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of these compounds. The other principal fragments obtained are the 
following. VII: 324 (CF2CF2NNCF2CF2S3+,  6.1), 260 
((CF,CF2)2N2S+, 9.2), 229 (CF3NNCF2CF2Sf, 30.3), 119 (CF3CF2+, 
15.1), 69 (CF3+, loo), 64 (S2+, 2.4). VIII: 259 (CF2ClNNCF2S3+, 
3.1), 227 (CF2CINNCF2S2+, 2.3), 195 (CF2CINNCF2S+, 1.6), 163 
(CF2C1NNCF2+, 4.6), 128 (CF2NNCF2+, 7.4), 85 (CF2Cl+, 1 l ) ,  64 
(S2+, 0.9), 61 (NCCl+, 100). The 19F NMR spectrum of VI1 shows 
two singlets at 4 -87.3 (CF,) and -1 13.0 (CF,) in the ratio of 3:2. 
A singlet a t  4 -62.3 is obtained in 19F N M R  spectrum of VIII. 

Anal. Calcd for (CF3CF2N)2S3: S, 26.52. Found S, 25.67. Calcd 
for (CF2C1N)& S, 32.65. Found: S, 31.8. 

Preparation of IX and X. RfN=NRf (Rf = CF3CF2 or CF2Cl) 
(1 mmol) and S2C12 (4 mmol) were photolyzed in a quartz vessel for 
12 h. Both the compounds were obtained in 9-1 1% yield. The infrared 
spectra are as follows. IX: 1290 s, 1235 s, 1170 br, 1130 m, 1100 
w, 1030 m, 715 w cm-l. X: 1280 s, 1220 m, 1180 s, 1140 m, 1050 
br, 580 m cm-l. Vapor pressures of IX and X at room temperatures 
are 4 and 7 torr. respectively. The molecular weight of IX is found 

(CF3CF2NNCF2S+,  68.7), 160 (CF2CF2N2S+,  21.8), 146 

3.5). X: 291 (CF2ClNNCF2S4+, 4.1), 259 (CF2CINNCF2S3+, 5.2), 
(CF2CF2NS+, IOO), 119 (CF3CF2+, 18.7), 69 (CF3+, 93.8), 64 (S2+, 

227 (CF2ClNNCF2+, 2.6), 195 (CF2ClNNCF2S+, l . l ) ,  163 
(CF2ClNNCF2+, 5.8), 128 (CFZNNCF2+, 8.6), 85 (CF2Cl+, 12.6), 
64 (S2+, 0.6), 61 (NCCl', 100). The 19F NMR spectrum of IX showed 
two singlets at 9 -88.4 (CF,) and -1 16.3 (CF,) in the ratio of 3:2. 
A singlet at 4 -64.6 was obtained in 19F NMR spectrum of (CF2- 
C1N)2S,. Anal. Calcd. for (CF,CF2N),S4: S, 32.48. Found: s, 31.41. 
Calcd for (CF2C1N),S4: S, 39.14. Found: 40.91. 
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to be 390 (thoreticai 394). The molecular ion pe& was observed in 
IX at m / e  394. The other principal peaks obtained follow. IX: 356 
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SCF-Xascattered wave (Xa-SW) calculations have been performed on ($-CSH5)Li, ($-CsH5)In, ($-C,H,)BeH, and 
($-C5H5)BeCI. For each molecule, the HOMO is computed to be a doubly degenerate orbital that is located primarily 
on the C5Hs ring. Lone-pair and okX MOs participate to only a minor extent in interstitial bonding. It is suggested that 
the electronic structures of these simple molecules are more consistent with a six- than an eight-electron counting procedure. 
Several ionization energies ( IEs)  have been computed for all four molecules by using the transition-state method. The 
computed I E s  for (q5-C5H5)In agree with experimental ultraviolet photoelectron spectroscopic (UV PES) data but are 
in disagreement with previous MO calculations on (q5-C5H5)In and ($-C5H5)Tl. Likewise, our XwSW study of ($-C5H5)BeCI 
suggests that the UV PES assignments for this molecule should be revised. 

Introduction 
Following t h e  discoveries of ferrocene, bis(benzene)chro- 

mium, and uranocene, there  has  been an intense interest in 
annulene  ir complexes of t h e  d- and f-block elements. As a 
consequence, significant progress has been made toward un- 
derstanding the electronic structures and patterns of stability 
of these fascinating compounds.2 M u c h  less, however, is 
known about the perhapto interaction of main-group elements 
with carbocyclic ligands. Minkin and Minyaev3 have suggested 
that  annulene-cap perhapto bonding will be favored when the 
total  number  of ring A plus main-group moiety electrons is 
8. On the  o ther  hand ,  Schleyer e t  al.4 have emphasized the  
"three-dimensional aromaticity" concept and  suggested that  
t he  opt imum number  of intersti t ial  electrons5 is six. O the r  
important a t tempts  t o  understand t h e  bonding in such main- 
group nido compounds include ab initio MO calculations on 

(1) (a) Southern Methodist University. (b) The University of Texas at 
Austin. 

(2) For reviews, see for example: (a) Mingos, D. M. P. Adu. Organomet. 
Chem. 1977, 15, 1. (b) Haaland, A. Acc. Chem. Res. 1979, 12,415. 

