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Photoelectron Spectroscopy
of Organotransition metal complexes

J. E, van Tilborg

A brief introduction to photoelectron spectroscopy (PES)
and its use in connection with molecular orbital (MO) calculations
is given, : : ’

A series of diene-tricarbonyliron and ~tricarvonylruthenium,
and related complexes, has been synthesised. Previous studies of
their molecular and electronic structure are reviewed. The UV photo-
electron spectra of these complexes, together with those of the diene
ligands are presented and assignzd with the eid of qualitative MO
diagrams and existing MO calculations. Bonding of the diens to the
tricarbonylmetal unit is discussed and an attempt is made to correlate
the diene conformation within the complex to UV photoelectron spectro-
scopic data.

Hel and Hell UV photoelectron spsctra are presented for the
metallocenes of the first row transition elements (V to Ni). Molecular
and electronic structures and electronic ground states implied from
spectroscopic data are reviewed. The PE spectira of open shell molecules
are discussed, and the spectra of the metallocenss are assigned with
the aid of previous assignments, MO, and crystal field theories. TUse
is made of the knowledge that ionisation cross sections for an orbital
of particular atomic character change relative to each other for
ionisation by photons of different energy. Relative ionisation cross
sections are calculated from experimental data.

Hel and Hell PE spectra are obtained for a series of diene-
cyclopentadienylM (M = Co, Rh, Ir) complexes. The expected similarity
of spectra of the rhodium and iridium analogues is noted, and an
unexpe~ted warked difference in the PE spectra of rhodium and cobalt
analogues is observed, This is discussed in relation to bonding and
with reference to noted differences in chemical reactivity of some other
similar rhodium/cobalt analogues. Assignments of the PE spectra are
made with the help of qualitative MO diagrams.

The PE spectra of two cyclopentadienyldicarbonylM (M = Co, Rh)
domplexes are compared., :

The instrumentation used for obtéining the photoelectron
spectra is discussed in detail in Appendix 1.
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Chapter 1

Introduction to Photoelectron Spzctroscopy



1.1 Til _PHOTOELECTRIC EFFECT

In an atomic or molecular absorption process, an electron
is excited from a lower to a higher energy level by absorption of
electromagnetic radiation, If the electromagnetic radiation is of

high enough energy, the electron will leave the atom or molecule and

/

travel in free space, Since the free electron wave function may
have any symmetry, therc are effectively no selection rules and thus,
provided the incident electromagnetic radiation is energetic enough,

‘all electrons in atoms or molecules may be considered.

The ejection of electrons by electromagnetic radiation in
such a process is known as the photoelectric effect and is éummarised
in equation (1)1, where M represents an atom or molecule, hv,the
energy of incident radiation, and e, an electron ejected from orbital n.
This is the basic process with which photoslectron spsctroscopy (PE3)

+

U + hy —> M + e, ' (1)1

is involved; the technique has been developed for the study of elec~-

tronic structure in atoms and molecules.

1.2 HISTORICAL DEVELOPMENT

The photoelectric effect was first nobed by Hertz in 1887
on observation that a spark gap illuminated with ultra-violet (uv)
light could discharge more readily. In 1889, apparatus was assembled
by Lenard to measure the velocity of electrons ejected from a metal
surface by UV light, and in 1905, Einstein explained Lenard's observa-
tions in terms of quantum theory, deriving expression (1)2, where K.E.

is the kinetic energy of the ejected electron, hv, the energy of
K.E. = hv - B.E. ~ (1)2

incident radiation, and B.E, the energy of the electronic energy level

from which the electron is ejected - the binding energy.

The Einstein relationship (1)2 was verified by Millikan,

using UV radiation, and by Robinson 1 and de Broglie 2, using X-rays,



in the early twentieth century.

Early expceriments were éoncerned with atomic binding
energies since information was limited by the large source linc width
and low resolution analysers, With the advent of higher resolution
the technique hecame interesting to cheuwical spectroscopists, but-
this development is recent, occurring over the past fifteen years.

The valence bands of metals and semiconductors were studied for many
years before this using an ultra-violet photoelectron spectroscopic
(UVPE3) technique and high vacuum conditions, by physicists and
metallurgists. Radiation entered the system through a lithium fluoride
window, thus limiting photon energies to less than 11.6 electron volts
(ev), the cut-off point of the window. These studies were known as UV

photoemission studies,

More recently the principle has been applied to complex
molecular systems, and modern photoelectron spectroscopy (PES) using
monochromztic photon sources has divided into two distinct fields,

depending on the energy of the source.

1.3 PHOTON SOURCES

Binding energiss of electrons in moleculss range from
several thousands of electron volts (eV) for inner core electrons, to
a few eV for valence electrons, Both UV and X-ray photon sources are

used in PES, giving the division into two regions:

(i) X-ray photoelectron spectroscony (XPS)

X-ray photoelectron spectroscopy (XPS) or eleciron
spectroseoPy for chemical analysis (ESCA).makes use of a
conventional X-ray tube as a source of monochromatic photons.
In 1957, Siegbahn produced the first high quality spectrum,
wsae T2diation (17,479 V; 17,374 eV). > The

core level binding energies of corper were examined. In

using Mo K

1964 Siegbahn and co-workers published a study of atomic
binding energies for 76 elements 4, showing that chemical
shifts between the spectrum of an element and its compound
could be related to the valence state of that element within
the compourid, and also that elements could be identified by

their binding energies.
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The resolution of this techuique, using current
commercially available instrumcntation, is approximately
0.6 QV. ZP5 was Toriginally applied to solid phase surface
studies, but recently has been applicd to the study of liquids 2

(ii), UV photoelectron snectroscopz;ﬁUVPES, Ups)

The most commonly used photon source in UVPES is
that provided by a direct current discharge throuzgh helium
gas producing a very intense line at 584 X (21.22 eV), the
Hel sonrce, with a natural linewidth of only 0.005 eV. The
development of UVPES using this, and other sources, owes much
to Turner © and has so far been mainly concerned with the study

of gases and so0lid surfaces,

The technique is limited to the study of valence
electrons since the energy of the source photons is too low

for inner core ionisation to occur,

"More recently, by use of lower helium pressures
and higher discharge voltages, nearly 100% of the Hell line
at 303.8‘X (40.81 eV) has been obtained and used as a photon

source for this techniqus,

As well as Turner and co-workers, the groups of
Price ! in London, and McDowell 8 in Vancouver, have

contributed a great deal to the developmeat of UVPES.

For both practical and theoretical reasomns, gas-
phase UVPES is capable of higher resolution than XPS (about
15 meV for Hel spectra) and is therefore more comonly used
than XPS in the study of valence electrons., However the
resolution for solid phase UPS studies is approximately the
same as for XPS (0.6 eV).

Recently, HeIIl photon sources have been used in
conjunction with Hel to compare spectra of several compounds
and to deduce partial ionisation cross sections for the two
different photon énergies. 9 . This is, in part, the aim of

this theasis.



1.4 RECENT DEVELOPMENTS

During the past few years, continuous monochromatic photon
sources have become available with the use of synchrotron radiation, 10
and the distinction between the UV‘and X~ray techniques has become
blurred, since the synchrotron sources span both regions. This develop-
" ment has two main advantages for chemical spectroscopists; firstly,
after monochromatisation, it is possible to obtain considerably better
resolution than for currently marketed XPS instruments, and secondly,
the variable photon energy enables an optimum photon energy to be
chosen for study of a given effect and allows ionisation cross sectioas

to be studied as a function of photon energy.

Although early wori in the field of PE5 was mainly concerned
with measurement of energy levels seen in the PE spectrum, it was
found possible to measure the angular distribution of the photoelectron
flux, and it was hoped to be possible to relate.these measurements to
the symmetry of the molecules undergoing study. The theory is complex,
and quantitative predictions depend on the use of good molecular wave

functions.

The detailed theory relating partial ionisation cross sections
to incident photon energy is also highly complex. Relative intensities .
of photozlectron bands obtained using a particular photon energy may

be related to partial ionisatioen cross sections.

West and Marr have measured absolute photoionisation cross
sections and angular distributions of photoelectrons for noble gases
in the UV and soft X-ray region using synchrotron radiation. " To
. date, most work on photoionisation cross sections has involved the
noble gases; 1,12 however work has been published on valence d and s
shells for zinc, cadmium and mercury,.13 and. for some solid organo-

metallics, 14

- A1l studies described in this thesis were carried out using
gas-phase UVPES with both Hel and HelIl photon sources, and some aspects

of this particular technique will now be discussed in further detail,



1.5 PIIf_PIOTORLESTROY SPRCTRUN

In the spectrometer, an intense beam of monochromatic
photons ionises atoms of sample gas in the ionisation chamber. A
complete description of instrumentation used in the current study,
together with a block diagram of the photoslectron spectrometer is

given in Appendix 1 (page 282)

The process ozcurring in the ionisation chamber may be

3

represented by equation (1)1. For Hel photons, only the valence
electrons will undergo ionisation, the electrons ejected from each
orbital having a characteristic ionisation energy, In’ which is

related to their kinetic energy, En (equation (1)3).

I, = hv - E ' (1)3
The photoelectrons are analysed according to their kinetic energy and
the photoelectron spectrum gives the probability distribution of the
ejected photoelectrons as a function of their kinetic energy. The
situation for molecular species (1)4, is more complex since there is
the additional possibility of vibrational or rotational excitation on
ionisation, reducing the energies of the ejected photoslectrons:

(1)a

_ _ _ - ®
In by Eh Evibr rot
Depending on the instrument and worker, the ionisation energy scale on
the chart form of the PE spectrum may increase or decrease from left to
right. For all spectra reproduced in this thesis the convention of
ionisation energy increasing from left to right across the chart is

empl oyed.,

1.6 DISCHARGES IN HELIJM: PHOTON SOURCES FOR UVPE3

HeI rphotons (21.22 eV) are produced by the transition
He (1s)(2p) to the ground state He (13)2, (13). Higher meubers of
this series, that is, (1s)(np) to the ground state, are also present
under the conditions producing HeIcL photons, but their intensity is not
more than a féw‘per cent of the 584 X line, The lines are designated
He%a, HEIQ, etc., and are 1isted‘in table 1.1.



TABLE 1.1 EUERGY OF NELTUM DISCHARGE LINES
LINE wanLro (9 ENERCY (eV)
Hel, . 5843340 21.2175
Hel 537.0296 23.0865
Hel, 522.2128 23,7415
HelI, 303.781 40.8136
Hellg 256.317 48.3702
HelT 243.027 51.0153
Hellg 237.331 52.2397

Discharges in helium also generate a series of lines from
ionised helium, He+, these are designated Hell, and the main line, HeII
is at 303.8 ﬁ. These llnes are produced from analogous transitions in

the helium ion.

Under normal conditions in UVPES, the intensities of HeIB
and Hel rphotons produced are not significant and are ignored in the
interprgtation of spectra in this thesis (23 and 0.57 of the Hely -
intensity, respectively). By altering the discharge conditions (section
1.3 ii)) nearly 100 of the Hell, line at 303.8 2 may be produced, and
a significant HeIIS line is also produced. The HeI%asatgllite spectrum
is about 10% in intensity of the total spectrum (from results for
nitrogen, see Appendix 1), and when taking relative intensity measure-

ments in Hell PE spectra, this effect must be taken into consideration,

Sources other than helium have been used for exciting UVPE

spectra, and table 1.2 12

shovs some of the more common ones., All of
these sources contain ionising radiation of several frequencies and
different intensities, which complicates the assignment of spectra., The

. relative intensities are a rough guide for capillary discharge lamps.



TABLE 1.2 LINES FROM OTHER GASES
NEON NeI,, 16.6704 15
16.8476 100
Nel, 19.6877 <1
19.7792 <1
Nell . 26.81%2 100
, 26.9100 100
Nell 27.6858 20
27.7616 20
27.7827 20
27.8590 20
Nell 30.4520 20
30,5483 20
ARGON AT, 11.6233 100
11.8278 50
ArII 13.3019 30
13.4794 15
HYDROGEA Lyman . 10.198 100
Lyman 5 12.0872 10
Lymaqr 12,7482 1

1.7 RESOLUTI O

The theoretical resolution for -UVPES is dependent on several

factors:

(i) Conservation of momentum

The error in assuming that momentum is conserved

is negligible, that is, less than one part in 104.



(ii) The natural linewidth of the source

(a)  HEISEVBERG BROADENING, The emission of electro-
magngtic radiatioﬁ occurs on an electronic transition from
a higher to a lower encrgy level, the loss in electron
energy appearing as emitted radiation. The linewidtn of
the emitted radiation depends on the width of the initial
and final state electron energy levels. An electron in
any energy level has an uncertainty in its energyy AE,
given by Heisenberg's uncertainty principle (4 E.7 xh)
(vhere T is the lifetime of electron in energy level).

If AE is taken as peak width at half height, the

broadening will be approximately 4 x 1071% 271 o

(2 x 10716 -1

energy ’; thus with increasing energy, the linewidth will

J). The lifetime, T, is proportional to

increase appreciably. Valence orbitals (O to 20 eV) have
lifetimes of the order of 10—8 to 10-103, giving widths

7

eV; for core

of approzimately 5 x 10~ to 5 x 10~
13 18

orbitals (100,000 to 40 eV), lifetimes are 10” ° to 10° ~ s
giving linewidths of about 10"1 to 4 x 10_3 eV, Thus for
UV sources, one would expect linewidths of less than 10—5

eV, and for X-ray sources, about 1 eV.

(b) LORENTZ BROADENING., The lifetime of an energy
level of a gas phase molecule is affected by pressure,-
since collisions can shorten the lifetimes this pressure
resonance, or-Lorentz broadening, is generally less than

10“6 eV and is insignificant compared to other effects.

(e) DOPPLER BROADENING. This is due to random thermal
motion of the helium source gas - the emitting molecule
moves, giving rise to Doppler broadening. The hot gas in
the discharge region, therefore, emits lines broadened'by
the Doppler effect although the broadening is reduced by
the cold gas outside the discharge region. For helium at

room temperature, the Doppler broadening is 6.54 x 10_5 ev.



For hydrogen sources, significant broadening arises from this
effect, but for onther sources of greater emitter mass and
greater energy, it is negligible,since the magnitude of thae
broadening is proportional to the wavelength of the radiation
and inversely proportional to the mass of the emitter.

Doppler broadening is obviously greater for HeIl sources than
for Hel,

(iii) Broadening due to sample molecules

An effect analogous to the Doppler broadening due to
motion of source gas molecules occurs due to the combination
of the photoelactron veloéity with the motion of the target
molecule. The broadening ( 4 E) is given in equation (1)5,

where Vm is the velocity of the sample molecule and Ve the

) :
VE x E o LE . (1)s
e

velocity of the emitted electron. For an electron with
kinetic energy of 10 eV, the molecule of mass 100, the

.breadening is approximetely 1.76 x 1072 ¥,

Thus the use'of a cool helium discharge photon source
would lead to matural line widths of the order of 107 ev,
the lines being Gaussian in shape. Thus high or low resolu-
tion PES can be defined according to whether the above factors
or instrumental limitations control the resolution of fine
structure in the photoelectron spectrum. For high resolution
wvork, an energy resolution of .the order of 0.01 eV is re-
quired. From Appendix 1 it is seen that the instrumentation
used for the current stﬁdy is capable of high resolution,
and the experimental limitation on resolution was the physical

width of the electron energy analyser exit slits.
1.8 CAT, IBRATION

The energy scale of a UVPE spectrum may be calibrated by
use of the spectra of tne noble gases, argoﬁ, krypton, and xenon, which

show two peaks each corresponding to the formation of the ion in a

A}
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20, .2 N
P2 or E% state. The widths of these peaks indicate the resolving
power of the instrument.

If one of these calibrant gases is mixed with the sample
under investigation in order to provide internal calibration,
interpolation between the known peaks allows an estimate of the
ionisation energies for individual sharp peaks to be made to at least
10 meV precision. The ionisation energies of these gases are accurately

knovn from other spectroscopic data, and are given in table 1.3.

TABLE 1.3 TONTSATION ENERGIES FOR SOME
NOBLE GASES

o Zofe)  Z, (D)

2
ARGON 15.759 15.937
KRYPTOY 14.000 14.665
TESCH 12.130 . 13.43%

The ratios of the peak heights after correction for the
different band widths are Ar (P : ZP%Q 1.8, Xr, 1.7, and Xe, 1.6.
These ratios may be interpreted as experimental partial photo-
ionisation cross sections for the production of ions in their ZPQ
and ZPE states at a photon energy of 21.22 eV, The ratio of statisti-
cal weights is 2:1, and therefore this is obviously a major factor in
the relative band intensities. A table of useful calibration lines

is given (table 1.4) 2.

Lloyd has shown 16 that for a particular analyser (1270
electrostatic), exact linearity between electron energy and analyser
potential cannot be relied on for electron kinetic energies below 5 eV.
For this reason, the calibranf lines used should be as near as
possible in energy to the individual peak whose ionisation energy

(I.E.) is to be measured.
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TAPLE 1.4 SEFUT, CAT,TERATION LINES
TONIC TONTSING ELECTRON APPARENT
STATE LINE ENERGY (eV) I1.E, (eV)
: 2
Ne P, Hell 19.2494 1.9681
E)
2
Ve P% HeIl 19.3463 2.0650
2
He S Hell 16 .2268 4.9907
5 .
He Dy Hel, 6.378 14.840
2
2
Hg Dg HeI 4,514 16.704
2
N 2t HelI 2,46 18
P u - Hel 467 .75
N 2 Hel 1
) N el 4.53 6.69
N 2pt Hel 5.65 15.5
) . o . .57
1.9 VIPRATIONAT, FINE STRUCTURE

From equafion (1)4 it may be seen that the vibrational
energy of the final ionised state contributes to the ionisation
energy as does the rotational energy. The rotational states are in
general too close in energy to be resolved as separate bands in the
PE spectrum., The vibrational separations thoﬁgh, are of the order
of 0,01 eV and therefore Bands in the PE spectrum of a molecule

may be expected to show vibrational fine structure.

Vibrational fine structure is often visible in the UVPE
spéctra of small molecules, and a distinction should be made between
vertical and adiabatic ionisation energics. Vibrational fine
struture appears as a series of 'lines' forming a photoelectron
'band'; the highest peak of the band ig generally taken to corres-
pond to the vertical ionisatioh energy, and the line of highest

clectron kinetic ‘energy within the band (lowest I.E.) corresponds to
the adiabatic ionisation energy. Ionisation energics quoted

L= 12 =

=4



throughout this thesis are vertical ionisation energies.

The bonding or antibonding character of electrons ejected
to form a molecular ion, may be revealed by the form of the vibra-

tional fine structure assoqiatéd with each band in the PE spectrum.

THE FPRANCK CONDON PRINCIPLE.

The hydrogen molecule is used as an example to illustrate
the Franck-Condon principle. The potential energy curves for the H2
molecule and the H2+ molecular ion are given in figure 1.1.

On ionisation of the hydrogen molecule by a photon, the
nuclei find themselves in the potential field due to H +, but still
separated by an internuélear distance éharacferistic of the neutfral
molecule (re). The most probable change is thus a transition on the
potential energy diagram from the ground state to a point on the
potential energy curve vertically above. The Franck-Condon principle
determines to which vibrational levél of the molecular ion is the

most probable transition.

Firure 1.1 Potentisl energy

curves for H2

and 1"

157

10;

Energy (eV)




Hence the transition of highest prdbability gives rise to the most
intense band in the PE spectrum and corresponds to vertical ionisation
energy (IV). Transitions to the vibrational levels on either side of

Iv are weaker, the one of lowest energy corresponding to the vibrational

ground state of the molecular ion, and to the adiabatic ionisation

energy.

Adisbatic ionisation energy is more strictly defined as the
difference in energy between the neutral molecule in its electronic,
vibrational and rotational ground state, and the molecular ion in the
lowest vibrational and rotational level of a particular electronic
state. Adiabatic transitions are thus often seen in PE spectra as
the first vibrational lines of different bands, however they are weak
vhen there is a large change in eguilibrium molecular geomstry on

ionisation.

The vertical ionisation enargy is the energy difference
between the molecule in its ground state and the molecular ion in a
particular ionic state, but with the nuclei in the same positions as
in the neutral molecule, and generally corresponds to the line of
maxinum intensity in the photoelectron band. This is no% strictly

accurate, since tae intensity is also dependent on other factors.

It can be seen, therefore, that experimental ionisation
energies ere the differences in- total energy between the neutral
molecule and a particular molecular ion state, suggesting that the
correct way to calculate ionisation energies is to calculate the total
energy for the molecular ion and for the neutral molecule and subtract.
The energy for tae molecular ion is sometimes calculated at its
equilibrium geometry; the result must then be compared with the adia-
batic ionisation energy. The PE spectrum shows the relative energies
of the various states of the molecular ion formed on ionisation.

17

Bowever, often, Koopmans' theorem is assumed, and calculated
orbital energies are compared directly with experimental ionisation

energies,

It should be possible from the intensity distribution in the
photoelectron bands to calculate the change in internuclear separation,
on ionisation, for simple molecules. Information on the bonding

characteristics of a particular electron may be obtained from changes
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in vibrational separation and vibrational splitting in the PE spectrum.
On removal of a bonding electron, the photoelectron band corresponding

to this shows wide vibrational structure with vibrational separation
jreduced from that in the ground state. Removal of a non-honding electron
"will give rise to a band with little or no vibrational structure, since
there will be little or no change in internuclear separation on ionisa-
tion; removal of an antibonding electron will give rise to a band with

increased vibrational separation, relative to the ground state.

The Franck-Condon factors for ionisation to each electroni-
cally excited state are obtained from the peak héights; the extent of
the Franck-Condon envelope indicates the difference in dimension

between ion and molecule.

The majority of substances of interest to chemists have
molecular structures of low symmetry, péssessing large numbers of
atoms per molecule, The resulting increase in the possible modes of
vibration that can be excited on ionisation usually leads to vibrational
fine structure of great complexitj, vhich, though characteristic for a
particular molecule, does not give information as to the bonding
character of the electrons. The bands tend to be broad with unre-

solved vibrational ‘structure.

1.10 XOOPMANS THEOREM AITD MOLECULAR ORBITALS

It is possible to compare ionisation ensrgy data from a series
of related compounds by drawing energy level diagrams based on experi-
mental vertical ionisation energies. Molecular orbital calculations
should provide similar data to the PE spsctrum, and the diagrams
obtained from experimental ionisation energiss may be likened to
molecular orbital energy level diagrams. Such diagrams have been
widely used in assignment of photoelestron spectra, but could only have
strict equivalence on a.basis of rigid adherence to Xoopmans' theorem 17.
Thefe are certain problems in adopting this approach, particularly
for open shell molescules, however some use has been made of such dia-
grams in chapters 2 and 4, and in this particular case they have

proved helpful in assignment of the spectra.

Koopmans' theorem states that for a closed shell molecule,

the computed one-electron molecular orbital energy from an ab initio
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sell consistent field (SCF) culculation, is equal %o the ionisation

energy of an elestron from that orbital (equation (1) 6), that is, molecular

Ij = -ESCFj . (1)6

orbital energies are defined as the difference in energy between an
electron at an infinite distance from the molecular ion, and the same
electron in the molecule. There are three reasons vhy this approxima--
tion is inaccurate; much has been written of the inaccuracy involved in

comparison of experimental photoelectron data directly with results of

molecular orbital calculations of all types 18-20

(i) Reorientation aporroximation

In the SCF modei, molecular orbitals are one
electron orbitals; the elsctrons are each treated as woving
in a field provided by fixed nuclei and average interactions
of tae remaining electrons. In assuming Koopmans' theoren,
the approximation that electron interactions are exactly the
sare in the molecule and molecular ion, is introduced, and
this is strictly incorrect, that is, that there is no ‘
reorientation of the remaining electrons on ionisation. The
electrons in ions can always attain a more stable state than
the one defined by their motions in the neutral molecule,
therefore Koopnans' theorem will predict an ionisation
energy taat is too high, The reorientation energy is the
difference between the total ensrgies calculated for the

molecule and molecular ion.

(ii) Correlation energy approximation

Even the perfect Hartree-Fozck 3CF limiting
answer for the energy of a molecule would not equal the
experimental value, because of a correlation energy error.
This is inherent in the one~electron orbital approximation
mentioned in section 1.9(i), which assumes that each electron
experiences the effects of others only by interaction with
a smoothed out-average, foupd by squaring the one~electron

wave function. In fsct electrons tend to keep apart and
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reduce their mutusl repulsion energy: their motion is corre-
lated. Koopuans' theorem assumes that correlation must be
the same for molecule and ion, but since correlation effects
arise to a large extent from pair interactions, the correla-
tion will be different for molecule and ion, and probably
less in the ionm, -

(iii) Relativistic approximation

The Hartree-Fock SCF method does not consider
relativistic effects, and Koopmans' theorem assumes taat
relativistic energy is the same in molecule and ion. In fact
this is not an unreasonable assumption in considering the
ionisation of valence electrons (in non-degenerate molecular
orbitals) with relatively small kinetic energies; however any
levels showing spin-orbit coupling are relativistically
affected. For inner-core electrons with large kinetic

energies relativistic effects become important.

JUSTIFICATION FCR USE OF XOOPMANS' THEOREM

The errors mentioned in 1.9(i) and (ii) tend to cancel each
other, in practice, and that in (iii) may be considered small in the
case of UVPES since the technique is concerned with valence electroas.
However, the cancellation of error is only partial since the re-
orientation effect is larger, resulting in calculated ionisation
energies that are too high. Assignment of PE spectra is furiier
complicated by the fact that reorientation energies for different
types of orbital within a molecule may be different, changing the

expected band sequence.

From the beginning of UVPES research, difficulties withbthe
adoption of Koopmans' theorem were expsrienced; in the case of nitrogen,21
application of the theorem led to qualitatively incorrect ordering of
ionic levels and thus incorrect aésignment of the PE 'spectrum. This
discrepancy was sufficiently small to be attributed to experimental
error: such was no%t the case, however, in assignment of the second and

, .22
third bands of the PE spectrum of fluorine .
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For small molecules the use of a scaling factor (equation (1)7)'v

has met with sone success in application of Xoopmans' theoram 23.

B o= -

For a series of similar organométallic complexes, such as (I)
to(IV) in chapter 2 and (I) to (T1I)in chapter 4, it has been assumed, in
assignment of tne PE spectra, that, even though different relaxation
effects occur for orbitals of different atomic character, the relative

ordering of bands in the PE spectra of such a series would be the same.

The only way to include electron correlation in calculations
of molecular orbital energizs is to use the method of configuration
interaction. In this method, excited state wave functions wita the
same total symmetry are mixed in with the ground state coanfiguration.
Mixing coefficients are found using the variation method, and if an
infinite number of excited state coafigurations are properly mixed in,
the electron correlation will be represented correctly. A good total
wave function and total energy are obtained, but individual molecular
orbitals have no meaning; the one-electron molecular orbitals were an

approximation to bhegin with.

1.1 NMOLECULAR ORBITAL CALCULATIONS

High speed computers are now available, and because of this
a great advance in the field of molecular orbital (10) calculation has
been made, However ab initio SCF calculations are costly in computer
time, and unless the modsl used in calculation is an SCF model carried
to Hartree-Fock limits, made for both molecule and molecular ion, the
calculated orbital energy, € gops cannot be compared reliably with 1ae
experimentgl ionisetion energy, since only for this model is the

neglect of correlation energy tae only remaining serious approximation.

Two reviews of the use of molecular orbital methods for large

organometallic molecules have been'published recently-19’s20.

(1) Ab initio methods

‘Yost ab initio methods for molecular orbital
calculations use the Hartree-Fozk SCF linear combination of

atomic orbitals (LCAO) method developed by Roothaan 24, in\
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which the orbitals are optimised to give the 'best' many-
electron wave functions. Clear datails of the priaciples have
been given 25. Molccular orbitals,ﬁfn, are ecxpressed as linear
combinations of one-electron atomic wave functions, ¢ N
(egquation (1)8).

= (1)8
“n 2:n Cin ¢i

If an inadequate basis set is used, the results
nay be substantially removed from the Hartree-Fock limit.
Inherent in this method is the approximation already mentioned

(section 1.10(ii)), resulting in correlation energy error.

Except for one-electron atoms, the atomic
orbitals are not simple; they are functions of radial dis-
tance, and accurate molecular orbital wave functions may be
expressed as a linear combination of simple algebraic atomic
functions. The most convenient functions for representing
atonic orbitals are Slater orbitals 26 ((1)9),

¢ pap (or) = W e (mx) o (6,8)  (1)9

vhere n is the integral principal quantum number and
Yl,m (6,9 ), a spherical harmonic function,

The main compuatational difficulty in ab initio
¥0 calculations lies in evaluation of the two electron |
integrals. Slater-typs functions are successful for dia-
tomics but for larger molecules, Gaussian type functions are
used, These show a radial dependence exp ( - krz), and have
computational advantages although a larger basis set is

required.

The number of two electron integrals to be
evaluated is proportional to the fourth power of the numder
of atomic functions, and is -thus very higa. Symmetry
considerations are often made in computational methods to
identify integrals of the same value witain a system. An
exanple of the large amounts of computer time reguired for

such calculations, is HMillier's calculation for !n (CO)5H 27;
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this took three hours of computer tiwe on the new CDC 7600

machine,

In recent years, more effort has been made
to calculate ionisation energies without use of Koopmans'
theorem, Cederbaum et al use pefturbation methods to treat
relaxation and correlation effects, 22, 28 and have had

some success with small molecules.

For molecular orbitals of different spatial
character, different reorientation effects are expected on
ionisation, Hillier and co-workers have applied this idea
in their extensive calzulations for transition metal com-
plexes using the '4 SCF' m=thod, although, as already
wentioned, this method is very costly in computer time. It
involves calzulation of ionisation ensrgies as the difference
in total energies of the neutral molecule (ground state) and
the positively charged molecular ion. Two main difficulties
arise with use of this method; firstly, the ionic state
involves open gh21ll calculation in which spin orbitals must
be uvsed, thus increasing computer time, and secondly, there
are greater provlems with convergence in solution of the

secular determinant,

Hillier has reported a large number of
calculations 29_36, in which it was found that

(a) reorientation energy is much greater for orbitals
localised mainly on the metal atom (eg d orbitals) than for

ligand orbitsals,

(b) for first row transition metals, 8SCF calculations

are better than any based on Koopmans' theorem,

Other ab initio calculations for organometallic
molecules, bis (= -allylzzNi 37, Ni (CN)42', Ni (co)4 38,

and (%- 05H5)2 Fe 39,' have been reported.
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(ii) Scrf _consistent field ¥o scatbtered wave calculatlions

This method provides an alternative approach to
MO caleculation, taking account of orbital reorientation
effccts 40. Ezxchange interactions are approzximated in
terms of a local exchanze potential. 'Molecular orbitals'
are generated from the numerical partial-wave solutions of
Schrodinger's equation for well defined spherical regions
within the molecule and its immediate eavironment, Orbital
energies for fractionally occupisd subshells may be computed,
and when the orbital occupancy is reduced by half from its
value in the unionised system, 'ionisation energies' may be

obtained, These account for changes in correlation energy

on ionisation, and for a certain amount of reorientation.

Some calculations made using this method have been
compared wita experimental ionisation energies obtained from
photozlectron spectra; comparison of X; results and Veillard's

ab initio calculation for ferrocene is discussed in chapter 3.

Koopmans' theorem is not valid for SCF X, calcula-
~tions, but Slater's transition state concept allows the
interpretation of electronic transitions in terms of onz-

electron orbitals and includes reorientation effects,

(iii) Approxrimate methods

A large number of semi-~empirical methods for MO
calculations exists; these are often used for treating problems
beyond the capacity of ab initio calculation, and are of
limited value when results are compared with experimental
ionisation energies. Nevertheless, these methods are often

used as an aid to assignment of PE spectra.

In these methods, the basis set is limited to the
valence orbitals, giving rise to errors, although chemical
properties might be expscted to depend on the valence orbitals.
Most methods introduce approximations and incorporate para-
meters to reduce tae computational problems (for example ZDO,
CNDO, INDO, SFINDO, MINDO, SCCC metaods).
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Semi-empirical Huckel calsulatioas (HMO) and
purely empirical Jif0 calculations are still fregquently used
for calzulating ionisation energies, for exaumple in the case

of some cyclic dicenes (see chapter 2).

-Aszignient of many spectra contained in this thesis
was aided to sowe extent by empirical HMO methods, but also
by Hillier's ASCF MO calculations.

(iv) Op=2n sh=ll molecules

Koopmans' theorem does not apply to the ionisation
of open shell molecules: PE spectra of these may show
additional bands due to the formation of more than one ionic
state as removal of an electron from an orbital may give rise

to more than one ion state.

This complicates the PE spsctrum in that several
bands way be related to a single orbital energy in the
neutral molecule, and the probability of formation of the
various accessible ion states must be considered. The
problem has been examined in detail by Cox and Orchard 41-43
and is discussed more fully in chapter 3 which is concerned

with PE spectra for a series of open shell wolecules,

1.12 DEGENERATE TOWIC STATES

Ionisation from a fully occupied degenerate molecular orbital
gives rise to a molecular ion with an orbitally degenerate ground state.
This dcgeneracy may be lifted in two ways;‘by coupling of spin and
orbital angzular momenta, or by Jahn-Teller distortion of the molecular

ion.

Orbitally degénerate ground states may also arise from ionisa-
tion from partially occupied degenerate molecular orbitals (see chapter
3), from two electron transitions, or from ionisation from closed shells

in molecules that have a partially occupied shell or shells,

If both Jahn-Teller distortion and spin-orbit coupling effects

~are wezk, then g single band with complex vibrational structure will be
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apparent in the photoelectron apectrum, If the effects are strong,
therc may be as many bands in the spectrum as there are pairs of
electrons in the degencrate orbitals. For linear species there is

no Jahn-Teller effect since there can be no molecular distortion.

_(i) Spin-orbit coupling

This is well illustrated by the PE spectra of
the noble gases which have an np6 outer counfiguration; the
5

ionised atom has np” configuration. If an unpaired electron
is in a degenerate orbital, and has orbital angular momen-

tum (1 > 0), the spin and orbital angular momenta may

coubine in different ways to produce different states charact-
terised by total angular momentum (L + S). The new states
will have different energy since the spin and orbital
magnetic moments may align to reinforce or oppose one another,
A1l states with multiplicity (25 + 1) greater than 1, that

is S> 0, and a non zero orbital angular momentum, are split

by spin-orbit coupling.

This effect operates on the np5 configuration of
the noble gas ions, and the ionic states produced are
designated ZPé and 2P§ « The states are separated in energy
enough to be well resolved in the PE spectra of the gases.
Because in this case, the incomplete shell is more than half
filled, as indicated by Hund's rulss 44, the state of lower

energy is that with the higher total angular momentum (J).

The ratio of the statistical weights of thzse two
states is 2:1, and their relative intensities as derived
experimentally from the PE spectrum are quoted in table 1.5,
) 45

for some of the noble gases .

TABLE 1.5 RELATIVE INTENSITIES FOR THE NOBLE GA§§§
2 2
GAS B P
S——— N 2 R %
ARGON 1.8 1
FRYPTON ' 1.7 1
XEJON 1.6 1
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For the three gases shown in table 1.5, ionization
energies arec accurately knowa from other sp:sctroscopic data,
and so these gases are used for accurate calibration of

ionisation energies in other PE spectra (section 1.8).

The area ratios for these two photoelectron bands,
are, in fact, expzrimental measurements of Ojg;c%, the
partial photoionisation cross sections for proiuction of ions
in the ZPQ and 2P1 states using, in this case, photons of

2 2
21.22 eV encrgy. A full treatment of partial cross sections

46

for these gases has been published .
Examples of spin—orbit interactions in non-linear

molecular ions are found in the PE spectra of tetrahedral

4+ but

substantial in CBr4f. Spin~orbit splitting is not generally

observed in ionic states of molecules having less than a

AB4 molecules. The interaction is negligible for CF

3-fold symmetry axis, since such molecules contain no
degenerate orbitals, on symmetry grounds. However it is
observed in a few cases and an explanation has been proposed

by Brogli and Heilbrouner 47.

(ii) The Jahn-Teller effect

The Jahn-Teller theorem states that a non-linear
molecule in a degenerate electronic state is unstable towards

distortions that remove the degeneracy 48.

The theorem applies to both spin and orbital
degeneracy, but effects due to spin are negligible. When
such a state is produced on ionisation of a non-linear
molecule, usually by removallof an electron from a degenerate
orbital, the positive ion may distort to a lower symmstry
thereby beconing more stable. Distortion is equivalent to
excitation of one or more degencrate vibrational modes of
the undistorted molecule; these are the Jahn-Teller active
vibrations. Species of active vibrations for all important

point groups are tabulated'by Herzberg 49.
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The Jahn-Teller stabilisation energy, hvD, is the
reduction in energy on changing fron the symumstrical nuclear
configuration to the new equilibrium position. Jahn-Teller
instability in accidental degeneracy is another limitation in

the use of Koopmans' theorem.

(iii) Magnitude of Jahn-Teller distortions and spin-orbit

splitting

Most states of molecular ions prodiuced by ionisation
from degenerate orbitals, therefors, are susceptiblé to spin~
orbit splitting and/or Jahn-Teller effects. The two effects
may be considered as competing to 1lift degeneracy, and the
appearance of the PE spectrum will depend on which is pre-
dominant. Spin-orbit splitting magnitudes depend on the
characteristics of the atomic orditals involved; Jahn-Teller
distortions depand on the bonding characteristics of the

ejected electrom.

When one of the two effects is much stronger,
either normal Jshn-Teller, or spin-orbit split bands are
seen in. the PE spzctrum, but when the effects are of about
the same order of magnitude, another complication arises,

known as the Ham effect 50.

The effects are summarised approximately as follows:

1) spin-crbit splitting >> Jahn-Teller distortion.
In the PE spectrum, the normal spin-orbit splitting

is observed.

2) spin-orbit splitting ¥ Jahn-Teller distortion.

In the spectrum, anomalous intensity distributions are
observed, owing to intensity borrowing. Exauples

of this are seen in the first bands of the spzetra

of CH3Br and vHBCl.

3) Jahn-Teller distortion > spin-orbit splitting.
This is the region of the Ham effect; the same

components are seen as in 1) but with anomelous
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intensitics as in 2), and also with shifts pro-
ducing an appirent reduction of spin-orbit splitting,
possibly large. No exawuples have yet been docu~

mented in PE spectroscopy.

