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1. REVIEWS

A special issue of the Journal of Organometallic Chemistry
dedicated to Professor Makoto Kumada includes an introduction
by Sakurai in which the contribution to ferrocene chemistry

by Kumada is outlined [1].

Annual Survey covering the year 1983 see J. Organometal.
Chem., 278 (1984) 255.
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The chemistry of ferrocene has been the subject of a detailed

survey by Perevalova, Reshetova and Grandberg [2].

2. STRUCTURAL DETERMINATIONS
The crystal and molecular structure of benzoylferrocene

has been determined by X-ray crystallography [3]. The crystal
structure of the chloro-ferrocene (2.1) was determined by X-
ray analysis. The n-cyclopentadienyl rings were displaced by

2.5° from an eclipsed configuration [4].

Cl

2.1 2.2

The structure and dynamics in the three crystal phases
of 1,1},2,2'—tetrachloroferrocene (2.1) have been studied by
X-ray diffraction, incoherent neutron scattering and dielectric
permittivity measurements. 1In the low-temperature ordered phase
the two n-cyclopentadienyl rings were in an eclipsed configuration.
The intermediate phase had hexagonal symmetry and the high-
temperature phase was body-centred cubic [5].

_ The structure of the meso-diastereocisomer of the ferroceno-
phane (2.2) has been determined by X-ray analysis. The n-cyclo-
pentadienyl rings were eclipsed [6].

The addition of cymantrenylmethylphenylsilane to ferro-
cenylacetylene produced the trans-complex (2.3). The crystal
structure of this complex was determined by X-ray analysis.

The iron and manganese atoms were on the same side of the SiCH=CHC
plane [7].

The plastic phase of formylferrocene has been examined
by X-ray diffraction and Moessbauer spectroscopy [8].
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Studies have been carried out on the phase transition near
the melting point in acetylferrocene. The X-ray crystal structure
was determined at room temperature. Weissenberg and oscillation
photographs taken up to the melting point were consistent with
the acetylferrocene molecules rotating around the crystallographic
axes formed by the iron atoms [9].

The crystal and molecular structure of the dimethylamino-
methylferrocene-borane salt, 2[(n—CSHS)Fe(n—C5H4CH2NHMe2)]+—
[B12H12]2_, has .been determined by X-ray crystallography [10].

The structure of diferrocenium p-oxo-bis{trichloro-
ferrate(III)] has been determined by X-ray analysis. The anion
possessed two iron atoms bridged by oxygen with each iron atom

also bound to three equivalent chlorines [11].

3. THEORETICAL STUDIES

Ab initio molecular orbital calculations have been carried

out for ferrocene and poly-chlorinated ferrocenes and the electric
field gradients at the iron atoms were determined. An anomalously
large quadrupole splitting in polychlorinated ferrocenes was
explained in terms of a decrease in electron donation from the
1g3d orbitals [12].

A semiempirical crystal orbital investigation has been

n-cyclopentadienyl ring to e

carried out on the one-dimensional poly(ferrocenylene) system.
The calculations predicted that the highest filled band was
a ligand m band with iron 3d bands at lower energies [13].
The band structures of a series of one-dimensional polydecker

sandwich compounds have been studied by a semiempirical crystal-
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orbital procedure based on the INDO approximation [14].
Structure-resonance valence bond theory has been used to
derive>charge distributions and bond orders in a series of ferro-
cenes and a-ferrocenylalkyl cations. The charges and bond orders
derived were compared with NMR chemical shift and X-ray data.

The high stability of ferrocenylcarbenium ions and the role
of the metal in stabilizing these ions was explained within
the conventional ideas of structural organic chemistry and
resonance theory [15].

The Polya method has been used to calculate the total number
of chiral and achiral configurations of C1—14 alkyl derivatives
of ferrocene and compared with an earlier method by Coffman
f16].

4. SPECTROSCOPIC AND PHYSICO-CHEMICAL STUDIES

A radiation chemical study has been carried out on agqueous

solutions of ferrocenyl-substituted carboxylic acids saturated
with N20. It was demonstrated that the hydroxyl radical underwent
an oxidation reaction with the carboxylic acids [17].

The He(I) photoelectron spectrum of bis(n-pentadienyl)iron
(4.1) has been recorded, interpreted and compared with the ferro-
cene spectrum. The spectra of the two compounds were similar
in appearance but could not be correlated directly [18].

The He(I) photoelectron spectra for chloroferrocene,
1,1'-dichloro- and 1,1'-dibromo- ferrocene (4.2; X = Cl, Br)

Fe
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have been recorded and interpreted. The difference between
the ionization potentials of the ezg(g) and a1g(d) level was
not affected by the ring substitution. Only the splitting of
the e1u(w) level of the ligand was observed in the spectra.

It was concluded that there was significant mixing of the iron
p orbitals with the e1u(ﬂ) level (19].

Electron transmission spectroscopy has been used to determine
the electron affinities of vanadocene, chromocene and ferrocene.
The electrons were captured to form transient anions and the
electronic structures of these species were discussed [20].

Inelastic neutron scattering spectroscopy has been used
to determine the splitting of the two lowest orbitally degenerate
Kramers doublets in the perdeuteroferrocenium cation. A value
of 515 cm”| was obtained [21].

Moessbauer spectroscopy has been used to investigate the
structures of the diferrocenyl methyl cation and protonated
diferrocenyl ketone. Evidence was obtained to support the

involvement of e, rather e, orbitals in the stabilization of

the cation. The1reactionszof diferrocenylketone and diferrocenyl-
methanol with iron(III) chloride were investigated using frozen
solutions [22].

Moessbauer spectroscopy has been used to investigate a
solution of 1,1'-diacetylferrocene in the cold smectic C liquid
crystal 4-pentylphenyl-4'-heptyloxythiobenzoate (785). Linear
Debye behaviour was observed over the temperature range 110-
300 K and the smectic glass-supercooled smectic transition (Tg)
was determined as Tg = 215 K [23].

A Moessbauer study has been carried out on a series of
mono- and di- substituted ferrocenes. A linear relationship

57

was found between the Fe Moessbauer quadrupole splittings

and the oxidation potentials which were measured chronopotentio-
metrically as quarter-wave potentials [24].

Substituent and conformational effects in a series of
arylferrocenes (4.3; X = o-, m-, p-Me, o-, m-, p-NO

p-OMe, H) have been investigated by 1H and 13C NMR spectroscopy

and by 57Fe Moessbauer spectroscopy. Substituent constants

21 9,‘1 m_l

for the ferrocenyl group were obtained, O = -0.01 and o7 = -0.19
[25].
The reaction of biferrocene and biferrocenylene with

mercury(II) chloride produced the corresponding HgCl2 adducts.
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The 57Fe-Moessbauer spectrum of the biferrocene adduct exhibited

a large quadrupole splitting value which suggested the presence
of a Fe-Hg bond. The quadrupole splitting value for the biferro-
cenylene adduct was much smaller and this was taken to indicate
the presence of the averaged-valence state of Fe(II) and Fe(III)
[26].

