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29.' Pentaphenylcyclopentadienyl Complexes of Ruthenium * 
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The complex [Ru,(CO),,] reacts with C,Ph,Br in toluene under reflux to  give 
[ RuBr(CO),(q-C,Ph,)] (1) which undergoes carbonyl substitution wi th  P-donor ligands, in 
acetone in the presence of  ONMe3-2H,0, t o  yield [RuBr(CO)L(q-C,Ph,)] [2; L = PPh,, PEt,, or 
P(OMe),]. The halide abstraction reactions of  (2) with AgPF, and L' afford 
[Ru(CO)L(L')(q-C,Ph,)][PF,] [3; L = PEt, or P(OMe),; L' = CO, C,H,, or MeC-CMe], and the 
dicarbonyls [Ru(CO),L(q-C,Ph,)] [PF,] [ L  = PEt, or P(OMe),] react wi th  L', in acetone with 
ONMe3*2H,O, to give [3; L = L1 = PEt, or P(OMe),]. Complexes (1) and (2; L = PEt,) react with 
L iMe in tetrahydrofuran, giving [RuMe(CO),(q-C,Ph,)] (4) and [RuR(CO)(PEt,)(q-C,Ph,)] (5; 
R = Me)  respectively, and (5; R = Et, COMe, or CMe=CMe,) are prepared from (3; L = PEt,, 
L' = C,H,) and "Bun,] [BH,] or from (3; L = PEt,, L1 = CO or M e C K M e )  and LiMe. The neutral 
compounds (1 ), (2), (4), and ( 5 )  undergo diffusion-controlled one-electron oxidation at a 
platinum bead electrode in CH,CI,. In most cases the electron-transfer process is fully reversible, 
but (1 ), (4), and [FeMe(CO),(q-C,Ph,)] show only irreversible cyclic voltammetric waves. The 
chemical oxidation of (2) with [N (C,H,Br-p),] [SbCI,] in CH,CI, gives the 17-electron cation (2+), 
and ( 5 ' )  have also been characterised in solution after generation from ( 5 )  by AgPF, oxidation. 
Complexes (1 ) and (3) undergo diffusion-controlled but chemically irreversible reduction at the 
platinum electrode; reduction by  [Co(q-C,H,),] ( i)  of [3; L = P(OMe),, L' = CO] gives a mixture 
of (4), [R UP ( 0 )  (0 Me) ,} (CO) ,( q - C,P h,)] , and [ R uCI (CO) { P (0 Me) 3} (q - C,Ph,) ] (ii) of [3; 
L = P(OMe),, L' = MeC-CMe] gives [RuH(CO){P(OMe),}(q-C,Ph,)], and (iii) of (1) gives trans- 
[{RU(pL-CO) ( c o )  (q-C,Ph,))z] (6). 

There is widespread general interest in 17- and 19-electron 
species as intermediates in organotransition-metal chemistry.' 
For iron, both iron(i) 3-9 and iron(1rI) species have been 
postulated, the latter almost invariably resulting from the one- 
electron oxidation of the iron(i1) complexes [FeX(CO), -nLn(q- 
C,H,)] ( n  = Q-2, X = halide, thiolate, alkyl, acyl, etc.; L = 
tertiary phosphine, isocyanide, etc.)."-' The alkyliron(rr1) 
carbonyls '.I4 are of particular interest in undergoing 
migratory insertion to the corresponding acyl derivatives far 
faster ' than the iron(I1) precursors; in addition, the oxidative 
conversion of [FeMe(CO)(PPh,)(q-C,H,)] into [Fe(COMe)- 
(CO)(PPh,)(q-C,H,)] is electron-transfer catalysed l4 in the 
presence of CO. 

The mechanism of this oxidatively induced, acyl-forming 
reaction is understood in general terms l4 but the paramagnetic 
intermediates have been only partially characterised. 17- 
Electron species such as [FeX(dppe)(q-C,H,)]+ (X = halide, 
Me, SnMe,, el('.; dppe = Ph2PCH,CH2PPh2)'9 and the p- 
lactam [Fe( CO)( NH(CH Ph)C( Me)CH,C(O)) (q -C ,H ,)I + * 
have been isolated as analytically pure solids, but 17-electron 
intermediates such as [FeX(CO)(PPh,)(q-C,H,)]' (X = Me 
or COMe) and 19-electron cations such as [FeMe(CO)(py)- 
(PPh,)(q-C,H,)]+ [when the reaction is carried out in the 
presence of pyridine (py)] ' ' have both been postulated in the 
catalysed insertion reaction. 

The q-C,Ph , ligand stabilises 2 0 * 2 1  paramagnetic complexes 
(cations, anions, and neutral molecules) formed by one-electron 
oxidation or reduction. We have therefore investigated the 
redox reactions of q-C,Ph, complexes of ruthenium(r1) in an 
attempt to stabilise ruthenium-(I) and -(III) radicals in general 
and to shed further light on the nature of the paramagnetic 
intermediates in the acyl-forming reaction in particular. 

* Non-S.1. unit employxi: G = T. 

