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Photoelectron Studies of some Bent Bis(q-cyclopentadieny1)metal Com- 
plexes. Part I. Some Eighteen-electron Systems with Hydride, Alkyl, 
Olefin, Allyl, and Carbonyl ligands 
By Jennifer C. Green and Sally E. Jackson, Inorganic Chemistry Laboratory, South Parks Road, Oxford 

OX1 3QR 
Brian Higginson, Chemistry Department, University of Birmingham, Birmingham B51 2TT 

Photoelectron spectra of some bent bis(7-cyc1opentadienyl)metal complexes, namely [(cp),ReH]. [ (cp),MH,] 
( M  = Mo and W), [(cp),TaH,], [(cp),MMe,] (M = Mo and W), [(cp),MoL] (L = CO and q-C,H,), [(cp),WL] 
( L  = q-C2Hd and q-C3H6), and  [(cp),Nb(~-C,H,)l have been measured. A unified bonding model is proposed 
which-accounts for the observed spectra. 

BENT bis(q-cyclopentadienyl) metal complexes were first 
treated theoretically by Ballhausen and Dahl who 
proposed, in accord with chemical experience, that a 
(cp),M unit has three orbitals available for further 
bonding. The stereochemistry of this type of complex 
has been extensively investigated 2-5 and it is now clear 
that when the metal is bonded to two further ligands 
the unused orbital is not located between the two 
bonding orbitals as originally proposed by Ballhausen 
and Dahl. A further weakness of their model is that it is 
based on a hybrid scheme which utilizes equally the s, 
five a, and three p valence orbitals of the the metal. 
Obviously a more flexible molecular orbital (m.0.) 
scheme is desirable. Such a scheme has been outlined 
in an earlier publication3 and here we describe photo- 
electron (p.e.) studies which substantiate it. Sub- 
sequent e.s.r. studies 5-7 on d l  complexes confirm the 
proposal of this scheme that the upper al orbital is 
chiefly a hybrid of the metal d,:-yr and d,: orbitals. 
Unfortunately the various authors favour different 
co-ordinate systems for the CzV molecules so care must 
be taken in comparing their results. 

We have studied the p.e. spectra of bis(3-cyclo- 
pent adien yl) me t a1 complexes containing h ydride, methyl, 
olefin, allyl, and carbonyl ligands in order to investigate 
the nature of the bonding. Studies with halides and 
tetrahydroborate as ligands are already underway and 
will form Part I1 of this series. 

EXPERIMENTAL 
As most of the complexes studied were air sensitive, the 

preparations were carried out in vacuo or under an atmo- 
sphere of nitrogen using standard techniques. Solvents 
were dried by heating under reflux for several hours over 
calcium hydride and were distilled immediately before 
use. In most cases the purity of the complex was checked 
by mass and i.r. spectrometry and the spectra compared 
with previously published results. Where no such data 
existed, which was mainly the case for mass spectrometry, 

C .  J .  Ballhausen and J. P. Dahl, Acta  Chem. Scand., 1961, 
15, 1333. 

N. W. Alcock, J .  Chem. SOC. ( A ) ,  1967, 2001. 
J. C. Green, M. L. H. Green, and C. K. Prout, J.C.S. Chem. 

Comm., 1972, 421. 
M. L. H. Green, Pure Appl .  Chem., 1972, 30, 373; W. E. 

Douglas and M. L. H. Green, J.C.S. Dalton, 1972, 1796; C. K. 
Prout, T. S. Cameron, R. A. Forder, S. R. Critchley, B. Denton, 
and G. V. Rees. A d a  Cryst., 1974, B30, 2290. 

