
1328 P. M. TREICHEL AND R. L. SHUBKIN Inorganic Cizemislry 

the electrolysis and spectrophotometry in experiment 
I were performed a t  lower temperatures than in pre- 
ceding experiments. 

There are not such discrete criteria to establish the 
validity of the visible spectrum of the cation, since the 
only change on standing is an initial general increase 
in absorbance. Tiye feel, however, that  the spectrum 
showing the smaller absorbance, that from experiment 
D (Figure 4), is probably the more accurate of the two. 

Spectra of CpVTr.-Preparation and manipulation 
cf solutions of CpVTr were carried out with the utmost 
care to exclude atmospheric oxygen. Since such solu- 
tions neither discolored nor changed absorbance over 
many hours, it  is likely that the largest experimental 
errors occurred in measuring the volumes of the solu- 
tions. These errors are almost certainly no larger than 
2%. We believe, therefore, that  the peak positions 
and molar absorptivities for CpVTr are accurate in 
both the ultraviolet and the visible regions. 

Spectra of CpVTr and CpVTr+.-The electronic 
spectra of relatively few sandn ich complexes are avail- 
able in the literature. Presumably this paucity arises 
from the air sensitivity of many of these compounds and 
the difficulty involved in obtaining spectra of solutions 
free of decomposition products. Unfortunately, no 
quantitative data for the related molecules CpCrTr 

and CpCrTr+ are available for comparison with the 
present work. (CpCrTr + is isoelectronic ivith CpVTr.) 
King and Bisnette3' do describe solutions of CpCrTr 
as deep blue and those of the corresponding cation a5 
yellow; tdutions of CpVTr are pale purple, n hile those 
of the cation are bright orange. 

King and Stone2 proposed that contributing reso- 
nance structures for CpVTr involved considerable 
separation of charge between the two rings. Hence, it 
might be tempting to regard the intense absorption in 
the ultraviolet region as an intramolecular charge- 
transfer band, Such a transition, however, would re- 
sult in rather different dipole moments for the ground 
and excited states and should, therefore, be sensitive to 
solvent polarity. 27 The observation that CpVTr 
shows so nearly the same spectrum in acetonitrile and 
in isooctane seems to preclude such an assignment. 
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(27 )  See,  for example, J. S. Murrell ,  "The Theory of the Electt-onic 
Spectra of Organic Rlolecules," Methuen and Co., Ltd., London, 1963, p 272. 
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Reactions of pentafluorophenyllithium and phenyllithiuni with the cationic species CsHsFe( CO)3+, Cs~lsFe(CO)z[(CaHo)aI'l * ~ ,  
CjHjFe(CO)zpyf, CjHjFe(CO).(CH8CN)+, CjHjh.I(CO)r+, and CeHjM(CO)3L+ (M = Mo, K ;  L = (C6Hh)aP, (CsHs)ahs) 
have been studied. Depending on the nature of the metal and the ligands substituted on the metal, the reaction that occurs is : 
(a )  reaction a t  a carbonyl to give an acyl metal derivative, (b) displacement of a ligand to give an aryl metal compound, 
(c) reaction a t  the cyclopentadienyl ring to give a 1-arylcyclopentadiene complex, and/or (d)  reduction to give the correspond- 
ing biaryl and a dimeric cyclopentadienylmetal carbonyl. The reaction of NaBH4 and CsHjl\/I( CO)4+ gives CsHsM( C0)3H 
(M = &Io, W), in a reaction analogous to (b) above. The reaction of KaBH4 and CgHjhiI(C0)g[(C~Hj)3P] + surprisingly gives 
CbH&I(C0)2[( C~HL)BP] CH3 (M = Mo, m') in high yield. X possible mechanism for this reaction is suggested. 

Introduction 
Kcxlioiis ol iiucleophilic rcagciits such as alkyl- or 

aryllithium compounds, or sodium borohydride, with 
low-valency transition metal complexes bearing a posi- 
tive charge have been reported. These reactions pro- 
ceed in three general pathways determined by the 
nature of the metal-ligand complex. The types of 
reactions observed are listed belon . 

(1) Previous payer:  K. W. Basnett and  P. 11. Treichel ,  Ino1.g. C ' h t ' 7 ~ 2 . ,  6, 
294 (1967). 

(1) Reactions which Proceed with Attack on a 
Ligand. --These reactions vary widely ; one general sub- 
classification includes reaction on a delocalized hydro- 
carbon bonded to the metal. This category includes 
NaBH4 or RLi reactions with (C5Hj)zM+ (A4 = CO,' 
Rh3), C6H6M(C0)3- (M = Re5), C7H7Cr(C0)3+,6 

( 2 )  E. 0. Fischer and G. Herherich, Che7n. Be?, . ,  94,  1.517 (1961). 
(3)  R.  J .  Angelici and ti. 0. Pischer, .I A ~ J I ,  <,'hem. .Sot., 85, 3733 (1963). 
(4) G. Winkhaus, I.. P ra t l ,  and  C .  Wilkinson, J .  0 1 ~ m .  .COG., 3807 (15161), 
( 5 )  G. Winkhaus and H. Singer, Z .  N a t u q f o i s c h . ,  18b, 418 (1963). 
(6) P. E. Barkie, 0. S. LIiIls, P. L. Pauson, G. H. Smi th ,  and J. Valentine, 

Chenz. Coinmun., 428 (1965). 
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and metal derivatives of more complex hydrocarbons. 
Related reactions of methoxide ion with C5H5Mn- 
(CO)2NO+,7 and Mn(C0)4[(C6H5)3P]2+,8 leading to 
carbomethoxy-metal complexes are reported also. 

Reactions which Proceed with Displacement of a 
Ligand.-The reaction of sodium borohydride with 
C5HSFe(C0)3+ gives C5HsFe(CO)zH,9 with displace- 
ment of carbon monoxide. It is possible that initially 
a formyl derivative CbH5Fe(C0)2CHO is formed here 
and that this then decarbonylates rapidly. This pos- 
sible distinction is not important to this categorization 
however. 