A comparative Moessbauer study has been carried out on
FeCl3—graphite and the ferrocene-iron oxide chloride (FeOCl)
intercalation compounds. At room temperature the spectra
consisted of resonance lines which were characteristic of iron(II)
only [277.

The 57Fe Moessbauer spectra of five bis(n-pentadienyl)iron
compounds have been recorded and compared with the corresponding
spectra for ferrocene and azaferrocene. A decrease in the isomer
shift parameter on going from ferrocene to bis(n-pentadienyl)iron
was accounted for by a change in the orbital population around
the metal atom resulting in an increase in the electron density
at the iron nucleus [28]. ‘

A detailed analysis of the IR spectra of substituted 2-(3-
phenylferrocenylmethylene)~ and 2-(1'-phenylferrocenylmethylene)-
1,3-indanones recorded in chloroform and tetrachloromethane
enabled the transmissive factors for 1,3- and 1,1'-ferrocenylene
groups to be determined. Evidence for vibrational coupling
in1,3-indanones was obtained [29].

The preparation and electronic absorption spectra of

potassium tris(1,1'-ferrocenedicarboxylato)ferrate(III) have
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been reported [30].

Several alkyl- and dialkyl-ferrocenophanes have been proton-
ated in HBF3OH. Long-lived protonated ferrocenophanes were
observed by 1H NMR spectroscopy and were stable to decomposition.
For those complexes where the conformation was determined only
a single conformation was observed. Spin-spin coupling was
detected between hydrogen bound to iron and cyclopentadienyl
ring hydrogens [31].

Lithioferrocenes have been treated with bis(dialkyldithio-

carbonates), R,NCS.,S CNR2 to form the corresponding mono- and

2 272
di-substituted ferrocenes (4.4 and 4.5; R = Me, Et, CHMeZ)
respectively. Rotation about the C-N carbamate bond was examined

by 1H NMR spectroscopy and the barrier to rotation in the complexes

(4.4 and 4.5; R = Me, Et) was determined as ~16 kcal mol_1 [32].

-S,CNR S,CNR

Fe Fe

S,CNR

The ferrocenylazomethines (4.6; R = Me, OMe) interacted
with electron acceptors such as CBr4 and CBr3C02H and formed
immonium salts in the case of CBr4. NMR and UV spectroscopy
were used to study the interaction [33].

13C NMR chemical shifts [§(CO)] and carbonyl stretching
frequencies [v(CO)] have been measured for a series of ferrocenyl-
ketones (4.7; X = H, o-, m-, p-Me, Cl; p-OMe, o-, m-Br; p-CN:
4.8; R = H, t-Bu, 1- adamantyl, 9-anthracyl), The §(CO) values
were used to estimate the interplanar angle between the n-cyclo-
pentadienyl ring plane and the carbonyl plane. The v(CO) and

§(Co) values were found to correlate approximately [34].

References p. 194
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CH=—=N R

Fe

The same ferrocenylketones were reduced to give the corres-
1

ponding alcohols. The H NMR spectra of the carbenium ions
derived from these alcohols have been measured and discussed,
3CO,H [35].
Polarisation transfer sequence in conjunction with 2-D

NMR have been used to assign resonance signals in the 13C NMR

together with those of the ketone precursors in CF

spectra of the ferrocene and ruthenocene containing cryptands
(4.9; M = Fe, Ru; m, n = 1, 2 or 3). The results indicated
a trans disposition of the carbonyl groups [36].

The 57Fe NMR spectra of eight ferrocenes have been recorded
and the chemical shifts correlated well with Hammett op parameters
[37].
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57Fe spin lattice relaxation times have been determined

by the inversion recovery method for ferrocene and pentacarbonyl-
iron [38].

The vapour pressure of ferrocene has been measured by a
static method (diaphragm manometer) and dynamic methods (torsion
and mass-loss effusion). The free energy and the heat capacity
of sublimation were calculated [39].

Adiabatic calorimetry has been used to determine the heat
capacity of ferrocene—g,‘0 in the temperature range 13-300 K.

A A-type phase transition was detected at 164.1 K between the
metastable low temperature phase and the undercooled high temper-
ature phase. A first order transition from the stable low
temperature phase to the high temperature phase occurred at

251 K. The temperature of the first order transition was shifted
by 9 K compared with ferrocene but the entropy and enthalpy

of the two transitions were similar to those for ferrocene.

The difference in heat capacity between ferrocene and ferrocene-
g10 for the three phases was interpreted in terms of changes

in the frequencies of the normal modes and the (Cp—CV)

correction [40].

The heat capacity of azaferrocene has been measured in
the temperature range 10-300 K. Phase transitions were observed
at 200, 278.5 and 289.5 K with associated enthalpy changes of
3000, 650 and 6750 J mol_1 respectively. Phosphaferrocene showed
similar thermal behaviour [41].

References p. 194
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Thermal decomposition rates of ferrocene have been measured
by very low-pressure pyrolysis and the first and second bond
1
[42].

Pulsed gas chromatography has been used in a kinetic invest-

energies determined as 91.4 and 51 kcal mol~

igation of the thermal decomposition of ethylferrocene, diethyl-
ferrocene, t-butylferrocene and (n-diethylbenzene)(n-ethyl-
benzene)chromium [43].

The ferrocenyl-ketones (4.8; R = H, Me, Et, Pr, Ph) were
estimated via capillary gas chromatography and no decomposition
of the molecules occurred. However, the corresponding alcohols
(4.10) decomposed in the infjector. Initial decomposition was
avoided by on-column injection but some decomposition of the
alcohols occurred in the capillary column [44].

A method has been developed for the separation of two or
more components in solution by dynamic-column liquid chromat-
ography. A mixture of ferrdcene and formylferrocene was used
to demonstrate the method [45].

Partition thin-layer chromatography and high-performance
thin-layer chromatography have been used to separate a series
of hetero[n](1,1'})-ferroceno- and -ruthenocenophanes. These
compounds were prepared from ferrocene and ruthenocene diols
and o,w-dithiols in dilute solution in the presence of trifluoro-~
acetic acid as the catalyst [46].

5. ELECTROCHEMISTRY AND PHOTOSENSITIVE ELECTRODES

A photoelectrochemical cell has been constructed using

cadmium telluride thin fims in a nonaqueous electrolyte containing
the ferrocene-ferrocenium couple [47].

A photoelectrochemical cell containing a semiconductor
photoactive electrode, such as Si or GaAs, an electrolyte such
as LiClO4 dissolved in MeCN, and a redox couple, such as (1-
hydroxy)ethylferrocene-(1-hydroxy)ethylferrocenium ion, has
shown a solar energy conversion efficiency of R 10% [48].

