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Cyclic voltammetry shows that [Rh(CO) ( PPh3) (q-C5H5)] (1 ) undergoes irreversible one-electron 
oxidation to the reactive radical cation [Rh(CO)(PPh,)(q-C,H,)] + (2) ; chemical oxidation of (I  ), wi th 
[Fe(~l-c,H,)~] [PF,] or [N2C6H4F-p] [PF,], or controlled potential electrolysis gives the fulvalene 
complex [Rh2(C0)2(PPh3)2(q5:q'5-C,0H8)]2+ (3). Cyclic voltammetry shows that (3) undergoes a 
reversible two-electron reduction, and sodium amalgam or bulk electrolysis affords the complex 
[Rh2(C0)2(PPh3)2(q5 :q'5-C,oH8)] (4). The reaction of (1) wi th  AgPF6 in toluene gives the adduct 
[Ag{Rh(CO) ( PPh3) (q-C5H5)}2] [PF,]*C,H,Me ( 5 ) ,  X-ray structural studies on which reveal a near 
linear Rh-Ag-Rh framework. Complex (5) acts as a stabilised source of (Z),  reacting with NO gas to 
give [Rh(PPh,) (NO) (q-C5H5)]  [PF,], [Rh(CO)( PPh,)(q-C,H,)], and silver metal. 

Many cyclopentadienyl metal carbonyl derivatives are now 
known to undergo one-electron oxidation reactions, giving 
isolable radical cations such as [V(CO), -,lLn(q-CsHs)l + 

[Mn(CO),-.L,(q-C,H,)]+ ( n  = 1 or 2, L = P-donor),, and 
[FeXL2(q-C,H5)]+ ( X  = SPh or SnPh,, L = PMe,; X = 

halide, H, Me, SnMe3, CN, NCS, or SPh, L2 = Ph2PCH2- 
CH2PPh2).* Recently we,' and others,6 have investigated the 
electron-transfer reactions of [ M(C0)2-,,Lll(q-CsRS)] ( M  = 

Co or Rh, n - 1 or 2, R = H or Me) and reported the 
isolation of stable, paramagnetic cobalt salts of the type 
[ C O ( C ~ ) ~ - , L , ( ~ - C ~ H ~ ) ] X  (n  = 1 or 2, L = P-donor, X = 

BF4 or PF6). We now present details of chemical and electro- 
chemical studies which show that the oxidation of [Rh(CO)- 
( PPh3)(q-C5H5)] ( I )  gives the radical cation [Rh(CO)(PPh,)- 
(q-CsH5)]+ (2)  which rapidly dimerises to the fulvalene 
complex [Rhz(CO)2(PPh3)2(q': q'5-CloH8)]2 + (3). By contrast 
( I )  and silver([) ions give the adduct [Ag{Rh(CO)(PPh,)- 
(q-C5H5)>2]+ which acts as a stable source of ( 2 )  and which 
has been characterised by an X-ray structural study. 

( 1 1  = 1 ,  L =- PPhj; n 2, L2 = Ph2PCH2CH2PPh2),2 

Results and Discussion 
Cyclic voltammetry shows that [Rh(CO)(PPh,)(q-CsH5)] (1 )  
undergoes one-electron oxidation to the radical cation 
[ R h(CO)( PPh& q-Cs H,)] + (2) at the plat hum- bead elect rode. 
For scan rates, v, between 42 and 410 mV s-' and even at 
-40°C the process is irreversible showing (2) to have a 
maximum lifetime of ca. 0.5 s;  the oxidation peak potential, 
€,,OX, is 0.43 V [us. a saturated calomel electrode (s.c.e.), at 
v = 204 mV s-'I. The electron transfer is, however, diffusion 
controlled with ipox/v* constant over the range of scan rates 
used. 

A multiple-scan cyclic voltammogram of ( l ) ,  from -0.2 to 

t Bis[carbonyl-~-cyclopentadienyl(triphenylphosphine)rhodio]- 
silver hexafluorophosphate-toluene (1 / I ) .  
Supplementary data available (No. SUP 23643, 44 pp.) : structure 
factors, thermal parameters, H-atom co-ordinates. See Notices to 
Authors No. 7, J .  Chern. Soc., Dalton Trarrs., 1981, Jndex issue. 
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Figure 1. The cyclic voltammogram, at 198 mV s-l, of [Rh(CO)- 
(PPh3)(q-C5H5)] ( I )  at a platinum-bead electrode in CH2CI,. 
Potentials are t w .  the s.c.e.. with 0.1 mol d m - j  [NBu",][PF,] as base 
electrolyte 

f0.8 V in CH2CI2, is shown in Figure 1. Not only is the 
irreversible oxidation wave apparent, but on the second and 
subsequent scans a product wave centred at ca. 0.0 V is 
observed. The nature of this product has been elucidated by 
both electrochemical and chemical methods. 