4) Jahn-Teller distortion » spin-orbit splitting.

The spin-orbit splitting is gquenched,

1.13 OTHER TOUISATION PROZCEISES

Ionisation by photons may occur eitner in a one step process,

photoionisation, or a two step process, autoionisation.

(i) Photoionisation

This is an ionisation process in which a photon
interacts with a molecule causing an electron to be ejected
from a molecular orbital of a neutral species into the
continuum, leaving a positively charged molecular ion. All
comnon photoionisation processes are one-electron transitions;

and are allowed vwhatever orbital the electron is in.

There are two forbidden photoionisation processes

that might occur in PES; these are two-clectromn processes:

1) ejection of an electron together with excitation

of another.
2) ejection of two slectrons by one photon.

, These two processes are 'forbidden' since it can
be proved that, if electron motions are independent, a
transition induced by radiation that changes the quantum
numbers of one electron must leave the quantum numbers of all

the other electrons unchanged.

Two eleztron transitions occur since electron

motion is correlated, but these processes give rise only



to very weak effects., An example is the trarsition in mercury,
(1)1':).

ig (50)10(62)° ['s ] —2Ypus" 5)06p)" [%2] +e  (1)10

. Photo~double ionisation, in which two photoelectrons

51

are ejected by one photon has been studied

52

developed “~. The excess photon energy is distributed between

and the theory

the ejected electrons above the photo-double ionisation
threshold, and no sharp peak is observed., Most thresholds
are higher than 21.22 eV, and so the ?rocess is of little

importance in normal el PE spectra.

(ii) Autoionisation

This is an indirect process in which a photoa first
interacts with a molecule to produce an excited state, with

subsequent ejeetion of a photoelectron (1)11.
hv + ‘
M—> 1 —a N +e (1)1

The first step is governed by normal optical
selection rules; the second step is autoionisation, and

no emitted radiation is involved.

The kinetic energy of the ejected electron is not
wnique to this process and could be produced in a normal
photoionisation process, Autoionisation, therefore, will

alter the intensity distribution of the PE spectrum.

‘ Autoionisation states have been detected in
experiments using sources with differing monochromatic
photon energies. They appear as peaks in plots of photo-
jonisation current versus photon wavelength, ani are often

observed when using neon as a source.

If the frequency of the photon source matches that
required for production of autoionisation, the intensity
spectrum will be distorted. - This is rare in PES unless the

energy of the photon source is continuously varied, in which
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case autoionisation states are encountered. Autoionisation
states are not couwmon in Hel PE spectra and are only rarely

encountered in Hell,
There are two distinct types of autoionisation:

a) VIBRATIONAL AUTOIONISATION, in which the ejected electron
is the same electron that is excited in the resonance process
b) ELECTRONIC AUTOIOJISATION, in which the molecular ion is
formed in a different elecctronic state from that of.the core
of the autoionising level. There is no restriction to
ejection of low kinetic energy electrons, and any final state
of the ion with a lower energy than the autoionising state

may be produced,

This may cause changes in vibrational structure
of electronic bands and in relative band intfensity. If
photoelectron spzctra are taken at different photon energieé
and different band intensitizss are found, it is sometimes
possible to conclude that different branching ratios in
electronic autoionisation are the cause. However it is more
likely that changes are due to variations in the direct
photoionisation cross sections for different photon energies

and in the angular distribution of the photoelectrons.

(iii) Fluorescence emission

This process is illustrated in (1)12. Energy is
lost in fluorescence as well as an autoionisation process.
M + hy-— M — M 4+ hy (1)12
M ——— M+ e

This mechanism was proposed to explain the appearance of bands
at certain wavelengths that do not correlate with any known

ionic state 53.

1.14 ANGULAR DISTRIBUTION OF PHOTOELECTRONS

In the photoionisation process, electrbns are not emitted
equally in all directions, that is, the photoelectron flux is highly

anisotropic. Thus band areas in the experimental photoelectron spectra
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depend on the angle at which the photoelectrons are collected and
analysced with respsct to the photon source; usually this angle
(designated® ) is 90° 24,

Many techniques for sfudying the angular distribution of
photoelectrons have been described in the literature, inclading the
use of rotatiné sources 55 or analyser systems. Although it is possible
to measure the angalar distribution of photoelectron flux, as yet there
is no workable theory for molecular photoelectron angular distribution.
From the angular dependence of photoelectron ejection, it has been
deduced 2% that at the magic angle (O = 54.7°), the observed intensities
are directly proportional to partial photoionisation cross sections and

no correction for angular distribution effects is necessary.

The angular dependence of the photoelectron flux, I(@), has a
simple form for gases, where molecules have random orientation. If
the exciting radiation is unpolarised (as in most cases), I is of the

form shown in (1)13%, where 9 is the angle between photon propagation
I(®) « 1 + $B(5sin’a - 1) (1)13

and the direction of the analysed outgoing photoelectrons, and 8 is
an asymmetry parameter ranging from -1 to +2. The largest signal is
seen to be when9 = 900, and this is the value used for all spectra
given in this thesis, For gases, the angular distribution is charac-
terised by B, which varies according to photon energy, and the type
of orbital ionisation process involved,

1.15 PHOTOLLECTRON BAND INTEWSITY

(i) Theorv of band intensity

The intensity of bands in the photoelectron spec-
trum gives information useful in assignment for spectra of
molecules. The areas of the bands are approximately
proportional to relative probabilities of ionisation to
the different ion states, but there are many reasons why

this_is not an exact rule, for example, distortion by

autoionisation processes.

- 29 -



Intensity patterns depend on incident photon
energy, and the detailed theory for calculation of partial
photoionisation cross sections is complex. In the current
study, use has been made of two different photon energies,
and the changes in intensity pattern in the PE spectra of

some organometallic molecules are examined,

The main factors on which the probability for
ionisation depznd are listed below., If ¥ N and §!f
represent initial and final states of a system absorbing a
photon of energy hv, then the probability (o) that an electron
from an orbit&l¢llwill be ejected into the ionisation
continuum is shown in (1)14,

— 2 (1)14

< ?i 1"%% >

where E’i is the wave function of the ground state molecule
and Y'f is the wave function of the molecular ion multiplied
by that of the electron ejected with energy hv - I.E, Band

intensity is influenced by:

(a) the occupancy of the ground state orbital, that is,
. the number of electrons in the orbital from which the photo-
electron is ejected. This means that ionisation from an
orbital containing four electrons should be twice as probable
as from an orbital containing only two. This implies that
all ionisations from two electron orbitals should be of ejual
intensity. In fact this is only nearly true when ionisation
is from molecular orbitals of similar atomic character,
however it can be a useful rough guide to assignﬁent vwhen
molecular with degenerate MOs are being examined. To a
rough approximation, the highér the molecular symaetry, the

fewer the bands which appear in the PE spzctrum.

An example of this is the carbon tetrachloride molecule,
in which the outermost orbitals are the chlorine 3p. Under
tetrahedral symmetry, these coubine to give t1, tZ; and e
orbitals; that is, two sets of triply degenerate, and one of
doubly degenerate MOs. The relative areas under the first
three bands of the PE spectrun (Hel), are 1.9:2.6:1.0, giving
a strong indication that the e ionisation corresponds to the

third band (1.0) although the ratios are far from the predicted
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3:7:2., Comparisons with other spectra and calculations

confirm the assignment.

(b) the degeneracy of the resulting state of the molecular
ion, for example in spin-orbit coupling or Jahn-Teller dis-
tortion., This determines the statistical weights of the

final state of the system, and the number of availabdble

channels by which the electron can escape with slightly
differing kinetic energy, that is, the ionisation cross section
is proportional to the statistical weights of the ionic

states produced, an example being ionisation of the noble

gases to give two doublet states in the ratio 2:1 (see

section 1.12).

(c) The Franck-Condon vibrational overlap integrals be-
tween the molecule in its ground state and a particular
vibrational state of the molecular ion. (Franck-Condon
factors may be separatéd from their total wave functions

using the Born-Oppenheimer approximation.)

(d) ‘Autoionisation effects, Ionisation probability
depends on the wavefunction of the ejected electron, and
thus on (hv - I.E.) which determines the interaction of the
. electron with available autoionising states of electrons in
other orbitals, as it leaves the molecule. Autoionising
transitions such as these can be highly probable and can be

used to trap photons which ultimately result in ionisation.

(e) the size of the ground state orbital., Valence

orbitals of atoms of high atomic number are large compared
to those of low-atomic number, and give rise to more intense
PE bands., Inner shell orbitals have smaller effective cross

sections and give rise to lower PE yields,

(f) the energy of the incident photons. The dependence of
intensity on the energy of radiation used to excite the
spectra is not simple. Experimental measuréments of partial
ionisation cross sections as a function of energy are

12a,45,53,56-58

currently being reported and are becoming

increasingly more common with the advent of synchrotron
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11,12b-4

radiation sources I'igure 1.2 shows the variation

of partial ionisation cross section for a 3s electron in
124

argon as a function of ejected photoelectron energy

0 10 20 30 40 50 60
photoelectron energy (eV)

Fig 1.2 The partial photoionisation cross section of the 3s

electron in argon plotted as a2 function of ejected thoto-

electron energy. ——————— experimental data 12d
cesesessqs. €Xperimental data 12a ———, —.—.—. calculated
data 59’60.

From expsriment it has been found that as photon
energy is varied, the partial ionisation cross section
changes slowly wntil a threshold value is reached; here it
is likely that the photon energy, hv, is of the sane
.order of magnitude as the wavelength hv’ associated with
the wave properties of an elactron in the particular
orbital under investigation, and when the two energies are
equal, or one is at some integral multiple of the energy
of the other, a pesriodic maximun or minimﬁm value for
ionisation cross section is reached. However, autoionisa-
tion effects may also occur; ideally synchrotron radiation
provides & sufficiently continuous rangz ol energy to

detect sutoionisation.
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Because all one-electron photoionisations are allowed,
the partial ionisation cross sections are all of tue same
order of wagnitude, Once tae threshold for a given ionisa-
tion has been passed, light of all shorter waveleugths may
cause the same process. The cross section is usually at a
maximum near the threshold, and then decreases with in-
creasing photon energy, presumably until another maximum

occurs.,

(g) angular dependence. As mentioned previously (section
1.14), this has an effect on photoelectron band intensity.
The angular dependence of an electron in a given orbital is
related to the quantum numbers for the molecule and molecular
ion, and tne angle at which the photoelectron is detected

with respect to the photon source.

(i1) Experimental band intensity measurement

‘The photoeleciron spectra presented in this thesis
are all differential spectra obtained by applying a potential
sweep, linear with time, to the electrostatic analyser
(Appendix 1), and simultaneously recording the first deriva-
tive of output current, as described by Turner 6. In these
speetra, the relative heights of two bands with different
widths, vary with resolution of ths aﬁalyser, and thus peak
heights are not an appropriate measure of intensity; instead

relative areas must be used.

Another difficulty arises in the variation of
analyser sensitivity with electron kinetic energy; this
distorts the spectrum. Electrostatic deflection analysers,
such as that used in the Pe;kin Elmer instrument from which
the spectra were obtained, are more sensitive to high energy
than low energy electrons. For deflection analysers,‘the
resolution, 2E, and thus the energy bandwidth within which
electrons are transmitted, is proportional to the electron
kinetic energy. The areas of both sharp peaks, and broad
bands, are proportional to AE, and so measured intensities
may.be corrected by dividing by the electron kinetic enersy.
The relative intensities of all spectra presented here were

corrected in this way.
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For the Hell spectra, in many cases, allowance
wasg made for the HeIIﬁ satellite spectrum, appearing
7.56 eV to lower ionmisation energy from the main Hell,
spectrum with 10% intensity, as seen from the Hell spzctrum

of nitrogen (Appendix 1).
1.16 SUMMARY

The research presented in the following chapters was
carried out in an attempt to clarify the nature of ligand to metal
bonding in several groups of organometallic complexes using UVPES.
The Hel, and in later chapters, Hell, PE spezstra of these complexes
are presented and attempts are made to assign the bands wifh the aid
of some qualitative molecular orvital diagrams, and some detailed
theory and calculations published by other workers. Use has been
made of the different intensity patterns obtained by using Hel and
HeIl photon sources. A brief summary of content is given at the

beginning of each chapter.
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Chapter 2_

UV Fhotoelectron Spectra of some dienetri-
carbonyliron snd related compounds.



2.4 SUNMARY

This chapter examines modes of bonding in a series
of dienetricarbonyliron znd related complexes. 4 brief
Jdescription of thelr history and methods of preparation is
given, and their molecular end electronic structures are
exainined from previously published rescarch, together with
the structures for the free dienes.

Structural evidence has been obtained from elec~
tron diffraction and X-ray crystallographic studies which
are summarised. 4 review of the current literature concern-
ing the structure and bonding of these complexes, including
molecular orbital cslculations, nucledar magnetic resonance
(n.m.r.), infra-red (i.r.), Raman, end other spectroscopic
data is presented, together with some chemical evidence for
e tructure. Lastly, the PE spectroscopic data for these
complexes and the frée dienes published to date have been
examnined end the current rescarch is presented in three
sections, results, discussion, and experimental.

2.2 INTRODICTION

- Many compounds in which an unsaturated hydrocarbon
ligsnd is bonded to a tricsrbonyliron [Fe(CO)3] residue hsave
been isolatzd, and studies of structure, bonding and
reactivity, feported.

~ Research on dienetricarbonyliron complexes began
in 193C, when the synthesis of'nu-buta-1,3-dienetricarbonyl-
iron, (I), was reported by Reihlen and co-workers 1
(Figure 2.1) ‘

The complex (I) was prepared during an attempt to
formulate a structure for pentacarbonyliron; the latter
comgound vwas heated in a sealed tube with butadiene, at
150°C, for several hours, &nd the resulting complex analysed
as CuHGFe(CO)B. Two alternaﬁive-structures for the complex
were proposed (figure 2.2), (2)1, and (2)2. In each caose



Fleure 2.1

Heo M

H Fe H ﬂu~huté—1,}—dienetricarbonyliron (1)
OC A CO
CO

the netal atom is considered to be bonded to the tsrminal
carbon atoms of the dienec.

Figure 2.2 Structures troposed for (I)

H H H

- o—C c——(

/o [\

HE, £, HZC\ CH,
Fe (2)1 Fe/ (2)2
(co), (co),

In 1953, Reppe end Vetter reported the synthesis
of orgznoiron complexes following reaction of acetylene with
iron carbonyls 62, and in 1958, Hallam and Pauson 63 exten-
ded the study of the original complex, (1), reported by

Reihlen.

More recent research has included the preparation
.
of complexes (II) to (VIII), shown in Figure 2.3 ou—68’ ond
' elucidate

the current study atempks o A.the nature of bonding within
these compleres. e
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Figuve 2,5 Gompleres (IT) to (VITI)

@cic/;Hz
HCEC—%—- CH2 T;L‘—cyclohexa-—‘l ,3-dienetri-
Fe (II) carbonyliron
CO \ CO
CO H
Ho=~dl2cH,
TlLl-cyclohepta-1 ,3-diene- HC/ C}/.]
tricarbonyliron ‘ \HCI;/ 2
Fe (1
ey Fcty L\ [111)
SN CH : CO
: \ /CH CO
e
Fe ( IV) 'nh-cyclooc'ta-‘l s3-dienetricarbonyliron
coL CO CH
CO ‘jC=|é// 2
HC, | ¢
- HCT M,
n ‘-cyclohexa% s3-dienetricarbonyl- |
H ruthenium ’/Ru\ (V)
oo, o | e
HC\Hé____CHZ CcO
Rlu Tlh-cycloheptaﬂ s 3-dienetricerbonyl-
,/ \ (V1) : ruthenium
o ©° -
- €0 by,
I ’ HC% i /
n*-cyclohepta-1,3,5-triene- \ﬁC/’//CH
' CH tricarbonyliron \ /
*E/H(% eH ' e (vII)
He=" o £\ Neo
HC=CH %o
\ (VIII) |
e L
! \ - -cycloocta-1,3,5,7-tetracne-
Cog CO | tricarbonyliron
co



2.3 CLABCTFICATION 4ND SYNTHESES

-———

The chemicul behaviour of dienetricarbonyliron
'complcxes sugests they should be separately classified
from the 'fcrrocege' type complexes first isolated in
the early 1950s 63’70, althdugh the general nature of

metal to organic ligand bonding in both types of complex
is similar.

Two valence bond structures, (2)3 65 and (2)4 n
(figure 2.4) were proposed. Structure (2)3 suggests that

Fig 2.4 Valence bond structures provosed for (I)-

C//c c\\. )
Fe | \Fe/

the ligand is = bonded to the metal, the ligand acting as
electron donating; structure 2(4) suggests a significent
amount of metal-carbon o bHonding as well as ® bonding.
This will be discussed more fully in section 2.5.

The general method of synthesis for complexes
(II) to (VIII) is shown in figure 2.5. An iron carbonyl
complex is refluxed with the relevant ligand in a suiteble
solvent.
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Plepve 2.5 Cerersl netrod of evnthesis for (I)=(VIIT)

Fe(co)5
Fe,(CO), + LIGAND _FfiVX . 116/mD - Fe(cO)
2 ) solvent 3

FeB(CO)12

2.4 MOT LCULAR STRUCTURE

(1) Structural dﬂtq for the diene ligsnds

(a) Dbuta-1,3-dienc

The structure of buta-1,3-diene has been
determined by electron diffraction studies, &and
the molecule is found to exist in a plenar 'trans'
conformation 72. Thié is not the case Ifor per-
fluorobutadiene, for which a dihedral engle of
u2° hes been reported from photoelectron end UV
spectroscopic data. -This was found to be in
ggreement with a subseguent electron diffraction
study 73. '

Heilbronner.7u’75 has attempted to relate
the dihedral sngle (that is, the angle of twist
between the planes contzining the double bonds)
in cyclic dienes to ionisation energies, following
PE sy ectroscoplc studies of cycloalkadlenes 76_78.
Infra-red studies have also been used 1nAdeter-
mnination o7 the conformation of some conjugated
dienes by means of vibrational frequencies 79.
Celculations have been carried out to determine
the minimum energy conformations of cycloalkadienes
with 6,7 or 3 carbon atoms in the ring 80, Tme
results have been compared with electron diffraction,
spectroscopic and molecular polarisability dats;
gobd agreement is generally found except for the
case of ¢ L*ﬁhblud'1,J*QleQ8. Electron diffraction
data are availeble for all these molecules to-
gether with experimental geometrical data.
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(b) cyclohexa-1,3-diene

74,75

76’77, predict
a dihedral sngle of 18°. Other calculations

Calculations by Heilbromner using'

photoelestron spectroscopic data

predict that the most stable conformation, by

2 kceal mole—1, is that in which the two planes
containing the double bonds are inclined at zn
engle of 17.5° with esch other °0, This is in
good egreement with data from electron diffraction
studies 81 end from a microwave investigation 82.
These results compare well with those from two
other sources 83’84. Recent i.r data giﬁe a

dihedral engle of 18° 77,
(e¢) cyclohzpta-1,3-diene

There is some -disegreement over the velie of
the dihedral engle for this molecule. The most
recent experimentgl data, bassed on i.r studies,
give a velue of 0° for the dihedral angle /7,
Calculations 80 sugegest there are two stsble
forms with dihedral angles of 0° end 55°, but
that the 55° form is slightly more steble 85’86.
Electron diffraction studies give a value of 0o°
for the ‘dihedrel eangle, in agreement with the i.r.
data 86. A n.m,r, study by Crews 87 concludes
that the angle is non zero, while Heilbronner's
calculations give a value of 28°. UV studies

provide evidence for a dihedrel angle of 0° 88.

(d) cycloocta-1,3~-diene

Calculations giving a dihedrsl angle. of 65°,
and the ‘'boat/chair' conformation as most stable,
in spite of the large dihedral angle, have been
published 80. Heilbrbnner gives a calculated value

89,50

g .
of 59°v7). The experimental values derived

from electron diffraction data are rather uncertain,
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in view of the complete
dominznt conformation.
agreement on a dihedrsl
ately 60°.

lack of symmetry in the
There seens to be genersal

angle value of epproxim-

The results for the cyclic dienes are summar-

A
l e

ised in table 2.

Dihedral anrles for the cyclic dienes

Teble 2.1
DTS CALCULATED EXPERINENTAL (IN DIGR
cyclohexa—1,3-diena 17.5 80, 1875 18 79,81,82,83
. ] o) neo 00
cyclohepta=i,3-diene 55 “°, O 80 087> o 79,85,86,88 55 87
cycloocta-1,3-diene 65 °°, 59 /2 ~60 2 uncertsin 99290

(e) cycloheptatriene
Electron
-the existence
and- values egree fairly

calculzted engle of 50O

reported in the electron diffraction study

indicate a substantisl

delocalisation.

diffraction studies have determined
of & considersble dihedrsl eangle,

vell with Heilbronner's

75

The bond distances
91 .

smount of ® electron

Cycloheptatriene is found to

exist in boat form &s shown in figure 2.6.

Fig 2.6 Boest form of cveloheptetr

iene
N
N
o N
HC< C——.—-——‘——E{/CHZ
A%ZC CH3§
(f) cyclooctatetraene

This molecule was found by an electron

diffraction study to po

-2 -
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corresgonding to a boat conformation. Observed
differences in bond lengths indicate a higher

bond order for the single carbon-carbon bond and
lower bond order for the double bond, in butadiene,
cempered with cyclooctotetracne. The dihedrsl
engle is sprroximately 4,3°, Earlier X-riy
‘diffraction e and electron diffraction 95
studies are in agrecicnt.

(11) X-rey diffracticn data for the complexes

Many conjugated-diene tricarbonyliron
complexes are ¥nown but X-ray crystallogrzrhic data
are availcble for only a few; thus the exact con-
formations of the ligands within their tricarbonyl-
iron complexes are not known for (II) to {(VII).

X-rsy crystallographic data for (I),
published in 1963 by lills and Robinson 9% showed
the butediene ligand within the molecule to be
in cis-pleansar conformation. Bond lengths betvieen
the diene carbon atoms were found to be identicsl
within rathsr large experimentsl limits; however
the lengths of those bonds originzlly 'double' in
butadiene itself, were undoubtedly increased within

e complex, Values reported are consistent with
complete dszloceslisaticn of the diene px electrons.
The iron atom was found to lie below the clezne of
the diene carbon atoms and apsroximately egui-
distent from all four (2.10 * 0.04 &) and the
plene ceontaining the diene carbon atoms is
inclined at a slight angle to that defined by the
carbon atoms of the three carbonyl groups. Values
for the three iron-carbon—oxygen bond angles within
the complex cre given as 179°, 178°%, 178°.

Leter X-ray crystallographic studies
carried out for related complexes containing a
conjugated diene-tricarbonyliron unit, have

shown the sane tendency towards egualisstion of
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tlie carbon-carborn boand lengths within the.

. . . Gl =t
conjugated diene ligand - o7,

The structures of complex (VIII), and
of the related compounds (2)5, (2)6, (figure 2.7)

C
heve zlso been determined by X-ray diffraction ’8.

Fig 2.7 Cvlooctatetracnetricarbonyliren complexes

H
HC i ?§C
A\ | | 0. O
ﬁ\ 0/, ~ CH c €
\HF' HC\\:\CH cH Fe—CO
e
/\ N N
0 / CH
O c C
0
0
(215 | | (2)6

In coumplex (VIII), the ligend has different .
geometry fron the free ligend, indicating some
reorganizetion of m electron density »n coordina-

" tion to the Fe(CO)3 group. The cyclooctatetraene
ligand was found to be coordinated to the iron
atom via two double bonds only as the butadiene
ligand in complex (I). There was evidence for a
tendency towards equalisation of the ring carbon-
carbon bond lengths, and a distortion towards
plenerity for the.ring.

2.5 ELECTRONIC SURUCTURE

The two velence bond structures proposed for com-—
plex (I) were shown in figure 2.4 - (2)3, and (2)4. Bonding
within the conplex msy be discussed more fully in terms of
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molecular orbital theory.. The synerglc aspect of metel-
carbonyl bonding was exanined by Kettle 99; tlie resulting
slight polarity within the M(CO)3 group (where I = metal)
is @ conseqyuence of carbonyto metal o electron donation,
aesisted by metol to v*“bogybacx donation. The cocrbonyl
acceptor orbitels are low lying = sntibonding orbitsals.

Kettle zlso mentions possible reasons for deviation from

Une.arity of the 1.-C~0 bond.

A discussion of bonding within the M(co3)
fragnent, together with ‘nteraction diagrams for construc-
tion of an M(CO)3 molecular orbitsl energy level disgram,

is given by @liex andeoffmann1oo end again ty Hoffmannet

a1,101. A simple molecular orbital treatment of butadiene-

metal bonding has been discussed by Green 102, the two main

points being:

(a) there is electron donation from the highest
occupicd moleculsr orbital of the ligand into
empty metal 4 orbitals.

(r) this is connlembnted by back denation of
electron cdensity from filled d orbitsls into
the lowest unoccupied moleculer orbital of the
diene.

The relative importence of (a) and (b) is de-
termined by the energy separation between the metel 4
ortitels =nd tle highest occugpied and lowest unoccupied
ligeand molecular orbitals, and also by the symmetry proper-
ties ol the orbitals involved.

Although Fc(CCt7 is not generally thought of as
being an electron donatlng group, within complex (I),
there is evidence from &b initio molecular calculstions on
this molecule, for a net negative charge on the butadiene

nC
ligand “9. There 1s other evidence that this ligand, within

103, 104

the complez, tends to be electron rich A recent

study cf the tending in cyclopentadienyliricarbonylmanganesc
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end related cowmplexes has been published 105. with the

eld of moleculer orbital celculations and PE spectro-
scopic data, MO dlagrams have been drewn showing interac-
tion of the L-in(CC)3 Iraegment with various ligands. The
/complexes studied are shown in figure 2.8,

Fig 2.8 Tricarbonylmanganese compleXes

Mn Mn Mn Mn
(CO% (CO% (COB (CO%

A moleculear orbital treatment of conjugated
olefin-metal complexes has been published by Mingos 106.
The model used appears to predict the correct trends in
bond lengths for carton-carbon bonds in metal-olefin com-
plexes. Hickel ¥C theory is used and includes the metal
dn orbitals. Bond lengths are calculated from the bond
orders thus obtained, using the Coulson-Golebiewski
expression, (2)7 107, where 7 is the calculated bond
length in ﬁ, end p is the Huckel = bond order. For

T = 10517 - 001813 (2)7

coordinated butadiene in complex (I), the calculations
suggest the carbon-carber bonds are equal in length,
' and the bond length is 1.413 §. Lgreement with X-ray
crystellographic data for butadienetricarbonyliron
SL, 108, 109
complexes is extremely good .
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L simple BEuckel kO treaxtment of the butadiene
molecule will now be dlscussed; followed by a description
in MO terms, of bonding to the Fe(CO)3 groupe This model
will be uesed in discussion of the results obtelned in the

present study.

‘Tor tutc-1,3-diene, the atomic orbitals (sOs)

serving as the bas%s set are 2921, 2922, 2923, EPZM’ where
.the numericzl subscripts refer to the carbon atoms, and
the molecular plane is tsken to be the xy plane. If these
[O0s are designatedgﬂ, ¢2, ¢3,¢»u, then the molecular

orbitals (MOs) are given by eqguation (2)8 , which leads to
| —
Vp = Cyp ¢y +Cp) 9, + C}nsbj + Cun ¢H (2)8
the secular equations, (2)9. Zero differentisl overlep is

assumed, even tetweern reighbouring atoms, and & z2nd B are
-
the usual Huckel parameters, Consistent non trivial solu-

Cinlo = By) + Cpyf : =0
. =0
C1nB + CZn(a - En) + CEnB
C,, B + C}n(“ - En) + cuna =0
Czn? + Cun(o, -,En) =0
(2)9

tions of (2)9 are obteined when:

a-En Q 0 0
f) C;-En i E 2 =0
B 0 |
° 0 B &y | (2)10

The solutions of determinant (2)10 give the energies of
the four moleculsr orbitals obtained on combination of the

four 2p, AOs, (2)11. The coefficients, Gy (i =1 to L)(n=1hk)
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1

. —_ 208

e, = a-= 0,628 (2)11

3 i

Gu = o - 1.62:3
give the follewing rolecular orbitals (2)12:
¢1 = 0.3729’),l + 0.602¢2 + 0.602¢’3 + 0.572¢4
! - 5024 o - o - o) 2
Vo = O.COC.,,,l + 0.372¢, O.372¢j 0.60 b1, (2)12
vB = O.602¢1 - O.372¢2 - O.372¢3 + O.602¢4
¥, = 0.372p, = 0.602¢, + 0.602¢5 = 0.372¢,

Thus a rough encrgy level disgram mzy be obtained, as
shown in figure 2.9.

Fig 2.9 _/Lpproximate energy level diagresm for the =

orbitels of cis-butsdiene showing corresponding p

orbital combinstion
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It ic now @ simple matter to assign symmetry labels to
each of the MOs., The HLO method used makes no distine-
tion hetween cis end trens butae-1,3-diene with regard to
energy levels. The symmetry labels will be different for
the two forme, however, since each conformation is
represented by a different point group. Cis and trans
butsdiene differ only in the = electron interactions
between carbon stoms 1 and 4; thus one would expect very
little difference in the =« electronic energies for the two
conformations, &nd since the aspproach used here (HHO theory)
is so approximate, no distinction would be expected.

Trens butadiene may bhe represented by the CZh
point group, with symmetry operations E, 02, i,crh. The
molecular orbitals obtained from the g¢hove calculation
trensform as shown in (2)13.

& ' (2)43

Cis bhutediene bvelengs to the group 02v with
molecular orbitsls transforming as in (2)14.

$1 as b2

¥ as a

2 < (2)14
v3 as b2

wu as &,

These symmetry lebels aré particularly convenient
for use in discussion of MO models of the complexes (I) to
(VIII), although the highest true symmetry within the
complexes is Cg (&, Gh); The symmetry labels for the
diene = KOs then become &' and a" , where a' corresponds
to. a, in G, ond a' to b,, =nd for convenience in dis-
cussion cf tihe bonding in complex (I), the CZV labels have
. been uadopted. '
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In complexz (I), the butadienc LOs may be con-
sidered to interect with metol d orbitals of the same
symmetry and similar energy. Possibllities for inter-
gction on symiuetry grounds‘alone are given 1in table 2.2,

Toable 2.2 Symmetry rproperties of butadiene 0Os end

>

metal d-crbitels

Butadiene 1O Symnetry metal d orbital of
Coy(Cy) equivelent symmetry
\:!1 b2(a") dz2’pzy s
; 1
¢2 az(a ) ¢Px’-dxz
’ '
¥ a,(a') | dy2 _ 42, a4

“denctes en antibonding orbital

Interaction dizgrams for the I.!(CO):5 group end
its relastive enercy levels have been published by Elian
and Hoffmann (Li=Fe) 100, and by Vlhitesides et al.(li=kn) 105,
The interaction disgrem given by Whitesides is shown in
figure 2.10. ‘

If C3V synmetry is assumed for the M(CO)3
(K=Fe) fragament, with the z axis defined as the Cz rotation
axis, the 5o carbonyl levels interact mainly with the metal
dxz’ dyz orbitels. The bonding combinations represent o |
donation from the carbonyl groups to the retal. The
‘ antibondihg combination is primarily dxz’ dyz in character.
For complex (I), an approximate interaction
diagram may now be constructed for the Fe(CO)3 ffagment and
the butadiene ligand; this is shown in figure 2.11. The
principal bonding interactions will be between the metal

Ayzr Gyy
and a, n bonling levels of butediene. The overall symmetry
o .

: %
partly occupled orbitals and the bzqc“ antibonding

of the molecule ioc C_.. The other dienctricarbonyliron

m
(>}
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complexes, (II) to (VI), may be considered to have similar
interaction Jdiagrams, exczpt that the further rcduction in
symmetry will tend to remove any residual degeneracy of the
‘relatively non-bonding metal d levels.

2.6 OTHER SPECTROSCOPIC STRUCTURAL EVIDZINCE

(1) Conjupsted diene tricarbonyliron complexes

Structure (2)4 (fig. 2.4) for comgplex
(I) was first proposzd on the basis of n.m.r. data

71

obtained by Wilkinson and co-workers .

In the proton n.m.r. spectrum of (I),
two protons gave bands gt 5.856 , the normal
olefinic region,and two each at 1.6886 and 0.226 ,
the alirhatic region, thus apparently favouring a
structure of type (2)4. However this interpreta-.
tion of the date would assume the presence of
the iron atom to have no effect on the chemical
ghift of the protons. The same authors -showed
the i.r. stretching freguencies of the carbon-
hydrogen bonds tending to favour sp2 rather than
sp3 hybridised carbon atoms, and therefore consid-
ered structure (2)3 (fig. 2.4) to be ® more
likely representation, particularly since the
effect of the Fe(CO)_-5 group on the magnetic
field was unknown.

There is obviously a contribution to
the structure of (I) from both of the over
simplified valence bond representations; in O
terms, structure (2)3 might be said to represent
electron donation from ligand bonding orbitals
to metal antibonding orbitals, and (2)4, metal &
electron donation to the ligand by® eanti-
bonding orbital. There have been many argunents
as to which of the valence bond representations
makes the greater contribution to the bonding,
or'whéther or not one structure makes any
significant contribution. :
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7
1’C N.0l.r. studies, con-

In 1966, two
cerned with establishing evidence to distinguish the
structures (2)3 or (2)4 were published 110, 111
Both fsvoured a structure of type (2)3 for complex
(1) since the carbon-hydrogen coupling constsnts
wvere more typical of values associated with 592
hyﬁridia:d carbon atoms than spj. From the data
it seems that thzsrz is a small rotation of the
—CH2— hydrogens outo?f the butadiene plane,

Xills and Robinson %, in their X-ray diffraction
study of complex (I), suggested that the n.m.r.
results reported by “Wwilkinson [
_ if the terminal hydrogens in the butadiens residue
were btent slightly out of the butadiene plane.

The euthors of both the 1966 parpers 10, 111 £5516a
~to comment on the significance of the eppeareance

could be explained

of a singlst in the 130 n.m.r. spectrum, represen-
ting the carbonyl carbon atoms in complex (I).

This was noted in a subseguent publication 112,
and the szme asuthors later published a detziled,
variable temperature 130 n.n.r. study of 114
tricsrbenyliron complexes 113. They stated that

the single sharp resonance observed for the three

-diene-

carvonyl groups is inconsistent with static
geonztry (2)3 or (2)4, and interpreted it as a
gign of intramoleculzar rezrrangement, via carbonyl
scrambling. They were able to resolve the carboayl
bands at -90°C and noted the difference in re-
© arrengenent rates for conjugated and non-conjugated
diene complexes, It was argued that the incresesed
activetion barrier for carbonyl scrambling in the
icongugqtoi 2ien=s complexes was due to a significant
contribution from a structure of type (2)4. A
less detailed study in the same field has also
been published 11“ '
_ A recent 130 n.m,r. study by Fearson 115
ciso argues in favour of &n important contribution
from a structure of type (2)L. .\ modified bonding
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odel for ths bubndlens-metal bond is proposed;
the two occupicd = 1'0s of butuulicne are localised,
thus ellowing retention of 3p2 chzracter of all
carbon atoms, wihile giving the appezrance of
significant contribution from =2 (Z)Q—type struc-
ture. This nodel appears to satisfy nost of the
experimental observetions so far published,
including the slight devistion from planarity of
the diene ligand consistent with X-ray data, by
allowing for particl rotation ebout the C1-02
end 03'04 tond axes. sAnother 130 ne.m,r., study
reaches the sane conclusions 116.

It is likely that the nature of eny
diene substituvents will significantly effect
contributions from one or other of the valence
bond structures 13, 115. Since the nature of
tha substituent (electron withdrawing or donatirg)
mey &alter the relative energies of the = li0s, as,
for example, in the case of perfluocrobutadiene 73,
thus having a significent influence on the struc-
ture, the relative contributions from each of the
% levels to the metzl ligand bond vill be daifferent.

(11) 71u—cyclohegﬁa-1;},5-trienetricarbonyliron

This complex wes first reported errbn—
eously as the dicarbonyl complex in 1958 117, but
in 1961 was redescribed correctly 118. The
'dicarbonyl' showed three strong bands in the
csrbonyl stretching region of the i.r. spectrun;
such e cspectrum was inconsistent with a siaple
dicarbonyl structure. Infra-red and proten n.m.r.

118 were consistent with structure (VII), in

data
which the tricarbenyliron group is bonded to two
adjacent double bonds of the triene, while the

third double bond remains uncoordinated.
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I}
(iii) ?14~qycloocts—1,Q,Q,ZrtctraenetriCQrbon_

vliron

The room temperature proton n.m.r.
spectrun of this complex in solution shows only
one sharp line, and 1t was originelly, although
‘incorrectly, proposed thet the cyclooctatztrecene
ring ¥?s in the form of a planar delocallsed 08
ring 9 although the X-ray diffracticn data
showed this not to be the case for the solid 98.
The electron diffraction study'of cycloocta=-
tetrzene, (COT), has indicated a non planar 'tub’
conformation 72; this geometry is retsined in the
Ag(COT)? complex 120, Cyclooctatetraene itself,
fails to show aromatic character; molecular
orbitel calculstions yield two unpeired electrons
for the molecule paving D8h or non-plenear Dud
synmmetry.

