373

FERROCENE
ANNUAL SURVEY COVERING THE YEAR 1980°

GEORGE MARR AND BERNARD W. ROCKETT
Department of Physical Sciences, The Polytechnic
Wolverhampton WV1 1LY (Great Britain)

CONTENTS

1. Reviews

2. Structural determinations

3. Theoretical studies

. Spectroscopic and physico-chemical studies
5. Electrochemistry and photosensitive electrodes
6. Preparations of ferrocenes

7. Reactions of ferrocene

8. Intercalation compounds containing ferrocene
9. PFerrocenium szalts

10. PFerrocenyl carbenium ions -

11. Ferrocene chemistry

(i) Photochemistry
(ii Derivatives containing other metals (metalloids)

(iii Complexes of ferrocene-containing ligands
(iv) General chemistry
12. Biferrocenes; ferrocenophanes and annelated ferrocenes
13. Ferrocene-containing polymers

1. Applications of ferrocenes
(i) Ferrocene catalysts and photosensitizers
(ii) Ferrocene stabilizers and improvers
(iii Ferrocene in analysis
(iv) Combustion control
{v) Biochemical and biological applications

15. References

1+ Ferrocene, Annual Survey Covering the Year 1979, see
J. Organometal. Chem., 211 (1981) 215.

References p. 430 -

374
374
375
376
382
387
389
390
392
393
395
395
396
400
404
410
421
422
422
424
425
425
427

430



374

i. REVIEAS
A short review on high resolution heat capacity measure-

ments and phase transition phenomena has been prepared and
ferrocene was included [1].

Solomatin has reviewed the use of ferrocene in the analysis
of steels and alloys [2].

2. STRUCTURAL DETERMINATIOHNS .

Powder X-ray diffraction and differential scanning calor-
imetry has been used to characterize a new low-temperature phase
of ferrocene, stable below ZSOOK. The phase was orthorhombic
and its molecular arrangement was isomorphous to ruthenocene
with an eclipsed conformation [3].

Kaluski has surveyed the conformational state and the
deformation of the ferrocene group in ferrocene and biferrocenyl
derivatives [u].

The crystal structure of 2-nitro-3-ferrocenylacrylic acid
ethyl ester has been determined by X-ray analysis. The cgnjugated
double bond system qs—csﬂu—c C-C=0 was not planar. The “’—
cyclopentadienyl rings in the ferrocenyl group were 1 7 from
parallel and twisted 50 from an eclipsed conformation [5]-

The crystal and molecular structure of the ferrocenyl-
cyclopropane (2.1) has been determined by X-ray diffraction and
the cis-configuration confirmed [6].

The molecular structure and absolute configuration of the
(+)-isomer of the 1,2-disubstituted ferrocene (2.2) were
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©—§V @ CH (Me )HMe,
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determined by X-ray analysis. The absolute configuration was
{(18)—[(ZR)—diphenylphosphinoferrocenyl]ethyi}dimethylamine

[7]-

The crystal and molecular structure of the tetracarbonyl-
iron complex of 3,h-dimethylphosphaferrocene (2.3) has been
determined by X-ray crystallography. The Fe-P distance was
short, 2.211 g, suggesting that the bond was strong and that
phosphaferrocene was a good ligand despite the IR evidence that

suggested it was a weak donor [8]-

OP—Fe(CO)L” O

Fe Fe

Me .,
P-4

2.3 2.1

The crystal structure of the diarsa-ferrocene (2.l) has
been determined by X-ray analysis. The T-bonded rings were
eclipsed but neither of them were strictly planar and they
were not parallel. The arsenic atoms were situateg out of the
plane of the four carbon atoms by 0.086 and 0.059 A and the
dihedral angle between the planes of the carbon atoms was

6.2° [9].

3. THEQRETICAL STUDIES

The use of general concepts, independent of the method,
in the parametrication for the extended Hueckel MO theory has
been examined. A population analysis was developed using an
orthogonal basis and applied to ferrccene to give a set of
results more consistent than those obtained in the Mulliken
analysis [10}.

Ab-initio molecular orbital-self consistent field cglcul-

ations were carried out for ferrocene on the minimal basis

Réferepcs p. 430
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level and with a double-zeta basis. The metal-ring distance
was calculated as 1.9 A in both cases, in contrast to the
experimentally determined value of 1.65 & [11].

It was shown by calculation that the eclipsed forms of
ferrocene and ruthenocene were more stable than the staggered
forms. The main contribution to the energy difference between
the two forms was the induction energy of the metal in ﬁhe
potential field of the rings. Direct ring-ring electrostatic.
energy also favoured the eclipsed forms. The calculated net
stabilization energy for the eclipsed forms of ferrocene was
in good agreement with an experimental estimate from electron
diffraction [12].

An oscillator model was used to calculate an energy level
scheme for ferrocene [13].

Pauling's bond distance-bond order relationship was used
to derive the bond orders of the C-C bonds and the number of
TM-electrons in the metal-ligand bonds for a series of metallocenes
(ferrocene, ruthenocene, nickelocene, vanadocene and mangsnocene).
The values obtained were correlated with observed dissociagtion
energies, these energies were used to predict the metal-ligand
distances. A good agreement was obtained between the calculated
and the observed metal-ligand distances [14].

L. SPECTROSCOPIC AND PHYSICO-CHEMICAL STUDIES
Tne He(I) and He(II) photoelectron spectra of ferrocene,

decamethylferrocene and several other metallocenes have been
messured. Intensity changes between the He(I) and He(II)
spectrg provided a useful guide to band assignment. Comparisons
between the metallocenes were made [15].

The He(I) photoelectron spectra of biferrocene and
biferrocenylene (l1.1) were recorded and interpreted. On the
basis of calculations it was concluded that in these molecules
the highest occupied molecular orbitals were levels with dominant
ligand character. However, the most stable cation was generated
by removing an electron from a 3d level. This conclusion was
consistent with the photoelectron spectra [163.

A low temperature Moessbauer investigation was carried
out on the solid glassy phase of a liduid crystal obtained by
cooling cholesteryl oleyl carbonate containing 3% by weight .
of 1,1'-diacetylferrocene. A small Moessbauer absorption was
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obtained at 95° K and this was enhanced (>200%) upon orientation
in a magnetic field [17].

Moessbauer spectra were recorded for 57Fb in ferrocene
dissolved in o-terphenyl in order to investigate the dynamics
of the system in the glass and liquid phases. The glass
transition temperature of 273 °K for o-terphenyl was in agree-
ment with that determined by other means [18].

Diethylferrocene, prepared by cooling the liquid in liquid
nitrogen, showed a discontinuous temperature dependence of the
Moessbauer spectrum. This was ascribed to transitions from
the glassy state to the supercooled liquid state followed by
crystallization. Crystalline diethylferrocene showed a similar
temperature dependence to thabt observed for ethylferrocene [19].

The chemical effects of neutron capture in crystalline
ferrocene were investigated. The initial retentions of ““Fe
and 59Fb recoil atoms were determined, slight differences in
retention between the recoil atoms were found. The retention
values obtained by irradigtion at reactor temperature were
much higher than those obtained by irradiation at -78.5 °c
[20].

ESR spectroscopy has been used to identify two frozen
solution conformations of (2,2,6,6-tetramethyl-4-piperidinyl-
1-oxyl)ferrocene-1,1'-dicarboxylic ester (4.2) which arose
through solvent induced effects. One form had eclipsed
cyclopentadienyl rings while the other form showed a staggered

arrangement [21].

Refererices p. 430
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The optical properties of the two solid phases of 1:1
decamethyllferrocenium tetracyanoquinodimethanide (TCNQ) have
been measured in the range 0.1 to 10 eV. One phase was found
to contain isolated paramagnetic TCNQ anion monomers while the
second phase contained isolated diamagnetic TCNHQ dimers. A
strong localized exciton was observed in the monomeric phase
while the dimeric phase showed charge-transfer in addition to
& shifted loeal exciton. The IR spectrum of the dimeric phase
showed an unexpected activity of the symmetrical phonon modes
arising through interaction with the radical electron. Normally
IR active phonons only were observed in the spectrum of the
monomer [22].

The mass spectrometric fragmentation of nineteen 3-ferrocenyl-,
G-ferrocenyl- and 3,5-diferrocenyl-pyrazolines has been investigated.
Various processes of heterocyclic nucleus destruction and
substituent elimination were observed in addition to fragmentation
of the ferrocene nucleus {23].

Mass spectrometry has been used for the quantitative
determination of the total deuterium content in (N,N-dimethyl-
aminomethyl)ferrocene, (N,N-dimethylaminoethyl)ferrocene and
the corresponding methiodides. ~The distribution of the label
between the side chain and the substituted and unsubstituted
rings has also beeh determined [Zu].

Ion-molecule reactions of ferrocene and ferrocene derivatives

under mass spectrometric conditions have given bimetallic ions.
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The intensities of these fragments depend on the square of the
molecular jion intensity. Typical of the ions characterized

- - + _ +
T oy e [ ). > el » L) Cotareal’

5L sTpfa2tv2 .

