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L)(Cc_dib)(CO),(PPh,),]BF., (L = H (2) or NO (3)) (Scheme 1). The IR spectrum of 
2 displays the expected v(NH) (3320 m, cm-‘, Nujol mull) and P(CO) (2066 vs, 
2050 m, 2002 vs, cm -i, CH,Cl, solution) absorptions for a complex of C,, 
symmetry, with the v(C0) bands at higher frequencies than those for the starting 
material 1 (1999 vs, 1965 m, 1929 vs, cm-‘, THF solution). These data are 
consistent with an oxidation at the metal centres. Further evidence for the forma- 
tion of a new bridge between the ruthenium atoms is provided by the ‘H and 
31P{ H) NMR spectra of 2, which show a triplet at S - 8.90 ppm (J(P-II) 42 Hz) 
and a singlet at S 37.0 ppm, respectively. 

The nitrosyl complex 3 is insoluble in all common solvents, and this prevented a 
detailed spectroscopic study. However, its IR spectrum in Nujol mull is very similar 
to that of complex 2, but shows in addition a weak absorption at 1815 cm-’ that 
can be tentatively assigned to the v(N0) stretching vibration. Although this value of 
v(N0) lies within the range normally assigned to terminal rather than to bridging 
nitrosyls [lo], we have no doubt about the bridging character of the NO l&and in 
complex 3 because the analogous complex [Ru,(~NO)(~din)(CO),(PPh,),]BF,, 
(din = 1,8diiminonaphthalene), which is more soluble and exhibits the same IR 
spectrum in Nujol mull as complex 3, shows a singlet resonance in its 31P(1H} 
NMR spectrum at 6 37,7 ppm [ll]. Interestingly, although CO is isoelectronic with 
NO+, complex 1 was recovered unchanged after treatment with CO at 10 atm for 2 
h. 

When other cationic species like the silver and gold fragments [MPPh,]+ (M = Ag, 
Au), prepared in situ from AgBF, and PPh, or from [AuCl(PPh,)] and TlPF,, were 
allowed to react with complex 1 in THF, yellow precipitates of the salts [Ru,(cr_ 
MPPh,)@dib)(CO),(PPh,),] PF, (M = Ag (4), Au (5)) (Scheme 1) were obtained. 
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As expected, their IR spectra (see Experimental) show the three v(C0 
1 

bands 
shifted to higher frequencies compared with those for compound 1. The ‘P{‘H} 
NMR of 5 consists of a doublet and a triplet at 6 37.0 and 56.0 ppm, respectively 
(3J(P-P) 42.7 Hz), confirming the triangukr arrangement of the metals. The 
31P{‘H} NMR spectrum of 4 is more complicated owing to 31P coupling to “‘Ag 
and ?Ag (51.8 and 48.2% natural abundance, respectively, I = l/2), showing an 
apparent doublet of doublets for the Ru-bonded phosphine, 6 34.3 ppm [ 3J(P-P) = 
38 Hz, 2J(P-‘07Ag) = 2J(P-‘09Ag) = 55 Hz) and a broad, unresolved signal at 6 10.4 
ppm, assignable to the Ag-bonded phosphine. It has been reported [8] that the 
cations [MPPh,]+ (M = Cu, Ag, Au) react with the dirhodium complex [Rh,(p- 
din)(CO),(PPh,),] to give trinuclear complexes in which the group 11 metal 
fragments are attached to both rhodium atoms. However, in this case the initial 
rhodium compound is a 32-electron compound for which no Rh-Rh bond has to be 
assumed, whereas compound 1 is a 34-electron complex and the presence of a 
Ru-Ru bond has to be assumed in order to account for its diamagnetism. 

The reactions of CuCl, [AuCl(tht)J (tht = tetrahydrothiophene) and AgO,CCF, 
with complex 1 gave greenish-yellow precipitates of the neutral complexes [Ru,(p 
L)(lc_dib)(CO),(PPh,),] (L = CuCl(6), AuCl(7), AgO,CCF, (8)) (Scheme 1). Their 
IR spectra (Nujol muUs) show the same pattern and similar values for the v(C0) 
absorptions as complexes 4 and 5, suggesting the formation of trinuclear com- 
pounds. The small difference between the values of v~~(CO~) (1467 s, cm-‘) and 
v_(C02) (1673 s, cm-‘) for the silver-trifluoroacetate complex indicates that the 
trifluoroacetate ligand chelates the silver atom through both oxygens [12]. The same 
coordination mode has been found in the dirhodium-silver complex [Rh,(p- 
Ag0,CCF3)(C,H,),(cr_CO)(~-dppm)], which was characterized by X-ray diffraction 
[13]. Only compound 8 was soluble enough’ for an NMR study; its 31P{1H} 
spectrum shows an apparent doublet at 6 32.6 ppm (‘J(P-“‘Ag) = ‘J(P-‘09Ag) = 39 
Hz) which confirms the triangular structure. 

