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Abstract 

The He(I) photoelectron (PE) spectra of tetra-tert-butylferrocene (7) and tetra-tert-butyl-diazaferrocene (8) are reported. A 
comparison with the PE spectrum of ferrocene and pyridine reveals that (i) the hyperconjugative donor effect of a tert-butyl group 
is about twice that of a methyl or trimethylsilyl group, (ii) the electron-withdrawing potential of the nitrogen atom is very similar to 
that of the phosphorus atom in diphosphaferrocenes, (iii) there is no significant interaction between the nitrogen lone-pair orbitals. 
An explanation for the marked instability of diazaferrocenes compared to stable diphosphaferrocenes is offered. The PE spectra of 
7 and 8 could be reproduced with an INDO/S theoretical calculation. 
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1. Introduction 

The isolobal substitution [l-3] in 1 leads from the 
carbocyclic cyclopentadienyl(2) to the heterocyclic ele- 
ment-cyclopentadienyl system (3) which are then also 
isolobally related. 
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Heterocyclic analogs of metallocenes and half- 
sandwich compounds have become the focus of re- 
search in recent years and a variety of metal complexes 
with substituted derivatives of 3 are known (E = N 
[4-81, P [9,10], As [ll], Sb 1121, Bi 1131). Most attention 
has been paid to phosphacyclopentadienyl complexes, 
however, more and more examples of azacyclopentadi- 
enyl derivatives have now been synthesized [4-81. This 
is especially remarkable as the prototypical l,l’-di- 
azaferrocenes (4) were for many years regarded as 
incapable of existence [4,14]. Stabilization of this struc- 
tural type was eventually achieved, e.g. through bulky 2 
and 5 substituents (5) [5,6]. 
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There is, however, still a marked difference in stabil- 
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ity between, for example, diazaferrocenes and the sta- 
ble diphosphaferrocenes (6) [9]. For a better under- 
standing of the electronic effects of the isolobal substi- 
tution 2 + 3 with E = N, we present and discuss here 
the photoelectron spectra of iron complexes of 2 and 3, 
namely the tetra-tert-butyl substituted ferrocene and 
the diazaferrocene analog, (C,H,‘Bu,),Fe (7) 1151 and 
(C,H:E&N),Fe (8) ]61. 
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2. Results and discussion 

The He(I) photoelectron spectra of 7 and 8 are 
shown in Fig. 1. The spectrum of ferrocene, taken from 
the literature [16-181 is included for comparison to- 
gether with a pictorial assignment of the orbitals which 
most likely [19*] give rise to the ion states. The fea- 
tures in the spectra of 7 and 8 are discussed in correla- 
tion with the spectrum of ferrocene and pyridine [20]. 
In addition an INDO/S theoretical calculation was 
carried out on 7 and 8 following the work of Zerner ef 
al. [21]. These results are compiled in Tables 1 and 2. 

2.1. Electron donation by the tert-butyl group 
The electron donating effect of the four tert-butyl 

groups causes the ionization energies (IE) of tetra- 
tert-butylferrocene (7) to be generally less than those 
of ferrocene. From the shift in the IEs when going 
from the spectrum of ferrocene to that of 7 in Fig. 1, it 
is evident that the four tert-butyl groups in 7 lower the 
binding energies of the valence electrons by about 0.7 
eV. The more the orbital is localized on the ligand 
(e lu, elg), the greater is the effect of tert-butyl substitu- 
tion (up to 0.8 eV). In a comparison between l,l’-di- 
methylferrocene and decamethylferrocene, it was found 
that the inductive effect of ring substitution is additive 
[16], so we can assign an electron-donating effect of ca. 
0.18 eV per tert-butyl group. This effect of the tert-butyl 
substituent on the r-system and the central metal has 
already been observed in substituted benzenes and is 
best explained through a hyperconjugative perturba- 

* Reference number with asterisk indicates a note in the list of 
references. 
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Fig. 1. Low energy region of the He(I) photoelectron spectra of (a) 
ferrocene (with assignment and schematic orbital drawings), (b) 
tetra-tert-butylferrocene, 7, and (c) tetra-tert-butyl-diazaferrocene, 8. 
The encircled numbers are the band notations referred to in the text 
and in Tables 1 and 2. The spectrum of ferrocene was adouted from 

tion model [22]. The tert-butyl group is known to lower 
the ionization energies of r systems as a strong hyper- 
conjugative donor through utg,,/r interactions [23]. In 
a quantitative comparison, a tert-butyl group can be 
considered to be roughly twice as electron donating as 
a methyl substituent (0.08 eV) [171 or a trimethylsilyl 
group (0.1 eV decrease in IE) 1241. 

