
1200 Organometallics 1982, I ,  1200-1203 

implies two possibilities for the arrangement of the tet- 
rahydrofuran ring, which are statistically distributed over 
the crystal. Figure 3 contains both possibilities, marked 
with the different numbering of the tetrahydrofuran car- 
bon atoms (C20, C22, and C23 for one ring and C20’, C22’, 
and C23’ for the other one). The lutetium oxygen distance 
(226.5 pm) is in the same range as in 8. 

The lutetum-carbon a-bond lengths are 237.6 pm in 8 
and 234.5 pm in 10, about 10 pm shorter than in [Li- 
(THF),] [LU(C6H&ez),r] with 245 pmZ6 and (C5H5),LuC- 
(CH,),-(THF) with 247 pm16 because of the less crowded 
situation in 8 and 10 compared with that in the other two 
complexes. The surprisingly large bond angle of 130.7’ 
at C1 in 8 is determined by the spatial requirement of the 
trimethylsilyl group bound to the same carbon atom and 
the cyclopentadienyl and tetrahydrofuran ligands around 
lutetium. A similar large bond angle at  an a-carbon atom 
was noted for the surrounding of the CH2 carbon in 
[(CH,)3CCHz],Ta=CC(CH3)3.Li(dmp).30 

Reactivity. The new compounds are extremely sensi- 
tive toward moisture and oxygen. On hydrolysis all the 
ligands are replaced from the lanthanides with formation 
of Ln(OH),, cyclopentadiene, and the appropriate hydro- 
carbon. In the case of 8,8a, 8b, and 8c, tetramethylsilane 
can be detected in the NMR spectrum of the decompo- 
sition products. All compounds decompose above 120 OC 

first with liberation of tetrahydrofuran. The tert-butyl- 
lutetium complex 6 then undergoes further decomposition 
via a @-elimination process, to yield 2-methylpropane and 
2-methylpropene, whereas 8 gives tetramethylsilane. 
Above 200 “C Lu(C5H5), is formed via intermediate or- 
ganolutetium hydride 
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Gas-phase core electron binding energies have been determined for [Fe(C0)4]zCH2, [CpMn(C0)2]2CH2, 
(C~COCO)~CH~,  (CpRhC0)2CH2, and several structurally related compounds. The binding-energy data 
indicate that the CH2 groups in the pCH2 complexes are highly negatively charged, especially in the 
manganese, cobalt and rhodium compounds. Data for Fe(C0),C2H4 indicate that the CH2 groups in this 
compound are negatively charged but less so than in the pCH2 compounds. Data for Fe3(C0Il2 suggest 
the presence of both terminal and bridging carbonyl groups. 

Introduction of more than usual interest because they are analogs of 

geneous catalysis and thus they may give information 
about important but poorly understood processes such as 
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In recent years several p-methylene transition metal groups adsorbed on surfaces in hetero- 
complexes have been prepared.2-8 These molecules are 
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Table I. Core Binding Energies (eV) of p-Methylene Compounds and Comparison Compounds 
c 1s 0 Is M coreu 

compd E B  fwhm EB fwhm EB fwhm 
[CpMn(CO),],CH, 288.6 (2)c  1.29 (20)  CH, 538.40 (15)  1.85 (50)  646.12 (9 )  1.22 (22) 

290.33 (4 )  1.39 (12)  Cp 
291.87 (10) 1.29 (16)  CO 

292.30 (7)  1.39 (12)  CO 
CpMn(CO), 290.85 (3)  1.97 ( 7 )  Cp 538.90 (5)  1.45 (12)  646.72 (3 )  1.35 (8) 

[ Fe(CO) 4 1 3  293.32 (6)  1.55 (13)  539.52 (3)e  1.80 (11) 714.99 (3)  1.40 (9 )  
[ Fe(CO )4 12CHz 289.37 (6 )  1.64 (15)  CH, 539.69 (4 )  1.54 (9 )  715.14 (5)  1.19 (15)  

Fe(CO)+,H, 290.22 (5)  1.77 (14)  C,H4 

(CpCoCO),CH, 

cPco(co), 290.67 (6)  1.49 ( 9 )  Cp 539.01 (7 )  1.62 (11)  786.25 (7)  1.43 (14)  

(CpRhC 0) ,CH, 288.77 (9 )  1.31 (20)  CH, 538.79 (7 )  1.62 (19) 314.28 (6 )  1.47 (15)  