(3) Reaction Occurring with Reduction to a Di- 
nuclear Species.-Borohydride reactions with Co- 
(CO)3 [ ( C O & ) ~ P ] ~ + ,  lo C5H5Mn(CO)2N0 +, l1 and the 
chloride salt of CsH5Fe(CO)2(C2H4) + l 2  give Co~(C0)e- 
[(CsH~)aPlz, [ C d G W C O )  (NO) 12, and [C5HaFe(CO)zlz, 
respectively. There is no available evidence to suggest 
intermediate hydride formation though this possibility 
cannot be excluded either. 

Little effort has been made to evaluate the influence 
of various ligands on the nature of such nucleophilic 
reactions with a related series of complexes, yet quite 
clearly this is an interesting aspect of the over-all prob- 
lem. This can be seen by a comparison of the boro- 
hydride reductions of C5H5Fe(C0)3+ and C5H5Fe- 
(CO)n [(C,&)&']+ which lead to CjHjFe(C0)2H and 
C5H6Fe(C0)2 [(C6H5)3P], re~pectively.~ A similar dis- 
crimination was reported in preliminary form by us13 
concerning reactions of these cations with pentafluoro- 
phenyllithium. We have chosen, therefore, to begin a 
systematic investigation of such reactions and report 
here results of work on cyclopentadienyliron, -molyb- 
denum, and -tungsten cationic systems. 

Experimental Section 
The preparations of cy~lopentadienyliron,~~ molybdenum, and 

- t u n g ~ t e n ' ~ ~ ' ~  carbonyl cations have been described. Phenyl- 
lithium in a hexane-ether solvent was a commercial sample; 
pentafluorophenyllithium was prepared from butyllithium and 
bromopentafluorobenzene by the published method." Except 
where indicated, tetrahydrofuran, freshly distilled from LiAlH4, 
was used as solvent. 

Chromatographic separations were carried out on alumina 
(Merck, acid washed) without further treatment. 

Infrared spectra were recorded on a Beckman IR-10 spec- 
trophotometer. Proton nmr were recorded on a Varian A-60 
spectrometer with tetramethylsilane as internal standard. 
Resonance peaks are recorded in T units (tetramethylsilane = 

(2) 

(7) R. B. King, M. B. Bisnette, and A. Fronzaglia, J .  Ovganomelal. 

(8) T. Kruck and M. Noack, Chem. Ber., 97, 1693 (1964). 
(9) A. Davison, M. L. H. Green, and G. Wilkinson, J .  Chem. Soc., 3172 

(1961). 
( IO)  J. A. McCleverty, A. Davison, and G. Wilkinson, ibid., 3890 (1965). 
(11) R. B. King and M. B. Bisnette, J .  A m .  Chem. Soc., 86, 2527 (1963). 
(12) M. L. H. Green and P. L. I. Nagy, J .  Organomelal. Chem. (Amster- 

(13) P. M. Treichel and 11. L. Shubkin, ibid., 6 ,  488 (1966). 
(14) P. M. Treichel, R. L. Shubkin, K. W. Barnett, and D. Reichard, 

(15) P. M. Treichel, K .  W. Barnett, and R. L. Shubkin, J .  Ovnnizomelal. 

(16) Samples of Mo(CO)6 and W(CO)6. precursors to the above 

(li) P. L. Coe, R. Stephens, and J. Tatlow. J .  Chem. Soc., 166 (1959). 

Chem. (Amsterdam), 4, 256 (1065). 

dam), 1, 58 (1963). 

Inovg. Chem., 6, 1177 (1966), and references therein. 

Chet??. (Amsterdam), 7, 449 (1967). 

substances, were a gift from the Climax Molybdenum Co. 

T 10). Microanalyses were performed by Dr. A.  Bernhardt, 
hlax Planck Institdt fur Kohlenforschung, Mulheim, Germany. 
Molecular weights were determined in benzene with a Mechro- 
lab vapor pressure osmometer a t  concentrations between 0.0: 
and 0.05 m. Melting points were observed on a Kofler micro hot 
stage. 

All of the reactions described were run in a nitrogen atmosphere 
and nitrogen was admitted to all evacuated flasks as a routine 
precautionary measure. 

Reaction of C5HsFe(CO)3fPF6- and C6FsLi.-A slurry of 
C6H5Fe(c0)3+PFe- (0.8 g, 2.28 mmoles) was added slowly to a 
solution of pentafluorophenyllithium (4.56 mmoles) a t  - 78". 
The solution was stirred at  this temperature for 1 hr and then a t  
0" for an additional 2 hr. Following filtration, the solution was 
evaporated to dryness on a rotary evaporator, dissolved in ben- 
zene (50 ml), washed with several small portions of water, dried 
over KaSO4, filtered, concentrated, and chromatographed on 
alumina using 10% benzene in hexane as eluent. Four yellow 
bands developed. 

The first band gave only a trace of yellow oil upon removal 
of the solvent. Overnight, a few large crystals formed in the oil, 
and these were used for microanalysis. Because of the extremely 
small amount of material available, complete characterization 
was not possible. The analytical and spectral data (Table I )  
indicate that this product is exo-(l-CeFs)C6H~Fe(CO)s. Anal. 
Calcd for C14HjF603Fe: C, 45.19; H, 1.35; F, 25.54. Found: 
C, 45.45; H, 1.41; F, 27.55. 

The second band gave the known compound C6HjFe(CO)Q- 
C6F518"8 (0.1 g, 12.7% yield), mp 139-141" (lit. 144.5-145'). 
The infrared and proton nmr data are in satisfactory agreement 
with the literature values. Anal. Calcd for C I ~ H ~ F ~ F ~ O ~ :  
C, 45.38; H, 1.47; F, 27.61; mol wt, 344. Found: C, 45.59; 
H, 1.38; F, 27.38; mol wt, 351. 

The third band gave the yellow crystalline perfluorobenzoyl- 
derivate, C~HSF~(CO)QCOCGF~ (0.15 g, yield 17.6%), identi- 
fied by analyses and spectra, mp 86-87'. Anal. Calcd for C ~ ~ H S -  
F5FeOs: C, 45.19; H, 1.35; F ,  25.54; mol wt, 372. Found: C, 
46.01; H, 1.45; F,25.37; molwt, 374. 

The fourth band on the chromatography column yielded only a 
trace of compound which was not identified. 