(3) Minkin, V. I.; Minyaev, R. M. Zh. Org. Khim. 1979, 15, 225, 1569. 
(4) (a) Jemmis, E. D.; Schleyer, P. v. R. J. Am. Chem. SOC. 1982, 104, 

4781. For related papers, see: (b) Collins, J. B.; Schleyer, P. v. R. 
Inorg. Chem. 1977, 16, 152. (c) Krogh-Jespersen, K.; Chandrasekhar, 
J.; Schleyer, P. v. R. J .  Org. Chem. 1980, 45, 1608. 

(5) Interstitial electrons have been defined4b as electrons that bind caps to 
carbocyclic rings. 

CSH5Li6 and C5H5BeH.' A t  the semiempirical level of theory, 
Dewar and Rzepa8 have explored the  interaction of BeX 
moieties with cyclopentadienyl, indenyl, and fluorenyl groups, 
and  Bews and Glidewel19 have investigated beryllium deriva- 
tives of various (CH) ,  carbocycles. Beryllium derivatives of 
the type C5H5BeR have also been investigated by the PRDDO 
method.I0 Some polyhedral carbocations bear a close re- 
semblance to  multihapto-bonded main-group systems (vide 
infra);  hence, mention should be made  of the  a b  initio calcu- 
l a t i o n ~ ~ , "  on (CSH5)CH2+.  Other  carbocations such as C6HS+ 
and the  heavier congener CSH5Si+ have been investigated by 
a b  initio methods."J2 The  EHMO method has been employed 
to study the analogous tin cation CSHsSn+ and the motion of 
a CH2*+ fragment  across a C5H5- ring.13,14 

(6) (a) Janoschek, R.; Diercksen, G.; Preuss, H. Int. J. Quantum Chem., 
Symp. 1967, I ,  205. (b) Alexandratos, S.; Steitwieser, A,, Jr.; Schaefer, 
H. F., 111. J. Am. Chem. SOC. 1976, 98, 7959. 

(7) Jemmis, E. D.; Alexandratos, S.; Schleyer, P. v. R.; Streitwieser, A,, Jr.; 
Schaefer, H. F., 111. J. Am. Chem. SOC. 1978, 100, 5695. 

(8) (a) Dewar, M. J. S.; Rzepa, H. S. J. Am. Chem. SOC. 1978, 100, 777. 
(b) Dewar, M. J. S.; Rzepa, H. J. Inorg. Chem. 1979, 18, 602. 

(9) Bews, J. R.; Glidewell, C. J .  Organomet. Chem. 1981, 219, 279. See 
also: Glidewell, C. J .  Organomet. Chem. 1981, 217, 273. 

(10) Marynick, D. S. J .  Am. Chem. SOC. 1981, 103, 1328. 
(11) Jonkman, H. T.; Nieupoort, W. C. Tetrahedron Lett. 1973, 1671. 
(12) Castenmiller, W. A. M.; Buck, H. M. Red.  Trau. Chim. Pays-Bas 1977, 

96, 207. 
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Figure 1. Qualitative scheme for the q5 interaction of C5H5 ?r orbitals with a main-group element, M (left), or an M-H u bond (right). 

Normally, a symbiotic relationship exists between molecular 
orbital calculations and photoelectron spectroscopy. Ultraviolet 
photoelectron spectra (UV PES) have been reported', for 
($-C,H,)In and ($-CSH5)T1. However, the spectroscopically 
assigned levels are not in agreement with those computed by 
NOCORI6 or CND0I7 methods. UV PES data are also 
available for several ($-C,H,)BeX derivatives.'* 

The present paper is concerned with an attempt to develop 
further a model for 7,  bonding between the cyclopentadiene 
ring and main-group moieties by using the XwSW approach. 
The molecules studied viz. C,H,Li, C5H,BeH, C,H,BeCl, and 
C,H51n feature 9, bonding of caps from groups lA, 2A, and 
3A. The focal point of the work, which represents the first 
Xa-SW study of these molecules, is to delineate whether a 
six- or eight-electron interstitial electron5 counting procedure 
is more appropriate. A secondary objective was to determine 
whether the Xa-SW method could resolve disagreements 
regarding the interpretation of UV PES data of these com- 
pounds. We have previously used the Xa-SW method to 
investigate the electronic structures of bent-sandwich molecules 
of the group 4A elements.I9 
Theoretical Methods 

The Xa-SW calculations were made by employing the spin-re- 
stricted procedure of Johnson and Slater.20 The requisite bond 
distances and angles were taken from electron diffraction data for 
(q5-C5H5)In2' and ( v ~ - C ~ H ~ ) B ~ C ~ . ~ ~  Microwave data were used for 
(q5-C5H5)BeH,Z3 and the geometry from an ab  initio calculation was 
used for (q5-C5H5)Li.6a Because of the large metal to carbon distances, 
overlapping the metal and carbon spheres to any substantial degree 
leads to carbon spheres that are almost touching or even beyond the 