The IUPAC Commission on Electrochemistry has recommended
that the redox couples ferrocene/ferrocenium ion and bis(n-
biphenyl)chromium(I)/bis(n-biphenyl)chromium(0O) be used as refer-
ence redox systems. The recommended procedures for measuring
and reporting electrode potentials in nonaqueous solvents using

these reference electrodes were presented [49].
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The electrode potentials have been measured for the ferrocene-
ferrocenium electrode in aqueous-organic solvents containing
hydrogen chloride at different concentrations of ferrocene and
ferrocenium picrate. The potentials were relatively unaffected
by the nature of the organic solvent [50].

Cyclic voltammetry has been used to determine the hetero-
geneous electron transfer rate constant (ko) of the ferrocene-
ferrocenium ion couple at a platinum electrode in 18 nonaqueous
solvents. Specific solution resistance was determined in 118
combinations of solvent and supporting electrolyte and values
of ko fell in the range 0.09-0.04 cm s'1 [51].

The ferrocene-ferrocenium ion potential was determined
in a potentiometric study in propylene carbonate when the proton
medium effect was obtained [52].

Cyclic voltammetry and differential pulse voltammetry have
been used to examine the electrochemistry of the ferrocene-
ferrocenium ion couple in cationic, anionic and nonionic micellar
solution. Solubilities of ferrocene were measured by d.c.
voltammetry and spectrometry. Reversible half-wave potentials
were obtained and the results were explained in terms of micelle
solubilization equilibria for the reductant ferrocene and the
oxidant ferrocenium ion. In each solution examined, a standard
potential for the ferrocene-ferrocenium ion couple in water
was determined from the half-wave potentials, the partition
coefficients of ferrocene and ferrocenium ion and the ratio
of their diffusion coefficients [53].

The use of surface reaction entropies for examining reactant-
solvent interactions at electrochemical interfaces has been
investigated. The reaction entropies were determined for a
surface-attached ferrocene/ferrocenium ion couple in a series
of solvents [54].

Ferrocene, acetylferrocene, 1,1'-di(acetyl)ferrocene,
a-hydroxyethylferrocene and 1,1'-di{a-hydroxyethyl)ferrocene
were electropolymerized onto glassy carbon electrodes. The
electrodes exhibited a rapid response to changes in hydrogen
ion concentration [55].

Films of p-chlorosulphonated polystyrene were deposited
on glassy carbon and platinum electrodes. These electrodes

were treated with p-ferrocenylaniline to give the ferrocene
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containing electrodes (5.1) which were studied by cyclic
voltammetry [56].

Plasma-polymerized vinylferrocene (PPVF) has been obtained as
a film on glassy carbon electrodes. The electrode character-
istics and composition of the PPVF film were shown by cyclic
voltammetry and XPS to be determined by the conditions used
in preparation. The ferrocene-ferrocenium ion redox reaction
in the PPVF film was charaterized as fast electrochemical charge
transport [57].

Sulphonyl compounds have been used to bind hydroxymethyl-
ferrocene chemically to tin oxide glass film electrodes. The
electrode response was as expected for surface bound electro-
chemistry although some nonideal characteristics were observed.
The electrode was an effective catalyst for the oxidation of
ferrocytochrome ¢ and nicotinamide adenine dinucleotide reduced
form [58].

An electroactive layer was formed on platinum electrodes
by droplet evaporation of a copolymer of vinylferrocene and
S(methacrylpropyltrimethoxysilane) followed by siloxane cross-
linking. Different copolymer layers were formed by changing
the concentration of vinylferrocene present. The electrochemical
behaviour of the coated electrodes was investigated via cyclic
voltammetry [59].

An electrochemical study has been carried out on plasma
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polymerized films of vinylferrocene deposited on titanium,
thermally oxidized titanium and single-crystal titanium(IV)

oxide. Oxidation of the ferrocenyl groups in the polymer coatings
occurred at potentials 1.5 V positive of the flatband potential
for titanium(IV) oxide in methyl cyanide. The ease of oxidation
decreased as the thickness of the oxide phase increased [60].

The spontaneous adsorption of ferrocenes on highly ordered
pyrolytic graphite edges has been investigated electrochemically.
Surface coverages of approximately 2 x 10_8 mol cm_2 were found
and three of the adsorbed compounds had oxidation waves more
negative than their sblution counterparts [61].

The ferrocenyltrimethylammonium cation has been used to
enhance the rate of charge transfer by the [Co(2,2',62"-
terpyridine)z]3+ ion in Nafion coated electrodes [62].

Unusual electrochemical behaviour was exhibited by the
ferrocene-ferrocenium ion couple in Nafion films on a Nafion
coated gold electrode [63].

Transmembrane electron transport has been studied using
t-amylferrocene as a one-electron carrier [64].

Batteries containing either polyferrocene [65] or the
ferrocenylene polymers (5.2) [66], (5.3 or 5.4) [67) as the
cathode and which could reversibly take up either cations or
anions have been constructed. The electrolyte was a lithium
perchlorate polypropylene carbonate mixture and the anode was

lithium. The batteries showed improved charge and discharge

COZCHZCHz——- CONHCHZCHj——

———02C — HNOC
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capacities by comparison with lithium-polyacetylene batteries
[68].

The mixed ferrocenyl—(ns—phenyl)tricarbonylchromium complexes
[5.5; X = CH=CH, CO, CH2, CHZCH(OH), CH2C0 and 5.6) have been
the subjects of an electrochemical investigation. An induced
electrooxidation of the (ns—phenyl)tricarbonylchromium moiety
occurred in the compounds (5.5; X = CH=CH, CO and 5.6) where
the ferrocenyl group was in conjugation [69].

Cyclic voltammetry studies have been carried out on a series
of arylferrocenes (5.7; for example X = H, m-, p-OMe, m-, p-COMe,
m-, p-CHO, E—NOZ,
of chalcone (5.8; for example X = H, p-Br, m-, E—NOZ, p-OMe,
m-Cl and 5.9: for example X = H, p-OMe, p-Cl, p-CN, E—NOZ, m-Cl1,

X @
Fe

(CO)3 (CO)3

E-CF3) and two series of ferrocene analogues

Cr
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m—NOz). Good correlations were found between t?g oxidation
potentials and the Hammett ¢ constants and the C NMR chemical
shifts for several carbon atoms in the ferrocenyl group [70].

The substituted ferrocenes [5.10; R1 = PhCO, E-NCC6H4CO,
R2 = H; R1 = R2 = PhCHZCO, E—C1C6H4CO, Me(CH2)9CO] have been
prepared and their redox potentials determined by cyclic volt-
ammetry [71].