Decarbonylation of C~H6Fe(CO)~COCsFs under similar condi- 
tions (tetrahydrofuran solution, 25", 18 hr) was not observed 
to occur. Neither did the carbonylation reaction of CjHsFe- 
(CO)ZC~FS occur (tetrahydrofuran solution, 25", 2.5 hr a t  1 atm 
of CO pressure). In  both reactions starting material was re- 
covered quantitatively. These observations suggest that both 
C&Fe(CO)zCoC6F5 and csH6Fe(cO)~CeFs are direct reaction 
products of the pentafluorophenyllithium reaction. 

Reaction of CjH5Fe(CO)z[(C6H,)3P] +I- and CsF&i.--k slurry 
of C~HSF~(CO)~[(C~H~)~P]+I- (1.25 g, 2.2 mmoles) in tetra- 
hydrofuran was added slowly to a solution of pentafluorophenyl- 
lithium (4.05 mmoles) a t  -78". The temperature was raised 
to On, and the mixture was stirred for 3 hr. After the reaction 
mixture was filtered and the solvent was removed from the fil- 
trate on the rotary evaporator, the resulting residual oil was dis- 
solved in hexane, filtered, and chromatographed on alumina 
with hexane as eluent. A single yellow band eluted which was 
concentrated and cooled in Dry Ice to give yellow crystals of 
exo-(l-CsFj)C5H~Fe(CO)z [(CGH&P] (0.75 g, yield 56.4%, mp 
132.5-134.0'. Anal. Calcd for C31H20F5Fe02P: C, 61.41; H, 
3.33; F, 15.67; P, 5.11; mol wt, 606. Found: C, 61.64; H, 
3.50; F, 15.42; P, 5.00; molwt, 610. 

Reaction of C5H6Fe(CO)1(py)+PFa- and C6F5Li.-Solid CaHjFe- 
(Co)~(py)+PFs- (0.75 g, 1.87 mmoles) was added d'rectly to a 
solution of pentafluorophenyllithium in 50 ml of tetrahydrofuran 
a t  -78". A ter the reaction mixture was stirred for 1 hr a t  this 
temperature, it was warmed to room temperature and stirred 
for an additional 1 hr. The solvent was removed, and the residue 
was dissolved in benzene, filtered, and chromatographed on 

(18) M. D. Rausch, Inovg. Chem., 3, 300 (1964). 
(19) R. B. King and M. B. Bisnette, J .  Ovganomelal. Chem. (Amsteldam). 

2, 38 (1964). 
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TABLE I 
INFRARED AND PROTON NMR DATA 

Fe compounds Proton nmr ( T ) "  

exo-(l-C~Fj)CjHjFe(CO)a 5.08 (2) mult Hph 

7.22 (2) mult H, 
6.25 (1) mUlt Hendo 

CsHjW (CO)~COCGF~ 4.36 singlet CjHj 

CsHjW (CO)z[ (C&)aP]- 
COC6Fs 2.60 (15) mUlt (CGfljj3P 

4.87 (5) CjH6 doublet (JP-H = 4.5 CPS) 

Carbonyl str freq,' cm-1 

2030 s, 1970 vsd 

1990 vs, 1925 vse 

1980 vs, 1920 vse 

2030 s, 1960 vs, 1645 m, 
1625 se 

,2025~, 1940 VS, 1645 W, 
1615 in' 

1953 s, 1890 s, 1865 s, 
1600 m 

Other infrared freq,< cm-1 

1650 m, 1490 vs, 1405 m, 1390 in, 
1380 m, 1300 m, 1200 m, 1135 w, 
1107 s, 1075 m, 1052 m, 985 s, 
950 m, 900 m, 845 ni, 720 m, 
778 m, 660 vs, 560 s, 510 in, 
480 TT, 440 w d  

3070 w, 2940 w, 1650 w, 1527 m, 
1490 s, 1438 s, 1405 vw, 1390 vw, 
1300 w, 1262 w, 1200 w, 1108 s, 
1092 s, 1078 cv, 1055 w, 990 s, 
950 w, 895 w, 692 s, 595 s, 558 s, 
525 s, 505 we 

3060 m, 2920 m, 1480 in, 1435 in, 

1090 m, 1070 w, 1030 w, 998 vw, 
720 w, 693 s, 625 w, 600 s, 565 m, 
523 m, 510 w, 498 w 

3120 vw, 1492 s, 1425 vs, 1400 w,  
1300 ni, 1100 s, 980 s, 935 m, 
695 m, 622 in, 580 m, 555 s, 
475 ine 

3120 w, 1510 m, 1490 m, 1300 w, 
1102 m, 980 ni, 940 w, 700 m, 
620 TV, 555 m, 530 IT, 475 w, 445 mf 

1295 vs, 1090 m, 970 m, 835 vw, 
810 w, 752 W, 745 IT, 695 m, 
620 vw, 587 w, 560 w, 515 in, 
495 w 

1955 s, 1870 vs, 1595 me 1510 w, 1090 m, 970 m, 840 vw, 
815 w, 775 w, 745 w, 720 w, 
695 m, 620 w, 580 vw, 560 w, 
520 m, 505 m, 495 w 

1510 w, 1480 m, 1290 vw, 1092 in, 

1070 w, 970 m, 840 vw, 815 m, 
77.5 m, 748 m, 690 m,  670 In, 
580 m, 555 m, 465 m 

2065 s, 1970 vs 1180 w, 1085 m, 995 w, 835 w, 
815 w, 740 m,  685 m, 555 m, 
520 s, 500 m, 485 w 

1955 s, 1870 vs, 1595 me 

a Deuteriochloroform solution except where noted; relative intensities are given in parentheses. 
Nujol mull, KBr cells except when noted. 

* Benzene solveut, to obtain the 
Liquid film (probably impure). solubility necessary to see the H,, Hg, and Hendo protons. 

e CCla solution. f CHCll solution. 

alumina (40 X 2.5 cm column) using benzene as eluent. Six 
distinct bands developed with good separation between them: 
(1) bright yellow, (2) light brown, (3) purple-brown, (4) orange, 
(5) yellow, (6) green. The first band gave 20 mg of CsHjFe- 
(CO)2C6Fj (3.17, yield) identified by its infrared spectrum. The 
second band gave less than 5 mg of a red oil which was not iden- 
tified. The third band gave cn. 10 mg of the dimer [CjHjFe- 
(CO),], (3y0 yield), identified by its infrared spectrum. The 
fourth and fifth bands contained quantities of material too small 
to be isolated. The sixth band did not elute from the column. 

