru-Ru)
Dihedral Au~jRuJ

3
10
:\ U1Rul

2.838(1)
2.835(1)
(4.809(3)]
2.838(2)
3.007(2)
2.972(2)
2.837(2)
2.850(2)
2.840(2)
2.821(2)
2.979(2)
3.004(3)
2.968(3)
2.984

115.9(1)
115.8(1)
37.20W

4
This work
Au ~Rul

2.893(3)
2.848(2)
2.849(2)
2.790(4)
2.962(4)
2.855(5)
2.792(4)
2.879(4)
2.750(5)
2.921(4)
2.955(4)
2.8450)
2.9()'7
0.078
20.69(9)

14
3
AUJRul

aoiooi
2.930(1}
[4.8IJ'
2.987(2)
2.818(2)
2.825(2)
2.844(2)
2.807(2)
2.833(2)
2.796(2)
2.913(2)
2.929(2)
2.895(2)
2.91 2
0.039
108.0'
115.7•
29.47 '

18
20
RUJ

2.777(2)
2.777(2)
2.933(2)
2.829

IS
3b
AuRul
2.836(0
2.784(1)
[4.73J'
2.727(1)
2.879(1)
2.7630)
2.813(2)
2.712(4) (Co]
2.783(2)
2.917(3)
2.87.5(2)
2.879(2)
2.865(2)
2.873

13
Thiswork
AuJRuJ
2.911(2)
2.809(2)
2.899(2)
2.707(2)
4.197(2)
2.868(2)
2.674(2)
2.919(2)
2.721(2)
2.776(2)
2.971(3)
2.844(2)
2.864
0.069
8.87(4)

19
5a
AU3Ru2CO
2.749(2)
2.758(2)
[4.659(2)J
2.850(2)
2.726(4) [Co]
3.054(3)
2.812(3)
2.895(3)
2.762(3)
2.867(3)
2.825(4) [Co]
2.992(3)
2.71(}(3) [CoJ

/14.7'
/15.5 '
84.66'

8
14
AuRu~

2.7570)
2.763(])

2.820(1)
2.800(1)
2.786(1)
2.802

2.920(3)
2.779(3)
[3.546(3)]

3.043(3)
2.965(4)
2.839(4)
2.95

115.60 )
[[3.4W
48.52(9)

17
19
RU J

2.792(3)
2.799(3)
2.795(3)
2.795

6 16
13 18
AU3RuJ RU 3
2.911(3)
2.865(2)
2.840(2)
2.737(3)
2.943(4)
2.896(4)
2.775(4)
2.882(4}
2.761(3)
2.922(4) 2.929(4)
2.929(5) 2.779(4)
2.845(5) 2.775(4)
2.898 2.828
0.070
23.0(2)

'Original atom numbering has been altered in some cases for consistency; for compounds with asterisked entries, there is no Cambridge Data
Basecoordinate record, precluding estimates of precision for these entries. Non-bonded distances are in square brackets.

TlIble2
Comparison of Au-P and Ru-organic ligand bond lengths in Au3PJ complexes and precursor complexes

Complex 4 18 13 8 17 6
Reference This work 20 Thiswork 14 19 13
Au(l)-P(l) 2.30(1) 2.299(4) 2.276(1) 2.31(1)
Au(2)-P(2) 2.313(9) 2.299(5) 2.26(1)
Au(3}-P(3) 2.294(8) 2.282<4> 2.22(2)
Ru(l)-C(I) 2.J5(1) 2.22(1) 2.214(3)
Ru(l)-C(2) 2.28(3) 2.250(8) 2.19(1) 2.21(1) 2.271(3) 2.22(5)
Ru(I)-C(J) 2.22(3) 2.333(8) 2.23(4)
Ru(l)-C(4) 2.19(3) 2.250(8) 2.11(4)
Ru(2)-C(I) 2.20(2) 2.190) 2.207(3)
Ru(2)-C(2) 2.02(3) 1.088(6) 2.21(2) 2.27(1) 2.268(3) 2.05(4)
Ru(3)-C(I) 1.95(1) 1.95(2) 1.947(3)
Ru(3)-C(4) 2.12(3) 2.088(6) 2.14(1)

For4: Au(I)-C(31}2.85(3), Au(2}-C(I I) 2.95(4), Au(3)-C(l1} 2.87(4), Au(3)-C(12) 2.76(4) A
For 13: Au(2)-C(21) 2.80(1), Au(3)-C(l1) 2.78(2) A.

Original atom numbering has beenaltered in somecasesfor consistency. See also Fig. 3,

16
18

2.02(3)
2.18(3)
2.19(3)
2.23(3)

2.oI(3)
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orange Rui JL3-C2But)(cOMAu3(PPh3)3} (12) in 74%
yield. The phenyl analogue, Ru 3( JL3
C2Ph)(CO)8{Au3(PPh3)3} (13), was obtained (75%) in
similar fashion. Complex 12 has been previously iso
lated from reactions between [0{Au(PPh3)}3][BF4] and
the anion [RU3(JL3-C2Bul)(CO)9t in 3% yield, the
major product being the vinylidene cluster Ru3( JL3-C =
CHBul)(COMAu

2(PPh3)2} [15]. The molecular struc
tureof 13 was determined by X-ray crystallography and
is described below.

The IR spectra contained four strong terminal v(CO)
bands; the expected resonances for Ph, and But groups
if present, appeared in the I H NMR spectra of the two
complexes. At room temperature, only a single broad
resonance is found at 8 56.7 in the 31 P NMR spectrum
of 13. On cooling to 255 K, three singlets are found
between 8 51.7 and 65.3, again consistent with the
solid-state structure.

2.1. Molecular structures

2.1.1. RiliJL3-CMeCHCMe)(CO)sfAuiPPh3)3} (4)
A plot of a molecule of 4 is shown in Fig. I and

selected structural parameters are given in Tables I and
2. The metal core consists <]f the original Ru3 cluster
[Ru-Ru 2.845(5)-2.955(4) A] to which a closed trian
gular AU 3 unit [Au-Au 2.848(2)-2.893(3) Aj hi at
tached by six metal-metal bonds [Au-Ru 2.750(5)
2.962(4) A] to form a face-capped trigonal bipyramid.
The organic ligand is attached to the Ru3 face furthest
from the AU3 face, and almost parallel to it, in the same
1/I:'T/ 1:1/3 fashion as found in the parent complex. The
five carbon atoms are coplanar ( X2= I I), the interpla
nar dihedral angles to the RU 3 and AU 3 planes being

Fig. 2. Plotof a molecule of Ru3( JL3,C2 PhXCO)g{Au 3(PPh3)3} (13),
showing theatom numbering scheme. Non-hydrogenatoms areshown
with 20% thermal envelopes; hydrogen atoms have arbitrary radii of
0.1 A.

54(2), 60(2)°. Eight terminal CO ligands are attached to
the three ruthenium atoms, while each gold atom bears
a PPh3 ligand [Au-P 2.294(8)-2.313(9) A]; atoms P(I
3) lie o~t of the AU 3 plane by 1.93(1), 1.35(1) and
0.91(1) A.