Controlled potential electrolysis of a solution of [Rh(CO)- 
(PPh,)(q-C5Hs)] in CH2CI2, for 30 min at 0.5 V, gave an 
orange-brown solution which cyclic voltammetry showed to 
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Table 1. Analytical, and i.r. and ‘H n.m.r. spectral data 

Analysis (%) 
-7 A r 

Compound O(C0) O / c r n - ’  C H G/p.p.m. 
(3 )  [R~~(C~)Z(PP~,)~(~~~:~’~-C~OHB)I[PF~~~ 2 069, 47.8 (47.8) 3.4 (3.2) 7.66 (30 H, m, PPh,), 7.26 (2 H, m, CsH4), 

6.72 (2 H, m, C5H4), 5.12 (2 H, m, C5H4), 
4.00 (2 H, m, C5H4) 

(4) [Rhz(CO)z(PPhj)z(rl’:rl’’-CioH~)I 1937 63.4 (63.0) 4.6 (4.2) 7.58 (5 H, m, PPh3), 6.98 (10 H, m, PPh3), 
5.11 (2 H, m, CSH4), 4.99 (2 H, m, CSH4) 

( 5 )  [A~{R~(CO)(PP~,)(~~-CSHS))ZI[PF~I’C~HSM~ 1 984 52.5 (52.4) 3.9 (3.8) I 7.50 (15 H, m, PPh,), 5.10 (5 H, s, C5Hs) 

8.8 (8.6)%. Phosphorus analysis 7.2 (7.4)%. In CD2CI2, toluene resonances omitted. 

2 049 

1 959d 

In CHZCl2, unless otherwise stated. * Calculated values in parentheses. In (CD3)$20. In hexane. In [ZH8]toluene. Silver analysis 

contain only the product referred to  above (E” = 0.01 V). A 
plot of In i us. t for the electrolysis was linear, showing the 
oxidation to  be diffusion controlled, and a value of n = 0.93 
electron was determined by coulometry, verifying the one- 
electron oxidation process. 

The product was fully identified when formed by chemical 
oxidation. The Epox value of ca. 0.43 V for (1) suggested that a 
mild oxidant would effect the reaction and accordingly (1) 
was stirred at room temperature in CH,C1, with an  equimolar 
quantity of either [Fe(q-CSH5),][PF6] or  [N2CsH4F-p]X 
(X = BF4 or  PF6). In all cases, an  orange-brown solution was 
formed from which the orange air-stable salts [Rh,(CO),- 
(~PPh3)2(qs:q’5-CloH8)]Xz (3;  X = BF4 or  PF6) were isolated. 

The i.r. spectrum of (3)  showed absorptions due to  the 
anion, X- ,  and two closely spaced carbonyl bands (Table 1) at 
high energy indicative of a cationic carbonyl complex. The 
elemental analysis was in good agreement with the formul- 
ation given above for (3), and the field-desorption mass 
spectrum of (3;  x = PF6) showed a parent ion a t  m/e 914 for 
the dication. The ‘H n.m.r. spectrum (Table 1) was, however, 
most informative, showing the presence of the fulvalene 
ligand, C10H8. 

Many fulvalene complexes are now known,’ among the 
simplest being the bis(fulva1ene) derivatives [ Mz(q5: qj5- 
CIOHS),]’+ ( z  = 0, M = V,8 M ~ , ~ o r F e ; ’ O z  = 2, M = Co *’). 
The latter, when diamagnetic, commonly show two multiplets 
in the *H n.m.r. spectrum due to two equivalent sets of four 
ring protons. By contrast, complex (3) shows four multiplets 
because of the presence of two different ligands in each 
Rh(CO)(PPh,) ’unit (Scheme 1). 

The metal-metal bond, required to  account for the dia- 
magnetism of (3), restrains the Rh(CO)(PPh3) groups to  a 
cis configuration with respect to the CloH8 ligand. Whether 
the carbonyl ligands are mutually cis or trans is, however, 
unclear although the latter is more likely on steric grounds. 