The mass spectra of several T-complexes including benchrotrene
cymantrene and ferrocene have been obtained by simultaneous
evaporation with organic compounds, such as triphenylphosphine,
water and iodine, when protonated molecular and fragment ions
were obtained. The ions were formed by ion-molecule reactions
in the ionization chamber cf the mass spectrometer as well as

by the interactions of neutral molecules [26].
Ferrocene and nickelocene have been excited in the spectral

range 3750-5200 2 to achieve collision-free multiphoton dis-
sociation (MPD). A bare metal atom was formed and was detected
by 3-photon ionization. The intensity dependence of the MPD
process was examined in order to elucidate the mechagnism [27].

The multiphoton ionization spectrum of ferrocene showed
atomic Fe lines indicating that dissociation, preceding
ionization, takes place under conditions of moderate laser
excitation [28].

Enthalpies of complexation have been determined for the
interaction of metallocenes with hydrogen chloride in liquid
xenon. Values obtained for ferrocene, dimethyl-, hexamethyl-
and decamethyl-ferrocene were 1.1, 2.1, 3.1 and 3.9 kcal mol-1
éespectively. The IR spectrum of the ferrocene-hydrogen chloride
complex indicated that the M-electrons of the metallocene took

part in complex formation [29].

R 34
CHaPh
CHZPh
~ Pe Fe
CHZPh CHZPh
h.3 Lh.h
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The Raman and infrared spectra of ferrocene and nickelocene.
were recorded between L000-5 em™ ! at 40-400 °K to study the
mechanism of the phase trénsitions. Ferrocene and nickelocene
exhibited the ssme disorder at room temperature. The long-range
Oﬂder was shorter for nickelocene than for ferrocene [30]

H HMR spectra of the chiral trisubstituted ferrocenes
[4.3 and b.b; R = cOMe, COPh, CH,Ph, CHMe(OH), CHMe® ] were
recorded. The 2,5 and 3,l} protons in the monosubstituted rings
exnibited magnetic nonequivalence. The methylene protons of
the benzyl substituent in the 1,2-disubstituted ring of the
ferrocenes (4.4; R = COMe, COPh) exhibited magnetic non-
equivalence [31]-

Rates and activation parameters for hydrogen exchange in
ferrocene and in ferrocenyl- bromide, cyanide and carboxylic
acid have been determined by 1H NMR spectroscopy. The inter-
annular trensmission effect was estimated and was suggested to
operate primarily through an inductive mechanism. Exchange
appeared to involve the initial formation of a T-complex
between the electrophile and the cyclopentadienyl ring [32].

Electron exchange between ferrocene and several substituted
ferrocenes and the corresponding ferrocenium ions has been
measured in a number of solvents by NMR line broadening in the
temperature range 0-30 . The rates of exchange did not depend
on fhe dielectric properties of the solvent as predicted by
Marcus theory. Substituents exerted only small effects on the
rate, thus a +~10-fold increase was observed for decamethyl-
ferrocene and 2 5-fold decrease in the presence of a N,N-
dimethylaminomethyl group [33}.

The stabilization of the cyclopropenium and cyclopropenone
ring systems by the ferrocenyl group was investigated. The
13¢ nmm SpectraAof the ferrocenyl derivatives (4.5, L..6 and L.T)
were analysed and the results indicated, for the latter two
compounds, that there was significant delocalization of the
positive charge into the unsubstituted n-cyclopentadienyl rings.
It was suggested that the role of the iron atom in these
molecules was to provide a conduit for transm1s31on of the
positive charge [3&]

The 1 C NMR spectrum of 1,1(—bisdeuterioferrocene was
recorded as part of an investigation into fluxional sYstems-'
containing monohapto and pentahapto cyclopentadienyl rings.
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As expected, the spectrum was temperature independent as there
was no degenerate equilibrium to be perturbed [35].

) 7Fe MR spectra of thirty-five organoiron complexes,
mainly of the type'[Fe(CO)B(diene)] but including ferrocene
and some of its derivatives, were measured by direct detection at
2.9 MHz and at natural abundance (2.2%). A large shielding
effect was observed on going from ferrocene to.the cations
[(n-G Hg)Fe (-C5H) CH,) ]* ana [(n-CgHg) Fe(n-CgH CHMe) ] This
was thought to be due to the transformation of one cyclopenta-
dienyl ring into a fulvene-type 1igand»with a concomittant
increase in the bending of the carbenium carbon gtom towards
ﬁhe_iron [36}. . v )

.. References p. 430 -
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The enthalpies of fusion and sublimation for ferrocene

were determined accurately by differential scaﬁning calorimetry
- [37]-

The x-deuterium kinetic isotope effect was measured in
aqueous solution for the solvolysis of ferrocenyl-i,1-
dideuteriomethylitrimethylammonium iodide {4.8). The isotope
effect, gﬁ/g , Was 1.06 and this small isotope effect was taken
as support for a transition state model involving participation
of the electrons localized on the iron gtom [38].

(:) CDzﬂHeBI

Fe

L.8

5. ELECTROCHEMISTRY AND PHOTOSENSITIVE ELECTRODES

Cyclic voltammetry and current reversal chronopotentiometry
have been used to investigate the electrolytic oxidation of
ferrocene to the ferrocenium ion in polar aprotic solvents.

The process was shown to be very sensitive to trace amounts of
oxygen [39].

Ferrocene oxidation has been studied on rotating disc
platinum electrodes coated with poly(2-hydroxymethyl-1,4-
phenylene )oxide, poly(2,6-dimethyl-1,li-phenylene)oxide and
poly[h-(z-aminoethyl)—1,2-pheny1ene]oxide films. The ferrocene-
ferrocenium ion systems were not reversible and when the polymer
f£ilm was thin or when the speed of rotation of the disc was
slow the current densities were similar 'to those observed with
uncoated platinum [40]

The electrochemical oxidation of ferrocene in propylene

carbonate has been investigated by cyclic voltammetry;; The



compound was only weakly solvated and the process was polar-
ographically reversible. Various parameters were reported [u1].

Electrochemical reduction of substituted ferrocenes takes
place in two monoelectronic steps to give successively the
corresponding ferrocene radical anions and the ferrocene dianions.
The radical enions may breakdown to form substituted cyclo-

pentadienyliron radicals as follows:

(q—RCSHu)aFe ;;;2== G\_RCSHu)ZFeL —;EL€>(W—RCSHA)2Fe2_

b

Thus acetylferrocene in the presence of carbon monoxide gave
the (n-acetyleyclopentadienyl)iron dicarbonyl anion (5.1)
which was characterized as the methyl adduct (5.2) on the
addition of methyl iodide [L2].

[~ -
GOMe COMe
Fe Fe
(co)2 (CO)ZMe
5.1 5.2

The half-wave potential of ferrocene-ferrocenium ion couple
has been determined by cyclic voltammetry in water and in
methanol. The standard potential independent of solvent was

obtained [uj].
Ferrocene and methylferrocene in dimethylformamide exhibited

-a wellrcharacterized one electron reversible polarographic wave
at low températuresr(approximately -30 O¢). At higher temperatures,
a two electron reductive cleavage of the molecules occurred

[ ].

. References p. 430
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The electrochemical behaviour of ferrocene and other
complexes in 2,2'-thiodiethanol has been examined by polarography
and voltammetry. The solvent behaved as a "hard" donor with
proserties intermediate between those of methanol and trimethyl-
pnosphate [QS].

The actual potentials of the ferrocene-ferrocenium redox
couple have been determined and the dependence of formal
potential and oxidative potential on acidity and on the nature
of the organic solvent concentration in a ternary acidic
aqgueous-organic medium have been measured. Changes of potential
observed over a broad range of concentrations arase from
ferrocene-ferrocenium association [ué].

The ferrocene-ferrocenium couple has been used as a model
system to investigate two-phase electrolyte electrolysis with
mixtures of an aqueous electrolyte and an organic depolarizer
in an organic solvent. Important parameters identified were:
coﬁductivity orovided for the organic phase by the salts
produced at the anode; surface tension differences at the
electrode-organic phase and electrode-aqueous phase interfaces
and the potential difference at the interface of the aqueous
and organic phases [h?].

FPerrocene has been proposed as an internal standard for
electrochemical measurements especially in non-aqgueous solvents.
The use of such a standard avoids the problem of relating
results to a reference electrode system with an unknown liguid
Junction potential. The technique was exemplified by the
determination of the reduction potential for tris{acetyli-
acetonato)ruthenium(III) in acetonitrile. The use of ferrocene
as an internal standard was found to be convenient, reproducible
and it allowed quantitative comparisons between different
solvents [ua].

The electroactivity ranges for water-phospnoric acid
mixtures containing the ferrocene-ferrocenium couple and using
polished platinum, vitreous carbon and mercury electrodes have
been determined [h9].

The ferrocene-ferrocenium ion couple was used in an electro-
chemical study of some mixed valence copper complexes [SO].

The kinetics of electron transfer between a platinum
electrode and ferrocene either in solution or chemically bound
to the surface of the electrode have been determined by a
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linear and cyclic potential sweep technique. The rate constaents
obtained showed typical Arrhenius temperature dependence in
each case but with different activation energies. Ferrocene
in solution behaved kinetically in accordance with Marcus theory.
However, the surface reaction was best explained on the basis
of elastic électron.tunnelling through a surface layer [51].

The properties and structure of electrodeposited poly-
(vinylferrocene) (5.3) films on platinum electrodes were studied
by electron microscopy and various electrochemical technigues.