2.1.2. Rui I-'j"CzPh}(COlt/Aui PPh3)JI (J3)
The molecular structure of 13 is shown in Fig. 2 with

selected bond lengths and angles being presented in
Tables I and 2. The metal core is similar to that found
in 4, but i~tcraction of the AU 3 unit [Au-Au 2.809(2)
2.911(2) 1\] with the RU3 cluster [Ru-Ru 2.776(2)
2.971(3) A] via only five Au-Ru bone': [Au-Ru
2.674(2)-2.919(2) A] results in distortion of the Au 3Ru3
cluster towards a capped square pyramid. The organic
ligand is found 011 the face of the RU 3 triangle opposite
to the Au3(PPh3)3 unit, with the o-bonded carbon being
attached to a basal ruthenium of the square pyramid;
atoms q I,2) deviate from the Ru3 plane by 1.27(2),
1.70(2) A. Eight terminal CO ligands arc attached to the
ruthenium atoms and each gold atom is bonded to a
PPh3 ligand [Au-P 2.282-2.299(4) A], atoms P(I-3}
lying out

o
of the AU3 plane by 1.678(4), 1.900(5),

0.798(5) A.
In both structures, relatively close approaches of the

gold atoms to one or more CO groups [2.76-2.97 A] are
found, Similar observations have been recorded for
other gold-containing clusters, such as
OsIOC(CO)24{Au4(PfY3)3}' in which Au. . .C separa
tions of 2.66-2.76 A were noted [16].

3. Discussion

We have described above a useful extension of the
previous study [1] of reactions of ruthenium cluster
complexes with [0{Au(PPh3)]3]+ which leads to a
method of introducing three Au(PPh3)groups into metal
clusters. The reactions proceed readily under ambient
conditions to give moderate to high yields of the prod
ucts.

With the present work, there are now structural data
for seven cluster complexes containing Au3(PR 3)3 at
tached to triangular faces of RU3' RU 4 or, in one case,
Ru3Co, cores. In all hut one case, the phosphine is
PPh3; the exception (7) contains an Au3(PPh3) ( JL
dppm), Structural data are also available for theirdirect
precursors or for closely related complexes in four
instances. It is thus possible to consider the geometries
of the various Au3(PR3)3 groups and the effects of
adding the Au3(PR 3) 3 group to the RU3 cluster. Rele
vant structural parameters are collected in Table I for
the follow ing com p le x e s: R u 3{ JL
C(OMe)}(COMAu 3(PPh3) 3} (14) [3b], Ru3( JL-HM JL3
C(OMe)}(COMAu(PPh3) } (15) [3b] [the precursor in
this case is Ru3( JL-H){ JL-C(OMe)}(CO)10 [I 7]]; 6 and



M./. Bruce et af./ Jouma! ofOrgallometaffic Chemistry 545-546 (1997) 207-218 211

RU3(P.-H)(p.~CJ2HI5)(CO)9 (16) fi8J; 13 and Ru3(p.
X)(P,3-CZBu')(CO)9 [X=H (17) [19J, Au(PPh 3) (8)
[14]]; 4 and Ru 3( p.-H)( P,rCMeCMeCMe)(CO)9 (I8)
[20]; 3, 7 and Ru3Co(CO)12(Au 3(PPh 3) 3} (19)[Sa]. Fig.
3 contains plots of the Au 3Ru 3 (Au 3Ru 2Co for 19)
cores of the seven complexes.

From Fig. 3, it can be seen that there are several
examples of each of two geometries of the Au 3(PPh3) l

group in these clusters: (a) an open (bent) Au 3 unit
spanning an Ru-Ru bond, as found in 3, 7 and 14 and
in 19, where it. is attached to an Ru 2Co face [5aJ and (b)
a closed triangular AU 3 unit strongly attached to a
single Ru atom of the cluster, with weaker interactions
with adjacent Ru atoms (as found in 4, 6 and 13). The
two forms areformally obtained (a) bythefirst Au(PR3)

group capping an Ru 3 face, followed by the other
Au(PR) groups capping opposite AuRu2 faces, and (b)
by successive capping of Ru 3, AuRu2 and AU2Ru
faces. In Ru 4( p,-H)(CO)dAu3( p.-dppm)(PPh3)} (7)
[21], the AuJRu 4 cluster is formed from a square
pyramidal Ru3Au3 core (with a square Au2Ru z face)
capped on the RU 3 face by the fourth RU(CO)3 group.
This appears to be a distorted version of type (a),
probably resulting from the presence of the small bite
ligand dppm bridging two of the Au atoms. The steric
constraints thus imposed havepulled Au( I) away from
Ru(3) [3.55 A1 to give a bent Au2Ruz rhomboid.

Within theAU 3 unit, ty~e (a)has two bonding Au-Au
interactions [2.75--3.01 A]; the Au(2). . . Au(3) separa
tions range between 4.73 and 4.81 A and are clearly ·
non-bonding. The two outer Au(2,3) atoms have Au-

Ru(D contacts of 2.76-2.84 A, and are somewhat
further away from the other two Ru atoms [2.80-2.92
A]. Atom Au(l) is found either ca. 2.81 (14) or 2.97
3.02 A(3, 7 and 19) from Ru(2,3). In 7, a close
approach to Ru(2) (2.78 A) is balanced. by a long
non-bonding separation from Ru(3) (3.55 A). The Au
Au-Au angles are ca. 110°, even in 7 [115.6(1)0; cf.
115.9(1)° in (he closely related complex 3] [3a.3b,9].

For type (b), the AU 3 triangle (Au-Au 2.81-2.91 A)
strongly interacts with Ru(]) (2.67-2.79 A). Atoms
Au(I,2) are located above the Ru(1)-Ru(2) and Ru(I)
Ru(3) vectors, respectively, with Au(I)-Ru(2,3) and
Au(2)-Ru(2) distances of 2.86-2.96 A. In both cases,
the Au-Au distances span those found in gold metal
(2.884 A) [22], but even in complexes which are other
wise symmetrical, presently inexplicable differences in
the Au-Au separations are found, e.g, in 14, where
values of 2.930(1) and 3.010(1) Awere found [3b]. In
all cases mentioned the Au atoms are close enough for
there to be considerable bonding interactions.

3.2. Effect ofaddition of AuJ PJ to the RU j face

As hasbeen noted before [I,3b], addition of Au(PR 3)
units to an RU l face of a cluster complex has the effect
of increasing the average Ru-Ru separations. Thus for
the " parent" complexes considered here, the average
Ru-Ru bond lengths range from 2.795 to 2.873 A(see
Table I), while in the Au3RuJ clusters.. the values have
increased to between 2.864 and 2.912 A. In cases where
individual Ru-Ru separations are not changed signifi
cantly, these honds are usually bridged by another
ligand, such asH or C(OMe).

Type (b)

(4) RUs[lls-CMeCHCMo)(COJelAu3(PPhsbl (13) AUs(lls.C~Ph)(COJa(Aus(PPhshl
(6) RUS(JIS,C12H,s)(COJalAus(PPhsbl

Fig. 3. Plotsof the AU~Ru3 or Au~RulCO coresof several clustercomplexes.
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Where replacement of one H by Au(PPh3) occurs
there is only a slight increase in average Ru-Ru separa
tion (2.795 to 2.802 A), although individual Ru-Ru
separations have a wider range in 8 (between 2,786 and
2.820 A), compared with 2,792-2.795 Ain 17, Further
addition of the Au2(PPh 3) 2 fragment to a complex
already containing an Au(PPh3) group results in an
additional expansion of the average Ru-Ru separation.
e.g. comparing 8 with 13, from 2.802 to 2.864 A. The
changes in average Ru-Ru separation [J(Ru-Ru)] range
between 0.04 and 0.08 Ain the pairs 4/18, 13/17,
14/15 and 6/16; consideration of the pairs 8/13 and
14/15 and the minimal expansion found for 8/17,
suggest that it is the addition of the second and third
Au(PR3)groups that results in the cluster expansion.