J. L. Petersen and L. F. Dahl, J .  Amer.  Chem. SOC., 1974,96, 
2248. 

L). P. Bskalik and €3. G. Hayes, Inoyg. Chein., 1972, 11, 1734. 

the spectra were carefully checked for impurity. In all 
cases the mass spectra showed no peaks above the parent- 
ion peak and a characteristic cracking pattern. The 
complexes had the same physical properties as described 
in the literature, with particular reference to appearance, 
sublimation temperatures, and m.p.s. The p.e. spectra 
were constant over a period of time and within a limited 
range of temperature and showed no trace of well known 
likely volatile impurities such as solvent or possible decom- 
position products. 

Bis (7-c yclopentadienyl) hydridorhenium was prepared 
from KeCl,, Na(cp), and NaBH,. Sublimation at 120 "C 
in vacuo yielded yellow needle-shaped crystals. Bis- 
(7-cyclopentadieny1)trihydridotantalum was prepared9 
from TaCl,, Na(cp), and NaBH,. The sample was sublimed 
twice a t  140 "C in vacuo to produce pure white crystals. 
No parent-ion peak could be seen in the mass spectrum. 
The highest peak was due to [(HllC,,)Ta]f, and the rest of 
the cracking pattern was very similar to that of the bis- 
(7-cyclopentadieny1)metal hydrides. Bis(7-cyclopentadi- 
eny1)dihydridomolybdenum was prepared by Dr. G. A. 
Moser from MoCl,, hTa(cp), and NaBH,. Two sublimations 
a t  120 "C in vucuo produced lemon-yellow crystals. Bis- 
(y-cyclopentadieny1)dihydridotungsten was prepared simil- 
arly from WCl, by Mr. J. Kenward. It was sublimed 
twice a t  140 "C in zlucuo to yield lemon-yellow crystals. 
Bis(7-cyclopentadieny1)dimethylmolybdenum and its tung- 
sten analogue were prepared 10 by Drs. F. W. BenfieIcl 
and G. A. Moser from [(~p)~MC1,1 (M = Mo and W) and 
MeMgCl. The red crystals were purified by sublimation 
in vucuo a t  80 (M = Mo) and 120 "C (M = W). Ris- 
(7-cyclopentadienyl) (q-ethy1ene)molybdenum was pre- 
pared l1 from [ (cp) ,MoCl,] and ethylaluminium dichloride. 
It was recrystallized twice from light petroleum (b.p. 30- 
40 "C) and sublimed a t  80 "C in vacuo. Bis(r)-cyclopenta- 
dienyl) (7-ethylene) - and bis (q-cyclopentadienyl) (7-pro- 
pene)-tungsten were prepared l1 by Mr. N. J. Cooper 
and Dr. F. W. Benfield from [ ( C ~ ) ~ W C ~ , ]  and ethylalumin- 
ium dichloride or isopropylaluminium dichloride. The 
red crystals were further purified by sublimation a t  80 
and 40-60 "C in vacuo respectively. (7-Allyl)bis(T-cyclo- 
pentadieny1)niobium was prepared 1, from [ (cp),NbCl,] 
and allylmagnesium bromide. The green-black crystals 
were purified by recrystallization from n-pentane and 
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sublimation a t  130 "C in vacuo. Carbonylbis(q-cyclo- 
pentadieny1)molybdenum was prepared l3 by Dr. G. A. 
Moser and Mr. I. Packer from [(cp),MoH][MgBr(C,H,,)]- 
[MgBr(C,H,,O)], and carbon dioxide in a toluene suspen- 
sion. Hydrolysis with methanol followed by chromato- 
graphy on alumina and light petroleum elution gave 
[(cp),MoCOJ. The product was further purified by sub- 
limation at  140 "C ivz vuczm. 

