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ternative disproportionation stoichiometry that gives 
[(FP)~] (eq 3) is more reasonable and has been reported for 

2Na[Fp] + 2C02 - [(FpJz] + CO + Na2CO3 (3) 

N~[FP(CO,)] ,~ but we have not observed an analogous 
decomposition of Li[Fp(CO,)] in our laboratory. Decom- 
position of Li[Fp(CO,)] in THF becomes significant at 
ambient temperatures (tl = ca. 4 h), giving [(FP)~] con- 
taminated by <lo% [FpI-f] (IR). Excess COz accelerates 
decomposition, although it is not consumed and does not 
affect the course of reaction (IR of solution and of the 
precipitate). A DzO solution of the precipitate from the 
decomposition of Li[Fp(13C02)] in the presence of excess 
13C02 initially contains (13C NMR) a ca. 1:1:2 ratio of 
formate, carbonate, and a mixture of unidentified products 
(possibly iron carbonates) and hydrolyzes after 12 h to a 
ca. 1:3 mixture of HC02- and C032-. Quantification was 
complicated by the THF polymerization which invariably 
accompanied decomposition, but Ba2+ precipitation in- 
dicated an eventual C032- yield of ca. 60%. 

The most remarkable feature of the reaction is that only 
traces of free21 CO are formed (&lo%; GC). The forma- 
tion of labeled [(FpJz] from Na[Fp(13C02)] has previously 
been taken to imply that the decomposition produces CO,3 
but oxide transfer from COz to CO provides an alternative 
source of T O ,  and we conclude that the published data 
do not establish reductive disproportionation of Na[Fp- 
(COz)] and that reductive disproportionation provides a t  
best a minor decomposition pathway for Li[Fp(C02)]. 

Formate ion could reasonably be formed in this decom- 
position by homolysis of the Fe-C02 bond in [Fp(C02)]- 
followed by reaction of C02-.22 with the solvent, but the 
observation of C032- formation without CO evolution is 
less readily interpreted since something other than C02 
must be reduced. The only obvious possibility is that there 
is an unidentified organic product derived from the solvent: 
this is not unreasonable, since the formation of HCO2- and, 
more directly, the invariable THF polymerization observed 
suggest the intermediacy of solvent-derived radicals. 

The experiments above lead to two general conclusions 
about the organometallic chemistry of C02. First, mo- 
noanionic COz complexes can be sufficiently nucleophilic 
to transfer oxide from COz to CO ligands, suggesting that 
oxide transfer is a general reaction of C02 complexes that 
can be reasonably described as metallocarboxylates; sec- 
ond, carbonate can be formed from C02 and transition- 
metal complexes by routes other than reductive dispro- 
portionation: only in cases in which both CO and C0:- 
formation have been established' can reductive dispro- 
portionation be regarded as proven. 
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Summary: The reaction between the tungstenacyclo- 
butadiene complex W(C,Et,)(OCMe,CMe,O)(OCMe,) and 
3,7-decadiyne yields [ W0,(OCMe,)],(g5,g5- 

Cp'CH,CH,Cp'). 1 was was treated with HCI and Me,SiCI 
to give [W(O)CI,],(Cp'CH,CH,Cp') (2). Treatment of 2 
with PCI, gave (WCI,),(Cp'CH,CH,Cp') (3). An X-ray 
structural study of a PMe, adduct of 3, [(PMe3)CI4WI2- 
(Cp'CH,CH,Cp') (4), confirmed the presence of the 
Cp'CH,CH,Cp' ring system. 4 crystallizes in the space 
group p? with a = 9.562 (4) A, b = 10.690 (8) A, c = 
14.007 (13) A, a = 110.10 (6)', /3 = 104.55 (5)', y = 
95.14 (5)', and Z = 1. A total of 4458 reflections were 
collected in the range 3' < 20 < 50' with the 3371 
having F ,  > 4a(F,) being used for refinement by full- 
matrix least-squares techniques to a final R , = 0.046 and 
R ,  = 0.050. HC,Me,CH,CH,C--VEt was prepared by 
addition of LiCH2CH2C=CEt to tetramethylcyclo- 
pentenone. LiC5Me,CH2CH,C=L;Et was added to [Rh(C- 
O),CI] , to give Rh(g5-C5Me4CH,CH,C~Et)(CO), which 
was subsequently added to W(C,Et,)(OCMe,CMe 0 