Cyclic voltammetry of (3)  showed conclusively that the 
products of chemical and electrochemical oxidation of (1) are 
identical. In  CH2CI2, at a platinum-bead electrode, (3) shows 
a fully reversible, diffusion-controlled reduction with Ee = 
0.01 V, with ipox/ipred unity, and with ipred/v* constant for the 
scan rates v = 55-483 mV s-’. That this reduction involves 
two electrons was established by both cyclic voltammetry and 
coulometry. The cyclic voltammogram of a dilute (ca. 5 x loF5 
mol dm-3) solution of (3) in CH2C12, at a slow scan rate 
(14 mV s-l), and using a Luggin probe, showed a peak 
separation, Epox - Epred, of 38 mV, a value consistent with a 
reversible, two-electron process in CH2CI2. In addition, 
controlled potential electrolysis of (3)  at -0 .3  V gave an  
orange solution with the consumption of 1.73 electrons per 
dication. Again, a plot of In i us. t was linear, verifying the 
reduction of (3 )  to be diffusion controlled. A cyclic voltammo- 
gram of the product solution showed complete conversion of 
(3) to [Rhz(C0)2(PPh~)2(rls:q’5-CloHs)l (4) with only the two- 

2 ’  2 

4, ”0-0’ ‘.!A J,t +2e- 

‘ -2e- 1 5  5 
Rh 

15’ 5 1  
R h+- Rh+ 

/\ 
oc 

( 3  1 (4) 
Scheme 1. L = PPh, 

electron wave at A?? = 0.01 V for the couple (3)-(4) in the 
range f1.6 V. 

Complex (4) was isolated by reducing (3) chemically with 
sodium amalgam in tetrahydrofuran (thf). In  contrast t o  (3), 
the orange-red solid shows only one carbonyl absorption in 
the i.r. spectrum (Table l), and only two multiplets for the 
fulvalene ring protons. Whereas complex (3) contains a 
metal-metal bond its absence in (4) allows rotation of the 
Rh(CO)(PPh3) groups with respect to  the C5H4 rings. Hence, 
protons H2 and HS, and H3 and H4 (Scheme l), can become 
equivalent. 

Preliminary X-ray diffraction studies l2 have shown that (‘4) 
is structurally similar to  [ C O Z ( C ~ ) ~ ( ~ ~ : ~ ’ ~ - C ~ ~ H B ) ~  l3 in that 
the two metal atoms are bonded on opposite sides of the 
fulvalene ligand. Thus, the reversible electron-transfer reaction 
relating (3) to (4) not only involves Rh-Rh bond breaking 
and making but also cis-trans isomerisation via rotation 
about the C(1)-C(1’) bond (Scheme 1). Such an  isomerisation 
might seem unlikely in view of the X-ray structure l4 of 
[Niz(~’:~’5-CloH8)2], which showed multiple character in the 
C(1)-C( 1’) bond, and because of the close similarity between 
the Ee values of (3)  (see above) and (4) (E” = 0.01 V ;  EDox - 
Epred = 42 mV at a scan rate of 50 mV s-l). However, although 
the cis and trans isomers of [M(C0)2(L-L)2] (M = Cr, Mo, 
or  W ;  L-L = Ph2PCH2CH2PPh2 or Ph2PCH2PPh2”), the 
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fac and mev isomers of [MX(CO),L2] (M = Mn or Re, X = 
Br or C1, L = P-donor),16 and the 1 -4 -q -  and 1-2-q:5-6- 
q-bonded isomers of [Co(q4-R)(q-C5H5)] (R = cyclo- 
octatetraene or cyclo-octadiene) have very different redox 
potentials, those of cis- and tran~-[Mo(CO),(PBu“~)~] differ 
by no more than 50 mV.18 

Two other aspects of the chemistry of (3) and (4) are worthy 
of note. First, the E” value for the oxidation of (4) (0.01 V) is 
very much lower than the potential at which (1) is oxidised 
(€,Ox = 0.43 V) despite the observation that (4) might be 
regarded simply as a ring-substituted derivative of (1). A 
comparison of the electrochemistry of ferrocene with that of 
[Fe2(q5:q’5-CloH8)2] shows a similar difference with the latter 
oxidised to the monocation at a potential 0.28 V more 
negative than for the formation of [Fe(q-C5H5),] + .I9 Whereas 
the oxidation of (1) (and of ferrocene) involves the removal of 
an electron from an orbital predominantly metal bonding in 
character, the oxidation of the binuclear species may well 
involve electron removal from an orbital antibonding with 
respect to the dimetal centre. 