Spectra were obtained on Perkin-Elmer P.S. 16 instru- 
ments modified to take heated insert probes. The con- 
ditions used for the various complexes are given in Table 1. 
The spectra were calibrated using a mixture of rare gases. 
Maximum errors in ionization energies are of the order of 
0.1 eV.* 

TABLE 1 
Spectrometer conditions 

Complex 0J"C Counts s-1 
94 1 000 
83 1 000 
60 1 000 
85 1 000 
61 1 000 

r (cP)zReHI 
[(CP) 2TaHsI 
[(CP)2MOHZI 
[(CP) ZWH21 
UCP) zMo5W 
[(CP) 2WMezl 65 1 000 
C(CP) 2W7l-c2H4)1 84 1 000 
[(CP)2W(rl-C2H4)1 94 1 000 
[(cP)zW(?-C,H,)l 110 1 000 
[ (CP) zNb(IJ-C3H5)1 
[(CP)zRfoCOI 

90 1 000 
63 400 

RESULTS AND DISCUSSION 
In  order to assign the spectra we require a molecular- 

orbital (m.0.) scheme for these molecules. In general 
they may be taken as belonging to the CzO point group 
and a symmetry treatment quickly leads to  a labelling 
of the m.0.s with their appropriate transformation 
properties. However it gives no indication of the 
relative ordering of the energy levels. Calculations give 
some indication of this but have only been carried out 
for a few specific molecules of this type.bys We require 
a flexible general model which can be adapted for each 
member of the series. The (cp),M unit which is common 
to each member of the series has been shown crystallo- 
graphically3'4 to be very constant in its dimensions 
when a wide variety of ligands are bonded to it. We 
therefore adopted a ' molecules in molecules ' approach 
of first deriving a 111.0. scheme for this unit, and then 
further combining it with the appropriate ligands. 

The energy-level scheme of a closed-shell metallocene 
such as ferrocene is now well e~tab1ished.l~ The upper 
levels of symmetry eQ and al, are chiefly metal d in 
character, and though argument continues as to their 
relative ordering this is irrelevant for our purposes. 
The next set of levels of symmetry el,  and el, may be 
regarded a s  chiefly cyclopentadienyl in character the 
former being the main source of bonding of the rings 
to the metal. Our procedure for deriving an energy- 
level scheme for the (cp),M unit was to start with the 
scheme for a metallocene unit with D 5 h  symmetry, 
and by bending the molecule lower the symmetry to 

* 1 eV x 1.60 x 10-lB J. 

l4 S. Evans, M. L. H. Green, B. Jewitt, G. H. King, and A. F. 
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23. Jewitt, A. F. Orchard, and C. F. Pygall, ibid., 1972, 68, 1847. 
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C,, the orbitals being relabelled. In order to clarify the 
relation between the linear and bent (cp),M unit, we 
maintained the same set of axes as shown in Figure 1 ,  
namely the z axis as the principal axis in the ' linear ' 
molecule and unconventionally the x axis as the two-fold 
axis in the bent molecule. The derived m.0. scheme is 
shown in Figure 1. Mixing between the top three 
orbitals and the next set was neglected to a first approxi- 
mation. 

Our thesis is that the metal-cyclopentadienyl orbitals 
(a, + b, + a2 + b,) remain roughly constant in energy 
throughout this series as the electronegativity of the 
other ligands bonded to the metal is fairly constant, 
though we may well expect changes with change of the 
metal itself. The simplest case where it is possible 
to identify these orbitals is [(cp),MoCO] and we start 
by discussing the spectrum of this molecule. 

34 
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FIGURE 1 M.o. schemc for [(cp),MoCO] 

Carbonylbis (?-cyclopentadienyl)moly bdenum- Carbon 
monoxide binds to transition metals by donation of the 
electron pair occupying the 50 orbital and acceptance 
of metal d electrons into the empty 2x-antibonding 
orbital. In the presumed Cza symmetry of the carbonyl 
complex, the 5a orbital transforms as a, and the 2 x  
orbitals as b, + b,. The metal orbitals available for 
bonding the carbonyl ligand are 2a1, 2b,, and 3a1 (see 
Figure 1) which, by analogy with ferrocene, will be 
chiefly composed of the metal d,l and dzs--y* orbitals 
(a, symmetry) and the dq orbital (b, symmetry). These 
can therefore provide an acceptor orbital and a donor 
orbital necessary for bonding the carbon monoxide. 
The unequal population of the two carbon monoxide 
x-antibonding orbitals should lead to bending of the 
M-CO axis. 