' Evidence for the existence of the
'nu--diene structure of (VIII) in solution as
well és in crystellire form 98, arises from an
i.r. and Reman spectroscopic study of the complex
121; the

spectra were found to be similar. Thus the single

both in the solid state, and in solution

shery rescnance in the proton n.m.r, szectrunm
could not be attributed to a different geometry
in solution, for the complex. The protons in
compound (2)6 (figure 2.7) were found to be non-
eqguivalent, so that any proposed exchange mechan-
isms for protons in (VIII) had to explain this
also. Dickens and Lipscomb suggested a
dynamic effect amounting to permutation of the
carbon atoms of the ring relative to the tricarbon-
yliron group; this would satisfy experimental
observations,
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5.7

was reviewed by Pettit and Emerson in 1964

Several temperature depgendent n.n.r,
studles of (VIII) were published 122124 yp-
fortunately, even at low temperatures, the proton
bands fsiled to reach the slow exchange limit,

It was suggested'that the cyclooctatetracne
ligend was bonded in the 1,5-position 12“. It
was known thsat (VIII) is fluxional in solution,
and the reesrrangement mechanism was suggested to
be by a series of 1,2-shifts of the Fe(CO)3 group,
eround the COT ring 125. The crystal ond molecu-
lar structure of the cbrresgonding ruthenium
compourd was =absequently determined 126, confirm-
ing bonding in the 1,3-position, and proton n.a.r.
studics carried out on this molecule to deternine

a shift mechenism, sincé this molecule is elso
fluxional 127. Since the structure of the
rutiheniun complex is isomorphous with (VIII) it
was considered safe to regard the ruthenium
complex as ¢ clese structural snd dynanic analogue
of (VIII), and the two were suggested to have the
same shift mecheniem 127. It was possible to
resolve the proton n.n.r. spectrun of the rutheniun
complex at low temperatures, and a likely shift
mechanism was forimmulated. The proposed 1,2=-shift
mechanism was later confiramed by a 130_ N.M,T,

study 128, end & pulsed n.m.r, study of the
molecular dynamics of (VIII) in-the solid state
was published 129; the results fully substantiate
conclusions drawn from esrlier experiments, that

there is motion in the complex in the solid state.

" CHELICAL TVIDENCE

The chemistry of dienetricarbonyliron complexes
120 "Hallam and

Feauson 63 first studied the chemical reactivity of (I), and
found it to be typical of the reactivity of the free diene.
This led them to suggest that-the buta-1,3-diene ligand
remained essentially  intact within the complex molecule.
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‘Halluz cnd FPzuson also prepered (II) from the reaction of
pentacarbonyliron and cyclohexa-1,3-diene. DBecause the

only likely ccrnformation of the cyclic diene within the
complex was that with a 'cis' arrangement of double bonds,
and beczuse of the similarity of the two complexes chemically,
it was suggested that the same diene conformation was

present in (I), and a structure, (2)3 (figure 2.4) was
proposed,

The preference of the Fe(CO)3 group for a con-
jugeted diene, &s opposed to, for example, a 1.4-, or 1,5-
diene, is well known, and chemical evidence for this prefer-
ence 1s frovicded by the isomerisation of some ligands during
complex formation, for example as shown-in figure 2.12. '

Cyclohexae-1,4-diene was found to give the T)u-cyclo-
hexa-1,3-dienetricarbonyliron conmplex 131, and penta-1,4- ¢
5

diene iscmerises to give nu—penta—1,3—dienetricarbonyliron .
Complexes in which the tricarbonyliron group is bonded to a

Fig 2,12 Isonearisofticn of some non-conjugated dienes

H
Ho__cH HCC _.—ch
HC{ JCH, + FelCO)y —— HC——C
2NC—C, 2 | e I
Fe
AN
o¢ \ co
Co
Hz' H~___~H
Ho” e H,07 NC—CH,
[ + Fe(CO), —> 7 H
Hy CH, | -+ . Fe
oc | co
CO
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3 I = . : . z,-\.»'z
non-ceniugetzl dene are known 132, 132, 117, but less

COINMON .
Cprggsponding ruthenium complexes have been
. 13! O . .
isolated '“%*? but ruthenium will readily form complszes

with non-conjugated dienes 153. Thé prefercnce of the
tricorbonyliren proup in forming conjugated-dienz complexes
is discussed in molecular orbital terms bty Elian and Hoffman
100, who stole that, in generzl, any conjugated dicne is

a better donor or scceptor of electrons than a non-conjugated
diene, in this type of complex. This is also stated by

Green 102.

The reaction of cycloheptatriene with pcenta-
carbonyliron gives three organometallic complexes; relative
yields vary according to reaction conditions. The three
products are (VII), a red liguid, (III), an orange liquid,
snd e yellow crystelline trinuclear iron complex., It was
found difficult to separste the liguid products, even Ly
repeated chromatography 118. Dauben and Bertelli 135
published a method of preparaticn for (VII) in the same
year as VWilkinson et al 118. They, also, found the product
to be contaminated with the diene complex (III), and the
ratio of triencg to diene product appeared to decrease over
a period of days. They described (VII) as being sensitive
to light and air. The pire diene complex (III) was
readily thainei from reaction of cyclohepta-i,3-diene
with pentacarbonylirsn. In 1972, Lewis et al reported a
prepasration of pure (VII) by UV irradiation of a soluticn
of pentacarbonyliron and cycloheptatriene in benzene 6/.

Treatment of pentacarbonyliron with cycloocta-
tetraene, gives (VIII), (2)5, and (2)6 (figure 2.7) 126-139,
M9, ror (VIII), the ligend geometry chenges on complex
formation, and a different chemical reactivity,‘more
characteristic of aromatic hydrocarbons is observed, indica-
ting some reorganisation of =n electron density on coordina-

tion to the Fa(CO)3 group.
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Seversl examples of the enhanced stobility of
highly reactive organlc molecules by coordination to a
tricarbonyliron group, for example cyclobutadiene 1“0,
and trimcthylenemetheane 141 have beén recported. Attempts
have been made to study these orzanic ligands using valence
region PES and molecular orbital theory ihe-1ih

The photozlectron spectrometer used by Dewar
and Viorley wvas of the cylindrical grid retarding potential
type 145 snd spectra obtained were of integrel form. The
ionisation energies of (I) and complexes shown in figure
2.13, (2)15 and (2)16, were recorded, There is a fairly

Fipgure 2,13 Cyclobutzdiene~ snd trimethylenemethane-

tricaroonylircn complexes

Ho
A==CH
HCO ) ' CCH
Ch HC/~ \CZ
2 H2
"Fe\m15 SR 2
SURNCTol SRS | of § o -
Co Co

large error inherent in the use of the ebove instrumentation;
results obtainsd using a higher resolution spectrometer with
magnetic or electrostatic analyser would be prefersble. The
study by Dewar was en attempt to examine the free organic
~ligends. . In the case of conplex (1), comparison was made
with the I'E spectrum of the free diene, trans-buta-1, 3-diene’
Ionisation energies for each isomer of butadiene were pre-
dicted by calculction.

The PE spectrum of butadiene has been recorled and

1 W5

, to the first ionisation energy of butadiene, and the high

discussed by Turner et a « There is general agreement as
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resolution I'Z spectrum chows thet the molecular crbital
involved is rathcr non~bonding, and thcecrefore likely to be
the upper = orbital, 1b = . It ic Xnown that at room
temperature butadiene cxists meinly in the 'trans' form
with a small percentage of the 'cis' isomer presente.
Various studies svggest the amount is somewhere in the
region of 1 to T4 1u6f1a7 elthough there 1s no direct

f\]

20,0
spectroscopic prcof '+ The ionisation energy of trans-
butadiene hos been determined spectroscopically 2s 9.062 eV
l
149

‘cis! isomer to be greater by C.02 to O.1L eV

s ond calculations predict the ilonisation energy of the
150

Celculations performed for butadiene give verying
esults a2s to whether the second iconisation band in the TS
rectrum is duz to lonisation from the g, orbital, o? the-

highest o orvital. Celculations reported by Dewar 151 place
the energy of the highest occupied o orbital bvetween the
energles of the two = orbitals, -while Keato and co~-workers
assign thz two orbilials of highest encrgy as ﬂ15 « It hes
been suggested 75, 78 that calculations of the type used by
Deviar place too much emphasis on o levels. Heilbronner
state that 'as expected fron Hrevious experience, the
hILuO/c celculation yiclds a much too high lying o -level;

Y75

the LINDO/2 treatment exagrerates o /x  nixing .

In 2 more recent publicstion, the ionisation
cnergles for butadlene werce estimated by teking the differ-~
ence between the toteal ground state energy for the neutral
species and the total energies of the ground or excited
states of a corresponding catio:, according to the
ASCF - CI method '22. The values thus estimated are
compared with experimentsl ionisation energies, and
give the ordering b_. 7™ < a_ ® < ago‘. Other support .

g u
for this interpretation of the PE spectrum is given by
Heilbronner 75; it can be seen from the FE spectra of

the dienes reported by Heilbronner, that the first two
bends in each case are of similar shape and intensity,
which, on the basis of simple photoionisation cross section
rules, would suggest that these bands arise from ionisa-
tion from molecular orbitals of similar character. Eland
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assigns the first three bands in the butadiene spectrum

154

as n, ®, and o

The photoelectron specira of cyclohexa-1,3-
diene, cyclohepta-1,3~diene, cycloocta-1,3-diene,
cycloheptatriene, and cyclooctatetraene have been

assigncd on the basis that the first two bands are due

recorde . The spectra of the cyclic dienes are

to = orbital ionisation. 4lthough Heilbronner has slso
attempted to relate the dihedral angles for these con-
Jugated dienes to data from the PE spectra 4
obtained are not alwsys in agreement with those given

, Values

by other spectroscopic studies‘(table 2.1), particularly
for the case of cyclohepta-1,3-diéne. N

Recent high resolution PE spectroscopic stud-
ies have been reported, together with ab initio MO
calculations, for nu-buta-1,3-dienetricarbonyliron 29,
(1), trimethylenemethanetri carbonyliron, (2)16 155,
dibenzenechromium, and benzene tricarbonylchromium 33.
For complex (I) 29, Hel, Hell, and X-ray photoelectron
data are published, z2nd the low energy P& spectrun is
interpreted taking into zccount apparent deviations from
Koopmans' theorem. A photoelectron spectroscopic and
molecular orbital study has been reported for cyclo-
pentadienyltricarbonylmanganese, (figure 2.8) and some
related compounds 109. A linear relationship was
observed between the calculated eigenvalues and the
experimental ionisation energies of the complexes. This
correlation suggests that deviations from Koopmans'

- theorem may be taken as constant for the series of

similar complexes.,

2.9 CURRENT RESEARCH

Complexes (I) to (VIII) were synthesised
(figure 2.3) and the Hel UVPE spectra were obtained for
these. . Interpretation of the spectra was aided con-
siderably by the work of Hillier et al.29, although
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qualitative MO diagrams were also used to some extent.
The basls of assignment of the spectra, other than that
of (I) on Hillier's work, was justified by the finding
of Whitesides et al 19°2; that is, that for a series

of similar complexes, deviation from Koopmans' theoren
may be regarded as constsnt. It was hoped that a
clearer idea of the diene-tricarbonyliron bonding might
be obtained, and that some information as to the mole-
cular geometry of the cyclic dienes within the tri-
carbonyliron complexes might be inferred from the photo-
electron spectra. For most of the complexes the mole-
cular structures have not yet,been confirmed. 4b initio
calculations were performed for planar ‘cis"and ttrans!
buta-1,3-diene, using the Gaussian 70 computer package.

2.10 RESULTS

The ionisation energies obtained for each of

" the organic compounds are shown in tsble 2.3; those of

- the corresponding tricarbonyliron and tricarbonyl-
ruthenium complexes in table 2.4. Ionisation energies
reported by Heilbronner et 511.75_77 are given in brackets.
These values were taken to be more accurate for

purposes of comparison with the tricarbonyliron complexes
156, since resolution in the current spectra of the
ligends wes extremely boor, end deteriorated as the
spectra were bsinz obtained. This is shown by the
broadening, snd, in some cases, doubling, of the cali-
bration peaks, and was thought to be due to decomp081tion
of the dienes and dep031tlon on the analyser plestes.

The spectra of two additional complexes, (IX)
end (X) (figure 2.14) are reported; ionisation energies
are given in teble 2.5 together with vslues for complex
(I) for comparison.



Fipure 2,10 GComplexes (IX) and (X)

H H H H
—Cx - —C CH
H ol Hon, nec Se-cH 3
3 H H 3 3" "H H™ ™\
OH OCH,
-Fe JFe
’/ \ '/,/ \
OC CO 0C 0
CO CO

(IX) : - (X)

Teble 2.3 Vertical Ionisation Energies (eV) for the dienes,

cycloheptatriene and cyclooctatetraene

COMPOUND IONIS/ATION =ENERGIES

trans~buta; 9.08 L5 11.34 L5 12.2 L5
1,3-diene 9.09 194 44,55 154

cyclohexa- . 8.61(8.25)*  10.93(10.75) 11.33
1,3-diene

cyclohepta- 8.50(8.31)  10.57(10.63) 11.09
1,3-diene

cycloocta~ 8.60(8.68) 9.94(10.00) 10.91(10.94)
1,3-diene ‘ '

cyclohepta- 8.50(8.57) 9,44(9.52) 10.89(10.96) 11.67
1,3,5~-triene '

cycloocta~ 8.42(8.42) 9.78(9.78) 11.10(11.15) 11.49(11.55)
153,5,7- - |

tetraene

*values in brackets are those reported by Heilbronner =17

- 64 ~



Trhle 2,54 Tonisation Enerpies (eV) for complexes (I)

to (VIII)
COMPOUND VERTICAL IONISATION ENERGIES
& B | c D

(1) '8.16(sh), 8.67 9.82 11.43 12.56
(I1) 7.98(sh), 8.56 9.33 11.04 12.17
(111) 7.78(sh), 8.46 9.12 10.86 11.71
(Iv) 7.45(sh), 8.27 8.87 10.44 10.87
(V) 8.01, 8.91 9.39(sh)  11.01 11.83
(V1) 7.96, 8.94 9.40ksh)' 10.84 11.64
(VII) 7.76(sh), 8.39 8.78, 10.23 11.10 11.82
(VIII) 7.84 8.74 10.61 11.63

(sh) = shoulder

Teble 2,5 JTonisation Energies (eV) for complexes
(IX) eana (X)

COLPOUKD ' VERTICAL JONISATION ENERGIES
P - B C D
(1) . 8.16(sh), 8.67 9.82 11.43 - 12,56
(I1X) 7.72, 8.48 9.40 11.19 | 11.72
(x) 8.30, 8.90 9.81, 10.21 10.88, 11.40 12.43

4b initio calculations for plenar “cis® end
Ytrans'® buta—1,3-diene were carried out using the Gsussian
70 computer program, adapted for the London University
CDC 7600 computer 157, and results are summarised in
tables 2.6 and 2.7. The energies of the highest occupied
molecular orbitals are given, .and from these, ionisation
energies have been calculated, according to equation
(2)17 (that is, Koopmans' theorem has been adopted).
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-¢... = IE (2)17

Agreement with experiment is not good; however, the
calculations do show the two highest occupied molecular
orbitals to be essentially of 7:character.

Teble 2.6 Gaussian 70 calculztions for butadiene
using normal besis set

€qcp 1D Hartrees (1 Hartree = 27.21 eV)

n

IE, in eV (assuming Koopmans' theofem)

TRANS-BUTA-1, 3-DIENE . CIS-BUTA-1,3-DIENE
e, = = 0.2601695 IE; = 7.08 &4 = - 0.2600456 IE; = 7.08
e, = - 0.3917848 IE, = 10.66 e, = - 0.3908596 IE, = 10.64
ey = - o;gu13831 IE; = 12,01 €5 = = 0.LU77999 IE; = 12.18
ey, = - 0.4850582 IE, = 13.20 ¢) = - 0.4579799 IE, = 12.46
e5 = = O.496L305 IEg = 13.51 eg = = 0.5273041 IE5 = 14.35

In fact the calculations shown in teble 2,6 predict the =
lonisation energies of the “trans" form of butadiene to
be slightly higher than those of the ‘cis* form. For
the first lonisation energy, the difference predicted is
.00324 eV. Calculations shown in table 2.7 show the sanme
. trend; the differences are slightly greater.
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Table 2.7 Craussinn 79 calculstions for butadiene

using extended basis set

€ SoF in Hartrees, IE in eV,

TR;NS-BUT/~1, 3-DIENE CIS-BUT:-1,3-DIENE
ey = = 0.315039% IE, = 8.57 e, = - 0.3131116 IE, = 8.52
e, = = 0.4384020 1IE, = 11.93 e, = = 0.4374724 1E, = 11.90
ey = = 0.4881963 IEg = 13.28 &5 = - 0.4963706 IE; = 13.51
e, = = 0.5384721 1IE, = 14.65 e,.= - 0.5054480 IE, = 13.75
eg = = 0.543UL06 IEg = 14.79 €5 = - 0.5728480 IE; = 15.59
2.11 DISCUSSION PART 4: CALCULATIONS

The UV photoelectron spectrum of butadiene was
diecussed in section 2.8. There has been some disagree-
ment 2s to whether the first two bands in the spectrum
arise from ionisation from the two occupied = KOs, cr
from the highest occuried = and o MOs. Elend assigns
the first two bends &s being due to ionisastion from =
orbitzsls 15“, in egreement with recent calculations 153.
Heilbronner assigns the first two bands in the PE spec-
tra of cyclic conjugeted dienes es arising from =
orbitel jionisation. The celculations carried out using
Gaussien 70 also predict this ordering, end assignment
~of the diene spectra has been based on this evidence.

It msy be seen from ths spectra of the dienes that the
first two bands in each case are of similar shepe and
intensity, which, on the basls of simple photoionisa-
tion cross section rules, would suggest thétfthe first
two bends srise from ionisstion from moleculur orbitsls
of similer type.
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Zlthough the Geussien 70 calculations predict
the n, =, ¢ ordering of energy levels, the ionisstion
encrgies calculated from Koopmens' approximation, (2)17,
are not in geod egreenrent with experiment=al velues,
although there is some improvement on use of an extended
basis set. These latter cslculations predict the first
ionisation energy of the 'trans' form of butadiene to
be greater than that of the 'cis', by atout 0.05 €V;
this is not in agreement with Dewar's calculation 150,
but is in agreement with experimentel data reportcd by
Sugden snd Walsh 158 Use of the relationship (2)18 23
gives equally poor agreement with experimental values.

IZ; = - 0.92e4 (2)18

=1 CF;
& simple Huckel kO treatment of butadiene was
discussed in section 2.5; this may be extended to des-
cribe the = MOs of the dienes in teble 2.3. Due to the
lowefing in symmetry with respect to buta-1,3-diene, the
b, ® highest occupied KO of cis-butadiene will become a"x
in Cg symmetry, and the &,7 MO of cis-butadiene, aln
Heilbronner's ionisstion energies for these dienes may
be compared to those obtained in the present study by
exenminaticn of teble 2.3. Good sgreement is seen except
in the case of cyclohexa~1,3%-diene, for which possible
reasons were mentioned eerlier,

' Brundle eand Robin 73

suggest that when two
ethylenic groups of a conjugated diene are non-plansr,
the n electron energies will be very different from

~ those of the two plenar conformers of buta-i,3-diene.

4As the molecule twists about the centrel bond, the

two occupied LOs, ¥ 1 end Wz collapse toward one another,
as they both converge upon the = orbitsl energy of the
isoleted corponent monoolefin, Such orbital?energies
may be readily obtained from the PE spectrum. 4 simple -
disgrem showing the relative ionisation energies of the
series of dienest buta-1,3-diene (a), cyclohexe-1,3-
diene (b), cycloh&rta~1,3~diene,(c), and cycloocta-1, 3~
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dilence (d), is given in figure 2.15. Heilvronner's
results cre shown in figure 2.16. In order to discuss
trends in these energy levels it is first necessary to
consider the pecmetries of these dienes, and, in particu-~
‘lar, their dihedral angles. The assignments of the FE
spectra of the dicres ere based on those of Heilbronner

Th=T78

There is evidence that all these cyclic dienes
exist in 'cis' conformaticn 72, 80 but with varying
dihedrel angles as discussed in‘section 2.4. £lthough
Hellbronner has attempted to relate the dihedrel angle to
photoelectron data hs 75, the calculated dihedral eangles
ere not entirely in agreement with other experimental
deta and calculations 72y 79. ‘ |

2.12 DISCUSSICN PART 2: PHOTOTLECTRON SPECTRA
OrF THE CYCLIC DIERES.

(1) cyeclorexs~1,2-diene The bands in
.the PE spectra at 8.61 and 10.93 eV corres-
pond to ionisation from the two = MOs. The
onset of o lonisation is at 11.33 eV
Heilbronner's values for x ionisation are
8.25 end 10,75 €V,

(ii) cyeclohepts-1,%-diene The x ionisa-
" energies measured were 8.50 and 10.57 eV,

compared with Heilbronner's values of 8.31
and 10.63 eV, The first o ionisation occurs
at 11.09 eV,

(1ii) cycloocta-1,3-diene The first three
jonisation energies were found to be at 8.60,
9.94 and 10.91 eV. The first two bands are
assigned to ionisation from = MOs and the band
at 10.91 eV to ionisation frem a o k0. ALgrce-
mént with Heilbronner's values of 8.€8, 10,00,
and 10.94 eV, is good.
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Fig_215 Correlation diagram for the conjugated
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Fig 216  Correiation diagram for the coruuggi__d
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Both Heilbronner's results, and those obtesined
in the current study show the same genersl trends. It
may be seen from figures 2.15 and 2.16, that the trends
‘are as follows:

(a) there is an cpperent decresse in ® orbital
separation as ring size increases

(b) there is an increase in separation between
the lower lying = and upper o orbital energies
as the ring sigze increases,

Heilbronner's results show an increase in first iconisation
energy with increasing ring size; the current results
do not.,

These epparent trends, however, may also be
associated with the changing geometry of the diene. The
increase in ring size would not be expected to give such
noticecble chenges in energy level as are observed. The
change in dihedrel engle, as seen from teble 2.8, appears
to be relatecd to the separation of the n levels; this
effect is expected, and was predicted by Brundle and. Robin
73. It eppears that the two occupied = levels, {y; and
v 2,collapse towards one enother in energy with increasing
dihedrezl angle, noticeegbly in the case of cycloocta-1,3-
diene, where the = separation is 1.34 eV. For butediene,
cyclohexa—1,3~diene, end cyclohepta-i,3-diene, the =
separation is very similar (ebout 2.3 eV). This coin-
cides with experinental observation that the dihedral
angle is small or zeroc for the cyclic conjugated dienes
with six or seven membgred rings, and very different

for cycloocta=-1,3-diene.
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Table 2.8 Seperation of = enerpy levels for the

conjugated dienes (eV)

COLFOUND 7 SEPIRATION MEASURED DIBEDRAL NGLE
FROM PES (eV)

buta-1,3-diene 2,26 ¥ | 0°
cyclohexa~1,3-dicne 2.32 (2.50)* 18°
cyclohepta=-1,3~-diene 2,07 (2.32) o°
cycloocta~-1,3-diene 1.34 (1.32) | 60°

(iv) cycloheptatriene and cyclooctatetraene

Figure 2.17 1is a correlation disgram
showing ionisztion energies for cyclohepta? ,
triene (c¢') and cyclooctatetrsene (&'). Ionisa-
tion erergies for butadiene (a), cyclohepta-1,3-
diene (c¢), and cycloocta-1,3-diene (d) are
included feor comparison.

Ionisation energies found for cycloheptatriene
egree well with velues reported by Heilbronner 75, and
the first three bands in the PE spectrum are assigned to
ionisztion from m l0Os. The separetion between these
bands is small compered with butadiene in which the
conjugated diene system is planer (iie.the dihedrsl angle
1s 0°) but is not unlike the separation vé ue found for
.the ® levels in cycloocta-1,3-diene, which has a large
dihedral angle. Thus it might be expected that the
double bonds of cycloheptatriene esre not nearly coplansr.
The electron diffresction study N discussed in section 2.4
shows a large dihedral angle for this molecuié, and also
indicates a considerzble amount of = electron delocal-
isation.
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Fig_2.17  Correlation diagram_for
‘Cycloheptatriene and cyclooctatetraene
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The plietoelectron spectrum of cyclooctatetraene
has been reported and assigned by Eland 15u, end by
Heilbronner 75. The ionisation energy seguence originally
:proposed by Elend is confirmed by Hellbrenner's data,
end by the present study, on simple intensity grounds,
as may; < ey <~7cb2,o-. There have been other previous

investigations of the PE spectrum of this compound 15, 159.

2413 DISCUSSION PART 3: PHOTOELECTRON SPECTRA OF

THZ COMELIZES

(1) nu—buta~113-dienetricafbonyliron,(I)

The ionisation energies for complex
(I) are listed in tsble 2.4. In tsble 2.9,
these values are compared with results obtzined
by Dewar 142’ 10k and Hillier et al.29. Agree-
ment of the current values with those of
Hillier is good. The quality of instrumentation
used by Dewzry end Vorley may explain the poorer
agreement wih their results.

Table 2.9 Jonissztion energies for complex (I) (eV)

CURRENT WORK DETVIR AND V/IORLEY 1he, 14& HILLIER 23
8.16 (sh) 8.04 ~ 8.23 (sh)
8.67 ' 8.82
9.82 - 9.73 9.93

11.43 10.92 S 11,52
12.56 11,23 | 12,94

A qualitative energy level diagram
constructed partly from PE data, and partly from
Huckel MO calculations, for complex (I) is
shown in figure 2.11; bqn@ing was discussed in



section 2.5. The point should be made that the
disgram was constructed merely os &n aid to
interrretation ¢f the FE data and clthough the
ordering of energy levels shown is the same as
that found from assignment of the spectra,

this ordering is not necessarily that in the
neutrzal molecule, This would only be the case
if Koormens' theorem is cbeyed, and there is
some evidence from Hillier's work °2 that it
is not.

The photoelectron spectrum of (I) (see:
PE spectrum 6 st end of cheapter) is divided for
convenience into regions lebelled 4,B,C,D 156
end hgg been assigned on the basis of Hillier's

work .

Region A, of lowest ionisation energy,
is associeted with ionisstion from molecular
orbitzls that are essentislly of 4 character,

that 1is, those arising from the iron dxz_yZ
s

dzz end dxy atomic orbitsls; these crbitals
show little evidence of interaction with the
butadiene ¥0s. Also in region A are ionisations
from the MC &arising from interaction of the
partly filled dxz"dyz ADs with the‘bgw *.anti-
bonding MO of butadiene. The ordering of these
levels within region A is uncertein but it is
not thought that the b2 n*=-d orbitel can be
responsible for the shoulder to low IE of

.the first bend; evidence for this is sghown in
the HeII PE spectrum recorded by Hillier 22,
However, according to calculations, both by
Koopmans' theorem, and by the gb initio

method used by Hillier, this molecular orbital
is predicted to have the lowest ionisation

EeNErgye.
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The second region, B, consists of a
band showing both metsl and ligend orbital
charaecter. It is assigned to ionisation from
the orbital associated with = donation from
butadiene to the metal, the MOs concerned are
the a,m (highest occupied level) of butadiene,
and the partially filled dxz’ dyz metal orbitsals.

Region C consists of a2 band showing
esgentially ligend character, and may be
vassociated with ionisation from the b2vt
occupied MO of butadiene. There is little
evidence of interaction with metal d orbitals,
and the ionisation energy of this level is
changed very little from that of the corres-

ponding level in the free diene,

Region D consists of bends which are
due to ionisation of electrons from o levels
of the diene, end from the carbonyl ligends.

The metal 4 levels are presumebly
closer in energy to the lowest unoccupied,
rather than the highest occupied MO energy
level of the free diene, since there is
evidence (section 2.5) that in complex (I),
the tricarbonyliron fragment acts as en
electron donating group.

The calculated ordering of energy
levels 23 for this complex, is not &t first
apparently in line with the gbove assign-
ments of the PE spéctrum, It is found that -
the‘MOs of mainly metsl character lie below
the highest }0s of mainly ligand (butadiene)
character. It has been suggested that
orbitals of d chsrecter will show greater
relaxation effects compared with p type
orbitals 29, 160 and Koopmans' theorem would
not be valid in this case.
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L
(i1) 71L—dienetricarbonyl M_complexes,
(I1)-(1), (k=Fe, Ru)

The spectra of the remaining diene-
tricarbonyliron complexes, (II)~-(IV) and
those of corresponding ruthenium complexes,
(V), (VI), have been assigned on a similar
basis to that of complex (I), the justifica-
tion for this being that the complexes are
very similar., Thus, even if a different
magnitude of orbital relexation for orbitals
of differing atomic character occurs on
lonisation, this will not affect the ordering
of bands in the spectrum relative to the
parent compound, (I).

In the PE spectra of complexes (II)
to (IV), fegion B is less well resolved fron
the metsl 4 bands 6f region A, and region C
occurs as a shoulder on the edge of D.

The spectra of the two ruthenium
complexes, (V), and (VI), resemble those of
their iron analogues, but as a consequence
of the shift of band A to higher ionisation
energy,. B is no longér so clearly resolved,
and appears as a shoulder on the edge of A.
The shift to higher ionisation energy of the
d levels of the ruthenium complexes is to be
expected as a general trend in moving thus
down a group in the periodic table; the same
effect has been noted for ferrocene and
ruthenocene 161, and for the neutral and
singly jonised atomic species (iron and
ruthenium) 162 e intensity of the group
of bands due to-metal 4 ionisation relative
to that ¢f bands in regions C and D, increases
for the ruthenium complexes compared with the

iron analogues. -

-78 -



Similar increases in metal & orbital photo-
ionisetion cross section with increasing prin-
cipal quantum number have been noted for

161
ferrocene and ruthenocene .

4 correlation diagram, figure 2.18,
for the ionisation enefgies of the diene com-
plexes is given. Figure 249 compares the
ionisation energies of each diene with those
of its corresgonding tricarbonyliron complex.

(11i) General trends observed in the PR

spectra of the dienetricarbonvliron
complexes

For complexes (II) to (IV), all
bands show a decrease in ionisation energy
with increasing ring size although this is
not observed in the = ionisation energies of
the parent dienes. The separation between
bands B and C in the iron and ruthenium com-
plezes, (II) to (VI), is constant (1.7 ¥ 0.1 eV)
and this may suggest that, when complexed,
the cyclic dienes assume an essentislly cis
planar conformation, in which the dihedrel
angle is near zero.

If it is assumed that cyclohepta=-1,3-
diene has & dihedral angle of zero, the change
of =« ionisation energies on formation of the

- complex may be calculated from data shown in .
figure 2,20, The 8, ™ ionisation energy is

Fig, 2,20 Ionisation enefgies for eyclohepta-i,3-diene

snd its tricarbonyliron complex

CONPOUKD TONISATION ENERGIES (eV)
cyclohepta-1,3-diene . 8.25 10.75
(111) . 7.78 8.46 9.33 11.04 12,17
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increased by 0.81 €V end the by® by 0.21 eV,
If & similar chenge in ionisation energy is
assumed to occur for other dicnes with dihedral
angles of near zero, the energies of the free
diene in its cis planar form may be predicted.
This would give values of 9.01 &nd 11.20 eV
for cis-butadiene, in good agreement with
calculated values of 9.19 and 11.18 eV 15O.
However, other, more recent, calculations have
predicted very different values, for example
the Gaussian 70 calculated values are 8.52
and 11,90 eV, For cyclohexa-1,3-diene, which
has a small dihedral angle, the same argument
would predict ionissation energies of 8.52 and
10.83 eV, which are in fairly close agreement
with observed values,

It may be seen from figure 2.19
that the = }Os of the free dienes are consid-
erebly stabilised on complex formation, the
a, ® bonding orbitzl being more strongly
affected than the b27t, which appears to be
relatively non-bonding except in the case of
the cycloocta-1,3-diene complex, when the
reverse is true. In this complex, (IV), it
is seen-that C is noticesbly less well resolved
from region D than for complexes (I) to (III).
This suggests that the band due to b29t ionisa-
tion (C) is broader, and more bonding in
charscter than for the other complexes. The
ionisation energies of the n levels of the
free diene‘arg such that the b2 x bonding level
is closer in energy to the iron 4 orbitals
than for (I) to (III), and therefore might be
expected to contribute significantly to a metal-
ligand bond, It would be apparent if Hell
relative intensity data were avallable, whether
or not band C has a significant d orbitsl
contribution. o



The question as to whether valence
bond structure (2)3 or (2)4 is a more accurate
representation of complex (I) does not affect
assignment of the spectra, where a molecular
orbitsl gpproach has been adopted. It scems
to .have been firmly estgblished that neither
structure gives an accurate representation of
the bonding, end that the amount of contribu-
tion from each depends on the nature of the
diene substituents (02 103,
Kettle and Mason 103 state that the
only difference between (2)3 and (2)4, is
the contrivution made by the diene lowest
unoccupied X0 ( ¢3*) to the metal-diene bond;
as this orbital contributes increasingly to
the bonding, the structure approaches that
represented by (2)3. It has been shown
experimentally 9uand theoretically 106 that
the diene bond lengths tend towards egualisation
within complex (I) and that the diene sub-
stituents, even in the case of (I) are bent
out of the diene carbon atom plane 9“. This
could increase metal-ligand overlap as the P,
orbitals on the terminal carbon stoms are
rotated slightly from the plane perpendicular
to that of the carbon atoms. There may be some
localisation of the diene x MOs as described

by Pearson 115

» causing slight changes in
hybridisation of the terminsl diene carbon

- atoms, leading to the effects observed in
n.m.r, experiments., This, however, does not
correspond to the equalisation of carbon-
carbon bond lengths, which suggests a de-

localised system.

. It is possible that the observed
decrease in ionisation energies for complexes
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(II) to (IV) with increasing ring size, may

be correlated with the angles of the substitu-
ents at the terminasl 'diene' carbon atoms -

in this csase the subsequent carbon atoms of

the ring - as the diene 1s forced to assume

a planar configuration, end thus also correlated
with the angle through which the pzlorbitals

of these carbon atoms are rotated. This effect is
unlikely to be very large, and may cause

varying degrees of localisation of the 'diene'
}MOs, increasing es the strain increases, that
is, as ring size increases.,

(iv) The ruthenium complexes, (V) and (VI)

The differences in the PE spectra
of (V) end (VI) and their iron analogues, (II)
end (III) have aslready been discussed.in
section 2,13 ii). Since ruthenium d orbitals
are known to have higher ionisstion energies
than the iron 4 orbitals, it might be expected
that some minor differences in bonding would
be gpparent from the PE spectra. The general
increase, relative to iron, of the ruthenium
d orbital ionisation energies explains why,
in the photoelectron spectra of (V) snd (VI),
band B appears as a shoulder on the edge of 4,
and is less well resolved thasn for the iron
analogues. There may also be some @ifference
in the degree of interaction with the diene
'bzﬂ‘*, 85 ™ and bzvc levels, however it may
be seen that the separation of bands B and C
is constent in the spectra (1.7 ¥ 0.1 eV) end
the same as for the iron complexes,. The Hell
spectra of (V) and (VI) might be highly
' informative in this respect. The two complexes
were noted to be more volatile than their
iron eanalogues,
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(v) 71q~cycldhqpta—1,B,R—triene—. angd

e

tricarbonyliron, (VII) and (VIII)

~cycloncta~-1,%,5,7-tetrazne-

Figure 2.21 shows the ilonisation
energies of complexes (VII) and (VIII) to-
gether with those of the parent ligsnds,

For complex (VII), as in the PE
spectrum of the uncomplexed triene, there is
an extra bend, B'. The separation of the
triene = levels appears to reverse on
complexing, and all = levels are stabilised.
The bonding could be described in a similer
way to that of the diene complexes, that is,
the tricarbonyliron group interacts with two
double bonds of the ring, leaving a free
ethylene unit; however it is more likely that
there is considerable interection of the tri-
carbonyliron group with gll three double bonds
of the ring. Figure 2.21 includes ionisation
energies for complex (III) plus a free ethylene
unit, (x), for comparison.

The photoelectron spectrum of (VIII)
is surprising. The PE spectrum &nd gecnetry
of the free ligand have zlready been discussed,
The sharp pesk apparent in the spectrum at
12.6 eV is due to water, present as an impurity.
One might expect the spectrum to show a com-

.plexed diene cystem topgether with a free
'butadiene' unit. It is possible that these
would give rise to bands close enough in
energy to overlsp considerably, and in fact
the bands in the PE spectrum of théAcomplex
are somewhat fewer in number but broader end
more intense than expected,
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Fig 2.21 Correlation diagram for (c’), (d’),
and _corresponding_tricarbonyliron

> complexes
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The first band, A, probably corres-
pends to d orbitel ionisation as for the other
complexes, and the second band, B, to one or
more = levels, with the band at 10.61 eV also
corresponding to a = double bond ionisation.
It is difficult to assign the spectrum, even
‘using relative intensity arguments. However
it is likely that there is significeant
interaction between the tricarbonyliron unit
and all double bonds; this essumption is suppor-
ted by the large ring angles (135°) in the

'unbound' portion of the ring end by SCF

moleculer orbitel calculations 98.

The Hel end Hell PE spectra of
complex (VIII) were recorded at a later date,
end the ionisation energies were in agreement
with those reported in teble 2.4, Relative
intensities for the Hel and Hell spectra were
calculated snd are recorded in teble 2.10.

Teble 2.10 Relative intensity mesasurements for complex

(Virz)

BiND:=- A B C D

\

Hel 0.9 0.8 1,0 5.8 10.00

Hell 1.5 1.4 1.0 2.5 7.0

In each case band C is teken es of unit
intensity since this is the best separated
band. Even with the aid of these relative
intensity measurements it is difficult to make
any further conclusions regarding the aessign-
ment, since the bands are not well enough
separated for good reletive intensity measure-
ments, and the intenéities have been measured
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2.4

for regions rather then separete bends,., The
expected increases in relative intencsity ere
observed for the first two regions, A, and B,
relative to C in changing from the Hel to Hell
source, since these bands arise from essentislly
d orbital ionisation., B is expected to show

"both metal 4 and ligsnd = cheracter. Bands due

to ionisation from carbonyl groups may be
clearly distinguished in the Hell spectrum,
end are marked CO (page 106).

(vi) PE_spectra of complexes (IX) and (X)

The rhotoelectron spectra of complexes
(IX) and (X) have been recorded snd ionisation
energies are given in teble 2.5.

The spectrum of (IX) is very similar
to that of complex (I), and may be assigned
on the seame basis. The ionisation energies
are slightly lower than for the unsubstituted
diene complex. It is interesting to note
that the B-C separation is still 1.6 eV.

The PE spectrum of (X) shows two
additional bands in the low ionisation energy
region. Since there is an energy separation
of 1.6 eV between the bands at 9.81 &nd 11.40
eV, these are teken to correspond to bands B
and C of the parent complex, (I). The two
additional bands at 10.21 and 10.88 eV msy
be due to the carbonyl group = orbitals., It
is possible that there may be some interaction
between this'group end the tricarbonyliron unit.