—CH—CH, —

Fe

5.3

The results indicated that the polymer films were permeable to
dissolved reactants which diffused through the polymer films
and reacted at the platinum surface [52].

The application of poly(vinylferrrocene) (5.3) coated
platinum eléctrodes as roeference electrodes in methyl cyanide
was investigated. The reference electrode was prepared by
electrodeposition of poly(vinylferrocene) as poly(vinyl-
ferrocenium) perchlorate on to a platinum disc electrode which
was surrocunded by a cylinder of platinum folil as the counter
electrode. The coated electrode was stable and exhibited
rapid and reversible redox behaviour in methyl cyanide [53].

Monomolecular gnd multimolecular layers of ferrocene
derivatives have been deposited on, or bonded to, electrodes
and examined by photoelectron spectroscopy. In many cases the
modified surface contained ferrocenium lons [Sk].

References p. 430
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n-Tyve 8i was derivatized with (1,1!-ferrocenediyl)-

dichlorosiiane (S5.l) to give a photoanode suitable for use in
agueous solutions. The derivatized electrode exhibited
chemically reversible oxidation of the anchored ferrocene groups
when the electrode was irradiated with a He-Ne laser emitting
5.6 md at 632.8 nm. Uphill oxidation of 3I  to I,  gnd

[Fe (o) 6]LL‘ to [Fe{ci),]?” was effected by illumination of the
photoanode but the overall efficiency was low (~1%) [55].
Evidence for Fermi level pinning by p-type Si electrocdes was
presented and the effect of derivatization on these systems
was discussed [56].

Fe SiCl

W
=

Surface-confined ferrocenium ions were generated on a
n-type silicon semiconductor electrode by illuminstion of the
electrode at a potential more anodic than -0.2 V vs. standard
calomel electrode. The response of the derivatized photo-
electrode to light and potential was utilized to measure,
by voltammetry, the time dependence of ferrocenium reduction.
Iodide ion, ferrocene and ferrocene derivatives were used as
reducing agents. When iodide was the reducing agent the rate
of reduction was proportional to the surface ferrocenium
concentration. and the iodide concentration. The process was
relevant to the use of derivatized photoelectrodes in energy
conversion applications [57].

A stable photocurrent was obtained using n-type CdTe in
propylene carbonate and methyl nitrate contaihing ferrocene.
Photocorrosion was slow and the system was evaluated as a
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semiconductor-electrolyte junction solar cell [58].

The photoelectrochemical behaviour of hydrogenated
amorphous silicon in the ferrocene-ferrocenium system was found
to be superior to that of crystalline silicon. This electrolyte
system fell short of ideal behaviour on the basis of stability
and efficiency considerations [59].

6. PREPARATIONS OF FERRQCENES
Cocondensation of 6,6-dimethylfulvene with iron atoms at

ligquid nitrogen temperatures gave 1-isopropenyl-1‘'-isopropyl-
ferrocene (6.1) in 40% yield as the only product. Isotopic
labelling experiments confirmed that the nature of the sub-
stituents was determined by intramolecular hydrogen transfer
within a preformed iron complex [60]. These results contrast
with those reported previously when [Z]ferrocenophane and
1,1%-diigopropylferrocene were isolated under similar conditions

[61].
74

O ©

The cocondensation of iron atoms and benzene on a liquid
nitrogen cooled surface gave a reactive intermediate which
combined with cyclopentadiene to give a mixture of (ﬂrcyclo—
hexadienyl)G\—cyclopentadienyl)iron (6.2) and ferrocene [62].

Several deuterated metallocenes, (qrcst)ZM where M = V,
.Cr, Mn; Fe, Co, Ni were obtained by treatment of CSDSNa with
the aporopriate metal chloride. The metallocenes contained

97.7-98.7% deuterium [63].

References p. 430
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Treatment of a mixture of lithium cyclopentadienide and
dilithium as-indacenide with iron(II) chloride gave the ferrocene
derivative (6.3) in low yield [64].

The P-ferrocenyl-substituted tetracarbon carborane,

- [(q—CSHS)Fe (T\—CSHLL)]—2,3,7,8—(033)uCuBBH7, has been obtained
by treatment of (CH3)hCuB8H8 with sodium naphthalenide, iron(II)
chloride and sodium cyclopentadienide in THF. The crystal and
molecular structure of the carborane has been determined by
X-rey crystallography. It was found that while the polyhedron
was unaffected by the ferrocenyl substituent, the substituted
cyclopentadienyl ring in the latter was significantly perturbed
at the carbon atom bonded to the polyhedron [65].

Analogies between the symmetry and orientation of the
molecular orbitals for the cyclopentadienyl and pentadienyl
ligends have stimulated the synthesis of bis(ﬂ?-pentadienyl)—
iron (6.lLy) and mono- and di-methyl derivatives of this complex
which was termed "open ferrocene®”. The pentadienide anion gnd
its methyl derivatives were treated with iron(II) chloride'in
THF at -78 °C to give orange-red complexes,vsuch-a3~the parent
(6.4). The methylated complexes were in many respects similar
to ferrocene being hydrocarbon soluble, sublimable, stable at
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and above room temperature and air stable for several hours.
The crystal and molecular structure of one complex was confirmed

by X-ray crystallography [66].

T REACTIONS OF FERROCENE

The formation of charge-transfer complexes by ferrocene
and ferrocene derivatives with tetrabromomethane has been
investigated by uv spectroscopy. Ferrocene formed 1:3 complexes
in benzene solution, alkylferrocenes formed 1:2 complexes and
polysubstituted ferrocenes formed 1:1 complexes [67].

Treatment of ferrocene with methyl(chloromethyl)ether
in the presence of aluminium chloride gave a mixture of the
monosubstituted (7.1) and disubstituted products (7.2). These
ethers were converted to methyl- and 1,1%*-dimethyl-ferrocene

respectively [68].

- . On
CrIZOue CH2 Me

Fe Fe

CH_,OMe

The effect of temperature on the acylation of ferrocene
has been evaluated by reverse-phase high-performance liquid

chromatography and used as a convenient laboratory experiment

[69].

Ferrocene was attacked by the pyrylium cation (7.3; R = H)
in acetic anhydride to form the derivative (7.4; X = 0") anda
this was converted to the pyridylferrocene (7.4; X = N) with

smmonia. A similar synthesis was achieved with the cation
{7.3; R = CH=CHOEt) and ferrocene [70].

Réfergnc&s p- 430
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Comparisons between the chemistry of ferrocene and aza-
ferrocene (7.5) indicsted that the pyrrolyl ring of &the latter
confers inherent lability on the compound permitting M to &
regrrangements to occur [71].

Labelled ruthenocenes have been prepared by transmetallation
of ferrocenes with 103Rucl » thus o-chlorobenzoylferrocene was
treated successively with 103RuC13, potassium t-butoxide sgnd
phosphorus(III) chloride to form ruthenocenecarbonylchloride-
103Ru and this was converted to a labelled estratriene with
estradiol [72].

The reaction of methyl-, hydroxymethyl-, formyl-ferrocene
and other substituted ferrocenes with 1033ucl3 has been used
to prepare 103Ru labelled ruthenocenes. The ruthenocenes were

evaluated as radiopharmaceuticals [73].

8. INTBERCALATIOH COMPOUNDS CONTAINING FERROCENE
Several metallocenes including ferrocene have been treated
with FeOCl in glyme at temperatures of up to 110 OC to form

the intercalation complexes (q—CSHS)zm.Fe001, where M = Cr, PFe,
Co and Ni [7&].

The inktercalation of the alkyl-ferrocene (8.1) into the
iron oxide chloride layer structure gave FeOCL[(n-Cgle Et),Fely ;4
57Fe Moessbauer spectroscopy and magnetic susceptibility studies
indicated that electron transfer from the metallocene to the ‘
host occurred on intercalation [75].
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X-ray diffraction methods have been used to determine the
structure of the decsmethylferrocene-iron oxide chloride lnter-
calation compound and to show that the FeOCl-FeOCl interlayer
distance was expanded by 0.71 nm to 1.50 nm to accomodate the
metallocene. The stoichiometry of the complex, 1:13.l,
(q—CSHeS)zFe+:F6001-, indicated that the decamethylferrocene
layers were not packed tightly [76].

Moessbauer spectroscopy was used tc study the intercalation
phases of [Fe(ﬂ-csHs)z]*[6Fe001]-e—. When prepared at room
temperature the intercalated compound was a single phase with
a paramagnetic and an éntiferromagnetic component. However,
when the compound was prepared at nigher temperatures two
magnetically ordered systems were found both of which differed
in their magnetic and quadrupole data as compared with the
phase prepared at room temperature [77].

The nature of ferrocene in the thiourea-d, -ferrocene
inclusion compound has been studied by 1H NMR spectroscopy at
several temberatures. It was found that the five-fold axes of
the metallocene molecules were held in a number of non-equivalent
orientations at low temperatures. The start of reorientational
motion of these axes was 1linked with a phase transition at

162 °k [78].

References p. 430
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9. FERROCENIUM SALTS

Treatment of ferrocene with sulphuric acid, water and
acebic acid (Minisci conditionsg) gave the ferrocenium ion
which underwent homolytiec substitution with FMeCHO, PhCHO,

MeCOCO_Me to form methylferrocene, phenylferrocene and acetyl-
ferrocene [79].