Et4C5CH,CH2C5Me4) [Rh(CO),] . 
Approaches to the reduction of carbon monoxide em- 

ploying complexes in which donor ligands link two metal 
centers, so far, for the most part, have not anticipated the 
fact that CO will likely displace donor ligands at the tem- 
peratures (2150 "C) and pressures (2100 atm of CO/Hz) 
typically necessary to reduce CO. Bimetallic complexes 
containing linked cyclopentadienyl rings,l on the other 
hand, may be likely to survive such relatively severe re- 
action conditions. A molecular model of TaZ(v5- 
CSMe4Et)2C13(CH3)H2,2 a relative of compounds of the type 
[Ta(v5-C5Me4R)Cl2HlZ which will react with CO to give 
[Ta(v5-C5Me4R)Cl2I2(p-CHO) (p-H) c~mplexes,~ suggested 
to us that a two-carbon link between peralkylated rings 
would distort this bimetallic complex little. We report here 
some potentially general approaches to bimetallic com- 
plexes containing two-carbon-linked peralkylated cyclo- 
pentadienyl ring systems in which at least one of the metals 
is tungsten. 

3,7-Decadiyne reacts smoothly with a tungstenacyclo- 
butadiene complex as shown in eq l . 4 v 5  The most im- 

Et4C,CH&H,C,Et4) (1, g5,g5-Et,C5CH,CH2C,Efq = 

(OMe,) to  give [(Me3CO)0,W](g5,g 2 [  

Registry No. Li[Fp(COz)], 33361-37-4; NBu4[Fp(CO2)], 
95156-00-6; K[Fp(COZ)], 95156-01-7; Na[Fp(COz) 1,95156-02-8; 
Li[Fpl, 33361-37-4; NBuJFp], 65836-70-6; [FpCH,], 12080-06-7; 

71-47-6; eo3'-, 3812-32-6; COz, 124-38-9; CH30S02F, 421-20-5; 
[{Fp)zl, 12154-95-9; [FpH], 35913-82-7; K[Fp], 60039-75-0; HCOZ-, 

0 2 ,  7782-44-7. 

(21) We also see no IR evidence for the formation of [Fe(CO)S] or 

(22) This could also give rise to the small amount of CO observed. 
other potential CO sinks. 

(1) Many bimetallic complexes containing cyclopentadienyl rings 
linked by one or two (or more) units (usually CR2 or SiR2) have been 
prepared. To our knowledge, however, they all contain only one linking 
unit (often SiMe.J, or unalkylated rings, or both. 

(2) Belmonte, P. A.; Schrock, R. R.; Day, C. S. J. Am. Chem. SOC. 1982, 
104, 3082. 

(3) Belmonte, P. A.; Cloke, F. G. N.; Schrock, R. R. J.  Am. Chem. SOC. 
1983,105, 2643. 

(4) (a) The formation of cyclopentadienyl rings from tungstenacyclo- 
butadiene complexes and acetylenes has already been disclosed.4bic (b) 
Pedersen, S. F.; Schrock, R. R; Churchill, M. R.; Wmerman, H. J. J. Am. 
Chem. SOC. 1982,104,6808. (c) Schrock, R. R.; Pedersen, S. F.; Churchill, 
M. R.; Ziller, J. W. Organometallics 1984, 3, 1574. 
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portant feature of the 13C NMR spectrum of [W02- 
(OCMe3)l2(Cp'CH2CH2Cp') (1) is a 2:2:1 set of singlets 
(Figure la )  characteristic of the ring carbon atoms in a 
q5-C5R4R' cyclopentadienyl complex (cf. 124.7, 122.3, and 
119.7 ppm for the cyclopentadienyl ring carbon atoms in 
W[q5-C5Me4(CMe3)](0CMe3)O2"). We were not able to 
obtain crystals suitable for an X-ray study that would 
prove the presence of the expected linked cyclopentadienyl 
system. A suitable derivative (4) was finally obtained by 
the series of reactions shown in eq 2-4.e An X-ray dif- 
fraction studyg confirmed that 4 contained the two- 
carbon-linked cyclopentadienyl ring system (Figure 2). 