Jutzi, P.; Kohl, F.; Hofmann, P.; Kriiger, C.; Tsay, Y.-H. Chem. Ber. 
1980, 113, 757. 
Anh, N. T.; Elian, M.; Hoffmann, R. J. Am. Chem. Soc. 1978,100,110. 
(a) Evans, S. D. Ph.D. Thesis, Oxford University, 1972. (b) Edgell, R. 
G.; Fragala, I.; Orchard, A. F. J. Elecrron Specfrosc. Relat. Phenom. 
1978, 14, 467. (c) Cradock, S.; Duncan, W. J. Chem. Soc., Faraday 
Trans. 2 1978, 74, 194. 
Ewig, C. S.; Osman, R.; Van Wazer, J. R. J. Am. Chem. SOC. 1978, 
100, 5017. 
Lin, C. S.; Tuck, D. G. Can. J. Chem. 1982, 60, 699. 
Bohm, M. C.; Gleiter, R.; Morgan, G. L.; Lustztyk, J.; Starowieyski, 
K. B. J. Organomet. Chem. 1980, 194, 257. 
Baxter, S. G.; Cowley, A. H.; Lasch, J. G.; Lattman, M.; Sharum, W. 
P.; Stewart, C. A. J. Am. Chem. SOC. 1982, 104, 4064. 
(a) Slater, J. C. Adu. Quantum Chem. 1972, 6, 1. (b) Johnson, K. H. 
Ibid. 1973, 7, 143. (c) Johnson, K. H. Annu. Reu. Phys. Chem. 1975, 
26, 39. 
Shibata, S.; Bartell, L. S.;Gavin, R. M. J. Chem. Phys. 1964, 41, 717. 
Drew, D. A.; Haaland, A. Acta Chem. Scand. 1972, 26, 3351. 
Barthe, T. C.; Bjsrseth, A.; Haaland, A,; Marstokk, K.-M.; Mollendal, 
H. J. Organomet. Chem. 1975, 85, 271. 

Table I. Xa-SW Sphere Radii: aht, and aouter Values 

(qs-C,H,)Li (a5C,H,)In (qSC,H,)BeH (qS-C,H,)BeC1 

r M b  2.201 3.180 1.778 1.93 1 
'C 1.712 1.773 1.850 1.688 
'H 1.329 1.375 1.436 1.31 1 
other r 1.875c 2.607d 
router 5.687 6.052 5.954 6.344 
aint 0.76359 0.756 0.76377 0.74921 

0.77795 0.749 0.77225 0.74575 
a In atomic units. M = metal. Radius of H sphere of H 

u bonded to Be. rcl .  

hydrogen nuclei. Thus, the normal method of choosing absolute atomic 
sphere radii by optimizing the virial ratio24 leads to an unrealisitic 
approximation. It was decided to choose (as is usual), from the initial 
Xa charge distribution derived from the superposition of free atom 
charge densities, a ratio of radii from the values of the radius of each 
atom that just enclosed the number of electrons assigned from atomic 
 structure^.^^ The absolute radii were chosen at  a point where the 
carbon and metal spheres were tangential, while the carbon and 
hydrogen spheres were overlapping. A similar criterion was suc- 
cessfully emplloyed for an Xa calculation on (qs-C5HS)2Sn.19 The 
outer-sphere radius was chosen to be tangential to the outermost atomic 
spheres in all cases. Schwartz's exchange  parameter^,^^ aHF, were 
used for all atoms except hydrogen, where Slater's valuez6 was em- 
ployed. The a value for indium, 0.701, was estimated by extrapolation 
of Schwartz's values.2s aouWr was obtained by averaging the atomic 
values (of the spheres touching the outer sphere) according to the 
number of valence electrons. aint was obtained by averaging the a 
values for all atomic spheres according to the number of valence 
electrons. These data are summarized in Table I. Spherical harmonics 
through I = 3 were employed for In and the outer sphere on (a5- 
C5H5)In, through I = 2 for C1 and all other outer spheres, through 
I = 1 for C, and through I = 0 for H. All S C F  calculations converged 
to better than 0.01 eV while keeping all cores (except in In 4d) fixed. 
Ionization energies were computed by the transition-state method.*' 

Qualitative Considerations 

The discussion can start advantageously by qualitative 
consideration of the interactions between a main-group ele- 
ment, M, and the familiar .rr-bond orbitals of a C5H5 ring2* 

(24) (a) Norman, J. G. J .  Chem. Phys. 1974,61,4630. (b) Norman, J. G. 
Mol. Phys. 1976, 31, 1191. 

(25) Schwartz, K. Phys. Reu. E :  Solid State 1972, 5 ,  2466. 
(26) Slater, J. C. Inr. J. Quantum Chem., Symp. 1973, 7,  533. 
(27) (a) Slater, J. C.; Johnson, K. H. Phys. Reu. B Solid State 1972.5, 844. 

(b) Slater, J. C. -Quantum Theory of Molecules and Solids"; 
McGraw-Hill: New York, 1974; Vol. 4, p 583. 



Xa-SW Study of q5 Cp Bonding Inorganic Chemistry, Vof. 23, No. 2, 1984 243 

3 e  I 

1 - c  Cpln  

I b  CpLi 

CpIn e 

Figure 2. Xu-SW contour plots for (a) 3el MO of CpLi, (b) 3al MO of CpLi, (c) 3e1 MO of CpIn, (d) 4al MO of CpIn, and (e) 3a1 MO 
of CpIn. 

