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INTRODUCTlON 

Few substitution reactions of the cyclopentadienylmolybdenum and -tungsten 
tricarbonyl halides are now known though such reactions with metal carbonyl 
halides have been- extensively studied 2_ Tris(dimethylamino)phosphine (tdp) and 
C,H,Mo(CO),I gives two isomeric compounds C5H5Mo(CO)Z(tdp)13. Reactions 
of C,H,W(CO),Ci and both triphenylphosphine and triethylphosphine have been 
reported: the former reaction ieads to only one product C5H5W(C0)2 [(C,H&P] Cl 
whereas the latter gives the two compounds4 C5H5W(CO)z[(C2H5)3P]CI and 
CSH,W (CO), [(C,H,),P],f Cl-. Reactions of C5H5M(C0)&l (M = MO’, W”) with 
ammonia and hydrazine give exclusively the ionic derivatives CSH5M(CO),(NH3)*- 
Cf- and CSH~M(C0)3(N2H~))+C1-. 

There are three points of interest concerning substitution reactions of cyclo- 
pentadienylmolybdenum and -tungsten tricarbonyl halides. First, the question of 
whether an ionic species [CSH,M(CO),L’X-) or a11 uncharged species [C5H5M- 
(CO)2LX] will be formed has not been evaluated in the work to date. Second, the 
number of carbonyls that can be substituted by other donor ligands is of interest. 
Third, the possibility exists that isomeric species differing in the orientation of the 
respective groups bonded to the metal will be formed ; this possibility is realized 
only in the complexes of tdp3. We felt that a more detailed study of substitution 
reactions of these cyclopentadienyl metal carbonyl halides would now be valuable 
to provide more background information to judge these criteria. This paper describes 
substitution reactions of the cyclopentadienylmetal tticarbonyl halides with tri- 
phenylphosphine, -arsine, -stibine, and with 1,2-bis(diphenylphosphino)ethane 
(diphos), and with the nitrogen bases 2,2’-bipyridine (bipy) and o-phenanthroline 
{o-phen). 

The ionic cyclopentadienylmetal carbonyls C5H5M (CO)zX- (M = MO, W) 
were fust reported by Fischer and coworkers6 in 1962, subsequent to the description 
of the related z-ethylene derivatives C,H,M(CO),(SE’C~H~)~X- (M = MO, W)‘_ 
Since that time several other species related to the parent cation have also been 

* Part IV, see ref. I. 
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described4*s*s*’ In the course of this work we also studied reactions leading to the 
formation of th’e related ionic species CSH5M(CO),Lz_.X- (M = l&40, W; L = tri- 
phenylphosphine, -arsine, and a&or&rile) by the reactions of the cyclopenta- 
dienylmetal carbonyl halide (C,H,M(CO), i3-&), a donor molecule, and an alu- 
minum halide. 

EXPERtMENTAL 

CycIopentadienylmolybdenum tricarbonyl dimer” and cyclopentadienyl- 
molybdenum txicarbonyl chloride and bromide’l were prepared by methods well 
estabIished in the literature. Cyclopentadienylmolybdenum tricarbony1 iodide was 
prepared by cleaving cyclopentadienylmolybdenum tricarbonyi dimer with iodine 
in chloroform solution. Tungsten analogs of the above were prepared by identical 
routes. 

Infrared spectra of the compounds prepared here were run on a Beckman 
IR-10 grating spectrometer_ Analyses were performed by Alfred Bernhardt Labora- 
tories, Miilheim, Germany, and Schwarzkopf Microanalytical Laboratory, Woodside, 
NY. Molecular weights were determined with a MechroIab Vapor Pressure Osmo- 
meter as approximateiy 0.03 moIal solutions in benzene. 

Ail operations were carried out routinely under an atmosphere of nitrogen, 
including admission of nitrogen to evacuated ff asks and collection of samples under 
nitrogen during chromatography. The products described are all stable in air in the 
soiid state but somewhat less stable in solution. The ionic compounds C,H,;M (CO),- 
L4+_nPF6 were somewhat sensitive to light and were stored in the dark. 

Acid washed aluminum oxide (Merck) was utilized for chromatographic 
separations. 

(A) Reactions of c~cloperrtadienJlb7zolr,bdennm and tungsten tricarbon_vl halides with 
Group VA ligands 

The reaction conditions for all of the reported reactions were the same. The 
cyclopentadienylmolybdenum or -tungsten carbonyl halide and an excess of the 
desired ligand were dissolved in 75-100 ml of benzene and refluxed for 18 h under 
nitrogen. The reaction mixtures were fiItered while hot to remove the insoluble ionic 
species and any products ofdecomposition which formed in the reaction. The filtrates 
were evaporated using a rotary evaporator, and if the infrared spectrum of the result- 
ing residue indicated the presence ofa covalent substitution product, chromatography 
on alumina with benzene as eluent was employed_ The general order of elution ob- 
served was: 1. CSHSM(CO)L,X @present); 2. C5H5M(C0)2LX; 3. C,H,M(CO),X. 
These individual products were then purified by CrystaIIization from a mixture of 
chloroform and petroleum ether. 