PCI5 
2 - [WC14]2(Cp'CH&H2Cp') (3Y" 

3 

3 - [WCl4(PMe3)I2(Cp'CH,CH2Cp') (4Yb 
4 

The key to the successful preparation of bimetallic 
species containing tungsten and a group 8 or 915 metal 
(preferably Ru or Rh) was the synthesis of HC5Me4R where 
R = CH&H2CeEt .  That was accomplished by treating 
LiCH2CH2C=CEtl0 with tetramethylcyclopentenonel' in 
ether a t  -78 "C followed by an aqueous acid workup and 
isolation of the product by distillation in vacuo.12 De- 

PMe3 

(5) 3,7-Decadi e (0.56 g, 4.2 mmol) was added to a solution of w- 
(C3Et&OCMe2C~epO)(OCMeJ'E (4.12 g, 8.3 "01) in 2 mL of pentane 
at -30 "C, and the reaction was warmed to room temperature. Over a 
period of 1 week a total of 2.51 g of 1 (63%) was filtered off. It may be 
recrystallized from toluene. Anal. Calcd for WC1sH3103: C, 45.11; H, 
6.52. Found C, 44.90; H, 6.41. 

(6) The reactions shown in eq 2-4 were developed first in the analo- 
gous monomeric system starting with W(?5-C5Et5)Oz(OCMe3). Details 
will be reported separately in due course. 

(7) A 1.0-g sample of 1 in 10 mL of toluene at  0 OC was treated with 
1.0 mL of Medic1 followed by 280 mL of gaseous HCI. After 15 min, 0.93 
g of yellow [WOC13]2(Cp'CH2CH2Cp') was filtered off. It was recrystal- 
lized from dichloromethane. Anal. Calcd for WCI4Hz20Cl3: C, 33.87; H, 
4.47; C1, 21.42. Found C, 33.84; H, 4.18; C1, 20.75. 

(8) (a) Solid PC16 (0.28 g, 1.36 mmol) was added all at once to 0.68 g 
of [WOClS]2(Cp'CHzCH2Cp') dissolved in 10 mL of dichloromethane. 
After 2 h 0.70 g of copper-colored, impure [WC&]2(Cp'CH2CH&p') (ap- 
proximately a quantitative yield) was filtered off and rinsed with di- 
chloromethane and ether. (We believe the pure product should be bright 
orange, cf. W(~6-C&k6)Cl+h) (b) The impure [WC1,I2(Cp'CH2CHpCp') 
was suspended in 10 mL of dichloromethane. It dissolved upon adding 
4 equiv of PMe3 to give a very dark green/red dichroic solution. Two 
crops (0.69 g total) of dark green crystals of [WC1,(PMe3)l2- 
(Cp'CHzCH2Cp') were isolated upon concentration and cooling the solu- 
tion to -30 OC. (c) Murray, R. C.; Blum, L.; Liu, A.; Schrock, R. R. 
Organometallics, in press. 

(9) A crystal obtained from dichloromethane was coated with epoxy 
resin. Data were collected on an Enraf-Nonius CAD4F-11 diffractometer 
using Mo K a  radiation. A total of 4458 reflections (+h,*k,*l) were 
collected in the range 3O < 26 < 50° with the 3371 having F, > 4dFJ  
being used in the structure refinement by full-matrix least-squares 
techniques (243 variables) using SHELX-76. Final R1 = 0.046 and R2 = 
0.050. Data were corrected for a 12% isotropic decay of the three 
standards. Full details can be found in the supplementary material. 