A comparative study of the electrochemical reduction of

acetylferrocene and the ferrocenophane (5.11) has been carried

147

out. In nonaqueous solvents the anion radical of the ferroceno-

phane (5.11) retained the ferrocene structure whilst that of

acetylferrocene decomposed by iron-cyclopentadienyl ring cleavage

[72].

References p. 194



148

The outer-sphere electron-transfer reaction between the
clathrochelate [Co(dimethylglyoximate)3(BF)2]+ and ferrocene
was first order in each reactant. The self-exchange and cross
reaction rate constants did not accord well with Marcus theory
predictions [73].

The diffusion coefficients of ferrocene in acetone and
aqueous acetone have been determined by the rotating disc method
[74].

Cyclic voltammetry and coulometry have been used to study
the electrochemical oxidation of ferrocene in two-phase media.

In micellar solutions the oxidation of micelle solubilized ferro-
cene was reversible and involved an electron transfer mechanism
with diffusion of the micelles. In a dodecane in water emulsion
the mechanism was found to be different [75].

Voltammetry has been used to show that methylferrocene
was principally in the micelle phase in a dodecyltrimethylammonium
bromide micellar solution [76].

6. PREPARATIONS OF FERROCENE
Reaction of the electron-rich 6-dimethylaminopentafulvenes

(6.1, R' = H, Me, NMe,; R? = H; R'R? - CH,CH,, R3 - H, CO,Et,

Me,C, CONMe,) with [(n5—C5H5)Fe(n6—E—xylene)]+PF

2
6 ©OF
[(T15—C5H5)Ru(CH3CN)]+PF6 gave the corresponding ferrocenyl or
ruthenocenyl salts (6.2; M = Fe, Ru). Treatment of these salts
with ethanol and agqueous sodium hydroxide produced the corres-

ponding carbonyl derivatives (6:3). The presence of strong
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74 3 2 3 2
m R R° y R

6.1 6.2 6.3

electron-withdrawing groups on the pentafulvene molecules
inhibited the reaction [77].

Metal chlorides have been treated with N,N-dimethylamino-
cyclopentadienyllithium in THF at -30°¢ to give the corresponding
metallocenes. Thus 1,1'-bis(dimethylamino)ferrocene was prepared
in 33 % yield and was studied by cyclic voltammetry. The redox
potential was -0.23 V vs. SCE [78].

Treatment of the isodicyclopentadienide anion and the
corresponding dehydrocongener with iron(II) produced the stereo-
chemically homogeneous ferrocenes (6.4 and 6.5) respectively.

The structure of the latter compound was determined by X-ray

analysis [79].

¥
5y

Fe Fe

¥
U
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Controlled potential electrolysis of cyclopentadienylthallium
in dimethylformamide using an iron anode gave ferrocene in 92%
yield [80].

The gas phase reactions of FeCH * and CocH," with cyclic

3 3
hydrocarbons have been studied. Protonated ferrocene was obtained
when cyclopentene was the reagent [81].

High purity ferrocene has been obtained by crystallization

from benzene, sublimation and vapour zone purification [82].

7. REACTIONS OF FERROCENE

The formation of electron-donor acceptor complexes between
ferrocene, tetrachloromethane and tetranitromethane has been
examined spectroscopically in the range 290-800 nm. Formation
of the ferrocenium ion increased with time and with the concen-
tration of tetranitromethane [83].

The easy conversion of ferrocene into the tricarbonyl(n-
cyclopentadienyl)iron cation (7.1) with aluminium chloride and
carbon monoxide has been exploited to form a range of (n-cyclo-
pentadienyl)iron complexes. Similar ligand exchange reactions
of ferrocene with arenes have also been used as the starting
point in the preparation of these complexes [84].

Quinoline has been treated with PhSOZN=CClPh and ferrocene
to form the heterocycle (7.2). Similar reactions were carried
out with isoquinoline and imidazole [85].

Crystalline one-to-one inclusion complexes have been formed

by the addition of ferrocene, acetylferrocene and a-hydroxyethyl-

PhC=NO2SPh

Fe Fe
(CO) 4
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ferrocene to B- and y-cyclodextrin. Two-to-one complexes were
formed by the treatment of a-cyclodextrin with ferrocenes {86].

8. FERROCENIUM SALTS AND MIXED-VALENCE SALTS

Correlation effects in the metallocenes (n—C5H5)2M, where

M = Mg, Ge, V, Mn, Fe, Co, and the metallocenium cations
[(n—C5H5)2M]+, where M = Fe, Co, have been studied by ab initio
Hartree-Fock calculations. Comparisons of computed metal-
cyclopentadienyl ring distances were used to show that charge-
transfer effects were more important than ring-ring dispersion
forces in bonding [87].

Ferrocene has been oxidized by iron(III) chloride to give
the ferrocenium salts [8.1; n =1, X = FeCl4_; n=2,X-=
O(FeC13)2] which were characterized by X-ray powder diffraction,
Moessbauer and IR spectroscopy. The salt had been previously
CcHo ) Fel'FeCl,” [88].

Ion pair formation between iodine and substituted ferrocenes

identified as [(n-

in benzene has been investigated. The equilibrium constants

(K) for the formation of the ferrocenium salts (8.2; R = H,

Me, Et, Ph) from the corresponding ferrocene and iodine increased/
with electron donating substituents and decreased with electron
withdrawing substituents. Correlation of polarographic half-
wave potentials with K showed that the major influenece on K

was the effect of the substituent on the ease of oxidation of

the parent ferrocene [89].

n+ 4
R
Fe X~ Fe 13'
R
L p— L p—
8.1 8.2
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Treatment of ferrocene with trichloroacetic acid in the
presence of air produced ferrocenium trichloroacetate with two
trichloroacetic acid molecules attached. Controlled recrystal-
lization of this di-solvate from water produced the corresponding

mono-solvate [90].

Treatment of the ferrocenes ( 8.3; R1 = R2 = H, Et; R1 = Me

isopentyl, isooctyl, R2 = H; R1 = H, R2 = CMech) with concen-

trated sulphuric acid at 0°¢ generated the corresponding ferro-

¢,

cenium ions. Reaction of these ions with the free radical
NCMeZC', generated from azobisisobutyronitrile, afforded the
substituted ferrocenes (8.4) [91].

The reduction of the ferrocenium cation on zirconium tungstate
has been investigated. The electron-exchange capacity of the
zirconium tungstate was increased by lowering the acidity of
the medium [92].

Metallocenium cations, including the ferrocenium ion, have
been used to prepare metallocenylboranes [93].

The ferrocene-ferrocenium cation system has been used for

initiating radical reactions of aryldiazonium salts. The reaction

of the salts [4—R1C6H4N2]BQ with ferrocene gave 4—R1C6H4'
radicals which were treated with R2CSNHPh (R? = Ph, PhNH) to
give R1C H SCR2=NPh [94].