The first ionization energy (i.e.) of free carbon mon- 
oxide occurs a t  14-01 eV15 and is assigned to ionization 
of the 5a orbital. We can therefore assume that 

15 D. W. Turner, C. Bakcr, -4. D. Baker, and C. R. Brundle, 
' Molccular Photoelectron Spectroscopy,' Wiley-Interscience, 
1970. 

An m.0. scheme is given in Figure 1. 
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TABLE 2 

Vertical ionization energies (eV) of the carbonyl, olefin, and ally1 complexes 
Assignment 

C(cP),MoCOl c, -~ 

5.9 
6.8 
8.8 
9.3 
9.6 

12.6 
13.6 
16.8 

6.0 
6.9 
8.8 
9-2 

11.3 
12.6 
13.2 
17.0 

6.0 
7.1 
9.0 
9.3 
9.5 

11.3 
12.5 
13-0 
16.7 

ionizations arising from the ligand and from the la, 
orbital of the complex will all occur above 14 eV and are 
thus likely to be hidden under the amorphous CH and 
CC ionization bands. The assignment of the spectrum 
is given in Table 2. The first band at  5-9 eV is assigned 
to electron loss from the 3a, orbital, its sharp profile 
indicating the non-bonding nature of the orbital. The 
second band at  6.8 eV has a shape indicating bonding 
character and is assigned to the 26, orbital, the ' back- 
donation ' orbital. Ionizations from the metal-cyclo- 
pentadienyl orbitals occur in the region 8-5-10.0 eV. 
Only three vertical ionization energies could be dis- 
tinguished (8.8, 9-3, and 9.6 eV). An interesting feature 
is the sharp edge to low ionization energy similar to that 
found in a wide variety of bis(q-cyclopentadieny1)metal 
c~mplexes. '~ In these i t  is assigned to ionization from 
the el, orbital and the sharp edge attributed to the 
fact that metal # orbitals contribute little to the el, 
m.0. Analogous reasoning in these bent bis(q-cyclo- 
pentadieny1)metal complexes would lead to assignment 
to the 2a, or l b ,  ionizations. The next complex band 
is assigned to ionizations from orbitals concerned with 
C-H and C-C bonding in the cp ligands. The upper 
ionization region, i.e. above 12 eV, was similar in all the 
complexes discussed here and a similar assignment will 
be assumed for each spectrum discussed subsequently. 

OZeJin Com$Zexes.-The nature of the bonding of olefin 
ligands to a transition metal is formally similar to that 
of carbon monoxide, the olefin x-electrons donating 
into an empty metal orbital and the metal d electrons 
back donating to the x*-olefin antibonding orbital. 
The spectra of the olefin complexes are shown in Figure 2. 
A direct comparison may be made between these spectra 
and that of the carbonyl complex and they are assigned 
accordingly (Table 2 and Figure 3). 

The first i.e. of ethylene is 10.51 eV l5 and is assigned 
to ionization of the x-electrons. The peaks at  11-3 and 
11-4 eV in the spectra of [(cp),Rlo(~pC,H,)] and [(cp),W- 
(q-C2H4)] have no analogue in the spectrum of 
[(cp),MoCO] and are reasonably assigned to the la, orbital 
which is composed of the olefin x-orbital mixed with a 
metal a,  orbital. Thus the olefin n-electrons are 
stabilized by ca. 0.8 eV on complexing to the metal. 
The ionization band at  11.0 eV in the spectrum of 
[ (CP)~W (q-C,H,)] is similarly assigned, the lower ioniza- 
tion energy in comparison with the ethylene complexes 
being in accord with the known inductive effect of the 
methyl group. The bands in the region 8-10 eV are 

405 

6.9 
7.0 
8.9 
9.6 

11.0 

13.2 
16.9 

J 

13.0 
15.0 
16.9 

la'  

due to ionization from the cyclopentadienyl-metal 
orbitals 2a, + lb ,  + l b ,  + la,. The sharp band at  

I ! 