Results and Discussion 
Synthetic Studies.-On heating a solution of [Ru,(CO), 2] 

and C,Ph,Br (1 : 3 ratio) in toluene under reflux, a deep purple 
colour, characteristic of the C,Ph, radical," rapidly developed. 
After 1 h, however, the reaction mixture was orange-brown, and 
on cooling to 0 "C yellow crystals of [RuBr(CO),(q-C,Ph,)] 
(1) were deposited. The complex was characterised by 
elemental analysis and by routine spectroscopic methods; t 
the i.r. carbonyl bands at 2 047 and 2 000 cm-' (CH2CIz) are 
similar in frequency to those of [RuBr(CO),(q-C,H,)] 
[C(CO)(CH,Cl,) = 2 055 and 2 005 cm-'1 indicating the 
similar donor-acceptor properties of the two C, ligands. 

As with [FeBr(CO),(q-C,Ph,)],23 carbonyl substitution of 
(1) by PPh, could not be achieved by thermolysis or U.V. 
photolysis. However, in boiling acetone in the presence of 
ONMe3-2H,0 the dicarbonylruthenium complex reacted 
rapidly with P-donor ligands to give the orange mono- 
substituted derivatives [RuBr(CO)L(q-C,Ph,)] [2; L = PPh,, 
PEt,, or P(OMe),] in 65--80% yields (Table 1). 

In the presence of a second ligand, L', the bromides [Z; L = 
PEt, or P(OMe),] undergo halide abstraction with AgPF, in 
CH2CI, to give the white or yellow cationic complexes 
[Ru(CO)L(L1)(q-C,Ph5)][PF,I (3; L' = CO, C2H4, or 
MeCsCMe). The dicarbonyls made by this route, namely [3; 
L' = CO, L = PEt,, or P(OMe),], also undergo carbonyl 
substitution with L and ONMe3.2H,O in boiling acetone to 
give [3; L' = L = PEt, or P(OMe),]. 

t All of the new complexes were characterised by elemental analysis and 
i.r. carbonyl spectroscopy (Table l) ,  by mass spectrometry (for neutral 
complexes), and by 'H, 13C, and 31P n.m.r. spectroscopy. Most of the 
n.m.r. spectroscopic data (chemical shifts, coupling constants, etc.) are 
unremarkable, serving only to confirm the nature and relative 
abundance of the ligands present. For brevity, these data are not given; 
non-routine results are discussed in the text where appropriate. 
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Table 1. 1.r. spectroscopic and analytical data for pentaphenylcyclopentadienyl-iron and --ruthenium complexes 

Compound 
Yield r 

(XI) Colour 
Yellow 
Orange 
Orange 
Orange 
White 
White 
Yellow 
White 
White 
Yellow 
White 
Yellow 
Yellow 
Yellow 
White 
White 
Yellow 
Yellow 
Yellow 
Orange 
Green 

68 
75 
65 
80 
56 
64 
79 
67 
58 
55 
47 
51 
68 
65 
73 
68 
74 
82 
57 
40 

Analysis a (%) - 
C H 

64.9 (65.1) 
64.8 (65.3) 
70.3 (70.7) 
57.5 (57.8) 
59.7 (59.6) 
55.1 (55.1) 
56.5 (56.5) 
48.8 (49.1) 

80.1 (79.7) 
66.1 (66.9) 
73.3 (73.0) 
72.9 (73.2) 
71.6 (71.8) 
58.8 (58.8) 
56.5 (56.5) 
61.9 (61.9) 
57.6 (57.5) 
74.2 (74.1) 
69.7 (69.8) 

73.7 (73.9) 

3.8 (3.7) 
5.3 (5.2) 
4.7 (4.4) 
4.4 (4.3)' 
4.7 (4.7) 

5.7 ( 5 . 5 ) d  
4.3 (4.3)d 

3.8 (3.9) 

4.6 (4.6) 
5.1 (4.9) 
4.9 (5.1) 
6.6 (6.1) 
6.8 (6.3) 
5.9 (5.9) 
5.0 (4.9)' 
4.4 (4.4) 
5.1 (5.2) 
4.6 (4.5) 
6.4 (6.5) 
4.3 (4.1)d 

C(C0) b/cm- 
2 047, 2 O00 

1 942 
1 944 
1 962 

2 050, 2 004 
2 072,2 025 

1958 
1 994 

2 014, 1954 
2 002, 1 946 

1937 
1 900 
1 900 
1915 
1996 
2 014 
1987 
2 002 
1 904 

1 962, 1 769' 
1 954, I 774' 

a Calculated values in parentheses. In CH2CI, unless otherwise stated. ' Analysed as a 0.5 CH,CI, solvate. Analysed as a 1.0 CH,C12 solvate. ' In 
Nujol. 

0-Bonded hydrocarbon derivatives are also simply syn- 
thesised. The reaction between (1)  and LiMe in tetrahydrofuran 
(thf) gives [ R u M ~ ( C O ) ~ ( ~ - C , P ~ , ) ]  (4), and although direct 
carbonyl substitution of this species was not observed, the 
monocarbonyl derivatives were prepared from (2) or (3). Thus, 
(2; L = PEt,) and LiMe give [RuR(CO)(PEt,)(q-C,Ph5)] (5; 
R = Me), and (3; L = PEt,, L' = C2H4) reacts with 
[NBu",][BH,] to yield (5; R = Et). Finally, the cations (3; 
L = PEt,, L' = C O  or MeCzCMe) react with LiMe in thf to 
give respectively the pale yellow acetyl and trimethylvinyl 
complexes (5; R = COMe or CMe=CMe,) zlicr nucleophilic 
attack at L'.  

