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Summary

The He(l) photoelectron spectra of (n°-C;H)Fe(CO),R, where R = CHj,
1n!-C,H, and n'-C;H,, have been recorded. The lowest lying ion states result
from ionization of molecular orbitals with large Fe 3d character; these move to
lower energy when R places double bonds in an allylic relationship to the metal
atom. The cyclic voltammetric oxidation potential correlates well with the
energies of the lowest ion states. A significant interaction between olefin 7
orbitals and the allylic metal center is proposed.

Introduction

The presence of an allylic double bond in a transition metal alkyl has been
noted to resulf in qualitative changes in chemical behavior. For example,
whereas protonation of (7°-CsH)Fe(CO),CH;, (FpCH,;, I) leads to Fe—C bond
cleavage, the related compounds Fp(n!-allyl) (II) and Fp(n'-cyclopentadienyl)
(II1) protonate at the double bond to give olefin complexes [1]. Similarly,
anomalous phosphine substitution reactions of Iil [ 2] have been interpreted in
terms of radical addition to the double bonds {3]. In this work we have exam-
ined complexes [—III by means of ultraviolet photoelectron spectroscopy and
cyclic voltammetry in order to investigate quantitative effects resulting from
the interaction (if any) between metal centers and allylic unsaturated groups.

Experimental

The photoelectron spectrometer used has been previously described [4].
Samples of I—I1I1, purified by vacuum sublimation, distillation or column
chromatography, respectively, were introduced into the spectrometer at room
temperature. :
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Initial spectra of III showed signals due to ferrocene (which is more volatile
than III); however, these peaks disappeared after the first few runs. The 'H
NMR spectrum of sample remaining after data collection showed that ferrocene
contamination was no longer present. The spectrometer was operated at a reso-
. lution of 20 meV (FWHM) at 5 eV electron energy and a number of spectra
were run for each compound using a Xe-Ar mixture for internal calibration.

Cyclic voltammetric experiments were carried out with a cell designed for
inert-atmosphere operation {5], using a PAR model 173 potentiostat in con-
junction with a PAR model 175 programmer and a Houston Instrument model
200 x-y recorder. Solutions contained ca. 1—2 mM compound and 0.05 M Bu,-
NBF, in THF (freshly distilled from sodium benzophenone ketyl under argon).
A Pt wire working electrode and saturated calomel reference electrode were
used, with scan rates from 50—500 mV fsec. Under these conditions the separa-
tion between peaks in the cyclic voltammmogram of ferrocene, a known revers-
ible couple, was considerably greater than the theoretical value, probably
because of slow recorder response. Since this would lead to substantial change
in the peak position of the (irreversible) waves here, E,,, values were used
instead.

The Slater exponents and ionization potentials used in the EHMO calcula-
tions (6) follow: Fe, 3d 2.600, —11.67; 45 0.970, —9.75; 4p 1.625, —5.89. C,
2s 1.625,—21.40; 2p 1.625, —11.40. O, 25 2.275,—32.30; 2p 2.275, —14.80.
H 15 1.300, —13.60. Accepted average bond distances were used in these cal-
culations.

Results and discussion

The bands of lowest ionization potential (i.p.) in the He(I) photoelectron
spectra of I—I1I are shown in the Figure and the data are summarized in Ta-
ble 1. The spectrum of I has been reported by three independent groups [ 7—9]
and i.p.’s in the various determinations agree satisfactorily. There has been
some disagreement about assignments: while the band at lowest i.p. is assigned
as arising from two metal d orbitals, the next two bands are assigned as arising
from Fe—C bonding and metal d respectively [7] or vice-versa [8,9]. The latter
appears more justifiable on the grounds of both peak shape and intensity [9] as
well as by comparison to related compounds [8,9] and is taken to be correct in
this work.

The empirical assignment of II and III begins with the observation that the 7
i.p.’s of propene and cyclopentadiene are 9.73 eV (2a''), and 8.58 eV (1a,) and
10.62 eV (2b,) respectively [10]. These i.p.’s should not change greatly in
going to II and III; thus the band with fine structure (ca. 1100 cm™!) at 9.78
eV in I and the bands at 8.76 and 11.00 eV in III are assigned to the olefinic 7
i.p.’s expected. The orbitals associated with the Fe—7°-C H, interaction should
be relatively insensitive to changes in the alkyl group; hence, the bands at 10.24
eV in IT and at 10.20 eV in III are so assigned. By difference, bands 1 and 2 in
each spectrum must contain the three metal d i.p.’s and the Fe—C i.p.. Con-
sideration of relative band areas in I—III suggests the assignment for bands 1
and Z given in Table 1 which, although reasonable, is not unambiguous. This -
ambiguity does not, however, affect the conclusion that the i.p.’s of the bands
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Fig. 1. The He(I) photoelectron spectra of (n3-C5Hs)Fe(CO); R, R = CHj, n1-C3Hs, n!-CsHs.