Secondly, the mechanism by which (1) is converted to (3) is 
by no means clear. The first step is undoubtedly the formation 
of the radical cation [Rh(CO)(PPh,)(q-C5H5)]+ (2). Two 
possible routes from (2) to (3)  are shown in Scheme 2 although 

x 
L 6  

I I 

Scheme 2. L = PPh, 

neither is intuitively satisfactory. First, the formation of a 
rhodium-rhodium bond [path (a)] seems unlikely if the positive 
charge of (2) is localised on the metal. Second, the formation 
of the q4:q’4-dihydrofulvalene ligand [path (b)] would render 
each metal atom electron deficient until loss of H2 or two 
protons gave (3) or (4) respectively. 

Of the two mechanisms, ‘the latter seems the more likely, and 
certainly (3) is formed from (4) on addition of HBF4. However, 
further study is required and in this light the recent synthesis 2o 

of the radical [RhL(PPh,)(q-C5H5)] + (L = tetrachloro-o- 
benzoquinone), stable enough at room temperature for the 
e.s.r. spectrum to be detectable, may be of help. 

Figure 2. The X-ray structure of the cation [Ag(Rh(CO)(PPh3)- 
(q-C5H5)}J + (hydrogen atoms omitted for clarity) 

Reaction of [Rh(CO)(PPh3)(q-C5H5)] with Sifuer(i) Ions.- 
Although silver(1) salts are potentially strong oxidants,21 (1) 
and AgPF6 do not afford (3); in toluene the reactants gave a 
yellow precipitate, but little or no silver metal. Recrystallis- 
ation of the solid from CH2C12-n-hexane gave yellow crystals 
of the toluene-solvated adduct [Ag(Rh(CO)(PPh3)(q-C5H5)},]- 
[PF6]*C6H5Me [ (5 ) ,  Table 13 which, in the absence of further 
spectroscopic data, was fully characterised by single-crystal 
X-ray diffraction methods. 

The X-ray diffraction analysis (Tables 2 and 3) confirmed the 
chemical identity of the crystals and the presence of the toluene 
of crystallisation; there are no significant interactions between 
the cation, the anion, and the solvent. 

The overall structure of the cation is shown in Figure 2 
together with the crystallographic atom-numbering scheme. 
The silver atom is directly bonded to the rhodium atoms of 
two crys tallographically independent Rh(CO)( PPh3)(q -C5 H5) 
groups with slightly different Rh-Ag bond lengths, 2.651(1) 
and 2.636(1) A; the sum of the single-bond metallic radii 22 of 
rhodium and silver (2.591 A) suggests little or no multiple 
metal-metal bond character. 

The Rh-Ag-Rh backbone is nearly linear [ 171 .O(O)], and 
the structures of the two Rh(CO)(PPh3)(q-C5H5) groups, with 
regard to the angles about the metal atoms (Table 4), differ 
very little from each other and from that of [Ir(CO)(PPh,)- 
(q-CsHs)].Z3 However, the rhodium, carbonyl carbon, 
phosphorus atom, and X, the centroid of the cyclopentadienyl 
ring, deviate from coplanarity in that the distances Rh(1) and 
Rh(2) to the planes P(l)C(l)X(l) and P(2)C(2)X(2) are 0.13 
and 0.19 A respectively; in each case the rhodium ligands are 
moved away from the silver atom. 

Interestingly, the orientations of the two Rh(CO)(PPh,)- 
(q-C5H5) groups relative to the trimetallic skeleton are some- 
what different. The angles in Table 5 show that in both cases 
the Rh(CO)(PPh3)(q-C5H5) group is orientated so as to place 
the cyclopentadienyl ligand away from the silver atom. In so 
doing, the carbonyl group moves toward the silver and, in the 
case of C0(2), the Ag-C(2) non-bonding distance is relatively 
short [2.86 A; cf. Ag-C(l) = 3.08 A]. 