These new compounds (2-8) can be regarded as three-centre two-electron bond 
complexes, in which an empty orbital of the bridging atom accepts electron density 
from the original Ru-Ru bond. 

The reaction of equimolecular amounts of complexes 1 and 7 in the presence of 
TlPF, led to isolation of the pentanuclear compound [Ru,(~,-Au)(~-dib)2(CO)s 
(PPh3)JPF6 (9). Care must be taken that the sample of complex 7 used is free from 
tetrahydrothiophene, which is released during its preparation from complex 1 and 
[AuCl(tht)], because the reaction of two moles of complex 1 with [AuCl(tht)], in the 
presence of TlPF, gave the trinuclear complex [Ru,(p-AuPPh,)(p- 
dibXCO),(PPh,)zlPFa Q as the only well characterized product. Since this com- 
plex contains three PPh, ligands, probably the released tetrahydrothiophene dis- 
places one of the PPh, ligands from compound 1, so leading to a mixture of 
complex 5 and [Ru,(&b)(CO),(PPh,)(tht)], although the latter could not be 
obtained pure. The IR spectrum of complex 9 shows three v(C0) absorptions at 
slightly higher wavenumbers than those for 1 (see Experimental). Its 31P{ ‘H} NMR 
spectrum is a singlet over the range - 50 to 25 O C. The analytical and spectroscopic 
data for 9 led us to propose for this complex the pentanuclear structure shown in 
Scheme 1, that of a five centre-four electron bond Ru,Au cluster. Ail the attempts 
to obtain crystals suitable for X-ray analysis were unsuccessful. No clusters of 
nuclearity higher than three containing copper or silver could be prepared_ A cluster 
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containing gold(I) coordinated to four osmium atoms in a square planar arrange- 
ment has been reported, [Os,AuH,(CO)J [14]. 

All the new compounds react with bases to regenerate the initial compound 1 and 
the corresponding acid-base adducts. As expect4 from the hard and soft character 
of the bridgings atoms, n-propylamine, a hard base, is especially active towards the 
protonated and nitrosylated complexes, and PPh,, a soft base, towards the Cu-, Ag- 
and Au- containing clusters. This behaviour is in good agreement with the reported 
reactivity of the protonated cluster [Ru&H)@-naph)(CO),,]+ (naph = 1,8- 
naphthyridine) [15], which is deprotonated by triethylamine, but is different from 
that reported for other [MPPhJ-bridged (M = Cu, Ag, Au) diruthenium complexes 
[16], which remain unchanged in the presence of PPh,. 