Of some interest is the finding that the Au3/Ru 3
interplanar angles are markedly different in the two
types, ranging from 29.47-48.52° (largest value for 7)
in type (a) and 8.87-23.03° in type (b), although in the
Ru2Co complex 19, the two planes diverge by 84,66°.

3.3. Electronic effect of the AU3 P3 group

Comparisons of the bonding of the organic ligand in
complexes 4/18 and 8/13/17 (Table 2) show rela
tively minor changes occur on auration, with perhaps a
trend towards a closer attachment in the case of the
Au 3Ru 3 complexes. The observed expansion can be
rationalised, as before [I], by the increased size of the
Au3(PR) 3 group ali well as by the presence of a more
electron-donating group replacing the H atom or CO
group. The v(CO) frequencies of the Au3Ru3 com
plexes are some 20-30 cm" less than those found for
the parent complexes, which is also consistent with the
presence of increased electron densities in the aurated
clusters. In tum, this would result in increased back
bonding to the 7T-bound part of the ligand. There is no
significant observable effect on the Ru-C a-bonds and
the geometries of the ligand fragments are essentially
unchanged.

3.4. lsolobal matters

The molecular structures of the products described
above and others show that the three Au(PR 3) groups
are generally linked by Au-Au bonds, a phenomenon
which has been termed "aurophilicity" [23]. Conse
quently, the well-known isolobal relationship between
[Au(PR3)]+ andH+ [24] does not holdin these clusters.
In polyhydrido clusters the H atoms are generally found
to bridge separate edges or cap separate faces. For
example, in Rui p.-HMCO)12 , the H atoms are found
to bridge Ru-Ru edges, while the gold atom similarly
bridges an Ru-Ru edge in the mono-Au(PR) deriva
tive 1 [25]. However, energy differences between J.L2
and p.)-groups are small, so that the solid-state struc-

tures probably reflect arrangements of minimum energy.
Forexample. two isomers of AuRusC(CO)13(NO)(PEt3)
are known, in which the Au(PEt3) unit eitherbridges an
Ru-Ru edge or caps an RU3 face [26].

If two gold atoms are present, as in 2, the second
Au(PR 3) moiety caps an AuRu2 face, so that Au- Au
bonds are formed [27]. The formal isolobal analogues of
these complexes would be cluster complexes of molecu
lar H2, but so far none have been identified, although
their mononuclear counterparts have been known since
1984 [28].

In the present context, if the H/Au(PR3) analogy is
pursued, the formal isolobal relationship is between
[AuiPPh3)3]+ and Hj. The structure of the ground
state of H! has been calculated to have a closed
triangular arrangement of the three H atoms [analogous
to the type (b) Au3(PR 3)3 group} [29]. In contrast,
calculations of the geometry of H3 ligands on Cr(CO)s
indicate that the open (bent) geometry, analogous to
type (a) Au3(PR3)3' is energetically more favourable
[30]. Somejustification of this lies in the fact that the
2-e cyclic H! moiety is stable, but Jahn-Teller distor..
tions lead to separation of two of the H atoms to give
the open (bent) form as more electron density is added.
Interestingly, three Au(PR3) units have also been added
to mononuclear complexes and it is of interest that in
one case, at least, a skeletal rearrangement of the open
Au 3(PPh 3) 3 portion found in
ReH 2(PMe2Ph)3{Au3(PPhJ)3}, i.e., with a butterfly
Au3Re cluster, to the closed form occurs on protona-
tion. In the resulting cation
[ReH3(PMe2Ph)3{Au 3(PPh3)3}]+' the Au3Re core is te
trahedral [3I). Thus an increase in electron density
results in opening of the Au 1 triangle, paralleling the
behaviour of the H;' moiety. .

3.5, Fluxional behaviour

Polygold-ruthenium clusters are often found to be
fluxional via variable temperature 31 P NMR studies.
Detailed studies of several complexes, including those
containing type (a) Au3(PR3)3 groups, suggest that the
mechanism whereby the P atoms of the tertiary phos
phines achieve equivalence is a polyhedral rearrange
ment during which Au-Au bonds are cleaved and re
formed [32]. Studies of the fluxional behaviour of 7 in
solution have provided further information about these
processes [32].

Singlet 31P resonances were found for 4,6 and 13at
room temperature, which on cooling to ca. 250 K
separate into two (4) or three peaks (6 and 13). The
structural determinations showthat all Au(PPh3)groups
are non-equivalent in each structure and further, that
one of the Au(PPh) groups [here labelled Au(3)] is in
an environment distinctly different from the other two,
which lie over the RU 3 triangle in each case. On this
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basis, we are inclined to assign the lower field reso
nances found between 8 5 and 51 to this group. The
closer (stronger) attachment of the AU3(PPh3)3 group to
one ruthenium [Ru(I)] suggests a possible mode of
fluxionality to be rotation of this group about an Ru-Au3
axis perpendicular to the AU3 plane. The varying ge
ometries found for the Au 3/Ru3 planes reflect only the
freezing of this rotational motion in the solid state.

4. Conclusions

Introduction of up to three Au(PR 3) groups onto
metal cluster complexes is possible in their reactions
with the [O{Au(PPh3)U+ reagent in the presence of
nucleophiles. Hydrido clusters add the Au3(PR3)3 unit
with concomitant loss of'(H+CO). Wehave alsoshown
that two further Au(PR3) groups may be added to a
cluster already containing a one Au(PR 3) group (but no
hydride) to form an Au3(PR3)3 unit, with loss of CO.
The Au3(PR3)3 group contributes three electrons to the
cluster valence electron count. The formation of these
complexes is driven by the aurophilicity principle [23],
that is, the tendency to form Au-Au bonds (but not
necessarily the maximum number possible). The result
ing Au 3(PR3)3 group may be open (bent) or closed
triangular. In the latter case, the Au3(PR 3)3 is closely
associated with only one of the cluster Ru atoms,
although weaker interactions with the other two are also
present. In thepresent group of complexes, we note that
clusters of type(a) are found with COor CR ligands as
the only ligands on the cluster, whereas the presence of
an unsaturated hydrocarbon results in the type (b) clus
ters.

The main structural effect of adding an AuiPR 3)3

group to the cluster is manifested in an expansion of the
average Ru-Ru separation, but little or no significant
changes are found in theorganic fragments bound to the
RU 3 part of the cluster. However, the average v(CO)
frequencies of the aurated clusters are lower than those
of the 'parent' derivatives. This feature, together with
the cluster expansion, suggests that the aurated clusters
are more electron-rich than the 'parents' . The Au3Ru3
clusters are fluxional as shown by their variable temper
ature 31 P NMR spectra. while a polyhedral rearrange
ment process has been suggested for clusters containing
type(a) Au3P3 groups [32J, we suggest thatfor type(b),
the rearrangement process could involve rotation of the
AU 3P3 group about one Ru atom.

5. Experimental

Instrumentation: IR: Perkin-Elmer 1700X Ff IR.
NMR: Broker CXP300 or ACP300 (IH NMR at 300.13
MHz, 31p NMR at 121.49 MHz). FAB MS: VG ZAB

2HF(using 3-nitrobenzyl alcohol as matrix, exciting gas
Ar, FAB gun voltage 7.5 kV, current I mA, accelerat
ing potential 7 kV).