EXPERIMENTAL

(i) FPhotoelectron spectra

) The PE spectra were recorded using
a Perkin Elmer PS 16/18 instrument, modified
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to accept a heated insert probe. Spectira

of the reletively volatile c¢yclic dienes,
cycloheptatriene, and cyclooctatetrszene were
obteined using a volatile inlet system enabling
the sample vapour. to enter the ionlisation
chamber via a needle valve. Spectra of the

" tricarbonyliron compleies were obtained using
the heated insert probe, but in most cases
additionel heating was not reguired. The Hel
epectra were recorded; at the time of experiment,
HelIl facilities were not availeble, but at a
later date, the Hell PE spectrum of complex
(VIII) was recorded and is included at the

end of this chepter. A4ll spectra were cali-
brated using xenon end argon. Detells of
instrumentation are given in /Appendix I.

(i) Organic ssmples

Cyclohexa~1,3-diene and cyclohepta-
1,3-diene were obtained from Koch Light.
Commercial cis, cis-cycloocte-1,3-diene and
cycloheptatriene were dried and redistilled
before use, and cyclooctatetraene, obtained
from Koch Light, was also dried and redistilled
before use.

(iii) Orgenometsllic_complexes

(a) =m u-buta-1Lj-dienetricarbonyliron (1)

nt

obtained from.Strem Chemicals Inc., and no

-buta-1,3-dienetricarbonyliron was
further purification was carried out.,

(b) p¥-cyelohexa-1,3-dienetricarbonyliron (11)

Cyclohexa-1,4-diene, obtained from the Birch

reduction of benzene, was used in this prepara-
164,165

tion . » & general method for prepzration
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of dienetricarbvonyliron complexes, described

ol

by Desuben end Lorber was used thus:

The diene (5 g) was dissolved in dry
diethylether (150 cm”), and the solution
heated .to reflux in a nitrogen atmosphere.
‘Diiron nonszcarbonyl (Fe2 (00)9, 24.1 g) was
added to the refluxing soluticn and heating was
continued for 4.5 h. Filtration of the
reaction mixture and eveporation, gave a brown
oil. Distilletion yielded a yellow liguid,
b.p. 42°C/0.05 mm [ Found: C, 49.28%;

H, 3.71%; cele: C, L9.13%; H, 3.66%)

(c) 11u-cyclohepta-1L3-dienetricarbonyliron

(111)

The éeneral method described for (II)
was followed; the product was a yellow liguid,
b.p. 58°C/0.05 mm [ Found: C, 51.13%;

H, 4.46%; calcs C, 51.32%; H, L4.31% ] .

(a) T[u—gycloocta-ﬂ,3-dienetricarbonyliron

{1v)

This was preparéd following en slternative
literature method 65. Excess diene (4 g) was
refluxed in benzene (150 cm”) with triiron-
dodecacarbonyl (FeB(CO)12, 16 g) for 15 h
under a nitrogen atmosphere. Solvent was
removed, and the remaining liquid purified by
column chromatography using a silica column
and petroleum ether (b.p. < 40°C) as eluent.
Three bands were observed on the column;
the first was collected, and solvent evaporatgd
to give yellow crystsls which sppeered to be
slightly air sensitive. The crystals were
purified by recrystallisation from degassed
pentane, under nitrogen (m.p. 35.5 - 36°C)

[ Found: C, 53.29%; H, L.98%; calc: C,
53.26%, H, 4.87%) ’
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(e) 'nu—cyclohqpta—1,3,5~trienetricarbonyl~

iren (VII)

Two separate methods were used for this
preparation; that described by King 66, and
that of Lewis 67. In each case the complex
was isolated by distillation, as a red liquid,
b.p. 65°C/0.2 mn; however decomposition
occurred on storing in a nitrogen atmosphere
at low temperatures for any length of time.
Elementsl analysis was not attempted and the
PE spectrum was obtained immediately after
distillation. ' ‘

() T1u—gycloocta—1,3,5L2-tetraenetri-
carbonyliron (VIIT)

This was prepared according to the method
of King 6 « On removel of the xylene solvent,
a black solid remained; the product was
extracted from this with benzene, On evsapora-
tion of the benzene, dark red crystels remained;
these were further purified by sublimation et
80°C/0.1 nm. [ Found: C, 54.6%; H, 3.5%;
calec: C, SU4.1bp; Hy, 3.3%]

(g) | 4 cyclohexa-1,3-diene=, end Mt-cyclo-

hepts-1,3-dienetricarbonvlruthenium
(V) and (VI)

Complexes (V) and (VI) were prepared

according to a recently published literature

method 68. The sfarting.materials were Ru, -

b)
LL-cyclo-—

hexa-1,3~dienetricarbonylruthenium was

(CO)12 and the appropriate diene. m

isolated as a colourless liquid by column
chromatography, end nu-cyclohepta-1,3—
dienetricarbonylruthenium as a yellow liquid
‘by the szme method.
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The purity of samples was confirmed by elemental
enalysis (where shown), measurement of melting and '
boiling points, proton n.m.r., infra-red, and mass spectra,
which agreed with litersture data 64-68, 118, 133, 139.
All complexes, with the exception of (VII) were found to
be fairly air stable when pure, but all were stored in
a nitrogen atmosphere at 0°c.

2.15 PHOTOZLECTRON SPECTRA

cyclohexa-1,3-diene
cyclohepta-1,3-diene
6ycloocta-1,3-diene
cyclohepta=-1,3,5~-triene
cycloocta-1,3,5,7-tetraene

Tlu-buta-1,3-dienetricarbonyliron (1)
71u-cyclohexa-1;B—dienetricarboﬁyliron (11)

Tlu4cyclohepta~1,B—Qienetricarbonyliron (111)
L
L

-cycloocta-1,3-dienetricarbonyliron (IV)

n &
n W

~cyclonexa-1,3-dienetricarbonylruthenium (V)
-cyclohepta=-1,3-dienetricarbonylruthenium (VI)

M u—cyclohepta-1,3,5-trienétricarbonyliron (ViI)
n u-cycloocta-1,3,5,7-tetraenetricarbonyliron (VIII)
(HeI; Hel & Hell)

Tlu-hepta-},5-dien-2-oltricarbonyliron (IX)
Tlu-methylhexa-2,u—dien-1-oatetricarbonyliron (x)
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Chapter 3

Fhotcelectron spectra of some metallocenes and
releted compounds
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341 INTRODUCTION

The Hel photoelectron spectra of the metell-
ocenes derived from some first row trensiticn metels &nd
some related compourds heve been reinvestigated, and
the Hell photoelecctron spectra sre reported, in most
cases, for the first time. The spectrs were obtained
in the hore of definitely assigning the bends in cases
where current essignments sre in dispute, and of con-
firming previcus assignments in other cases.

This chapter contains an introduction to the
type of complex under investigsticn, and a review of
experimental preparative methods, physicasl properties,
and structural cheracteristics. 4 simple moleculzar
orbitel éescription of the bonding is given together
with a brief survey of various moleculer orbital
ceélculstions published to date. The electronic ground
state of each complex is discussed, as predicted by
theory end confirmed (cr otherwise) by experimental
methods, Previous photoelectron spectroscopic data for
the complexes ere discussed, and compared to resilts
obteined in the current study. Experimental deteils
are rresented et the end of the chapter.

3.2 HISTORIC-L BACKGROUND

A new field of orgenometsllic chemistry was
introduced with the discovery of ferrocene in 1951,
by two indeyendent research groups 69, 70. This led
to the synthesis of severel hundred compounds in which
the cyclopentadienyl group is involved in bonding to a
metal.

3.3 CLASSIFICATION OF COMFPOURDS

The cyclopentadienyl radical (Cp), may form
threec msin types of complex with metals:
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(1) =-cyclopentadienyl complexes. In
these the Cp ring is essentially covalently
bonded tc the metal via the five carbon atons,
the metal atom being eguidistent from all five.
The Cpr ring has a planar carbon skeleton
(eg ferrocene, Con(CO)z)o

(11) o-cyclopentadienyl complexes. The
Cp ring is bonded to the metel vis only one
carbon atom, with which the metal forms a -
two electron covalent bond (eg FeCpC5H5(CO)2).

(1i1) cyclopentadienide complexes. 1In
these complexes, the bonding between metal and
ring 1s thought to hsve considerable ionic
character (eg Mg2+(Cp-)2, Na*cpT).

Examples of eech type of complex are shown

in figure 3.1. There is no distinct division between

Fipure 3,1 Exgaples of complexes from groups (1), (ii)

end (iii)

<=7
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the 'ionic' and 'covalent' types of complex; many of the
nCp 'covalent' complexes displsy considersble ionic
character,

3.4 ¥ET/LLOCENES

. The compounds involved in the current study are
some of those in which two cyclopentzdienyl rings gre
® bonded to e metel of the first transition series,
These particular biscyclopentadienylmetal complezes
have the 'sandwich' structure, first proposed by wilkinson
and co-workers '°°, and by Fischer end Pfeb '°7, in which
the metel atom is arranged hetwveen the two cyclopenta-
dienyl rings, equidistant from each, the ring planes
being parellel.

The ccrmplexes of the first transition series,
szm, are shown end numbered in figure 3.2, together
with the related complexes studied. Throughout this
chapter they will be referred to by thelr trivial names
derived from metallocene; thet is, cobaltocene, ferrocene,
etc. Complexes (I) to (VIIa) are all electronically

Fiure 2.2 lYetallocenes (szxg

@@@
Vv Cr.Mn.Fe
EEN OSSN L5 Lo
(I) (IT) | (I11) (IV)

@.
0



Pigure 2.2 cont. letzllocenes QQDZ&)

(1) vanadocene
(11) chromocene
(111) nsnganocene
(Iv) ferrocene
(v) cobaltocene
(v1) nickelocene
(111 a) dimethylmangsnocene
. i) ruthenocene
(VII a) biscycloheptadienylruthenium

neutral species, although cationic species of many are
known., Table 3.1 shows the transition metel metallocenes
with their melting points 102, and also 'metallccenes'
derived from main group metals 168.

3.5 SYNTHZSES

Preparative deteils are given in two useful
rcviews.66’ 168. The general methods are evolved
from those originslly used by Wilkinson et al 169 to
prepere lhe metallocenes of most of the first row transi-
tion metals in order to cobpare their chemicsal and
magnetic properties. ‘

Two genersl methods of preparation are
described below:

(1) Reaction of alksli metsl cyclo-
pentadienidés with metal complexes

This involves reaction of freshly
prepared alkali metel cyclopentsdienice
(usuzlly sodium cyclopentadienide) with
anhydrous metal halides (or other suitable
salts) in a solvent, usuelly tetrahydrofuran (THF)
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or 1,2~dimcthoxyethane, ac shown in (3)1:

THF
2 ——
reflux

2NeaCp + LC1

{
/

xCp,l + 2NaCl (3)1

More recently, tkellium cyclopentadienide has been
commonly used as the metal cyclopentadienide
reagent, since it may be handled conveniently in e&air,

-&lthough it is light end heat sensitive on storage, and
extrerxely toxic. '

(11) Reaction between cyclopentadiene
and metsl salts.

In some cases, direct treatment of
a metal halide with cyclopentadiene in the
presence of a base such eas dieth&lamine or
piperidine, results in elimination of an
acidic methylene hydrogen from cyclopentadiene,
&s shown in (3)2:

‘ ba -
NiBr, + 2CgH¢ = . #CpNi + BHYBr™ (3)2
B = base

The 1,1'-dimethyl substituted derivatives of
the metallocenes were first prepared and discussed by
Reynolds and Wilkinson 170. Preparations were by

analogous methods,

3.6 SOME GENER:L PROPERTIES

With the exception of those complexes in the
iron group (ferrocene, ruthenocene, osmocene) all the
metallocenes (I) to (VII) ere very air-sensitive and
suiteble precsutions must be teken in prepsration and
handling. The complexes sublime at temperstures of
gbout 80 - 150°C at 0.1 mm Hg. Chromocene (II), end
mangsnocene (III), (IIIa), react.violently with moisture.
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The complexes are thermally steble, miny of them melting
without decemposition. Metelloceres derived from the
first transition row metals are generally considered to
‘show covalent bonding between metal and Cp ring, with
the covslent cheracter of the tonding increasing across
the series. Manganocene is an exception; the bonding
shows considersble ionic charecter.

3.7 HOLECUL R STRUCTURE

The 'sandwich' structure of the metallocenes
has been confirred by a number of X-rey crystallo-
grarhic and electron diffrsction studies. ’

X-ray diffraction shows that crystelline
ferrocene and its substituted derivatives have the anti-
prismetic (staggered) conformation of Cp rings, while
ruthenocene and osmocene exist in the eclipsed form 17
(figure 3.3).

Firure 2.3 Staggered snd. éclipsed conformation of

sendwich type structures

Staggered - Eclipsed

It is suggested that inter-ring rerulsions are less in
the latter compounds then in ferrocene; this is in
agreement with the larger inter-ring distances for
ruthenocene end osmocene. The crystalline complexes
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Cp, M (% =V, Cr, Fe, Co, Xi), were found to be isomorghous
and of monoclinic form.

There are many X~ray crystallogrephic and elec-
tron diffraction studies of these complexes; table 3,2
glves a saumary of metal-carbon‘bond distences and inter-
ring distances found by these methods. There is evidence
for rotation of the rings &about the common orthogonal
exls; this was mentioned in one of the earliest electron
diffraction studies of ferrocene 172. This study also
noted thast the inter-ring distance found for ferrocene
wes similer to that found in grephite, it thus being
unlikely that direct bonding occurred,‘to much extent,
between the Cp rings.

The trends in bond lengthé end inter-ring
distances across the first transition series may be seen
from teble 3.2. Megnesium dicyclopentadienide-has been
included for comparison, since manganocene is &also thought
to possess considerable ionic character.

In the gas phase, all the first row metallocenes
appresr, from electron diffraction studies, to adopt the
cclipsed (D5h syanetry) conformation, although there is
evidence for the staggered conformation (D5d) in the
crystelline state. Dinmsthylmanganocene is found to heave
two structures in the gas phese, corresponding to two
spin isomers; this will be discussed more fully in the
section 'electronic structure'. 4 general structursl
feature found from these studies is that the Cp hydrogens
are bent towards the metal.

Figure 3.4 shows the structure of cobaltocene
found by a gas phase electron diffraction stﬁdy¢173, and

this structure is typical for the first row metallocenes,
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Figure 3,1 Molecunlzr structure of cobsltocene

1:429(2)A

However, many metal sendwich compounds are known or sus-
rected to show distortions from pseudo-axial symmetry.
Degenerate systems showing orbitsl contributions to the
magnetic moment must necessarily be Jahn-Teller unsteble,
and their D5d’ D5h’ or D6h geometries should thereby be
lovered to C2h’ sz, or D2h respectively thus lifting the
degeneracies of the E1g, E2g levels.

3.8 ELECTRONIC STRUCTURE

An important feature of the electronic structure
of the metallocenes of the first transition row elements,
is the unit increase in the number of d electrons availsble
for bonding, in passing across the series. This; in some
cases, gives rise to several possibilities for ground
state configuration which will be discussed after a simple
molecular orbital approach to the bonding has been described.
The metallocenes from VCp2 to Nisz, with the exception
of ferrocene, &ll have at least one unpaired electron in
the ground state, that is, they are paramagnetic.

The same MO approach is used here, as for the

L

bonding in mT-butadienetricarbonyliron of the previous

chapter.
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The electronic structure of the cyclopentadienyl
group 1s first concsidered; the Cp fraguent is approximately
plenar end therefore of D5h symmetry. According to HiO
calculations, the five 2pZ atomic orbitals of the ring
csrbon atoms mey be combined to give five = molecular
orbitals; the relative encrgies of these 10s end thelr
wave functions may be cslculated (figure 3.5). The

Fijure 3.5 lolecvlesr orbitsl disgram for the cyclorentsa-

diecnyl frzoment

o+ (2cos 2w)3
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a+ (cos 2w)3 6@ 6 ) © A =,

6 8 ® &
o Y

Y,
a+ 23 (?‘illll!g’ﬁ. Az"

-4 " 0= 27{/5 @

symmetry properties of the MOs &re also indicated in
figure 3.5. @ and 8 are the usual HLO symbols.

This HLQC mecdel predicts the same m energy level
order es.does LCA0 LO SCF theory for benzene with which Cp
is isolectronic, and may thus be Jjustified as & reasonsble
model., Frobecbly the highest occupied ¢ level lies between

the e, end a4 = levels, as shown in other examples 188-190.

Since the metsl etom interacts with s pair of

cyclopentadienyl rings, the Cp2 framework may now be
considered under D5h symmetry, since this is the symnetry
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found in the gas phase. The Cp kKOs of the same rotational
symmetry are combined in peirs (figure 3.6); the 'symmetric'
combination of & pair of eqguivalent KOs will give a
stcbilised energy level, end the 'antisymmetric' combina-
tion will give rice to & destebilised level with resgect
to the = li0s of thec non-intereacting ringse. These crergy
splittings sre unlikcly to be large or of the same order
of magnitude as the separations of the = orbitzls of each
ring; the O intersctions should be even smaller. The
combinations of the pairs of Cp MOs are shown disgram-
matically in figure 3.6 together with DSh end D5d
symmetry labels, and &n energy level dlagrem 1s given

in figure 3.7.

Fipure 3,7 Enerpy level diagram for the = orbitsls of
the Cp, fremework .

The two Cp plenes are parellel within the
complexes, &as shown by electron diffraction, with the
me tal atom situated on a C5 rotation axis, Although
the first row metallocenes assume the steggered (D5d)
conformation in crystalline form, evidence suggests
the D5h conformation in the vapour phase., For most
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purposcs, enalysis of the orbital electronic structure

in terms of D5, the wubgroup common to D5d and D5h is
adequate. The relationship between the relevent irreducible
representa?ions of DSd’ D5h’ D5 and D(mh’ are given in
~table 3.3 161 together with the metzl d orbitsl trans-
formations with recspect to the relevunt group.

Table 3.3 netsl ortitsel transformations under

metel orbitel Dgy  Dgp D5(05v) oh
6 8y g a'y ay g’

Py By  B'p  Bprgy Tut

Pys Py €u €1 1 Tu

a,2 8¢ 3'1 8, ot

A, dy" € e"1 €y Ty
4,2 2, dyo €og e', e, 8¢

Since most studies to date, concerning the electronic
structure of these complexes, have assumed the staggered
(D5d) conformation in eccordsnce with solid state
structure, the D5d point group notation has been generelly
adopted for discussion, and will be used here. The various
possible metel (d) - ligand combinations of orbitels on
symmetry grounds alone are shown in teble 3.4.
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Teble 3.4 Metal (d)-ligerd orbitel corbinations possible

on svmuetry considerations

metal orbitel symeetry lipend orbitsl®
d 2 P |

| (]
dxz’ dyz C1g Cig (e1 )
3 t
dx2-y2, %y ©2g cog (82"

& Symbols in bracxets refer to D5h synretry properties.

Figure 3.8 shows & moleculer orbital diegrem for
ferrocene, of trhe c=szne type as that presented for

n

ligand end netzl orbitels ere only spproximate, but likely

-butedienetricarbonyliron. The reletive energies of the

interactions betveen metal and ligand &are shown; and sone
-attempt has been nece to ccecrrelete the diagram with data
erising from recent 10 calculations.

Fipure 3 8 ‘f-proyimste 1’0 interccticn dieggrem for FeCp2

4s
-e
2g =-al .
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Ferrocens is the only 'closed shell' molecule of
the first transition series metallocenes, 4An approximate
KO description of the bonding may be given as follows:-
The Cp ring has donor-acceptor chorecteristics; the GZg
~antibonding orbitel acts as an electron accepting orbital
for the €og (dxy’ dxg_yg) metal d orbitals. However the
Cp ring in generzal is & poor electron ecceptor in this
type of complex, possibly cie to the large difference in
energy between metel 4 snd ligand e2g orbitals. Thus the
e28 10 of the complex will have largely metel d character,
Donation of electrons from the ring n orbitels to empty
metsl 4 orbitels is represented by combination of the dxz’
dyz (e1g) metal orbitsls and the ligand degenerate e
orbitzl, The ligand e
on symmeiry grounds.

1g

1u orbital is less likely to interact

Since the relative energies of the d 2 (a1g)
metal orbitel end the a1g ring ortitels are very different
there 1s likely to be 1little intercction between these
levels., The metal L4s &nd upz<atomic orbitals are of the
correct symmetry to interzct with the ring a1g and a2g
orbitels, but agsin, energy differences are large, so
interaction is likely to be esmgll. The eighteen electrons
from the bonding orbitals of iron and Cp2 may be placed in
the nine MCs of lowest energy (fig 3.8), and it is noted
thet the metal d o (a1g) and dxz_yg’ dxy (eZg) orbitals
are rather non-bonding in character,

For other first row metszllocenes, the symuetry
treatment is the same, although the releative d orbitsal
energlies will vary slightly ec the metal changes and the
nunbers of electrons will vary. It is assumed that in
other cases, essentielly the same orbitels as in ferrocene
contribute to the bonding.
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3.9 NOLECUL /2 OFRIT/L C.1CULATIONS

There exists a large nuiber of MO calculations
for ferrocene, rost c¢f the earlier treatments teing of
an epproximate nature ks 191'196. Early calculations
by Shustorovich end Dyatkina 191 focussed attention on
the transition metal-ligend interactions. D5d symmetry
was assumed, end a molecular orbitel diagram of the type
shown in figure 3.8 was prcduced. The ligand LQOs of 618
and €4a symmetry were both considered as bonding, &end as
donating (e1u) tnd accepting (e1g) electrons, Shustorovich
and Dyatkina plsced the €og (metal) orbital as highest in
energy of the occupicd kKOs &nd cslculated a positive charge
of + 0.69¢ on the iron atom, vhile Dahl and Bellhausen

calculated a negative charge on the iron atom.

Recently, more sophisticated LO calculations for
ferrocene have been published 39, 161, 197—20-1; the gquestion
of the correct ordering of the meinly d molecular orbitels
is still unresolved. All calculations agree that the anti-
bonding retnl (618*) level lies well zbove the 84g and €og
metal orbitals, but the ordering of the latter is still a
matter of contention. Virtuelly sall the calculations in-
dicate that the ze1g metal-ligand interaction is dominant
in the metal to ring bonding. The validity (or otherwise)
of Koopmans' theorem in predicting icnisation energies for
ferrocene is another point discussed in rany of these

studies.

. Veillsrd et al -2 have published an &b initio
calculation for ferrocene, and have estimated ionisation
potenticls in two differsnt ways: from the difference in
totel energy between the neutral molecule a&xd the positive
ion, and also from ECF eigenvalues for the neutral molecule.
The former method gives the same sequence of ionisaticon
energies as found by experimental FPES measurements 161, 201;

that is, (azu) > €ig > Sy > Byg > Cop although the
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calculated ionication ecnergles were consistently some 2eV
higheb. The second method gave the ordering of ionisation
encrgies as a1g(d) > ezg(chp) ~ agu(vth) ~ e2uﬁ<GC) >
ezg(d) > 818(7LCp) ~ e1u(7cCp) with two predominantly o
ligend levels included in the seguence. Veillard et al
“concluded that disagreement regarding the orbital seguence
is the result of a misplaced confidence in Koopmans' theorem.
They suggest the thecrem is not velid for ferrccerne due to
the differing extent of electronic reorganisation occurring
on ionisation, depending on the type of orbital involved.
For a ligeand orbitzl, litile electronic rearrangecment was
predicted compazred to that for a d-typre orbital. 4s a
conscguence of this, similar ionisation energies would be
expected for the ligsand orbitals from both methods, as was
found, while those for the metal orbitals differed by as
much as 6eV,

The extended Hi.O0 calculsation for ferrocene of

16

Botrel et al 19/ gave the orbitesl sequence e1gf>-(a1g)2>
L L L 2 2 .

(ezg) > (e1u) > (e1g) > (azu) > (818) , thet is, the

ionication encrgy f;guence 8oy > €4g 1 g 1g°

Rosch and Johnson report a SCF Xa scettered wave

> e > e > 8a
calculation for ferrocenc, giving the ionisestion energy
sequence as e1g > €45 > eég > 31%. They suggest thst
the rhotoelectren siectrum 161, €01 has been incorrectly
assigned, since the celculated ordering is in sgreerent
o onZ
with visible opticzl absorption spectral data 202, ‘O“,
which give the ordering (e1g)* > (ng)L‘L > (a1g)2, that is,
the ionisation energy seqguence e > 84 e
2g 18
A recent &b initio caléulation for ferrocene
end the ferricinium cation 199 was found to agree with
that of Veillard et sl. The results obtazined are applied
to prediction of kU¥scbeuer isomer shifts and ionisation
ecnergies, the calculated ordering of the latter being
€oy ~ 8oy < €4y ™ 618 < a1g < ezg. The conclusions differ

from those of Johnson and Rosch,
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The ionisation energles for manganocenz have been
calculated from the totsl cnergy differences betvecen the
neutrsl molecule end relevant kin Cp2+ ions 200. Good
numerical snd secuential agreement with experiment was
obteined. LAgain, it is concluded that Koopmans' theorem
" is not valid, due to considerszble electronic redistribution
on lonisvtion. IKDO SCF LO calculations for FeCp,' also
give good agreement with experiment,

A generel theoretical interpretetion of ground
and excited state prorerties of the metallocenes has been
attenpted %, The CKDO 10 formalism is used for first
row metellocenes, and the multi-electron configurstion

interaction method 205

applied to the calculztion of
ionisstion energies snd sbsorption spectre. ZAgreement

with exzeriment is satisfectory.

Results giving some csalculated energy levels
for ferrocene are sumnearised in tsble 3.5.

Teble 2.5 Calculested encrzy level scomences for ferrocene
Q
futhor: Veillard 33 Botrel 137 Bafus 133 Johneon 198
Methoa: 1CA0 SC=0 A8CF E5NO &b initio Za
(eb_initio) , .
* %
®1g C1g
Highest (d) e2g(d) 8 g €og 8ig
Occuried (60;) a1g(d) €og 8¢ €og
level 2u(vth) e1u(ﬂCp) €4u €1g LI
e (7Cp) e (70p) ey, ®1u ®1g
2 (d) T 8oy 824
(ﬂCr) _ €oy
1u(KCp)
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5.10 ILECTRONIC GROUND STATES FOR THZEZ MET/LL
SRIES

The general outer molecular orbital sequence for
- the neutrel metallocenes, vanadium to nickel, is found to

*
> - . P - 3
1g > a1g 2 ng, although the relstive ordering of a1g

and ng is not certain. The electronic ground state of eacn

be e

complex will now be discussed. Table 3.6 gives a summary

of the most probable ground state configuration in each

case, together with magnetic dsta, determinecd from magnetic
susceptibility mesasurements. Zlectron spin resonance (e.s.r.)
data ere clco zveileble. Other evidence for the electronic
configuration of ground states is from measurement of
ebsorption spectra. On the whole, the ground states are

well characterised, and the most likely ground state con-
figurations for the gas rhase are given.

-Dable 3.6 Cround stote electronic conTipurations

comslex [.5. unpzired Beo w(erpected) p(exnperimental)
conficuratien srins - '
oV ()" (e,)? 3 3.87  ~3.87 5.84%0.04
. 3.2040.46
cper (a,)(ey)? 2 2,83  >2.83 3.10°
3.27
(a1) (e,,)2 2 2.83 2.83 2.8010.17
Cogln  (z,)] <e2> ()% 5 5.92  5.92 7.18 169
Cp,Fe (e ) (e ) 0 0 0 0
CpCo (a ) (e ) “(ey ' 1073 ~1.73 1.76%0.07
Cp N1 (01) (e )‘*(el)2 2 2,83  ~2,83 2.8630.11

magnetic moment

g =
n

BM = Bohr megneton
spin only

%)
(0]
n



(1) Venadocene, d2

For vanzadocene, the qug ground stzte

(egg)z(a1g)1(e1g)o is indicated by the value of
the magnctic moment d06. This 1s in egreement

) ) o
with calculation 7%+ 195 gng experiment 207, 205
The e.s.r. spectrum of vanzdocene confirms the

. 20
presence of three unpaired electrons 9.

U

(i1) Chromoc=zne, d

There is still controversy over the
ground state electronic configuration of chromocene.
Calculationg have2pggﬁicted both}the BAzg ground 10
state (a1g) (ezg) “¥*, end the Ezg ground state .

>211

Engelmann reported 2 magnetic moment of 3,20 ¥

0.16 Bl between SO and 295°K, znd a solution measure-

ment by n.n.r. gave a value of 3.10 Bil 212. These

recsults, together with those of Gordon &nd Yarren e13
give supporf to the assumption of a 3E2g ground
state (a1g)‘(e2g)3, with orbital contribution to the
magnetic monent., sAnderson and Drago interpreted
their n.m.r. data in terms.of a 5E2g ground stzate 21&.'
However the experimental value of 2.80 % 0.17 BX
found between 88 &nd 293°K suggests a 3A2 ground
state 215. Therz is no e.s.r. signal forgthe 4
chromocene system which suggests it possesses an
orbitally degznerate ground state. Photoelectron
spectroscopic data have so far failed to settle

" the question of a ground state 216.

(iii) lMsngenocene, g2

There is also & great deal of controversy
over the ground state configurstion of mangenocene.
There are three posgibilities:
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6, 1 2 2
Lg o (e ) e )(ey )
2., : 2 3

Zpg (2,50 (eyg)

2, 1 4

_-113, (a1g) (82g)

IKDO SCF M0 calculstions by Clack 200
predict the high spin 6£1U ground state in
egreemncnt with the photoelectron spectroscorpic
assignment of Orchard et sl 216. However Armstrpng

et al % sredict the 2E2g

tion, in agreenent with the interpretztion of
201

ground state configura-

Rebaleis oi the phdtoelectron spectrun,

217 169

Early e.s.r. and magnetic monment

neasuremcnts were interpreted in terms of a high

spin 6

A1 ground state, btut more recent measure-~
ments 216, 219 have suggested that MnCp, must lie
very close in energy to the high spin - low spin
crossover point, and can be induced to exhibit either
ground state, depending on the molecular environ-
ment. Current evidence, then, suggests that
menganocene should exhibit high spin behaviour in

219, 220

solution end electronic spectra are

examined and discussed on this assumption 221.

knCp, end its derivative, 1,1'-dimethyl-
mangsnocene (Mn(MeCp)z), show complex temperature
dependent magnetic susceptibility; the first
satisfactory study dates from 1956 169 and showed
that in cther or benzene solutionsat room tempersa-
ture, MnCp2 gave a magnetic moment of ~ 5.8 BU
corresponding closely to the spin only value of
5.92 Bli, that is to a 6A1g ground state, Solid
manganocene shows two crystalline forms, an amber
brown rhombic form,. stable up to a transition
temberaturc of 432°K and & pink monoclinic form,
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steble upg to the melting point of 1i5°K.,  Yor

the solid eabove u32°K, and the melt below uu5oK,
¥Wilkinson et &l 169 found the spin only magnetic
moment, but below the transition temperzture, the
effective moment decreased repidly with tempera-
ture to & value of 2,49 BM at 77°K. However,

in solid solutions in NgCp,, (8,5 Mnsz), the spin
only vslue was again observed, end it was concludzd
that manganocene possesses the high spin ﬁ1g
ground state configuration. The anomalcus be-
haviour of the solid was attributed to antiferro-
magnetism,

The magnetic properties of 41,1'-dimethyl-
mangenocene have been investigated 169; the spin
only magnetic moment vslue was found for solutions,
but similer behaviour to that of mangsnocene was
observed for the solid. The measurement of the
218 vy

n.m.r. methods showed evidence for the existence

magnetic moment of I.:n(l.:eCp)2 in toluene

of a thermal equilibrium of the two spin isomers,
6A1g end ZEgg. On this basis, the observed temperac-
ture dependence of the magnetic meoment could be
reproduced on the assunption that the low spin

2323 state lay lower in energy, with the higher -
A1g level being thermally populated with increas-

ing temperature.

4 A recent X-ray diffrection study of
mangenoceneé has shovn this system to consist of
a polymeric chain structure, with no discreet
sandwich molecules ' /2. Thus a 2E2g - 6A1g.
bequilibrium is not applicable for the brown solid
form of Mnsz; this structure might well show
approximate low spin behaviour, The molecular
structures of high spin (6A1g) and low spin (2Ezg)
Mn(McCp)2 have been determined by electron

. diffracticon 178.



Combined evidence from magnetic end
e.s.r. data shows manganocene to possess the high
spin 6A1g ground state in various orgaenic colvents
or in solid solution in Mngz. It is generally
truz that ferromagnetic and antiferromazgnetic
intcractions are decreased when the magnetic species
are cseparated from ons enother physically - thus
when the megnetic behaviour of a s0lid shows the
effects of interionic coupling, such as the case
for Mnsz, solutions of the same substance will
be Iree of such interactions. The energy differ-
ence between the two states 6A1g end 2Ezg in
mangenocene is probably small, and the process
of dissolution in wvarious solvents or in & host
system favouring large mectal-ring distance, is
geufficient to produce a high-spin ground level
(solid solution of knCp, in FeCp, shows a low
spin 2323 ground state), langanocene might be
expected to exhibit high spin behaviour in the
vapour phase. |

(iv) Ferrocene,d6

This is the only ‘'closed-shell!

neutreal mefallocene of the first transition
1.
arising from the electronic configuration

(egg) (2 )2

series, heving a singlet ground state

(v) Cobaltocene,'d7

For this systém, either a quartet or
doublet ground state configuration is theore-
tically possible; early magnetic susceptibility

211, 222

measurements showed values for the

magnetic moment corresponding to one unpaired spin,



3411

thus confirming the 2E1g ground stauEQ hu;c
recent magnetic susceptibility data
suggest that the effective moment is rather less
than the spin only value first reported, but this
dozs not 1nva11uate the conclucsion concerning the
ground staute which is also in accordance with
€+.8.r. cvidence, Cobaltocene chows considerszble
distortions from pseudo-axial symnetry due to its

degenerate ground state ZZM.
211

The nagnetic moment
obtained by Engelmann is supported by n.m.r.
solution methods which also gave the spin only

valu=.

(vi) ~XNickelocens, a8

The electronic configuration (e

)u
(a ) (e ) corresponds to a 3A2g groand state,
for which ‘there is evidence both from exrerimental

225 end from calcula-~

megnetic susceptibility data
204
tion .

motallocenes, this is the most stable next to

Of the first row transition series

ferrocene, and thus has btecn extensively studied.

34,

o]
For 4” systems with qu synicetry a
. 4
state is to be expected. The magnetic moment for

2 ground
nickelocene is essentially tenperature independent
gbove ~'70°K end corresponds closely to the spin
only velue for two unpaired spins 222, 225. Nickel-

ocene signals for e.,s.r. have not been observed.

PHOTOXLECTRON SP?CTR, OF OrEN SHELL NOLECULES

The UV FC spectra of open shell molecules such

as most of the metallocenes, are more complex than those

for closed shell molecules since each electronic subshell,

filled or prartly filled, will, in general, give risc to more

than one state of the molecular ion. The problem of
identification of the states visible in the PE spectrum will



=
then arise; this has been investigated by Cox h1-43 and

the following rules formulated:

(a) If a closed shell is ionised, all states
erising from the coupling of the positive hole
with the ground term will bte realised, the
relative cross sections for production of these
states being in proportion to their spin-orbital
degeneracies.

(b) If a unigque open shell is ionised, the
relative probesbilities of producing different ion
states will reflect the squares of the fractional
parentage coefficients which may, but in genersl
will nct, be proportional to the spin orbitsl
degeneracies.

(¢) 1If there is more than one open shell, it is
necessary aslso to take into account the pre-
defermined coupling that exists betvween the differ-
ent open shells. This involves Racgh coefficients
&s additionel proportionality factors in the
expressions for the ionisation cross sections.

(d) 1If orbitals belonging to different subshells
are &assumncd to have the same one electron cross
sections, the integrated cross section of a
particular subshell is simply proportional to the
occupancy of that subshell in the molecule.

However, the most serious spproximation on which
these rules are based, is the neglect of configuration
interaction, which may upset theoretical considerations even
in the simplest csases.,

L1-43

Selection rules formulated by Cox state

1% -



that:

(a) the intensity of the ilonised state is zero

. +
unless the totsl spin changes by 2 %

(b) the direct product of the orbital represent-
ations of the final and initizl states must con-
tain the orbitel representeticn of the ionised
ghell,

Trhe staetes erising for eny particulear ionisation
from a given ground state are readily determined by group
theory, however the reletive intensity of the resulting
bands will not derend on orbital occupation in the neutrel
syrecies, but, as shown by Cox 41-&3’ on the nzature of the
ground state end the coefficients of fractionsl parentage
connectiry the ionised states.‘ The molecular ion states
that arc &ccescible on photoionisation, given the ground
stetes in tzble 2.6,2re shown in tsble 3.7 216 end the
relative probuabilities for the production of these states
ere also given M1. From the e&bove listed rules, the relative
erees under bands in the rphotoelectron spectra chould bear
some relation to the predicted relative probabilities for
the production of particuler ion states, provided fhat the

levels are seperated well enough in energy to be resolved.

3.12 CRYST L FIVLD SPrROLCH

The d orbital energies of ferrocene are found to
heve the ordering a1g > e2g from some 10 caslculations,
whereas other czlculetions give the ordering e28 > a1S
in agreement with conclusions from photoelectron spectro-
scopy 161 which is not the ordering expected from crystal
field or ligznd field considerctions, since the'dzz (a1g)
orbital is more strongly directed towards the ligands.

Crystal field theory should permit a direct enslysis

of the relative encrgies of the vearious states of the molecular

- 137 =
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ion; these parcmeters are directly given by the photoelectron
spectrun,

For the molecular ion, FeCp2+, the energy separa-

tion of the ezg'and a,  levels is defined &s A(ez, a1).

13
The molecular orbital energy level diegrem for the iron 4
orbitals (as verified by photoelectron spectroscopy)is shown

. in figure 3.,9. Evaluating electron repulsion energies for

Fifure 3.9 Energy level scheme for the metzl 4 orbitzls in

ferrocene &s feound by UV 238

the two states 2A(e2u 811) and 2E2(ez3 812), it csn be seen
that 226, in genersl (3)2: :

E(2A1)-E(2EZ) =»A(ez, a1)+3Jezez - Keye,-Ja,a,~2Ja,e, + Ka,e,

(3)2

where E is the energy of & state and J and K are the usual
coulomb and exchenge integrals., For pure d orbitals, J and K
may be expressed in terms of Racsh parameters ((3)3) 226. In
the case of ferrocene, it is known experimentelly that

3(261) - E(2E2) 380 meV (~3000 em™ 1), while 20B = 2¢V.

n

E(%4,) - 2(°5,) = 20B + 8(ey, a) ()3

~ 140 -



Thus from eguution (3)3, A(ez,a1) wist be negative, which
sugrests that the predictions of crystal field theory do
not agree with some moleculer orbital cslculations, and

the UV £33 date 1°1, That is, crystsl field theory
predicts the encrgy level ordering a, (d.2) > ez(dxg y2

“ - ’
dxy).