Although the n.m.r. spectra of (5; R = Me, Et, or COMe) 
were unremarkable, those of (5; R = CMe=CMe,) indicated the 
presence in solution of two isomers. The 13C n.m.r. spectrum 
showed two doublets due to phosphorus-coupled carbonyl 
carbons [6 210.88 p.p.m., J(13C31P) 19 Hz; 6 210.57 p.p.m., 
J(13C31P) 23 Hz] and two singlets for the C,-ring nuclei (6 
105.65 and 105.82 p.p.m.). In addition, the 31P n.m.r. spectrum 
showed two singlets (6 20.22 and 19.62 p.p.m.) of similar 
intensity. These data are consistent with the presence of two 
rotamers (Figure 1) in an approximate 1 :  1 ratio, the 
rotamerism resulting from restricted rotation about the 
Ru-C(vinyI) bond. The existence of rotamers of [M(o-CR= 
CRR)(CO)L(q-C,H,)] (M = Fe or Ru,  L = P-donor ligand, 
R = alkyl, etc.) has been noted2, previously, and X-ray 
structural studies on [Fe{Z-CMe=C(Ph)MeJ (CO){ P(OPh),)- 
(q-C,H,)] *' and [Fe(E-C(CO,Et)=CHMe)(CO)(PPh,)- 
(q-C5Hs)] 2 6  have revealed conformations analogous to those 
in Figure I((() and ( h )  respectively. 

The El~c.tr.orz-tr-cin.~fer Relictions qf Con?pk.ues ( I  ) ---(S).-- All 
of the complexes (1)-(5) have been studied by cyclic 
voltammetry at a platinum bead electrode in CH2C12 (Table 2). 
Specific conditions are given in the Experimental section. 

Osichition. Each of the complexes [2; L = PPh,, PEt, or 
P(OMe),] and (5; R = Me, Et, COMe, or CMe=CMe2) 
undergoes diffusion controlled [(iP),Jv* = constant for scan 

Figure 1. The rotational isomers of [Ru(o-CMe=CMe,)(CO)(PEt,)- 
(q-C5Ph,)] (5;  R = CMe=CMe,) 

rates 50 < v < 500 mV s-'1 one-electron oxidation in the 
potential range 0.0 to 1.8 V. In all cases but for (5; R = 
CMe=CMe,), the electron-transfer process is fully reversible 
[(ip)r.,d/(ip)ox = 11 at all of the scan rates used. Reversibility was 
only observed for the trimethylvinyl complex for v 2 500 mV 
s-', indicating [Ru(o-CMe=CMe,)(CO)(PEt,)(q-C,Ph,)]+ 
( 5 + ,  R = CMe=CMe,) to be less stable than the other 17e- 
cations, with a maximum lifetime of ca. 1 s at 25 "C in CH,Cl,. 
The dicarbonyls (l), (4), and [FeMe(CO),(q-C,Ph,)] show 
irreversible oxidation waves at all scan rates. 

These cyclic voltammetric data show that the C,Ph, ligand 
stabilises the ruthenium(rrr) cations (2+)  and (5+ ;  R = Me, Et, 
or COMe). Only a limited comparison with C,H, analogues 
can be made, but the oxidation of [RuX(CO), -n(PPh,)n(q- 
C,H,)] is described2' as irreversible for (X = Me, n = 0 
or 1)  and only partially reversible for (X = Me, n = 2; X = C1, 
n = 1).  

The potentials for the oxidation of complexes (1)-(5) (Table 
2) show the expected trends in that (i) C O  substitution by L 
lowers the Eo value by en. 0.7 V, (ii) the bromides are more 
difficult to oxidise than the complexes of o-bound hydrocarbons 
(by ca. 0.3 V), and (iii) there is a small dependence of Eo on the 
P-donor ligand substituent. Surprisingly, the E o  values for the 
oxidations of (5; R = Me) and (5; R = COMe) are very similar, 
with the acetyl complex the easier to oxidise. For [FeR(CO)- 
(PPh,)(q-C,H,)], the oxidatively induced migratory insertion 
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Table 2. Cyclic voltammetric" data for pentaphenylcyclopentadienyl- 
iron and - ruthenium carbonyl complexes 

Complex Eox 'IV E r e d  'IV 
LRuBr(CO),(q-C,Ph,)] 1.76' -1.46 
LRuMe(CO),(q-CsPh5)1 1.49' 
LFeMe(CO),(q-C,Ph,)l 1.1 8 d - e  