If ionic species were isolated in the initial filtration, these compounds were 
dissolved from the filter in water and precipitated as hexafluorophosphate saIts by 
addition of a saturated solution of ammonium hexafluorophosphate. Final purifi- 
cation was effected by crystallization of these substances from an acetone/ether 
mixture. 

The products obtained in each reaction ,with respective properties, yields, and 
analyses are given in Table 1. 

.?. Orga~metal. Chem, 7 (1967) 449459 
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(B) Cationic cyciopentadienylmolybdenum and -tungsten carbonyI derkatives with 
group VA donor ligands 

Reaction of C,H&~O(CO)~CZ, triphenylphosphine, and AZCI,. A mixture of 1 ,e 
C5H5Mo(C0)aC1 (3.5 mmole), 0.88 g triphenylphosphine (3.5 mmole) and 0.75 g 
AICla (5.6 mmole) was refluxed in benzene for 16 h. The solution was cooled, and 
50 ml of water was added. After stirring 15 min the mixture was filtered. The solid 
residue was dissolved in acetone, filtered, and an aqueous solution of NH4PF6 added 
dropwise. Yellow crystals (1.25 g) precipitated and were coliected. Comparison of 
an infrared spectrum of this solid with known spectra of the pure compounds CSH,- 
Mo(CO),[(C,H,),P]+ PF; and C,H,Mo(CO),[(C,H,),P],fPF, prepared below, 
showed this solid to be a mixture of these compounds. The benzene/water filtrate 
from above was separated; addition of NH,PF, solution to the aqueous layer gave 
0.15 g of a fine, yellow powder, identified as &H,Mo(CO)s [(CeHs),P] ‘PF,. The 
benzene layer was dried over Na2S04 and then evaporated to dryness to give 0.3 g 
C,H,Mo(CO), CGHMlC1- 

An analogous reaction between C,H,Mo (CO), I, triphenylphosphine, and 
AlCl, gave the mono- and bistriphenylphosphine substituted cations as well as 
C,H,Mo (CO), t(C,H,),P] I- 

Though presumably the solubility difference between the chloride sahs of the 
cations would have allowed their complete separation, this separation was not at- 
tempted since the pure products could be obtained in specific reactions. 

Preparation oj‘ C5H5Mo(CO)3[(C6Hs)3P] i PF;. A mixture of0.5 g C,H,Mo- 
(CO),[(C,H,),P]Cl (0.95 mmole) and 0.25 g AlCl, (1.9 mmole) in 20 ml benzene 
was heated to 70“ for 16 h under an atmosphere of 1200 psi of carbon monoxide in 
a glass-lined steel autoclave. The reaction mixture was then removed from the auto- 
clave and cooled to 0”. Cold aqueous NH4PF, solution was added with vigorous 
stirring. Yellow crystals formed and were filtered off. Recrystallization of this solid 
from acetone and ether gave 0.25 g of CsHsMo(CO),[(C,H,),P] ‘PF; (yield 
40.5%). 

Preparation of C5HsMo(CO), [(C,H,),P],fPF,. One g &HsMo(CO),- 
[(C,H,),PJCI (1.9 mmole), 1.0 g triphenylphosphine (3.8 n-mole) and 0.51 g AlCl, 
(3.8 mmole) were refluxed in 50 ml benzene for 20 h. The mixture was cooled and 50 ml 
of H,O was slowly added. Filtration gave a yellow solid which was dissolved in 20 ml 
of acetone and filtered. Aqueous NH,PF, solution was added dropwise to the acetone 
solution until no more precipitation was observed to occur. The yellow crystals were 
filtered, and then recrystallized from acetone and ether, and dried to give 1.1 g of 
product (yield 66%). 

The benzene filtrate from above was separated, dried and concentrated to 
give 0.3 g of C,H,Mo(CC), [(&H&P] Cl (recovery 30%). 

Reaction of CsH_; W!CO),CZ, triphenyZphosphine and AZ& This reaction was 
run in a manner identical to that described above for the molybdenum compound. 
From the reaction of 1L.j g CSH,W(CO)aCl (2.7 mmole), 1.42 g AlCl, (2.7 mmole) 
and 1.42 g triphenylphosphine (5.4 mmoles) was isolated 0.45 g. CSHsW(CO)Z- 
[(C,H,),P]Cl (yield 280/), 0.45 g CSHSW(CO)s[(C6H5)3P]+PF;, (yield, 22.5x), 
and 1.4 g of a mixture of the two compounds C,H,W(CO),[(C,H,),P]‘PF, and 
C,HSW(CO),[(C,H,)sP];‘PF,. An analysis for the pure salt C,H,W(CO),- 
C(C,H,),P] +PF, was obtained. 

J. Orgatwmetal. Chem, 7 (1967) 449459 
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charged product obtained ([C5H,M(CO),X],-p-diphos) had the bifunctional phos- 
phine bridging two metals; no mono-carbonyl species was found among the products. 