Crystel field theory may be used as an aid to
interpretstion in the case of FPE spectra for the cpen shell
metallocenes. The crystel field encrgy level disgram, with

216

positive 51, 52, is shown in figure 3.10 .

FPirure 3,10 Crvgt=2l f£ield enerry level diasgrem for the

d orbitals ¢f the metzllocenes

€1g (xz,yz)—x—

A,

G«]g (22)
AZ

(xy, x2_.y2)__;_.

ezg

) The most likely ground states for the metzllocenes
were discussed in section 3.10, and the accessible mole-
culer ion stetes were given in teble 3.7 together with the
relative probebilities for the production of these statcs.
216 includes a crystal field enalysis of

the molecular ion states and the relevent energy expressions

Orchard's work

obtained in this work sre shown in teble 3.8. Values for
the crystal field parcmeters 4, B, C, A1 and ‘52 are not
availcble for the molecular ions of the metsllocenes, but
their likely magnitude may be assessed by studying values
found for the neutrel complexes from electronic spectra,
The relative crergies of the molecular ion stetes in
terms of thesc parcmeters may be ottained theoretically
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Table 7.8

- s
Yok it R
.D]AL-LA‘»J._‘J B

ol moleculaer ion states for

the

Compound

szv“

szcr+

Cr 2hin

Cp,Fe

metallocenes

State end confiruration

e

L]

e

.o

.o

.

*®

(ezg)2

(a,5)" (ep,)"

(ey0) (e,)°
(2,0) (e,)°
(a1g)2(egg)1
(2,0 (ey,)°
(2,4) " (e.)°

(ezg)3

(a;) (ep)%(ey )
(e19) " (ep) " (ey )
(ep5)%(ey )2
(240)" (epp)°
(eyg) " (epp)°
(a1g)2(e2g)2
(214)%(epg)”
(1) (ep,)°
(egg)LL
(3,5)%(ep,)°

()" ()"

- 142 ~

Enercy c¥pression

104 - 20B + 10C + 28

104 + 10C + A

4 + Y4B

& - 8B + A2

34 12B + A >

A 3C o+ A2

34 8B-¢-2A2

34 85 + 5C +112
3A 8B + 3C + A2
3A + 12B + 4C

€4 - 21B + 232 + 4,
€A - 21B + 352 + 25,
64 21B + 252 + 2A1
64 8B + 5C +4 5
64 + 7C + A2

64 16B + 5C + 2&2
64 - 16B + 9C + 24

2
16B + 7C + 24

2B + 8C

2

2.
2



.o

+ 1 g s 2 e L" e D
Cp,Co L (u18) (,25) 154 - 20B +

2 1 .
3E18 : (a1g)‘(egg)3(e1g) 154 - 26B +
2 ,
"Byt (ay)%(ey) (e, ) 154 - 1B+
By ¢ (2)%(ep ) (e ) 154 - 328 4
1 2 1 A (o)
Bpg ¢ (8,,)%(ey) (e, ) 154 - 328 4
3E1g : (a1g)1(62g)u(e1g)1 154 = 138 +
1
Byg ¢ (agg) (e ey ) 154 - 113 4
. 2., 2 :
cp Ni* Byt () (egg)“(e1g)1 214 - 31B +
by 200 \3(e )2 -
Bpg ¢ (a1 (e )7 ey ) 214 - L2B +
2E2g : (a1g)2(ezg)3(e1g)2 214 - 348 +
2
uA2g : (315)1(ezg)u(e1g) 214 - 31B +
20, 1 (8, ) ey Ve, )2 214 - 28B
“og F Vgl \Cog’ ‘g * - *

by the strong field epproximstion; this is discussed by

- 22
warren L

140G
12C
1LC

18C
14C
17C
14C
17C

synretry. Cone crystal field paremeters deduced from

electronic spectra are given in figure 3.11.

Figure %.41 Crvetal field parsmeters deduced from

electronic sbcsorption svectra <07
Cp2V szFe szNi
b,(eV) 0.475 0.84, 0.89 227 0,50
A1(ev) 1.15 2.80, 2.75 1.85
B (ev) 0.055 0.051, 0,049 0.074

313 PHOTCOZLXCTRON S-ECTRA

; The UV gzs phase PE spectra of the metallocenes
(M = Cr, ¥n, Fe, Ni) were obtained by Rabalais et al

201
’

30,
Lo,
l;Az
385

38,

for the metzllocenes, in terms of va molecular



and & rore detsiled investigetion including the vonsdium
. . . : 216

and cobalt derivatives wes published by Crchard et al L 3
the ezme proup hed previously carried out & detsiled UV FES
study of somc closed shell metnllocencs 161. Similar
" studies were publiched for some bis-arene and mixed sznd-

) 2:8-221
wich complexes .

The high energy (X-ray) PE spectra of the open
shell metallocenes viere obtained by Hillier et &l 232.
From this study it was concluded that in all caszes there is
a net elcctron trensfer from the metal to the ligend rings,
giving & positive cherge of tetween 0.8 and 1.0 on the meteal.,
A study of some chromium complexes elso suggests that this
is the case for chromocenc 233. The high encrgy PE spectrea
of the netallocenes were &lso investigatgguby Jolly et al.,
>

end the core tinding energies tabulated » eand molecular

core binding energies for the metallocenes (. = Cr, Fe, Cc,

Ni) were elzo reportcd by Clarkx and Ldams 235.

IT

The Hel and Hell UV PE spectra of the biscyclo-

rentadienyl derivotives of mercury, thallium, tin and lezd

236
have been reported

« The euthors suggest that all

systems with centrelly bonded rings have a significent

degree of = bonding with the exception of purely ionic com-
rounds. Nain group clements such as llg, Be, and Li are -
assumed to use their vecent p orbitals for = bonding interac-~
tions, &and the same is considered true for the compounds of

In, Tl, Sn end b studied by Cradock and Duncsn,

3.14 CURRENT R®SEL./RCH

Complexes (I) to (VIIa) were synthesised (figure 3. 2)
end the Hel and Hell UV PE spectra were obteined for esach
complex., Relative intenzities and lonisation energies were
obtained from each PZ spectrum and tebulated. The Hel data
vere generslly in good sgreement with previous work,

The zinm of this work was to obtain lell dsta for

this scriecs of first row transition metal complexes for the

- 14/‘, -



following reasons:

(a) to estasblish a pattern of HeI:HeII relative
intensities'

(p) to look for a change in the 34 ionisation
cross section @long the trensiticn serics

(¢) to examine previcus assignnents in the light
of new data.

3.15 RESULTS

Vertical ionisction energies obtained for the
complexes (I) to (VIIa) are given in table 3.9. Teble 3.10
gives previously recporied velues for comparison purposes;
sgreement vwith these velues is generally good. Table 3.11
(i) - (viii) shows the relative intensities obtzined from
eI data by Orchard et sl 1012 216
currcnt study. Reletive intensity deata from Hell spectra

and those from the

ere also showvn. Teble 3.12 shows data obtained for

complex (VIIa), bis-cycloheptadienylruthenium., The Hel

PES resolution was 4C-€0 meV, measured from the nitrogen
spectrum., For the retzllocene spectra, labelling consistent
with that adopted by Orchard et al is used., The FE spectra
of complexes (I) to (VIIz) are found at the end of chapter 3.
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Table 3,11 Lelestive intenaity data for the metallocenecs

Results ovteined previocusly by Orchard et al 161, 216 are
given in brackets.
i) VaN/DOCENE (T)
Band: Al A B . C D
el 1.0 4.1 1.7 4.9
(1.0)  (k.2)
Hell 1.0 2.7 7.5 3.5 1.2
i1) CHRONOCENZ (IT)
Bend: a (b4c+d) A"
HeI 0.152 0.233 - 1.00
(0.15L4) (0.205) (1.00)
Hell 0.17 0.24 1.00
111) MANGANOCENE (III)
Bend: a' + a b c a B C
Hel 0.25 1,00  0.08 0.20 7.8 1.7
(0.20) (1.00) (0.0¢) (0.18)
Hell 0.57 1.00 C.16 0.36 5.8 2.3
iv)  DIKETHYLL NGANCCERE (IIIe)
Beand: &' + a +Db' + ¢ b c +4d B
Hel 0.27 1,00 0.54 5.9
HelI 0.8 . 1.00 0.9 L.8

v) FERROCENE (IV)

Band: A" & B C D
Hel 1.0 2. 1.4 5.7

(1.0)  (2.1)  (11.1)  (2.4)
HeII 4.0 1.2 3.6 1.7 0.9



Table 3.11 cont.

vi) RUTHENOCENE (VII)

Al

'Band: A A" B
JleI 1.1 1.0, 0.8 Te 3 21
2.3 2.0, 1.5 152 4.3

(2.3) (2.0, 1.2)

Hell 2.0 1.0, 1.2 3.6 2.4

vii) comanTOCcEIE (V)

Band: a bP+c+ 4 e + T
Hel 0.08 0.38 1.00

(0.08) (0.35) (1.00)
HelI 0.24 0.74 : 1,00

HeI:t-h st c ¢ @ - 0,24 ¢ 0,08 : 0.08
(0.22):(0.C6):(0.06)

viii) RICXELOCILE (VI)

Band: a b+c+d+ e B

el 0.15 . 1.00 4.5
(0.1L) (1.00)

Hell 0.3 1,00 1.9

5.6 1.8

3.0



Toble 342 Zynerimentnl donis=ztion ererpy dats end rceletive

intensity data for biscyelohentadienylrutheniun (VIIz)

CIONISATION & =neY (eV) RELATIVE INTERSITY
He Hell

7.07 (a) ) 1.5 1.1
7.53 (v) )
8.16 (c) 1.0 1.0

9.15 (d) ) 0.8 0.35
9.55 (e) )

(10.50) )
11.410 )
12,0 )
13.43 )

14.07 - 3.0 3.5

7.9 3.2

16.08 0.5 0.9
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3.16 DISCUSSION

The Hel PE spectra of the metallocenes have

161, 216 201

been discussed fully by Orcherd and Rebalais ’
as mentioned in section 2.13. L:cbels adopted by Orchard
et 8l for the photoelectron bands will be used throughout
the following cdiscussion. The lebelling is generelly
~besed on the Hel PE band assignment for ferrocene ﬁ61;
region &' represents ionisation from essentially metal 4
orbitals, and 4'', ionisation from the mainly ligand =«
orbitals, (thzt is, the €4, &nd g }Os). Region B is
correlated with ionisation from higher energy ligand =
orvitels and region C, with ionisation from ligand o
orbitels. For the open shell metallocenes, regions &'
and A4'' are not so clearly divisible into regions corres-
ponding to mainly 4 or msinly ligand ionisations, and

in meny cases the bands in these areas have been

separetely lebelled.

Trhe Eell IE séedtra are subdivided in a
similar manner.' In many ceses the bands are not so
clearly resolved as in the Hel spectra, and the relative
Intensities are gquite different from those seen in the
Hel spectra., In perticular, the bands associated with
ionisation from metel orbitals of essentially 4 character
are considerebly enhanced in the Hell spectre relative
to the bsnds associated with ligand =® ionisation. This

effect has been noted in previous studies 29, 229.

Region B of‘the Hell spectrs, therefore, is
genersally much reduced in intensity, relative to the
metsl 'd' bsnds, while the intensity of region C is less
dramatically reduced, possibly due to the orbitels in-
volved in ionisation having greater s character; s orbitals
are kxnown to have a higher cross section for ionissation
by Hell photons 8.

- 154 =



Jn additional tand,D, is observed in the Hell
spectra, eond is probsbly due to further ligand ionisation.
Since the eIl photons sre not filtered from the Hel
photons, further Hell PE bands toward lower kinetic
encrzics may be observed that are not completely macked
by ionisations due to Hel photons. The sensitivity of
UV PES using Hel photons is asbout one order of magnitude
higher thaen for Hell photons, and thus the Hell spectrum
in the Hel region is negligible compared to the Hel
epectrum, snd will not interfere with calculeted relative
intensities.

4s1lthough, strictly speéking, Koopmans' theorem
cannot be zssumed in consideretion of open shell ioniss-
tions, Orchard 216 malkkes use of the epproximation on the
grourds thzt devictiens cshould be reasonably systematic
within a series of electronically similer isostructursl
molecules, such as the metallocenes, Thus valid conclu-
sions mey be reached conceraning orbitel energy trends;
however the individual PE spectra must be assigned in
terns of states of the molecular ions, using the rules

formulated by Cox h1-h3.

Jonisation cross gection scale factors, ka1
end kﬂ as defined bty Orcherd 161 vere calculated from
both Hel &nd Hell relative intensity data. The factor
ka1 is defined ss the one-electiron ionisation cross
section of the a1g (d) orbitel relative to that of the
€oq (a) Qrbital, end is found to differ with varying
photen encrgy, as is the anaslogous factor, kﬂ sy the
'average' of the ey (z) and g (x) ligand KO cross
sections, reletive to the €og (d) cross section. The
1II and anI will be used to refer to those
factors calculated from Hell data. sallowances for
differences in cross section between the a

symbols ka

1g? e‘lg end
€ 'd'" orbitals due to different amounts of ligand-
metal mixing should be made; one would expect relative



Hel cross csections to be in the order e

1g > °

> d

2g 18

Throughout the following discussion, in assign-
ment o PE bends to ionisation from specific orbitels, &n
"attempt is made to correclate the relative intensities of
the bznds with occupancy and degeneracy of the orbitels
from which ionisation has occurred, (with the =zid of
rules stated in csection 3.11 u1'u3) and thus to verify
previous assignments using Hell data, or, in the ceses
where assigniment wos undecicded, to decide between alterna-
tive assignments.

The magnitudes of photoionisaticn cross sectl ons
ere not well understood and substantisl veriations in
ionisation cross section have been found for the same
ionisstion with photon sources of different energy 14, 237.

The spectra are discuscsed in turn.

(1) Ferrocene (IV)

The PE spectrum of ferrocene is, as expected,-
less complex than spectra of the open shell
metallocenes, since each ionisetion leads to
only onrne molecular ion state. The PE spectra
of ferrocene, ruthenocene, end osmocene were
previously studied in detail by Orchard et al 161.

Figure 3.12 shows the PE spectré of ferro-
cence end biscyclopentadienylmagnesium obtained
by Orchard et al '°', ' The bands cbserved for
ferrocene were divided into regions &', A'',

"B and C, as shown; the PE spectrum of the |
magnesium complex is included for comparison,
since obvicucly, for this complex, there are
no bends due to essentially d ionisations, and
thus such bends in ferrocene may be clearly
distinguichead.
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Tipure 3.12 TFhotoelcctron snentra of ferrccecne (2) end
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Region £' was assigned
g

to d orbital
ionisation from.the ezg and a1g molecular
orbitsls. Since the relative intensity of
bends in the espectrum should be in proportion
to the degeneracies of the orbitals, the
relative intensities of the bands due to
ionisation from the e2g end a18 levels in
ferrocene should be in the ratio 2:1, accord-
ing to simple theory. The first two bands in
the spectrum were assigned accordingly by
‘Orcherd et sl whd observed a relative intensity
ratio of 5:2 for the two bands in region 4';
the band at lowest ionisation energy being due
to ionisation from €og (d) levels, and the next
bend, to ionisation from the a18 d orbitsl.

This essignment was in agreement with some of
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the more recent LO calculations (section 3.9)
and also with the assignment ¢f Rabaleis et &l.

Bend 4" was assigned to ionisation
from mainly ligend n orbitals; that is, the e
1u level, thought to be
rather non-bondirg in cheracter, weakly mixing

] 1a
end e18 }Os. The e

with metal Py and py orbitals, was identified
with the sherper pesk to lower ionisation
energy, of band 4". Ionisation from the el g
level, which is expected to be strongly mixed
with the retal @xz? dyz levels, 1s represented
by the higher IE band of 4". However the
opposite assignment, e1g > €y

by Rabelais et al 201.

u’ is preferred

.Region B was assoclated with ionisa-
tion from lower energy ligend = orbitsls,
while bend C was assigned to ionisation from
ligend o orbitels. '

The assignment of Orchard et al 161,
is confirrmed by the current study. 4 relative
intensity ratio of 5:2 wes found for the two
bands in region A', in egreement with previous

161, giving a value for K. 4 of 0.8. 1t
was noted by Orchard et al 21°, that intensity

work

ratios of bands due to ligand + metzsl ionisstions
were in less good egreement with ratios expected
from simple. degeneracy considerations than the
essentially 4 ionisation intensity ratios. It
was suggested thet the ligand ionisation cross
sections wers greater thaon metal 4 cross sections
by about 6054 (for a Hel photon source).

The first two bands of the HelIl PR
a1II
of 1.2, that 1is, assuming the same assignment

spectrum of ferrocene, gave a value for k
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as Orchard, the a1g d orbital is found to have
a relatively high cross section for ionisation
by HelIl photons, higher than that for the e
d orbital. The Hell value for kWII is sur-

2g

prising. The Hel value for k7t is found to be
1.47, in excellent agreement with that reported
by Orchard et al 161, but kﬂII = 0.98, indicating
that the metal d and ligznd = orbitsls have
almost egual cross sections for Hell ionisstion.

Since ka1II = 1.2 and k_ II = 0,98,
an intensity ratio for 4':i" close to that
predicted by simple degeneracy considerstions
is expected, that is, 4"/4' = 8/6 = 1.33.

The experimentzl value from the Hell data is
7.2/6 = 1.2 which is slightly low, probably due
to the fact that the a1g d ionisation cross
section is slightly greaster than thst for an
e28 d orbital,

This result indicated thet Hell
reletive intensity data might be useful for
assignment purposes since the relative ionisa-~
tion cross sections may not vary substantizlly
through a series of spectra obtsined using one
photon energy.

From the HelIl PE spectrum of ferrocene,
it appears that the second band in region A"
(due to ionisation from the cyclopentadienyl
e1g = orb;ta; thought to be & metel-ligand
bonding orbital) is more intense, relative
to the e, x Cp band, than in the Hel spectrun;
this suggests that the e1g band indeed has some
metal 4 character.

' The series of twelve vibrationsl bands

201

claimed by Rsbealais for the lowest ionisation
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energy bond of ferrocene were not observed
despite fairly good resolutién.

The spacing of the 21’1‘.2{T and 2A1g
levels of the moleculgr ion, Fecg2+ is found
experimentally to be 0.35 eV, from the FE
spectrum. Theoretically, the encrgy difference
eXxpressed in terms of Racah and crystsl field
parameters A1, A2, defined in section 3.12,
is 20B - A2, end the opposite ordering of
levels is predicted to that found from the PE
spectrum. Using the experimental data of Prins
end van Voorst =07 or Schn et al 227, values of
+ 0.18 eV and + 0.09 eV for 2OB-A2 are calcu~
lated; these vezlues are not in agreement with
those found from the PES dsts,

(11) Vensdocene (1)

For this complex, only & single band

was observed by Orcherd 216
1 2
although the (a1g) (ezg)
confisuration would be expected to give rise
to 24, end “E, levels in the molecular ion.
& 2g 221

Crystal field treatment shows that the

in the 4' region,
ground stete

3A28 - 332 energy separction is 12B-£x2
(>~ 0,2 eV). Orchard 216 assigns the single

band to both 4 ionisztions. The remaining

bands are similsr to those of ferrocene dbut
- &" should be rather more diffuse, owing to

the larger number of ion states that may be
produced.

The current PE data are in éood
agreement with those of Orchard et al, as are
the relative intensity data for 4':i™. The
relative intensities for regions &' and A"
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from the Hell spectrum of vanadocene are A':i" =
1.0:2.7 or 3.0:8.1, which are exactly those
expected for the ionisation of three d and
eight =welectrons, if, &s has been chown for
ferrocene, the ionisation cross sections for the
d and ® croitals are approximately ezuszsl, end
if, as has been assumed by Orchard et al 216,

both the €5 and 2, metal d ionisations give

rise to the first band in the PE spectrum and

are not resolved separately.

Thus the sssignment adopted by Orchard 216
is confirmed, end 4i' is due to ionisation from
;he d a1gjfnd e
‘A2g end 7%
too close in energy for resolution, using the

o orbitals giving rise to the

50 molecular ion states. These are
o

current instrumentation. rarther confirmation
is given by the considersble increase in
intensity of A' relastive to 4" in the Hell
spectrum. The assumption of a 1:1 3d:2p ratio
for ionisation cross section, therefore, appears
to hold for ferrocene and vanadocene. For these
two cases, the relative enesrgies of the various
ion stztes cealculated by crystal field theory
and deta from electronic spectra, &appear to
bear little relation to those observed experi-
mentally by UV FES.

- (111) Chromocene (II)

The ground state is still uncertein
in this csse. The UV PE spectrum has been .
216 _ 201
end by Rabalais .
Rebalais suggests thet the 3E2g ground state,
that is (813)1 (623)3, provides the best
interpretetion of the obscerved bands, giving

examined by Orchard

rise to five ionic ststes. The sharp pesgk at
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5.69 eV is acsigned to the 2E2g ion state and
the three peaks at sround 7 eV to ionisation to
the stntes 4& ’ ZE, ’ QA and ZA &s follows:
), 28 g 2g 18 5
(7.02 eV) A2g’ (7.3 eV) 4E1g, (7.4-7.9 eV) A1g,
2A o« - The predicted relative intensities 2E :
qug 2-—» 2- 2F A 1 1 v Qg
2~.1g. 11418. ngg. A,lg are 1:2 1¢ 3¢ 5 oe xebslais
claims thet good agreement is found, except in
2
the case of the “Ezg band, which is of unexpec-
tedly high intensity; this is suggested to be
due to the variation in cross section for the
818 and e2g orbitals, In this szme region of

216'observe

the PZ spectrum (4'), Orchard ct al
at least four distinct ilonisation processes;

bends corresponding to these sre labelled &, b,

¢ snd d. On these grounds, the possibility of

a 1A1g grownd state, that is (ezg)u, is discarded
by both sets of authors, since this would give
rise to only cnz molecular ion state on ionisation
of the outer electrons. The possibility of a
BA?g,.(a1g)2ég%S)2, ground state is also rejected
by Rebalais » since this would lezd to only
three ion states, however, although Orchard is

in favour of the 3Ezg ground state, in sgreement:
with Rabalais, there iszstill a possibility, on

energetic grounds, of a 52g‘ground state.
Ionisation energies and relative
intensities for the current Hel PE spectrum of
chromocene were in good agrecment with those
previously observed 201, 216. Of the four
bands in region &', if band d was attributed
to impurity,'or to a shake-up process, the
assignment possibilities on energetic grounds, '

assuming the 3A2g ground state would be as

follows:

by, y. 2 (2,
2(tag)s vy oCEyg)s Cagy) (3)4
a(Cry)s d(tag)s e(Pay) 0 (305
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The predicted relative intensities are:

L,

.‘.’. - 2 2 5 . 2
(3 kgp) Ty 8 (k) T4y, 1 (2) 7B

g 2g
Taking the values of ka1 found for ferrocene,
the predicted el relative intensitices are
(l?fm = 0.8):~ 1.1(%2 ) ¢ 0.53 (2A28) : 2.0

( 32‘), and the Hell %ka1II = 1.2):1= 1.6 (“AQg) :
0.8 2A28) : 2.0 (2E2g)‘ However, it has -
proved impossible to obtain experimentsal
intensity rztios for the separate bands:
accurately from current data, since the bands
overlep considerzbly, and only the collective
bend area ratio for (b+c+d) ¢ a is aveileble,
The experimentel reletive intensities ere
compared with predicted values in teble 3.13.

Table 3.13 Crlculsted end obeserved relative intensities

for chircmocene

EXPERINZENT AL CiLCUL.T=D ASSTIGITENT

[a ¢ (b+c+d)]

Hel 1.0 ¢ 1.5 1,0 : 2.4 (3)4
1.0 : 0.8 (3)5
Hell 1.0 ¢ 1.4 1.0 : 1.75 (3)4
1.0 : 1.2 (3)5

Thus neither of the assignments 3(4) or 3(5)
appears to be in line with observed relative
" intensity values, and the possibility of the
3, ‘

o ground state for chromocene 1s rejected.

The most probesble ground state, is,
o 3-\ [} 3

. therefore the Epgs <a1g) (ezg)
rise to five ion states,‘and assignment of the

sy Which gives
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PE spectrum will now be discussed on this basis.

The five possible ion states sre “I, ,
L, 2 2, ;2 . S
Ap *1g’ Ao and A1g. Four possible assign-
ments of the PE spectrum have previously been
progoszd assuming a Bqu ground state for

216 e ;
chromocene ; these are shown in table 3.1k

(1-4) together with an alternative assignment (5).

Table 3.14 DPossivle sssirnments for the FX spectrum of

chrarocense

, predicted
intensity
ASSIGIVEET ¢ b c a a 3 (b+csd)
b, 2. 2. 2, 2, (L+2x_,):5.
1 n2g+ h2g E1g “g hzg ai
2., L 2.4 2. 2,
X . 2 z, o
3" 4,' w - 2 2‘5 . 2
) e “1g¥ Fog Mg Ffog b (5432 ))
"4'; 2 ) 21;\ 2 A 2 2 o (R4
> “2g P1g Bap Mgt heg  M(5+3Kgy)
% - The 2E band is gesuned to be included in the first

2g .
ligand band system (A"

2

Yy = The E1g band mzy be elsewhere in the systen.

Of these essignments, Rebsalais et el 201
favour sssignment 2, since relative intensity
measurcrients ocbtained are in good agreement with
those predicted.

Teble 3.15 gives the predicted and
experimentzl intensity ratios a : (b+c+d), assuming
values of ka1 and ka1II found experimentslly for
ferrocene,
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Table 3.15

ratios=

foxr

chromocene

Theoreticnl end exrerimentzl relctive intencsity

ASSIGNNENT

1

Hel
HelI
Hel
HeII
Hel
HelI
Hel
HeIl
HeIl
HeIl

THEOR=ZTICLAL
(b+c+d)

a 3

1.

-
O o o

1.0
1.0

1.0

.o

0.78
0.66
3475
2.50
1.25

2.15

EXPERINENTAL

& ¢ (b+c+d)

1.0 ¢+ 1.5
1.0 : 1.4

From the experirmentzlly determined

relative intensity ratio, a : (b+c+d), values

of ka1 end Ka1II mey be estimated for esch

proposed cssignment.

On these grounds, assignment

1, which would reguire negetive vezlues for ka and

1

ka1II, nay be discarded., .Assignment 2 would give

ka1 =k

a1

ITI > 2, which is unlikely, since other

evidence suggests that the a1g 324 ionisation
cross section is not expected to be twice thsat
for en oz 334 orbitsl, 4Assignments 4 and 5 give
velues for

rather low.

ligend e1g, €1y

N

o

al

- 2 1

1II = O..2, \'l'hiCh are

Region A" has been assigned to the

ionisations; however there is

a possibility that the small shoulder to the high
ionisation energy side of the ligand bend e,

lebelled f, may be due to ionisation from a d type
orbital, slthough Hel data obtszined for the
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dimethyl substituted complex sugzest that £ 1s a
ligand vand, dus to its shift. '

Hell datea give &n intensity ratio of ~
5 1+ 12 for &' 14", On the basis of observations
made for ferrocene snd vanadocene, that is, that
the 3& end ligend 2p = ionisation cross sections
ere epproximately ecual in the Hell spectrum, the
expected intensity retio would be 4 : 8, which is
very ncer the experimentel value.

From the Hel and HelI TE spectra of
CGCz, it can be seen thet bénd ¢ shows &n in-
crease in relative intensity in the Hell spectrum,
even relative to the other 'd' ionisations. This
strongly suggests that band ¢ is due to the 2E2g
ionic state, arising from ionisation of the a1g
electron, since it has been shown that, in the
ccse of ferrocene, the a1g cross section is

greater then that for an e orbitel., From this

erpgument, assignment 5 is ?ivoured. The experi-
mentcl intensity ratios found for a : (b+c+d) do
not agree well with any of the ratios expected
from the five proposed assignments, however
assignments 3,4, and 5 are in slightly better

agreement than 1 or 2.

The crystal field predictions as to the
relative energies of the ion states produced may
be examined in relation to assignments 3 to 5.
Since it has not proved possible to measure relative
band arees for b,c and d separately, accurate
assignment is further complicated.~ The energies

L,
ion state are given in teble 3.186, together with

of each ion state produced relative to the

the experimental relative energics found assuming
assignments 3, 4, snd 5, If it is assumed that
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Teble 3.16 Reletive enerrics of the jon states produced

on ionisstion from the -5 ground state

2g
C.LCULATED EXERGY (eV)
TON STATE  EHERGY RFL.TIVE TO “gzg STLTE 3 I 5
eV

2

Eyg 2UB + UC =~ b, 2.6-4, 2.8 1.2 1.5
“hog 12B + 3C 1.56 1.8 1.8 1.8
“fyg LB + 5C 1.56 1.5 1.5 1.8
2E1g LB + 3¢ 1.0L 1.2 1.2 1.2

C=4B 207, and a velue of 520 cm ™| (0.065 eV) is
substituted for B 221, the approximate energy of
esch ion state relztive to the qug ion state may.
be calculeted, end these values are also given in
teble 3.,17. Since 452 is 1likely to be fairly large
compared with B, the energy separation between the
uﬁég end 2E2g ion states is likely to be less then
that expected from assignwent 3, and thus assign-
ments 4 or 5 are more likely. Since assignment 5
predicts exectly the correct ordering of bends,
with the 2A2g end 2£1g ion states heving the
greetest {(and ecusl) energy separation from the
“ﬁgg icn state, encd with the additional relative
intensity evidence that band ¢ is due to production
of the 222g ion state, this assignmeni is proposed
as being the most likely, although assignment 4

cennot be ruled out.

(iv) Cobeltocens (V) .

The four low lonisation energy bands,

a-d, hesve been attributed to ionisation of metal

d electrons, since the intensity ratio 4" : (e+

b+c+d) was consistent with this assignment 216.
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The ground statc electronic configuration of
cotaltocene is well established zs (ezg)u(a1g)2

2

(818)1, corresponding to & “E,  state.

2g

The first band, &, in the PE spectrum,

/
at 5.56 eV was assigned by Orchsard 216 to ionisa-

tion from the (e1g)1 orbitsl, giving the 1£1g
molecular ion state. The width of this band is
greater then for bends due to 4 orbital ionicsation
in ferrocene, indiceting the antibonding nature

of the 615 clectron; the ionisetion energy of this
electron is remazrkably low. 4ssignment of bends
b-d was attempted with the aid of relative
intensity mecsuremrents and crystsl field theory,
but has remeined tentative 216. Bend e wsas
assignecd &s being due to ligend ionisation, and.
the week bend f, could possibly represent d
ionisetion; hovcver by comparison of the FE
spectrum with thot of the 1,1'-dimethyl substituted

derivative 216

’ band £ is more likely to be due to
ligend ionisation. Tor cobsltocene, as with the
other metellocenes, regions B and C were found to

be similer to bands B and C in ferrocene.

Table 3.17 shows the relative intensity
ratios found experimentally for A'(e+b+c+d) : &"
(e+f). The Hel relative intensity date give a
ratio of sapproximately 4 : 8 for (a+b+c+d) : i
the expected value is 7 ¢ 8. The Hell result is
nearer, but gives a vefy high reletive intensity
for rcgion A'., This is probably due to the very
high ionisation cross sections found for the e

d orbitels, with Hell rhotons.

18
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Tehle 2,17 Relotfve intensity édnts for cobaltocens

& 1 ¢ a a+b+c+d’ e+f
Hel 0.08  0.24  0.08  0.08 (0.48) 1.00
He1 216 0.083  0.220 0.063 0.063  (0.43) 1.00
¢ " : o
0.3:6
Eell 0.24 0.74 (0.98) 1,00

- The ionic states produced on loss of a
d electron for cobaltocene, together with their

predicted relative 1nten81t1es,are. (x 1) T4 &
(3 ,1>3g<2a,1>‘“ (3) %5, (_>E1g,
) y (%) 1E og* P0551ble as 51gnments suggested

bj Orchcrd et &l are given in tabhle 3.18.

Teble 3,18 TFossible sssignments for the PE spectrum of

cobaltocene predicted
intensity
ASSIGHEENT =& Jo} c a bt c: d
1, 3 L3a 1. 1 Z o L o L
1 n,]g L28+ L1g Ezg E1g 2 e T ¢ Z
1, 3, .3 1 ,An 3 s 4 LB
2 g Ezg+ E1g h2g+ E1g E1g 31 15k,
1 3—v 3-» 3’1 1 1 .?_ o
3 A1g b2g+ x1g A1g E2g+ E1g 3 2ka1 s 1
1. 3n 3 1 1 3 14 . .
L Aig TBpgtTEyg Bt By Byt E1g 3018 2k,
, 216 -
. In assignment 1 it is assumed that
1

the E1g second ionisation occurs in the region of
the ligend = lonisations, as for chromocene,
however ithere sprears to be evidence that this is
not the case, from the shift in the corresponding
band in the Hel PE spectrum of 1,1'-dimethyl-

cobsltocene.
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Crystel field parametcecrs give the
energy separation of the two'Equ stetes as
138~ Ag, wvhich is small, and therefore configura-
tion interactlon is likely to be significant.
3e.  end 2E, _ ion

. 2g 1g
states, of 6B, suggests thot these bands are

The encroy seperation of the

unlikely to be resolved in the PE spectrum. From

216

this 1t was concluded that the feirly intense

band, b, is due to the 3E1g and 3E2g states. The
Hel relative intenzity for bands a and b, is 1 ¢ 3,
which is consistent with this assignment. Un-
fortunately bands b, ¢ and d are not well encugh
resolved in the Hell PE spectrum for their separate

relative intensities to be cslculated.

Bznds ¢ end 4 are suggested to relate to
1. 1

the By and E1g ion states, but their intensities
z .

relative to bend b are tco high, &nd are, in fact,

even higher in the Hell spectrum. This assignment

would plece both of the states 5E end 1E

]
produccd on 518 lonisation, under1%he ligagg band
system, Although it is Just possible thet f is
due 1o the 1318 stete, thet both bands should be
obscured by the ligend band system A" is unlikely
on intensity grounds. Thus assignment 1 does not

seem likely elthough it gives LI 0.8.

Assignments 2,3 snd 4 are more satis-
factory on intensity grounds, but none is wholly
. satisrfactory. Assignment 4 would require ka1 =
0.5 to fit the intensity data (no detailed Hell
data are available); assignment 2 requires k4 =
0.6, but is unlikely on crystal field grounds,
1E1é state would
be expected to occur before band e. Lssignment 3
requires ka1 = 0,7 yhich is the nearest to the

experimental ka1 value observed for ferrocene, and

since ionisation to the second

an experimental value cslculated approximately for
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Koy (from (b+c+d) : a, assuming K, ~1) is 1.2
which seems reasoncble, when compared with kc1

values obtalned for manganocene and nicxelocene,

It is not possible for a definite assign-
“ment to be made even with the eid of the Hell
relative intensity data; these give a : (b+c+d)

as 1 ¢ 3 which cen rezlly only be consisterntwith
assignment 1, and kc1II is found to b;'~2, which

is in sgreemcnt with the high ionisation cross
sections found for the e1g d orbitels in nickelocene
and mangenocene, for Hell ionisztion. However,

the eassignment of bend e &as being due £5 ligznd
ionisation is confirmed by its reduction in
relative intensity in the HelIl srectrum, zlthough
band £ is still clesarly visible &s & shoulder to
the high ionisation energy side of e. This band.
is not clearly resolved and it is difficult to

say whether 1its intensity relative to e has
increased in the Hell spectrum. Beands &, c and d
show distinct increases in intensity relative to b.

(v) lickelocens (VI)

Bands due to metsl 4 ionisstions and =
Cp ionisations in the PE spectrun of nickelocene,
appeer to overlap considersbly.

4is for cobaltocene, there ié a band at
low lonisation energy, a, which is assigned to
jonisation of the two e1g a Slectrons. The
molecular ion ground state, E1g, is subject to
Jehn-Teller distortion, however only slight
cymnetry of the PE band is noted. '

The Hel intensity ratio, (b+c+d+e) : a,

is found to be 6.7, in fairly good agreement with

216

previous work R ahd,the predicted value is 7.
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The Hell intensity dota, however, give (b+c+d+e)
: 2 as 1 ¢ 0.3, or 3.3, thus suggesting a high

z d orbital,
eas was found for cobzltocene. In fazct if ka1II
and RKII are toliisn to be ~ 1, a value for ke1II

lonisation cross section for the €,

of 1.5 1s obteained,

From the Hell information it may be seen
that band ¢ 1s due to ligand ionisation &s pre-
dicted by Orchard et al from Hel data 216, and
bands b eand d are clearly due to metal d ionisa-
tions. Band e is similar in eppezrance to band
f of cobeltocene; it does not show signs of a
decrease in intensity relative to band 4 in the
Hell PE spectrum, and therefore is likely to be
due to metal d ionisation. However, there is
some evidénce, as with cobaltocene, from PE data
for the 1, 1'-dimethyl substituted anzlogue 216,
that this band is due to ligend ionisation. Band

i 216

b is tentatively assigne to ionisation of an

o . o u’? i M S
€og d electron to give the Zog ion state; this

LL‘ 2 — 2-1
leaves the 423, Azg and ng states unaccounted

for in the PZ spectrum. Of these, the uAQg end

2E2g would be expected to have approximately the

same reletive intensity, with the 2$2g much lower
in intensity. Thus a tentative assignment might
be that band d is due to the “528 end 2E2g
molecular ion states, and bsnd e to the Zﬁzg

Assignment by Rebalais et al 291

of the
Hel PE spectrun of nickelocene is restricted to
the first tend only, &nd is in agreement with

conclusions drawn here,

(vi) NMangenocene (III) end 1,1'-dimethyl

mangrnocenc (IIIa)

There 1is much évidence thet manganocene
exists in the high spin 6A1g ground configuration
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as the solid, and in solution, and a s
interpretation of the gas phuse UV PE spectrun
may be madz on assuming a 6A1g ground state for
the gas phase., The PES data of Rabaleis et al

were Interpreted in terms of =a ZA

201

ground state;

K 22lb) Wwho

this aessignment was criticised by Warren
noted thzt the data ere more applicable to a GA

. 216 g
ground state. Orchzrd et al

assigned the PE
spectrum in terms of a high spin ground state, in

agreement with calculations by Clack °°°. The

spectrum is complex and was divided 216.into

regions a2-d, x, B &nd C.