The different orientations of the two Rh(CO)(PPh,)(q-C5H5) 
groups with respect to the silver atom, the non-linearity of the 
Rh(l)-Ag-Rh(2) chain, and the small difference between the 
two silver-rhodium bond lengths presumably occur as a result 
of the minimisation of steric interactions between the bulky 
PPh, ligands. 
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Table 3. Final atomic positions (fractional co-ordinates, Ag and Rh x los, others x lo4), with estimated standard deviations in parentheses, 
for [Ag{ Rh(Co)(PPh,)(rl-C,H,)}zI [PF~I'CISH, Me ( 5 )  

Atom 
(a) Cation 

Ag 
Rh(I 1 
Rh(2) 
P(1) 
P(2) 
C(111) 
C(I 12) 
C(113) 
C( 114) 
C(115) 
C(116) 
C(121) 
C( 122) 
C(123) 
C( 124) 
C( 125) 
C( 126) 
C(131) 
C( 132) 
C(133) 
C( 134) 
C(135) 
C( 136) 
C(21 I )  
C(2 12) 
C(213) 
C(214) 
C(2 1 5) 
C(2 I 6) 
C(22 1 ) 
C(222) 
C(223) 
C(224) 
C(225) 
C(226) 
C(23 1 ) 
C(232) 

X 

30 250(4) 
7 440(4) 

51 905(4) 
847( 1 ) 

4 991(1) 
2 231(5) 
2 803(6) 
3 816(7) 
4 252(7) 
3 669(7) 
2 673(6) 
-311(5) 

- 1 263(5) 
- 2  I l5(6) 
- I 992(6) 
- 1 068(7) 

-218(6) 

- 444(6) 
-615(6) 

675(5) 

3 18(8) 
I414(8) 
1 609(6) 
4 537(5) 
4 132(6) 
3 838(6) 
3 929(6) 
4 329(6) 
4 640(5) 
3 962(5) 
2 751(5) 
I 930(6) 
2 288(7) 
3 484(7) 
4 309(6) 
6 458(5) 
7 05 l(6) 

Y 

12 829(2) 
13 083(2) 
1 1  232(2) 
2 180(1) 

228( 1 ) 
2 563(3) 
2 894(3) 
3 200(3) 
3 176(3) 
2 846(3) 
2 537(3) 
2 650(2) 
2 468(3) 
2 828(3) 
3 378(3) 
3 570(3) 
3 212(3) 
2 207(2) 
2 342(3) 
2 298(3) 
2 llO(3) 
I988(3) 
2 040(3) 

70(2) 
- 455(3) 
- 588(3) 
- 194(3) 

318(3) 
450(3) 

- 207(2) 
- 49(3) 
- 392(3) 
- 889(3) 

- 1 053(3) 
- 705(3) 
- 1 l4(2) 
- 84(3) 

2 

19 895(3) 
23 557(3) 
15 021(3) 
1923(1) 
1 805(1) 
2 167(3) 
1 703(4) 
1945(5) 
2 634(5) 
3 1 l5(5) 
2 880(4) 
2 227(3) 
2 618(4) 
2 868(4) 
2 730(4) 
2 337(4) 
2 088(4) 

944(3) 
60 l(4) 

- 135(4) 
- 551(4) 
- 210(4) 

52 l(4) 
2 716(3) 
2 873(3) 
3 574(4) 
4 1 l2(4) 
3 958(3) 
3 265(3) 
1 256(3) 
I 154(4) 

783(4) 
52 I(4) 
63 l(4) 
990(3) 

1 756(3) 
1 lOl(4) 

X 

8 139(6) 
8 659(6) 
8 lOO(6) 
6 989(5) 

37(8) 
1 340(7) 
1 689(7) 

642(7) 
- 379(7) 
5 762(7) 
6 660(8) 
7 158(6) 
6 574(7) 
5 771(6) 

412(6) 
171(5) 

4 188(5) 
3 609(4) 

666 
6 385 

Y 
- 351(3) 
- 634(3) 
- 651(3) 
- 394(3) 

647(4) 
648(4) 

1 140(4) 
1446(3) 
1 136(4) 
1993(3) 
1724(4) 
1332(3) 
1357(4) 
1778(3) 
1043(3) 

855(2) 
1057(3) 
1026(2) 
1003 
1637 

(b) Anion 
P(3) 5 745(2) I926(1) 
F(1) 6 696(7) 1 671(5) 
F(2) 4 794(6) 2 226(4) 
F(3) 5 972(6) 2 468(3) 
F(4) 5 501(9) 1391(3) 
F(5) 4 741(5) 1 774(3) 
F(6) 6 756(5) 2 066(3) 