Oxidation of decametnylferrocene by constant potential
coulometry at -0.1 V in a 1.5:1 aluminium chloride:1-butyl-
pyridinium chloride melt gave a deep brown solution containing
the decamethylferrocenium dication [80].

The ferrocenylketones (9.1; X =0, M = Fe, n = 2, M = Fo,H,
n = 3) have been treated with [Et30]+[BFh]_ to form the salts
(9.2; M = Pe, n = 2, M = Mo, W, n = 3) which combined with
CE,(CN), and iH,OH to form the derivatives [9.1; X = C(CN),,

=2 2 2
NOH, M = Fe, n = 2, M = Mo, W, n = 3] [81].
B 1+
GCH M———@ 6on u———@
2 2
x (co) obt (co)
Fe Fe BFhf
| _
9.1 9.2

Equimolar quantities of dibenzofuran, dibenzothiophene,
xanthene, thioxanthene or phenothiazine, ferrocene and sluminium
powder were heested with excess sluminium chloride in decélin.
Hydrolysis gave the monocations (9.3; X =0, S) (9.4; X = CH,,

Y =0, S; X=NH, ¥ = S) respectively which were isolated as

the hexafluorophosphate salts. Dicationic sbecies (9.5; X =-0,
S; HH) and (9.6; X = CH 55 Y=0, S, NH; X = NH Y =S; X=Y = NH)
were similarly prepared. The 1H and 136 NMR spectra of the

complexes were recorded and discussed [82].
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— - — —_—
-+ x -+
X Y
Fe . e
L ) L —
9.3 9.t
B 1 2+ [ _W 2+
Fe Fe
|‘:::I ‘:::’ x
X Yy
Fe Fe
9.5 9.6

10. FERROCENYL CARBENIUM IONS
A kinetic investigation of the concomitent addition of

water and elimination of a proton from the ferrocenylcarbenium
jons (10.1; R' = ferrocenyl, R = H, Me, Ph; R' = Ph, R° = CMe ;)
has demonstrated extensive ion pair formation in agqueous
acetonitrile solutions of sodium chloride and sodium perchlorate.
Alkene formation from [carbenium]+01_ ion pairs was faster than
frbm[parbenium]+010h— ion pairs. This result was interpreted

in terms of hindrance to proton loss by the bulky perchlorate
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¢ CHCH=CH
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Fe Fe Fe Fe
0.3 10.4

anion which prevented the approach of water molecules [83].
The reactions of the ferrocenylalkyl cations (10.2; 10.3;
R = H, Ph; 10.L) with nucleophiles in water and water-aceto-
nitrile were studied. The rate constants from these reactions
were approximately correlated with the N, scale (N+ is dependent
on the identity of the nucleophile and on the solvent). The
results suggested that the N+ values estimeted from the reactivities
of triarylmethylcations did not accurately reflect nucleophilicities
of bulky amines towards less hindered electrophiles [84]. '
The secondéry ferrocenylcarbenium ion (10.6) has been
obtained by the attack of trifluoroacetic acid on the ferrocenyl-
ketones (10.5; R = H, COPh) and related ferrocenes [85].
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CHPh?HCOPh CHPh
R

Fe Fe

© !

10.5 10.6

Rates of reaction and sequilibrium constanis were obtained
for the reactions of a series of ferrocenylalkyl cations with
water in the presence and absence of mineral acid. The rates
of addition of water to the cations were sensitive to struc-
tural, steric and conformational effects. It was concluded
that there was a close mechanistic similarity between nucleo-
philic addition reactions of -triarylmethyl and ferrocenylalkyl
cations [86].

The design and synthesis of polyferrocenyl carbenium and
silicenium ions was investigated [87].

11. FERROCENE CEEMISTRY
(i) Photochemistry
The mechanism for the photochemical reaction of ferrocene
with iodine in benzene has been shown to occur in three stages;
(i) initial photodissociation of I2 to iodine atoms, (ii) oxidation

of ferrocene to ferrocenium iodide by an iodine atom or an iodine-
benzene charge transfer complex and (iii) attack ofAI2 on
ferrocenium iodide to form ferrocenium triiodide. The rate
constants for the last two stages were near to the diffusion
controlled 1imit [88].

Photolysis of thioscetic acid and vinylferrocene in the
presence of AIBN gave the thioester (11.1; R = Ac) and this was
hydrolyzed to the thiol (11.1; R = H) which has found application
as a nonémigrating burhing-rate modifier for unsaturated
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rubber-based propellants [89].

In a flash photolysis-kinetic spectrophotometry investigation
of the mechanism of quenching of 2-10u M triplet methylene blue
substitution inert iron(II) complexes, ferrocene was used as one
of the complexes [90].

(ii) Derivatives containing other metals (metailoids)

The thiodiborolene sandwich complex {(11.2) has been treated
with iron(Il) chloride to give the four-decker complex (11.3)
in 53% yield. The analogous cobalt complex was prepared in the
same way [91].

Reaction of the ferrocenyl-silanes (11.l4; r! = H, SiHMePh)
with the acetylenes FC=CH (R2 = ferrocenyl, Ph, Et

331, Ph3Si)
Me_ SN\ _Me
B B
— s e Me O M
Me\B/ \B _Me B \B _Me
Et Fo Et @_Fej___(— Fe -MFQ O

Ef Et Et Et

11.2 ' 11.3



397

in the presence of Speiler's catalyst, gave the corresponding
«- (11.5) and BP- adducts (11.6) [92].

Trivinyltinferrocenocate and triphenyltinferrocenoate were
prepared and the polymeric structure of the former compound
was established by X-ray analysis. In this compound the tin
atoms were five coordinate trigonal bipyramidal with the vinyl
groups equatorial and with two apical oxygen atoms from bridging
carboxylato groups [93].

The reaction of ferrocenyldiphenylphosphine with styrene
oxide gave ferrocenyl(phenyl)(1,2-diphenylethyl)phosphine oxide.
The mechanism of this reaction was discussed [94].

Several 2-substituted chiral ferrocenylphosphines have
been prepared from optically resolved, 2-lithiated N,N-dimethyl-

Me
SiHMePh Si—C=CH
| 2
I 2
Ph R
Fe Fe
Z:{:}F-R1 R’
11, 11.5

Me

|
?i——CH==CHR2
Ph

- Réfgreqces p-430 - -
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1-ferrocenylethylamine. The dimethylaminoethyl group was
converted, in stereospecific substitutions, into 1-hydroxy-,
1-methoxy-, 1-diphenylphosphino- and various 1-(dialkylamino)-
ethyl groups. Circular dichroism results from the chiral
ferrocenylpnosphines were interpreted in terms of the configur-
ation of the chirality. The complexes were explored as chiral
ligands for asymmetric reactions catalyzed by transition metal
complexes [95].

The 1,1!'-diphosphaferrocenes (11.7; R = H, Me, Ph) were
prepared by treatment of the appropriate 1H-phosphol-1-yl
anions with anhydrous iron(II) chloride. The phosphaferrocene
(11.7: R = Me) readily underwent Freidel-Crafts acylation to
give either the monosubstituted (11.8) or disubstituted

P P
O or
R R Me Me
Fe PFe
R Me Me
P P/)
11.7 11.8

COMe O CHO

Me ¥e Me Me
Me I Me Me Me
: COMe :

1.9 11.10

@m
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products (11.9). The aldehyde (11.10) was prepared by Vilsmeiler
formylation. The crystal structure of the phosphaferrocene
(11.7; R = Me) was determined by X-ray analysis and this
confirmed that the iron atom was sandwiched between the two
T-bonded phosphol—1—yl groups [96].

Diferrocenylselenide was oxidized by iodine in dichloro-
methsne  to give a mixed valence compound diferrocenylselenium
jodine triiodide hemi{(methylene chloride). The structure of
this latter compound was determined by X-ray analysis. It
was composed of discrete mixed valence [Fe(q-CSHS)(q-CSHu)]ZSe+
cations and an anion structure consisting of zigzag chains of
triiodide ions with iodine molecules present. The two
Fb(q_CSHS)(“-CSHh) moieties were structurally different, one
was a ferrocenyl group and the other a ferrocenium group. The
localized nature of the charge in the mixed valence cation was
substantiated by 57Fe Moessbauer spectroscopy [97].

FPerrocenyllithium has been treated with AgN03.3PPh3 to
form ferrocenylsilver in 67% yield. 1In a typical reaction
ferrocenylsilver combined with mercury(II) chloride to give
ferrocenylmercurichloride [98].

Reaction of ferrocene with excess mercury(II) chloride
gave the ferrocenium derivative (11.11) and mercury(l) chloride.
Equimolar quantities of ferrocene and mercury(II) chloride
gave [Fe(q—CSH5)201]x and mercury(I) chloride [99].

The mercuration of ethyl- and 1,1!'-diethylferrocenium

trichloroacetate in methanol and acetic acid was studied.

. - o+ R
2- -
Pe HgClLL Fe Mn
Co
(co) 3
- ~2
11.11 11.12
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The reaction followed second order kinetics [100].