1 1 1 1 1 1 1 1 1  1 1  
6 7 8 9 10 11 12 13 14 15 16 

I.e./eV 
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T;*-orbital of ethylene is higher in energy than the 
occupied a” non-bonding allyl orbital. On energy 
grounds the interaction between the metal d orbitals 
and the ethylene x-orbital is expected to be less. Hence 
the 6.9 eV band of [(cp),Mo(q-C,H,)] has more metal 
character than the 8.0 eV band of [(cp),Nb(q-C3H5)]. 
A band assignable to the la’ orbital was not observed 
and thus ionization probably occurs above 11.6 eV 
which would be reasonable extrapolating from the olefin 
complexes. 

Bis( 7-cycZopentadienyl) hydridometal Co.mpZexes.-In the 
series of molecules [(cp),ReH], [ (cp),MH,], and [(cp),- 
TaH,] the hydrogens are assumed to lie in the xy plane 
and the molecules are again assumed to have Cza sym- 
metry. The symmetry-adapted combinations of hydro- 
gen 1s orbitals appropriate for bonding to the (cp),M 
unit are a, for H,, a, + b, for H,, and 2a, + b, for H,. 
These will on bonding involve one, two, and three metal 
orbitals respectively. The m.0. schemes are given in 
Figure 4. Comparison of the m.0. schemes shows that 
[(cp),ReH] has two lone pairs of electrons located mainly 
on the metal, [(cp),MH,] one, and [(cp),TaH,] none. 

lowest i.e. in all the spectra is assigned to the metal 
non-bonding 3al orbital and the broader band to the 

30, ------ ----- --- 341 

24 

2 4  - --- -- - 
’- 

‘. 

FIGURE 3 31.0. correlation diagram for [(cp),MoCO], 
[(cP)2Mo(?-CzHJI, and [(CP)2Nb(rl-C,H,)I 

2b, orbital. That the metal provides an orbital of b, 
symmetry for back donation will fix the preferred 

12.6 
13.4 
17.0 

TABLE 3 
Vertical ionization energies (eV) of the hydride and methyl complexes 

10.6 

12.5 12.6 12.7 
13.5 13.7 13.5 
16.8 17-0 16.9 

orientation of the ethylene in these molecules as being 
in the xy plane (as defined in Figure 1). 

(q- Allyl) bis( q-cycZopentadieny1)niobium.-The 7-ally1 
group of necessity will lower the symmetry of the 
molecule. If we assume the structure in Figure 3 
we may deduce a m.0. scheme in C, symmetry (see 
Figure 3). The spectrum is shown in Figure 2. The 
band a t  5.65 eV is immediately assigned to the 4a’ 
orbital, the niobium lone pair, as it is a typically narrow 
band of low i.e. well separated from the other bands. 
The bands at  8.6 and 9-2 eV may be assigned to the 
metal-cyclopentadienyl orbitals l a t t  + 2a” + 2a’ + 3a’. 
The band at 8.0 eV is assigned to ionizations from the 
3a” orbital formed by the metal d ,  orbital and the 
allyl non-bonding x-orbital. 

The molecule is like [(C~)~MO(~-C,H,)] and, in accord 
with this, the two spectra showed marked similarities. 
The correlation between the non-bonding metal orbitals 
(3a, and 4a”) and the metal-cyclopentadienyl orbitals 
is immediately obvious. The bands at  6.90 eV in 
[(cp),Mo(q-C,H,)] and 8-0 eV in [ ( ~ p ) ~ N b ( q - C ~ H ~ ) l  are 
also analogous, being due in each case to ionizations 
from an orbital formed by overlap of the metal d, 
prbital with a ligand x-orbital antisymmetric with 
respect to reflection in the xx plane. The empty 