(10) (a) LiCH2CH2C4Et was prepared from ICHzCH2C4Et10b by 
transmetalation with tert-butyllithium.'& (b) Ansell, M. F.; Emmett, J. 
C.; Coombs, R. V. J. Chem. SOC. C 1968, 217. (c) Volkmann, R. A.; 
Andrews, G .  C.; Johnson, W. S. J. Am. Chem. SOC. 1975,97,4777. 

(11) Kohl, F. X.; Jutzi, P. J. Organomet. Chem. 1983, 243, 119. 
(12) Yield 73%; bp 80-82 "C at  1 mm. The NMR spectrum 

showed a total of six acetylenic carbon resonances, ten vinyl carbon 
resonances, and three aliphatic cyclopentadiene carbon resonances, as 
expected for a mixture of the three possible isomers. 

(b) 7 1 1 1 7 1 1 1 1 ,  . I I I I I I . l  

120 110 
101 5 

(c) cI_ - A'* Io5JL 
I24 I 

100 4 

(d 1 1, I I I 
100 120 

Figure 1. The cyclopentadienyl ring carbon atom signals in 13C 
NMR spectrum of (a) 1 in C6D6; (b) LiC5Me,(CH2CHzC+Et) 
in THF-d,; (c) 5 in C6Ds (asterisk, unidentified impurity); (d) 6 
in C6DB. Coupling to "Rh (-6 Hz) can just be resolved in most 
of the signals in c and d. 

Figure 2. Geometry of [WC1,(PMe3)]2(Cp'CH&H2Cp').CH2C1z 
showing thermal ellipsoids at the 40% probability level. Hydrogen 
atoms and the CHzCl2 molecule are not shown. 

protonation of HC5Me4R with butyllithium in ether at -10 
"C gave a THF-soluble salt whose 13C NMR spectrum 
shows (inter alia) a three-signal pattern for the cyclo- 
pentadienyl ring carbon atoms (Figure lb). 

The reaction between [Rh(CO),Cl], and LiCjMe4R (R 
= CH2CH2C=CEt) in THF at  -30 "C  proceeds smoothly 
to give a high yield of Rh(q5-C5Me4R)(C0)2 ( 5 )  as a red- 
brown oil. The 13C NMR of 5 shows a 1:2:2 pattern of 
barely resolved doublets (JCRh = 6 Hz) in the region ex- 
pected for cyclopentadienyl carbon atoms (Figure IC). 
Addition of 5 to W(C3Et3)(OCMe2CMe20)(OCMe3) gave 
6 (eq 5) in high yield.14 Unfortunately 6 is also an oil. Its 

(13) YCO = 2025 ( 8 )  and 1967 ( 8 )  cm" in pentane. No other carbon- 
yl-containing species were observed by IR. 'H and 13C NMR spectra 
showed only -5% of some as yet unidentified impurity (see Figure IC). 

(14) W(C3Et3)(OCMe2CMe201(OCMe3) (0.65 g, 1.33 mmol) reacted 
with Rh(q6-C5Me4CH2CH2C=CEt)(C0)2 (0.48 g, 1.33 mmol) in 1 mL of 
pentane completely in 2 days at  25 OC. All 'H, 13C, and IR data are 
consistent with the expected product shown in eq 5. 
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13C NMR spectrum in the cyclopentadienyl carbon signal 
region shows signals for one q5-C5R4R'-type ring bound to 
W and one q5-C5R4R'-type ring bound to Rh (Figure Id). 
The highest mass pattern in the FD mass spectrum of 6 
is found around 744, the mass expected for 6 ('&W) minus 
one carbonyl ligand. The IR spectrum of 6 is a composite 
of that of 1 and that of 5, suggesting that there is little or 
no interaction between the two ends of the molecule. 