Reaction of CjHiFe(CO)2(CH&N)-PFG- and CGF,Li.-solid 
C5H6Fe(C0)2(CH3CN)+PF~- (1.5 g, 4.13 mmoles) was added di- 
rectly to  a tetrahydrofuran solution of pentafluorophenyllithium 
(4.5 mmoles). The solution was stirred 1 hr at -78" and then 
warmed to room temperature over a period of 1 hr . The solvent 
was removed, and the dark residual oil was dissolved in benzene, 
filtered, and chromatographed on alumina (55 X 3 cm column). 
Three bands eluted with benzene. The first gave 0.13 g of C~HB-  
Fe(co)&Fj (9.27, yield), identified by its infrared spectrum. 

The second band was orange in color and gave only a trace of oil 
which was not identified. The third band gave a trace of [CjHj- 
Fe(C0)2]2, identified by its infrared spectrum. 

Reaction of CjH5Fe(CO)s+PF6- and CfiHjLi .-Solid CjHjFe- 
(C0)g'PFe- (2.0 g, 5 . l  mmoles) was slurried in 50 in1 of freshly 
distilled tetrahydrofuran and cooled to 0". Phenyllithium (9.8 
mmoles) was added and the mixture was stirred a t  0' for 1 hr. 
The solvent was removed with a rotary evaporator, and the resi- 
due was dissolved in benzene and chromatographed on alumina 
with benzene as eluent. Two bands eluted. The first band, 
barely discernible on the column, gave 0.4 g of biphenyl (2.6 
mmoles). The second band gave 0.6 g of [CsHjFe(CO)z]z (1.67 
mmoles, 58.6y0 yield). 

Reaction of C5HjFe(CO)2[(C6Hj)3P] 'I- and CGHjLi.--A slurry 
of CsHsFe(C0)2[(CsHsj3P]+I- (2 g, 3.5 mmoles) was prepared in 
50 ml of tetrahydrofuran a t  0". Phenyllithium (7.0 mmoles) was 
added and the reaction mixture was stirred a t  0' for 1 hr and then 
an additional 3 hr a t  room teniperature. The solvent was re- 
moved, and the residue was dissolved in benzene, filtered, and 
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chromatographed on alumina (53 X 3 cm column). Three 
bands eluted with benzene. The second (red) and third (green) 
bands gave traces of [C5H5Fe(CO)zlz and C5H5Fe(CO)[(CeH& 
P] I, respectively. The first band (yellow) gave yellow crystals 
of ~ ~ ~ - ( C ~ H ~ ) C B H ~ F ~ ( C ~ ) Z [ ( C B H ~ ) ~ P ]  (0.15 g) when cooled in 
hexane a t  - 10". The filtrate from this crystallization was re- 
chromatographed on alumina with hexane as eluent until two 
yellow bands separated. These were eluted with 20y0 benzene in 
hexane. The first band gave 0.1 g of solid material which proved 
to be a mixture of CsH5Fe(CO)&Hs (ca. 0.03 g, 3.5%) and tri- 
phenylphosphine. The iron compound was purified by sub- 
limation from the mixture to a probe a t  0". 

The second band gave an  additional 0.1 g of exo-(l-C6H5)- 
CaH6Fe(CO)z[(CaHs)3P], mp 172' (total, 0.25 g, 14% yield). 
Anal. Calcd for C ~ I H Z ~ F ~ O Z P :  C, 72.11; H ,  4.88; P, 6.00; mol 
wt, 516. Found: C, 72.53; H,  5.02; P, 5.83; molwt, 489. 

Reaction of C~HBMO(CO)~+PFB- and CeF5Li.-A solution of 
pentafluorophenyllithium (2.6 mmoles) was prepared in 50 ml of 
tetrahydrofuran as previously described. Then solid C6H5Mo- 
(co)d+PF~-  (1.0 g, 2.4 mmoles) was added directly to  the reac- 
tion flask, and stirring was continued a t  -78' for 1 hr. The 
temperature was allowed to rise slowly to room temperature over 
a period of 1 hr. The solvent was removed with a rotary evapo- 
rator, and the residue was taken up in benzene (15 ml). Chro- 
matography on alumina (40 X 2.5 cm column), using 1: 1 ben- 
zene-hexane as eluent, gave a red band followed by a yellow 
band. The red band yielded a few milligrams of [C5H5Mo- 
(CO)a]2, identified by its infrared spectrum. The yellow band 
gave the yellow crystalline perfluorobenzoyl derivative, CsH6Mo- 
(CO)&OCeFs (0.17 g, 16% yield). The product was recrystal- 
lized from hexane a t  -lo", mp 77". Anal. Calcd for C1&t6F6- 
Moo4: C, 40.93; H ,  1.15; F, 21.58. Found: C, 41.12; H, 
1.44; F, 21.66. 

The yellow crystals turned green overnight unless stored with 
rigorous exclusion of air. Reliable molecular weight data could 
not be obtained because of the instability of the product in solu- 
tion. 

Reaction of Cs&W(CO)4+PF6- and CeF&.-The reaction of 
C5HsW(C0)4+PF6- (1 g, 1.97 mmoles) and pentafluorophenyl- 
lithium (2.43 mmoles) was carried out and worked up in a manner 
analogous to that with the corresponding molybdenum cation. 
Two bands eluted from the chromatography column with ben- 
zene. The first (red) gave a trace of [CsHsW(CO)6]z1 identified 
by its infrared spectrum. The second band (yellow) was evapo- 
rated to an  oil and pentane added, causing crystallization. Re- 
crystallization from hexane a t  - 10" gave yellow crystals of the 
perfluorobenzoyl derivative, c & w ( c o ) & o c ~ F 5  (0.5 g, 49%), 
mp 98'. Anal. Calcd for Cj&F6W04: c, 34.77; H, 0.97; F, 
18.34; mol wt, 518. Found: C, 35.05; H, 1.01; F, 18.53; mol 
wt, 538. 