The first band, a, at 7.01 eV 1s assignzd
to 818 ionisation to give the 5E1g ion state; the
bend is similer in eppeerance to the e1g bands in
the cobzltocene end nickelocene spectra. The
weeker b=znd system in the 10-11 eV region of the
spectrum is also assigned to d orbital ionisation;
band ¢ to the production of the 5A1g state, &and
band d to the 75, state. The "impurity" bend, x,
is herdly visible as a separate bend in the current
study. However band d is very broad; x wes &ssigned
by Orchard as being Gue to cyclopentadiene present
as impﬁrity. Band b was assigned to the various
ligand ionisation processes generating 7E 53
7E18’ 5E1g

1u? 1u?

states,

. The Hell PE data show bands ¢ and 4 as
relatively more intense &enda therefore confirm
that they are due to 4 orbiteal ionisation, wheresas
band b is shown to be due to ligand ionisation,
Certainly bands ¢ and 4 are not:%eak that they may
be ignored as in the assignment of the Hel PE
spectrum by Rebalais et al 201. Rabalais found
band a to have three distinct peaks, and found no

structure at ¢ and d; manganocene was assumed to
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have the 2A18 ground state whicn would produce
three ion states. The 6A1g ground state salso

5
gives rise to three ion states, ’A1g, 5E2rv and
S [=]
bE1g. The assignment of Rabaleis 1is not in

agreement with crystel field thcory which would
predict a large energy differcnce (=~ 28B- A2)
between the 332g end 1A1g ion states, with the
3E2g state lower in energy. The first bsnd of

the PE spectrum is assigned by Rszbalais to closely
spaced 1$1g’ BEZg and 1E2g ion states in theat

energy seguence,

The Hel relative intensities were found
tobea:t:b:itc:d=20.,25:1.00: 0,08 : 0.2;
the relative intensities of ¢ and d cannot be obtained
with great esccurascy from current data. These data

give ke1 = 1.2 and'ka1 = 0,8, as for ferrocene.
The Eell relative intensities zare 2 ¢ b ¢ ¢ ¢ 4 =057:
1.00 ¢ 0.156 ¢ 0.36, giving k ,II = 2 and k,II =

0.9. These ka1II and kG1II vaelues are consistent
with the predicted reletive intensities for bands
a, ¢ end d, end again the e1g d orbital is seen
to possess a high ionisation cross section for
HeIl ionisation., The retio s+c+d : b from Hell
deta, is therefore rather higher than expected
due to the large value for ke1‘

The energy separations of the ionic
states ag messured from the PXE spectrum by Orchard
21
et 8l

predictions of crystal field theory.

s were in reasonable agreement with the

A small band just to the low ionisation
encrgy side of a was observed; thié was relatively.
very low in intensity, being only just visible.
This small bend is tsken as evidence for the
existence of manganbcene as an equilibrium mixture
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of different spin isomers, being duz to ionisation
from the £E2g ground state.

The PE spectrum of 1,1'-dimethyl-
manganocene (IIla) wss obtained by Orchard et sl.,
eand found to be more complex thean that of its

218

unsubstituted enalogue. Recent n.m,.r. end

electron diffraction 178 studies have shown (IIIa)
to exist ss an equilibrium mixture of high end
low spin isomers in solution &nd in the gas phase,
and the PE spectrum would therefore be expected
to show evidence of this., Orchard et gl observed
three bands corresponding to those assigned for

MnCp2 to e1g, a and e2g ionisations, and also

seversl additioggl tends. Calculations indicsate

a 2Ezg ground state for the low spin form; the
bands labelled a', b' &and c¢' are assigned specula-
tively 216 as arising from the 2

E2g ground state.
The Hel PE spectrum of (IIIz) obtained
in the currcnt study is in good agreement with
previous vwork 216. The three bends a, ¢ end 4,
assigned to metal 4 ionisation in the PX spectrum
of manganocene, and arising from the 6A1g ground
state, are found to be analogous with bands s,
c and d in the spectrum of (IIIa) and may be
assigned in the samc way. However the relative
intensity of the ¢, 4 region to &, is higher in
the PE spectrum of (IIIa) thsn for (III) and
several extra bands ere observed, a', b' &nd c'.
Of these, a' has a very weskx counterpart in the
manganocene spectfum. The 2£1g ground state may
be rejected since the c'-a' energy separation of
~ 1.4 eV is too large for a singlet triplet split-

ting as would be produced by the 2 ground state

to give lonic states 3E2g + 1E2g' Bands a', b'

and ¢' are therefore assigned as arising from
2y

“a ng grounq state.
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The Hel PE spectrum for bands a', a,
b' and ¢' wos obtained with the sample chamber at
a range of temperatures: 45, 71, 92, 117, 165,
250, 300 und 32500. L5 the temperature was in-

', b' and ¢' were reduced in

creased, bands &
intensity, and at the highest temperatures, a' was

only Just visible. Thus the 2E2g end states

fag
must lie very close in energy with the é;g state
slightly lower, end at high temperstures thermal
energy is available for increased populaticn of

the 6A1g level, It is not possible from current
PE data to determine the relative proportions of

the two 1somers.

The Eell dzta confirm the essignments
of bands a, a', b', ¢' and ¢ to ionisation of
metal d electrens end bend b to ionisation of
ligend = electrons but it wes not possible to
celculeate eccurately the relstive intensities of
these tands sepesrately. However the overesll
relative intensities for (a'+s+b'+c'+c+d) ¢ D
ere 0.81 : 1.00 (HeI) and 1.7 : 1.0 (EelIl), both
values giving rather high relztive intensity
values for metel d ionisstions. This may te due
to the relsatively large icnisation cross section

for e d ortitels as noted for cobsltoccene and

1g
nicxelocene.

It is not surprising that complex (IIIa)
should exist with a different ground state to
comglex (III); the electron donating characteris-
tics of the methyi group are greater than for
hydrogen, end so in comparing (III) end (IIIa),
the donor character of the ligands in the letter
mey be significantly increased, and thus csuse
spin palring. It might be expected thet the
bis—pentamethyl substituted enalogue would exist
- in the low spin ferm,



(vii) Rutherocene (VII)

The PE spectrum of ruthenocene was
obtazined by Orchard et &l 161, and found to be
similar in appearance to that of ferrocene,
except that the band structure in region &' is
unresolved, and that in 4" is completely resolved.
This latter feature is the most significent, end
corresponds to & large sepesration between the e1g
and €4y meinly ligand ionisations. This is suggested

O A
by Warren 224

to be due to an increasing metel-
ligand interzction (hence increase in ioniseticn
energy) between the metal and ligand €ig orbitsals,

: 164
The same effect was observed for osmocene .

The Hel spectrum obtaired in the current
study is in good sgreement with that of Orchard

et a2l 161.

Ais expected from esrlier dates for the

e
atomlc species 162

» the &, () end e, (4)

<)
lonicseticn energies increcse significently from
iron to rutheniuvm; this effect was also noted for

corrlexes studied in chapter 2.

The a1g-e2g d orbital energy separation
is found to be less for ruthenocene than ferrocene;
this effect may be due to the increased covalency
of ruthenocene, thet is, stebilisation of the €5

g
level by interection with ezﬂ*. From crystel

field theory, the.decreese in Zﬁﬂ - 2E2 energy
separction in ruthenocene mey bte explained since

B is expected to be smaller for ruthenocene (2£1 -
2E2 = 208 = Az). This effect is similer in nature
to the general increase noted in (A e, t2) separa-
tion for analogous first end second row ogtahedgal

complexes; both effects tend to diminish "4, - “E

1 2
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separation.

The PZ srzectra of the isoelectronic
complexes Cpln (CH,) and (C/H.).Cr have been
229 66 0622 5

exemined sy and the secucnce of $1 and "E

2
ion states is reversed relstive to ferrocene, in
both complexes; the actusl 2E2 - 2£1 separations
observed were 0.36 eV for the manganese compound
end ~ 1.0 eV for (061{6)201'.
o _, 161 _
Crcherd et al found that the
combined 81g and . d ionisation cross section,
[
kd’ steadily incresases relstive to k7t in the
series Fe -+ Ru - Os; this is apperent from the

Hel spectra.

1a
ruthenocenc compared to ferrocene mey be attrituted

The increased xe -ﬂe1g separetion in

to en increase in stzbilissticn of the e1gx bonding

MO through interection with the empty metal e, * d

1g
orbitsl. This is in egreerent with the noted

d separation,

decreese in e2g - a1g

From Hell reletive intencity desta, the
lower ionisation encrgy band of region A" may be
immedistely assigned to ionisation from the €14
ligend level, while the higher ionisation energy
band is seen to be due to ionisation from the
meinly ligand e1g orbitel, having significant
d charecter; this'shift of the e18 ® ionisation
energy to a higher value reflects the stebilisa-

tion of this level with increzsed covalency.

Since the ligand %€y band is separated
from the e1g ligand bend, relative intensity
measurements may be used to calculate more sccurate

- values for kd’ since the €44 band is unlikely to
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have significant d cheracter. Jn estimate of the
d charecter of the ﬂe18 band may elso be obteained.
The rclative intensities, &' ¢ &" (e1u) A (e1g)

together with k.

a velues are given in table 3.19.

Table 3,19 Relative intensity dats for FeCp__2 and Rqu2

_ FeCp, £

RuCp?

A'

s A" (HeI) 1.0 : 2.1 kg = 0.65
(HeII) 1.0 ¢ 1.2 ,kdII = 1013
s 4" (Hel) 1.0 : 1.6 ky = 0.83
(HeII) 1.0 : 4.4 kI = 4.21
| I " . N
(HeI) 1.1 : 1.0 : 0.8 kg = 0.73
(HeIl) 2.0 : 1.0 : 1.2 KyIT = 1.33

It ma& be seen from table 3.19 that for ionisation

by Hel photons, the ruthenocene 4d orbitals, have

a higher eaversge ionisation cross section than

the iron 7d orbitels, however in neither cese is

the 'd' cross section greater than the ligand =

cross section, TFor Hell ionisation both the 34

end 44 orbitals show &n increase in ionisstion

cross sectlon relative to the ligend = orbitels;

in both cases the 'd' cross section is higher then
the n orbital cross section, end the Ld average
lonisation cross section is greater than that for ths
orbitals,'giying a value for ruthenocene of kdII

= 1.33%3. It may clso be seen from teble 3.19 thst

the e1g ligand band of ruthenocene has considereble
metal d characticr, calculated at 121% with respect

to band A'. This sbnormally large apparent d charac-
ter is possibly due to the very high ionisation cross
sections obscrvéd‘for €1g d ionisations.
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(viii) tis Lﬂb—cycloheptadienyl)ruthenium
(VIIa)

The YE spectrum is very different in
appearance from that of ruthenccene, and the
first band, a, showe a much lower ilonisation
energy (7.07 eV).

The etructure of this complex has not
been examined by X-ray crystallogrephy, dbut n.m.r.
deta heve been obtdd ned 238

are assumed to have equivalent geometries with

, &and both ligends

respect to the metal atom, and are bonded via
five consecutive carbon atoms of the ring. The
highest possible symmetry is CZh‘

The first three bends, a, b and ¢ may
be assigned to ionisation of metsl d electrons
from the Hel and Hell reletive intensities;
bends d and e are seen to be due to ligend =
ionisation. The reduction in symmetry of (VIIz)
compered to ruthenocene, will tend to remove the
e28 d orbitel degenereccy, and these levels are
now serxcrzted enough to be resolved in the PE
spectrum. The relative intensities (a+b+c)
(8+e) zre shovn in tsble 3.20, together with the
calculated values of the factor kd’ analogous
to kd in ruthenocene. The kd velues obtalned in
this way erc exceptionally high even if bends
(d+e) esre assumed to arise from ionisation of
two non-degenerate levels (ie 4 electrons) instesd
of two almost degenerate levels (8 elecirons),
Reasonable values cculd only be possible if bends
e and £ were due to ionisation from Jjust one non-
degenerate level., If this were the case, the kd
values would be in feirly good agreement with
those found for ruthénocene; however i1t is unlikely
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Teble 3.20 Relotive intensity doto for (VIIg)

(a+b+c) : (d+e) Hel 3.4 1 1.0 k3 2.09

Hell 6.0 ¢t 1.0 k;IT = L.00

since bands 4 snd e are well resolved.
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3.17 SUKLTY

Figure 3.13 cheows the ionisation encrgies
for metullocenes cf the first row trensition elements, from
venadium to nickel.

ALgrecment of many previous assignments of PZE
spectra for theze corplexes, with current assignments made
using Hell reletive intensity wes, in meny cases, extremely
good. Jtssignment ¢f the szcctra using this data wes aided
by the obtservation that meteal a, and €5 3d orbitals and
ligand Zp = orbvitcls ell heve eppnroximately eqgual ionisa-
tion cross sections for Hell ionisstion, end by the un-
usually large vaelue observed for ke1’ the 618 d ionisation
cross section. In sone cases & satisfactory assignment
was reached, though assignments for chromocene, cobaltocene,
end nickelocene sre still uncertain. Values for the factors
ka1’ ka1 I; kﬂ ’ k(nII end ke1’ ke1II; or kd’ kdII, were
deternined experimentslly from the spectra wherever possible;
however in many cases it was not possible to obtain accurate
relative intensity data for the Hell spectra, due to poor
resolution, or overlepring bands, he relative changes of
ka1’ kqt end kd
useful aid to essignment; the lonisation cross sections

between the Hel and Hell specira were a
seemed to be fairly constant for different metals.

The varietion of ionisation energy across the
geries is noted to be very irregular, end, in general, the
result of interclectronic repulsion in the various open

shell configﬁrationsinvolvad.

Photosl=citron Shcaotra

The spectra were obtcined using the same instru-
mentation as in chepter 2, but with HelI fecilities (see



fig_3:13  Correlation diagram showing ionisation
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appendix 1), Hel and Hell spectra being recorded at lecst
in duplicate for each coumplex.

The elir sensitive samples were scaled under vacuun
in glass tubes of the correct dismeter to fit the heated
insert probe, and the tubcs were broken open at the time of
inscrting the sample. Contzct with air was therefore
minimal, with very little surface area of the sample exposed.
This method was found to be satisfactory for all cases
except 1,1'-dimethylmanganocene (IIIa). Thnis complex

was stored in a nitrogen atmosphere at low temperatures,

and introduced into the srectromecter via the 'volztile'
inlet system, directly from a Schlenk tube., Xenon end
Nitrogen were useda es calibration gases, and the He self
ionisation pesk was used es en additional calibration check.

Relative intensitiss were calculated by three
independent methods by measurement of aress under bands.
In estimating Hell relstive intensities, care was taken to
corrcct for the HeIIya satellites vhich gprzecer with '
approximately 410, intzansity of the HelI,6 spectra displaced
by 7.56 eV. For example, a shadow of the main band appears
in the region of = 5-6 eV,

Methods of Prenarcstion

Except for the iron group, the complexes (I) to
(VIIa) are very air sensitive, and in all cases specisal
handling precautions were tsken.

1. Sodiun eyclopentadienide

This was used as a reagent in most syntheses,
and was prepared according to the method described
by King 66. The general preparation is described;
this was modified in some cases:

The rcecticn was carried out in a 1 litre,
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three necked round bottomed flask, with motor
stirrer, reflux condencser, nitrogen inlet, and
pressure equalised dropping funnel. The spparatus
was flushed through with nitrogen and charged with
11,5 g (0.5 mole) of sodium metal, and sbout 150
ml of sodinm dried xylene. The mixture was heated
to the boiling point of xylene, znd the sodiunm
disperscd into a sand by vigorous stirring which
was halted below reflux temperature. The flask
was then cooled to roonm tempersture snd the

xylene was siphoned off and replaced by 250 ml of
freshly distilled TiF. The suspension of sodiunm
in THF wes treated dropwise with 50-60 ml of
freshly prepared cyclopentadiene to dissolve the
sodium forming & solution of sodium cyclopenta-
dienide. fColour of this solution varied from =
very peale straw cdlour to deep red, due to partial
oxidztion; pure sodium cyclopentadienide in THF

is colourless, It is difficult to prevent a small
amount of oxidation, but this does not significantly
affect the yield] . The reaction mixture is then
ready for recaction with transition metal salts to
give metallocenes,

2. Tetrzhydrofursn (THF)

This was always used freshly purified.
Sodiun and benzophenone were added and the mixture
refluxed until deep blue. THF was then distilled
off, collected under nitrogen, and added immediately
- to the dispersed sodium via stainless steel tubing,

3. Cvclonentadiene

This was always freshly prepared from dicyclo-
pentadiene, by thermal dedimerisation, using



spparatus of the type shown in Figure 3.1k4.

The apparatus was flushed with nitrogen prior
to loading; the cyclopentadicne was collected
in an ice-cooled flask snd used within 0.5 hr.

Fienre 2.4l Aprprorestus for nrepzration of

-~ )i

cvelopentzdiens

dicyclopentadiene

condenser

tetralin

cyclopentadiene

’I\ ice

heat

44, Vansdocene (I):

Znhydrous VCl3 (23.6 g, 0.5 mole) was added
to freshly prepared sodium cyclopentadienide
solutlon., The vanadium trichloride was purified

' by refluxing with thionyl chloride 233 end

storing in & desiccator. The reaction mixture was
refluxed for ebout 4 hr, and sllowed to cool. THF
was renoved by pumping, and the dark residue
remaining was transferred to a sublimation apparatus,
in a nitrogen filled glove bag. The residue gave
purple air sensitive crystsls on sublimation
(100-180°, 0.1 mm).
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5. Chromocene (II)

The above procedurc wos used, but all stages
of the recection were carried out in Schlenk tubes.
The enhydrous chromium chloride had been prepared
by dropping carbon tetrachloride on to hydrated

9]
chromium chloride 2lo

at high tempersture. This
form of chromium trichloride does not hydrate
rapidly in air. The reaction residue obtained

as esbove was sublimea (80-150°C, 0.1 mm) to give
dark red crystals, which were immediately trans-
ferred, under nitrogen, to sample tubes which
were sealed under vacuum. This complex was Tound
to be far more air sensitive than venadocene, and

is also water sensitive.

6. VManzanocens (III)

This was prepared by reaction of sodium
cyclopentadienide in TEF, with nungenese dibroxaide
prepared from mengenese and bromine in 1,2-di-
methoxyethane, as described by King 66. As much of
the dimethoxyetlizne as possible was decanted fron
the menganese dibromide before addition of sodium
cyclorentadieniae solution in a previously measured
volume, via stainless steel tubing. Care was
taken to admit no air to the reaction vessel. The
solvents were removeu in vsacuum, leaving a dark
residue which was trensferred to a sublimation
epparatus in a glove bag vhich had been evacuated
and filled with nitrogen several times. It was
found necessary to use a vacuum of 10'3 Tt for the
product to sublime from the residue (5000). The
product sublimed as pale yellow crystsls, turning
light brown on contact with dry nitrogen. The
complex was sealed under vacuum in ssmple tubes



imrpediately, and was foundi to be the most air and

Rl <+

water scensitlive 27 the metallocenes,

7. Au4'=dimethvlnangrnocence (I7Ia)

A sanple was donated by the Inorgmic
Chemistry Laboratory, Oxford, and was purified
by redistillation, to give a dark red liguid,
b.pt.'”1OOO/O.1 mr. Tnhnis complex was at least
as air sensitive &s meanganocene and wes stored
in & nitrozen salmosshhere.

8. Ferrogcene (IV)

Ferrocene was obtained commercially from
Koch-Lighf, and purified by resublimation at
80°-100°/0.1 mm to give orenge, air stable
crystels.

9. Ruthenocene (VII)

A sample was prepered using & recently

238. Zinc dust

reported end very simple method
was added to a mixture of freshly prepered cyclo-
pentadiens end ruthenium chloride hexshydrate in
ethanol, and the mixture was stirred for 0.5 hr.
The solution was filtered, the filtrate evzporated
down, and the solid product recrystallised from
n-pentane at -78°C, &nd sublimed at 90-100°/0.1 mm

to give pele yellow air steble crystals,

10. bis(n’-cycloheptadienyl )mithenium (VITa)

This cemplex was donated, having been
prepared by the same method as ruthenocene. In
this case the reaction mixture was refluxed for
1 hr, Turification by sublimation at 90~100°C/O.1mm
géva~ycllow,slightly gir sensifive crystals.
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3.19

1.
2.
3.
L.
S
6.
Te
8.
9.
10.:

11, Cobaltocene (V)

~nhydrous cobalt chloride was prepared by
heating & hydrated sample in vacuo until completely
blue and anhydrous. This was added to sodium
cyclopentadienide solution and allowed to reflux
overnignt. Purple crystals of cobesltccene were
purified by sublimation 80~150°/0.1 mm.

12. Nickelocene (VI)

Nickel bromide was prepared from nickel and
bromine in 1,2-dimethoxyethane; diethylamine and
freshly prepered sodium cyclopentadienide solution
were added, and the reaction mixture was stirred
overnight st room texzperature. The solvent was
removed in vacuo, and the residue transferred
under nitrogen to a soxhlet extraction apparatus,
and extracted with refluxing hexane. Green
crystels separated from the hexane extract, were
removed by filtration snd purified by sublimation
at 100°C/0.1 mm. Nickelocene may be handled in
eir, but was stored under nitrogen.

PHOTOZLECTRON SPZCTRA

vanadocene (I)

chromocene (II)

chromocene (II) HelIl

mangsnocene (III) Hel

manganocene (III) Hell

ferrocene (1IV)

ferrocene (IV) (1st two bands, Hel & HeII)
cobaltocene (V) V
nickelocene (VI)

1y 1=dinsthy Ininpanccene
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11, ruthenocenc (VII) Hel

12, rutherocanz (VII) HeIl
13, bis (7;5—0ycloheptadienyl)ruthenium (Viia)
10, bis (715-cyclohept&dienyl)ruthenium (VIIz) Hell
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Chepter 4

Fhotoclectiron spectre of some diene-
cyclorentadienylmmetsl complexes



Lo INTRODUCTION AND SURMARY

This chzrter is concerned with the study of bonding
in some complexe of cobalt, rhodium end iridium, containing
both the ﬂ ~cyclerentodienyl ligend end a diene, bonded
directly to the metal.

Complexes (I) to (XII) were synthesised (fig L.1),
and their Hel &nd Hell UV PE spectra recorded. Assignment
of the spectra with the e£id of simple molecular orbital
diagrams and relative intensity data, is attempted, and the
essignments sre ucsed in & discussion of some aspects of the
bonding in the complexes. \ihere possible, comparison is
made with ¥Z spectra of complexes discussed in earlier
chapters.

Figure L.1 ﬂ5-cyclotentedienyldienem comnplares
(M_= Co, Eh, Ir)

- : CH,
7N Z ]\ 7 \<
Rh Ir (1I) Ir (1)




(1)
(11)
(111)

(Iv)
(1va)

(V)

(Va)

(V1)
(Vi1)
(viiz)

- (1%)
(X)

(X1)
(X11)

(ﬂs-cyclo;ent:iicnyl)(nu—buta—1,B—diene)rhodium
(ﬂ5~cyclopentadienyl)(nu-buta—1,B-diene)ifidium
(n5-cyclopentadienyl)(TF-2-methylbuta-1,3—diene)
iridium
(nH—cycloocta-1,5—diene)(ns—cyclopentadienyl)cdbalt
(nu-cycloocta~1,5-diene)(ns-tetramethylethylcyclo-
rentadienyl) cobalt
(nu-cycloocta—1,5-diene)(ns-cyclopentadienyl)PhOdium
(nu-cycloocta—1,5-diene)(ns—pentamethylcyclopenta—
dienyl)rhodium

.(nu—cyclolle>u3—1,3-diene)(ns—cyclopentadienyl)CObalt

(T#%cyclohexa~1,B-Qiene)(n5-cyclopentadienyl)rhodium
(nu—cycloocte—1,3,5,7-tetraene)(n5-cyclopentadienyl)
rhodiunm

(ﬂ5-pentamethylcyclopenpadienyl)(bisethylene)rhoainm

(nu-hepta-3,5-616n~2-one)(nécyclopentadienyl)rhodium
| =

(1 "-hepta-3,5-dien-2-one ) (n2cyclopentadienyl)iridium

(v -hexa—2,u~dien-1-al)(nécyclopentadienyl)rhodium
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.2 HISTORIC,L RBACHKGROURD

In 1956, Chstt &nd Venanzi reported the first
organo-rhodium complex, rrepared by refluxing an ethenolic
solution cf riwlium trichloride (hydrated) with an excess of
cycloocta-1,5-diene 241. The orange colid, Cn"49.hCl, Was
found to be dimcric, diamasgnetic, and a non-electrolyte in
benzene; structare (4)1 was assigned.

Uy (4) 1
\C/ ==

From this complex, the mononuclear complex (4)2 was
obtainegd by reaction with sodium cyclopentadienide 2“‘;
however, sttempts to obtein enalogous complexes with other

olefins end diolefins met with little success. Bonding

between the cyclopentadienyl ring end the metal wes thoaﬁht
to be simllar to thet in ferrocene.

This worx led to an interest in organorhodium
chemistry and many reports of reactions of these complexes

and preparations of relsted complexes, appeared.

The first report of the cobalt analogue of (4)2
. 4
was published in 1961 (4)3 243,
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x=Co

(4)3

This complex was prepered by &n entirely different
method (from‘n5-cyclopentadienyldicarbonylcobalt end the
diene) since the cobzlt anzlogue of (L)1 is unknown.

Some reactions of these rhodium end cobalt com-

]
plexes were investigcted in 1967 by Lewils and Perkins 24&.
ehL3

The work by King was en attempt to prepare cobelt complexes

analogous to the tricarbonyliron-diene compounds which were
being reported at the time 63’.65. (m 5-cyclopentadienyl)
(T]u-cyclopentadiene)cobalt [ and (n 5-c*clopentadienyl)
(11u—cycloocta~1,3,57-tetraene)cobalt 2L5z) b) were zlready
knowvn.

The 115—cyclopentadienyl cobalt complexes provad
to be more difficult to charscterise than the corresponding
tricarvonyliron ones, and although (m u—c"clohexa-1,5-diene)
(m 5-cyclopentadienyl)cobalt, (VI), was reported by King EMB,
attenpts to isolate (m 5—cyclopentadienyl) (@ u-buta-1,3-
diene)cobalt failed.

Nskamnura end Hagihara-prgposed structure (4)4 for
245a

UV, and proton n.m.r. spectroscopic data, snd chemical

the cycldoctatetrzene complex on the basis of i.r.,

reactivity. The structure was confirmed in 1962, when the
rhodium analogue was also described and shown to have a

&S

we

similar structure
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In 1962 the first synthesis of a rhodium complex
with a mono-olefin was reported 2&7 (4)5, together with
X-ray diffruction data, and in 19 03, King prepared (= 5.
cyclopentadienyl)(bisethylene)rhodium, (L)&, from resction
of (4)5 with sodium cyclopentadienide kS

f.
“\\\A ///,CL\\\S ‘

N N / \//

(4)5

4)6

Complex (L4)6 was believed to have a structure
enalogous to (4)2, with the two ethylene units replacing
the coordinating diene. However, the unexpected rresence
of two resonances from the ethylene protons could not be
exPlainedluntil further structural studies were reported
in 1964 249. llany conmpounds of type (4)7 have been

prcpared end their reactions studied 250 &) b) c¢)

Ph'Ph 7 1\

Ph
(4)7 0 (4)8 - Co

Ph =.C6H;5 @

Complex (4)8 has been reported 251, but no

satisfactory method for preparation and isolation exists,
King failed to characterise the complex, and it has been
suggested ‘52 that it is formecd as an intermediate in a

catalytic reaction sequence, inwlving polymerisation of
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. o 2
butadiene. The rhodium snalogue is well <nown 5
the iridiuvm conplex has been described recently .

In 1965, the first exuzmple of & rhodium complex
255 &) b)’

X-ray diffraction data. Two methods of preparation wvere
described:

"with an acyclic Ziecnz was reported together with

a) direcct reaction of rhodium trichloride with
butvadiene

b) reaction of rhodium trichloride with cyclo-
octene, and treztment of the resulting complex
with butadiene.

The product is bisbutadienerhodium chloride.

In 198, a novel ring contraction reaction 256,
whereby hexamethyldewarbenzene was converted to a penta-
methyleyclonsntzdienylrhodiua complex, was published (4)9.
From this product, mononuclesr rhodium complexes, snalogous

Me
M Me Me ) Me
| | e Me Cl al
MeOH Mé Me\\RH/// \\SRh// Me
Me Me Me e \' Me
Ci \CI/Me
Me=CH, | VL
(4)9

to the Chatt and Venanzi compound (4)2, were readily avzileble.

Further work on these complexes was published in
1969 257, 258, in which it was reported that cycloocta-i,3-,
1,4-, and 1,5-dienes 5ll reected with the dimeric complex
(product in (4)9) to give a 1,5-diene complex, and a similar
rcaction was found to occur for iridium. (n}u-cyclohexa-1,3—

diene)(q)5~yentgmeLhylcyclopcntudienyl)rhodium.was also
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prepzrad; in this cese, the starting materisl, cyclohexa-
1,4-diene iconrerised to give the 1,3%~-diecne complex. Reactions
of the csubstituted cycloicntadienylrhodium complex were
reported in 1973 259; here the preparative method involved
displacement of ethylene fron [Rh(C2Hu)ZCl]2dh7.

Farther siudies of the pentzmethylsubstituted
compounds were reported in 1976 together with a new method
of synthesis for the cyclooctatetrzene complex 260. Some
reactions of the cyclopentadienylrhodium complex (VII) and
preparctions of the cob=zlt and iridium analogues have been

reported by Lewis et &l ¢61. Other iridium complexes have

also been described recently 25U, 261, 262.

Following the work described here (slthough this
is not intended es & comprehensive review), many reactions
of similar complexes heave been studied, and general methods
of preparation (used in synthesis of new complexes) have
evolved, TFor exanple, it is now more usual to treat a
dimeric complex of type (L)1 with thallium cyclopentadienide,
thaﬁ with sodium cyclopentadienide, to obtain a mononucleszr '
complex of type (4)2, contsining an unsubstituted cyclo-
pentadicenyl group. The mononuclecr pentamethylcyclopentadienyl
complexes are prepared by a different method, from the dimeric
complex (4)9 263. .

) A convenient starting material for preparastion of
many of the cyclopentadienyl~diene complexes, used in the
current work is chlorobis(cyclooctene)rhodiuﬁz255 for
which & convenient synthesis is-given by A.van der Ent and
4e L. Onderdelinden 264. This complex has not been proved
to be dimeric, snd is represented as [RhCl(CSH1u)2]n.

The iridium snalogue is 2lso described; molecular weight
measurcrents suggest a dimeric structure, [IrCl(CSH1u)2]2.

b4.3 MOLECUL R STRUCTURE

The structure of the cyclcoctatetrsene complex
T ’

(4)4, was assipned 245 &) on the basis of n.n.r., i.r. and
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UV spectroscopic data and confirmed by further n.m.r. studics
246

y which indiceted & similar structure for the rhodium

L 5_
cycloLcntnu.epyl) complexes of rhodium and cobalt, (IV) and
(V). It is likely that complexes (IVa) and (Va) have
similar structures,

fanﬁlogue end also for the (71 ~cycloocta-1,5-dieneg) (n

X-regy diffrcciion dats were published in the early
1960s for the comgleyeu [(CgH, 5) RhCL, ] 265 na [ RuC1(C0),,]
and slso for complex (4)5 447. The comklev was expected
to be structurzlly similsr to [RhCl(CO)Q]Z; in the
latier complex the riodium stoms and bridzing chlorine
atoms lie in two planes forming an angle of 12u°, and the
[ RhCl(CO)2] o units appear to be connected by Rh - Rh bonds.

The first I-rey diffraction deta for a mononuclear
conmplex of this type were published in 1965 for bisbuts-
diensrhodium chloride 255.. The structure in the solid state
is shown in figure 4.2, with a Rh - Cl bond distance of
2.45 (3) 2 &nd en aversge Rh - C disteance of 2.20 (5) 2.
Molecular synmetry 1is C2v

Fioure 4,2 Plchutﬂc' erhodium chlorice
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X=-rey diffrection data are nbt availlable for any
of the complexes listed in figure 4.1, but most of the
structural features are fairly well established from X-rey
diffraction studies or n.m.r. studies of similar complexes.

Variable tezgerstiure proton n.n.r. studies of
(115-cyclopentadienyl)(blsethylene)rhodlum, (4)6 249 have
shown that the ethylene groups rotate about the rhodium-
ethylene bond axis with a rotaztional energy barrier of ~
6 kczl., mole"1. However these ethylene grouprs do not eXcheange
with free ethylerne molecules, &nd thus remein bonded to the
metazl as they rotate. In this study the molecule is pictured
es octehedrsl, vith the cyclopentadienyl group centred on one
face, snd co-ordinated with the three apices of that face.
Ethylerne is bonded st two other corners, while an unshared

electron pair occupies the sixth spex (fig 4.3).

ructurs of §n5—cyclopentadienyl)(bisethylene)—

- ——

Firure L.2

tn
-

[,

100 1\."“_1

~

The crystel structures of (115-cyclopentad1enyl)
(Tlu—2 3-dichlorobutadiene) rhodium &nd (n -cyclopentadienyl)
(m u-2,3—u1methylbutudlene)rhodlux1 have been reported 267
and the structures of the unsubstituted butadiene complexes
(I) and (1I), «nd of the monomethyl substituted complex (III)
are assumed to be similar,
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The molecules hove epproximate mirror planes (0‘1)
(figure L.4) through atom C, and the mid point of the C, - C,
<
and C7 - 08 bonds. The cyclorentadienyl and butadiene grours

Fipure v Prodizction of comolex of tyre (I) onto the

cyclo. ente dienyl ring

ure planer, ead the C. end of the cyclopentsdienyl ring is
inclined towards the plane of the diene, the tvio planes
intercecting &t epcroximately 41°, There are no significant
veriations in carbon~czrbon btond distznces for the butadiene
unit; values reﬂorted ere:  C,~Cyy 1.43 (2) S5 ¢ 0=Czs 1 Ll (2)
% c h’ 1.1 (2) 2. Inucualltleo were noted 1P the cyclo-
pentadlenyl ring cerbon-carbon bond distances; C7 C8 is the
shortest bond, end C7 end 08 lie furthest from the metal atom.
The two longest bonds, C5-C6 and C5—C9, ere between those
cerbon atoms lying closest to the metal., '

Lol ELECTRONIC STEUCTURZE

Early theoreticel studies of bonding in ethylene-

2€8, 269 suggested that tetra-ccordinated

rhodium complexes
I&ﬁ)but not hexs-coordinetecd kh Iﬂ, has a vacant P, orbital,
wvhich, by combination with the metal dxz and dyz nay form
hybrid ortitzls suitable for forming strong dative « bonds

with the antibonding orbitals of a diene.



Frcm the time of the first isolation of comnplex
l
(L)2 in 1957 M2

‘be sandwich bonded to the metal, as in ferrocene. Dctailed

» the cyclopentadienyl ring was thought to

studies of couplexes of the type ( ns-cyclopentadienyl)
(?1u—cyclopentadicne)m (where ¥ = Co, Rh) 71, showed that
onc cyclopentuadiene ring is bonded to the metal vie a con-
Jugated diene system, while the other is bonded via & ring
“deloczlised ® system.

5

tion metsal carbonyls is discussed by Green

Bonding in the mono mMn-“-cyclopentadisnyl transi-
102 .
.

£

procedure
that is conmonly adoptsd when this type of bonding is en-
counterad is the separate treatment of the cyclopentadienyl-
metal= or carbonyl-metzal-fragment followed by consideration
of its interaction with the rest of the molecule. This
approach wes used for nu-buta-1,B—dienetricarbonyliron in -
Chspter 2. '

The tricarbonyl group attsched to a transition
metal, is known to have strong electron donzting/accepting
characteristics, and a net negative charge has been found to
exist on the butsdiene ligsnd of 'nu—buta—1,3—dienetri-
carbonyliron 29, indicating that the butadiene ligand acts;
in this complex, &s a strong electron acceptor, and weaker
dopor, Thet is, the metal d - b)% is the dominent inter-
action, and bands 1in the PE espectrum due to ionisation
from this orbital would be expectsd to show aylarge emount

+he d character of

of L%amd P character compared to ,those arising from the wesker

" A
8, % =~ d interszction,

By comparison with the tricarbonyl group, the Cp
ring (local D5h
general is a poor electron acceptor., This is illustrated by

symmetry) has strong donor properties but in

the I'Z spectra 22d energy level disgrams for the metallocenes
(chapter 3). Under D5h symmetry the main ligaend-metal bonding
interactions are likely to be the ligand e1gn - metal e1gd
comkinztion, representing ligand.to metal donation, and the
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mctal eggd - ligend e?_g % combination,  representing metal to
ligand donation. Of these, the latter interaction is expectzd
to be relatively esmell, since the ezgﬁ antibonding orbitzl is
not the lowest unoccupiled lig=znd level, and there is likely to
be a relativély lerge energy difference between this orbital
end the ezgd level., This prediction is confirmed by the PE
spectra of the metsllocenes, perticulerly ruthenocene, in
viiich the e

the e1g7: orbital to have a large amount of d charccter. The

1g7t end €1y ™ ligend levels are resolved, showing

e2g d level does not show a correspondingly large increase in
ligand character. This reesoning leads to prediction of a

net positive charge on the cyclopentadienyl rings with

resgect to the metal atoms at variance with the generally
accepted view of the metsllocenes having the metal in oxida-~
tion. state 2, although in egreement with some molecular orbitel

celculations.