LRu Br( co )( p Ph 3)(q -c s Ph 511 1.07 
LRuBr(CO)( PEt,)(q-C,Ph,)] 1.01 
LRuBr(CO)[ P(OMe),)(q-C,Ph,)l 1.12 
[TRuMe(Co)(PEt,)(q-C,Ph,)l 0.73 
LRuEt(CO)( PEt,)(q-C,Ph,)l 0.7 1 
LRu(COMe)(Co)(PEt,>(~-C,Ph,)I 0.67 
c R u ( C M ~ M e , , ( C o ) ( P E t , ~ ( ~ - C s ~ ~ 5 ) 1  0.59 
LRu(CO),( PEt,)(q-C,Ph,)I - 1.25 
LRu(CO),{ P(OMe),}(q-C,Ph,)l+ - 1.23 
[TRU~CO~(PE~,~~C,H,~~~-C,P~,~~ + - 1.37 
LRu(CO).( P(OMe),}(C,H,)(II-C,~~s~l  ++ - 1.33 
LRu( CO)(PEt ,)( MeC&Me)(q-C, Ph,)] - 1.33 
LRu(CO){ P( OMe), ](MeCeCMe)(q-C,Ph,)] + - 1.32 

" Potentials are wr.su.7 the aqueous saturated calomel electrode, 
measured at a platinum bead in CH,CI, with 0.1 mol dm-3 
LNBu",][ PF',] as supporting electrolyte. Under these conditions, the 
E" value for the couple [Fe(q-C,H,),]+-[Fe(q-C,H,),] is 0.47 V. 
' Unless otherwise stated, Eo, is the potential for a reversible one- 
electron oxidation. ' Ered is the peak potential for an irreversible 
reduction, measured at a scan rate of 200 mV s-l. ' Irreversible process; 
E,, is the oxidation peak potential at 200 mV s '. Reversible 
process only for scan rates 3500 mV s- ' .  

In thf. 

reaction which converts the methyl (R = Me, Eo = 0.38 V) 
into the acyl (R = COMe, Eo = 0.47 V) is only catalytic 
because the latter is more difficult to  oxidise than the former.14 

The reaction of [N(C,H,Br-p),]+ ( E o  = 1.25 V), as the 
[SbCl,]- salt, with (2) in CH,Cl, gave dark brown solutions 
which undoubtedly contain the cations (2'). Although no solid 
products could be isolated, the solutions each show one i.r. 
carbonyl band shifted to higher wavenumber by ca. 75 cm-' [2'; 
L = PPh,, V(C0) = 2016 cm-'; L = PEt,, Q(C0) = 2018 
cm-'; L = P(OMe),, C(C0) = 2033 cm-'1; the oxidation of 
[FeMe(CO)( PPh,)(q-C,H,)] [Q(CO) = 1 904 cm-'1 to 
[FeMe(CO)( PPh,)(q-C,H,)]' [G(CO) = 1 966 cm-'1 is 
accompanied by a similar change.' ' 

The formation of (2'; L = PEt,) is also supported by the 
anisotropic e.s.r. spectra observed at - 196 "C. When (2; L = 
PEt,) was oxidised with [N(C,H4Br-p),][SbC1,], the e.s.r. 
spectrum of (2'; L = PEt,) was partly obscured by the signal 
due to the ammonio cation itself. However, the addition of 
CH,Cl, to a solid mixture of (2; L = PEt,) and [NO][PF,], 
and rapid cooling of the product to - 196 "C, gave the spectrum 
of only (2+:  L = PEt,), shown in Figure 2. Of the three g values 
(gl = 2.292. ,yz = 2.140, g ,  = 1.992; g,, = 2.141) that to 
highest field shows hyperfine coupling (120 G) to the bromine 
atom [the fourth line of the expected quartet (7y,81Br, I = 3) 
is obscured by the central component at g = 2.1403. 

The E" values of complexes ( 5 )  are such that (5 ' )  can be 
generated chemically more readily than (2+). The addition of 
AgPF, to ( 5 ;  R = Me) in CH,Cl, rapidly gave a deep violet 
solution of ( S + :  R = Me) with one i.r. carbonyl band at 1 996 
cm ' [c f .  (5:  R = Me), Q(C0)  = 1 900 cm-'1 and a single-line 
e.s.r. spectrum both at room temperature ( g  = 2.085) and at 
-196OC ( g  = 2.083). Although (5 ' ;  R = Me) could not be 
isolated, the e.s.r. spectrum and the deep purple colour of the 
solution persist at room temperature for at least 10 min so that 
the stability of this 17-electron cation contrasts markedly with 
the reactivity of [FeMe(CO)(PPh,)(q-C5H5)]'. In the presence 
of CO, the latter rapidly undergoes14 migratory insertion to 

Table 3. E.s.r. spectra data" for [TRuX(CO)(PEt3)(q-CsPh5)]+ 

X g1 g2 g3 g a v  

Br 2.292 2.140 1.9926 2.141 
Me 2.083 2.083 ' 
Et 2.078' 2.078 
COMe 2.063 2.036 1992 2.030 
CMe=CMe, 2.039' 2.039 

" I n  frozen CH,Cl, at -196OC. bThis component shows 79.s1Br 
hyperfine coupling of 120 G. g ,  = g, = g,. ' 2.085 in CH,CI, at 25 "C. 

H + 

A (''B~' Br )  I - ' '  
Figure 2. The e.s.r. spectrum of [RuBr(CO)(PEt,)(r)-C5PhS)]+ (2  '; 
L = PEt,), in CH,C1, at - 196 "C 

[Fe(COMe)(CO)(PPh,)(q-C5Hs)] +, a reaction which could 
not be induced for (5 ' ;  R = Me). 