293.42 (3 )  1.46 ( 7 )  CO 

293.71 (5 )  1.27 (13 )  539.96 (2 )  1.38 (5 )  715.79 (4)  1.25 (9)  
288.46 ( 8 )  1.56 (20) CH, 538.59 (6)  1.63 (16)  785.32 (5)  1.27 (16) 
290.23 (2)  1.45 (4)  Cp 
292.23 (9)  1 .56 (11)  CO 

292.68 (16) 2.00 (22)  CO 

290.29 (2 )  1.56 (4)  Cp 
292.38 ( 8 )  1.31 (11)  CO 

Fe(CO), 

c-C3H,g 290.6 

3d,,, for Rh; 2p,,, for all others. 
( C H 3 ) 3 P C H 2  288.00 CH, 

Full-width at half-maximum. Uncertainty in last digit indicated parenthetically. 
Data from: Chen, H. W. ;  Jolly, W. L.; Xiang, S. F.;  Butler, I .  S . ;  Sedman, J .  J. EZectron Spectrosc. Relat. Phenom. 1981, 

Corrected datum from ref 17. 
24, 121. e Deconvolutable into peaks for bridging and terminal CO groups. See text. Reference 24. Reference 9. 
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Figure 1. Carbon 1s spectrum of [Fe(C0)&CH2. 

the Fischer-Tropsch p r o ~ e s s . ~  To obtain information 
about the electron density (and hence about the chemical 
reactivity) of the methylene groups in these compounds, 
we have obtained gas-phase X-ray photoelectron spectra 
of four of these p-methylene compounds: [CpMn- 
(C0)212CH2, [Fe(C0)412CH2, (CpCoC0)2CH2, and 
( C P R ~ C O ) ~ C H ~ .  Each of these compounds contains a 
three-membered ring of the type 

and may be looked upon as one member of a series of four 
three-membered ring compounds ranging from cyclo- 
propane to a trinuclear metal complex. The binding energy 
of cyclopropane has been previously determineda9 We 
obtained the XPS spectra of Fe3(C0)12 and Fe(C0)4C2H4 
to complete the ferracyclopropane series and to help us 
interpret the data for the p-methylene compounds. 

Results and Discussion 
Illustrative spectra are shown in Figures 1 and 2. Figure 

1 shows the carbon 1s  spectrum of [Fe(CO),I2CH2; the 
main peak is due to the eight CO groups, and the weak 

(9) Davis, D. W.; Hollander, J. M.; Shirley, D. A.; Thomas, T. D. J.  
Chem. Phys. 1970,52, 1373. 
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Figure 2. Carbon 1s spectrum of ( C ~ C O C O ) ~ C H ~  

peak a t  lower binding energy is due to the CH2 group. 
Figure 2 shows the carbon 1s spectrum of (CpCoCO),CH,; 
the spectrum has been deconvoluted into peaks for the two 
cyclopentadienyl groups, the two CO groups, and the CH2 
group. 

The core binding energies of the p-methylene complexes 
and related compounds are listed in Table I. Perhaps the 
most significant feature of the data is that the carbon 1s 
binding energies of the p-CH2 groups are very low. Even 
the highest p-CH2 binding energy, that of [Fe(CO),],CH,, 
is 1.2 eV below the C 1s binding energy of cyclopropane, 
and the lowest, that of ( C ~ C O C O ) ~ C H ~ ,  is almost as low 
as the C 1s binding energy of the CH2 group in (CH3)3P- 
CH2 (the latter binding energy is the lowest C is binding 
energy ever measured for a gaseous compound). 

These data suggest that the p-CH2 groups in the dinu- 
clear complexes are highly negatively charged, in agree- 
ment with extended Huckel calculationslO on 
( C P R ~ C O ) ~ C H ~  and CNDO" and Fenske-HalP2 calcula- 
tions on [CpMn(C0)2]2CH2. However, one must be cau- 
tious in the interpretation of atomic core binding energy 

(IO) Hofmann, P. Angew. Chem., Int.  Ed. Engl. 1979, 18, 554. 
(11) Granozzi, G.; Tondello, E.; Caaarin, M.; Ajo, D. Innrg. Chim. Acta 

(12) Calabro, D. C.; Lichtenberger, D. L.; Herrmann, W. A. J. Am. 
1981,48,73. 

Chem. SOC. 1981,103, 6852. 
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Table 11. Calculated Charges on CH, Groups, from C 1s 
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Binding Energies and the Potential Equation 

Xiang et al. 

for [Fe(C0)4]2CH,25 (with no bridging CO groups) and 
Fe(C0)4C2H426 were assumed. The C-H distances in the 
iron complexes were assumed to be the same as in cyclo- 
propane. The calculated relaxation energies for cyclo- 
propane, Fe(C0)4C2H4, and [Fe(C0)4]2CH2 are 17.00,19.26, 
and 19.62 eV, respectively. 