Thus coiparing complex (I) with nu—butadiene-1,3-
tricarbonyliron, the net negative charge on the butzdiene
ligend wiould be relatively greater,

dn X-ray rhotoelectron srectroscopic study of sbme
trensition metsl csrbonyl end cyclopentadienyl complexes
gives the charge distribution for these molecules 235. For
the metallocene-type complexes it was found that the cyclo-
pentadieﬁyl rings sustained & slight overzll positive charge;
for n5-cyclopentadienyltricarbonylmanganese, there is an
observed net electron transfer from the ring to the czrbonyl
groups v;a metel d orbitals, and the observed shift of the
ring carbons to higher binding energy, compared with the
retallocenes, implies even greater ligand (Cp) to metsal
donation, which seems reasonable, in view of the fact that

the tricarbonyl group has strong acceptor properties.

Complexes (I) to (XII), may be aivided into three
main cetegoriss as far as their electronic structure is

5

concerned; in esch case the m”-cyclopentadienylmetal unit
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1

is expected to bond to the olefin in & sligntly different

Way e

(i) The conjursted diene cycloventszdicenyl

metnl connlexes

The bonding of a conjugated diene to the
cyclopentadienylmetel group may be considered similar
to that obvserved in the tricarbonyliron complexes
of chepter 2. The szrme arguments arise as to the
relative contributions of the o and = valence
bond structures, or in 1O terns, the relctive
importancé o2f the metel d-ligaend =« ¥ and the

P
ligend =w-metal 4@ contributions.

« detailed study of the bonding in two
cobalt comglexes of this type was published by
Kettle end Mason 109 (figure L4.5), and the relative
importance of the n &nd ¢ vealence btond contribu-
tions to the bonding was discussed.

Figare 4.5 letsl-licend bonding in tvo n5cyclo-
nentsdienylcobalt comnlexes
Rl N
3 \C"’C\ 3 \C;%C\
& | o0 [ =0
T ST N g
3 ‘-‘ C\ 3 '.‘ 'C\CH
VI CRy Y 3

Co . Co
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' In complex (a) the o structure was
thought to be dominunt (in 10 terms, electron
donation from filled metal d orbitzls to the
ligend = entibonding orbitsls), while for (b),
the = structure was thought to chow the nore
important contribution (that is, electron donation
from the highest occcupied ligand = orbitsl to
metal d antibonding orbitals). The discussion
suggests that the change in geometry induced by
the electiron withdrawing -CF3 Zrours encoureges
contribution from the ¢ valence bond structure,
that 1is, increased metzl to ligand donation, as

13

observed by Brundle and Robin .

The PE spectrum of complex (I), there-
fore, might be expected to show similar festures
to that of nu-butadienetricarbonyli?on, except
that the metal d to ligend b2 ﬂ$ donation is
likely to be more importent in complex (I), since
the n5—Cp group acts &s a strong donor end poor
acceptor of electrons, slthough this effect may
also incrzsse the ligand to metal (azx - as)
contribution. The relative net negative charges
on the butadiene ligend compared to the metal, in
each of these complexes have not been compared.

Photoelectron spectroscopic data have
not been published for complexes (I) to (XII);
however data for the diene ligands are available
and were fully discussed in chapter 2. The XO
5h
known, and a quslitative molecular orbitzsl
diagram (figure 4.6), similar to that for m

diagram for the Cp group in D symmetry is well

L

dienetricarbonyliron, has been constructed for

~buta-

complex (I). The CpM unit has been considered
separately 101; the d orbitsls split into three

sets under the five-Iold symnetry, and there is
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Energy

Fig 4.6 Molecular orbital interaction diagram

for complex (I)

H*
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some interaction with the e, and a ring molecular
orbitals. The C5 rotation axis was dzfined as

the z axis, To the right of figure 4.6 are shown
the butzdiene KO energy levels? eccording to values

L5

obtained from FE spectra

Ais for the tricarbonyliron complexes,
interaction is expected between the tz(az) buta-
diene level and the partly filled metal dXZ
orbital, and between the \?Bﬁ(bz) butadiene level,
and the dvz metal orbital. The disgram is qualita-
tive; it is not rossible to determine the crdering
of the mdolecular orbitals from the information
availeble., There are no reports of detesiled O

calculations for any of these molecules.

The appearance of the PE spectrum of
complex (I) may be predicted to some extent, and
compared with that of nu-butadienetricarbonyliron.
The dxy and dx2;y2 levels will not be at the same
energcy relative to the 8, and b2 diene levels and
should aprear as distinct bands. Due to the lower-
ing in synmetry of this complex compzred to the
metallocenes, it is unlikely that the ‘'‘metal!

d.2__2and d and the 'cyclopentadienyl' e

Xty xy’ 1
levels will remesin degenerate. Thne = Cp e, levels

1
are predicted to give rise to a PE band in the

same region as the butadiene b2 % bonding orbital.
-~ * * 3 L2

The a,% = d, - and b,y™ -dyz ionisations will both

give rise to bands in the same region as metal d

#*For the butadiene energy level diesgram, the 02
rotation axis was taxen as 2z axis, thus resulting

in symmetry labels 35 and b2 as shown in chapter 2.
Teking the z axis perpendicular to the plane of the
carbon atoms results in the labelling 2y (equivalent

to'ag) and D,.
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ionisations, tut their energies relative to the
L

corresponding bands in the PE spectrum of M
butadienetricarbonyliron, cannot be predicted.

Jn adaitional consideration for the
rhodium coxnplexes is that the metal p orbitals
mey now contribute to the bonding; p, may interact
with\¥1(b2), elthouzh the energy @?fference is
likely to be large, Py with ﬁfB(b2v) and p; with

v olay).

(i1) The (hizmonocnelevelorentzdienylmetal

comnlex

& general description of the bonding of
the ethylene ligand to transition metals is given
by Green 102. If¢ 1 and ¢2 are the two 2pZ atonic

orbitels of ethylene, the n MOs are represented as:-

\} = 1
Y1 1; (¢ 4 +S52)

) 4 (4)10
Vo* = = (84 -4¢p)

The combinztions of ligand (ethylene) and metel
orbitels that mey interact on symmetry grounds
mey be easily found. A convenient representetion
of the metal-ethylene bond, originally progosed
by Dewzr 270, and modified by Chatt 269 is shown
- in figure 4.7.

The bonding in the unsubstituted analogue
of complex (IX))that isﬁ15—cyclop¢ntadienyl(bis—
sthylene)rhodium, has been investigated by
Cremer 2&9. N.n.r. evidence 1is presented to show
thet the co—ordinated ethylene groups may rotate
gbout the metal~ethylene co-ordination bond axis,
end tre energy barrier to rotation is small (~6

. S
Keel wole ).



Firure 4.7 Conventionsl reypresentetion of a metsl-

olefin bond

Shaded areas denote filled orbitals;
arrows, the direction of electron donation

From X-ray studies of crystzlline
[racymc1,], 277, [ Pa(e,m ) (1m(cE;) )01, ]
K[ Pt(C,,)C1, 11,0 272, end other pletirun
complexes'274j the olefin double bond is found to
be perperdiculer to the ce~-ordination plane es
shown in figure 4.8, with the dxz retal orbital
involved in the ® bond. However it is alss possitle
that the dyz metal orbitsl could perticipate in =
sinilar bvond (fig. 4.9).

272
’

FPigure 4.6 L0 revresentation of metal dXZ-olefin

bond

/\x
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Fiurs 1.9 1.0 representation of retsl dyz—ol—sf‘in

bend

It wes concluded thet the ethylene grouyp
is free to rotate about the co-ordinaticn bond axis
without the bond being broken at any instance, and
with daifferent cormbinations of metal 4 orbitzls
forming the bond with the cethylene lCs.

Recently, the SCF Xa scettered wave
calculeticn for Leise's sszlt (figure 4.10) has been
puﬁlished 275, based on C2v molecular geometry. It
was found that the = orbitzl of ethylerne mzkes the
most significznt contritution to metal-olefin
bonding by mixing with plstinum d orbitsls of the
correct symsetry (4.2, 4,2 .2)." i slgnificent degree of
mixing of these orbitals was found. However it wsas
also concluded that the metsl p orbitsls zre not
involved in the bonding to any significant extent.

Figure 4,10 Zeise's salt
K*[Pt(C,H,)Cl417H,0

AN

Cl ol
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(iii) The non-ceonjupnted dienecvelopentzdienyl-

netal comnlexes

The non-congugatcd dienes might be expected
to bond to the cyclopentadienylmetal group in the
same wey &s the ethylene units in complex (IX);
however there will be no froe rotation ebout the
metel-ligend bond &axis

4.5 CEELIC:L R=CTTONS

In 1967, work wes published on the reactions of
(nu—cycloocta~1,5-diene)(n5—cyclopentadienyl)cobalt, ena
1ts rhodium anzlogue 2““. Differences in reactivity of the
two complexes towzrds the trirhenylmethyl cation were noted.
Vilth the cobalt comzlex, electrorhilic attack on the cyclo-

octa-1,5-diene ring occurs, (4)11

b 1y tom = r trp =
C8d120005“5 + szc BF), —> {CgHgCoCgH, ] BY), (L)1
(1 mole) (4 nole) (red crystals)

Hydride ebstracticon from the ring occurs to give a red

crystalline salt end trirhenylmethane, In contrast to this,
is the reaction of the rhodium complex, (4)12

Cgﬂ N”105H5 + PhBC BAM
(1 mole) (1 mole)
T CPh
Fh = Gl T~ Rh 3

(4)12

In this case, electrophilic substitution of the
cyclbpentadienyl ring occurs; with two moles of triphenyl-
methyltetrafluoroborate, a cation is formed by hydride

ebstraction from the cyclooctadiene ring.- [PhBC.C5HQRhCSH11]+
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The merked diffcrence between the rhodium and
cobalt complexes towards triphenylmethylcation emphasises
the inmporteonce of the metal in affecting the courcse of
recaction. Z¥rom this evideénce too, one might expect the FE
spectra of the two neutrzl complexes to show some differences
in the bonding region.

From the above results, Lewis &nd Ferkins con-
cluded thet initisl electrophilic attacx of the triphenyl-
methylc:ticn on the CBH ICSH, complexes, proceeds by two
competitive routes: :

(a) electrophilic attack on the cyclopenta-
dienyl ring

(b) hydride sbztraction from the cycloocta-1,5-
aiene ring

end the proposed seguence was:
KC.1 W oY T P +
CBH12mC5A5 + Pu3C o Phjc.c5&ukcsﬁ12 + H
+
Ph,C.CcH NCgH, 5 + PhsC --;\Ph CH +[ Ph :C.CeH) NCgH, ]

Vith the ccbalt cezplex, hydride abstraction occurs prefer-
entidlly’ once the c“tlon.[05H5C008 11] * is formed, no
Turther attack by the triphenylmethyl cation eppears possible
It was found that the electrophilic substitution reaction
does occur vith the cobalt complex, but to a minor extent.

It has been shown <72 that (nu-cyclohexa—1,3—diene}
(n5-cyclo;entadie:yl)cobalt and its rhodium dnalogue react
with the triphenylmethyl cation to give [C 5 5CoufF6] end
[C H Rnb6H6 ]‘ » although with the tricarbonyliron complex,
hydride abstractlon occurs to give a dienyl complex.

- 226 ~



i

Rescticas of the (m'-cyclohexa-1,3~diene)
(Tp-cyclopentadienyl)metal compléxes were studied, where
'=Ir, Rh, Co 201» 176, 277

cyclecpentadienyl substituted rhodium and iridium snzlogues
257) 2)8, 278

elso recctioneg of the pentamethyl-

. Until recently, cobzalt coxplexes containing
the fully cubstituted cyclopentadienyl ring were unknown, but
(nu-cycloocta-1,5wdiene)(ﬂ5—tetramethylethylcyclopentadienyl)

cobalt has now teen synthesised,279.

261 that for (nu—cyclohex&-1,3-diene)

It was found
(n5-cyclopentadieny1)metal (k=Rh,Ir) complexes, protonation
(with trifluorozcetic zcid occurrsd first at the metzl centre,
followed Yy reversible trancsfer of the proton to form a
cationic 7 -2llylic complex. This scems to be in agreement
with the theory ¢of a net electron traznsfer frcm the cyclo-
pentedienyl ring to the metsl, so that the region of grestest
elecfron density is vwhere electroghilic attack occurs. For
ferrcocene, also, electrorhilic attack has been proposed to
occur first 2t <the retsl 2e0, 281; however Friedel-Crafts
substitution occurs at the cyclopentsadienyl rings. <lthough
the ccbtzlt complex was synthesised 261 according to King's
method 2&3’ no mention was made by Lewis et sl of its

reactionc,.

5

pentadienylmetal group (li=Co,Rh,Ir) eppears to form com-

Unlike the tricarbbényliron group, the m~-cyclo-
plexes readily with non-ceonjugated dienes, without iscomerisa-~
tion of these dienes to the conjugated form. Cycloocta-1,3-
~1,4-, and 1,5-diencs react with (C (CH3)5m012)2, (¥=Eh,Ir),
to give (T#@cycloocta-1,S-diene)(ng~pentamethylcyclo;enta—
dienyl)k 257, with isomerisation of the 1,3- and 1,4-diene.
(C (cH )5 Cl )ﬁ, (m_Rh) rezcts with cyclohex°-1,4-dlen9,

to give the procuct (n -cyclohexa= 1,,-aiene)(ﬂ -pentamethyl-

cyclopentadienyl )rhodium® 58.
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4.6 RESULTS 0D DIACTISITON

The verticzl ionisation cnergies for complexes (I)
to (XII) ere given in a series of tables tesctier with
relative intensity dats znd correlation disgrams. The PE

spectra of the complexes are aiscussed in groups.

The rhodium snd iridiun comnleves

Compounés (I) to (III) are expected to show sz more
complex set of bands in the low ionisation energy region
then the corresponding tricsrbonyliron compounds, since the
cyclopentedienyl €y orvitals are expected to give rise to
bends in this region.

The interzction between the Cpll unit and the diene
1s expected to te different from thut between the (c0) 5l
unit end the diene , =zs discussed in section 4.4, JIonisation
energies ond relstive intensity dsta for the three Cpil com~
plexes ere given in teble 4.1,

Teble 4.4 Toniszstion enerzy dztas (eV) for complexes (T) to

(111)
Comolex A B B' c . p E
(1) 7.26 8,32 8.61  10.17 10.99 13.05
Relative  (HeI) 1.0 1.6 1.9 1.5 0.9 16
Intensity: (HeII) 1.0 2.7 3.5 1.8 0.8 5.4
(11) 7.13 8.02, 8.29 8,71, 9.02 10.52 10.93 12.55
Relative (HeI) 1.0 2.0 - 2.3 1.7 0.9 14
Intensity: (HeII) 1.0 2.8 3.2 1.8 0.8 6
(111) 7.21 8,00, 8.29 8.76, 9.08 10.50 - 12.73
Relative (HeI) 1.0 1.9 2.1 2.5 17
Intensity: (HeII) 1.0 2.1 341 2.3 6

The PZ spectra of complexes (I) to (III) are essen-
tizlly very sizilar. The wost uncexpected feature is that the

band of lowest ionisution enerpy, &, is clearly not dus to
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lonisation from mzinly metsl d orbitals as was the case for
8ll complexes studied in chapters 2 wl 3. The banas in the
spectra are assigned with the aid of molecular orbital
considerations mentioned in scection 4. Lo

Band s 1is assigned in each csse to ilonisation from
an orbitsl of mainly ligand character, the butadiene W, (a2)
bonding orbitel, which interscts with the metal dXZ pertly
filled level to some extent; this KO represents ligeand to
metal donation end this level 1s destebilised in complexes
(I) to (III) relative to the tricerbonyliron complex. This
effect is not unexreccted sincs the metzl centre is more
electron rich in complexes (I) to (III), and in valence-bond
terms corresponds to & decrease in 'it' contribution to the
metal-diene bond. ﬁowever the butadiene w3 (bz*) entibonding-
metal dyz interzction gives rise to a molecular orbitsl that
is relatively stebilised in complexes (I) to (III); ionisstion
from this KO 1s 1likely to be included under bend B, This may
be deduced fron the relative intensity data for ~:B:B',

Bands B and B' slso represent ionisation from the
mainly metal dx2~y2, dxy end d 2 levels., In the iridium
coxplexes (II) and (III) bands B and B' are split, that is,
the four expected energy levels cre ell separately resolved
although they ere not in the rhodium complex. One would
expect larger ligand field splitting and spin orbit coupling
effects from third row transition elements than for second
row mevels,

Bands C and D are essigned to ionisation from
mainly ligend orbitals, with band C being due to the cyclo-
4 level and band D to the bondingluu (b2) diene
" level., 3Beand D is not resolved from C in the spectrum of

pentadienyl e

complex (III) encd is only visible as a shoulder to the high
IE side of C in the spectrum of complex (II)., It is seen from
the PE spectra that bund D is nore sensitive to methyl sub-
stitution in complex (III), therefore assignment of this band

&s gricing Trom the b2n diene level Is confirmed.
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Relative intensity dzta are reasonaebly consistentv
with the absve assignment, except thot the ligand bsnds
‘seem unusually low in intensity in the Hel spectra compared
with those in first row complexes. This effect is predicied
however, since 4d orbitals hsve been shown to have a higher
cross scction for ionisation by Hel photons thazn 34 orbitals
(see chupters 2 and 3). The Hell reclative intensities are
-essentially the same for 11 three complexes,

Figure L 41 shows the relative ionisation ensrgies
It should be noted

are increased in the Fe(CO)3

for complexes (I) to (III) and butadiene.

that whereas the a5
complexes comparcd to the free ligand, the opposite situestion

and b2n IEs

is fournd fcr complexes (I) to (III) if the assignments are
In fact the 85 end b2 diene levels ere seen to
be considercbly destabilised on formation of the complexes .

correct.

(I) to (III); this suggests that the diene bt* entibonding-
metal 4 combirnation is stebiliced; this represents a reletive
increase in metal to ligand electron donation which is not
unexpected,

Teble L.2 gives ionisation energy dats for coam-
plexes (I), (VII), end (¥) to (XII).

Irnicseticn enercy datz (eV) for comnlexes

(1), (VII), (X)-(XII)

Table lL,P

Conplex A B B! . C D E
(1) 7.26 8.2 8.84  10.17 10.99 13.C5
Relative ) FeI 1.0 1.6 1.5 1.5 0.5 16
Intensity) HeII 1.0 2.7 3.5 1.8 0.8 5.4
- (VII) 7.21. 8.11 8.54 9.87°10.4C 11.47(e")
Relative % HeI 1.0 1.8 2.2 1.8 1.0, 2.6 (e')77
Intensity) HeII 1.0 3.0 4.1 3.1 1.6 (e') €
(x) 7.40 8.27 8.68 10.17 10.S9 12.93,
v - 13.93
Relative { Hel 1. 5.7 . 1.4 0.9 L4
Intensity 1.0 7.5 1.6 1.2 11

Hell

'~ 230 -



~

10

117

12t

131

o I.E.[eV)

A A
Fig 4.11
Correlation diagram
for complexes
(I) to (III)
B B
(a) buta-1,3-diene
-
C C
D
b,
() (1) ({a)

=23 -



T:bhle /1.2 conte.

A B B' C D B
(x1) Te45 7454, 8.24 8.65, 9.C6 10,28 1C.72 11.64,
12.59,
13,98
Relative ) Hel 1.0 L5 1.4 0.6
Intensity) HeII 1.0 5.7 1.5
(x11) 7.41 8.42 8.75 10.25 11.01 12.€8,
| ‘ 13.74
Relative ) eI  1.C0 L.9 1.5 0.8 24
Intensity ) HEeII 1.00 7.5 1.7 0.6 10

The FE spectra of complexes (VII), (X), (XI) ena
(XII) ere &ll similzr to those of complexes (I) to (III) as
wvould be cxpected, and maj be assigned in the same way. The
ionication energies for complex (VII) are elmost identical
to these for (I), however there is a clearly resolved beand,
e' to the low IE side of band Z, which does not sappear in
the PE spzctrum of (I). This is assigned to ionisaticn from
the mezinly ligend (cyclopentadienyl) orbital of 0 symmetry.

The PE spectra of (X) and (XII) are very similsr
to that of (I), end that of (XI) to those of (II) and (III).
In the speetrun of (XI), as for (II) end (III), four bands
arc resolvcd in the B/B' region. Relative intensity patterns
are much the same as for (I) to (III), and band C, dus to
cyclopentadisnyl €, ionisation, can be seen to possess some
d character. 4is in the tricarbonyliron complexes, band D,
corresponding to ionisation from the bzn nainly ligand level,
remains relatively non-bonding..

Table 4.3 shows ionisation energy and relative
intensity dsta for complexes (V), (va), (VIII), (IX) and (I)
and figure L.12 1s o correl:stien dicZran shewinz the relutive
ionisation energies of the complexed dienes.

p2io)
=y

Comparison of the P2 epectru of (IX) and (I) shows
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Correlation diagram for dienes,

Fig 4.12

ethylene and cyclooctatetraene

8U3DJ}3}D}D20 024D ‘ :

wcw._.u -G 'l -D}2001]242 :

mcw.ﬁ
- £'[-DXayo0)24kD _

SUSIPp-¢ "L -DINQ —

2uUd]Ay}a

(A®)"3'T o ok

10+
1r

. 12-

- 234 -



meny cimilarities. Band 4 1s similar for both complexes,
and thus for complex (IX) is assigned to ionisation from a
molecular orbital forzed froxr interacticn of the highest
occupied ethylene w 1O with & metsl d orbital of appropriste
g dyz set); however the orbitel has
mainly ligsznd character ss shown by relative intensity

symretry (from the &
mcasurerents,

Bands B end B' are less well resolved thzn for
complex (I) , in fact, B' appesrs as a choulder to the high
IE sice of B; its lower relative intensity suggestis that
icnisation from an ethylene W zntibording metcl 4 bonding
corbinztion is responsible for this shoulcder, the L0 so
formed hzving substantial ligsnd character. B and B' consist
of four bvends representing ionisation from four levels as in
complex (I). The relative intensities 4:P+B' are zlmost
identicel for the two complexes; thus & similer assignnent
is likely. The greater reletive ligend character of the
ethylene w antitonding - metal d KO 1s not unexjected since
there is likely to ©be increescsed metzl-ligand donaticn. This
is due to the electron donating properties of the rethyl
grouzs on the cyclozenteaéienyl ring, increasing its donor
properties compered to the unsubstituted ring. This will
rcsult in increcsed electron density at the metal centre
meking the Cpi group more strongly electron donating. |

Band C is of the correct relative intensity to
represent ionicsation from a mainly ligand orbitsl, as is
bend D, end it is proposed that C is due to ionisation from
en ethylene bondirg-metal antibonding combination, while D
1s assigned to ionisation from the mainly ligend pentarzethyl-
cyclorentadienyl ey level., It can be scen thet band C has
more metzl & character relative to & (in (IX)) then the
corresponding band D in the FE spectrum of complex (I).
Using simple occupsrncy rules, aend assuming that in the Hell
spectrum the metal d end ligand p orbitals have epproximately
egual lonisation cross sections (see chapter 3), the calculsted



rclative intensities for the cbove cssipgnment are 2:8:2:4.
‘The experincntally observed ratio 1is 2:12:2:4, &nd thus
the assignment is confirmed, allowing for the fect that Ld
orbital ionisatipn cross seétions are greater then 34 cross
scctions. i

Band E is assigned to ionicztion from the ¢
"cyclopentadienyl level and the methyl groups on the cyclo-
pentedienyl ring. The ionisation energies for compiex (1x)
and for (Va) which &lso contains a rentaemethyl-substituted
cycloprentadienyl ring, are generally much lower than for
enulogcus complexes with unsubstituted cyclopentadienyl
rings. Band E is feairly well resolved from region F which
is due to ligend O ionisetion.

It is protzble that in the gas phase free rotation
of the ethylene units of complex (IX) sgbout the metal ligand
bond axis will occur, since the energy barrier to rotztion
is emall, Since the PE experimentel lifetime is chort
compsared with the speed of rotation, it is likely that the
conformations will give rise to overlzpring bands; these
are'unlikely to be sepsrately resolved and the FE spectrum
will show one bznd.

The F= épectrum of complex (Va) is similar to
that of (IX) as might be expected; however, in (Va), the
two bonded ethylenic units ere not free to rotate about the
metel-ligend bond exis., The first ionisation energy of the
free diene, cyclooctu-1,5-diene is substentially lower than
that of ethylene. Bands i, B and B' are assigned as for
complex (IX); band C probasbly corresponds to C+D in complexes
(I) end (IX) but with the two ligend levels too close in
energy to be resolved serarately in the PE spectrum, The
intensity ratio C:i for (Va) is 2.6; the ratio C+D:% for
(IX) is 2.1, and for (I) is 2.4. Thus the assignment of C
in the PE spectrum of (Va) to icnisation from both a cyclo-
octadizne ™ level wmud the almost dogenerate cyclosantadisnyl
- T level, is probubly corrvect. As for (IX), B is casigned to

ionisation from the methyl groups of the substitutead

- 236 - .



cyclopentadienyl ring

The FE spectrum of complex (V) is different in
appearance to that of (Vz). The relative intensities in-
dicete thet the zanme assignment es that of (Va) is vdid,
tut the ionisztion encrgies are very different., Band E is
very well rcuclveG crad &t low lonisstion energy. It is a
possibility that in complexes (Va) and (V), bands 'D' and E

are duc to icnicetior from the e, cyclopentadienyl level

1
which is no longer degenerate.

Bends B and B' are zlmost resolved into four
bands; B' shows considersble metal character in contrast
to the corresponding band in the PE spectrum of (Va). 4
possible reason for this (the comparaztive electron donating
characteristics ol the cyclopentadienyl end pentamethylceyclo-
pentadienyl groups), wes discussed earlier. Band C is
assigned to the second mainly ligand m (cyclooctadiene)
ionisation, &nd shows considercvle metzl character, which
is not true of the corresponding banas (D) in (I) =nd (IX).
It is difficult tc judge whether band C in (Va) shows a
similar effect, since bsnds C end D in this complex are not
resolved. Band D in the PZ spectrum of (V) is assigned to
1E level, and bznd E
either to the e, cyclopentadienyl or a cyclopentadienyl o

ionication from the cyclopentzdienyl e

level. Benrnda £ has a very much lower intensity relestive to
A than in the bis-ethylene complex (IX), but approxlmately
the same &s for (Va).

Complex (VIII) might be expected to show an
extra band in the low ionisetion energy region of the FE
spectrum since there arec two non-complexed double bonds in
the cyclooctatetraene ring which should give rise to =
doubly cegenerate level corresponding to z high intensity
bend in the H=zI PE sgectirum. £t first sight, band F appears
to be high in intensity relative to F in complex (V), but in
Taet the U3 spaetra of (V) and.(VIIl)are very similere.
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Dands 4, B ond B' are assigned in exactly the sane
way as for complex (V). Band C is probuably dQue to a mainly
ligand (cyclooctatetraene) w level, as for complax (V), =nd
shows some metal d character., Bands must now be &assigned
to the cyclorentedienyl €, level and the two cycloocta-
tetraenc W levels not involved in bonding to the metsl,
which are cxgected to be degenerate, There are three dis-
tinct bends that might be zssigned to these ionisstions, D,
E and F, but the conclusions reached on the exact assign-
mcnts arc uncertain.

Figure 4.13 is & correlzation diagram for the
rhodium complexes @iscussed so far; (I), (V), (Va), (VII),

(VIII) &nd (IX).

The cotelt ccmplexes

Table 4.l: shows ionisation energy and relative
intensity data for the three cobalt complexes, (IV), (IVa)
and‘(VI). The protcelectron épectra of trhese comnplexes are
surprisingly different to thosec of their rhcocdium anslogues;
in the introdiucticn it was noted that chemicel prorerties of
these rhodium and cobzlt enszlogues are markedly different.

The PZ sgectrum of complex (VI) does not resemble
that of (VII), its rhodium snzlogue.

There is a shoulder Lo the low IE side of 4
labelled 4"; A", 4 and &' are all essigned to ionisaticn
from essentially metal d orbitsls, from their relastive
intensities in the Hell P& spectrum. Apperently the bond-
ing in cemplex (VI) shows substantisl differences from that
in complex (VII).

Band B' shows mainly ligend character end is
therefore wssirmed tc ionisation from the orbitsl formed
T

from the highest occupied diene T orbitsl (correspending
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to 8,1 in Luta-1,3-diene), wnd represeﬁting ligend to metal
donation. Together with bends A", A and 4&', one would
expect to find the bend corresponding to ionisztion from the
ligand m entibonding-retal d combination end representing
metal to ligand donation, Of these three bends, band A
shows come ligend cheracter. Bend B appears to have essen-
tially metal d charecter, and is assigned accordingly.

Band C ic assigned to ionisation from a cyclo-
pentadicnyl T level, end D to ionisztion from the lower T

level of +the diene.

The overall assignrent points to great similarity
between the bonding in this complex end the tricarbonyliron
enaloguc. Tigure 4.4 shows a qualitative KO disgram for
complex (VI) conestructed with the zid of the @D ove assignment.
Table 4.5 comperes the IEs for free cyclohexa-1,3—diene with
those for the coxplexed ligand in the three complexes; nq— '
cyclohcxe-1,3-dienetricervonyliron, (VI) and (VII), assuming
that the PE assignnents are correct.

Teble 1,5 JTonisztion energy data (eV) fer cvelohexa-1,3-

dien=, n“—cxp]chexa—1,zedienetricerbonvliron

(), (V1) and (VII)

cyclohexadiene (k) (v1) (Vi)
' aytn 8.25 9,33 8.47 (B')  7.21 (&)
' bt . 10.75 11.04 11.24 (D) 10.40 (D)

It can be seen from teble 4.5 that in the iron and
cobalt complexes, both diene T bonding levels sre stebilised
on complex formation, whereas for the rhodiuﬁ complex, the
opposite is true, thenwlevels being destebilised relative
to those of the parent dienc. Thus in complex (VII) there
is évidencc for substzntisl siabilisation of the diene
1owest‘unoccupied T 1evel, corresponding to an increszse in
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Figure 4 .14 MO diagram_for complex (VI)
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netal to diene ligand donation compared with complexes (1)
end (VI), £lthough even in thcss, the metsl to diene ligand
donuation is thought to te the dominant interaction, re-
sulting in the net negative chaerge on the aiene ligend relat
- to the metzl (sce chazpter 2).

The low IE regions 4, 4', B', B of PE spectra of
(IV) @nd (IVa) zre very similar to each other but very

different in spp to those of (VI) znd of their rhodiunm

(¢

arangce

("&

analogues,

From relsative intensity datz, i, &' end B ars
acsigned to ionisation from mainly metal 4 orbitals while
B' shows mainly ligand character end is sscizned to ionisa-
tion from zn orbitzl representing ligand to metel electron
donation, as for B' in the PE spectrum of complex (VI).

Bend C in the FZ spectrum of (IV) is assigned to
ionisation froa the slmost degenerete cyclopentadienyl €4
level, and D tc ionisation of the lower T level of the diens.
Bands C &nd D in the spectrum of (IVse) =zre not distinguisheble
from the ligend ionisations at E; this eflfect has teen noted
earlier in the FZ spectra of the complexes with rentamethyl-
substituted cyclopentzdienyl groups, ((IX) =znd (Va)).

Figure L. 15 shows a correlsticn diagran for the cotalt

complexes.

Finzl conclusions

The sssignments agsin imply that the bonding in
complexes (IV) and (IVa) shows more similarity to that in
the tricarbonyliron complexes than the rhodium enslogues.
The reversal of the lowest ionisction energy bands in the
cobalt and rhodium analopgues is interesting; in the case of
the rhodium complexes, the band having lowest ionisztion
energy (which might be equated with the highest occupied
molecular orbitrl in the neutral complex if Koopmans' theoren
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“were observed) is elways duc to ionisstion from zn orbital

of essentially lig:=znd character, whereas for the cobalt
complexes, the band of lowest ionisation energy is always

due to metul d ionisation as would be expected from previous
photoelectron work {chapters 2 nd 3). This situation is

not observed for thic iron =md ruthenium analogues studied.
One would not expecct the differences in the change in relaxa-
tion energies betwcen the rhodium and cobalt anslogues to be
so great that thsre is & reverszl of levels in the moleculer
ion of onec complex relative to the other. It must be con-
cluded thuat there are ecsential differcnces in the bonding of
the two types of comxplex, which are concerned only with the
way in which the metél is bonded to the diene (or ethylene)
unit, since these changes are not observed with the two
n5—cyclopentadienyldicarbonyl complexes studied (chapter 5).
This difference in bonding is not unexpected due to the

noted differences in chemicsl properties of some of these
rhodium/covalt analogues, described in ssction L.L4. Figure 4.16
compares ionisztion energies for some cobalt and rhodium
analogues, end the uncomplexed dienes.

L.7 EXTRRTVINT 'L

The photoelectron spectra of complexes (I) to (XII)
were obteined using the same instrumentation ss in chapters
2 tnd 3 (sce Appeniix I). Hel and Hell ssectra were obtained
st least in dupliczte for each complex, and calibration was
carried out using xenon and nitrogen. The relative intensi-
ties of the bends in the spectra were measured end corrected
es in chapter 3.

Nost of the complexes described in this chepter
wvere prepered and donated by the following:

a) Dr. D. k. P. Mingos I.C.L., Oxford (Va), (IX)
b) Dr. P. Powell (z1), (1I1), (V), (Va)
c): Dr. L. J. Russell  (IV), (VII), (VIII), (X)-(XII)

a) " Dr. R. Pardy I.C.L., Oxford (IVa)
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™

411 compleses were purifi=d by the author before the PE
specctra were obtained. Preparative rmethods for those
complexes prepcred by the suthor are given, together with
recults of carbon and hydrogen enalyses where these are
availeble,

(1) (ns-cyclowcntedienyl)(mu—butﬁdiene)
rkodiun (1)

This was prepared fronm biscyclooctene-
rhodium chloride dimer (350 mg) and liguid buta-
diene (a few cmz). The resulting bisbutadiene-~
rhodiun chloride was treated with thalliun cyclo-
pentadienide (269 mg) in dry diethylether st roonm
temperature, in the dark, After stirring for
gbout 30 min., the thallium chloride was filtered
off, lezving a yellow solution; this wss eveporated
to give yz2llow crystels. Tne yield wes approximately
gquantitetive.

(i1) (nu-cyclohexa-1i}—diene)(n5—cyclotenta-
dienyl)eobalt (VI)

~ This wes prépared eccording the method
described by King %0, with some modification. A
nixture of ns-cyclopentadienyldicarbonylcobalt
(1 cm3, 1.3 g) and ethylcyclochexane (5 cm3) wEes
refluxed for 12h at the boil ing point of the
solvent (—~135°C) in a 50 cm” flask, under a
nitrogen atmosphere. The entire resction mixture
wes chromatographed on a 2 x 40 ca column of
neutral alumina using pentane as eluent, again in
& nitrogen atmospherc. The orange band was collected
end the solveni evaporated, leaving an oil which was
recrystallised from pentane at low temperature. The
product was found to be liquid =&t slightly above
roon temperature and was sublimed under vacuum;j it
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condensed as a liguid on the water-cooled sub-
limation probe, and graduslly solidilied. The
conplex wus difficaltlto characterise and obtaln
in pure form,

(1i1) (mu~cyc]oocta-1J5~diene)(nS—cyclo_
pentsdicnyl)cobalt (IV)

This was prepared according to Xing's
method i3, €6 end the product was purifizd by
sublimation at 50-70°C/0.1 mm. The orange crystals
were found to be feirly air steble, but were stored
in an atrwosphere of nitrogen.,

(Found: C, 67.45/%; H, 7.58/; Calc: C, 67.2L3%;
H » 7 03876)

(iv) (nu~cycloocte~115-dienelﬁn5-czclorenta-
dienyl)rhodium (V)

The yellow air stsable complex (V) was
purified by sublimztion 90°C/0.1 ma.
(Found: C, 56.77,; H, 6.27;5; Calc: C, 56,54;
H, 6.20;)

(v) (ng-cvcloocta—145-diene){ns-nentamethyl—
cyclopentadienyl) rhodium (Va)

Sublimztion at 90-110°C/0.1 mm gave
yellow air stable crystals.

(Found: C, 65.804; H, 8.325%; Calc: C, 62.435;
H, 7.86%)

A second sample of this complex was
donated (a). The two samples gave identicsl PE
spectra; the poor carbon/hydrogen analysis results
of the first sammple may have been due to trsces of
unrenoved unreacted diene.,
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(nR-cdglOTenuudiuhyl)(ql~batﬂ—1,J—djenf)xwzouLun (1)

(1 -cyCiOgcntudlcth)(nunbutu—1,J diene)iridium (II)

eI :

(ﬂ ~cyelopenteadienyl) (y -buta—i,}—diene)iz‘idium (11)

HeII 7

(n -cycloyp gntzdienyl)(nu—z—methyl-buta-1,}-diene)

irldlun (117)

(ﬂ ‘mcyclche .'—1,,-dLenc)(n ~cyclopentadienyl)

rhodiun (VII)

(nu-heptaa3,5~dien—2—cn¢)(n5—0yclo ntadienyl)rhodiun

(X) Hel

(nu—hepta—B,E-dien-Z-one)(n5~cyclopantadienyl)rhodium

(x) He

(n —“-t'—»,ﬁ—r ien-1 —?1)(n -cyclopentadienyl )rhodiun

(¥I1) el

(nu-hepta—j,5-dien-2-one)(n5~cyclopentadienyl)iridium

(XI) Hel

(n -hexa-C2, L~ éven—.-al)(n -cyclopentzdienyl)rhodiunm

(XI1) Fell

(nu-heptc-E,E-dien-Z—one)(ns—cyclopentadienyl)iridium
I) Tell

(n —cscloocta—1,5~diene)(n5-cyclopentadienyl)rhodiun

(V) Hel

(ﬂ -cycloocta-1,,-d"ene)(n —~cyclopentadienyl)rhodiunm

(V) Hell

(nu-cycloocta- 1,5~ dlene)(n -ventamethylcyclopentadienyl)

rhociun (Ve)

.(n -cyclcocta-1i,5- dienc)(n -wentanethylcyclokenta-

dienyl)rhodiuxm (Va)
(nu-cycloocta-1,,,3,7—tetraene)(n -cyclopentadienyl)
rhodium (VIII) S
(n5-pentamethylcyclopentadienyl)(bis-ethylene)rhodiﬁm
(1x)
(nu—cyclohexa-1,B—diene)(n5-cyclopentadienyl)cobalt
(VI)
(ﬂ -(VclcOPtV~1,)"&10nC)(n ~aycloy Lvtvwﬂenflﬁcob 1%
(1Iv)
(Tﬁ—cgcloacts~1,&~diene)(ns—tetramcthylethylcyclopcnta-
dienyl)cobult (IVa)
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Chapter 5

Fhotoelectron spectra of

n?