The mixed cymantrenylferrocene compounds (11.12; R = H,
CHaHMeZ, Cl) were formed by treatment of the appropriate
cymantrenyllithium with ferrocenyllithium and copper(II) chloride.
2—[(Dimethylamino)methyl]diferrocenyl was also prepared in the
same way [101

Treatment of the dicarbonyliron complex (11.13) with iodine
gave the complex 4(11.13). 51 The structure of this complex
was determined by X-ray analys1s [102]

GOCHs—Fe —@ CH,NMe,
(co),

11.13 1.1

Enantiomeric 1-diphenylphosphino-2-dimethylaminomethyl-
ferrocene (11.1h; X = PPh2) may be prepared conveniently from
the optically active organopalladium cemplex (11.14; X = Pd4C1)
by treatment with LiPPh2 in THF. The absolute configuration
and maXimum optical rotation of the product (11.14; X =_PPh2)
have been determined [103].

(iii) Complexes of ferrocene-containing ligands

The 1,1'-diacetylferrocene complexes of titanium(IV)
chloride, tin(IV) chloride, antimony(V) chloride and vanadium
oxychloride were prepared by treating the metal halide with
the ligand in dry benzene or toluene. The infrared spectra of
the complexes were recorded and discussed [10&}.

The diiron hexacarbonyl complex of acetylferrocene azine,
[“—C5H5F3C5Hhc(me)=N]ZFQZ(CO)6’ when treated with a se?ies of
thiols, RSH (R = Ph, C12H95), gave the complexes

[n\-CoHgFeCH) ¢ (e )=N ] (SR)Fe,(c0), [105].
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CH:CHCO—//I—\\——‘ Ph COCH=CH—//_E_\\— Ph

(Fe) Fe
: co
Fe 3 Fe (00)3
11.15 _ 11.16
‘GO——jéTIT§\——Ph
Fe
Fe (Co)y

11.17

The tricarbonyliron complexes (11.15, 11.16 and 11.17) were
prepared by reaction of the corresponding ketones with dodeca-
carbonyltriiron [106].

A mixture of the n“- and T\L”—enone complexes (11.18 and
11.19) was obtained by treatment of the free ligand with ennea-
carbonyldiiron. However, when dodecacarbonyltriiron was used
as the reagent only the complex (11.19) was obtained [107].

(§_,§) - and (R,S)-w-(2-Diphenylphosphinoferrccenyl Jethyl-
dimethylamine [(+)f and (-)—PPEA] (11.20) were used to prepare
the cationic rhodium(I) complexes [(+)- or (-)-(PPEA)Rh(diene)]+X'
(diene = horbornadiene or cyclooctadiene; X = ClOL(_, PF,, Bih ;.
BF, ). The crystal structure of [(PPFA)Rh(r\—norbornadiene)] PF{:

L
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Mn
(Co),

CH:ECHCO
Fe
(CO)Llr
Fe

11,18 11.19

was determined by X-ray analysis. The PPFA was coordinagted to
the rhodium atom through the nitrogen and phosphorus atoms with
the rhodium astom in a sgquare-planar environment (that is, assuming
each norboradiene G=C bond fills a single coordination site).
The rhodium(I) complexes catalyzed the asymmetric hydrogenation
of acylaminocinnamic acid and acylagminoacrylic acid. The
cinnamic acid derivative was hydrogenated in high chemical
(z2pproximately 90%) and optical yield (approximately 80%) [108].

The ferrocenylphosphine nickel complex (11.21) has been
used as a catalyst for the cross coupling of t-butylmagnesium
chloride with B-bromostyrene to give the B-substituted styrene,
PhCH=CHCMe, [109].

PP
h2
HNM PP
CI:H Me > h‘2
Me \\\
Fe P Nicl

e / 2
Z:f:)&—Pth '

11,20 11.21
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Dichloro[1,1'-bis(diphenylphosphino)ferrocene]-palladium(II)
was shown to catalyze the cross-coupling reactions of allylic
alcohols with the secondary Grignard reagents, 2-octylmagnesium
chloride and 1-phenylethylmagnesium chloride. For example,
2-methyl-li-phenyl-1-pentene was obtained in high yield (80%)
from the reaction of 2-methyl-2-propen-1-ol with 1-phenylethyl-
magnesium chloride [110].

Chiral rhodium(I) complexes containing the ligand (S)-N,N-
dimethy1—1;[(R)-1',2-bis(diphenylphosphino)ferrocenyl]ethylamine
have been used as catalysts for the asymmetric homogeneous
hydrogenation of prochiral olefins. The ferrocenylphosphine
ligand was modified in order to determine the steric effect of
substituents at the asymmetric centre on the efficiency of the
catalyst [111].

1,1'-Diacetylferrocene bis(acetylhydrazone) underwent double
cyclopalladation to give the isomers (11.22 and 11.23). The
reactions of the isomers (11.22 and 11.23) with triphenylphosphine

were investigated [112].
gﬁl\\N

0 /kHH
)
Cl—-Pd—H C1—b N
Fe
: I I :

Cl——Pd———N’ P4 ~——C1
\\f¢?

-

O 0

]
<§T/,NH HN

11.22 11.23
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{iv) General chemistry

(:) (CHa)nCOZHe (032)n002Me

Fe Fe

(CHZ)nCOEMe

11.2h 11.25

Reaction of ferrocene with the chlorocarboxylic acid_ésters,
Cl(CHZ)nCOZMe (n =2, 3, 5) in the presence of aluminium chloride
and aluminium powder gave a mixture of the corresponding alkylated
ferrocenes (11.2L and 11.25). Treatment of ferrocene with
acrylonitrile in the presence of aluminium powder gave 2-cyano-
ethylferrocene in low vield [1 1 3] -

The oxidative decomposition of ferrocenium derivatives and .
substituted ferrocenes containing electron withdrawing groups
was studied. The effect of media acidity and the salt and
substituent effects were investigeted [11&].

Formylferroceng was treated with (EtO)2POCH2002R in the
presence of tetrabutylammonium iodide in a two phase system of

CH=CHCO2R

Fe

11.26
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dichloromethane and aqueous sodium hydroxide to give the corres-
ponding olefins (11.26; R = Et, Pr, Bu) in good yields. A
similar route was used to prepare FcCH=CH2 and FcCH=CHPh [115].
The ferrocenylchloropropanes (11.27: X = H, Cl) have been
converted to the acetylene (11.28) and the «,p-unsaturated
aldehyde (11.29) respectively on treatment with ethanolic potassium
hydroxide and then sulphuric.acid. The reactions of the anslogous
ruthenocene derivatives were examined [116].
Ferrocenylrhenylmethyldibenzoylmethane (11.30) was attacked
by phenylmagnesium bromide to give a mixture of products with
ferrocenyldiphenylmethane (60%) as the dominant component.
Regctions with other nucleophiles including lithiopiperidene,
phenyllithium, potassium ethoxide and methylmagnesium iodide were

investigated [117].

@—CH (OEt)CH,CXCL,, @coc =CH
Fe v . Pe

11.27 11.28
CH=CHCHO CHPh(I:HCOPh
COPh
Pe Pe
11.29 11.30
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Deuterium exchange in cyano-, acetyl-, formyl- and benzoyl-
ferrocene occurred in the presence of pyridine and involved only
the substituted cyclopentadienyl ring in a non-statistical pattern
to give principally the [ZHu]—substituted ferrocene. The exchange
was explained on the basis of a n—n rearrangement [118].

+
<:> CHZOR CHZL‘IMeZSO2 Me
Fe Fe ci~
11.31 11.32

A series of ferrocenylmethyl-ethers (11.31; R = Et, Bu, octyl,

CHZCH=CH2, CHZCHZOH, CHZCHZOCHZCHZOH) was prepared by treatment

of the ferrocenylmethyl-ammonium salt (11.32) with the corres-
ponding alcohol in the presence of sodium hydroxide [119].
Deoxygenation of w-phenylferrocenylmethanol (11.33) with
pentacarbonyliron in toluene gave a mixture of benzylferrocene
67% and 1,2-diferrocenyl-1,2-diphenylethane 19%. The reaction

CHOHPh | \ R \ R
' +
Fe X Fe

Fe

11.33 11.3L 11.35
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appeared to be general for alcohols that formed relatively stable
carbanions and the mechanism was discussed [120].

The allylalcohols (11.343; R = H, Me; X = OH) have been
converted to the allyl cations (11.35; R = H, Me) with trifluoro-
acetic acid and then to the derivatives (11.34; R = H, Me;

X = OH, OMe, 6.h_co H) by treatment with the appropriate anions.
Attack took place exclusively on the ¥-allyl carbon atom [121}

/N§N
N

/
R2
Fe

1.36

CycllZatlon of (q- CEHE)Fe(q-CEHh S0, N )} with phosphor?nes
PhBP—CR COR' gave the ferrocenyl-1,2, 3- trlazoles (11.36; R' = H,
Me, MeO, Cl1l, Br, NO R2 H; r! = H, rZ = Me). The ferrocenyl
group was removed by treatment of the triazoles with ethanol [122]

The anicns of substituted tetrazoles and 1,2,)-triazoles

were alkylated by chloromethylferrocene and 1,1'-di{chloromethyl)-

Na u@ Fe
@b

N—N

11,37 . 11.38 11.39
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ferrocene. For example, the reaction of chloromethylferrocene
with the sodium salt (11.37) gave a2 1:1 mixture of the ferrocenyl-
methyl derivatives (11.38 and 11.39) [123].