General reaction conditions. Reactions were carried
out under an atmosphere of nitrogen, but no special
precautions were taken to exclude oxygen during work-
up. .

Starting materials. The following compounds were
prepared by procedures identical or similar to those
cited: Ru3(CO)12 [33), Rui J.t-HMCO)/2 [34], Ru3( J.t~"

H)(J.t3-CI2HIS)(CO)9 [12], RU J(J.t-H)(J.t3-MeC
CHCMe)(CO)9 [35], [O{Au(PPh 3)}3][BF4 ] [36],
[ppn][Co(CO)4] [37], AU(C 2 Ph)(PR 3) (R = Ph,
C6H 4Me-4) [38], Au(C2Bu1)(PPh J ) [38], and
{Au(C2Ph}2( J.t-dppe) [38].

Preparation of Ru/lLj-C2 P/l )(COMAII(PPh) 1 (9).
To a solution of Ru3(CO)12 (135 rng, 0.21 mmol) and
Au(C 2Ph)(PPh3) (119 mg, 0.21 mmol) in CH2CI 2 (60
ml) was added Me3NO (25 mg, 0.33 mmol). The
reaction mixture was stirred for 15 min then evaporated
to dryness (vacuum line). Radial chromatography
(loaded with acetone/light petroleum 1/2, ca. 2 ml)
was then performed. Elution with light petroleum gave
firstly Ru3(CO)12 (Is rng, 11%), then an orange band
which was crystallised (CH 2C1 2/MeOH) to give or
ange- yellow crystals of R u 3( IL 3

C2Ph)(CO)9{Au(PPh3)} (9) (156 mg, 66%) m.p. >
IS0aC (dec.). Found: C, 37.16; H, 1.79;
C3sH20Au09PRu3 requires C, 37.68; H, 1.81%. IR:
v(CO) (cyclohexane) 2073w, 2039vs, I996s, 1990w,
1979(sh), 1966m cm- I. IH NMR: I)(CDCI 3) 7.22-7.57
(m, 20H, Ph). FAB MS (m/z): 1117, [M]+, 12; 1089,
[M-CO]+, 7; 1061, [M-2CO]+, 4; 1033, [M-3CO]+,
20; 1005, [M-4CO]+, 16; 977, [M·.-5CO]+, 45; 949,
[M-6CO]+, 15; 921, [M-7CO]+, 26; {l93, (M-8CO]+,
26; 865, [M-9CO]+, 24; 788, [M-9CO-Ph]+, 20; 721,
[Au(PPh 3)2]+' 37; 459, [Au(PPh3)]+, 100.

Preparation of Rui J.tj-C2Bu')(couAu(PPh3)J (8).
A similar reaction between Ru3(CO),2 (130 mg, 0.20
mmol), Au(C2Bu')(PPh3) (IIO mg, 0.20 mmol) and
Me,NO (25 mg, 0.33 mmol) in THF (25 rnl) yielded
yeilow -orange crystals of RU 3( JL 3
C2Bu

l)(CO)9{Au(PPh
3)} (8) (122 rng, 55%). IR

(hexane); v(CO) 2072m, 2036vs, 1995vs, 1985s, 1978
(sh), 1964m cm- I [Lit. [I 4]: v(CO) (hexane) 2074m,
205 Is, 2036vs, 1996vs, 1968m em- I ].

Preparation of Ru,lJ.t[C2 P/l )(cou Au[P(C6 H4 Me
4)j11 (10). A similar reaction of Ru 3(CO)12 (37 mg.
0.06 mmol), Au(C2Ph){P(C6H4Me-4)3} (35 mg, 0.06
mmol) and Me3NO (6 mg, 0.08 mmol) in THF(10 ml)
yielded yellow-orange crystals of Ru3( JL r
C2Ph)(COMAu[P(C6H4Me-4)3]} (10) (39 mg, 58%),
rn.p, > 150aC (dec.). Found: C, 39.19; H, 2.24;
C3sH26Au09PRu3 requires C, 39.42; H, 2.26%. IR:
v(CO) (cyclohexane) 2072w, 2038vs, 1996s, 199I(sh),
1978(sh), 1965m cm- I. 'H NMR: S(CDCI3 ) 2.40 (s,
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9H, Me), 7.20-7.55 (m, 17H, Ph). FAB MS (m/z):
uss, [M]+, 50; 1131, [M-CO]+, 8; 1103, [M-2CO]+.
4; 1075, [M-3CO]+, 28; 1047, [M-4CO]+' 23; 1019,
[M-SCO]+, 46; 991, [M-6CO]+, IS; 963, [M-7CO]+,
27; 935, [M-8CO]+, 23; 907, [M-9CO]+' 22; 805,
[Au{P(C6H4Me)3}2]+' 38; 501, [Au(P(CC.H4Me)3W,
100. Strong unidentified peaks at m/z 1539 and 460
were also present.

Preparation of (Rui ILj-CzPh)(CO)9Aul/ u-dppe)
(JI). To a stirred solution of Ru3(CO)Iz (100 rng, 0.16
mmol) and {Au(CzPh)}zdppe (119 mg, 0.12 mmol) in
CH2Clz (40 ml) was added Me3NO (25 mg, 0.75
mmol), After stirring at room temperature for 0.5 h,
preparative TLC (acetone/lightpetroleum 1/3) showed
eight bands and a brown baseline. The major coloured
band (yellow-orange, R[0.77) was extracted and crys
tallised from CHzC1 z/MeOH to give yellow-orange
crystals of {Ru3( IL-CzPh)(CO)9Au}zdppe (11) (84 mg,
51%), m.p, > 150°C (dec.L Found: C, 33.74; H, 1.59;
C60H34AuzOISP2Ru6 requires C, 34.23; H, 1.63%. In
frared (cyclohexane): v(CO) 2073w, 2041w, 1966s,
1988(sh), 1962w em-I. IH NMR: 5(CDCJ 3) 2.74 (s,
4H, CH,), 7.23-7.57 (m, 30H, Ph). :-<\B MS (m/z):
2106, [M]+, 45; 1966, [M-5CO]+, :L3; 1938, [M
6COj+, 72 (the base peak is unidentified at m/z 1392).

5.1. Auration reactions using [O!Au(PPhJ)})!BF"J /
[PPIlJ[corCO)" J

(a) With Ru.,(JL-HMCO)J2' To a stirred solution of
Ru4( J.lo-H)4(CO)12 (60 mg, 0.08 mrnol) in THF (20 ml)
were added [O{Au(PPh3)}3][BF-I] (119 mg, 0.08 mmol)
and [ppn][Co(CO)4] (57 mg, 0.08 mmol) giving a dark
red solution. After stirring for 0.5 h the solvent was
removed in vacuo. Preparative TLC (benzene/light
petroleum 1/I) showed six bands and a brown baseline.
Band 1 (yellow, R( 0.93) was identified as Ru4( fJr
H)iCO)12 (5 mg, 9%) [IR v(CO) spectrum]. Band 3
(orange, Rf 0.77) was crystallised (EtzOflight
petroleum) to give deer. red crystals of Ru4( IL-H)( JL
HMCO)12{Au(PPh3)} (1) (3 mg, 3%). IR: v(CO)
(hexane) 2090m, 2063vs, 2050s, 2030vs, 2012s, 200lm,
1980w, 1965w, 1958w em-I [lit. [10]: v(CO) (hexane)
2092s, 2084w, 2066vs, 2052s, 2039(sh), 2032vs, 2015m,
2003(sh), 1982m, 1979m, 1960m, 1900w cm"], FAB
MS (mlz): 1204, [MJ+, 3; 1I76, [M-COJ+, 4; 1148,
-2COJ+, 5; I120, [M-3CO]+, 9; 1090, [M-4CO
2H]+, 9; 1062, [M-5CO-2H]+, 8; 1034, [M-6CO
2H] +, 22; 1006, [M-7CO-2H]+' 9; 978, [M-8CO
2H] +, 12; 950, [M-9CO-2HJ+, 12; 721, [Au(PPh 3)z]+,
34; 459, [Au(PPh3W, 100. Band 5 (red-brown, R[
0.39) was crystallised (CHzCI 2/hexane) to give pur
ple-red crystals of RU4(ILJ-H){IL
H)(CO)12{AuiPPh3)J (2) (44 mg, 33%). IR: v(CO)
(CH2Cl 2) 2071s, 2043m, 2033s, 2023vs, 2008s, 1990m,
1977m, 1959(sh) cm- I [lit. [27]: v(CO) (CH2CI 2)