The room temperature reaction of complexes (5; R = Et, 
COMe, or CMeXMe,)  with AgPF, in CH,Cl, also results in 
the formation of ( 5 ' )  but the intense colours of the cations fade, 
in minutes in the cases of the purple acetyl and ethyl complexes, 
and more rapidly for the green-blue vinyl. The cations ( 5 ' )  are 
more persistent at lower temperatures however, with the vinyl 
stable for 30 min at -78 "C. 

The e.s.r. spectra of ( 5 + ;  R = Et, COMe, or MeCXMe,)  
were recorded (Table 3) using samples prepared by adding 
precooled (0 "C) CH,Cl, to a solid mixture of ( 5 )  and AgPF,, 
and subsequent rapid further cooling of the reaction product to 
- 196 "C in liquid nitrogen. The single-line spectra of ( 5 + ;  
R = Et or CMeXMe,)  are similar to that of (S+;  R = Me), 
but the acetyl cation (5 ' ;  R = COMe) shows an asymmetric 
spectrum with three g values at 2.063, 2.036, and 1.992 (ga, = 
2.030). 

It is difficult to make even qualitative comparisons between 
the e.s.r. spectra of the Ru(q-C,Ph,) complexes and those of 
their Fe(q-C,H,) analogues in that published data for the latter 
are inconsistent [no data exist for Ru(q-C,H,) complexes]. The 
low temperature ( -  80 "C) spectra of [Fe(CH,OH)(CO),(q-C,- 
H5)]+ and [FeMe(CO),(q-C,H,)]+ each show l 2  three g 
values with g,, (2.06 and 2.05 respectively) in good agreement 
with the room temperature data for the more stable complexes 

( g  = 
2.0518) l 3  and [Fe(CN)(COR)(CO)(q-C5Hs)] (R = Me, g = 
2.059; R = Ph, g = 2.060)." However, the spectrum recently 
reported l 1  for [FeMe(CO)(PPh,)(q-C5H5)] + [ g  = 2.009, 

[Fe(Co)(CH,C(Me>N(CH2ph)Co) (q-c  5H5 11 
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A(,'P) = 120 G, -2O"CI is most unusual, and those for the 
acetyl analogues [Fe(COMe)(CO)L(q-C,H5)] + (L = NCMe 
or PPh,) are described l 7  only as 'asymmetric', with widely 
different g values of 2.04 and 2.24 respectively. More definitive 
studies are required. 
Reduction. The cationic complexes (3; L = PEt,, L' = CO, 

C2H4, or M e C g M e )  show no oxidation waves in their cyclic 
voltammograms, but undergo diffusion-controlled, chemically 
irreversible reduction at rather negative potentials (ca. - 1.2 to 
- 1.4 V); the complexes [3; L = L' = PEt, or P(OMe),] are 
not redox active in the potential range 1.7 V. Of the neutral 
complexes, only (1) showed a reduction wave, similarly 
irreversible and with a peak potential of - 1.42 V in CH,Cl, 
and - 1.40 V in thf. 

The reaction of [Co(q-C,H,),] with [3; L = P(OMe),, L' = 
CO] in CH,Cl, gave a mixture of [RuMe(CO),(q-C,Ph,)], 
[RuC1(CO){P(OMe),}(q-C,Ph5)], and the phosphonate 
complex [Ru( P(0)(OMe),)(CO),(q-C,Ph5)]. The last shows a 
singlet 31P n.m.r. resonance with a much lower chemical shift (6 
82.22 p.p.m.) than that found for P(OMe), bound to Ru(q- 
C,Ph,) {e.g. 6 135.32 for [2; L = P(OMe),]; 6 131.35 for [3; 
L = L' = P(OMe),]), and the i.r. carbonyl spectrum is very 
similar to that 2 8  of [Fe{P(0)(OMe),}(CO),(q-C5H5)] 
[~(CO)(CH,Cl,) 2 043 and 1 989 cm-'1. 

The two dicarbonyls appear to result from a Michaelis- 
Arbusov type rearrar~gernent.~~ Two mechanisms may be 
proposed for their formation, the first (Scheme 1) involving a 

[MBr(CO),] 2 [MBr(CO),]' 

[MBr(CO),]'- - [M(CO),]' + Br- 

Scheme 4. M = Ru(q-C,Ph,) 

[MBr(CO),] -% [M(CO),]- + Br- 

Scheme 5. M = Ru(q-C,Ph,) 

for organotransition-metal radicals and typified by the 
formation of [ FeH(CO)(dppe)(q-C,Me,)] from [Fe(CO)- 

In thf, ( I )  reacts slowly with [Co(q-C,H,),] to give an orange 
complex which slowly decomposes but which has been charac- 
terised as trans-[{ Ru(p-CO)(CO)(q-C,Ph,)},] (6) by elemental 
analysis (Table 1)  and by the i.r. carbonyl spectrum which 
shows one terminal (1 962 cm-') and one bridging (1 769 cm-') 
absorption { cf trans-[ { Ru(p-CO)(CO)(q-C ,Me,)} ,I, 
C(C0) = 1 925 and 1 744 cm-1);30 the mass spectrum showed 
no parent ion ( M ' )  but peaks were present corresponding to 

(dPPe)(q-C, Me,)]. 