-pentsmethylceyclopentadienyldaicarbonylrhodium

-cyclopentadienyldicarvonylcobslt and
5
mn



5.1 TETRODICTION D SUNLRY

5

The pretoelectro
dicarbonylcobelt (I) end w
CCFbOﬁJLJ.OdiHﬂ (LI)\;JPU:E ).1) cre exanined and related
to tne clect

spectra of n“~cyclopentsaienyl-

U

-pentemethylceyclopentadienyldi~

ronic structiire as deduced In a semi-empiricsl

way .
Flgure 5.4 35-o*clo:entf11@gy111 czrbonyleob=lt and
T 7-ventametnyicyelonentadienyldicarhonylrhodinm
CH,
- HCC >,
| HCT | CH,
Co (1) RA (II)
CO CcO CO CO
5.2 ZLECTRCNIC STRUCTURE

In the Cpx(co)z complexes, the LZ(CO)2 group hzas

C2v syanctiry; the carbonyl ligands will have an effect on
the Cp ring to metzl bond. In complexes Cph(CO), where
the ¥(C0O), locsl.symmetry 1is Cpy cnd;n < 3 (e@ es in

L1c>»a (1) and (II) in contrast to n”-cyclopentsdienyl-
tricarbonylﬂxno~nﬁse, vhere n=3), the degencracy of the dxz
end 4 (o1 ) mainly metsl, and the mainly ligand e, = cyclo-
pentagicndl nolcculsr orbitsls, will be 1lifted., Thnese €,
orbitels-are the main orbitals involved in ring-metsl bonding
thus the cyclorentadienyl ring would be expected to undergo
distortion. There is some evidence for a distortiog from
X=ray crystallographic study of similar comulexes 207,
although the small differcnces expected in carbon- ~carbon
bond lengtns may be within experimentszsl error.

The cycloponta alengl—mutdl systen glone has CSV

symmetry ond 1s discussed in detcil bty Hoffmon et al 107.

- 269 ~



Interaction of the wetal and cyclopentadienyl levels is
shown in fizurec 5.2a o A& similer diasgram is zlso given
(figure 5.2b) for interuction between the metal and curbonyl
groups under 02V symastry. The diszgramns are gualitative only.

Mirure 5.2

8) JIntersction discrrn for Culd

€7

==

-___%__ a —V | = e]

L_ﬂl_ o .'._.‘.. | ".
e2 Tv‘ iv "'-\'—‘:: . '-—4“ ez

s Y
—4—a

M MCp Cp (TT)

b) Tntsraction dis-orim for }‘C(CO)2

a.+a
1"72
b1+ b2
h“:: .::" LR .

G
2% a.+b+b.+a
1T Rt —"]%a‘,‘

.
o
-



Thzre are two possible methods for construction of
& quulitetive WO dicgram for complcxes (I) and (II); firstly,
interaction of the Cpll group with two carbonyl groups may
be considered (figure 5.3), or seccndly, the interaction
between LZ(CO)2 wnd the Cp group (fifure 5.4). riXes assumed
are &s shown in figure 5.5 + If the ﬂs—cyclopentadienyl

[}
.

Pigurs 5.5 ‘fxes sssuned for the construction of

interuction discrrens

Z

M >y

oC CO X

‘ring 1s tczken a&s . heving a va rotztionel axis (free rotstion
of the ring may occur in the gss phese as for the metsllo-
cenes), the molecualar symmeiry is C,,i the lubels on the

10 interecction dicgrams refer to sz symnetry. Interaction
nay occur betwsen the ring a,+a, levels (derived fronm 81)
end the ccrbonyl antibonding « as+a, levels., One of the
levels derived fron the pzrtly occuvied metzl 'e1' d
orbitals vill be stebilised on complex formetion by inter-
gction with a CO =# #* orbitzl; this corresponds to metal~ .
carbonyl beck donztion. 4s a conseguence the degeneracy
of this level (metsl e, d) is removed by populcstion of =
resulting b1 or b2 level, lezding to ring distortion. It
is not possible to sgy, from current data, which level will
become populated; if it is the bd level, there will be a
relative reduction in length of the C1-C2, C,‘--C5 and C3-—C4
bonds, and if the b2 level is populated, 02—03 end Cu~05
will suffer a relstive reduction in bond length.

In fect there is probably extensive interaction
between thiz cyclopentadienyl €y metal 4 and carbonyl =«
antibonading orbitals, and the ebove localised picture of
the bondingz ic rather inadgyuate. & detalled 0 calculation
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Figure 5.4 Molecular orbital_diagram for MCp(CQ),.
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would be very useful.

CHNTONLOCTR)T SVECTR v RISULTS 23D DISCUSZION

U
.
N

Table 5 1 shows ionisation energy detz for comnlexes
(I) and (II) together with relative intensity neasurements,
Figure 5.6 is a correlation diagram showing the relative
-ilonisation energices for the twe compleres.

T:ble 5.1 Jonisztion Tnerpies (eV) for complexes (I) =nd (IT)

— e T e Ve

Complex A B C D
(I) - a' b '8 o c!
7.51(s) 7.78 8.68 9.17 9.90 10.31 11.95(s) 13.54
(I1) =& b c a e f o
6.65 8.00 8.51 8.84 9.52 11.37 13,82, 16.70
Relative Intensities:
A 3 c D
(I) Hel 1.0 1.4 2.4 18.1
HeII 1.0 0.7 1.8 9.7
a b c+d e f g
(II) HeI 1.0 0.8 2.9 2.5 7.2 ~ 49
HeII 1.0 1.9 1.7 2.3 2.0 ~ 11

The PE spcctra of (I) and (II) are obviously very
different from those of similar comrlexes of the ezrlier
transition metals, (eg cbv(co),, csqécr(uo)B, and Cplin(CO) )
in which the mainly ligand caclOﬁentaalenyl't e1 levels lle
below the metsl levels; this is certzsinly not the case for
CpCo(CO).,. This is probably due to the different symuetry
and the Inoreased contribution from the metal d* cyclo-
pentadienyl = e% interaction, csused by the genersl lowering
in energy of the metzl levels across the transition series.,

The FZ spectrum of (I) shows three bands in the

low IE region, i, B und C; on expansion these are seen each
to consist of two pesks, labelled a, 2'; b, b'; ¢, ¢'. The
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Fig 5.6 Correlation _diagram _for.
complexes (I) and (II)
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4

structure btetween C «nd D mey be portly due t

)

o

o ths Hel
ortellite of D, ana is absent in the licll sgectrum. The
buseline of the spectrum is difficult to determine; a great
desl of decomposition of the complex 1z expected to occur

within the spectromcter,

‘From relative intensity dats in the Hdcll sgectrun,
clezrly bands & and C are due to ionisation fromn essentizlly
metal 4 orbitsls, &nd band B to ionisaztion from orbitzls of
mainly ligand charzcter. Thus region 4 is assigned to ionissa-
tion from the metzl d '61*' level which becomes the non-
degenercte b1+b2 corbination with;n the complex, &nd is
expected to interact with the carbonyl n * b1+b2 level., It is
uncertain which of the b1+b2 levels is stebilisecd end popula-
ted; this should become clezr with a knowledge of the cyclo~-
pentadienyl ring carbon~carbon bond distances. Ionisstion
from the eszsentizlly metal 4 a, level should &lso occur in
recgion s+, The very high Hz21II relative intensity of region 4
overall, is sttributed to the high ionisation cross scctions

observed for e, metcl d ionisation (chapter 3).

.

£

Band B is assigned to ionisation from the mainly
ligand cyclorentzdienyl ordbitals, b,+b, (derived from e1);
the bands b and b' are expected to show some metzl character
since some interazction with the b1+b2 (61) d metal levels is
probable., Bands b and b' are not resolved in the HeIl spec-

trum.

Region C (c and c¢') is assigned to ionisation from
the metsl ay+a, (eg) d orbitals which are likely to interact
with the carbonyl mw B +a, levels. Region D probebly includes
ionisation from the O cyclopentadienyl level, and certainly
includes ionisstion from the carbonyl o levels, as mgy be
seen from Hell relative intensity data.

| The PE spectrum of complex (II) is similar to that
of (I); in general, the separztion of the bands is better in
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(I1), indicating slight diffcrences in metsl-ligsnd intcr-
action. The shifts to lower IZ in the rhodiun complex zre
largely due to the inductive c¢ffect of pentsmethyl substitu-
tion of the cyclepentadienyl ring. RBand £ 1is probebly dus

to lonisation from the methyl groups end is well sepersted
from g, the region of ionisztion from the czrbonyl groups.

From the Hell relotive intensity dste, it eppezrs
that band b 1s due to ionisation from the mzainly metal b1 or
(c ) level, since it shows a large increase in relstive

1ntunslty cs noted for metzl e, d ionisation in chapter 3.

Bznd ¢ i35 clearly due to icnisltion from a meinly ligsnd
(cyclopentaiicnyl) = b, or b, (61) level and does not show
significent metal charzcter. Bond e is certainly due to
ionisation from & mzinly metzl level, probsbly the a1+a2(e2)
levels, as sugcested by the Hell relative intensity. The
remaining bends, a and d must ve zssigned to the other

meinly met=zl a, level end th2 other mainly ligend x b, or b2

level giving a; cssignment enalogous to that of comjllm (1)
with & reverszl of the first two levels., However, both =a

end 4 show metzl chaerscter compzred to c. It is concluded
that there is a more uneven intereaction between the cyclo-
pentadienyl ring b,+d, (e ) levels and the metal 4 b, 4D, (e,)
levels then in conpleX (I) resulting in &n overzll increase
in ligend to metzl donation (increzsed metsl character in the
meinly liguznd = b, or b, level) in complex (II). This is not
unexpeccted due to the increased inauctive effect of the
methyl groups on the cyclopentzdienyl ligand, thus incressiag
the ligand to metsl donation and resulting in incressed
population of the relevant 4 entibonding levels.

54 EYPIRTLIINT AT,

Photocelectron orcctera were obtzined and calibrated
as in chazpter 4.

The complex (I), n5~0yclopentadienyldiu:rbonyl—
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cobalt vies obtzined from fluorochem Ltd., end a sample
-of n5~pcntumethylcyclopenL“,ichlulc -rbonylrhodium wes
donated by Dr.D. ii. P. Mingos of the Inorgenic Chemistry
Lgboratory, Oxford o«nd purified by the azuthor.

55 PHOTOSLAOTRON 3F5CTR A
1. mP- yeleopentadienyldicsrbonylcobalt (I) Hel
2. n5 cyclopentadienyldicarbonylcobalt (I) Hell
[
3. n) -penteamethyleyclopentadienyldicarbonylrhodiumn (II) Hel
=
4. m”-pentamethylcyclozentedienyldicarbonylrhodiur (II) HeII
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72~ cyclopentadienyl dicarbonylcobalt (I)

A
i

51 [}

Hel
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7°- cyclopentadienyl dicarbonylcobalt (I)

Hel

A
[\! B
J o
! '#J‘k"‘i‘wz"{!‘)’i i‘%ﬁ,
j lg
ﬂ"
6 8 10 12 14 16 18 I.E(eV)
C ‘

1 L L 1 1 i I'E‘(eV)
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-n5~pentamethylcyclopenfcdienyl dicarbonyl .
rhodium (II)

H eI i

-

e 0 12 14 16 1.E.(eV)
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n>-pentamethylcyclopentadienyl dicarbonyl
’ rhodium (II)

6 8 10 12 14 I.E.[eV)
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Lprendix 4

Instrumentation



Aot THE_PNOTSIIICTRON_ONICTROLNTHR

P

The photcelcctron srectra of complexes described
in chapter 2 were obtzined using a TerkXin Elmer inodel TS

€,k

15/18 spectrometer, developed from the work of Turncr R

U1

and modified to trke a heated sample probe in order to
obtain T speetra fTor relutively involatile meterials.,

The instrument weas later nodified so that Hell
, : C On
FE spectrs could te obtained et temperatures up to 500°C,
end the spectra of complexes described in chapters 3, 4 and

5, werc recordceé ucing thie meocificstion.

& block diagrem of the spectrometer is given in
firure 1.1,

.

sample
vacuum
chamber
photon o ionisation electron
source | 7 chamber energy
analyser
AN
chart detector/
recorder counter

Firnre 1.1 - Schemttic renresentztion of a rhotoelectron

snoetrereter
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L S5O LE TULET SYSTEUS SND SO PLE HEITING

The instiuzent io designed for vszpour phase
enclyeis; the pressure in the main chember 1s egpproximately
10”7 =6 torr» {v). Comnpounds heving un sdeguuate Vepour pressurs
at room temperature, under the vacuum ccncitions of the
instrument, &re held in & vessel outside the vzcuvun charber
¢nd ere edmitted to tle ioniscztion chember via a needle
velve and probe,

For less volatile sznmples the instrument mzZes
use of heat from the lemp (source) to vaporice thc samyple,
Seiiples arc acceptable for study using this instrurent
provided they cre stcble in vzcuo at temperatures necessary

(_'\
-

to give them & vepour pressure between 107 =1 end 10 "7 .

The FS 16/48 vwzs designed to operate routirely up to 25000;
with the subsccrent modificstion, temgeratures up to EOOOC
ere “tta*rgu*-

The heated insert probe is chown in figure Al1.2.
Heu«t 1s conduacted from the tip of the lsmp to the gless
szmyle tube-through the coprer tube holder, which includes
within ite construction the ionisstion chamber, approximately
1 cm5 by volume, By veriztion of the rate of flow of a
coolant (zir or water) through a heat exchanger surrounding
the lemp tip, fine temperature control of the sarple is
possible. The temperature of the sample may elso be roughly
edjusted ty varietion of the lemp voltzge. The glass sample
tube is of 4 mm external diameter; typical sam;le consurpticn
varies tetveecn 1 ng and 10 mg per hour, which should be
sufficient for one spectrum.
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_—thermocouple

|___—glass sample tube
probe ———

copper sample ’///,,//kairon exit slit
tube : i
holder
—— ionisation chamber
!Qm.p thermocouple
tip

JFirare 41,2 Ferted seanle inlet system

AlW3 THOTCH 321"RCHE

The phetcns produced in this system are genersted
from the direct current discherge through low pressure
helium gas exciting the 584 2 Hel (21.22 eV) line. Using
the wodified instrumentation - a hollow cathode discharge
lamp develored by H. J. Lenpzxa (Helectros Develorments Ltd.)
- Hell 303.8% & (LO0.81 eV) photons are procduced in sufficient
cuentity Ior the Hell P spectra of compounds to be cbtained.
In genersl a higher proportion of Hell photons may be
obtsined ty use of lower pressures end greater rower; this
lemp operstes with high currents (200-300 mi) end moderate
voltages (0.3-1 XV) and discharges are successfully main-
tained under these conditions at an optimur pressure of 0,157,
vhen the distribution of pheten flux gives an estimated
HeIa : HeI;} ratio of approximately 2.5 : 1. Differential
purping of the helium gas takes place through a series of
cepillaries at the lamp tip.

Photeones from the lamp are collimated by a steel

l
N
94]
i

I



cepillary tube terminating in a windowless cspillary at the
loemp tip, and pass into the ionisation chamber vhere they
collide with the sumple vapour. The Hell photons are un-
filtered, thus it is not poésible to explore ionisstion
procecses in tre ionisation energy region beyond 26 eV, partly
because of overlap of the Hel znd Hell spectrs, enda partly
beczuse of theé lerge self absorption pesk at 24.5 eV erising
"from ionisation of the helium gas by Hell photons.

The Hel end Hell photoelectron spectra of nitrogen
obteined using the instrument described above, are shown in
figures L1.32 and 414, Satellite peeks associated with
higher energy Hel snd Hell photons ere visible, The Hell FE
spcetrun has ne interference in the Hel regicn due to the
fact that the sensitivity of this technicue is =zn order of
maznitide higaer for Eel rhotons,., Howviever the HeIIB satellite
spectrum is significcntly high in intensity - gbout 10/ of
the HelI, spectrum - from which it 1is displaced by 7.56 eV
to higher kinetic erniergy. -Tnis effect recuires correction
to be made where relative intensities of Hell FE spectra
arc comyarcd, as in chegters 3 and L.

A ANCLYSER OIND DETECTOR

The ;hdtoelectrons rass through the ionisation
cherber cxit elit (figure 21.2) into a 127° cylindrical
282 5 rhodium plated cepper, with

constent resolving power (E/A E). The sensitivity decreases

electrostatic analyser

lineerly with decreasing electron kinetic energy, and so in
any stucdy mekxing use c¢f relestive intensity measurements
(chapters 3 and 4), a correction must be made for this effect.

The photoelectrons from the anslyser pass through
en exit slit of variable width, O to 4 thou; the width is
adjusted tc give a compromise between signal intensity end
resolution. The photoelectrons then reach the elcctron
maltiplier detector, or channeltiron. The electron count is
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Figure _A1.3  He 1l Photoelectron spectrum of
§ ¢ B “ nitrogen

100 ¢ sec™
=4
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o —
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. . calculated observed .

' “difference difference
Hel,  21-21(ev)
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averzged over a period of time (tiws constunt, T ) in order
to ernheance the sigrnel Lo ncice vetio. Thne time constant
may be veried to one of severzl settings (C.4 to 20 s)
depending on scensitivity and scan speed. The signel is
plotted sgainst electron kinetic energy ty a chart recorder.

-1

The crdinctc scale of elcctron Tlux 1s in counts s

increesing upwerds, snd the gbceissc scnle of elcetron

¢]

£

kinetic energy (in ¢V) increszses from right to left; that
is, ionisation energy incressss from left to right. Figure

Q

&1.H chowes & diagrem of the 1277 cylindrical anelyser end

ionisation chzmber .

A1 critical surfeces of the terget charber and
¢nalyser need to bte as electricelly uniform as possible,

and clesn, These surfeces are rhocdium plated. The presence

-

Fifgure “4.,5 Licgren showing enzlyser snd ionisztion chsrmber

scanning potential

analyser

+ photoelectron i .
__ ___beam Variable width
d =7 ——=—— 1 _|exit \
Scmp ~ 7 - ™~
vapourf - ' . slit ~ \

N - HiE \
\ e 10"51; W . . \

vl ; \

3 5/ electron
107" b ! -1 multiplier

:D: lé_ correcting detector

]\ lens

U _ target chamber

T .

photons



of unwanted mognetic and electromzgnetic fields, to which low
energy electrons are very csensitive, i3 elilninsted by
screening the snalyecr with.a high permesbllity materisl, such
as lu-metzl.

4‘“‘.1 - 5 C‘ﬁLI BR::.'

TICH ‘ID RESOLUTION

< o— .

With tne instrurentetion described, 'internal!
calibration of each spectrum may be carried out; this is
necessary in high temperature worx due to shifts caussd ty
surlace effects, such os metal deposition from the sample.

A troce of the calibrant ges or mixture of gases nay te
metered into the lonisation chamber through a fine capillary
during each run, giving direct calibrzticn. However this will
obviously hove en effcct on eny relative intensity measure-
ments, '

Since the FE spectra descrived in chapters 3 to 5
were obtained at low temperaturecs, they were calibrated at
the end of ezch run, when the cslibration gas (either argon,
Xenon or nifrogen, or a mixture of these) was allowed into
the ionisation chember together with the sample vapour, and
the main pesks recorded. sdditional calibraticn (internal)
is provided by the helium self-ionisztion peak at 24.5 eV;
this appears in many of the spectra given in chapters 3 to 5.

Usirg nitrogen calibration peaks et 15.57 and
16,69 eV, the resolution R, is defined in (41)1, where P is

R = 2 x P ' (&)1

the spacing of the nitrogen doublet in meV, x is the width

at half height of & nitrogen peak, and y the distance between
the peak centres. Resolution for the complexcs studied in
chepters 2 to 5 was generally in the region of LO meV although
the optimum resolution claimed ‘for this instrument (HeI) is

18 1eV, In all the PE csjectra presented here, a coxrpromise
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was mude between signal intensity end resolution by verying
~the width of the anslyser exit slit.

£1 .6 BEPERTIENT L BPRCORDING COUDITIONS
i) Chanter 2
compounce:
1. cyclohexa~1,3~diene
2. cyclohepta=-1,3-diene
3. cycloocta-1,3-diene
L. cyclohepta-1,3,5~-triene
Se cycloocta-1,3,5,7-tetraene
6. T]u-buta-1,3-dienctricarbonyliron (1)
7. T]u-cyclohexa-1,deienetricarbonylircn (11)
8. q1L"-cyclohe§ta-1,B—dienetricarbon'rliron (111)
9. 71u-cyclcccta—1,B-dienetricarbonyliron (Iv)
10. 11u-cyclohexa~1,B-dienetricarbdnylruthenium (V)
11. 17u—cyclohepte-1,Z—dienetricarbonylruthenium (V1)
12. 11u-cyclohepta-1,3,5-trienetricarbonyliron (VIiI)
13. 1]u-cycloccta-i,3,5,7-tetraenetricarbonyliron (VIII)
14. 11u-hepta—},5—dien—2-oltricsrbonyliron (1X)
15. 11u-1-methylhexa—z,u—dien—1-oatetricarbonyliron (x)
16, HeIIl PE spectrum of (VIII)
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COLTOUND) TILG BCAID SEXxD COURTS IRLsT YeS
CONAT,ID  mun_imin | E:i °c

1 1 8 L x ‘105 volatile

2 1 8 L x 10° y

3 1 8 1c* y

L 2 L 102 0

5 2 L L ox 1c2 y

6 (1) 10 (4) 1 (2) 100 (400) "

7 (I1) 2 L 10° involstile 20

& (III) 2 i 107 " 33

9 (IV) 1 8 10t " 4O
1C (V) 1 8 10 volatile

11 (VI) 1 8 L x 10° "

12 (VII) 2 L 10° involatile 20
13 (VIII) > L L x 100 " 40
14 (IX) 2 4 4 x 107 " 30
15 () 1 8 L x 10° u 30
16 Hel 1 8 10° L L7
(VIII) IHleII 10 1 100 " u

)
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Choerter 3

=W -
e e & 9 & s e o

W & ~N O \»

coimnpoundss

venzdocene (I)

chromocene (II)

nangsrocene (III)
1,1'-dimethylmanginocene (IIla)
ferrocene (IV)

cobultocene (V)

nickelccene (VI)

ruthenocene (VII)
biscycloheptadienylruthenium (VIIa)
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— s s

(1) (Hel)
(HeII)
(II) (Hel)
(Hell)
(HeII)
(ITI) (HeI)
(HelI)
(III&) (Hel)
(Zel)
(HeII)
(IV) (lie1)

(HeII)

(V) (He1)
| (HeII)
(V1) (HeI)
(He11)

(vIiI) (HeI)
(Hel)
(HelI)
(ite11)

(VIIa)(HeI)
(HeII)
(ileI1)

TR SCUK_ODEER COWITS
CONZT/IT  mn min"1ﬁ 7]
2 L 4 x 107
4 2 L0
1 8 10°
L 2 100
10 1 100
2 L Lox 107
10 2 (exp)*  4OO
1 8 102
2 L (exp) 102
L 2 (exp) 100
2 8 (exp) 10°
10 2 (exp) 100
1 8 L x 10°
L 2 LOO
1 8 L x 10°
L 2 40O
2 4 107
1 8 (exp) 107
10 1 100
10 2 (exp) 100
1 8 (exp) 4 x 10°
L 5 1,00
10 2 (exp) 400

involetile

1"

1t

11]
volatile

11t

11]

involatile

7

"

30
L0
L0
50
52

63

73
57
58
L9
59
55

#oypunded senle (sbecless)
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i31) Chenter [

compoundcs:

1. (”5_ yclogpente dlenyl)(*'—butu—1,)- iene)rnodium (I)
2. (u -CyClOLCH dlenyl)(qu-butﬂ—i,,-aienﬁ)iridium (11)
% (u -cyclozents dl&ﬂjl)(uu—d—mcth 1-buta-1;3-dienc)
iridium (III)
L. (04—CyCIOOCba—l,5 dlene)(n -cyclopentadienyl)
eobelt (IV)
5. (ﬂu—cycloccta-1,5—diene)(n5-uetramethylethylcyclo—
pentadlenyl)cobalt (IVa)
6. (ﬂ -“"ploccta-1,J—d"enn)(ﬂ ~-cyclopentzadienyl)
rhodium (V)
7. (nu-cycloocta-1,S-dicne)(n5-pentamethylcyclopenta-
dlen 1)rrodium (Va)
8. (n ‘—cyclohexa~1,3- difna)(n -cyclozentadisnyl)
| cobalt (VI)
9. (1 -c'cWohexa-1,Z—diene)(n5-cyclopentadienyl)
i raodian (VIT)
10. (nu-cycloocta~1,3,5;7-tetraene)(ns-cyclopentadienyl)
' ' rhodiun (VIII) ‘
11, (n5—pentame*hylcyclopentadienyl)(bis-ethylene)
. Phodilm (1IX)
12. (n -hepta=-3,5- dleﬁ-Q—one)(n ~cyclopentadienyl)
rhodium (X)
13, (nu-hepta-B,B—dien~2—one)(ns—cyclopentadienyl)
iridium (XI)
1. (7 l--‘qex a=-2,4-dien=-1-= l)(??-cyclopentadienyl)

rhodium (XII)



2o

Se

1.

(1)

(1I1)

(111)

-

(1v)

(Ive)

(V)

(Va)

(V1)

(VII)

(He11)
(Hel)
(HeID)
(Hell)
(HeI)
(HeI)
(BeI)
(HeIl)
(Bel)
(He1I)
(Eel)
(HeIl)
(Ee11)
(BeT)

 (deTI)

(KeI)
(Hel)
(HeIl)

1 &
L 2
10 2 (exp)
1 8
8 (exp)
L 2
10 2 (exp)
1 8
10 2 (exp)
L 2
1 8 (exp)
L >
i
10 1
y 8 (exp)
16 2 (exp)
1 8
2 8 (uxp)
10 (.
8 (exp)
4 2 '
1 8
11
L 2

involatile

L1}
1t
1
13

1"t

u
"
1t

t

"
"

1"
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COLrOUIN TILE 3C.00 SFESD COUNTS IEL=Y TP

- it i et o — ——

CONST/XT  m min s~ °¢

(VIIT) (H21) 2 L 10 involatile 62
(Hel) o2 L (exp) 107 " €5
(HeIl) L 2 100 f 9
(HeII) 10 2 (exp) 100 n 72

(1X) (ieI) 1 8 b x 107 o 76
(Hell) L 2 400 " g0

(x)  (Hel) 3 8 L x 10° o 76
(HelI) 2 L L00 " 86

(X1) (¥el) 2 L 107 " 78
(Be1I) L é 100 . 81

(XIT) (Eel) 2 o 10° " 8l
(Hell) L 2 100 " 87




iv) Chsnter 5

compounds:

- .
1. 'n)rcyclopentsdienyldicarbonylcobalt (1)
[ .
2. 'n3—pentamcthylcyclopcntadienyldicarbonylrhodium (11)
COLTT.EY TINE SCLN STEED  COUNTS TULET TEUP
CONST/HT 1 min g1 °g
1. (1) (Hel) 1 8 L x 10°  volatile
(HeII) I 2 107 n
2. (1) (ile1) > 4 107 involatile .45
(He11) L 2 100 " 52
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The He(l) photoelectron spectra of the complexes [M:LM(COQ),] [L = cyclohexa-1,3-diene and cyclohepta-1,3-

diene (M = Fe or Ru):

L = cyclo-octa-1,3-diene, cyclohepta-1,3,5-triene, and cyclo-octatetraene (M = Fe)]

have been examined. The ionisation energies of the iron diene complexes show a regular variation with ring size,

in contrast to those of the parent cyclic dienes.

TuE photoelectron (p.e.) spectrum of butadienetri-
carbonyliron (1) has been reported previously.!® The
most recent paper® included both He(I) and He(II)
spectra, which were assigned in the light of an ab initio
SCF molecular-orbital calculation. The free ligands
Yive also been studied.#® The separation of the two
b .nds of lowest ionisation energy in the spectra of the
cyclic dienes has been correlated with the stereo-
chemistry of the ring. We now report the spectra of
complexes of the type [M(diene)(CO),] (M = Fe or Ru)
and also of tricarbonylcycloheptatriene- and tricarbonyl-
cyclo-octatetraene-iron.

EXPERIMENTAL

The complexes were prepared according to published
methods.”12  The purity of the samples was confirmed by
elemental analysis and by measurement of m.p., b.p., and
ir., *H n.m.r., and mass spectra, which agreed with reported
values. 1314

The He(I) p.e. spectra were recorded on a Perkin-Elmer
PS 16/18 instrument modified to take a heated insert. The
spectra were calibrated using xenon and argon.

RESULTS AND DISCUSSION

Diene Complexes.—The spectra are summarised in the
Table. Connor et al.3 ascribed the first band (A) in the
spectrum of butadienetricarbonyliron to the ionisation
of electrons largely localised on the metal atom. The
second peak (B) is assigned to an orbital which correlates
with the higher filled = level of cis-butadiene (lay).
The third band (C) arises through ionisation from a
molecular orbital correlating with the lower filled = level
(18, of the free ligand. The bands (D) at higher
ionisation energy (i.e.) are attributed to loss of electrons
from o levels of the diene, and from the carbonyl ligands,

The spectra of the tricarbonyl(diene)iron complexes

(Fe(CeHg)(CO)s] (2), [Fe(CqHy)(CO)g] (3), and [Fe-

1 M. J. S. Dewar and S. D. Worley, J. Chem. Phys., 1969, 50,
654.
2 S. D. Worley, Chem. Comm., 1970, 980.

3 J. A. Connor, L. M. R. Derrick, M. B. Hall, I. H. Hillier,
M. F. Guest, B. R. Higginson, and D. R. Lloyd, Mol. Phys., 1974,
28, 1193.

¢ D. W. Turner, ‘ Molecular Photoelectron Spectroscopy,’
Wiley, New York, 1970.

5 C. Batich, P. Bischof, and E. Heilbronner, J. Electron
Spectroscopy, 1973, 1, 333.

¢ P, Bischof and E. Heilbronner, Helv. Chim. Acta, 1970, 53,
1677.

7 W. G. Dauben and M. E. Lorber, Org. Mass Spectromelry,
1970, 3, 216.

(CgH,,) (CO),] (4) resemble that of the parent molecule,
(1), and have been assigned similarly. In the former,
however, band (B) was less well resolved from the metal
“a’ bands (A), and bands {C) occurred as shoulders on
the low i.e. edge of the o ionisations of the diene ligands.
The i.e. values derived from bands (C) are therefore less
well established than for the parent molecule.

Ionisation energies of the tricarbonyl complexes and the
« levels of the free ligands

Tonisation energy (eV)

Band Band DBand
Compound Band (A) (B) (C) (D)

[Fe(C,H,)(CO),) (1) 8.16 (sh) 8.67 9.82 1143 1258
[Fe(CH,g)(CO)) (2)  7.98 {sh) 8.56 9.33 11.04 1217
{Fe(C,H,)(CO}s} (3)  7.78 (sh) 8.48 9.12 10.86 1171
[Fe(CgH, o) (CO)y) (4)  7.45 (sh) 8.27 B.87 10.44  10.87
[Ru(C,H)(COY] (5)  8.01 8.91 9.30 (sh) 11.01 11.83
[Ru(C,H,)(CO)5) {6) 7.96 8.94 940 (sh) 10.5¢ 11.64
[Fe(C;H,4)(CO)4) (7) 7.76 (sh) 8.39 8.78 11.10  11.82

10.23
[Fe(CyH,) (CO)4] (8) 7.84 8.74 11.63

10.61
trans-Buta-1,3-diene ¢ 9.08 11.34
Cyclohexa-1,3-diene 3 8.25 10.75
Cyclohepta-1,3-diene * 8.31 10.63
Cyclo-octa-1,3-dicne ¢ 8.68 10.00
Cyclohepta-1,3,5-triene & 8.57 9.52 10.9%
Cyclo-octatetraene 8 8.42 9.78 11.15

For complexes (2)—(4) all bands show a decrease in
i.e. with increase in ring size. This is not so, however,
for the two = ionisations of the parent dienes.®  Although
the average of the first two i.e.s of the latter decreases
with increase in ring size, the difference between them is
irregular. The separation between these two bands has
been correlated with the angle of twist between the
conjugated double bonds. This correlation, however,
does not agree well with a recent value of 0° twist in
cycloheptadiene derived from i.r. spectroscopic data.ld

8 R. B. King, T. A. Manuel, and F. G. A. Stone, J. Inorg.
Nuclear Chem., 1961, 18, 233.

* B. F. G. Johnson, J. Lewis, P. McArdle, and G. L. P.
Randall, J.C.S. Dalton, 1972, 456.

10 R. B. King, Organometallic Synth., 1865, 1, 126.

11 B, F. G. Johnson, R. D. Johnson, P. L. Josty, J. Lewis, and
J. G. Williams, Nature, 1967, 213, 901.

12 B, A. Sosinsky, S. A. R. Knox, and F. G. A. Stone, J.C.S.
Dalton, 1975, 1633.

13 R, Burton, L. Pratt, and G. Wilkinson, J. Chem. Soc., 1961,
594.

14 A, J. Deeming, A. J. P. Domingos, B. F. G. Johnson, J.
Lewis, and S. S. Ullah, J.C.S. Dalton, 1974, 2093.

18 B. Schrader and A. Ansmann, Angew. Chem. Internal. Edn.,
1975, 14, 364.
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It is interesting nonetheless that the separation between
bands (B) and (C) in all the iron and ruthenium com-
plexes is almost constant (1.7 - 0.1 eV).* This is
consistent with the suggestion that the dienes when
complexed are constrained to assume an essentially
cis-planar conformation in which the twist angle is
close to 0°. If one assumes that free cycloheptadiene
has this conformation, one can estimate the change of
the n-ionisation energies on complexing by comparing
the spectrum of cycloheptadiene itself with that of its
tricarbonyliron complex. The ‘la,’ ie. is increased
by 0.81 eV and the “ 15, " i.e. by 0.23 eV, If a similar
change in i.e. occurs with other dienes we can predict
the ie.s for diencs in the cis-planar conformation.
cis-Butadiene, for example, would be expected to show
i.e.sof 9.01 and 11.20 eV. Worley 2 calculated values of
9.19 and 11.18 eV.

The spectra of the two ruthenium complexes [Ru-
(CeH)(CO)4] (5) and [Ru(C,H,,)(CO),] (6) resemble those
of their iron analogues, and may be assigned similarly.
The first band (A) lay to higher i.e., as do the metal
orbital ionisations in [Ru(n-C;H;),] compared with
(Fe(r-CgHg),).8  Ionisation-energy data for both neutral
and singly ionised atomic species similarly indicate an
increase from Fe to Ru.'?  As a consequence of the shift
in band (A), (B) was no longer so clearly resolved as in
the spectra of the iron complexes, and appeared as a
shoulder. It is interesting that the separation between
bands (B) and (C) is still 1.7 4- 0.1 eV

The intensity of the first group of bands (A) and (B)
relative to (C) and (D) increases for both pairs of com-
plexes from Fe to Ru. Similar increases in metal 4-
orbital cross section with principal quantum number
have previously been noted, e.g. for [M{n-CH),? (M =
Fe, Ru, and Ox).18

Tricarbonylevelohe ptatriencivon.—Comparison between
the spectra of [Fe(C;H)(COY,Y (3) and [Fe(C.H)(CO),)
(7) shows that an additional band 1s present in the latter
at 10.23 ¢V. To a first approximation the bonding in
complex (7) can be considered as comprising a Fe(diene)-
(COY,) system and a free >C=C unit. We assign the
band at 10.23 €V to ionisation from the = system of the
uncomplexed double bond.  Moreover the bands which
correlate with the = molecular orbitals of the complexed
cis-dicne system have a greater separation (2.32 eV)
than in the spectra of [Fe(diene)(CO);] (1.7 eV). This
suggests that there is some interaction between the
complexed diene system and the uncomplexed = bond.

Tricarbonylcyclo-octaletracneiron.—The p.e. spectrum
of the free ligand (CgHg Day symmetry) has been dis-
cussed by Batich et a/% The first three ionisations
correspond to loss of an electron from = orbitals of b,, e,
and a; symmetry respectively. In the crystal the ligand
assumes a dihedral conformation,!® and the molecule is
fluxional in solution.!®

*leV x 1.60 x 107 ],

1 S Evans, M. L. H. Green, B. Jewitt, A. F. Orchard, and
C. F. Pygall, J.C.S. Faraday 11, 1972, 1847.

17 C. k. Moore, Nat. Bur. Stand., Circ. No. 467, 1949, 1952, and
1958,
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If the bonding were composed of a [Fe(diene)(CO),]
unit plus a free diene system, with little or no inter-
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He(I) Photoelectron spectra of (a) [Fe(C,H,()(CO);]. (b [Ru-
{C;H ) (CO)al, (¢) [Fe(C;H,)(CO),), and (d) [Fe(CgH) (CO)s]

action between them, the spectrum would appear as the
sum of the spectra of the two parts. On this basis, the
first broad band with maxima at 7.84 and 8.74 eV

1* B. Dickens and W. N. Lipscomb, J. Chem. Phys., 1962, 37,
2084,

¥ F. A. Cotton, A. Davison, T. J. Marks, and A. Mumo, J.
Amer. Chem. Soc., 1969, 91, 6598.
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(Figure) would correspond to bands (A) and (B) of the
[Fe(diene)(CO);] unit together with the lower-energy
n ionisation of the diene. The next band at 10.6 eV
could be assigned to the higher = ionisation of the diene.
This suggestion is supported by relative intensities,
The ratio of the intensities of the first group of bands to
the peak at 10.61 eV is ca. 6:1. The corresponding
ratio in the spectrum of (7) is 4.8:1. The greater
relative intensity of the first band in the spectrum of (8)
is consistent with the inclusion of the ‘ 1a, ’ * free-diene ’

J.C.S. Dalton

ionisation. It is likely, however, that there is significant
interaction between the diene residue and the complexed
diene unit. This is supported by the large ring angles
(135°) in the unbound portion of the ring, and by SCF
molecular-orbital calculations,18
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