In addition to the relatively small quantities of the above substances, the 
major product formed in each reaction of diphos was the ionic C5H5M(CO)a- 
diphosfX-. This result was most interesting since none of the previous reactions 
with triphenylphosphine gave an analogous product. One must recall nonetheless 
that the ionic compound C,H,W (CO), [(C,H,),P],‘Cl- is a major product of the 
reaction of C,H,W (CO)&1 and triethylphosphine4. One possible explanation for 
these results with triethyl- and triphenylphosphine involves the relative back-bonding 
capability of these ligands. Since reaction with a ligand with less back-bonding 
ability (viz., NH,) apparently favors displacement of the halide ion rather than a 
carbonyl group one might predict that alkyl phosphines would be more likely to give 
the ionic product. Still, the extent of the differences between the reactions of diphos 
and those of triphenylphosphine, is surprising if interpreted solely on this basis. It 
seems likely that the chelating ability of the diphos ligand may be in someway 
involved also. 

The chelating nitrogen ligancls bipy and o-phen reacted rapidly with each of 
the cyclopentadienyl metal tricarbonyl halides to give exclusively the ionic products 
CsH5M(CO)tbipy+X- and C,H,M(C0)2(o-phen)+X-. No covalent derivatives 
were formed in these reactions. However we observed that pyridine and C,H,M- 
(CO)&1 (M = MO, W) gave no ionic product using reaction conditions similar to 
those employed in the above reactions. Small amounts of an unstable covalent deri- 
vative were sometimes observed, but this material was not characterized; decompo- 
sition was usually extensive in the reactions of pyridine in contrast to the results 
observed for bipy and o-phen. The difference between bipy and pyridine also suggests 
that the chelating ability of the ligand may be a predominate factor in the formation 
of an ionic species. 

The reaction of cyclopentadienylmetal carhonyl halides, or metal carbonyl 
halides, with a halogen acceptor such as aluminum trichloride and a donor molecule 
is known to give ionic carbonyl species. Such reactions were used in the formation 

- of the cationic species CSH5M(C0)4f (ref. 6) and CSHSM(CO)3(C2H4)1 (ref. 7) 
(M = MO, W). We have investigated such reactions as means of preparation of related 
species with group VA donor molecules when such species were not among the 
products of the direct ligand/CpM(CO),X reaction. The following reactions were 
studied. 

C5H5M (CO),Cl+ AlC13 t L - 

CsHsM(CO)sL+AlX: +C,H,M(CO),L;AlX, 

C5H5M(C0)2LCl+AIC13+L - C,H,M(CO),L,‘AlClZ 

C,H,M(CO),LCl+AlCl,+CO - C,H,M(CO),L+AlCl, 
M=Mo,W; L = (G-H&P, (GH&As, CH&N 

Reactions were run in refluxing benzene or toluene under nitrogen. The crude 
reaction mixture was best hydrolyzed with ice-water to avoid decomposition. The 
cations could then be precipitated as the hexafluorophosphate salts from the aqueous 
solution. These crystalline salts were air stable, and soluble in polar organic solvents; 

J. Orgammetal. Cfmn., 7 (1967) 449459 
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SUMMARY 

The reaction of C5HsMo(CO),C1 and triphenylphosphine gives a mixture of 
CSHSM~(CO)z[(C6HS)3P]C1 and C5H,Mo(CO)[(C6H5)3P]2Cl; C,H,Mo(CO),X 
(X = Br, I) and C5H5W (CO),CI react with triphenylphosphine giving monosubsti- 
tution only. With triphenylarsine and -stibine C,H,M(C0)3X (M = MO, X = Cl, 
Br, I; M = W, X = Cl) monosubstitution is found to occur. The reaction of 1.2- 
bis(diphenyIphosphino)ethane (diphos) and C,H5Mo(CO),Cl gives C,HsMo: 
(CO)(diphos)Cl and C5H5Mo (CO), (diphos)+Cl-. The reactions of C,H,Mo (CO)3I 
and C5H5W(CO)&1 and diphos lead to C5HsM(CO),(diphos)+X- and [C,H5M- 
(CO)zX]2-/l-diphos. 

The reactions of C5H5Mo(CO),X (X = Cl, Br, I) and C,H,W(CO)&I and 
bipyridine (Spy) or o-phenanthroline (o-phen) giveCsHSM(CO),(bipy)fX- and 
C5H5M(CO)l(o-phen)+X- (M = MO, W) as the only products of these reactions. 
It is suggested that the chelating ability of a ligand is sometimes important in deter- 
mining whether an ionic derivative is to be formed. 

Reactions between the compounds C5H5M (CO),Cl or C,H,M (CO)2LCi 
(M = MO, W ; L = (C,H,),P, (C,H,), As], a Group VA donor molecule or carbon 
monoxide, and AlCl, have been studied. From such reactions the compound2 
CSH5M(CO)aL+A1C1; and C,H,M(CO)zL,‘AIC1; EM = MO, W ; L = (&H&P, 
(GHUs, CH3CN-J were obtained. The compound C,H,Mo(CO)(CH,CN)- 
CGWd’lfA~C1i was obtained from C5H5M~(CO)C(C6H5)3P]ZCl, CH3CN and 
Al&. All cations were eventually characterized as hexafluorophosphate salts. 
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