9.6 
11-3 
12.6 

17.1 

This was clearly displayed in the p.e. spectra in the region 
below 7-5 eV (Figure 5 ) .  The complex [(cp),ReH] 
had two equally intense bands at 6.3 and 6.9 eV assigned 
to ionizations from the 3a, and 26, orbitals; the spectra 

FIGURE 4 M.o. correlation diagram for [ ( ~ p ) ~ R e H l ,  
UCP) NH2I 1 and c (CP) 

of [(cp),MH,] (M = Mo and W) were very alike, one 
band at 6.4 eV corresponding to ionization from the 
3a, orbital [(cp),TaH,] had a spectrum with no bands 
below 7.5 eV. Characteristically the metal 1one-pa.ir 
ionizations are expected to decrease in i.e. along the 
series Re, W, Ta. The average metal i.e. for [ (~p)~ReHl  
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is 6.6 eV, that of [(cp),WH,] is 6.4 eV, and so if Ta had 
a ‘ lone-pair ’ ionization it would be expected below 
6.4 eV. The spectral observations correlate with the 
well known basic properties of the Re, Mo, and W 
hydrides .16 

I‘ 
i 

l I l l l l I 1  I )  
6 7 8 9 10 11 12 13 14 15 

1.e /eV 
FIGURE 6 P.e. spectra of (a) [ ( ~ p ) ~ R e H l ,  (b) [(c~)~MoH;1, 

(’) [(cp)2WHdJ ( d )  [(cp)2TaHA 

The next series of bands with i.e.s of 8-11 eV must 
in part be due to ionization from the mainly cp orbitals. 
The varying complexity of these bands in the different 
molecules indicates that ionization from the M-H 
bonding orbitals also occurs in this region. The spec- 

ls M. L. H. Green, ‘ Organometallic Compounds,’ vol. 2, 
Methuen, 1968. 
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trum of [(cp),ReH] with only one M-H bonding orbital 
is expected to  be most like the corresponding third- 
row metallocene. In 1 ,l’-dimethylosmocene ,* the el, 
and elg ionizations are widely separated and occur in 
the regions 8-2-84 and 9.7-10-0 eV respectively. 
The corresponding a,, b,, a,, and b, ionizations of 
[(cp),ReH] are expected in the same region. The 
bands at  8.8, 9.2, 9.9, and 10.2 eV are assigned to 
ionizations from these orbitals together with ionization 
from the M-H a, orbital. 

For [(cp),MHJ (M = Mo and W) there was one 
broad ionization band in this region with a maximum 
at  cn. 9.5 eV and a shoulder a t  8-9 eV. This broad 
band must correspond to ionizations from the Za,, 
lb,, la,, and lb ,  metal-cyclopentadienyl orbitals and 
from the Zb, and l a ,  M-H bonding orbitals. The 
shoulder at 8-9 eV is tentatively assigned to the 2b, 
M-H bonding orbital. The complex [(cp),TaH,] had 
four distinct ionization maxima in the region 8-11 eV, 
a broad intense band and three smaller bands. The 
intense band at 9.6 eV is assigned to ionizations from 
the metal-cyclopentadienyl orbitals and the bands a t  
8.1, 8.7, and 10.6 eV to the 3a,, 2b,, and l a ,  M-H bond- 
ing orbitals. 

Bis (3-cyclopentadienyl) dimethylmetal Comp 2exes.-The 
p.e. spectra of CH,,15 M(CHJ4,17 and W(CF13)6 l8 indicate 
that ionizations from the CH, framework may be ex- 
pected above 11 eV and are likely to be hidden under 
the amorphous region of the spectra. They are there- 
fore not included in the m.0. scheme. A similarity of 
the spectra of these dimethyl derivatives to the corre- 
sponding dihydride spectra is expected and found. 
Again the spectra of the molybdenum and tungsten 
complexes were similar (Figure 6). 