As shown in figure la, bonding interactions take place between 
the valence s A 0  of M and the ring a, MO and between the 
degenerate nh and nb AO's of M and the el MO. The higher 
lying a l  MO is a consequence of mixing between the anti- 
bonding component of the lower lying a l  MO and a bonding 
interaction between the valence p2 A 0  and the a, ring MO. 
The relative energies of the el and the higher lying a l  MO's 
will depend inter alia on the energy differences between the 
M and C5H5 T orbitals and also on the degree of overlap. A 
comparable orbital synthesis can be effected for the interaction 
between a CSH5 ring and an M-H moiety (Figure lb). Here, 
of course, one expects the higher lying a l  MO to be more stable 
than the e,. Clearly, eight electrons can be accommodated 
in either the ($-C5Hs)M or ($-C5H5)MH bonding schemes. 
However, the question of whether the six- or eight-electron 
interstitial electron count is more valid will depend on (a) 
whether the higher lying a l  MO is occupied and (b) if the 
higher lying a, MO is occupied, whether it involves significant 
ring-M interaction. 

Cyclopertadienyllithium. To the best of our knowledge, no 
structural data are available for cyclopentadienyllithium. It 
was therefore necessary to use the optimized geometry com- 
puted by an ab initio method6a for the present Xa-SW cal- 
culation. Support for the q5 geometry for C5HSLi is provided 
by NMR data and by the fact that X-ray crystallographic 
studies show that the closely related molecules indenyllithium30 

(28) Cotton, F. A. 'Chemical Applications of Group Theory", 2nd ed.; 
Wiley-Interscience: New York, 1971; pp 142-143. 

(29) (a) Fox, R. H.; Terry, H. W., Jr.; Harrison, L. W. J. Am. Chem. Soc. 
1971, 93,3297. (b) Dixon, J. A.; Gwinner, P. A,; Lini, D. C. Ibid. 1971, 
93, 3297. (c) Fischer, P.; Stadelhofer, J.; Weidlein, J. J. Organomet. 
Chem. 1976, 116, 6 5 .  

(30) Rhine, W. E.; Stucky, G. D. J. Am. Chem. Soc. 1975, 97, 737. 

and cycl~pentadienylsodium~~ adopt this geometry. 
The HOMO of $-C,H,Li is doubly degenerate (3el) and 

is separated by over 3.5 eV from the next bonding MO (3al) 
(Table 11). In general the Xa-SW result is in conformity 
with Figure l a  with the assumption of an electron occupancy 
of six. Both occupied valence MO's are localized'predomi- 
nantly on the C5H5 ring. However, the contribution of the 
Li(2p.J and Li(2pY) AO's to the 3e, MO is evident from the 
charge densities (Table 11) and the orbital contour plot (Figure 
2a). Likewise the 3al MO feature a small but significant 
contribution from the Li(2s) and Li(2p,) AO's (Figure 2b). 
Interestingly, the Li(2s) contribution exceeds the Li(2p,) 
contribution slightly. 

The question of the ionic or covalent character of the group 
1A cyclopentadienides is a recurrent one. Our Xa-SW results 
are consistent with a modicum of covalency in the C5H5Li 
molecule.32 

Even though no experimental UV PES data are available 
for C5H5Li, we have computed the ionization energies for this 
molecule by the transition-state method2' (Table 111). 

Cyclopentadienylindium. Both C,H51n and C5HST1 exhibit 
polymeric structures in the solid state.33 In the vapor phase, 
however, these compounds are monomeric and adopt C,, ge- 
omet r ie~ .* ' .~~  The metric parameters from the electron dif- 

(31) Aoyagi, T.;Shearer, H. M. M.; Wade, K.; Whitehead, G. J .  Orgammer. 
Chem. 1979, 175, 21. 

(32) From NMR data, and with the assumption of 0 and 100% covalencies 
in C5H5Na and (C5H5),Fe, respectively, it has been estimated that 
CSH5Li is 20% covalent and C5H51n is 40-50% covalent: Koridze, A. 
A.; Gubin, S. P.; Ogorodnikova, N. A. J .  Orgunomet. Chem. 1974, 74, 
C31. 

(33) Frasson, E.; Menegus, F.; Panattoni, C. Nature (London) 1963, 199, 
1087. 

(34) Tyler, J. K.; Cox, A. P.; Sheridan, J. Naiure (London) 1959, 183, 1182. 
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Table 11. Xar-SW “Ground-State” Eigenvalues and Charge DensitieP 
(qS-CsH,)Li 

C metal 

MO Eb 

3% -4.3s 
3a. -8.07 

S P 
0.07 

0.04 0.03 
2e; -9.25 

2a 1 -13.17 
le2 -13.58 
1% - 17.47 
1% -21.68 

2% -9.77 0.00 
0.00 0.00 

0.01 
0.01 0.02 

S 

0.00 
0.00 
0.00 
0.00 
0.00 
0.30 
0.65 
0.80 

P 
0.55 
0.5 5 
0.75 
0.65 
0.55 
0.35 
0.15 
0.15 

H (s)  

0.00 
0.00 
0.20 
0.35 
0.40 
0.30 
0.15 
0.05 

outerC 
total 
0.01 
0.00 
0.00 
0.01 
0.01 
0.01 
0.00 
0.00 

intd 
total 
0.37 
0.38 
0.05 
0.00 
0.04 
0.04 
0.04 
0.00 

(q  -C Fl , ) In  

outerC intd 
MO Eb S P d f S P H (s) total total 
3e 1 -4.41 0.11 0.02 0.01 0.00 0.50 0.00 0.01 0.35 
4a 1 -5.26 0.48 0.08 0.01 0.00 0.00 0.15 0.00 0.05 0.23 
3a1 -8.91 0.25 0.03 0.00 0.00 0.00 0.45 0.00 0.01 0.26 
2e2 -9.56 0.00 0.00 0.00 0.75 0.20 0.01 0.04 