2.2. Electrtiti by the nitrogen atom 
The two ring nitrogens increase the binding energies 

of the valence electrons in 8 relative to 7 by 0.4-0.5 
eV, i.e. 0.2-0.25 eV per nitrogen (see Fig. 1 or Tables 
1 and 2). This change in ionization energies is very 
similar to what has been observed for l,l’-diphos- 
phaferrocene (6) 1251. Consequently, the comparative 
reactivities of diaza- and diphosphaferrocene with re- 
spect to their carbocyclic analogs should be similar, 
namely: (i) a lower reactivity towards electrophiles; (ii> 
decomposition upon attack by stronger electrophiles on 
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TABLE 1. Comparison between observed ionization energies GE) and INDO/S calculated orbital energies for 7 and 8 a 

Band no. tetra-tert-Butyl-ferrocene, 7 tetra-tert-Butyl-diazaferrocene, 8 

IE (eV1 -ei (eV) Assignment b IE (eV) -ei (eV1 Assignment b 

1 6.2 6.82 “ep 7, 6.7 7&t/7.78 
2 6.5 7.30 “ain ,, 6.9 8.19 

3 8.20 ‘h 
,, 8.4 

8.44 
8.50 

4 
8.5 8.89 
8.7 9.05 

> “eis” 9.2 
10.04 
10.27 

“ ,, 

eh 
“ 7, 

elg 
5 9.6 10.75 N-lone-pairs 

a Details on the calculational procedure as well as geometric parameters for 7 and 8 are given in the computational procedure section. 
b The calculated orbital levels have been assigned using the symmetry labels from ferrocene (D,,) despite the lower C, symmetry of 7 and 8. For 
a pictorial representation of the orbitals, see Fig. 1. 
’ Experimental assignment; see text, Section 2.5. 

the heteroatom; and (iii) nucleophilic attack taking at 10.15 and 10.35 eV from a PE study [25], somewhat 
place at the heteroatom reflecting the high localization lower than the band assigned to the P lone-pair in 
of the LUMO at this atom [9,25,26]. phosphinine (phosphabenzene) at 9.8-10.0 eV [291. 

Finally, we note that the INDO/S method (see 
below) is capable of reproducing the observed differ- 
ence in the orbital energies between 7 and 8 contrary 
to an extended Hiickel study on ferrocene and diaza- 
ferrocene where the frontier orbitals were found to 
remain essentially invariant with respect to the isolobal 
substitution 2 to 3 [8]. 

The nitrogen and even the phosphorus lone-pair 
orbitals are too contracted and too low in energy for an 
effective overlap with a high lying valence orbital of the 
central metal <cf. [8,26]) which is necessary for a 
through-bond effect and the directionality of the lone- 
pairs within the cyclopentadienyl ring planes (together 
with their contracted nature) makes them less suscepti- 
ble for through-space coupling. Along these lines, we 
note that an interaction has been suggested between 
the antimony or bismuth atoms in l,l’-distibaferrocenes 
[12] or l,I’-dibismaferrocenes [13] based on X-ray 
structural investigations and also between the chlorine 
atoms in l,l’-dichloroferrocene from a PE-spectral 
study [30]. The stronger coupling effects in these com- 
plexes can be reasoned by the higher-lying, more dif- 
fuse, and of course larger antimony and bismuth or- 
bitals and by the out-of-plane orientation of the non- 
bonding chlorine p orbitals. 

2.3. The nitrogen lone-pair band 
The band at 9.6 eV in the PE spectrum of 8 (No. 5) 

is assigned to an ionization from the nitrogen lone-pair 
orbitals (cf Fig. 1, Tables 1 and 2) based on the N 
lone-pair binding energy in pyridine [20]. No splitting 
of the nitrogen lone-pair band can be observed, thus 
there appears to be no through-space or through-bond 
coupling [2,27] of the nitrogen atoms, as is often dis- 
cussed for the heavier heterocyclopentadienyl [12,13] 
or more general heteroarene systems 1281. This is in 
agreement with a study on diazaferrocene [81, or even 
diphosphaferrocene [26] where no such N. * * N or 
P . . . P interaction, for example in the form of a con- 
formational preference, was found. In comparison, the 
phosphorus lone-pair orbitals were assigned to bands 

TABLE 2. Results from the AE(SCF) approximation for the lowest 
ion state a 

Band no. tetra-tert-Butylferrocene, 7 tetra-tert-Butyl-diaza 
ferrocene, 8 

IE - ‘i AEGCF) IE -et AE(SCF1 
(eV) (eV) 

1 6.2 6.82 5.60 6.7 7.64 5.86 

a AE(SCF) = E(ionl- E(neutra1 molecule). 

2.4. The instability of diazaferrocenes 
Concerning the noted instability of unsubstituted 

diazaferrocenes compared to ferrocene and to the sta- 
ble diphosphaferrocenes, we point out that the binding 
energies are increased in 8 relative to 7 (see Section 
2.2). Therefore, the iron-aza-Cp bond would be ther- 
modynamically more stable than the corresponding 
Fe-Cp interaction, so that the difference in stability 
must be of kinetic origin. In comparison to the diphos- 
phaferrocenes, the higher energy N lone-pair position, 
its contracted nature and the higher p character of the 
N lone-pair orbital relative to the P lone-pair indicate 
an increased reactivity of the nitrogen, i.e. there is a 
relatively low barrier of reaction to even more stable 
complexes, rendering diazaferrocene a labile system 
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[311. While the phosphorus atom in r complexes of the 
phospholyl anion has only a very low nucleophilicity 
[9,261, u coordination is much more pronounced in the 
case of the pyrollyl anions, unless the non-bonding 
electron pair on the nitrogen atom is effectively 
blocked, e.g. through steric overcrowding of the cu-posi- 
tions (5) [32*]. 