No peralkylated cyclopentadienyl system linked by two 
carbon atoms is known. The compounds reported here, 
especially heterobimetallic 6, are not likely to be preparable 
by traditional techniques. We will be attempting to pre- 
pare other heterobimetallic linked cyclopentadienyl sys- 
tems via approaches analogous to that shown in eq 5 and 
will be exploring the fundamental chemistry of such 
species. 
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Supplementary Material Available: Description of crys- 
tallography, crystal data, final positional and thermal parameters, 
selected interatomic distances, atom labeling scheme, and final 
observed and calculated structure factors (20 pages). Ordering 
information is given on any current masthead page. 

(15) The group notation is being changed in accord with recent actions 
by IWAC and ACS nomenclature committees. A and B notation is being 
eliminated because of wide confusion. Group I becomes groups 1 and 11, 
group I1 becomes groups 2 and 12, group I11 becomes groups 3 and 13, 
etc. 
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Summary: Ultraviolet irradiation of [ Fe(p -xylene)(Cp)] - 
[ PF,] and tris(dipheny1phosphino)methane (tppm) gives 
[Fe(HC(PPh,),](Cp)] [PF,] in 96 YO yield. Crystal structure 
analysis (R = 6.2%) shows that all three phosphorus 
atoms are coordinated to the iron atom, providing the first 
example of q3 coordination of tppm on a single metal. 

0216-1333/85/2304-0798$01.50/0 

There is considerable strain in the tricyclic system, with 
all three P-C-P angles less than 90'. One Fe-P bond is 
easily opened by refluxing acetonitrile, giving [Fe- 
(MeCN)(v2-tPPmXCP)l PF,I ' 

Tris(dipheny1phosphino)methane (tppm)' has received 
considerable attention as a ligand for transition metah2 
In particular, tppm has been shown to promote 
"spontaneous self-assembly" of the metal cluster [Ni3- 
(p3-tppm)(CO),] from Ni(CO)Oza In other studies, q', v2, 
q2-p, and v3-p3 coordination, and rearrangement, have been 
demonstrated,2 but in no cage has tppm been found with 
all three phosphorus atoms coordinated to a single tran- 
sition-metal center. We report the first instance of tppm 
acting as a q3 ligand. 

"Ultraviolet irradiation3 of a mixture of [Fe(p-xylene)- 
(Cp)][PF6I4 (418 mg, 1.12 mmol) and tppm (671 mg, 1.18 
mmol) in -80 mL of dichloromethane for 8 h, followed 
by filtration, evaporation to - 10 mL in vacuo, and slow 
addition of -15 mL of ethyl ether gives [Fe(HC- 
(PPh2)3)(Cp)][PF6]4 (I, 903 mg, 96% yield) as orange 
crystals. Spectroscopic characterization5 suggested that 
q3 coordination of tppm had occurred, but the shift of the 
cyclopentadienyl protons in the 'H NMR spectrum of I 
was 6 5.60, at anomalously low field. Ordinarily, phosphine 
substituents cause an upfield shift of the cyclopentadienyl 
resonance in [FeL,(Cp)]+: e.g., [Fe(q1-dppm)(C0)2(Cp)]+ 
(dppm = bis(diphenylphosphino)methane), 6 5.52,6 [Fe- 
(v2-dppm)(CO)(Cp)1+, 6 5.25: [Fe(q'-dppm)(q2-dppm)- 
(Cp)]+, 6 4.76; F~{T~-M~C(CH~PP~~)~J(C~)]+, 6 5.06,& and 
[Fe(q3-PhP(CH2CH2PPh2)2)(Cp)]+, 6 4.23.8b In order to 
confirm q3 coordination of tppm in I and to gain some 
insight into this NMR anomaly, a crystal structure analysis 
of I was carried 

Single crystals of I were obtained by slow evaporation 
of a dichloromethane solution of I with a stream of ethyl 
ether-saturated nitrogen. An OR"EPl0 plot of the resulting 
structure is shown in Figure 1, and selected bond lengths 

(1) (a) Issleib, K.; Abicht, H. P. J.  Prakt. Chem. 1970,312,456-465. 
(b) Karsch, H. H. 2. Natursforsch., E Anorg. Chem., Org. Chem. 1979, 
34B, 1171-1177. (c) Grim, S. D.; Satek, L. C.; Mitchell, J. D. 2. Natur- 
forsch., B: Anorg. Chem., Org. Chem. 1980,35B, 832-837. 