In Table I1 we present, for comparison, the calculated 
CH2 group charges corresponding to the estimated relax- 
ation energies, half of the estimated relaxation energies, 
and relaxation energies of zero. A correction factor of 
about half in conjunction with CNDO-estimated relaxation 
energies was found to give satisfactory correlations of 
binding energies in earlier s t ~ d i e s , ’ ~ J ~  and such corrected 
relaxation energies are probably appropriate for this sys- 
tem. 

The question arises, of course, as to how sensitive the 
calculated charges of the CH2 groups are to the nature of 
the assumptions made in the calculations. We believe that 
the data in Table I1 show that any reasonable assumption 
regarding relaxation energy leads to the conclusion that 
the CH, group of [Fe(C0)4]2CH2 possesses a substantial 
negative charge. The only other assumption which is both 
significant and disputable is the assumption that the 
relative valence electron populations of the atoms in the 
Fe(CO), groups are the same as obtained in an ab initio 
calculation for Fe(CO& (for which the Fe, C, and 0 atomic 
charges were calculated to be 1.039, 0.174, and -0.381, 
respectively). If we arbitrarily assume that the Fe, C, and 
0 atoms of Fe(CO)5 have the drastically different charges 
of 0.5, 0.15, and -0.25, respectively, the calculations give 
CH, charges of -0.36 (using ’/, A E R )  and -0.27 (using 
AER). Clearly our calculation of a substantial negative 
charge for the CH, group is not the result of an unrea- 
sonable assumption regarding the other atomic charges. 
Taking account of the various uncertainties in the calcu- 
lations, we conclude that the charges on the CH, groups 
in [Fe(C0)4]2CH2 and Fe(C0)4C2H4 are -0.5 f 0.2 and -0.2 
f 0.1, respectively. 

Other Data. Our calculated charges for the CH, groups 
in Fe(C0)4C2H4 and [Fe(CO),],CH, are qualitatively 
consistent with Vites and Fehlner’sZ7 interpretation of the 
UPS spectrum of [Fe(C0)4]2CH2 (that the CH, group is 
negatively charged) and Oskam et al.’sZ8 interpretation of 
the UPS spectrum of Fe(C0)4C2H4 (that the CzH4 group 
is only slightly negative). It is also significant that Calabro 
and LichtenbergerZ9 recently concluded, on the basis of 
extended Huckel and Fenske-Hall calculations, that there 
is no significant overall charge transfer between the metal 
and olefin in CH3CpMn(C0)2C2H4, although they did 
conclude12 that the CH2 group in [CpMn(CO),],CH, has 
a high negative charge. 

Because the CH, carbon binding energy of [Fe(C0)4]2- 
CH, is much higher than that of any of the other p-CH, 
compounds in Table I, it is clear that the CH, groups in 
the other p-CH, compounds are even more negatively 
charged. Very high negative charges on the CH, groups 
of ( C ~ C O C O ) ~ C H ~  and (CpRhC0)&H2 are consistent with 
experimental indications that these compounds can be 
protonated to form the corresponding p-CH, c a t i ~ n s . ~ ~ , ~ ~  

charge on CH, g r o u p  

using using assuming 
c o m p d  AE, ( 1 i 2 ) b . E ~  A E R = O  _ _  .. .. 

[Fe(CO),],CH, -0.53 -0.62 -0.71 
Fe(C0)4C2H4 -0.12 -0.18 -0.23 

shifts when the nature of the attached groups changes as 
markedly as in these cases. On going from cyclopropane 
to [Fe(C0)4]2CH2, the two groups attached to the methy- 
lene carbon atom change from CH, groups to Fe(CO), 
groups. One might well suspect, because of the greater 
polarizability of the Fe(CO),.groups, that the electronic 
relaxation energy associated urlth the C 1s ionization of the 
CH2 group is considerably greater in [Fe(C0)4]2CH2 and 
Fe(C0)4C2H4 than in cyclopropane and that a large part 
of the decrease in the CH, binding energy on going from 
cyclopropane to the iron complexes is due to the increase 
in relaxation energy. To  obtain at least qualitative in- 
formation regarding the actual charges on the CH, groups 
in these compounds, we have analyzed the CH2 carbon 
binding energy shifts by using the “potential equation.”13 

Using the Potential Equation. The change in charge 
of the CH2 carbon atom (AQc) on going from cyclopropane 
to [Fe(C0)4]2CH2 or Fe(CO),C2H4 was calculated by using 