The single sharp band at  lowest i.e. is assigned to 
ionizations from the 3a, orbital, the metal lone pair. 
The next region of the spectrum between 7-5 and 11 eV 
consisted of several overlapping bands. These are 
assigned, as for the dihydrides, to ionizations from the 
2a,, lb,, la,, and lb ,  cyclopentadienyl-metal orbitals 
together with those from the l a ,  and 2b1 M-CH, bonding 
orbitals. The most intense band, definitely showing 
some splitting when M = W, probably corresponds 
to the cp orbitals; its ionization energy of 8.9-9.6 
(M = Mo) and 8.8-9.5 eV (M = W) corresponds to 
that found for [(~p)~MoC0]. The smaller band to low 
i.e. a t  8.3 eV probably corresponds to the 2 4  M-CH, 
bonding orbital. The i.e.s of all bands in this region 
were lower than the corresponding bands of the hydride 
molecules, in line with the inductive effect of the methyl 
group. The area of ionization above 11 eV was largely 
the same as that of the other complexes in this study. 
However a distinct shoulder at 11.6 eV was observed 
which is absent from the hydride spectra. This is 
assigned to ionizations from the CH, framework. 

Conclusions.-The spectra of the olefin complexes 
l7 S. Evans, J. C. Green, P. J. Joachim, A. F. Orchard, D. W. 

l8 S. Craddock and W. Savage, Inorg. Nuclear Chem. Lettevs, 
Turner, and J. P. Maier, J.C.S. Faraday IT, 1972, 68, 905. 

1972, 8, 753. 
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provide an elegant demonstration of synergic bonding. 
The x-bonding level of the olefin is clearly lowered in 
energy on complexing of the olefin with the metal. 
That back donation also occurs may be seen by com- 
paring the spectra of the olefin complexes with that 
of [(cp),ReH]. In the spectrum of the latter complex 

orbitals involving the ethylene x- and x*-orbitals re- 
spectively correspond to al and b, orbitals formed by 
two M-C a-bonds in Cz,, symmetry. The interaction 
between two such metal-carbon bonds is expected to 
increase as the distance between them decreases and 
thus the a,-b, splitting is expected to be substantially 

I 1 I I I I I I 1 I 

6 7 8 9 10 11 12 13 14 15 
I .p . /eV 

FIGIJRE 6 P.e. spectra of (a) [(cp),MoMe,], (b) [(cp),WMe,] 

the first two bands are interpreted as lone-pair ioniza- 
tions, have consequently sharp profiles, and are separated 
by 0.6 eV. In the spectra of the olefin complexes the 
second band is broader and is separated by 0.9 eV from 
the first thus establishing its bonding origin. 

If the familiar a-donation-x-acceptance of the bond- 
ing model for x-olefins is replaced by an equivalent 
ring-bonding scheme involving M-C o-bonds, the 
similarity of the x-olefin complexes to the dimethyl 
complexes is readily apparent. The a, and b, bonding 

greater in the ethylene complexes than in the dimethyl 
complexes. Although the a, and b, bands are not 
clearly resolved in the dimethyl complexes, their splitting 
must be less than 2 eV. The corresponding a+, 
splitting in the olefin complexes is ca. 4.5 eV. 

The splitting of the cyclopentadienyl-metal orbitals 
appears to be very similar for molybdenum and tungsten 
complexes. This is in contrast to the iron group where 
the splitting is found to increase substantially from 
ruthenium to osmium.14 I t  appears that the degree 
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of splitting is less in tlie complexes of the earlier members 
of the transition series. 

The p.e. spectra give no information as to  the exact 
composition of tlie 3a, orbital in these complexes, 
but it may be strongly argued that i t  is largely metal d 
in character and thence, on symmetry grounds, com- 
posed of dzs-y. and d,t orbitals. This is compatible with 
the crystallograpliicLevidence that this upper orbital 

lies outside the X-IT-X angle and that its occupation 
reduces this angle. The orthogonal 2a, orbital is then 
well disposed for covalent bonding of the X, unit. 
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