64
Polymer-coated microelectrodes and twin electrode thin

layer cells have been used to study polymer-solution interfacial
electron transfer mediation kinetics and the rates of permeation

of ferrocene and the ferrocenium ion through the polymer films.

NCMe,C

Fe Fe



Ferrocene had a three-fold greater rate of permeation than did
the ferrocenium ion [95].

The oxidative cleavage of [("l~C5Me5)Fe(CO)2]2 has been
carried out with ferrocenium hexafluorophosphate in a variety
of solvents to give the salts (8.5; solvent = THF, acetone,

methyl cyanide, pyridine) [96].

+

PF
Fe 6 Fe Fe

(CO)2 Solvent

The crystal and molecular structure of the 1,12-dimethyl-
[1.1]1ferrocenophanium ion (8.6) has been determined by X-ray
crystallography. The cation assumed a syn-conformation with
non-equivalent metallocene units, one corresponding to iron(II)
and the other to iron(III). Moessbauer spectroscopy indicated
a mixed-valence rather than a valence-delocalized cation [97].

Moessbauer spectroscopy has been used to investigate the
electronic structure of several mixed valence biferrocenium
and mononuclear ferrocenium cations in high magnetic fields.
Spin-lattice relaxation effects were detected in ferrocenium
hexaflurophosphate. Spin relaxation was found to affect the

magnitude of the internal magnetic field at the iron nucleus

153

in the mixed-valence biferrocene cation invalidating the previous

proposal that the field arose from the presence of the unpaired
electron in an orbital with essentially ligand character [98].

Electrical bonductivity measurements on the mixed valence

biferrocene salt (8.7) indicated a change from a trapped-valence
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state to an average-valence state over the temperature range
230-275 K [99].

Vibronic coupling in the mixed valence ion of biferrocene

(8.8) has been studied using the Peipho-Krausz-Schatz model.
Strong interaction was predicted approaching the Robin and Da
class II-III borderline [100].

9. FERRQOCENYL CARBENIUM IONS

Treatment of the g-dicarbonyl compounds (9.1; R1 = R2 =
OEt; R1 = Me, R2 = OEt) with Lewis acids, for example alumini
chloride, resulted in Ca_CB bond cleavage to give the corresp

ing ferrocenylcarbocation [101].
1 2

The ferrocenyldicarbonyl compounds (9.2; R = R” = Me,
OEt, R1 = Me, R2 = QEt) have been protonated with trifluoroac
acid to form diastereomeric carbocations. Thus the ester (9.
R1 = Me, R2 = QEt) gave the carbocations (9.3 and 9.4) which

were characterized by NMR spectroscopy [102].

Treatment of 1-methyl-1,3-diferrocenylallyl alcohol with
tetrafluoroboric acid and acetic anhydride gave the diferroce
allyl cation (9.5) which underwent facile dimerization in the
presence of dimethylaniline or pyridine to form the tetra-
ferrocenylcyclohexene (9.6). This product was obtained as a
mixture of two diastereoisomers [103].

NMR spectroscopy has been used to investigate the proton
of the a,B-unstaurated ketones (9.7; R = Me, Ph cymantrenyl,

ferrocenyl) in trifluorcacetic acid (104].
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Several ferrocenylmethylcarbenium ions have been prepared as

the tetrafluoroborate salts [9.8; R1 = H, Me, Ph, 2-(2-furyl)-

vinyl; R2 = 3-indolyl, ferrocenyl, 1-methyl-2-pyrrolyl] by
treatment of the ketones (n—C5H5)Fe(n—C5H4COR1) with R2H and
Ph3C+BF4_ in acetic acid or POCl3 [105].

A spectroscopic technique has been used to investigate
the equilibrium between ferrocenylarylmethanols (9.9; X = H,
Me, OMe, Ph, F, Cl, Br, N02) and the corresponding ferrocenylmethyl
carbenium ions in aqueous sulphuric acid. A Hammett p value
of -1.44 was obtained from the Hammett plot of pKR+ vs. oF
substituent constant demonstrating the powerful electron releasing
character of the ferrocene nucleus [106].
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CHOCOMe .

9.9 9.10

Several ferrocenylarylmethyl acetates (9.10; X = H, Me,
Cl, Br, NOZ’ MeO) have been hydrolyzed in acetone-water mixtures.
A correlation was obtained between the first-order rate constants
obtained and the o+ substituent constants or the E; chrono-
potentiometric potentials. The powerful electron ;eleasing
character of the ferrocenyl group was confirmed and ferrocenyl-
carbenium ions were suggested as reaction intermediates [107].

Ferrocene- and ruthenocene-carboxaldehyde were each treated
with p-fluorophenylmagnesium bromide to form the corresponding
metallocenyl-p-fluorophenylmethanols which gave the metallocenyl-
carbenium ions (9.11; M = Fe, Ru) in trifluoroacetic acid.
Evidence from 19F NMR spectroscopy indicated that the ruthenocenyl
group was more efficient }n charge delocalization than the
ferrocenyl group [(108].
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10. FERROCENE CHEMISTRY
(i)  Derivatives containing other metals (metalloids)

Reaction of 1,1'-dilithioferrocene with dibutyldichlorotin
produced the ferrocenophane (10.1). The crystal and molecular
structure of this ferrocenophane was determined by X-ray analysis.
The bond distances and angles were regular with one butyl group

on each tin atom disordered [109].

OO

Sn
Bu2
Fe
Bu2
10.1 10.2

The electronic structure of 1,1'-diphosphaferrocene (10.2)
has been investigated by photoelectron spectroscopy and by EHT
and MS Xa calculations [110].

Tetramethyldiphosphaferrocene (10.3) has been evaluated
as a ligand for the preparation of transition metal complexes.
Both monosiuclear (10.4; M = Cr, Mo, W) and binuclear (10.5)
complexes were obtained and one of them (10.5) was characterized
by X-ray crystallography [111].

The electrochemical behaviour of the phosphaferrocenes
(10.6; 10.7; R = H, Me) have been compared with ferrocene using
several types of electrodes and several solvents. Reversible
one-electron reduction in propylene carbonate was observed at
-2.55 V, -2.15 V and -2.33 V for the phosphaferrocenes (10.6;

10.7; R = H, Me) respectively, compared with -2.93 V for ferrocene.
One-electron oxidations were observed at potentials near to

that of ferrocene. The phosphaferrocene cations were less stable
than the ferrocenium cation. ESR spectroscopy of the radical
cation derived from the tetramethyl compound (10.7; R = Me)
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indicated that the electron was localized on iron. HOMO and
LUMO levels were used to interpret the results [112].