Several ferrocenyliminium salts [11.40; R = H, Me, P@;
82 = H, R3 = Me, Pr, Bu’; R' = H, Ph, R, RO = Me, Et, Pr>,
RZR3 = (CH2)5] have been obtained from ferrocenylketones and
primary or secondary amines. Those obtained from primary amines
were deprotonated to the corresponding ferrocenylimines [12&].

&' +
\
N—R?
Fe R3 PFB'

11.40

The nitroalkylfefrocene (11.41) has been converted to the
nitrile N-oxide (11.12) with PhiiCO and Et3N which then underwent
dimerization to form the binuclear product (11.43) or 1,3-dipolar
cycloaddition of acrylonitrile, styrene, 1-heptene end trimethyl-
vinylsilane to give the derivatives (11.4ly; R = CN, Ph, CSH11’
SiMe3) respectively l}ZS].

1-Cis-piperitol has been treated with cobaltacetylacetonate
and 1,1'-bis(diphenylphosphino)ferrocene in THF at -38 °C to
give d-isomenthane [126]

The ferﬂocenylmeuhyl—sulphldes [11.45; R = o—CéhuCOZR1
(R! = H, Me), CHCH NHR (RZ = H, ac), Q.CéﬁuNHRB (R3 = H, Ac),
CHZCOR” (&Y = Me, Et)] were prepared by the treatment of
{ferrocenylmethyl)trimethylammonium iodide w1th the corresponding
thiol [127]. v -

The treatment of «-ferrocenylcarbinols with sodium;hydridé -
followed by carbon disulphide and then an alkyl halide gave & o
‘ferrocenyltrithiocarbonate. Thus the trithiocarbonate,(11;u7;
R = Me) was formed from thevcarbinolv({1.h6) by*intramolecﬁlar
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Fe

@——/\No 5 CH_,G=HO
Fe

11,01 11.42

Fe Fe Fe

11.43 11.44

nucleophilic displacement of oxygen with sulphur. The displacement
occurred with retention of configuration [128].

The trithiocarbonate {(11.4.7; R = Me) combined with ennea-
carbonyldiiron in acetone to form the dibridged hexacarbonyl-
diiron.complex (11.48; R = Me). The structure of this complex
was éonfirmed bj X-ray crystallography. Under the same conditions
the-trithiocarbonate (11.47; R = H) gave two products, each
with a dibfidged hexacarbonyldiiron group (11.48; R = H and
11.49). The mechanism of the reaction was discussed [ﬁ29].
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H H
CFZSR C< c<
Me l R
OH s S
_ o
Fe Fe ‘ Fe G Me
t S
11.45 11.46 11.47
c
( 0)3
(co), Fe—¢ —stio
GHRS—G——F%¢ CH,8 l
| sMe N\rFe S
S———Fe/ (CO)3
Fe (CO)3 Fe
11,48 11.49

12. BIFERROCEHES, FERROCENOPHANZS AND ANNELATED FERROCENES

Lithioferrocene and 1,1!'-dilithioferrocene were coupled in
the presence of tetrakis[iodo(tributylphosphine)copper(I)] to
give biferrocene and bis(n-fulvalene)diiron respectively.  When
a 2:3 mixbure of the lithio-ferrocenes was used, terferrobene

and quaterferrocene were isolated also [130]

The reaction of 1,1'-dilithioferrocenebis(tetramethylethylene-
diamine} with dichlorodiphenylsilane, dichlorodiphenylgenmane,
tetrachlorosilane and dichlorophenylphosphine gave the [1]ferro—
cenophanes (12.1; M = 8i, Ge, 12.2 and- 12.3) respectively.
Similar reactions with dichloro&iphenyltiﬁ and dichlorodimethyltin
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Fe MPh Fe Si Fe PPh

12.1 12.2 12.3

gave polymeric products. The spectroscopic properties of the
[1]ferrocenophanes were consistent with ring tilted structures
with the angle between the two cyclopentadienyl rings varying
between 19.2° in the silane (12.1; M = Si) to 26.7° in the
phosphine (12.3)- [131].

The crystal and molecular structures of the diphenylgermane
(12.17; M = Ge) and the phenylphosphine (12.3) have been confirmed
by X-ray crystallographic methods. The cyclopentadienyl rings
in the germane (12.1; M = Ge) are inclined at an angle of 16.6°
while the same anglé in the phosphine (12.3) was 26.7°. The
character and origins of the structural distorﬁions were discussed

(132].
\ o

Fe X

[ &

12.4 : 12.5
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Several [3]-ferrocenophanes with Group VI bridging elements
have been prepared and investigated. The sodium salt of 1,1%'-
ferrocenedithiol was treated with selenium and tellurium(IV)
chloride %o give the ferrocenophanes (12.l; X = Se, Te) respect-
ively, while 1,1'-dilithioferrocene combined with selenium in
boiling hexane to form the complex (12.5; X = Se).. The diselenium
sulphur complex (12.5; X = S) was obtained from 1,1!'-ferrocene-
diselenol and sulphur dichloride. The complexes (12.4 and 12.5)
were fluxional in solution and the 1H NMR spectra indicated an
order of activation energy of the bridges as : '

Sy > S,Se > Se,5 > Sey > S,Te [133].

An accurate analysis of the variable temperature 1H HMR
spectrum of 1,2,3-trithia—[3]-ferrocenophane (12.6) was carried
out. The energy barrier of the bridge reversal process (12.6A

== 12.6B) was calculated as AG¥(298K) = 80.6 (¥1.3) kJ mol™"
[13u].

S

A .
(= — B

12.64 12.6B

Flectron transfer 1n mixed valence ferrocenes such as azo-

ferrocene, 1,2-diferrocenylethene (12.7) and 1,1-diferrocenyl-

+

Fe Fe

12.7
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ethene mono-cdations has been investigated. Slectron transfer
was shown to be indevendent of interaction between rferrocene
moieties in the ground state and in some complexes took place
through space rather than through the bridge linking the two
metallocene groups [135].

Electron transfer .in the mixed-valence and diloxidized
diferrocenylacetylene (12.8; n = 1, 2) and [2.2]ferrocenophane—
1,13-diyne (12.93 n = 1, 2) cations has been investigated by
Moessbauer, EPR and IR spectroscopy. Iron-57 Hoessbauer results
demonstrated that the mixed-valence cation (12.8; n = 1) was
localized while the mixed-valence cation (12.9; n = 1) was
delocalized. EPR spectroscopy confirmed the latter result. The
cation (12.8; n = 2) as the triiodide salt showed antiferromagnetic
behaviour where bef/Fe gecreased to 1.39}48 at A.ZO K. fThe
correlation between g-tensor anisotropy and the value of guad-
rupole splitting was used to provide information on mixed-

valence effects in fused ferrocenes [136].

|

el I Ll
o &5 -0

12.8 12.9

.

Several mixed valence benzene and ketone bridged ferrocenes
have been prepared and studied. 1,2,4-Triferrocenylbenzene
(12.10) showed mixed valence behaviour in solution on oxidation
with iodine while triferrocenyldiketone and diferrocenylketone
showed =znomalous Moessbauer behaviour as the oxidized solids.
The characteristics of the mixed~valence ferrocenes Were used
as models for electron transfer in biological systems [137]

.Condensatlon of [B]ferrocenophane -1,3-dione with benzalde—
hydes, XcéﬂuCHO, in the presence of triethylemine gave the
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Fe

Fe

12.10

2-benzylidene[3]ferrocenophane—1,3-diones (12.11; X = H, 3-,
L-Ccx, 3-, L-Br, L-Me, };-MeO, u-MeZN, Q—NOZ, 4-CN) and in some
cases the binuclear ferrocenophanes (12.12; X = 3-C1, u-NOZ,

L-CN) as minor products [138].
Oxidation of [u]ferrocenophan—T—one with barium permanganste

gave [u]ferrocenophane—é,7—dione and reduction with LiAlHL‘_—AICI3

©

Fe

12.12

12.11
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in ether-benzene mixtures gave [4]ferrocenophane. Reduction
with the same reagents in dimethoxyethane gave [u]ferrocenophan—

7-01 [139].

The crystal and molecular structure of [u][u][u][3]ferro—
cenophane (12.13) has been -determined by X-ray crystallography.
Considerable distortions of the bond lengths and angles were
present in the methylene bridges. Oxo[u}[ul[u][3]ferrocenophane
underwent bridge enlargement and reduction with.LiAlH)_L--AlCl3 to

form [4][&][&][u]ferrocenophane (12.14; R = H) the crystal and

molecular structure of which was confirmed by X-ray methods.

