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'Photoelectron Spectra and Bonding fn Cerocene, Df-n-

[8]Annulenecertum(IV) 

• Andrew Streftwteser, Jr., Steven A. Kfnsley and John T. Rigsbee 

ftater1als and ftolecular Research D1v1s1on, Lawrence Berkeley 

Laboratory, and Department of Chemistry, University of California, 

Berkeley CA 94720 USA • 

• lgnaz1o L. Fragata and Enrico C111berto 

D1partimento d1 Chimica, Un1vers1ta d1 Catania, V1ale A. Dorta 8, 

95125 Catania, Italy 

• Notker R~sch 

Lehrstuhl fUr Theoretische Chemfe, Technfsche Unfversft~t HUnchen, 

0-8046 Garch1ng, Federal Republic or Germany 

Abstract: The preparation or cerocene (df-n-[8jannulenecerfum(IV)) by 

reactfon or cerfum(IV) fsopropoxfde wfth trfethylalumfnum fn cyclo-

octatetraene has been conrfrmed. The reversfble halr-wave potential or 

-1.28 V vs NHE round In THF fs the lowest known ror a Ce(IV)/Ce(lll) 

couple and suggested the preparation or chofce: shaking a THF solution 

or bfs-[8]annulenecerate{lll) ton wfth excess sflver fodfde gfves 

quantftatfve conversion to cerocene. The compound reacts slowly wfth 

uranlum tetrachloride and at a measureable rate wfth water. The 
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photoelectron spectra are similar to those or thorocene and gfve 

ionization potentials in excellent agreement with Xa-SW calculationse 

The spectroscopic, chemtcal and theoretical results are consistent 

w f ,th r f ng-meta 1 bondIng having substantIa 1 cova 1 ency with sign I r I cant 

4r contrfbutlons. 

Quas f re 1 at hlf st i c SCF -Xa Scattered-Wave ca 1 cu 1 at f ons have recent 1 y 

Indicated that cerocene (df-w-[8]annulenecerfum(IV)) has an electronic 

structure unexpectedly similar to that or dl-w-[8]annuleneuranlum(IV) 

(uranocene) and -thorlum(IV) (thorocene). 1 Various theoretical 

criteria Indicate a substantial covalency ror the lanthanide sandwich 

Including a degree or r-orbital Interaction comparable to uranocene 

itselr. 2 Such Involvement or 4r orbitals In ring-metal bonding in an 

organolanthanlde compound would be unusual and unprecedented but the 

simple existence or cerocene should alone be considered to be remark-

able: the compound combines a strong reducing agent (the [8]annulene 

dlanlon rings) with a powerrul oxidizing agent, cerlum(IV). This 

combination would fmply that the structure could not be that or a 

simple. Ionic cluster. We have reproduced the synthesis or cerocene 

reported by Greco, Cesca and Bertollni; 3 • 4 chemical properties and the 

photoelectron spectrum agree with the theory and suggest the fmpor-

/.') tance or r i ng-meta 1 cova 1 ency f n th I s unusua 1 compound • 
. ( 
I l 
'-./ 

The reaction or cerlum(IV) lsopropoxlde wfth triethylaluminum In 

cyclooctatetraene gives the reported air-sensitive, brown-black 

microcrystalline compound. The compound shows a single signal in 

1H-NMR at 5.9 ppm fn THF-d8 or at 5.75 ppm In toluene-d8 • When the 
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toluene solution of the complex was exposed to air, the brown solution 

became pale yellow and the 1H-NHR contained only one peak at 5.61 ppm 9 

which is the resonance for neutral cyclooctatetraenee The Infrared 

spectrum agrees wfth that reportede Conversion of 

bis-[8]annulenecerate(III) 5 ton to cerocene can be accomplished 

electrochemically. The reversible half-wave potenttal for the 

Ce(IV)/Ce(lll) couple in thfs system is -1.28 V vs NHE6 and fs, to our 
. . 7 

knowledge, the lowest Ce(IV)/Ce(III) couple reported. Thfs observa-

tfon suggested that bfs-[8]annulenecerate(lll) lon could be chemically 

converted to cerocene wfth mfld oxfdfzfng agents; Indeed, we found 

that shaking a THF solution wfth excess sflver lodfde gives quantfta-

ttve conversion to cerocene. Thfs stmple procedure fs clearly the 

preparation of chofce. 