In C 

2% -10.08 0.00 0.00 0.00 0.00 0.65 0.35 0.01 0.00 
2% - 13.47 0.00 0.00 0.00 0.00 0.05 0.55 0.40 0.01 0.00 
1% -13.85 0.00 0.00 0.30 0.40 0.30 0.00 0.00 
1% -17.72 0.00 0.10 0.00 0.60 0.15 0.15 0.00 0.00 
e -18.61 0.00 0.00 0.98 0.00 0.00 0.00 0.00 0.00 0.02 
e - 18.66 0.99 0.00 0.00 0.00 0.00 0.00 0.01 
e -18.77 0.00 0.89 0.00 0. os 0.00 0.00 0.00 0.06 
la1 -22.27 0.01 0.01 0.02 0.00 0.80 0.15 0.00 0.00 0.01 

Charge densities are the percentage of electron densities within the atomic spheres. Eigenvalues in eV. Charge density outside outer 
sphere. Intersphere charge density inside outer sphere and not accounted for by atomic spheres. e ln(4d) AO. 

fraction structurez1 were used in the present Xa-SW calcu- 
lation on C5H51n. NOCOR16 and CNDO” MO calculations 
on C5H5T1 and C5H51n, respectively, indicate that the HOMO 
is of a, symmetry and the sequence of MO’s is a l  > e, > a,. 
However, the sequence of ionic states deduced from UV PES 
datal5 is 2El < 2Al < 2A,; hence, assuming the validity of 
Koopman’s theorem,35 the orbital sequence is el > a ,  > a l .  
Our Xa-SW results indicate that the HOMO of C5H51n is 
doubly degenerate (3eJ (Table 11) and that the next two MOs  
are of a l  symmetry (4a1 and 3al). To circumvent the use of 
Koopmans’ theorem, we have performed transition-state 
calculations for the various ionizations of C5H51n. The com- 
puted I E s  (Table 111) are in very satisfactory agreement with 
the experimental values. The major disagreement between 
our Xa-SW calculation on C5H51n and previous calculations 
on C5HSIn and C5H5Tl is that the order of the 3e, and 4a, 
(our numbering system) is reversed. Note also that the or- 
dering of the el and a l  MO’s in C5H51n is the reverse of that 
in C5H5Li and of that shown in Figure la. If this were not 
so, CSH5Li would presumably be a paramagnetic molecule. 

The HOMO of C,H51n resembles that of CSH,Li in the 
sense that it originates mainly from the interaction of the e, 
C5H5 a MO with valence px and p,, AO’s. The extent of the 
interaction is, however, more pronounced in C5H51n than in 
C5H5Li. This is clear from a comparison of charge densities 
and also from a comparison of the orbital contours for the 
HOMO’S of these molecues (Figures l a  and 2c). 

That the 4al MO corresponds to the In lone pair is apparent 
from Figure 2d. The charge densities indicate that the major 
contribution to the 4al MO comes from the In(%) AO. The 
contributions from the In(Sp), In(Sd), and the a,  C5H, a MO 
are much less important. The fact that the 4a, is not an 
interstitial MO will be of significance with respect to a sub- 
sequent section on electron-counting rules. Presumably it is 
the 4al MO that is responsible for the reported Lewis base 
behavior of C5H51n toward boron t r i h a l i d e ~ . ~ ~  Vibrational 

spectroscopic data for these C5H51n.BX3 complexes have been 
interpreted as implying q1 coordination of the C5H5 ring. On 
the other hand, boron cations of the type [C5H5BX]+ (which 
can be regarded as the product of addition of X+ to the con- 
generic but as yet unknown carborane q5-C5H5B) adopt $ 
geometrie~.~’ 

As in other Xa-SW cal~ulations,~~ the lone-pair character 
is not confined to one particular orbital but tends to be dis- 
tributed among other MO’s of the same symmetry. Thus, the 
3al MO, even though it is localized predominantly on the C5H5 
ring, still possesses a distinct lone-pair appearance (Figure 2e). 

Cyclopentadienylberyllium Hydride. Experimentally, ( C5- 
H5)BeH has been shown to possess an q5 structure by mi- 
crowave ~pectroscopy.~~ These structural data were employed 
in the present work. The sequence of valence MO’s (Table 
IV) is in conformity with qualitative expectations (Figure lb) 
and other MO calculations. The 3e1 HOMO of (C5H5)BeH 
resembles that of C5H5Li (cf. Figures 2a and 3a) and is of 
approximately the same orbital composition, viz. mostly ring 
a with a sma11 amount of Be(2p) character. That the next 
MO (4al) is the Be-H u bond is obvious from the orbital 
contour plot in Figure 3b. The charge densities demonstrate 
only a very small contribution from the al ring a orbital; hence, 
like the (4al) lone-pair orbital of C5H51n, the (4al) uBeH orbital 
of C5H5BeH does not participate in interstitial bonding. The 
3a, MO derives principally from the interaction of the Be(2s) 
A 0  with the totally symmetric ring x MO. There is, however, 
a small but significant contribution from the Be-H u bond-a 
point that is obvious from the orbital contour diagram (Figure 
3c). 