The reaction of monolithioferrocene with octachlorocyclo-
tetraphosphazene produced the cyclotriphosphazene (10.8). X-ray
analysis confirmed the structure of this molecule and the single
bond between the nitrogen atom and the cyclotriphosphazene group
was shorter than the proposed double bond to the terminal
phosphorus atom due to delocalization within the P-N skeleton.
Treatment of lithioferrocene with a 1:1 mixture of octachloro-
tetraphosphazene and hexachlorocyclotriphosphazene produced
the trimer-tetramer bi(cyclophosphazenes) (10.9; R = H, Cl)
[113].
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The metalladiselenaferrocenophanes (10.10; M = 2Zr, Hf;
R = H, t-Bu) have been prepared by the reaction of the selenol
(10.11) with the corresponding dichlorobis(n-cyclopentadienyl)-
metal complex in the presence of triethylamine. The ferroceno-
phanes (10.10) were studied by variable temperature 1H NMR.
At room temperature the complexes appeared to be non-fluxional
and the ferrocene moiety had a staggered conformation [114].

The interaction of diferrocenylmercury with ytterbium produced
the ferrocene derivative of divalent ytterbium (10.712) [115].

P—-cC1 Q P P—N
| N 7\
N\ cl N N N PC12
\\P//
Fe 44— AN Fe
N N
Cl.p PC1
| .
cl.p PCl ‘ Cl,P N
22 R AN
2 N—PCl,

10.8 10.9
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Se SeH

10.10 10.11

Diferrocenylmercury has been treated with the mercury
amalgams of several lanthanide elements in THF to form bivalent
lanthanide derivatives of metallocenes (10.13; M = Sm, Eu, Yb,

n = 0, 1) which were characterized by 1H NMR spectroscopy [116].

The cations - (10.74; n = 1, 2) have been prepared by oxidation
of the parent ferrocenophane with ferrocenium and substituted
ferrocenium salts or 7,7,8,8-tetracyanogquinodimethane [117].

Paramagnetic vanadocene units have been linked by ferrocene

to yield the mixed metallocene species (10.15; R = H, Me).

Fe Yb Fe M(THF)n

10.12 10.13
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CHZNMe2

Hg
Fe Fe

Hg

CHZNMe2
L _J
10.14

X-ray analysis of the tetramethyl derivative (10.15; R = Me)
indicated that the cyclopentadienyl rings on ferrocene were
distorted to an n%- situation [118].

Radiopharmaceuticals have been prepared containing ferrocene
or ruthenocene and glycine or alanine. Thus ferrocenyl-CO-Gly-

OEt has been treated with 103RuCl3 in ethanol to form

fel
R CHZNHuHZR

10.15 10.16
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[103Ru]—ruthenocenyl—CO—Gly—OEt which was then saponified to

. 103
give |

Ru]-ruthenocenyl-CO-Gly-OH. This product was injected
into rats and mice and the organ distribution determined. Related
reactions were reported [119].

The condensation of formylferrocene with the amines RCHZNHZ,
where R = E-HOC6H4CH2, Ph, PhCH2, 4-imidazolylmethyl, produced
the corresponding secondary amines (10.16; M = Fe). A similar

series of radioactive ruthenocenes (10.16; M = 103

Ru) was prepared
and these compounds were tested as radiopharmaceuticals [120].
"%3guc1, at 180°

Ru labelled ruthenocene.

The exchange reaction of ferrocene with
for 30 minutes gave a good yield of 103
Labelled formylruthenocene was used to prepare a series of amines
[121].
Dichloro(1,1'-bis(diphenylphosphino)ferrocene]palladium(II)
(10.17) has been shown to be an effective catalyst for cross-
coupling of sec-butylmagnesium chloride with bromobenzene,
(E)-B-bromostyrene, 4-bromoanisole and 2-bromotoluene. The
complex (10.17) was also found to be a good catalyst for the
cross-coupling of n-butylmagnesium chloride and sec- and n-
butylzinc chloride with organic bromides. The structure of
the complex (10.17) was determined by X-ray analysis [122].
2-(Dimethylaminomethyl)-1-iodoferrocene has been prepared
in good yield from the cyclopalladated complex of dimethylamino-
methylferrocene by treatment with iodine. Reaction of the iodo
derivative with copper(I) oxide and acetic acid followed by
pyridine gave the ferrocenyl-acetate (10.18). Base hydrolysis

CH2NM62 CHZNMe2
Fe /////Pdclz Fe Fe
@— PPh,
10.17 10.18 10.19
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CH,OH CH,NMe

OH

10.20

2
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Me ,NCH

10.21

of this acetate produced the 2-substituted hydroxyferrocene
(10.19) which was used to prepare the alcohol (10.20) and the
palladium complex (10.27) [123].

The ferrocenyl bis(carbyne)cobalt capped cluster complexes

H, ferrocenyl) have been synthesized.
and several other capped cluster

- H, Ph; R = Me,Si, R® = H, I)

(10.22; R1 = ferrocenyl, R2 =
The electrochemistry of these
complexes (10.22; R1 = Ph, R2
R1
@\ :
\/
/CO\
CO\\\\\\\EE\///CO <:>

10.22
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has been investigated. The complexes (10.22) underwent chemically
and electrochemically reversible one-electron oxidation at
0.6 V vs. Ag/AgCl; irreversible reduction at =-1.55 V at Pt

and irreversible oxidation at high positive potentials. The
1

redox series for the ferrocenyl complex (10.22; R = ferrocenyl,
R2 = H) was 2+/1+/0/1- and for the diferrocenyl complex (10.22;
R1 = R2 = ferrocenyl) was 3+/2+/1+/0/1-. Monocations derived

from the complexes (10.22) were reduced by nucleophiles such
as Ph;P, I~, MeO to the neutral cluster complexes. Spectroscopic
and electrochemical evidence collected for these complexes (10.22)

suggested that 7 interaction between RC and Co., dominated  the

3
redox chemistry [124].

10. (ii) General chemistry

The reaction of 1,1'-bis(hydroxymethyl)ferrocene with 1,3~
propanedithiol in the presence of trifluoroacetic acid produced
the binuclear 2,6,19,23-tetrathia(7.7)ferrocenophane (10.23)
[125].

Barborak and Chance have described a method for the direct
synthesis of ferrocenyl alcohols from aldehydes and ketones.

The carbonyl compound was dissolved in cold concentrated sulphuric
acid to which ferrocene was added. After a short reaction time
the mixture was worked up. The aldehydes produced alcohols

and the ketones usually provided the olefin derived from the
alcohel. For example, the reaction of ferrocene with acetaldehyde
in sulphuric acid for one minute afforded the alcohol (10.24)

in 54% yield [126].