= kAQc + A v -  A E R  

where AEB is the change in the CH, carbon 1s binding 
energy, k is 22.1 eV/charge,14 AV is the change in potential 
due to the charges of the other atoms, and A E R  is the 
change in relaxation energy. Relaxation energies were 
calculated by the “transition-state” method,15 using the 
equivalent cores approximation.’6 The ER values were 
calculated from the relation ER = 0.5[9,d(C) - @,d(N+)I, 
where avd(C) is the valence potential in the ground-state 
molecule and avd(N+) is the valence potential in the ion, 
approximated by replacing the C nucleus by the N nu- 
~ l e u s . ’ ~ J ~  CND0/2 wave  function^'^ were used for cal- 
culating ER values, but CNDO/2 charges were not other- 
wise used in the solution of the potential equation. We 
assumed that the relative valence electron populat ions 
of the atoms in the Fe(C0)4 groups are the same as cal- 
culated for Fe(C0)5,20,21 that Qc = -0.1 in cyclopropane,22 
and that AQH/AQc = O L Z 3  The experimental geometry 
of C3H624 was used, and symmetric idealized geometries 

(13) Gelius, U. Phys. Scr. 1974, 9, 133. 
(14) The ( l / r )  value calculated from the Slater exponent of the va- 

lence shell orbital of carbon is 22.1 evilcharge. 
(15) Hedin, L.; Johansson, A. J .  Phys. B. 1969,2, 1336. Jolly, W. L. 

Discuss. Faraday Soc. 1972,54,13. Davis, D. W.; Shirley, D. A. Chem. 
Phys. Lett. 1972, 15, 185. Davis, D. W.; Shirley, D. A. J .  Electron 
Spectrosc. Relat. Phenom. 1974, 3, 137. 

(16) Jolly, W. L. In “Electron Spectroscopy: Theory, Techniques and 
Applications”; Brundle, C. R., Baker, A. D., Eds.; Academic Press: 
London, 1977; Vol. I, pp. 119-149. 

(17) Avanzino, S. C.; Chen, H. W.; Donahue, C. J.; Jolly, W. L. Inorg. 
Chem. 1980,19, 2201. 

(18) Perry, W. B.; Schaaf, T. F.; Jolly, W. L. J. Am. Chem. SOC. 1975, 
97, 4899. 

(19) Sherwood, P. M. A. J. Chem. SOC., Faraday Trans. 2 1976, 72, 
1791, 1805. 

(20) Baerends, E. J.; Ros, P. J .  Electron Spectrosc. Relat. Phenom. 
1975, 7, 69. 
(21) Using the CH2 binding energy shift, the calculated AER value, the 

assumption that the Fe(CO), atoms have the same relative valence 
electron populations as Fe(CO)S, and other stated assumptions, we cal- 
culate Fe, C, and 0 atom charges of 1.047, 0.178, and -0.374 for the 
Fe(CO), groups of [Fe(C0),I2CH2. 

(22) Stevens, R. M.; Switkes, E. A.; Laws, E. A.; Lipscomb, W. N. J.  
Am. Chem. Soc. 1971, 93, 2603. 

(23) This assumption corresponds to an “inductive constant” of 0.2. 
Similar results were obtained using a factor of 0.4. 

(24) Bastiansen, 0.; Fritsch, F. N.; Hedberg, K. Acta Crystallogr. 1964, 

(25) Mills, 0. S.; Redhouse, A. D. J.  Chem. SOC. A. 1968, 1282. 
(26) Davis, M. I.; Speed, C. S. J .  Organomet. Chem. 1970, 21, 401. 
(27) Vites, J.; Fehlner, T. P. J.  Electron Spectrosc. Relat. Phenom. 

1981, 24, 215. 
(28) Van Dam, H.; Oskam, A. J.  Electron Spectrosc. Relat. Phenom. 

1979, 17, 357. Baerends, E. J.; Oudshoorn, C.; Oskam, A. Ibid. 1975,6, 
259. 

(29) Calabro, D. C.; Lichtenberger, D. L. J .  Am. Chem. SOC. 1981,103, 
6846. 

17, 538. 
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The C 1s and 0 1s binding energies of the CO groups 
as well as the C 1s binding energy of the CH, group are 
lower in (C~COCO)~CH,  than in [Fe(C0)4]2CH2. These 
data indicate that the effective valence electron density, 
or "electron pressure", on the cobalt atom is greater than 
that on the iron atom, a result which is readily explained 
by the fact that the iron atom is attached to four strongly 
electron-withdrawing carbonyl groups, whereas the cobalt 
atom is attached to only one such group. The p-CH2 
binding energies of (C~COCO)~CH~ and [CpMn(C0)212CH2 
are the same, within experimental error. I t  appears that, 
on going from the cobalt compound to the manganese 
compound, the decrease in the electronegativity of the 
metal compensates for the small increase in the number 
of carbonyl groups. 