2070s, 2043m, 2033s, 2022vs, 2006s, 1988m, 1975m,
1956(sh), 1914(sh) cm"], FAB MS (m/z): 1662, [M]+,
4; 1634, [M-5CO]+, 3; 1604, [M-2CO-2H]+' 7; 1576,
[M-3CO-2H]+' 6; ]548, [M-4CO-2H]+, 6; 1520,
[M-5CO-2HP, 13; 1492, [M-6CO-2H]+, 5; 1464,
[M-7CO-2H]+, 5; 1436, [M-8CO-2H]+, 5: 1408,
[M-9CO-2H]+, 8; 1380, [M-IOCO-2H]+, 6; 1352,
[M-IICO-2H]+, 7; 1324, [M-12CO-2H]+, 5; 721,
[Au(PPh3)2]+' 100; 459, [Au(PPh3W, 97. Band 6
(green, R, 0.20) was crystallised (CH 2Cl z/MeOH) to
givegreen crystals of Rui IL-H)(CO)lz{AuiPPh3)3} (3)
(4 mg, 2%). IR: v(CO) (CH2Cl z) 2053s, 2012vs,
2009vs, 19895, I967m, I953m, 1919w em-I [lit. [9]:
p(CO) (CH2CI 2) 2053vs, 2013(sh), 2007vs, 1989s,
I967w, 1951m, 1920w cm"], FAB MS (m/z): 2120,
[M]+, 3; 2036, [M-3CO]+, 1; 1980, [M-5CO]+, I;
1952, [M-6CO]+, I; 721, [Au(PPh3)z]+' 100; 459,
[Au(PPh3)]+' 92. The remaining bands contained only
trace amounts of unidentified products.

(b) With Rui IL-H)( ILrMeCCllCMe)(CO)9' Similarly
a solution ofRui p.-H)( JL3-CMeCHCMe)(CO)9 (29mg,
0.048 mrnol) in THF (25 ml) was treated with
[O{Au(PPh 3)}3][BF4] (72 mg, 0.049 mmol) and
[ppn][Co(CO)4] (35 mg, 0.049 mmol) to give a red
solution. Work-up by preparative TLC (acetone/light
petroleum 1/3) gave two major bands. Band I (colour
less, Rf 0.65) contained Co{Au(PPh3)}(CO)4 (16 rng,
52%) (spot TLC and solution IR v(CO) spectrum).
Band 2 (purple, Rf 0.39) was recrystallised
(CH2CI 2/hexane) to give purple-black crystals of
Ru 3( ILrCMeCHCMe)(CO)8{AuJ(PPh3)3} (4) (60 mg,
95%), m.p. 220-222°C. Anal. Found: C, 40.59; H, 2.69;
M (mass spectrometry), 1973; Calc. for
C(l7H 52Au ~.OSP3Ru3: C, 40.80; H. 2.66%; M, 1972. IR:
r(CO)(CHzClz)2042m.1970s, 1956(sh),1914wcm- l

.

H NMR: 5(CDCI3) 2.82 (s, 6H, 2 XMe), 6.33 (5, tH,
CH), 6.94-7.56 (rn, 45H, Ph). 31 P NMR: a(CHzC1 2 )

62.2 (br) (at 295 K); 45.5 and 62.8 (relative intensities
1:2) (at 245 K). FAB mass spectrum (m/z): 1973, M+,
1; 1944, [M-H-CO]+, 1; 1916, [M-H-2CO]+, 10;
721, [Au(PPh3)2] +' 100; 459, [Au(PPh3)]+, 10.

(c) With Rui IL-H)( f.LJ-CI2 Ht j)(CO)9' To a stirred
solution of Ru 3( IL-H)(WCJ2Hls)(CO)9 (42 rng, 0.06
mmol) in THF (I5 ml) was added [O{Au(PPh3)h][BF4 ]

(87 mg, 0.06 mmol) and [ppn][Co(CO)4] (42 mg, 0.06
mmol). The colour of the solution changed from yellow
to purple within 2 min. After stirring for 5 min the
solvent was removed in vacuo. Preparative TLC
(acetone/lightpetroleum 3/7) showed fourbands. Band
1 (yellow, Rf 0.90) was identified as RuJ( p..-H)( JL3
C1zH1S)(CO)9 [IR v(CO) spectrum] (3 mg, 7%), Band
2 (colourless, Rf 0.68) was identified as
Co{Au(PPh3)}(CO)4 [IR v(CO) spectrum]. Band 3
(red-brown, R[ 0.64) wascrystallised (acetone) to give
red-brown crystals of Ru 3 ( J.lo-H)( JL3
ClzH1S)(COMAuz(PPh3)2} (5) (57 mg, 60%) m.p. >
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Table 4
Non-hydrogen positional and isotropic displacement parameters, (4)