Reaction of C5H5Mo(C0)3[ (C6H5)eP] +PFe- and C$&i.-Solid 
C6H5Mo(C0)3[(C6H6)3P]+PFe- (1.0 g, 1.53 mmoles) was added 
directly to a solution of pentafluorophenyllithium (2.2 mmoles) 
and treated in a manner similar to that described for the tetra- 
carbonyl cation. Stirring was continued an  additional 1 hr a t  
room temperature. Chromatography ort alumina (40 X 2.5 
cm column) with benzene as eluent showed three bands. The 
first band (red) gave only a trace of oil which was not identified. 
The second band (yellow) gave 0.15 g (14.5% yield) of a yellow 
crystalline product which was identilied as the periluorobenzoyl 
derivative C5HsMo(CO)z[(CeHs)aP] COC6F6, mp 115-120" dec. 
The product decomposed slowly in air and more quickly in solu- 
tion, which accounts for the rather poor molecular weight data. 
Anal. Calcd for C~ZHZOF~MOO~P:  C, 56.99; H, 2.99; mol wt, 
674. Found: C, 57.36; H ,  3.41; molwt, 738. 

The third chromatography band (orange) gave 0.05 g of the 
known compound CaH5Mo(CO)s[(caH~)aPlBr, mp 167" (1it.lb 
163'). This identification was confirmed by the infrared spec- 
trum and by an independent microanalysis. Anal. Calcd for 
Cz6H,HaoBrMoOz: C, 53.69; H, 3.60; P, 5.54. Found: C, 53.89; 
H, 3.81; P, 5.59. 

Reaction of CjH5W(C0)3[(CbHb)aP]+PFe- and CeF,Li.-A slurry 

of C~H~W(CO)~[(CBHO)YP]+PF~- (0.6 g, 0.81 mmole) and penta- 
fluorophenyllithium (1.2 mmoles) was allowed to react and 
worked up in a fashion similar to the reaction of the analogous 
molybdenum compound. Chromatography (alumina, benzene) 
gave first a very light, barely visible yellow band that could not 
be isolated. The bright yellow second band gave 0.25 g (40.5% 
yield) of c~Hsw(CO)z[(ceH&P] COCeP,, which was rechro- 
matographed and crystallized slowly from benzene-hexane at 
-lo', mp 125". Anal. Calcd for C ~ Z H ~ O F ~ W O ~ P :  C, 50.41; 
H, 2.64; mol wt, 762. Found: C, 50.50; H ,  2.77; mol wt, 782. 

The third chromatography band (orange) was concentrated 
to about 20 ml. Addition of hexane gave 0.1 g (19% yield) of 
the previously unreported CsH6w(CO)z[(CeH6)3P]Br, mp 185'. 
Anal. Calcd for C~~HZOB~WOZP:  C, 46.39; H, 3.12; Br, 12.35. 
Found: C, 47.70; H,3.31; Br, 12.51. 

Reaction of CBH~W(CO)S[(C~HB)~AS] +PFB- and CeF&i.-A 
slurry of C~H~W(CO)~[(CBHS)BAS]+PFB- (1.7 g, 2.17 mmoles) and 
pentafluorophenyllithium (2.5 mmoles) were allowed to  react 
in the usual fashion. Chromatography (alumina, benzene) gave 
first a trace of [CaH,,W(C0)3]z and then a single yellow band 
which was crystallized to give 0.65 g (37% y'eld) of CsHsW(C0)z- 
[(C&)cAs] COCeF6, mp 125'. Anal. Calcd for Ca~H2oF6- 
WOaAs: C, 47.62; H, 2.50; F, 11.78; mol vvt, 806. Found: C, 
48.20; H, 2.82; F, 12.24; molwt, 862. 

Attempted Reactions of C~H,MO(CO)~[ (C~H~)~P]  2+PF6- and 
C5H5W(CO)*[(CeH6)3P]~+PF6- with Pentafluorophenyl1ithium.- 
The bis-substituted derivatives, C,H~M~(CO)*[(CEHS)~P] 
and C ~ H ~ W ( C ~ ) Z [ ( C ~ H ~ ) Y P ]  2+PF6-, were treated in the usual 
manner with pentafluorophenyllithium, but no reaction was ob- 
served even when stirred at room temperature for up to 8 hr. 
The molybdenum compound also did not react in glyme. It is 
possible that these reactions were inhibited by the low solubility 
of these compounds in the solvents used. 

Reaction of C&Mo(CO)4+PFe- and C~H~Li.-Phenyllithium 
(3.6 mmoles) was added to  a slurry of CaH~Mo(c0)4+PFe- (1 g, 
2.4 mmoles) in 50 ml of tetrahydrofuran at room temperature. 
Reaction was immediate; stirring was continued for 3 hr. The 
solvent was removed and the residue was dissolved in benzene (50 
ml). The benzene solution was filtered, leaving behind some in- 
soluble decomposition product. Addition of hexane to the ben- 
zene filtrate gave purple crystals of the dimer [C&,Mo(CO)a]z 
(0.1 g, 33% yield). 

Reaction of C~HQW(CO)~+PF~-  and C~H~Li,-Phenyllithium (3 
mmoles) was added to a slurry of CBH~W(CO)~+PF~-  in 50 ml of 
tetrahydrofuran and the mixture was stirred for 3 hr. The sol- 
vent was removed and the residue was dissolved in benzene, 
filtered (which left a considerable amount of decomposition 
product), and chromatographed on alumina. The single red 
band which eluted with benzene gave 0.05 g (7.5% yield) of the 
dimeric [C~H~W(CO)~]S.  

Phenyllithium (2.3 mmoles) was added to a slurry of CsH5Mo- 
(CO)~[ (C~H~)~P]+PFB-  (1 g, 1.35 mmoles) in 50 ml of tetrahydro- 
furan and the mixture was stirred for 3 hr a t  mom temperature. 
Removal of the solvent, dissolution in benzene, filtration, and 
chromatography on alumina with benzene as eluent gave a purple- 
red band whose infrared spectrum indicated a mixture of [C6H5- 
Mo(C0)8] 2 and its monotriphenylphosphine-substituted deriva- 
tive' (0.25 g). No phenyl-substituted derivative was found. 