Experimental 

The reactions (see Scheme 2) were carried out under nitrogen by use of Schlenk 
techniques. The solvents were used freshly distilled under nitrogen. The following 
compounds were prepared by published methods: [Ru,(@b)(CO),(PPh,),] . 
C,H,CH, (from [Ru(CO),(PPh,),] and 1,2C,H,(NH,), in refhnring mesitylene 
and recrystallised from toluene) [l], [AuCl(tht)J [17], [AuCl(PPh,)] [18]. All other 
products were used as supplied. IR spectra were recorded as Nujol mulIs (KBr 
discs) or solutions (CaF, discs) on Perkin Elmer 298 and Perkin Elmer 1720-XFI 
spectrophotometers. ‘H and 31P NMR spectra were recorded on Varian FT 80-A 
and Bruker AC-300 instruments. Microanalytical data (C, H and N) were obtained 
with Perkin Ehner 240-B elemental analyser. Conductivity was measured in - 10e3 
mol dmM3 acetone solution by use of a Metrohm E-282 conductimeter. 
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Scheme 2. Reagents and conditions: i, HBF,(aq)/THF; ii, NOBFJI’HF, iii, CuCI/THF; iv, 
AgO.$CF,/CH,Cl,; v, AgBF, + PPh,/THF; vi, [AuCl(tht)]/THF; vii, [AuCl(PPh,)]+TIPF,/THF; 
viii, [Rut(p-dib)(CO),(PPh,),) + tht + TlPF,/THF; ix, [Ru,(p-AuCl)(p-dib)(CO),(PPh,),] + 
TlPF,/THF; x, PPh,(l : l)/THF. 
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Aqueous HBF, (0.2 cm3, 32% 0.7 mmol) was added to a solution of [Ru& 
dib)(CO),(PPh,),] - C,H,CH, (50 mg, 0.048 mmol) in THF (3 cn?) and the 
mixture stirred for 30 min. Hexane (3 cm3) was added and the yellow solid was 
filtered off, washed with THF and with hexane, and dried in vacua (37 mg, 75%). 
(Found: C, 53.9; H, 3.9; N, 2.6. C,H,,BF,N,O.,P,Ru, calcd.: C, 53.5; H, 3.6; N, 
2.7%.) IR (cm-‘): 3320 m, v(NH) (Nujol); 2066 vs, 2050 m, 2002 vs, v(C0) 
(CH,Clt solution); 1055 vs(br) v(BF,) (Nujol). A,(Me&O) = 106.51 ohm-i cm’ 
mol-*. H NMR (MqCO-d,): 7.7O(m, PPh,), S.O(s, 4H, GH,), 4.82(s, br, NH), 
- 8.9O(t, J(P-H) = 42 Hz, (P-H)). ‘iP(‘H) NMR (Me&O-d,): 37.04(s, RuP). 

fRu,(~-NO)(Cc-dib)(CO),(PPh,),lBF, (3) 
A solution of NOBF, (20 mg, 0.17 mmol) in 3 cm3 of tht was added to a solution 

of [Ru,(@ib)(CO),(PPh,),] - C,H,CH, (100 mg, 0.096 mmol) in 4 cd of dichlo- 
romethane. The colour changed from yellow to green as a yellow solid progressively 
separated. The mixture was stirred for 20 min, and the solid was filtered off, washed 
with diethyl ether, and vacuum dried (50 mg, 49%). (Found: C, 51.9; H, 3.6; N, 3.7. 
C,H,,BF,N,O,P,Ru, calcd.: C, 52.0; H, 3.4; N, 4.0%) IR (Nujol, cm-‘): 3328 s, 
v(NH); 2065 vs, 2048 vs, 2000 vs, 1970 m(sh), Y(CO); 1815 w, v(N0); 1070 vs, 
v(BF,). The compound is not soluble enough for NMR analysis. 

[Ru2(IL-AgPPh,)(C1-dib)(CO),(PPh,),lBF, (4) 
AgBF, (19 mg, 0.097 mmol) was added to a solution of [Ru&- 

dib)(CO),(PPh,),] - C,H,CH, (100 mg, 0.096 mmol) and PPh, (26 mg, 0.099 
mmol) in THF (10 cm3). A pale yellow precipitate separated. The mixture was 
‘stirred for 40 min and the solid was filtered off, washed with diethyl ether (2 x 5 
cm3), and vacuum dried (110 mg, 82%). (Found: C, 55.0; H, 3.9; N, 2.1. 
C,H,,AgBF,N,O,P,Ru, calcd.: C, 54.8; H, 3.7; N, 2.0%.) IR (cm-‘): 3360 sh, 
3340 m, v(NH) (Nujol); 2013 s, 1993 s, 1948 vs, v(C0) (CH,Cl, solution). 31P{1H} 
NMR 34.3 (apparent dd, J(P-P) = 38 Hz, .J(31P-107Ag) = J(31P-‘09Ag) = 55 Hz, 
(2P, RuP)), 10.4 (br, lP, AgP). ‘H NMR (Me&O-d,): 7.40 (m, PPh,), 4.88 (m, 4H, 
C,H,), 4.52 (s, br, 2H, NH). 

[AuCI(PPh,)] (17 mg, 0.034 mmol) and TlPF, (15 mg, 0.043 mmol) were added to 
a solution of [Ru,(@b)(CO),(PPh,)J - C,H,CH, (35 mg, 0.034 mmol) in THF (3 
cm3) and the mixture was stirred for 1 h. The solution was filtered and hexane (10 
cm3) added. After 2 h the yellow precipitate was collected, washed with hexane, and 
vacuum dried (44 mg, 85%). (Found: C, 51.0; H, 3.8; N, 1.7. C,H,,Au- 
F6N204P4Ru2 calcd.: C, 49.6; H, 3.3; N, 1.8%.) IR (cm-‘): 3348 m, v(NH) (Nujol); 
2023 s, 2003 s, 1956 vs, v(C0) (CH,Cl, solution), 838 s, v(PF,) (Nujol). 31P{‘H} 
NMR (Me&O-d,): 56.0 (t, lP, AuP), 37.0 (d, 2P, RuP, J(P-P) = 42.7 Hz). 