Atom x y z U(cq)A2

Au(\) 0.44587(6) 0.28895(6) 0.7620(I) 0.038l(4)
Au(2) 0.45235(6) 0.28057(6) 0.5514(1) 0.0437(5)
Au(3) 0.42949(6) 0.16663(6) 0.6653()) 0.0443(5)
Ru(l) 0.5388{\) 0.2245(1) 0.6711(2) 0.0386(9)
Ru(2) 0.5329(1) 0.3669(1) 0.6516(2) 0.042{\)
Ru(3) 0.5613(1) 0.3132(1) 0.8380(2) 0.044(1)
C(IJ) 0.540(2) 0.174(2) 0566(3) 0.07(1)
0(1 I) 0.549(1) 0.145(1 ) 0.487(2) 0.084(8)
C(l2) 0.534(2) 0.151(2) 0.768(3) 0.07(1)
0(12) 0.540(I) 0.1 05(1) 0.808(2) 0.060(7)
coI) 0.47)(2) 0.425(2) 0.688(3) 0.06(1 )
0(21) 0.434(1) 0.461(1) 0.707(2) 0.083(9)
C(22) 0.532(1) 0.41 )(2) 0.534(3) 0.05(1)
0(22) 0.538(1) 0.440(1) 0.457(2) 0.081(8)
C(23) 0.593(2) 0.41 )(2) 0.719(4) 0.12(2)
0(23) 0.6211(i) 0.447(() 0.745(2) 0.083(9)
C(3I) 0.507(2) 0.379(2) 0.886(3) 0.06(1)
0(3 I) 0.484(1) 0.418(() 0.936(2) 0.088(9)
C(32) 0.625(2) 0.348(2) 0.904(3) 0,07(1)
0(32) 0.661(1) 0,367(() 0.957(2) 0.089(9)
C(33) 0.548(2) 0.259(2) 0.926(3) 0.08(1)
0(33) 0.538(1) 0.211 (I) 0.987(2) 0.078(8)
P(I) 0.3570(4) 0.2941(4) 0.8406(7) 0.045(3)
ern I) 0.345(1) 0.221(1) 0.912(2) 0.043(8)
C(lIZ) 0.394(2) 0.199(Z) 0.976(4) 0.12(2)
C(lI3) 0.3~9(2) 0.147(2) 1.036(3) O.OW)
C{t 14) 0 :,39(2) 0.109(2) 1.030(3) 0.08(1)
C(! I ~; } i1 ' o}l)(2) 0.125(2) 0.967(3) 1).O8(()
CO16) 'J. ~l'i(I) 0.184(2) 0.912(2) 0.052(9)
cm1)'J.2P.·){ i) 0.306(1) 0.762(2) 0.045(9)
cn: 2) O.2~7(2) 0.302(2) 0.665(3) 0.07(1)
CO 23) 0.246(2) 0,314(2) 0.601(3) 0.09(1)
C(I24) 0.195(2) 0.328(2) 0.655(::j) 0.08(1)
C(l2S) 0.187(2) 0,324(2) 0.756{.;) 0.09(1)
C(l26) 0.237(2) 0.320(2) 0.\ 87(3) 0.08(1)
C(l31) 0.349(1) 0.357(1) O.931tn 0.043(8)
C(l32) 0.349(2) 0.422(2) 0.895(3) 0.D7(1)
CO33) 0.342(2) 0.473(2) 0.959(3) O.G7(1)
C(l34) 0.336(2) 0.464(2) 1.055(3) 0.08(1)
C(l35) 0.330(2) 0.401(2) 1.090(4) 0.\ 1(2)
C(l36) 0.336(2) 0.348(2) L029{3) 0.08(1)
P(2) 0.4010(4) 0.3042(4) 0.4091(7) 0.048(3)
C(211) 0.354(1) 0.375(1) 0.4 1'j"~2) 0.049(9)
C(212) 0.373(2) 0.429(2) 0.468(3) 0.06(1)
C(213) 0.336(2) 0.486(2) 0.464(3) 0,07(1)
C(214) 0.285(2) 0.489(2) 0.415(3) 0.08(1)
C(215) 0.265(2) 0.432(2) 0.369(3) 0.10(2)
C(216) G.298(2) 0.374{2) 0358(3} 0.09([)
C(22[) 0.355(1) 0,240(1) 0.365(2) 0.044(8)
C(222) 0.330(2) 0.1 94(2) 0.42(0) 0.07([)
C(223) 0.288(2) 0.149(2) 0.3920) 0.06(1)
C(224) 0.277(2) 0.147(2) 0.293(3) 0,07(1)
C(225) 0.297(2) 0.194(2) 0.227(4) o, I0(2)
C(226) 0.340(2) 0.237(2) 0.272(3) 0.Q7([)
C(23I) 0.448(2) 0.324(2) 0.312(3) 0.060)
C(232) 0.492(2) 0.275(2) 0.289(3) 0.070)
C(233) 0.536(2) 0.289(2) 0.2l4(3) 0.09(1)
C(234) <i.53H2) 0.353(2) 0.160(4) 0.1 1(2)
C(235) 0.494(2) 0.395(2) 0.187(3) 0.06(1)
C(236) 0.448(2) 0.385(2) 0.261(3) 0.06(1)
P(3) 0.3737(4) 0.0730(4) 0.6577(7) 0,046(3)
C(31[) 0.413{J) 0.011(2) 0.742(3) 0.051(9)
C(312) 0.431(2) -0.045(2) 0.700(3) 0.08(1)

1972.2
Monoclinic
P2 1 / 1l(No. 14)

22.71(4)

20.40(1)

13.69(1)

90.5(1)

4 13
C67H52Au~08P)RuJ C7oHsoAu30sP3Ru3

0.5C7 H16

2056.3
Tric1inic
p'l (No.:)

21.04(1)

14.n 3(9)

13527(8)
99.78(5)
105.23(4)
99.5](5)

3781
2
L81
1954
0.08X 0.33X 0.16
1.56,3.69
62
50
13282
8875
0.045
0.057

. 6341
'4
2.07
3568
0030 X0.33X0.20
3.32,8.1
74
50
11116
6045
0.087
0.090

Table 3
Crystal data al;J refinement details for complexp.s 4 and 13

Compound
Formula

MW
Crystal system
Space group
a,A
b,A
e.A
(1', deg,
[3, deg.
v,deg.
V, ft.? .
Z
Dr' g cm""
F(OOOJ
Crystal size,mm
A' (min, max)
/L,em-I
20m,. , deg,
N
No
R
Rw

150°C (dec.). Found: C. 41.66; H. 2.91;
C5bH46Au20gP2Ru3 requires C. 41.88; H, 2.89%. IR:
v(CO) (cyclohexane) 2058m. 2040s. 1988vs, 198I(sh),
1966m, 1915w em-I. IH NMR: 8(CDCI3) -21.15 [d.
J(HH)= 203Hz. IH, Ru-H). 1.71-5.80 (m, 14H. C I2

ring protons). 6.39 [d, J(HH)=203Hz. lH. allylic CH],
7.18-7.48 (m, 30H, Ph). FAB MS (m!z): 1607, [M]+.
3; 1579, [M-CO]+, 10; 1551. [M-2CO]+. 4; 1522.
[M-3CO-H]+, II; 1494. [M-4CO-H]+. 23; 1466,
[M-5CO-H]+, 8; 1438, [M-6CO-H]+. 13: 1410. [M
7CO-H]+, 20; 1382, [M-8CO-H]+, 10; 1251, IM
7CO-C

12H 1S-H]+.7; 1223. [M-8CO-C I2H 1s-H]+, 6;
1148, [M-Au(PPh3W. 8; 1120, [M-CO-Au(PPh3>J+.
10; 721. [Au(PPh3)2]+' 100; 459. [Au(PPh3W. 48.
Band 4 (purple, Rf 0.52) was crystallised from
CH 2CI 2!MeOH to give thin purple needles of Ru 3( 1-L3
C12 H15)(CO)g(AI13(PPh3)3} (6) (35 mg, 29%). IR:
v(CO) (cyclohexane): 2037s, 1975vs, 1954w. 1919m
ern -I [lit. [13]: v(CO) (cyclohexane) 2040rn, 1974vs,
1957(sh), 1918m cm"], 3I p{IH} NMR: o(CH 2Ci2)

60.3 (br) Cat 295 K); 46.2, 61.7, 64.5 (all s, equal
intensity; at 245 K).