Reaction of CpW(CO)a[(CeH6)aP]+PFe- and CeH&.-The 
reaction was carried out in a fashion similar to that of the molyb- 
denum analog. There was primarily decomposition, but a small 
red band did elute from the chromatography. The infrared 
spectrum indicates that this is mostly [CBH~W(CO),]~ with a 
small amount of the triphenylphosphine-substituted derivative. 

Reaction of C~H~W(CO)~+PFB- and NaBH4.-Freshly distilled 
tetrahydrofuran (50 ml) was placed in a 150-ml three-necked 
flask equipped with a nitrogen inlet, a magnetic stirrer, a pres- 
sure-equalizing dropping funnel, and a rubber septum in- 
let. Nitrogen was bubbled through the solvent for 15 min 
to ensure that i t  was free of air. Then C6H6W(CO)4+PF6- 
(2 g, 3.95 mmoles) and NaBH4 (0.45 g, 11.85 mmoles) were 

Reaction Of CSHIMO(CO)~[(C~H~)~P]+PF~- and C&Li.- 
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added as solids through a fast stream of nitrogen and the re- 
action mixture was stirred for 3 hr a t  0'. Deaerated water 
(50 ml) was added dropwise over a period of 1 hr while the teni- 
perature was maintained a t  0". The product was extracted 
from the aqueous solution with pentane in the following manner. 
In turn, each of three 30-1111 portions of the pentane was syringed 
into the reaction flask. The mixture was then stirred vigorously 
for 10 min with the magnetic stirrer held a t  the interface of the 
two solvents. The pentane layer was syringed out of the flask 
and into a closed flask containing 50 ml of deaerated water under 
nitrogen. After the three portions had been added to the flask, 
the pentane-water mixture was shaken well and then allowed to 
settle. The pentane layer was syringed into a second flask con- 
taining water where the washing procedure was repeated and 
then into a closed flask containing anhydrous sodium sulfate 
under nitrogen. The dried pentane solution was now syringed 
into a three-necked flask equipped with rubber septum, nitrogen 
inlet, vacuum outlet, and sublimation probe. The pentane was 
removed with an aspirator vacuum, leaving a dark residue. At 
55" and 0.4 mm a total of 0.5 g (37.8y0 yield) of CjHjW(C0)aH 
sublimed t o  the ice-cooled probe, mp (sealed capillary) 64-66" 
(litez0 66-67'). The infrared (CSS solution) corresponds to that 
reported for this compound. Treatment with cc14 gives a 
quantitative yield of CjHjW (C0)aCl. 

Reaction of CjHjMo(CO)4+PFs- and NaBHb.-Solid CjHjMo- 
(CO)r+PFs- (10 g, 2.39 mmoles) and NaBHl (0.17 g, 4.4 mmoles) 
were allowed to react and were worked up in the same way as 
already described for the corresponding tungsten compound. 
The resulting cyclopentadienylmolybdenum tricarbonyl hydride 
sublimed at  50" and 0.2 mm pressure, mp (sealed capillary) 
50-61' dec (lit.20 50-52'). The 
extreme air sensitivity of the product was probably responsible 
for the small yield. 

Reaction of CSH;W(CO)3[(C6H6)3P]+PFs- and NaBH4.--A 

and NaBHa (0.23 g, 6.2 mmoles) was stirred in tetrahydrofuran 
for 1 hr a t  0' and for an additional 16 hr a t  room temperature. 
The mixture was filtered and the yellow-orange filtrate was 
evaporated to dryness. The yellow residue was then extracted 
with small portions of benzene (50 ml total) until no color re- 
mained. Hexane was added to the clear extract, and the product 
was crystallized a t  - 10" to give 0.83 g (69y0 yield) of a yellow 
crystalline compound which was shown to be the known' methyl 
derivative, C&W(CO)Z[(C~H~)~P]  CH3. The product was 
purified by chromatography on alumina with benzene as eluent 
and recrystallized from benzene-hexane. Anal. Calcd for 
C26Hz3W02P: C, 53.63; H, 3.98; P, 5.32; mol wt, 582. Found: 
C, 55.08; H, 4.22; P, 5.21; mol wt, 573. 

Infrared and proton nmr spectra and the melting point (185") 
were in agreement with va lue  for the known compound 

Reaction of CJI&Io(CO)3[ (CBHL)BP]+PF~- and NaBH4.- 
The reaction of C~H~MO(CO)~[(CBHS)IP]+PF~- (1.0 g, 1.35 
mmoles) and NaBH4 (0.2 g, 5.3 mmoles) was carried out in a 
fashion identical with that of the corresponding tungsten analog, 
with the reaction time being 1 hr a t  0" and 1 hr a t  room tem- 
perature. Chromatography on aluminum (1 : 1 benzene-hexane) 
gave a yellow band followed by a light red band. The latter 
gave only a trace of oil and was not identified. The yellow band 
was crystallized a t  -10' to give 0.2 g (26.5W yield) of CjHjMo- 
(C0)2[(C6H6)3P] CH3, which was identified by comparison of its 
infrared spectrum to that of an authentic sample.' The product 
begins to melt a t  158" and then decomposes a t  163-166'. The 
same behavior is shown by an authentic sample and by a mixture 
of the two. 

Attempted Reactions of C5HSM(C0)2[(C6Hj)3P]2+PFs- (M = 
Mo, W )  and NaBHd.-Several attempts were made to cause 
the bis-substituted triphenylphosphine derivatives, C5H;M- 
(CO)Z[ (C~H~)~P]Z 'PF~-  (M = Mo, W ) ,  to react with KaBH4. 
At room temperature there was no reaction for either compound 

The yield was 0.05 g (8.5%). 

slurry of CsH;W(C0)3[(CsHj)3P]'PFs- (1.5 g, 2.06 mmoles) 

(20) T. S. Piper and G .  Wilkinson, J .  I i i ~ i g .  Nuci .  Chsm., 3, 104 (1956). 

in tetrahydrofuran. 
unstable products could not be isolated and identified. 