Unfortunately, it was not possible to record the UV PES 
data of C5H5BeH because of disproportionation to (C5H&Be 
in the vapor phase.’* Because of this we have performed an 
Xa-SW calculation on the more stable chloride, C5H5BeC1, 
for which UV PES data are available.’* 

( 3 5 )  Koopmans, T. Physica (Amsterdam) 1934, I, 104. 
(36) Contreras, J. G.; Tuck, D. G. Inorg. Chem. 1973, 12, 2596. 

(37) Jutzi, P.; Seufert, A. Angew. Chem., In?. Ed.  Engl. 1977, 16, 330. 
(38) See, for example, ref 16 and: Cowley, A. H.; Lattman, M.; Walker, 

M. L. J. Am. Chem. SOC. 1979, 101, 4074. 
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Table 111. Computed and Experimental Ionization Energies (eV) Scheme I 
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MO computed IE exptl IE 

(q5-C,H,)LP 
7.25 

11.02 
12.60 
13.09 
16.43 
16.85 
20.83 
25.16 

7.22 
8.30 

11.79 
12.89 
13.37 
16.69 
17.13 
21.06 
24.32 
25.15 
25.25 
25.76 

8.70 
12.02 
12.91 
15.26 
15.75 
19.17 
19.5 2 
23.74 
28.94 

8.25 
10.97 
11.93 
13.09 
14.04 
14.6 3 

(v5C,H,)Inb 

(q  ’-C,H,)BeHU 

(q  -C , H ,)BeCIC 

8.28 

12.89 

16.26 
16.95 
21.09 

23.69 f 24.54 

9.60 
11.15 
12.45 

13-15 

a No experimental IE data available. 
from ref 15b. 
discussion of assignments. In(4d) AO. 

Cyclopentadienylberyllium Chloride. Like the corresponding 
hydride, C5H5BeCl has been shown to adopt an q’ geometry 
in the vapor phase.22 These electron diffraction data were used 
in the Xa-SW calculation. 

In general, the MO’s of C5H5BeC1 are expected to resemble 
those of C5H5BeH with the exception that it is rlow necessary 
to consider the chlorine lone-pair orbitals that transform as 
e, in the requisite C,, symmetry. 

The Xa-SW calculation reveals that, as with the other nido 
molecules studied, the HOMO is doubly degenerate (4el) and 
principally a Cp ring A orbital with minor contribution from 
the main-group element moiety. Interestingly, the contribution 
of the Cl(3p) AO’s to this MO exceeds that of the Be(2p) AOs 
(Table IV and Figure 3d). That the second MO corresponds 
to the chlorine lone pairs is obvious from the contour plot in 
Figure 3e and also from the charge densities. There is only 
a minor contribution from the Be(2p) A 0  and the el ring ?r 

MO. The 5a1 MO, shown in Figure 3f, corresponds clearly 
to the Be-Cl u bond, the Cl(3p) A 0  contribution exceeding 
that of the Be(2p) AO’s. The contribution of the a,  ring A 

MO is larger than that for corresponding aBeH(3al) MO in 
C5H,BeH. Nevertheless, it is more convenient to regard the 
5a, MO of C5H5BeCl as being noninterstitial. 

Transition-state calculations have been carried out for the 
first six MO’s of C,H,BeCl, and the I E s  thus computed have 
been assembled in Table I11 and compared with the experi- 
mental data from UV PES. Our Xa-SW MO sequence and 

Experimental IE data 
Experimental IE data from ref 18; see text for 

1 2 
H 
I 

I 
H 

3 

the computed IE’s are not in agreement with CNDO calcu- 
lations and UV PES assignments of Bohm, Gleiter, et a1.I8 The 
principal difference in the results is that the ring A (4e,) and 
chlorine lone-pair (3el) MO’s are reversed. MNDO calcu- 
lations on C,H,BeCl produce the same orbital sequence as the 
Xa-SW calculations (Tables I11 and IV). 
A Six- or Eight-Electron Count? 

As pointed out in the Introduction, Minkin and Minyaev3 
have suggested that nido structures will be formed when the 
total of ring plus main-group fragment electrons is eight. 
Schleyer et a1.$ on the other hand, have suggested that the 
optimum number of electrons is six. The difference between 
these approaches is that the Minkin and Minyaev model counts 
all electrons while the approach of Schleyer et al. counts only 
the electrons in orbitals that are involved in interstitial bonding. 
For the specific molecules considered here, all eight electrons 
would be counted for C5H51n and C5H5BeX by using the 
Minkin and Minyaev approach, while in the Schleyer et al. 
model the lone pair of C5H51n and the Be-X u-bonding 
electrons of C5H5BeX would be excluded on the basis of their 
being noninterstitial. 

The present calculations support the views of Schleyer et 
al.4a Thus, although the indium lone pair of C5H51n is not 
confined to the 4a1 MO, it is predominantly this MO that is 
of lone-pair character. Of particular significance is the fact 
that only minor participation of the ring A MO is observed 
in the 4a1 lone-pair MO. Note that the 4a, MO of C,H51n 
is not the HOMO. The salient point then in deciding between 
the two sets of rules is not the relative MO energies but of 
excluding MO’s from the count which are not involved in 
interstitital bonding. The case of C5H,BeH is similar to that 
of C5H,In. The second occupied MO (4al) is highly Be-H 
u bonding in character, and the participation of the C5H5 A 

MO is even less than that of the lone-pair MO of C5H51n. 
Clearly the 4al MO of C5H,BeH should be excluded from the 
electron count. Similar arguments can be made regarding the 
third occupied MO of C5H5BeCl, which is identifiable as the 
Be-Cl u bond. Granted, there is more delocalization here; 
however, it remains predominantly a noninterstitial orbital. 