(d) With Rill ILJ-C2Bu'}(COMAIl(PPhJ)}. To a
stirred solution of Ru 3( IL3-C2Bul)(CO)r,{Au(PPh3)} (70
mg, 0.064 mmol) in THF (25 ml) were added
[O(Au(PPh3)}3][BF4] (96 mg, 0.065 mmol) and
[ppn][Co(CO)4] (47 mg. 0.066 mmol) giving an imme
diate colour ehange from orange-yellow to orange
brown. After stirring at room temperature for 30 min
the solvent was removed (in vacuo). Preparative TLC
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Table 4 (continued)

(acetone/light petroleum 15/85) showed two major
bands. Band 1 (colourless, Rf 0.73) was identified as
Co{Au(PPh3)}(CO)4 (spot TLC and solution IR). Band
2 (orange, R

f
0.58) was crystallised from CH2CI 2/n

heptane to give orange crystals of Rul ( JLr
C2Bu1)(CO>s!Au

3(PPh3)3} (12) (94 mg, 74%). Anal.
Found: M (mass spectrometry), 1987; calcd. M, 1987.
Infrared (cyclohexane): v(CO) 2045vs, 2016vs, 1978s,
1965(sh), 1961s, )953(sh), 1908w em -I. 1H NMR:
5(CDCI3) 1.50 (s, 9 H, IBu), 6.98-7.56 (m, 45 H, Ph).
[Lit. [15]: v(CO) 2048\1s, 2018vs, 1982s, 1971 m, 1964s,
I956w, 1912m cm- 1• )H NMR: 8(CDCI3) LSO (s, 9
H, IBu), 7.44 (m, 45 H, Ph)].

(e) With Rui JL3-C2 Ph)(COMAu(PPIz.)}. To a
stirred solution of Ru3(WC2Ph)(COMAu(PPh3)} (50
mg, 0.045 mmol) in 'fHF (I5 ml) were added
[O{Au(PPh3)}3][BF4] (67 mg, 0.045 mmol) and
[ppn][Co(CO)4] (32 mg, 0.045 mmol) the colour of the
solution immediately changing from yellow to orange.
After stirring at room temperature for 10 min the sol
ventW(lS removed in vacuo. Preparative TLC
(acetone/li[·.htpetroleum 3/7) showed fourbands. Band
2 (colo urless. R1 0.53) was identified as
Co{Au(iJPh3)}tCO)4 (spot TLC). Band 3 (orange, Rf
0.47) was crystallised (CH2Cl z/n-heptane) to give or
ange crystals of Rul ( 1-L3-C2Ph)(COMAu3(PPh)3} (I3)
(67 mg, 75%), rn.p, > IS0°C (dec.), Found: C, 42.35;
H. 2.82; C7oHSOAu30gP3RuJ requires C, 41.91; H,
2.51 %. 1R v(CO) (cyclohexane) 2047vs, 2020vs, 1981s,
1968(511), I965s, 1950(sl1), 19J4w em-I. I H NMR:
5(CDCI

3
) 6.99-7.57 (m, Ph). 3I p{IH} NMR:

5(CHzClz) 56.7 (br) (at 295 K); 51.7, 56.7, 65.3 (all s,
equal intensity; at 255 K). FAB MS (m/z): 2466,

Atom

C(313)
C(314)
C(315)
C(316)
C(32\)
C(322)
C(323)
C(324)
C(325)
C(326)
C(33 I)
C(332)
C(333)
C(334)
C(335)
C(336)
CO)
C(2)
C(3)
C(4)
C(5)

x

0.458(2)
0.456(2)
0.435(2)
0.413(2)
0.299(2)
0.270(2)
0.216(2)
0.182(2)
0.204(2)
0.265(2)
0.372(2)
0.417(2)
0.416(2)
0.370(3)
0.327(2)
0.327(2)
0.610(2)
0.594(2)
0.630(J)
0.617(1)
0.659(2)

-0.088(2)
-0.070(2)
-0.018(2)
0.031(2)
0.075(2)
0.025(2)
0.027(2)
0.079(2)
0.129(2)
0.128(2)
0.035(2)
0.047(2)
0.014(2)
-0.026(3)
-0,038(2)
-0,009(3)
0.300(2)
0.304(2)
0.264(1)
0.250(1)
0.204(2)

0.765(4)
0.862(3)
0.914(4)
0.838(3)
0.700(3)
0.753(3)
0.790(3)
0.759(3)
0.711(3)
0.676(3)
0.533(3)
0.473(3)
0.387(3)
0.352(4)
0.426(4)
0.517(4)
0.491(3)
0.600(3)
0.659(3)
0.758(2)
0.815(3)

O.IO{J)
0.09(1)
0.11(2)
0.06(I)
0.06(1)
0.09(1)
0.07(I)
0.D7(])
0.07(J)
0.06(1)
0.06(1)
0.06(1)
0.08(1)
0.13(2)
0.09(1)
0.12(2)
0.08(1)
0.06(1)
0.052(9)
0.046(9)
0.09(1)

Table5
Non-hydrogen coordinates and isotropic thennalparameters, (13)

Atom x ." z V(cq) J,.2
Au(l) O.18 I99(3} 0.28291(4) 0.19853(4) 0.0428(2)
Au(2) 0.21490(3) 0.23539(4) 0.40424(4) 0.O452(3)
Au(3) 0.28106(3) 0.41500(4) 0.36795(5) 0.0509(3)
Ru(l) 0.30049(6) 0.23781(8) 0.28893(9) 0.0433(5)
Ru(2) 0.25260(6) 0.05723(8) 0.32307(9) 0.0497(6)
Ru(3) 0.19390(6) 0.08952(8} 0.12052(9) 0.0518(6)
C(I J) 0.3699(7) 0.294(1) 0.413(1) 0.058(7)
0(1 J) 0.4138(6) 0.3225(9) 0.4885(9) 0.110(8)
C(l2) 0.1348(7) 0.310(1) 0.20I( I) 0.055(7)
0(12) 0.3533(6) 0.3516(R) 0.1481(9) 0,086(7)
C(2l) 0.1667(7) 0.0340(9) 0.341(1) 0.058(7)
0(21) 0.1149(5) 0.0057(7) 0.3499(8) 0.078(6)
C(22) 0.3027(8) o.on{\) 0.465{l) 0.071(9)
0(22) 0.3333(6) 0,079(1) 0.5486(9) 0.109(8)
C(23) 0.254(1) -0.074(1) 0.281(1) 0.\0(1)
0(23) 0.2553(8) -0.1524(8) 0.254(1) 0.125(9)
C(3l) 0.1023(7) 0.085(1} 0.1200) 0,057(7)
0(31) 0.0463(5) 0.0725(8) 0.1208(8) 0.081(6)
C(32) 0.1712(9) -O,040(l) 0.042(1) 0.081(9)
0(32) 0.1598(7) -0.1171(9) -0.008(1) 0,12](8)
C(33) 0.1908(8) 0.152(1) 0.0040) 0.072(9)
0(33) 0.1908(8) 0.185(1) -0.0639(8) 0.118(9)
P(l) 0.1089(2) 0.3707(3) 0.1209~3) 0.046(2)
«u I) 0.1551(7) 0.4826(9) 0.107(1) 0.048(7)
C(l12) 0.2228(9) 0.488(J) O.I03(1) 0.069(8)
C(l13) 0.2605(9) 0.571(1) 0.091(1) 0,077(9)
C(l14) 0.2323(9) 0.649(1) 0.081(1) 0.081(9)
cO15) 0.1679{9) 0.647(1) 0.0870) 0.083(9)
Co 16) 0.1305(7) 0.563(1) 0.099(1) 0.061(8)
C(I21) 0.0524(7) 0.4120(9) 0.1920) 0.051(7)
c(22) 0.0792(7) 0.443(1) 0.2980) 0.054(7)
C(l23) 0.030(1) 0.479(1) 0.349(1) 0,09(1)
en 24) - 0.0337(9) 0.4750) 0.297(2) 0.090)
C(l25) - 0.0568(9) 0.441 (I) 0.194(1) 0,09(1)
C(l26) -0.0IS0(9) 0.412(1) 0.141(1) 0.08(1)
C(l3 I) 0.0560(7) 0.3116(9) - 0.013(1) 0,048(7)
C(l32) 0.0060(9) 0.2290) - 0.033(1) 0.09(1)
Co 33) -0.0288(9) 0.1810) -0.130(1) 0.09(1)
C(l34) -0.0225(7) 0.211(1) -0.2140) 0.070(8)
C(l35) 0.024(I) 0.2920 ) - 0.197(1} 0.14(1)
C(l36) 0.066(1} 0.345(1) - 0.097(1) 0.10(n
P(2) 0.1480(2) 0.2521(3) 0.5131(3) 0.051(2)
C(21 I) 0.0593(7) 0.253(1) 0.446(n 0.050(7)
C(212) 0.0358(7) 0.214(1) 0.339(1) 0.054(7)
C(213) - 0.0280) 0.210(1) 0.284(1) 0.090)
C(214) -0.0743(8) 0.246(1) 0.333(1) 0.079(9)
C(215) -0.0494(9) 0.285(1) 0.441(1) 0.09(1)
C(216) 0.0194(9) 0.290{J) 0.499(1) 0.077(9)
C(22I) 0.1777(7) 0.360(1) 0.618(1) 0.056(7)
C(222) 0.1861(9) 0.450(1) 0.590(1) 0.077(9)
<:(223) 0.2J I(I) 0.536(J) 0.665(1) 0.09(1)
C(224) 0.2220} 0.533(1) 0.767(2) 0.12(J)
C(225) 0.212«() 0.447(1) 0.798(1) 0.10(\}
C(226) 0.1899(9) 0.359(1) G.n20) 0.079(9)
C(23J) 0.1422(9) 0.155(1) 0.583{\) 0.064(8)
C(232) 0.2032(8) O. 126(1) 0.624(n 0.079(9)
C(233) 0.207(1) 0.056(J) 0.681(1) 0.11(1)
C(234) 0.141(1) 0.010(\} 0.690«() 0.1 1(1)
C(23S) 0.082(1) 0.033(1) 0.642(2) 0.13(1)
C(236) 0.0831(9) O.I<N(I) 0.59l(J) 0.09(1)
P(J) 0.3258(2) 0.5751(3) O.4469(3) 0.053(2)
COl J) 0.3770(7) 0.633(1) _!I.:'l75( t) 0.060(7)
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Table5 (continued)