LM(CO),(P(OMe),)]' + [M(CO),]' + P(OMe), 

Scheme 1. M = Ru(q-C,Ph,) 

novel reaction between the two radicals [Ru(CO),(q-C,Ph,)] the diruthenium fragments [ M  - 4(CO)] + and [ M  - 4(CO) - 
and [Ru(CO),{ P(OMe),}(q-C,Ph,)], and the second (Scheme C5Ph5]+. 
2) nucleophilic attack of [Ru(CO),(q-C,Ph,)] on the starting The analogous reaction between [Co(q-C,H,),] and 
material [3; L = P(OMe),, L' = CO]. It is difficult to [FeBr(CO),(q-C,Ph,)] afforded an unstable green solid whose 

Scheme 2. h4 = Ru(q-C,Ph,) 

distinguish between the two possibilities although the observ- i.r. carbonyl spectrum [C(CO)(Nujol) 1954 and 1 774 cm-'1 
ation 28  that [Mo(CO),(q-C,H,)] - and [Fe(CO),{P(OMe),)- suggested the formulation tram-[{Fe(p-CO)(CO)(q-C,Ph,)},] 
(q-C,H,)] + give [MoMe(CO),(q-C5H5)] and [Fe(P(O)- { ~ f :  ( 6 )  and tr~ns-[{Fe(p-CO)(CO)(q-C,Me,))~] [C(CO) 1 932 
(OMe),)(CO),(q-C,H,)] lends support to the mechanism in and 1 764 ~ r n - ' ] ~ ' } .  A complex with similar properties, 
Scheme 2. prepared from [FeBr(CO),(q-C,Ph,)] and sodium amalgam, 

[M(CO){ P( OMe), } (q-MeCKMe)]  + - [ M(CO){ P(OMe), f (q-MeC-CMe)]' 

~ MeCXMe I 
[MH(CO){ P(OMe),)] 5 [M(CO){ P(OMe),}]' 

Scheme 3. h" = Ru(q-C,Ph,) 

The reaction of complex [3; L = P(OMe),, L' = MeCr 
CMe] with [Co(q-C,H,),] in toluene gave [RuH(CO)- 
{ P(0Me) , ) (q -C , Ph ,)I, characterised by elemental analysis 
(Table l), mass spectrometry, and by a high field, phosphorus- 
coupled hydride resonance [S -11.29 p.p.m., J( 'H3'P) = 37 
Hz] in the 'H n.m.r. spectrum. The most plausible mech- 
anism for the formation of the hydride complex involves 
hydrogen atom abstraction by the 17-electron radical [Ru(CO)- 
{ P(OMe),)(q-C,Ph,)] (Scheme 3), a reaction well established 

was reported2, in 1965, but its dimeric nature was not 
established. 

Complex (6) may be formed uiu the coupling of two [Ru(CO),- 
(q-C5Ph5)] radicals (Scheme 4) or by nucleophilic attack of 
[Ru(CO),(q-C,Ph,)]- on (1)  (Scheme 5) .  Again, it is 
impossible to distinguish between the possibilities, but the 
reaction of [Fe(CO),(q-C,H,)] - with [FeX(CO),(q-C,H,)] 
(X = C1 or I) to give3, [(Fe(p-CO)(CO)(q-C5H5))2] provides 
some evidence for the mechanism in Scheme 5. 
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Experimental 
The preparation, purification, and reactions of the complexes 
described were carried out under an atmosphere of dry nitrogen. 
Unless stated otherwise, products (i) were purified by dissolving 
in CH,Cl,, filtration, addition of n-hexane, and partial 
evaporation of the solvent mixture in uacuo to induce 
precipitation, and (ii) dissolve in polar solvents such as CH,Cl, 
or thf to give solutions which slowly decompose in air. 

The compounds [FeBr(CO)2(q-C,Ph,)],23 [Co(q-C5- 
H,),],,, C,Ph,Br,,, and [N(C,H4Br-p),][SbC16] 34 were 
prepared by published methods; the salts [No][PF,] and 
AgPF, were purchased from Fluorochem Ltd., [NBu",][BH4] 
from Aldrich Chemical Co., Inc. 

Infrared spectra were recorded on a Nicolet FT 7199 
spectrometer, or a Perkin-Elmer PE 257 spectrometer with 
calibration against the absorption band of polystyrene at 1 601 
cm-'. Proton n.m.r. spectra were recorded on JEOL PMX 60 or 
F X  90Q instruments, and I3C n.m.r. spectra on JEOL FX 90Q 
or FX 200 spectrometers. All were calibrated against 
tetramethylsilane as internal reference. Phosphorus-31 n.m.r. 
spectra were recorded on a JEOL FX 90Q instrument using 
85% H,PO, as external reference. 