At reflux both compounds reacted, but the 

Discussion 
The results here indicate that the mode of nucleo- 

philic attack on a metal carbonyl cation is highly de- 
pendent on the metal in question. With cyclopenta- 
dienylmolybdenum and -tungsten carbonyl cations 
there is no evidence to suggest substitution of the at- 
tacking group R- on the CjH5 ring, though for other 
systems such as CjHjFe(C0)2[(C6Hj)3P]+ this is the 
primary reaction observed to occur. Clearly then, any 
attempt to systematize these nucleophilic reactions 
must initially involve a classification based on the metal 
and its coordination geometry. 

In  addition it is clear that some of the initial reac- 
tions attempted here were not as conclusive as was 
originally hoped, because the over-all yield of car- 
bonyl-containing products represented only a small 
fraction of the starting material. The route by which 
decomposition occurs remains only as speculation. 

The reactions of CbHjFe(C0)3+ and CbHjFe(CO)2L+ 
(L = (C6&)3P, py, acetonitrile) with pentafluoro- 
phenyllithium can be considered first. Prior to this 
work, the borohydride reaction with C5HjFe(CO) 3 +  

and C6HjFe(C0)2 [(C6Hj)3P] +giving CSH5Fe(CO)2H and 
C5H6Fe(C0)2[ (C6&)3P], respectively, had been re- 
portedjg so we had reason to suspect that similar varia- 
tions in behavior could be expected with other nucleo- 
philic reagents. This proved to be the case though, in 
fact, some complications were evident on careful ex- 
amination. 

The reactions of C5HjFe(C0)2[(C&15)3P]+ m-ith the 
nucleophilic reagents pentafluorophenyllithium, phenyl- 
lithium, and NaBH4 occur primarily by a single path- 
way involving attack at  the CjHj ring to give the exo- 
1-substituted cyclopentadiene complex (Figure 1). 
Only with phenyllithium did an alternate reaction 
lead to a second product; here a small amount of C5H5- 
Fe(C0)2C,jH6 was found. The exo-substituted cyclo- 
pentadiene complexes are formed in relatively high 
yield. Stereospecific attack to give the exo isomer 
was anticipated in these reactions. All other reac- 
tions that are known to occur with substitution on a T-  

bonded hydrocarbon ring appear to proceed to this 
configuration. Those complexes of substituted cyclo- 
pentadiene ligands derived from this type of reaction, 
for which X-ray crystallography has established a 
structure, have been found to be ex0 isomers.21s22 

The proton nmr spectra of the substituted cyclo- 
pentadiene complexes show three resonances near r 5.0, 
6.0, and 7.4, of relative intensity 2 :  1 :2 ,  due to the 
protons on the C5HjR ring. The lack of more than 
three resonances is strong evidence that only a single 
isomer is present. The chemical shifts of each proton 
do not conclusively suggest the proposed stereochemis- 
try ; however, a reasonable assignment of these reso- 
nances to H, and H, and to the proton on the substi- 

(21) M. R. Churchill and R. Mason. PIYX Roy.  SOC. (London),  A273, 
191 (1964). 

(22)  PI'. W. Alcock, Chem. C G ~ W X ~ . ,  177 (lY6.5). 
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Fe 

0 
Figure 1.-Structure of exo-(l-R)CsH,Fe(CO)2[(C6Hb)3P]. 

tuted carbon can be made by comparison with data for 
similar known compounds. Thus CjHsR complexes of 
cobalt and rhodiumz3 and of irong all show H, reso- 
nances near 5.0, and Ha resonances occur near r 6.7 
(Rh) and 7.1-7.6 (Co and Fe). By analogy we have 
made the assignments of the r 5.0 and 7.4 resonances 
to H, and H,, respectively, in the compounds de- 
scribed here, and hence the peak a t  T 6.0 remains to be 
assigned to a proton of the 1-carbon in the CsHjR ring. 

Strongest support for the exo configuration comes 
from comparisons of infrared data for analogous com- 
pounds. Each of the exo-substituted cyclopentadiene 
compounds has a single sharp C-H stretching frequency 
near 2950 cm-l which is believed to be characteristic 
of the endo-C-H group.98 zl, z3 Moreover, the infrared 
spectra of the known cyclopentadiene-metal complexes 
possess a second C-H stretch near 2750 cm-l as well 
as the ~ 2 9 5 0 - m ~ ~  peak. If an assignment of the 
2950-cm-' peak to the endo-C-H is correct here, then 
the 2750-cmdl peak would be due to the exo-C-H; one 
observes the absence of this latter peak in all exo- 
substituted cyclopentadiene-metal derivatives. This 
indicates (though not conclusively) the lack of exo- 
C-H group in the molecule. 

The formation of exo-( 1-aryl) C5HsFe(C0)2 [ (C&)SP] 
as the primary reaction product is interesting because 
it is likely that the compounds CjHjFe(C0)- 
[ (C~HS)~P]COR, which would be formed by an alter- 
nate mode of reaction, would have a stable existence. 
The compound for which R = CH3 in that formula is a 
highly stable entity.14 It may be that the pathway of 
this reaction is determined entirely by mechanistic 
considerations. There may be considerable reluctance 
of the complex to undergo an attack directly on the 
carbonyl because of steric hindrance due to the large 
phosphine ligand. In addition, subtle electronic 
changes associated with replacement of carbon mon- 
oxide by triphenylphosphine would render the terminal 
carbonyls more electron rich (cf. the CO stretching fre- 
quencies) and thus less amenable to attack. 

The reaction of the cation C5HjFe(C0)3+ with CeF&i 
proved rather more complex. Three different products 
were isolated from this reaction; the over-all yield of 

(1959). 
(23) M. L. H. Green, L. Prat t ,  and G. Wilkinson, J. Chem. Soc., 3753 

these accounts for only about 30% of the starting 
material however. It appears that  three independent 
pathways are important here. The two most important 
are reaction a t  a carbonyl, to give the pentafluoro- 
benzoyl derivative, and reaction a t  the metal with dis- 
placement of a carbonyl. These occur to  the extent 
of about 17 and 12%, respectively, as judged by the 
yield of the reaction. The possibility that  the C6Fj 
derivative takes up carbon monoxide to  give the C6F5C0 
compound, or the reverse of this reaction, is less likely 
since under the conditions of the reaction these prod- 
ucts can be shown not to be interconvertible. 