The metal, carbon, and oxygen binding energies of 
CpMn(CO),, Fe(COI5, and CpCo(CO), are higher than the 
corresponding binding energies of [CpMn(CO)212CH2, 
[Fe(C0)4]2CH2, and (CpCoCO),CH2. These differences are 
not unexpected. The carbonyl group is known to be a very 
strong electron-withdrawing ligand, and it would be sur- 
prising if a CH2 group could withdraw as much electron 
density from two CPM~(CO)~,  Fe(C0)4, or CpCoCO groups 
as a CO group withdraws from one such group. Thus the 
CpMn(CO),, Fe(C0)5, and CpCo(CO), data are consistent 
with substantial negative charges on the p-CH2 groups. 

All the core binding energies of Fe3(C0)12 are signifi- 
cantly lower than the corresponding binding energies of 
[Fe(C0)4]2CH2. This result probably has two causes. First, 
because of the negative charge on the CH2 group, the iron 
atoms and CO groups of [Fe(C0)4]2CH2 are more positively 
charged than in Fe3(C0)12. Second, probably two of the 
CO groups of Fe3(C0)12 are bridging (as in the solid 
state30). Hence the iron, carbon and oxygen average 
binding energies are lower than they would be in the case 
of a nonbridged s t r ~ c t u r e . ~ ~ . ~ ~  The C 1s spectrum of 
Fe3(C0)12 consists of only one peak with a not overly large 
fwhm (1.55 eV). However the 0 1s spectrum consists of 
a rather broad band (fwhm = 1.80 eV) with a hump on the 
low binding energy side which can be deconvoluted into 
two peaks of 5:l intensity ratio (at 539.66 and 538.5 eV, 

(30) Wei, C. H.; Dahl, L. F. J. Am. Chem. SOC. 1969, 91, 1351. 
(31) Avanzino, S. C.; Jolly, W. L. J. Am. Chem. SOC. 1976, 98, 6505. 
(32) Xiang, S. F.; Bakke, A. A.; Chen, H. W.; Eyermann, C. J.; Hoskins, 

J. L.; Lee, T. H.; Seyferth, D.; Withers, H. P.; Jolly, W. L. Organo- 
metallics 1982, 1, 699. 
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respectively), corresponding to terminal and bridging CO 
groups. 

Experimental Section 
Vapor-phase X-ray photoelectron spectra were obtained by 

using procedures described p r e v i o u ~ l y . ~ ~ ~ ~ ~  
The (ethy1ene)iron tetracarbonyl was prepared by the method 

of Murdoch and we is^.^^ Even after repeated fractional con- 
densation on the vacuum line, the product was highly contami- 
nated with Fe(CO)5, which has a volatility similar to  that of 
Fe(C0)4C2H4. The vapor-phase infrared spectrum corresponded 
to  a mixture of Fe(C0)5 and Fe(C0)4C2H4, with no free ethyl- 
ene.35,36 Immediately before running the C 1s spectrum of the 
sample, it was held at -78 "C under high vacuum to remove any 
possible free ethylene. The spectrum was then obtained while 
the sample was held at  -15 "C. The spectrum consisted of a peak 
around 293.7 eV (due to  the CO groups of the Fe(CO)5 and Fe- 
(C0)4C2H4) and a peak a t  290.22 eV (relative intensity 0.23) due 
to the coordinated CzH4. In Table I we have reported the binding 
energy only of the latter peak. The relative peak intensities did 
not change significantly during the run. 

The (CpCoC0)&H2 was prepared from Na[CpCoCOIz (syn- 
thesized as described by Schore et d3') and CH212, as summanzed 
in a recent communicationFb Additional details of the synthesis 
and properties of this material will be reported in a full paper.% 

The [C~MII(CO)~]CH~ and (CpRhC0)&H2 were prepared and 
characterized by procedures previously described.* The samples 
were purified by low-temperature recrystallization from n-pen- 
tane/diethyl ether solutions. 

The spectrometer was held a t  50 "C for Fe3(C0)12 and [Fe(C- 
O)4]zCH2, 52 "C for ( C ~ C O C O ) ~ C H ~ ,  and 65 "C for (CpRhC0)&H2 
and [CpMn(C0)2]2CH2 in order to generate sample vapor pres- 
sures high enough to  give satisfactory spectra. 
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