Cerocene reacts slowly wtth UC1 4 to· gtve uranocene; thfs behavtor 

fs sfmilar to that of thorocene and unlike the df-w-

[8]annulenelanthanate(Ill) anions that react rapidly wfth UC1 4 • 

Cerocene also hydrolyzes In wet THF more slowly than thorocene to 

produce a mixture of 80~ 1,3,5- and 20' 1,3,6-cyclooctatrtenes.8 Thfs 

reactivity pattern does not suggest an lonfc cluster. 

Electronic absorption bands of thorocene at 2.75 eV and uranocene 

at 2.01 eV assigned as lfgand-metal charge-transfer excitations, 

e 29 Cw) --> e 3u(f), agree well with the Xo orbftal energy dffferences9 

3.03 and 1.97 eV, respectively. We now report that cerocene has an 

fntense band (&=-8000) at 469 nm (2.63 eV) fn THF wfth a broad shoulder 

that, on deconvolutfng usfng Gaussian functions, 9 has ~ ·570 nm max 

{2.18 eV, &=-1000). The latter band is tn good agreement wfth the 
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calculated orbital energy difference of 1.92 ev. 1•2 We note that this 
,. 

band has comparable Intensity to the vfsfble band In uranocene 

(&=1800). 

A further test of the theory Is the direct comparison of the Xa 

transition state energies with the Ionization potentials determined 

from photoelectron spectra. The spectra were recorded on a Perkin 

Elmer PS 18 spectrometer modified by the inclusion of a hollow cathode 

discharge source giving a high output of He-ll photons (Helectros 

Development Corp.). The spectra were run at 140 °C and "multiple scan 

mode" wfth the aid of a chaneltron electron multiplier and a MOSTEK 

computer Interfaced directly to the spectrometer. The results of ten 

scans were averaged; the stgnal-to-nofse ratfo for the He-1 spectrum 

fs greater than 103 • The energy scale of consecutive scans was locked 

2 -1 to reference values of the Ar P P312 and He(ls ) self-tonizatfon 

1 I nes. 

The photoelectron spectra of cerocene (Fig. 1) are slmflar to those 

of thorocene. There are two bands (a and b fn Ffg. 1) In the 6-8 eV 

region; both show fine structure. A well resolved band (c) fs present 

in the 9-10 eV range (Table 1). Some other rather overlapped struc-

tures (d, e, and f) follow In the higher Ionization energy regfon up 

to 19 eV. The bands present beyond 11 eV are common features of 

photoelectron spectra of all of the [8]annulene cOmplexes thus far 

studfed.lO-l 3 They belong to Inner wand a HO's having major contrfbu-

tfons from the ligands. By analogy to the actfnfde compounds and on 

the basts of the Xa-SW calculations, bands a and b are undoubtedly 

associated wfth Ionization from the e 2u and e 2g HOs, respectively. The 
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fine structure associated with these bands Is probably due to vibronfc 

Jahn-Teller effects In the lon states. Band cis taken to represent 

the Ionizations from both the e 1g and e 1u HO's. This band shows a 

shoulder in the higher ionization energy side whose separation from 

the main peak compares well with the computed Xa-SW e 1u-e 19 splitting. 

The Intensity changes In this band on going to He-ll radiation are 

comparable to those observed in the actinfde series. The excellent 

agreement between the experimental and theoretical Ionization poten-

tial differences (Table 1) gfves additional credence to the inter

pretation of the Xa wave functlons. 1 • 2 

The chemistry of organolanthanfde compounds fn the +2 and +3 oxlda= 

tfon states fs that of essentially tonic systems; however, theory, 

reaction chemistry and spectroscopy combine in the case of. cerocene to 

show that thfs higher oxfdatfon state organolanthanlde has substantial 

ring-metal covalency and that metal 4f orbitals are Involved in such 

bonding. 
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Table 1. Ionfzatfon energies of cerocene. 

Band Ionfzatfon A I.E. a Xa Transftfon Xa AEa,b 
label Energy (I.E.) eV State Energy eV 

eV eV 

a 6.75 0 6.31 <e2u> 0 , ... ~' 
f \ 

a' 6.92c i; . 
b 7.68 0.93 7.20 (e2g> 0.89 

b' (7.81)c 

c 9.98 3.23 9.42 (elu> 3. 11 

c' 10o32 3.57 9.84 (elg> 3.53 

(a) Difference compared to band a. 
(b) Ref. 1 
(C) Ffne structure. Shoulders are fn parentheses. 
Figure caption: 

Ffg. 1. Photoelectron spectrum of cerocene. 
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