Mass spectra were recorded on an AEI MS 902 spectrometer. 
X-Band e.s.r. spectra were recorded on a Varian Associates 
4502/15 instrument and were calibrated against a solid sample 
of the diphenylpicrylhydrazyl (dpph) radical. Electrochemical 
studies were carried out as described previ~usly.~ Solutions 
were 0.5 x lo-, and 1.0 x lo-, mol dm-, in complex for 
voltammetry and controlled potential electrolysis respectively; 
in both cases the solutions were 0.1 mol dm-, in [NBu",][PF,] 
as supporting electrolyte. Under these conditions, Eo for the 
couple [Fe(q-C,H,),] +-[Fe(q-C,H,),] is 0.47 V. Micro- 
analyses were carried out by the staff of the Microanalytical 
Service of the School of Chemistry, University of Bristol. 

Bromodicarbonyl( q -pentaphenylcyclopentadienyl)ruthenium, 
[RuBr(CO),(q-C,Ph,)].-A mixture of [Ru3(CO),,] (1.48 g, 
2.31 mmol) and C,Ph,Br (3.63 g, 6.91 mmol) in toluene (90cm3) 
was heated under reflux for 1 h. The orange-brown solution was 
then filtered and cooled to 0°C to give a yellow precipitate. 
Recrystallisation from hot toluene gave the product as a yellow 
solid, yield 3.20 g (68%). 

Bromocarbonyl (q -pen taphenylcyclopentadienyl)( trieth yl- 
phosphine)ruthenium, [RuBr(CO)(PEt,)(q-C,Ph,)].-To a 
suspension of [RuBr(CO),(q-C,Ph,)] (1.01 g, 1.48 mmol) in 
acetone (95 cm3) was added an excess of PEt, (0.5 cm3) and 
ONMe3*2H,O (0.16 g, 1.44 mmol). After heating the mixture 
under reflux for 15 min, n-hexane (100 cm3) was added and the 
solution was cooled to - 10 "C to give an orange precipitate. 
Purification from CH,Cl,-hexane gave an orange solid, yield 
0.85 g (75%). 

The complexes [RuBr(CO)L(q-C,Ph,)] [L = PPh, or 
P(OMe),], the latter as a 0.5 CH,Cl, solvate, were prepared 
similarly. 

(q- But-2-~nr)c.urhonyl(q-pentaphenylcyclopentadienyl)- 
(trimethyl phosphite)ruthenium Hexafluorophosphate, [Ru(CO)- 
(q-MeC~Me){P(OMe),}(q-C,Ph,)][PF,].-To a mixture of 
[RuBr(CO)(P(OMe),)(q-C,Ph,)]-0.5CH2C12 (0.51 g, 0.62 
mmol) and an excess of but-2-yne (0.3 cm3) in CH,Cl, (40 cm3) 
was added AgPF, (0.16 g, 0.63 mmol). The resulting yellow- 
orange solution was heated under reflux for 30 min and then 
filtered through Kieselguhr. Addition of n-hexane (100 cm3) to 
the filtrate precipitated the product which was purified from 
CH,CI,-n-hexane to give a yellow solid, yield 0.46 g (82%). 

The complexes [Ru(Co>L(L')(q-C,Ph,)][PF,] [L = 
P(OMe),, L' = CO or C2H4; L = PEt,, L' = CO, C2H4, 

or MeCSMe]  were prepared similarly from [RuBr(CO)L(q- 
C,Ph,)] and L', but heating was not necessary for L = PEt,. 
The complexes (L' = C2H4 or MeCSMe)  are air-sensitive in 
the solid state and in solution. 

Carbonyl( q-pentaphenylcyclopentadienyl)bis( trimethyl 
phosphite)ruthenium HexaJEuorophosphate-Dichloromethane 

mixture of [Ru(CO),{ P(OMe),}(q-C,Ph,)][PF,J (0.20 g, 0.23 
mmol), an excess of P(OMe), (0.3 cm3), and ONMe3-2H,O 
(0.03 g, 0.27 mmol) in acetone (50 cm3) was heated under reflux 
for 15 min. The solution was then filtered, n-hexane (100 cm3) 
was added, and reduction of the solvent volume in uacuo 
precipitated the product. Purification from CH,Cl,-n-hexane 
gave a white solid, yield 0.16 g (67%). 

The complex [Ru(CO)(PEt 3)2(q-C , Ph ,)] [PF,]-CH,Cl, was 
prepared similarly. 

(1 Ill, [Ru(CO){ P(OMe),} 2(~-C5Ph5)1[PF61'CH,C~,.-A 

Carbonyl(methyl)(q -pentaphenylcyclopentadienyl)( triethyl- 
phosphine)ruthenium, [RuMe(CO)(PEt,)(q-C,Ph,)].-To a 
stirred, cooled (0 "C) solution of [RuBr(CO)(PEt,)(q-C,Ph,)] 
(1.01 g, 1.31 mmol) in thf (35 cm3) was added an excess (1.5 : 1) of 
LiMe in diethyl ether. After 30 min the solution was reduced in 
volume to 5 cm3 and then transferred to an n-hexane-alumina 
chromatography column (25 x 2.5 cm). Elution with n-hexane- 
thf (9:l) gave a yellow solution which was evaporated to 
dryness. Purification of the residue from thf-n-hexane gave the 
product as a yellow solid, yield 0.47 g (51%). 

The complexes [MMe(CO),(q-C,Ph,)] (M = Fe or Ru) 
were prepared similarly except that elution required n-hexane- 
thf (4: l), and for the iron complex MgMeBr in diethyl ether was 
used instead of LiMe. 