TABLE 1

IONIZATION DATA FOR (15-C5Hs)Fe(CO);R: R = CH3, C3Hs AND nl-C5Hg

R Band 2 Vertical ¥ 1.P. A/E€ Assignment (No. ip’s)
(eV)
CHj 1 7.91 0.56 Fe 3d (2)
2 8.56 0.37 Fe 3d (1)
3 9.21 0.59 Fe—C o (1)
4 9.94 1.00 Fe—ntCp (3)
C3Hs 1 7.97 1.00 Fe 3d (3)
2 8.54 0.77 Fe—C o (1)
3 9.78 0.90 © C3Hs (1)
4 10.24 1.00 Fe—r Cp (3)
nl-CsHs 1 7.58 0.56 . Fe 3d (2)
) 2 8.18 0.96 Fe 3d (1) + Fe—C o (1)
'3 8.76 0.75 w CsHs (1)
4 10.20 1.00 Fe—ir Cp (3)
5 11.00 0.93 @ CsHs (1)

@ See Fig. 1 for numbering, b’Enetgi&s refer to band centers. ¢ Relative area divided by electron energy.
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TABLE 2
COMPARISON OF IONIZATION AND OXIDATION POTENTIALS (eV)

I I 111 A I—-11 A lI—110

Ey2 @ 1.15 0.90 0.75 —0.25 —0.15
Fe(d) + Fe—C, av 8.40 8.11 7.88 —0.29 —0.23
Fe(d)av 8.18 7.97 7.78 —0.21 —0.19
Fe—C 9.21 8.57 8.18 —0.87 —0.36

@ Measured as described in Experimental section: all three compounds gave completely irreversible oxida-
tion peaks ai all scan rates examined.

resulting from ionization of the orbitals with highest metal character decrease
along the series I = I — III.

If we look at the weighted average of all four lowest i.p.’s, the weighted
average of the 3 Fe d i.p.’s or the Fe—C i.p (Table 2), we find a smooth
decrease on going from I — II - III. This decrease is exactly mirrored in the
oxidation potentials for these three compounds, which decrease in the same
order and by roughly the same amount. This agreement is quite reasonable as
electrochemical and chemical oxidations of compounds such as I appear to
involve oxidation at the metal [11]. Experimentally it is clear that the presence
of allylic double bonds reduces the energy required to oxidize the metal center.
This may be contrasted with the effect of a cyano group in FpCH,CN, in which
the Fe d and Fe—C i.p.’s are significantly greater than in I [8], reflecting the
electron withdrawing ability of —CN.

It is worthwhile to explore the reasons behind the observed trend in ener-
getics. The decrease in the Fe—C i.p. from I to III can be empirically understood
in terms of simple substitution on the a carbon. For example, ionization from
Hg—C bonding orbitals shows a decrease of 0.5 eV from MeHg—Me to MeHg—
Et, and 0.4 eV from the latter to MeHg—i-Pr [12], not unlike the changes ob-
served here. The similar decrease in the i.p.’s of the other metal d orbitals can-
not be explained in terms of increased substitution on R since saturated substi-
tuted derivatives FpR (R = CH,SiMe;, CH,Ph, CH,CH,Ph} show higher oxida-
tion potentials than FpMe [11]. Therefore, the lowering of the oxidation po-.
tential for II and III, and the corresponding decreased i.p. for the Fe d orbitals,
must be a specific consequence of the olefinic double bonds in the R groups.

The exact nature of the metal—allylic double bond interaction can only be
explored further on the basis of a theoretical model. Thus, we have carried out
extended Hiickel-type calculations for the three compounds. Although the
results of this relatively simple calculational method do not completely repro-
duce the orbital ordering established by the photoelectron spectra, they do cor-
rectly predict the orbitals discussed above fo be the highest lying orbitals *. Of
key interest is that the orbitals in II and III which are primarily olefin in char-
acter are found to have substantiai amounts of metal d character mixed in. For
example, in II this MO contains 45% C,,; and 10% Fe;;. Thus in confrast to
saturated derivatives, this mixing provides a mechanism for the positive charge

* The MO’s with large metal character are found to be ca. 2 eV too stable with respect to the ligand
orbitals. .
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on the metal in the cation to be partially delocalized to the double bond, there-
by stabilizing the final state in the ionization process. In this regard the situa-
tion is similar to the ionization of an allylic halide with respect. to a saturated
halide. It must be kept in mind, however, that the type of calculation em-
ployed tends to emphasize mixing of orbitals, especially in low-symmetry cases
such as these considered here; it would be of interest to see whether more
powerful techniques give this result as well.

The chemical importance of this interaction (aside from the small decrease in
oxidation potential observed) is not yet clear, but one might consider the facile
fluxional processes (1'—n? allyl interconversion; ring whizzing of n!-C;H;) fre-
quently observed in compounds of this type. The question of whether transi-
tion metal organometallics should obey orbital symmetry rules worked out for
organic compounds, or whether the involvement of d orbitals provides a mecha-
nism for relaxing these rules, has been of considerable interest [13,14]. While
the 1,2-shift in III is indistinguishable from the allowed 1,5 sigmatropic migra-
tion [14], it has very recently been found that (n'-C;H,)Re(CO); also rear-
ranges via 1,2 shifts [15], in contrast to the allowed 1,5 path established for
the main-group analog (n'-C,H,)SnPh; [16]. In this case, then, the transition
metal system does not obey the orbital symmetry rules. Since our findings are
that in such compounds the metal d orbitals do in fact mix with the 7-system
of the organic moiety, this apparent violation may be quite reasonable.
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