OH
/\/\ l
s S//\\\<j;i7 crcH,
Fe Fe Fe
S\\///\\V//S
10.23 10.24
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The Cannizzaro reaction of aromatic aldehydes in the presence
of sodium hydroxide was promoted by ultrasound. When p-chloro-
benzaldehyde and acetylferrocene were reactants and competition
between the Cannizzaro and Claisen-Schmidt reactions was possible
then ultrasound facilitated the Cannizzaro reaction only when
the ketone was too unreactive to give the Claisen-Schmidt reaction
[127].

Oxidation of decamethylferrocene with barium permanganate
produced the aldehyde (10.25) which was reduced to give the
alcohol (10.26; R = H). Treatment of the aldehyde (10.25) with
methyllithium, phenylmagnesium bromide or ferrocenyllithium

produced the corresponding alcohols (10.26, R = Me, Ph, ferrocenyl)

[128].
R .
|
CHO CHOH
Fe Fe

10.25 10.26

The aldol condensation of 1,1'-diethylferrocenecarboxaldehyde
with ketones and the reaction of acetyl-1,1'-diethylferrocene
with m—IC6H4CHO produced the corresponding unsaturated ketones
(10.27; R = Me, Et, Bu, ferrocenyl) and (10.28). The physico-
chemical properties of these compounds were studied [129].

Treatment of 1,1'-diacetylferrocene with ethyl acetate
in the presence of sodium amide produced the carbonyl compound
(10.29) which was a good ligand for lead and cerium [130].

Acetylferrocene has been treated with dimethylformamide
and phosphorus oxychloride followed by sodium perchlorate or
sodium iodide to give the salt (10.30; X = I, Clo4) which was
hydrolyzed to form the aldehyde (10.31). Some reactions of
this aldehyde were explored, thus with HP(O)(OEt)2 and aniline
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CH=CHCOR COCH=CH
Et Et
Fe Fe
Et Et
10.27 10.28

the product (10.32) was obtained [131].

The formylvinylferrocene (10.31) combined with the nitriles,
RCHZCN where R = CN, COZMe, COZEt, CONHZ, to form the ferrocenyl-
butadienes (10.33; X = CN, COZMe, COZEt, CONHZ). 1,1'-Bis(formyl-
vinyl)ferrocene (10.34) underwent the same reaction [132].

Ferrocenecarbaldehyde has been tfeated with n-butyllithium
and N-phenylbenzanilides to give ferrocene, ferrocenylmethanols,
ferrocenylmethylether and amylferrocene [133].

The ferrocenylcarboxylic acids (10.35; n = 1, 2) have been

reduced under Clemmensen conditions to give good yields of the

COCHZL,OCH3

COCHZCOCH3

10.29
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corresponding saturated compounds (10.36). Treatment of the
acids (10.36) with trifluorocacetic anhydride produced the cyclic
anhydrides (10.37) [134].

The reaction of dimethylaminomethylferrocene hydrochloride
and 1,1'-~bis(dimethylaminomethyl)ferrocene with B3H8_ and Banz_
produced the corresponding salts (10.38 and 10.39; n = 9,10,12)
[135].

The ferrocenylmethylation of aniline has been used as the
basis of an undergraduate experiment. The aniline derivatives
(10.40, 10.417 and 10.42) were prepared and characterised [136].

Prostoglandin analogues including the ferroceneheptanoate
(10.43) have been prepared through an intermediate cyclopalladated

References p. 194



170

B ] +
@CHZNHMeZ
Fe B,Hy
L -
10.38
Fe
10.40
CH NH,,

9

Fe

@

10.42

CHZNHMe2

CHZNHMe2

Fe
10.39

o

NH

10.41

OAc

Fe
OH

10.43

CO,LEt



171

R

COCH,R COC=NOH

10.44 10.45

aminomethylferrocene [137].

Treatment of the ferrocenyl-ketones (10.44; R = H, COCH3)
with butyl nitrite and a sodium alkoxide produced the correspond-
ing oxime (10.45) [138].

The ferrocenylhydrazide (10.46) = HL has been used to prepare
several transition metal complexes MLZ(HZO)n' where M = Mn,

Co, Ni and n = 4, 2, 2. Changes in the arene group of the ligand
led to changes in the stoichiometry of the complexes [139].

Ferrocenyliminium cations (10.47, 10.48; R1 = H, Me, Ph,
4—MeOC6H4; R2 = H, Me, Et, CHMeZ, CMe3) have been converted
quantitatively to the corresponding acylferrocenes with aqueous

base. Nucleophilic addition to the iminium ion was the rate

HO

10.46
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determining step and steric effects were more important than

electronic effects in controlling the rate of reaction [140].
Ferrocenylalkylation of triphenylphosphine and dimethyl-

sulphide with 1-ferrocenylalkanols has been used to prepare

a range of ferrocenylonium compounds (10.49 and 10.50; R = H,

Me, X = BF4, ClO4). These products were treated with sodium

cyanide and sodium azide to give the derivatives (10.51; R1 = H,

Me; R2 = CN, N3) [141]. Several C- and N-a-ferrocenylalkyl
compounds have been prepared in the same way [142].

Treatment of ferrocenyllithium with (n—CSHS)Cr(NO)ZCl and
decomposition of the intermediate formed with hydrogen peroxide
gave nitrosoferfocene (10.52; X = NO) and nitroferrocene (10.52;
X = NOZ)' Nitrosoferrocene was attacked by CHZ(CN)2 and by
PEt3 to give the derivatives [10.52; X = N=C(CN)2, N=PEt3] [143].

Asymmetric induction in the synthesis of pyrazolines with
ferrocenyl and phenylbutadieneiron tricarbonyl substituents
has been estimated. Diastereomeric selectivity was shown to
be sufficiently high both by the induction of a chiral centre
and by a chirality plane and vice versa. An X-ray diffraction
study was carried out on the diastereomeric 1-acetyl-3-[4-phenyl-

butadieneiron tricarbonyl]-5-ferrocenylpyrazolines (10.53) [144].

7\

™~ ,/N
N
| Fe
COCH3 (CO)3
Fe
10.53
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11. BIFERROCENES, FERROCENOPHANES AND ANNELATED FERROCENES

The syntheses of ferrocenophanes and crown ethers containing

ferrocene have been reviewed [145].

The Moessbauer spectra of 34 mono- di- and tri-bridged
ferrocenophanes and keto derivatives have been measured and
interpreted. The influence of ring-tilt and bond shortness
on the electron withdrawing effect of the carbonyl group was
observed in some trimethylene-bridged compodunds. These findings
were interpreted in terms of a change of electron population
in cyclopentadienyl-ring based orbitals and the absence of
coplananity of the carbonyl group with the ring [146].

In a US Government Report Seyferth gave details of the
preparation of phosphorus- and arsenic-bridged ferrocenophanes
and their reactions with organolithium reagents. Some ferro-
cenylenephenylphosphine polymers were prepared and their cobalt
complexes were active as hydroformylation catalysts [147].