Carbonyl(ethyl)( q-pentaphenylcyclopentadienyl)( triethyl- 
phosphine)ruthenium, [ R uE t(CO)( PE t ,)( q -C , Ph ,)I .-To a 
stirred solution of [Ru(CO)(q-C,H,)(PEt,)(q-C5Ph5)]- 
[PF6]*0.5CH,C1, (0.52 g, 0.57 mmol) in thf (35 cm3) was added 
[NBu",][BH,] (0.15 g, 0.58 mmol). After 10 min the solution 
was filtered through Kieselguhr and then reduced in volume 
to 5 cm'. Chromatography on an n-hexane-alumina column 
(25 x 2.5 cm) and elution with n-hexane-thf (3: 1) gave a yellow 
solution which was evaporated to dryness. Purification of the 
residue from CH,Cl,-n-hexane gave the product as a yellow 
solid, yield 0.28 g (68%). 

Acetyl(carbonyl)(r\-pentaphenylcyclopentadienyl)( triethyl- 
phosphine)ruthenium, [Ru(COMe)(CO)(PEt,)(q-C , Ph ,)I .-To 
a stirred, cooled (0 "C), solution of [Ru(CO),(PEt,)(q- 
C,Ph,)][PF,] (0.31 g, 0.36 mmol) in thf (30 cm3) was added an 
excess (1.5: 1) of MgMeBr in diethyl ether. After 30 min the 
solvent volume was reduced in uucuo to 5 6111,. Chromatography 
on an n-hexane-alumina column (20 x 2.5 cm) and elution 
with n-hexane-thf (3: 1) gave a yellow solution. Removal of the 
solvent, and purification of the residue from thf-n-hexane gave 
the product as a yellow solid, yield 0.17 g (65%). 

The complex [Ru(o-CMe=CMe,)(CO)(PEt,)(q-C , Ph 5)] was 
prepared similarly from [Ru(CO)(q -MeCSMe)(PEt,)(q -C5- 
Ph5)][PF6] except that elution with n-hexane-thf (6: 1) was 
required. 

Reaction of [Ru(CO)(q-MeCzCMe)(P(OMe),}(q-C,Ph,)l- 
[PF,] with [Co(q-C,H,),]; Synthesis of [RuH(CO)- 
{P(OMe),}(q-C,Ph,)].-To an excess (1.4: 1) of [Co(q- 
C,H,),] (0.07 g, 0.37 mmol) in toluene (20 cm3) was added 
[Ru(Co)(MeCdl4e){P(oMe),)(q-c5Ph5)][PF6] (0.24 g, 
0.27 mmol). After 25 min the brown suspension was filtered 
through a 3 cm thick pad of alumina and the filtrate evaporated 
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to dryness. The orange-brown residue was dissolved in thf (2 
cm3) and transferred to an n-hexane-alumina column (25 x 2.5 
cm). Elution with n-hexane-thf (2: 1) gave a pale yellow solution 
which was evaporated to dryness. Purification from thf-n- 
hexane gave the product as a white solid, yield 0.09 g (47%). 

Reaction of [R u( CO) { P( 0 Me), ) (q -C , Ph 5)] [ PF,] with 
[Co(q-C,H,),].-To a stirred solution of [Co(q-CSH5),] (19 
mg, 0.10 mmol) in CH,CI, (20 cm3) was added [Ru(CO),{P- 
(OMe),)(q-CsPhs)][PF6] (95 mg, 0.1 1 mmol). After 15 min, 
the brown solution was evaporated to dryness and the residue 
was extracted with toluene (15 cm3). The resulting yellow 
solution was then filtered, and the solvent removed in uacuo. 
Purification gave a yellow-brown solid, yield 65 mg. 1.r. and 
n.m.r. spectroscopy showed the product to be an approximately 
equimolar mixture of [RuMe(CO),(q-C,Ph,)], [Ru(P(O)- 
(oMe),}(Co),(q-C,Ph5)], and [RuC1(Co>(P(oMe),)(r-C5- 
Ph,)I. 

Di-~-carbonq~l-dicarhon~lbis(pentaphen~~lc~clopen tadienL.1)- 
diruthenium, [ { R u(p-CO)(CO)(q -C, Ph ,)> 2] .-To a stirred 
solution of [RuBr(CO),(q-C,Phs)] (0.68 g, 1.00 mmol) in thf 
(40 cm3) was added [Co(q-C,H,),] (0.19 g, 1.00 mmol). After 1 
h the orange precipitate was filtered off, washed with toluene 
(2 x 25 cm3) and diethyl ether (2 x 25 cm3), and dried in vacuo, 
crude yield 0.49 g, (82%). Purification by Soxhlet extraction 
using CH,C1, as the solvent gave the product as an orange 
solid, yield 0.24 g (40%). The complex is slightly soluble in 
CH,CI, and hot toluene, but insoluble in all other common 
solvents. 

The complex [{ Fe(p-CO)(CO>(q-C,Ph5)),] was prepared 
similarly but purification was impossible; the compound reacts 
with any solvent in which it is soluble, for example CH,Cl, or 
hot toluene. 
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