The ferrocenophane (12.1L; R = CHO) was condensed with BrCHZCOZEt

©

O O
N/

QLS

©

12.15
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and subjected to catalytic reduction then hydrolysis to form the
carboxylic acid (12.14; R = CHZCHZCOZH). Intramolecular cyclization
of this intermediate gave the penta-bridged ferrocene (12.15) [1)4.0].
The hydrogenation of singly-bridged (12.16; n = 3, 4 and 5),
doubly-bridged (12.17; n = 3, I and 12.18; n = 3, L) and triply-

bridged (12.19; n = 3, L) ferrocenes has been investigated. The

B

Fe (CHZ),h (CHZ)n Fe (CH2)n (CH2)n Fe (CHZ)n
12.16 12.17 12.18
(CHZ)n Pr
Fe (CH,) (CHZ)S Fe (CH2)3
12.19 12.20

singly- and doubly-bridged ferrocenes were hydrogenated to the
corresponding polycyclic hydrocarbons and the mechanism appearéd
to involve initial protonation of the iron atom. The triplje:
bridged compound with,trimethylene bridges (12.19;-n =" 3) under-
went bridge opening to the propylferrocene (12.20) while the
tetramethylene bridged compound (12.‘1 9; n = }) was inert under
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cocl1L
H. N
Fe + 2
_ 0
0
COCL
(o]
H.N n
2
Diaza-18-crown-6
CONH:
(0]
Fe 0
0
v s
0 CONH
0 0
Fe B,He
0 0
S/
0 CHL,1iH
12.21
(6]
Pe Q
(6]

Scheme 12.1
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CO(CHZ)nCOPh

12.22 12.23

the conditions used. The order of ease of hydrogenation for the
singly- and doubly-bridged ferrocenes was:

Ferrocene > (12.16; n = 3) > (12.16; n = 5) > (12.17; n = I}) >
(12.18; n = k) > (12.17; n = 3) > (12.18; n = 3)  [wu1].

A series of macrocyclic compounds containing the ferrocene
unit was prepared (Scheme 12.1). Preliminary studies indicated
that the cryptand (12.21) extracted metal picrates from aqueous
solution into methylene chloride with a high degree of specificity
which followed the order:
ca®t > 1it > Mgt =~ Nt >>kt [142].

Acylation of the ferrocenylketones (12.22; R = H, n = 5 - 8)
with PhCH=CHCOCl gave the corresponding diketones (12.22;

©<] Fe AsPh -

2l ‘ ~ 1z.28



© o0
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R = COCE=CHPh, n = 5 - &) which cyclized on treatment with
sodium hydroxide to give the ferrocenophanes (12.23; n =14 - 7)
[y3].

Several reactions of the spirocyclopentadiene (12.24) have
been reported including its conversion to ferrocenophane (12.25)
by trestment with PhasLi, and then iron(II) chloride [14].

Substitution of ferrocene with two molecules of the diazonium
cation[ngOZC.Céﬁu.N2]+ followed by esterification, reduction
with lithium aluminium hydride and oxidation with manganese
dioxide afforded the dialdehyde (12.26) which was subjected to
reductive coupling with TiClk—Zn to form the metacycloferroceno-

phane (12.27) [145].
Several thiaferrocenophanes have been prepared by treatment

of hydroxymethylferrocenes with 1,2- and 1, 3-dimercaptopropanes.
Thus 1,1!-bis(hydroxymethyl)ferrocene combined with HSCHMeCHZSH
to form the dithiaferrocenophane (12.28; R = H) and a mixture

of two isomeric binuclear ferrocenophanes (12.29; R' = H, R® = Me;
r! = le, RS = H). 1,1'-Bis(hydroxyethyl)}ferrocene combined with
the same reagent to give a mixture of three stereoisomers of the

dithiaferrocenophane (12.28; R = Me) and with HS(CHZ)BSH to

©
©

12.31
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give five stereoisomers of the thiaferrocenophane (12.30) [146].
Oxidation of 1,3-bis(hydroxymethyl)ferrocene with benzene-

selenic anbydride afforded 1,3-diformylferrocene in high yield.

Reductive coupling of the dialdehyde using TiClu-LiAth in THF

gave di-, tri-and tetra-nuclear ferrocenophanes. It was

suggested that the cyclic triruclear species (12.31) existed

as two lsomers Ehﬂ].

13. FERROCENE-CONTAINIHG POLYMcuRS
Ultrathin films of plasma polymerized vinylferrocene on

platinum electrodes underwent rapid exchange of electrons with

the electrode at room temperature when immersed in butyronitrile
containing tetrabutylammonium perchlorate. However, at temperatures
of -50 °C and -85 °C the transport of electrochemical charge
through the. film was diffusion controlled by Fick's law under
infinite and finite boundary conditions which were time and temp-
erature dependent. The activation energy and entropy for the
process were determined as 3.7 kcal mol~! and -32 cal mol” deg’1.
The mechanism of charge diffusion was controlled by the cooperative
movements of polymer chains necessary for site-site collisions

and counter ion transport [ﬁuB].

Plasma polymerization of vinylferrocene has been used to
produce a stable coating of an electroactive polymer on pyrolytic
graphite electrode surfaces. The electrochemical properties
of the polymer film were investigated by cyclic voltammetry and
the film was found to be electrocatalytically active in the
oxidation of ascorbic acid in aqueous acid solution [149].

Vinylferrocene was polymerized in a radiofreguency argon
plasma to give thin adherent films of polymer on glass, carbon
and platinum electrodes. The electrochemistry of the modified
electrodes was investigated. The thin £ilms of polymer exhibited
a2 nonlimiting transport of electrochemical charge while with
thicker films the response was diffusion-controlled [}SO].

Acylation, reduction and dehydration of 2,3—diferroceny1—
butane {(13.1) afforded 2—ferroceny1—3—(vinylferrocenyl)butane

which was polymerized in the presence of borontrifluoride etherate

and copolymerized with methyl methacrylate to give a copolymer of
molecular weight 7700. The polymerization of the diacetate of
1,1'-bisG&—hydroxyethyl)ferrocene and 1-(1t-acryloyl-1-

ethylferrocenyl)—Z—(1—ethylferrocenyl)ethane has also been -
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Me e

CH—CH

Fe

]
]

13.1

investigated [151].
Copolymers containing the s-triazine ring were formed in
low yield by an interfacial technique from cyanuric chloride and
ferrocenedicarboxylic acid sodium salt. The copolymers were
semiconductors, showed moderate thermal stability, were active
against selected bacteria and were insoluble. The parameters
affecting the efficiency of copolymerization were examined [352].
Heat treatment of acetylferrocene-furfural resins gave
ultra-fine iron particles dispersed in a glass-like carbon matrix.
The properties of the iron particles were investigated by magnetic
susceptibility, saturation magnetization, EST and the Moessbauer
effect. Body-centred cubic (bcc) iron, expanded bcc iron,
hexagonal close-packed iron and cluster iron were 211 present.
The presence of Fe(I) was also confirmed [153].

1. APPLICATIONS OF FLERROCEIES
(i) Ferrocene catalysts and photosensitizers

The 1:3 ferrocene-carbon tetrabromide charge transfer complex
in a polymeric matrix has been used as the light sensitive layer
in a perspective photoimaging material. Imaging was achieved by
jpradiation and thermal fixing at 70-75 °C. The image did not
have a grain structure and showed a.resolution of 40O lines/mm
with a line width of 30 m [154].

A photosensitive composition for photographic use has been
formuléted using ferrocene and ferrocene derivatives, halogenated-

hydrocarbons, toner additives and solvent. Resolution during
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manufacture was increased by adding a protective colloid such
as poly(vinyl acetate) [555].

Hydroxyethylferrocene has been used as a sensitizer in photo-
degradable volyethylene films. The physicomeéhanical strength
of polymer Iilms was unaffected by the metallocene which was an
efficient sensitizer [1 56] .

The effect of biferrocene on the photochemical decomposition
of polyethylene was investigated. The addition of 0.15%
biferrocene caused photosensitization and this was atbributed
to the effect of the oxidation products of the cyclopentadiene.
When 0.5% biferrccene was present in the polyethylene stabilization
occurred as a result of the screening action of iron(III) oxide
formed by the decomposition of the biferrocene I}S?].

Ferrocene or poly(vinylferrocene) and carbon tetrachloride
have been used as initiabors for vinyl polymerization. The effect
of monomer nolarity and solvent polarity on the initiation and
rate of polymerization was investigated. An increase in polsrity
of either solvent or monomer enhanced both processes BSB].

The polymerization of p-methyl- and p-ethyl-x-chloro-p-
formylstyrene has been initiated by poly(x-chloro-p-formyl-p-
ferrocenylstyrene) and poly{(grferrocenylphenyl)acetylene] which
behave as redox initiators. Higher yields were obtained by redox
polymerization than by thermal polymerization [ﬁ59].

The rate of polyesterification during the final stages of
unsaturated polyester formation was increased by the addition
of 1,1'-ferrocenedicaerboxylic acid (14..1; R = H) or the dimethyl,

COoR PPh

Fe Fe

CO R PPh

1.1 : 1.2

VRefervences p. 430
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(14.15 R = Me) diethyl (il.1; R = Et) or diallyl (1Lh.1; R =
CHZCH=CH2) esters. Thus polymerization of fumaric acid with
diethylene glycol at 200 °C in an inert atmosphere in the presence
cf dimethyl-1,1'-ferrocenedicarboxylate gave the polyester in
88% yield. Transesterification of the ferrocene esters occurred
during the reaction and ferrocene residues were incorporated into
the polymer chain [160].