CuCl(5 mg, 0.05 mmol) was added to a solution of [Ru,(p-dib)(CO),(PPh,),] e 
C,H,CH, (50 mg, 0.048 mmol) in THF (3 cd). The mixture was stirred for 12 h 
during which a greenish-yellow precipitate was formed. This was filtered off, washed 
with THF and with hexane, and vacuum dried (45 mg, 90%). (Found: C, 52.7; H, 



428 

3.3; N, 2.2. C,H,,ClCuN,O,P,Ru, calcd.: C, 52.9; H, 3.4; N, 2.6%) IR (cm-l): 
3290 w, v(NH) (Nujol); 2007 s, 1989 s, 1948 vs, v(C0) (CH,Cl, solution). The 
compound is not soluble enough for NMR analysis 

fRu,(~-AuCl)(lc-dib)(CO),(PPh,),l (7) 
[AuCl(tht)] (25 mg, 0.079 mmol) was added to a solution of [Ru,(p- 

dib)(CO),(PPh,),] - GHSCH, (50 mg, 0.048 mmol) in THF (3 cd) and the 
mixture stirred for 1 h. The greenish-yellow solid formed was washed with THF and 
vacuum dried (45 mg, 80%). (Found: C, 46.6; H, 3.7; N, 2.1. C,H,AuClN,O,P,Ru, 
calcd.: C, 46.9; H, 3.1; N, 2.4%.) IR (cm-‘): 3340 WV, 3290 w, v(NH) (Nujol); 2012 
s, 1998 s, 1957 vs, v(C0) (CH,Cl, solution). The compound is not soluble enough 
for NMR analysis. 

fRu,(Cr-AgO,CCF,)(lc-dib)(COll(PPh,),l (8) 
A mixture of [Ru&dib)(CO),(PPh,), ] - GH,CH, (75 mg, 0.072 mmol), AgO, 

CCF, (18 mg, 0.08 mmol) and CH,Cl, (5 cm3) was stirred for 10 min, with 
protection from light (alummi a ‘um foil). Addition of hexane (5 cd) afforded a 
greenish-yellow solid, which was washed with hexane (2 x 5 cm3) and vacuum dried 
(60 mg, 78%). (Found: C, 49.8; H, 3.3; N, 2.2. C,H,,AgF,N,O,P,Ru, calcd.: C, 
49.5; H, 3.1; N, 2.4%.) IR (cm-‘): 3354 w, v(NH); 1673 vs, 1467 vs, v(CF3C02) 
(Nujol); 2012 s, 1997s, 1959 s, v(C0) (CH,Cl, solution). ‘H NMR (CDCl,): 7.30 
(m, PPh,), 4.80 (AA’BB’, 4H, GH,), 3.74 (s, 2H, NH). 31P{1H} NMR (CDCl,): 
32.6 (apparent d, J( 31P-107Ag) = J( 31P-1’?Ag) = 39 Hz). 

fRu,(c’,-Auu)(cc-dib)2(CO),(PPh~1)JPF, (9) 
A mixture of [Ru2(~dib)(CO),(PPh,),l - C,H,CH, (35 mg, 0.034 mmol), 

[Ru&AuCl)@dib)(CO),(pph,),] (40 mg, 0.034 mmol), THF (3 cd), and TlPF, 
(20 mg, 0.057 mmol) was stirred for 3 h. The solution was fiItered and hexane (2 
cm3) was added to give dark-yellow crystals (35 mg). Addition of an excess of 
hexane to the mother liquor gave a further 25 mg of the crystals (total yield, 73%). 
(Found: C, 50.3; H, 3.8; N, 2.3. C+zH7,AuF,N,0sP,R~, calcd.: C, 49.5; H, 3.2; N, 
2.5%) IR (cm-‘): 3330 vw, 3280 w, z$NH) (Nujol); 2000 vs, 1957 s, 1934 w, v(C0) 
(THF solution); 842 vs, v(PF,) (Nujol). 31P{ ‘H} NMR (Me&O-d,): 40.0 (s, RuP). 
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