(c)  Toluene of crystallisation 
C( 10) I 136(9) 3 738(4) 
C(20) 2 378(10) 3 892(6) 
C(30) 2 708(10) 4 409(7) 
a 4 0 1  1861(13) 4 770(5) 
0) 625( 12) 4 629(5) 
C ( W  284(8) 4 124(4) 
C(70) - 1 036(9) 3 985(6) 

Z 

1038(4) 
1614(5) 
2 258(5) 
2 235(4) 
3 048(5) 
3 141(4) 
3 450(4) 
3 541(4) 
3 323(4) 
1613(4) 
1245(5) 
1673(6) 
2 333(5) 
2 290(4) 
1 434(4) 

884(3) 
684(4) 
162( 3) 

3 301 
1831 

4 669( 1) 
4 230(4) 
5 082(5) 
4 288(5) 
5 039(5) 
4 067(3) 
5 262(3) 

294(5) 
376(5) 
645(6) 
794(6) 
709(5) 
465(4) 
357(6) 

* X(1) and X(2) are the calculated centroids of the C5H5 rings bonded to Rh(1) and Rh(2) respectively. 

Table 4. Bond angles (") within the Rh(CO)(PPh,)(q-C,H,) groups 
of [Ag{ Rh(CO)(PPh3)(q-C5HS))2lf and at the iridium atom of 
[Ir(CO)(PPh,)(q-C,H,)] (X = centroid of C5H5 ring) 

M P-M-C(0) P M - X  X-M-C(0) C" 
Rh( 1 ) 90.5(2) 133.8 134.3 358.6 
Rh(2) 93.3(2) 129.0 134.7 357.0 
Ir 89.2(3) I35.0(2) 135.7(3) 359.9 

a Sum of the angles P-M-C(O), P-M-X, and X-M-C(0). Data 
from ref. 21. 

Table 5. Bond angles (") at the rhodium atoms of [Ag{Rh(CO)- 
(PPh3)(q-C5H5)}2] + (X = centroid of C5H5 ring) 

M Ag-M-C(0) Ag-M-P Ag-M-X 
Rh(1) 84.3 82.3 108.4 
Rh(2) 77.1 87.4 115.0 

Complex (5) may be regarded as an adduct between the 
Lewis acid Ag + and the base [Rh(CO)(PPh3)(q-CsHs)]. Other 
complexes containing silver-transition metal bonds have been 
prepared 24 from silver halides and metal carbonyl anions such 

as [M(CO),(q-C,H,)]- (M = Cry Mo, or W) and [Co(CO),]-. 
Thus [LAgCo(CO),] [L = MezAsC6H4As( Me)C6H4AsMez] 
[Ag-Co = 2.50(1) A] 25 may be regarded as having an electron- 
pair shared bond and thus superficially different from that 
of (5). 

The variable co-ordination of silver to alkenes and alkynes, 
with respect to co-ordination number and geometry, is well 
documentedYz6 and we have noted previously the several 
different ways in which silver(1) will react with organometallic 
substrates. Recent X-ray structural studies have revealed 
addition of Ag+ across an iron-iron bond, in [AgFez(Co),- 
(p-PPh2){(p-CHC(Ph)NHMe}][C104],z7 and to an osmium- 
carbyne bond to give the mixed dimetallacyclopropene 

While the X-ray structural study of ( 5 )  revealed no gross 
difference between the two Rh(CO)(PPh,)(q-C,H,) groups it is 
useful, for the purpose of synthetic applications, to visualise 
the cation as a silver(0)-stabilised source of the radical cation 
(2) (see below). This description of ( 5 )  allows a rationalisation 
of the reactions with the radicals NO and NO2. 

[Cl Ag{ P-C(C6H4Me-p) )OsCl( CO)(PPh3),]. 28 
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Whereas pure NO does not react with (l) ,  the dropwise 
addition of a solution of the gas in CHzCIz to (5) in the same 
solvent gave a precipitate of silver metal and equivalent 
quantities of ( 1 )  and [Rh(NO)(PPh3)(q-CSH,)] + .29 Coupling 
of NO with the isolable radical cation [CO(CO){P(C,H,~)~}- 
(q-CsH5)]+ has been shown to give [CO(NO){P(C~H~I)J}- 
(q-CsHS)]+, implying that the reaction between (5) and NO 
indeed involves (2) .  