Atom x y z U(eq) ;"2
C(312) 0.3692(9) 0.723(1) 0.353(1) 0.09(1}
C(313) 0.417(1 ) 0.765(2) 0.305(2) 0.13(2)
C(314) 0.4559(9) 0.716(2) 0.268(2) 0.11(1)
C(315) 0.463(1) 0.626(2) 0.286(2) 0.12(])
C(316) 0.4185(9) 0.581(1) 0.339(2) 0.10(1)
C(32I) 0.2709(6) 0.6605(9) 0,465(1) 0,047(6)
C(322) 0.2878(8) 0.736(1) 0.55I(I) 0.079(9)
C(323) 0.253(1) 0.804(1) 0.558(1} 0.10(1)
C(324) 0.1921(9) 0.794(1} 0.478(1) 0.01l(])
C(325} 0.1721(7) 0.718(1) 0.390(1) 0.08(1)
C(326) 0.2162(8) 0.65)(1) 0.388(1) 0.073(9)
C(33l) 0.3865(7) 0.588(1) O.575(I} G.057(7}
C(332} 0.3676(9) 0.525(1 ) 0.634(]) 0.09(1)
C(333) 0.412(1 ) 0.533(1) 0.737(1} 0.11(1)
C(334) 0.470(1) 0.604(2) 0.173(]) 0.13(1)
C(335) 0.4868(8) 0.669(1) 0.716(1) 0.10(1)
C(336) 0.444(1) 0.659(1) 0.617(1) 0.09(1)
C(J) 0.2883(7) 0.0962(9) 0.193(1} 0.055(7)
C(2) 0.3418(7) 0.1069(9) 0.273(1} 0.052(7)
C(JOl) 0.4099(7) 0.0854(9) 0.295(1) 0.050(7)
C{l02) 0.4532(9) 0.099(1) 0.396(1) 0.08(1)
C(l03) 0.5160(8) 0.076(1) O,408(J) O.09(])
C(J04) 0.537(1} 0..039(2) 0.330(2) 0.11(1)
C(JOS) 0,497(1) 0.028(2) 0.235(2) 0.15(2}
C(J06) O,429{1) 0.050(2) 0.214(1) 0.13(1)
C(Q!}" 0.35(1) 0.262(6) -0.12(1) 0.14(2)
C(02)" 0.415(8) 0.187(3) -0.072(6) 0.16(2)
C(03)" 0.380(4) 0.098(2) -0.099(3} 0.29(4)
C(04)" 0.371(2) 0.052(2) -O.ll6J(2) 0,49(8)
C(05)" 0.332(4) -0.048(3) - 0.112(3) 0.19(2)
C(06)" 0.32(1) -0.168(2) -0.115(8) 0.15(2)
C(07)" 0.37(1} -0.172(6) -0.04(1) 0.22(3)

"Atom refined with isotropic thermal parameters.

[M+Au(PPh 1)]+= [M']+, I; 2438, [M'-CO)'", I; 2410,
[M'-2CO]+, 3; 2092, [M'-PPh3-4CO]+, I; 2064, [M'
PPh3-5 COJ+, 2; 2036, [M'-PPh3-6CO]+, 2; 2007,
[MJ+, 3; 1979, [M-CO]+, 4; 1895, [M-4COJ+, 8; 1839,
[M-6COJ+,4; 1811, [M-7CO]+, 3; 1783, [M-8COJ+,
3; 1745, [M-PPh,J+,3; 1717, [M-PPh3-CO]+, 4; 1548,
[M-Au(PPh3)]+: 5; 1520, [M-Au(PPh3)-CO]+, 19;
721, [Au(PPh3)2]+' 100; 459, [Au(PPh 3)J+, 92.

6. Crystallography

Unique datasets were measured at ca. 295 K within
thespecified 20max limits using an Enraf-Nonius CAD4
diffractometer (2()/ () scan mode; monochromatic Mo
K U' radiation, A0.71073 A); N independent! reflections
were obtained, No with I> 30'(1) being considered
'observed' and used in the full matrix least squares
refinement after analytical absorption correction.
Anisotropic thermal parameters were refined for Au, Ru
and P in 4, andall non-hydrogen atoms in 13; (x, y, Z,

Uiso)H were included constrained at estimated values.
Conventional residuals R, R' on IFI are quoted, statisti-

cal weights derivative of (T 2(n = 0' 2(Idjff) +
0.00040' 4(Idirr) being used. Computation used the
XTAL 3.0 program system [39] implemented by S.R.
Hal1; neutral atom complex scattering factors were em
ployed. Pertinent results are given in the Figs. and
Tables 1-5; material deposited comprises thermal and
hydrogen parameters and full molecular non-hydrogen
geometries.

6.1. Abnormal features / variations ill procedure

(4) Weak data with wide linewidths from a poor
quality specimen would only support meaningful
anisotropic thermal parameter refinement for Au, Ru, P,
the isotropic form being used for 0, N, C.

(13) Difference map residues were modelled as an
a-heptane solvent molecule, site occupancy set at 0.5
after trial refinement.
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