2.5. INDO / S theoretical calculations 
Zerner et al. [21] have employed an intermediate 

neglect of differential overlap method with spectro- 
scopic parametrization (INDO/S) in electronic calcu- 
lations on the ferrocene molecule. Following this work, 
we have used the semi-empirical INDO/S method 
here in the calculation of the PE spectra of 7 and 8. 
The results are given in Tables 1 and 2. 

The ionization energies of the ferrocene derivatives 
have been evaluated by Koopmans’ theorem [33] as the 
negative of the eigenvalues of the ground state MOs of 
the neutral molecules [34*] (Table 1). In addition, the 
lowest ionization energy has been calculated by making 
a separate calculation of the ion and subtracting this 
energy from the neutral species (this is termed the 
AE(SCF) approximation) (Table 1). 

It can be seen from Tables 1 and 2 that the energies 
of the molecular orbitals based on a calculation of the 
neutral species deviate 1.2 eV or less from the ob- 
served ionization potentials [Zl]. A comparison of the 
INDO/S calculated orbital sets (energy as well as 
composition) in Table 1 supports a very similar elec- 
tronic structure of 7 and ferrocene with respect to the 
orbital level ordering. In both (ionized) compounds, 
the first two bands stem from the almost pure metal 
MOs, ezg = dxy, d,z_,,z and alg = dL2 with ezg < alg, 
while the third and fourth band originate from the 
ligand localized MOs e,, and elg. Thus, while the 
sequence of ionization potentials in 7 is the same as 
that agreed upon for the ferricinium ion, namely ezg < 
alg < e,, < erg [16-19*,36], we note a higher complex- 
ity in the spectrum of 8. Experimentally, a very close 
proximity of the “ezg” and “aig” band is found in 8 
(Nos. 1 and 2) and from the relative intensities, we 
rather suggest the ordering “alg” I “ez8”. In addition 
“e,“” and “elg” in 8 show an increased splitting and 
are distributed over bands 3 and 4. 

3. Conclusions 

The PE spectra of tetra-tert-butylferrocene and te- 
tra-tert-butyl-diazaferrocene have been evaluated in 
comparison with the PE spectrum of ferrocene and 
pyridine. From the spectral changes it is deduced that 
(i) the hyperconjugative donor strength of a tert-butyl 
group is about twice the size of a methyl or trimethylsi- 

lyl group, (ii) the electron withdrawing potential of the 
nitrogen atom is very similar to that of the phosphorus 
atom in diphosphaferrocenes, and (iii) there is no 
significant interaction between the N lone-pair orbitals. 
Furthermore, the instability of the iron-aza-Cp bond is 
not of thermodynamic but of kinetic origin due to the 
localization and high reactivity of the non-bonding 
nitrogen electrons. 

4. Experimental details 

The preparation of 7 and 8 is described in the 
literature [6,151. The PE spectra of these two com- 
pounds were recorded on a PS-18 photoelectron spec- 
trometer (Perkin-Elmer Ltd., Beaconsfield) at 120°C. 
The spectra were calibrated with Ar (15.76 eV, 15.94 
eV) and Xe (12.13 eV, 13.44 eV). A resolution of 20 
meV on the Ar-line ‘P,,, was obtained. 

5. Computational procedure 

LCAO-MO-SCF calculations using the INDO/S 
approximation with spectroscopic parametrization 
[21,371 have been performed on tetra-tert-butyl-ferro- 
cene (7) and tetra-tert-butyldiazaferrocene (8) and the 
lowest energy state of the respective ferricinium ions. 

Since there is evidence that interatomic distances of 
a ferrocene derivative are not greatly changed in the 
vapour phase [38] or in the ion [39], the average solid 
state interatomic distances of Fe-C = 206.4, C-C = 
140.9 and C-H = 96 pm in 7 1151 and Fe-C/N = 206.7, 
C-C/N = 144.9, C-H = 96 pm in 8 [6], respectively, 
have been used as restraints for both the neutral 
molecule and cation in an INDO/l optimized geome- 
try. The closed-shell, neutral molecule was treated in a 
restricted Hartree-Fock (RHF) mode, while the 
open-shell ion was calculated in the unrestricted (UHF) 
mode. An electron-correlation calculation on the 
ground state of ferrocene did not lead to appreciable 
changes in total or orbital energies [21]. 

Calculations were performed with the HyperChem 
computational package (Version 3.0, Autodesk Inc., 
Sausolito, CA 94965, USA) installed on a PC- 
80486/DX-33 computer. 
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