(2) (a) Osbom, J. A.; Stanley, G. G. Angew. Chem., Int. Ed. Engl. 1980, 
1025-1026. (b) Bahsoun, A. A,; Osborn, J. A.; Voeldker, C.; Bonnet, J. 
J.; Lavigne, G. Organometallics 1982, 1, 1114-1120. (c) Harding, M. M.; 
Nicholls, B. S.; Smith, A. K. J. Organomet. Chem. 1982,226, C17-CZO. 
(d) Harding, M. M.; Nicholls, B. S.; Smith, A. K. J. Chem. Soc., Dalton 
Trans. 1983, 1479-1481. (e) Mague, J. T.; Dessens, S. E. J. Organomet. 
Chem. 1984,262,347-358. (f~ Bahsoun, A. A.; Osborn, J. A.; Bird, P .  H.; 
Nucciarone, D.; Peters, V. J.  Chem. Soc., Chem. Commun. 1984,72-73. 
(9)  Grim, S. 0.; Walton, E. D. Phosphorus Sulfur 1980,9,123-126. (h) 
von der Ploeg, A. F. M.; von Koten, G. Inorg. Chim. Acta 1981, 51, 
225-239. 

(3) (a) All irradiations were performed by using a General Electric 275 
W sun lamp filtered through a Pyrex flask. (b) Gill, T. P.; Mann, K. R. 
Inorg. Chem. 1980, 19,3007-3010. (c) Gill, T. P.; Mann, K. R. J .  Orga- 
nomet. Chem. 1981, 216, 65-71. (d) Gill, T. P.; Mann, K. R. Organo- 
metallics 1982, I ,  485-488. (e) Gill, T. P.; Mann, K. R. Inorg. Chem. 1983, 
22,1986-1991. (f) Schrenk, J. L.; Palazzotto, M. C.; Mann, K. R. Inorg. 
Chem. 1983,22, 4047-4049. 

(4) (a) Nesmeyanov, A. N.; Vol'kenau, N. A,; Bolesova, I. N. Dokl. 
Akad. Nauk SSSR 1963,149,615-618. (b) Nesmeyanov, A. N.; Vol'ke- 
nau, N. A.; Bolesova, I. N. Tetrahedron Lett. 1963, 1725-1729. ( c )  Ro- 
man, E.; Astruc, D. Inorg. Chem. 1979,18,3284-3285. 

(5) 'H NMR ((CD3),C0, 90 MHz) 6 7.7-6.9 (30 H, m, Ph), (1 H, qr2Jp.H 

80.96 MHz) 6p 30.05 (3 P, s, Fe-P), -142.21 (1 H, sept, J = 708 Hz, PF1;3. 
(6) Brown, M. L.; Cramer, J. L.; Ferguson, J. A.; Meyer, T. J.; Win- 

terton, N. J. Am. Chem. SOC. 1972,94,8707-8710. 
(7) Selegue, J. P., unpublished result. 
(8) (a) King, R. B.; Houk, L. W.; Pannell, K. H. Inorg. Chem. 1969, 

8,1042-1048. (b) King, R. B.; Kapoor, P. N.; Kapoor, R. N. Inorg. Chem. 
1971,10,1841-1850. (c) Davies, S. G.; Felkii, H.; Watts, 0. J.  Chem. Soc., 
Chem. Commun. 1980. 159-160. 

= -5 Hz, CH), 5.60 (5 H, q, 3Jp-H = 1.6 Hz, Cp); 31P NMR ((CD3)2CO, 
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