Nitrogen dioxide and (5) also give Ag metal and [Rh(NO)- 
(PPh3)(q-CsHs)] + , together with [Rh(N03)z(PPh3)(q-CsHs)] 
the product of the reaction between (1) and NOz. In this case 
the complex [Rh(N02)(CO)(PPh3)(q-CsHs)]+ has not been 
detected, but by analogy with the reaction between NOz and 
the radical cation [Fe(C0)3(PPh3)2]+ coupling between (2 )  
and NO2 is followed by oxygen transfer and C02 elimination 
to give [Rh(NO)(PPh3)(q-CsH5)]+. Other examples of such 
transfer reactions are well d~cumented.~~ 

Conclusions 
The radical cations [M(CO)(PR,)(rpC,H,)]+ (M 2 Co or Rh) 
differ drastically in their reactivity; the isolation of [Co(CO)- 
(P(C~H,~)J)(~-C~H~)][PF~] contrasts markedly with the 
spontaneous dimerisation of [Rh(CO)(PPh,)(q-C,H,)] + (2 ) .  

The formation of [Ag{Rh(CO)(PPh3)(q-CsHs)}2] + (5) from 
[Rh(CO)(PPh3)(q-C5Hs)] (1) and Ag+, despite the redox 
potentials involved favouring oxidation, again highlights the 
complexities inherent in the use of this particular oxidant. 
However, the behaviour of (5) towards NO and NO2 illustrates 
the potential use of silver(1) adducts as stable sources of 
organotransition-metal radicals. 

Experimental 
The preparation and purification of the complexes described 
were carried out under an atmosphere of dry nitrogen. Solvents 
were dried by standard methods and deoxygenated before use. 
Unless otherwise stated, the solid complexes are moderately 
stable in air and dissolve in polar solvents such as CHzC12 or 
acetone to give solutions which slowly decompose in air. 

The compounds [Rh(CO)(PPh,)(q-C,H,)] 3z and [N&&F- 
p]X (X = BF, or PF6) 33 were prepared by published methods, 
and silver(1) salts and NO gas were purchased from Fluoro- 
chem Ltd., Glossop, Derbyshire, and B.O.C. Ltd., respect- 
ively. 

Infrared spectra were recorded on a Perkin-Elmer PE 257 
spectrophotometer and calibrated against the absorption of 
polystyrene at 1 601 cm-'. Electrochemical studies were made 
as described previou~ly,~ and potentials are recorded us. an 
aqueous saturated calomel electrode with [NBun4][PF6] as 
base electrolyte. Under these conditions, E* for the one- 
electron oxidation of ferrocene is 0.43 V. Proton and 13C n.m.r. 
spectra were recorded on JEOL PSlOO and on JEOL 
PFTlOO or FX90Q instruments respectively and calibrated 
against SiMe, as internal reference. Field-desorption mass 
spectra were recorded on an AEI MS902 spectrometer. 
Microanalyses were by the staff of the Microanalytical Service 
of the School of Chemistry, University of Bristol or by Drs. F. 
and A. Pascher, Bonn, West Germany. 

(p- 1 -5-q : 1 '-5'-q- Bicyclopentadienediyl)dicarbonylbis( tri- 
p heny i'p hosp hine)dirhodium (R h-Rh) Bis( hexafluorop hosp ha t e) , 
[R~"CO)~(PP~J)~(~':~''-C~OH~)I[PF~I~ (3).-To [Rh(CO)- 
(PPh3)(q-CSHS)] (0.25 g, 0.55 mmol) in CHZCl2 (20 cm3) was 
added [Fe(q-CsHs)2][PF6] (0.18 g, 0.54 mmol). After 5 min 
n-hexane was added to the red solution to give an orange 
precipitate. Recrystallisation from CHZClz-n-hexane gave the 
product as an orange solid, yield 0.26 g (79%). 

The complex is only moderately soluble in polar solvents. 