A further reason for preferring a six-electron rule is that 
it affords conformity with Wade’s rules.39 According to 
Wade’s rules, nido structures are predicted with n + 2 skeletal 
electron pairs, where n is the number of atoms in the cluster. 
Each CH group contributes three skeletal electrons; hence, 
in C5H51n and C5H,BeX, only one valence electron from In 

~ ~ 

(39) (a) Wade, K. J .  Chem. SOC., Chem. Commun. 1971, 792. (b) Wade, 
K. Adu. Inorg. Chem. Radiochem. 1976, 18, 1. 
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Table IV. Xor-SW “Ground-State” Eigenvalues and Charge DensitieP 

Lattman and Cowley 

(q ’C, H,)BeH 
Be C 

MO c b  S P H B ~  S P 

4a 1 -8.08 0.06 0.14 0.6 1 0.00 0.10 
3% -5.58 0.06 0.00 0.60 

3% -9.77 0.09 0.00 0.05 0.00 0.60 
2% -11.51 0.00 0.75 
2e 1 - 12.04 0.00 0.00 0.65 
2a 1 -15.55 0.00 0.00 0.00 0.05 0.55 
1% -15.78 0.30 0.45 
1% -19.88 0.00 0.70 0.20 
1% -24.86 0.01 0.01 0.00 0.75 0.20 

(q C ,H , )BeCI 

outerC intd 
H, (s) total total 

0.00 
0.00 
0.00 
0.25 
0.35 
0.40 
0.25 
0.15 
0.00 

0.01 
0.03 
0.01 
0.00 
0.01 
0.00 
0.00 
0.00 
0.00 

0.33 
0.06 
0.25 
0.00 
0.00 
0.00 
0.00 
0.00 
0.03 

outerc intd 

4e 1 -5.5 1 0.06 0.12 0.00 0.00 0.50 0.00 0.01 0.31 

5aL -8.92 0;Ol 0.14 0.01 0.53 0.02 0.00 0.20 0.00 0.02 0.07 
-9.90 0.15 0.00 0.01 0.21 0.01 0.00 0.35 0.00 0.01 0.26 

2% -10.84 0.00 0.00 0.75 0.20 0.00 0.05 

3% -14.77 0.00 0.01 0.00 0.00 0.00 0.05 0.55 0.40 0.01 0.00 
1% -15.15 0.00 0.30 0.35 0.30 0.00 0.05 
1% -19.10 0.01 0.00 0.00 0.65 0.15 0.15 0.00 0.04 

la1 -23.56 0.02 0.02 0.00 0.00 0.00 0.75 0.15 0.00 0.00 0.06 

Be c1 C 
MO c b  S P S P d S P H (s) total total 

3% -7.45 0.04 0.68 0.00 0.00 0.05 0.00 0.01 0.22 

2e1 - 11.46 0.01 0.00 0.00 0.00 0.65 0.35 0.01 0.00 

2% -19.21 0.03 0.03 0.91 0.01 0.00 0.00 0.00 0.00 0.00 0.02 

Charge densities are the percentage of electron densities within the atomic spheres. Eigenvalues in eV. Cliarge density outside the 
outer sphere. Intersphere charge density inside outer sphere and not accounted for by atomic spheres, 

a CpBeH 

CpBeCl 

I 4 e  I 

CpBeH b 

CpBeCl e 

3e I 

C CpBeH 

CpBeCl f 

Figure 3. Xa-SW contour plots for (a) 3el MO of CpBeH, (b) 4al MO of CpBeH, (c) 3al MO of CpBeH, (d) 4el MO of CpBeC1, (e) 3el 
MO of CpBeC1, and ( f )  5a, MO of CpBeCl. 

or BeX is needed to achieve the required total of 16 electrons. pair or bond that is directed along the C, axis. Systems with 
It should be emphasized, however, that the molecule studied two u bonds (e.g. CSHSBH2), two lone pairs (e.g. C5HSS+), 

so far are relatively simple and involve one noninterstitial lone or a lone pair and a u bond (e.g. C5H5PH+) are liable to be 
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considerably more complicated. These “intermediate hapticity” 
systems will be the subject of a separate manuscript. 
Relationship of Main-Group Annulene Complexes to 
Polyhedral Carbocations, Carboranes, and Boranes 

Finally, we comment that annulene complexes of the 
main-group elements are related conceptually to polyhedral 
carbat ionsM and hence to familiar main-group clusters such 
as the carboranes and  borane^.^' These interrelationships can 
be illustrated by starting with the polyhedral carbocation 
[C6H6]2’ (1) (Scheme I). This dication is unknown; however, 
the corresponding permethylated cation [C6Me6]*+ is known 
and believed to possess a nido ($) structure on the basis of 
NMR spectroscopic data.42 

(40) For reviews of polyhedral carbocation chemistry, see: (a) Hogveen, K.; 
Kwant, P. W. Acc. Chem. Res. 1975,8,413. (b) Schwarz, H. Angew. 
Chem., In?. Ed. Engl. 1981,20,991. (c) Balaban, A. T.; Rouway, D. 
H. Tetrahedron 1980, 36, 1851. 