The rhodium complex (PPhB)BRh(CO)H, in the presence of a
bidentate ligand such as 1,1'-bistdiphenylphosphino)ferrocene
(1h.2) and a monodentate ligana such as dimethylphenylphosphine,
T?S ?n effective catalyst for the hydroformylation of 1-hexene

161 |.

{(ii) Ferrocene stabilizers and improvers

16-Ferrocenylhexadecanoic acid was prepared and its properties
as a surfactant were investigated. The surfactant was incor-
porated into monolayer fiims and assemblies, micelles and vesicles.
The reactivity of the ferrocenyl-surfactant towards oxidizing
agents and complexing agents was investigated. It was concluded
that the ferrocene moiety was hot rigidly orientated in the
hydrophobic core of the vesicles or micelles znd that it was
available for oxidation by polar reagents [162].

Ferrocenes, such as 1-(hydroxybenzoylferrocene), 1-(methoxy-
benzoyl)ferrocene and dimethylferrocene-1,1!'-~dicarboxylate have
been added to polypropylene as light stabilizers [ﬁ63].

The modification of poly(ethylene terephthalate) by the
addition of ferrocene gave fibres with improved fatigue properties
and low shrinkage. Physico-~chemical studies indicated an increase
in structural ordering and crystallinity of the ferrocene-modified
polymer during fibre formation [}64].

The addition of 0.085-0.Lh0% acetylferrocenehydrazone to a
19-21% cellulose triacetate spinning solution gave acetate fibres
with good light resistance, good heat and wear resistance and
resistance to double flexure [165].

The corrosion resistance of a polyester-aluminium laminate .
was enhanced by the incorporation of 0.1-0.5 wt. % 1,1t'-diacetyl-
ferrocene into the poly(ethylene terephthalate) layer [ﬁéé].

The corrosion of steel in the presence of w-pyridyl- (1l.3)
and o-guinolyl-ferrocene (1h.h) has -been studied. The ferrocenes
were effective corrosion inhibitors in the presence of non-
oxidizing acids but when nitric scid was present they were not
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bt}

@@
i

.3 1h.h

G-+0

effective [167].

6,8—Dimethyl—7—thia[3]ferrocenophane (14.5; X = 8)
6,8—dimethyl-7-oxa[3]-ferrocenophane (14.5; X = 0) x-hydroxyethyl-
ferrocene and diferrocenyldisulphide were tested as antiwear
additives in oil. The last two derivatives were particularly
effective at high loads [168].

Ferrocene at 2 level of 5% inhibits tree growth in solid
extruded cable insulation and increases the needle-plane break-
down voltage by 100%. The effectiveness of ferrocene was
ascribed to the low ionization potential rather than to its
electron scavenging effect or to an increase in dielectric strength.
The compound was however, oxidized in air and by dicumylperoxide

[169].

Pe X

0.5

References p. 430



426

E-QH—[A—(u-Othloxybenzoyloxy)benzylidene]amino}phenyi
ferrocenecarboxylate (10% by weight) was added to a nematic liquid
crystal composition., The composition exhibited good stability
after orolonged ultra-violet irradiation and sfter heating at
8o °c [170].

Treatment of a molybdenite ore with ferrocene (16 kg per ton
of ore) at JOO °¢c and subsequent magnetic separation allowed the
ore to be separated more efficiently from weakly-magnetic gangue
[171].

Polymeric compositions imitating mother-of-pearl were prepared
from polystryene and acrylic resin. It was found that the asdditvion
of ferrocene or acetylferrocene improved the mother-of-pearl effect
and the impact toughness of the polymer [172].

Ferrocene derivatives were among the additives used in the
preparation of concrete with good insulating properties [173].
(iii) TFerrocene in analysis

Ferrocenecarboxaldehyde has been used as a model aldehyde

analyte to demonstrate a technique for the selective determingtion
of aldehydes and ketones at a chemically modified platinum elect-
rode. The ferrocenecarboxaldehyde underwent selective preconcen-
tration by chemical reaction with allylamine adsorbed on the
electrode and was then determined by differential pulse volt-
ammetry. The detection limit was 1077 M ferrocenecarboxaldehyde
[171].

The specificity of an ion selective electrode, used for the
tetraphenylborate anion, was increased and the range of measure-
ment extended by employing as the sensing element, a mixture of
diethylferrocene zand diethylferrocenium tetraphenylborate in
nitrobenzene applied to platinum [575].

(iv) Combustion control

Vinylferrocene was heated with thioacetic acid in the presence
of 2,2'-azobis(2-methylpropionitrile)} to give 1-ferrocenyl-2-
thioacetoxyethane which was converted to 2-ferrocenylethanethiol
by treatment with sodium ethoxide. The 2-ferrocenylethanethiol
was used as & burning rate modifier in solid propellants [176].

The effect of ferrocene as an anti-smoke additive in poly-
Self-ignition was

{(vinyl chloride) was studied by self-ignition.
monitored visually, thermally and by gas chromatography of the

gases around the sample., Ferrocene modified the self-ignition

of the polymer by inducing glowing phenomena and smoke formation
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was reduced [177].

Ferrocene has been used as a smoke suppressant in polyurethane
foams. The foam was manufactured by treating a polyol with a
polyisocyanate in the presence of ferrocene in FCCl,. Smoke
production by the burning foam was substantially reduced [178].

A mixture of ferrocene, benzoic acid, magnesium naphthenate,
an anionic surfactant and a glyeeride in paraffin oil gives stable
emulsions of fuel oil and water [579].

{(v) Biochemical and biological avplications

A B-ferroéenylalanyl group (Fer), (14.6) has been incorporated
into the peptide [Ferl‘“, Leu” Jenkephalin, Tyr-Gly-Gly-Fer-Leu-OH,
by a fourteen step coupling sequence [560].

CH,,CHCOH
! PhCH.,0CO-G1lu-0Me

HH2 2

2

Fe l—Cys—Gly—OHe

CHZPh

1bh.6 1.7

Resolution of N-formyl-3-ferrocenyl-DL-aglanine using the
brucine salt gave the D- and L-forms which were deformylated to
yield 3-ferrocenyl-L-alanine and the corresponding D- enantiomer.
The L-form was converted through a sequence of steps to cyelo-
(3-ferrocenyl-L-alanyl-L-propyl) [181].

R-(-)-1-ferrocenyl-2-methylpropylamine underwent a stereo-
selective four-component condensation with PhCHasCHchO,
MeOCOCH2HC, PhCHaocO—Glu-OMe followed by acidolysis with CFBCOZH
and HSCH2002H to yield the isomer-free glutathione derivative
(114.7) which subsequently gave glutathione on deprotection with
sodium in liquid smmonia [182].

Ferrocenylmethylamine and 6-chloropurine combined together
in methoxyethanol fo}form N -ferrocenyladenine (14.8) and N,9-
bis(ferrocenylmethyl)adenine. The methiodide of (N,N-dimethyl-
éminomethyl)ferrocene was attacked by adenine in boiling
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1h.8

water to give T7- and 9-ferrocenylmethyladenine [1 83]

The 270 MH=z H NMR spectra of the ferrocenyl-sugar derivatives
(1L.9 and 14.10) were recorded. Proton spin lattice relaxation
rates were used to assign the proton resonances in the substituted
f-cyclopentadienyl rings. It was concluded that the unsubstituted
ring was spinning more rapidly than the substituted n-cyclopenta-

dienyl ring [1 BLI_]

Ferrocenylmethylaminodextran has been formed by conjugating
ferrocenylmethylamine with a 40,000 Dalton dextran and the heavy-
metel labelled dextran was used for indirect histochemical

demonstration of lectin receptors [185].

OAc OAc
0 [0}
COos AcO 0s AcO
OAc OAc
OAc
Fe AcO Fe AcO
(o}
© e
OAc

1th.9 . 14.10
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Administration of ferrocene vapour labelled with Sng by
inhalation caused 10% to be depositied in the lungs and 25% in
the upper respiratory tract. 9Fe was found to be retained
tenaciously in the nasal or pulmonary areas. These results suggest
that chronic effects may result from the inhalation of ferrocene
and that the current threshhold limit of 10 mg m 3 may be too
high- [186].

An investigation was carried out on the effect of polyeyeclic
"hydrocarbons and ferrocene containing acetylene glycols on the
change in the physicochemical properties of cultured chick embryo
cells., 1-Ferrocenyl-1-phenyl-l-methyl-1,li-dihydroxypent-2-yne
inhibited growth and it was thought that this was associated with
the anticarcinogenic activity of this molecule [187].

The effect on liver regeneration of adding 0.15% by weight
of 1,1'-diacetylferrocene, acetylferrocene or ferrocene to the
diet of partially hepatectomized rats was investigated. There was
an increase in liver regeneration in the presence of 1,71'-diacetyl-
ferrocene [188}.

Treatment of estradiol with ferrocenylcarbonyl chloride in
the presence of lL-dimethylaminopyridine gave the ester (14.11).
Testosterone- and cholesteryl-ferrocenylcarboxylates were prepared

similarly [189].

oocC

A

co0

Fe

1.1
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Several methylcarbamstes have been prepared from ferrocenyl-
ketoximes and aldoximes and evaluated as acetylcholinesterase
inhibitors. The relationship between activity and the nature
of the substituent on the methylene carbon atom was.discussed

[190].
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