(p-1-5-q: 1 '-5'-q-Bicycfopentadienediyl)dicarbonylbis(tri- 
phenylphosphine)dirhodium, [Rh2(C0)z(PPh3)2(qS:q"-Cl~H8)] 
(4).-A solution of [Rhz(CO)z(PPh3)~(q5:q's-~~~~8)~~~~~~~ ( 3 )  
(0.21 g, 0.17 mmol) in thf (60 cm3) was stirred with sodium 
(0.15 g, 6.5 mmol) in mercury (8 cm3) for 5 min. The dark 
brown solution was then separated from excess amalgam and 
evaporated to dryness. Chromatography of a toluene solution 
of the residue on an alumina-hexane column gave an orange 
band eluted with toluene. Evaporation of the eluate to dryness, 
and recrystallisation from toluene-n-hexane gave the product 
as an orange-red solid, yield 0.096 g (60%). 

The compound is stable when stored in the solid state under 
nitrogen, and is soluble in diethyl ether and in toluene. 

Bis[carbonyl-q-cyclopentadienyl( tripheny lphosphine)rhodio]- 
silver Hexajluorophosphate-toluene ( 1 / 1) [Ag{ Rh(CO)(PPh,)- 
(rl-CsHs)}z][PFa]'C,HsMe (5).-To a rapidly stirred solution 
of [Rh(CO)(PPh,)(q-C,H,)] (0.20 g, 0.44 mmol) in toluene 
(30 cm3) was added AgPF, (0.11 g, 0.44 mmol) in toluene 
(5 cm3). The yellow precipitate was filtered off, and purified by 
dissolution in CHzC12 (5 cm3) and addition to rapidly stirred 
toluene (100 cm3), yield 0.20 g (72%). 

Structure Determination.-The crystal of [Ag( Rh(C0)- 
( PP h3)( q -cs H,) 121 [PF6]*C6H5 Me chosen for intensity measure- 
ments (0.25 x 0.25 x 0.13 mm) was mounted and aligned on 
an Enraf-Nonius CAD4 diffractometer ; data were collected 
using an 4 2 8  scan technique. Each reflection was given a fast 
prescan (6.67' minP in o) and only those considered sig- 
nificant were rescanned so that their net intensities had 
I > 3.30, with a maximum measuring time of 60 s. Those 
reflections which had satisfied this condition on the prescan 
were not remeasured. Because of the low value of the linear 
absorption coefficient, p, no absorption correction was 
applied. Of 9 485 independent observations (28 < 25"), 6 158 
satisfied the criterion F, > 30(F0) and only these were used 
in the solution and refinement of the structure. 

Crystal data. C ~ ~ H ~ ~ A ~ F ~ ~ Z P ~ R ~ ~ . C ~ H S C H ~ ,  M = 1 261.6, 
Monoclinic, space group P2Jc (no. 14), a = 11.078(1), b = 

D, = 1.66, Z = 4, D, = 1.67 g cm-,, F(000) = 2 520, 
Mo-K, X-radiation (graphite monochromator), h = 0.710 69 
A, p(Mo-K,) = 10.8 cm-'. 

Structure analysis and refinement. The positions of the metal 
atoms were found from a Patterson map, computed using the 
SHELX 34 program. After several cycles of least-squares 
refinement of the metal atom positions, the non-hydrogen 
atoms were located from successive difference maps, and their 
positional and thermal parameters improved by several cycles 
of isotropic least-squares refinement. Because of the large 
number of parameters, anisotropic refinement was carried out 
in three blocks, with the silver atom being refined in each. The 
first and second blocks each contained one rhodium and those 
groups of atoms bonded to it, while the third contained the 
toluene and hexafluorophosphate molecules. At this stage a 
weighting scheme { w  = [02(Fo) + 0.0006 FO2]-'} was applied 
and this gave flat analyses of variance. All hydrogen atoms 
(excepting those of the toluene, which were ignored) were 
now inserted into calculated positions with a fixed carbon- 
hydrogen distance of 1.08 A and suitable interatomic angles. 
These were refined with a common thermal parameter. Owing 
to the large number of atoms, final refinement was carried out 
in two halves, and it converged at Rl  = 0.0578 and R2 == 

0.0557. The highest peak remaining in the final difference map 
represented an electron density of 0.9 e A-3. 

Atomic scattering factors for neutral atoms were taken from 
ref. 35 with corrections for anomalous dispersion for the 
heavier atoms from ref. 36. All computations were carried out 

24.375(3), c = 18.604(3) A, p = 92.90(1)", U = 5 016.8 A3, 
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at Queen Mary College on the ICL 2980 computer, and the 
final stages of refinement were completed on the University of 
Cambridge IBM 370/165 computer. 
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