(4 1) Several authors have discussed the morphological and electronic simi- 
larities of polyhedral carbocations, boranes, and carboranes. Examples 
include Lipscomb’s Nobel Prize address (Lipscomb, W. N. Science 
(Washington, D.C.) 1977, 196, 1046. Angew. Chem. 1977, 89,685), 
Dewar’s theoretical work (Dewar, M. J. S.; McKee, M. L. Inorg. Chem. 
1980, 19, 2662), and Schleyer’s comments in Brown’s book on non- 
classical ions (Brown, H. C. ”The Nonclassical Ion Problem”; Plenum 
Press: New York, 1977; p 16). 

(42) (a) Hogveen, K.; Kwant, P. W. J. Am. Chem. Soc. 1974,96,2208. (b) 
Hogveen, K.; Kwant, P. W. Tetrahedron Lett. 1973, 1665. (c) Hogveen, 
H.; Kwant, P. W.; Postma, J.; Van Duynen, P. T. Tetrahedron Lett. 
1974, 435 1. 

If the capping group of 1 is regarded as CH2+, then this 
moiety contributes one electron to interstitital bonding and 
obeys the six-electron rule like the isoelectronic molecule 
($-CSHS)BeH. Replacement of the apical CH by an iso- 
electronic BH- group generates the carborane cation 2. As 
mentioned earlier, some B-halogen analogues of 2 are known37 
and believed to possess q5 structures on the basis of NMR 
spectroscopic data. Like 1,2 also conforms to the six-electron 
rule. A further CH/BH- replacement produces the known 
neutral carborane 3.43 In order to maintain neutrality, it is 
necessary to replace further basal CH groups with H-B-H- 
moieties. Such replacements generate sequentially the car- 
boranes C3B3H7, C2B4HB, and CB5H9 and finally the poly- 
hedral borane B6Hlo. Relationships to a host organometallic 
system are made possible by use of the isolobal concept.44 
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(43) Pasinski, J. P.; Beaudet, R. A. J.  Chem. Phys. 1974, 61, 683. 
(44) (a) Elian, M.; Hoffmann, R. Inorg. Chem. 1975, 14, 365. (b) Elian, 

M.; Chen, M. M. L.; Mingos, D. M. P.; Hoffmann, R. Ibid. 1976, 15, 
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Tetra-, penta-, and hexanuclear nickel carbonyl clusters have been theoretically investigated by means of a MO-LCAO 
INDO method. Qualitative correlations have been found between the molecular stability and the electron density on metal 
atoms and ligand groups. The electronic density on the carbonyls has been described by means of the occupation numbers 
of the M O s  of the free CO molecule, thereby giving a systematic description of the variations in donor-acceptor properties 
of the coordinated carbonyls. The cluster stability has been analyzed in terms of two-atom interaction energies for evaluating 
the separate contributions of metal-metal, metal-ligand, and ligand-ligand interactions. The main contribution is the direct 
interaction between a nickel atom and its ligand groups, but significant bonding interactions occur also between a metal 
atom and the ligand groups not directly bonded and between different ligand groups. All these intramolecular interactions 
are even more important than the direct metal-metal ones. These latter interactions do not give the most important contribution 
to the cluster stability. 

1. Introduction 
In a previous paper,’ hereafter referred to as part 1, the 

electronic structure of carbonyl clusters having up to three 
nickel atoms was investigated by means of semiempirical 
MO-LCAO INDO calculations. The most important result 
of part 1 is that the INDO method suggests that the stability 
of the metal clusters cannot be accounted for by simplified 
electron-count models.2 
In this paper, the theoretical approach outlined in part 1 

is applied to the nickel carbonyl clusters of higher nuclearity, 
with the aim of obtaining more detailed information on the 
different electronic contributions to the overall cluster stability. 

*To whom correspondence should_& addressed at the Universita di Milano. 
‘Present address: Institut far Physikalische Cliemie, Freie UniversitPt 

Berlin, 1000 Berlin 33, West Germany. 

As pointed out in a recent review paper,3 the cluster stability 
problem is still far from being solved, mainly because the 
rigorous quantum-chemical methods cannot be applied to 
molecular clusters of high nuclearity. On the other hand, the 
results of different semiempirical methods are difficult to 
compare because of their basic approximations. 

A widely discussed aspect of the cluster stability is the 
contribution of the metal-metal bond, which according to  the 
classic definition of a metal cluster compound is supposed to 
play an important role.4 However, the problematic nature 

(1) Pacchioni, G.; Fantucci, P.; Valenti, V. J. Orgunomet. Chem. 1982, 224, 

(2) (a) Mingos, D. M. P. J .  Chem. SOC., Dalron Tram. 1974, 133. (b) 
Lauher, J. W. J. Am. Chem. SOC. 1978, 100, 5305; 1979, 101, 2604. 

(3) Manning, M. C.; Trogler, W. C. Coord. Chem. Rev. 1981, 38, 89. 
(4) Cotton, F. A. Q. Rev., Chem. SOC. 1966, 20, 389. 

89. 
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