The third product to be characterized from the re- 
action was found in very small quantity. It was 
derived from substitution on the CjH5 ring. The 
reaction rate here must be a t  least competitive with the 
rates of other reaction types; moreover it appears 
that there would be no possible interconversion of this 
product and the others in the reaction. This then would 
support the conclusions of Pettit, et al., regarding re- 
lated hydride-transfer reactions. 24 

The results on this system suggest that  C G F L L ~  as a 
nucleophilic reagent is rather unselective in its mode of 
reaction. 

The reaction of phenyllithium with the CsH6Fe- 
(CO)3+ cation leads primarily to reduction. A good 
yield of the reduction products [C5HjFe(C0)2]2 and 
biphenyl was isolated. Reactions of CSH6Fe(CO)ZL+ 
(L = py, CH3CN) with C6FsLi give small amounts of 
[ CsH5Fe( CO), ]Z and CsHbFe( CO),C6Hj, the latter 
arising from ligand displacement, 

The low yield of volatile carbonyl-containing prod- 
ucts of some of these reactions is a definite problem. 
In these reducing systems one might expect perhaps a 
large yield of [CjHjFe(C0)2]z, if other products are 
lacking. We speculate that the low yields may be due 
to further reaction of products with the reactive lithium 
reagents, with the products of these reactions then de- 
grading in air, reacting with the solvents, or failing to 
elute on chromatography. This would support our 
previous conclusion regarding the unselective nature 
of these reagents. Fischer and MaasbolZ5 have shown 
that such reactions are possible and have reported the 
products of such reactions with the group VI hexa- 
carbonyls. 

Reactions of pentafluorophenyllithium and the cat- 
ions CjHsM(C0)4+, C5H5M(C0)3[(C6H5)3Plf (M = 
1420, W), and C ~ H ~ W ( ~ O ) ~ [ ( C ~ H ~ ) ~ A S ] +  follow a single 
path only. From each reaction the product observed is 
a pentafluorobenzoyl-metal compound, indicating 
attack a t  a carbonyl ligand to be the primary reaction 
route. The products were isolated in relatively good 
yields in all cases. 

Reactions of the above cations with phenyllithium 
led only to reduction products, [C5H&f(C0)3]2, 
(C~H~M)~(CO)~[(CBH~)~P]~~ and biphenyl, consistent 
with the results observed in the iron systems. The 

(24) R. K. Kochhar and R. Pettit, J .  Orgaizomelal. Chem. (Amsterdam), 6 ,  

(25) E. 0. Fischer and A. Maasbol, Angew. Chem., 76, 645 (1964). 
272 (1966). 
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yields of these reactions were relatively low. No isolable 
products of reactions of C;HBM(CO)~ [ (C6H6)3P]2f cat- 
ions could be obtained. 

Reactions of NaBH4 with CSH6M(C0)4+ and C6H5M- 
(co),[(c,H;)3P]+ were undertaken to see first if the 
results paralleled those analogous reactions with penta- 
fluorophenyllithium. These reactions proved to be 
quite unexpected however. The formation of CSH5M- 
(C0)3H from the former reaction is consistent with 
formation of C5H5Fe(CO)2H9 from the reaction be- 
tween NaBH4 and CbHbFe(CO)a+. Whether the re- 
action involves displacement of a carbon monoxide 
unit by the incoming ligand or initial formation of a 
formyl derivative CjHjM (CO) 3CH0 cannot be deter- 
mined with certainty. Initial attack a t  a carbonyl 
would be analogous to the pen tafluorophenyllithium 
reaction and the resulting formyl derivative ~ o u l d  un- 
doubtedly be unstable with respect i o  loss of carbon 
monoxide and formation of the hydride. The reaction 
does appear to be a high-yield reaction, limited only by 
experimental difficulties associated with the air sensi- 
tivity of the hydride. 

The reaction of C5H&I(C0)3[(C,jH5)3P]+ and NaBH4 
proved to  be quite unexpected, however, and led to 
high yields of the compounds CSHBM (C0)2 [(CsHs)aP 1- 
CH3. Relatively mild conditions were required in this 
reaction. The methyl group can only be visualized to 
arise from reduction of a carbonyl group. This be- 
havior is certainly without precedent in this field. A 
mechanism which we believe best explains this result 
is detailed in Figure 2 .  Step 1, hydride attack on a 
carbonyl, is a reasonable postulate, since the other 
nucleophilic reactions that we have investigated with 
this cation proceed in this manner. The stability of 
the formyl derivative (B) to decarbonylation must be 
significant, however. Reduction of the ketonic car- 
bonyl in B must proceed completely before decar- 

o o o c 7  1 1 )  (2) (3) 

A - ’ - / \  ’ \,H,OH A -L 
/ \  

ti CH3 c.0 

( A I  ( 5 )  I C 1  

Figure 2.-Proposed mechanism for the reduction of CjHJvI- 
(The terminal carbonyl groups (CO)aL+ to CaHsM(C0)2LCH3. 

and the phosphine ligand are omitted for clarity.) 

bonylation can occur. It seems likely that the pres- 
ence of the phosphine ligand is rather important in 
stabilizing this intermediate to decarbonylation. 

It should be observed that reactions involving acyl 
carbonyl groups are somewhat rare. There is no men- 
tion of derivative chemistry of such groups, nor have 
any reductions been described. However such groups 
have been reported to be susceptible to nucleophilic 
attack in some instances, the reactions accompanied by 
degradation. 26$ 27 

One can regard intermediate C from the reduction 
step as a derivative of a hydroxymethyl-metal com- 
pound. Recent studies by Pettit and Jollyz8 of sub- 
stituted methyl-metal compounds suggest that  such 
substituents may be rather labile owing perhaps to 
resonant interactions such as 

M-CH2-X tf M+=CHg X- 

Hence we would expect hydride displacement of the 
OH- group to  be rather facile. 

We are now engaged in studies by which we hope to 
elucidate further the scope of this type of reaction. 
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