The interconversion of the [1.1]jferrocenophan-1-yl cation
(11.1) and [1.1]ferrocenophan-1-o0ol (11.2) has been studied and
compared with the interconversion of the diferrocenylmethyl
cation and diferrocenylmethanol in aqueous methyl cyanide.

It was concluded that the conformations of the ferrocenophanes
(11.1 and 11.2) permitted unhindered exo-addition and departure
of a water molecule [148].

[1.1]Ferrocenophane (11.3; R = H) dissolved in HBF3OH with

the liberation of 1 mol of hydrogen for each mol of the ferroceno-

phane and the formation of the corresponding dication of the
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ferrocenophane. The complex (11.3; R = H) has been used in a
photoelectrochemical cell with a p-type silicon cathode to
generate hydrogen. A more efficient process for hydrogen
generation in such a cell involved the use of an electrode coated
with a polymer containing the 1-methylferrocenophane (11.3;

R = Me) bound to poly(chloromethylstyrene) [149].

The bridge geometries in [1.1]ferrocenophane (11.3; R = H)
and the carbocation and the carbanion derived from it have been
the subject of a theoretical study using INDO-SCF calculations.
The possibility of C-H-C hydrogen bonding in the carbanion was
considered but was unlikely in view of the large calculated
distance between the two bridge carbon atoms. The 1H NMR spectrum
of this species was best interpreted in terms of rapid proton
exchange between two bridge carbons. Calculations of the ground
state charge distribution for the carbocation and carbanion
indicated that the ionic bridges were highly conjugated and
the ionic charge was distributed over the ferrocene groups in
each case [150].

The liberation of hydrogen gas from solutions of [1.1]-
ferrocenophane (11.3; R = H) in acids has been the subject of
an INDO-SCF investigation. It was concluded that hydrogen was
formed by homolytic cleavage of metal-hydrogen bonds from a
high energy twisted conformation which gave a stable dication
and hydrogen [151].

Cyclic voltammetry of the biferrocenes (11.4; R = H, Me)
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and the biferrocenylenes (11.5; R = H, Me) indicated a small
first oxidation potential and a large second potential for (11.4)
while the biferrocenylenes (11.5) showed the reverse. The mono-
oxidized form of the biferrocene (11.4) was shown by Moessbauer
spectroscopy to be a mixed valence species while the dioxidized
form of the biferrocenylene (11.5) contained only Fe(III) [152].

Ferrocenylenecobaltocenylenium chloride and hexafluoro-
phosphate (11.6; X = C1, PFG_) have been prepared and their
magnetic properties examined [153].

The 2,2'- and 3,3'-trimethylene[1.1]ferrocenophanes (11.7
and 11.8) respectively have been prepared and characterized.

NMR spectroscopy demonstrated that the 2,2'-bridged ferrocenophane

eaeli
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(11.7) had rigid [1.1) methylene groups while the 3,3'-bridged
compound (11.8) showed rapid interconversion of the [1.1]methylene
protons. Ring tilting in these compounds was discussed and

the redox potentials were determined [154]

The crystal and molecular structure of the dimercurio-
ferrocenophane dication (10.14; n = 2) has been determined by
X-ray cryétallography. The Hg...N distance indicated secondary
interaction [155].

The reaction of 1,1'-bis(chloroformyl)ferrocene with the
diols HOCH2XCH20H, where X = (CHZOCHZ)n' 2,6-pyridinylene,
2,5-furanylene, 2,5-thiophenylene, 1,3-phenylene, CHZSCHZ'

n =0 - 3, afforded the ferrocenophanes (11.9) together with

the diols (11.10). Further reaction of the diols (11.10) with
1,1'-bis(chloroformyl)ferrocene produced the crown ethers (11.11).
The ability of the cyclic molecules (11.9 and 11.11) to complex
with metal ions was investigated [156].

The ferrocenophane (11.12) has been prepared by reaction
of hydroguinone with 1,1'-bis(chloroformyl)ferrocene [157].

Ring expansion of the [1]ferrocenophane (11.13) was achieved
by treatment with phenyllithiﬁm and then (n—C5H5)Fe(CO)ZI to
form the [2]ferrocenophane (11.14) and its carbonyl insertion
product (11.15) in addition to acyclic products. The crystal
and molecular structure of [2]ferrocenophane (11.14) was deter-
mined by X-ray crystallography [158].

[2]Ferrocenophanes were oxidized with iodine in benzene

and the resultant polyiodides were studied by Moessbauer
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spectroscopy. A high quadrupole splitting value of 3.70 mm s_1
was obtained and it was concluded that there was strong direct
interaction between the iron and iodine atoms [159].

Reaction of 1,3-di(hydroxymethyl)ferrocene with m- and
p-di(mercaptomethyl)benzene in the presence of trifluoroacetic
acid gave the corresponding sulphides. Desulphurization of
these sulphides produced the ferrocenophanes (11.16 and 11.17)
respectively. The structures of the ferrocenophanes (11.16
and 11.17) were determined by X-ray analysis [160].

1-Dimethylaminomethyl-2-iodoferrocene was used as the starting
material in an eight-step synthesis of the ferrocenophane (11.18;
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R1 = R2 - H). X-ray analysis indicated that this molecule had

a centrosymmetrical chair conformation. The ketone (11.19)
was reduced to a mixture of the endo- and exo-alcohols (11.18;

R1 = H, R2 = OH; R1 = OH; R2 = H) [161].

Q

Fe Fe

o
o
N
o
O

G-+

11.18 11.19
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The crystal and molecular structure of [3]ferrocenophane-
1,3-dione (11.20) has been determined by X-ray crystallography.
The two cyclopentadienyl rings were tilted by 9.8° with respect
to each other and the bond angles in the bridge were 3-6° less
than normal [162].

0

©)
©

11.20

The ferrocenophane (11.21) has been prepared from the bis-
phosphonium salt (11.22) by a two-fold Wittig reaction followed
by a titanium mediated coupling of the resultant dialdehyde
(11.23). The ferrocenophane (11.21) was examined by 1H NMR
spectroscopy and was found to exist as two mirror images with
opposite helicity [163].

Methylmagnesium iodide attacked 3-phenyl[5]ferrocenophane-
1,5-dione to give the 1,1,5,5-tetramethyl derivative which was
in turn subjected to Friedel-Crafts acetylation to form the
3-(p-acetylphenyl) derivative in 12% yield. 1In this last reaction
the two methyl groups on the terminal-bridge carbon atom inhibited
G-acylation of the ferrocenophane. NMR evidence was used to
discuss the conformations of the ferrocenophanes [164, 165].

The structural features of several di- and tri-bridged
ferrocenophanes have been determined and compared. Thus the
structures of the bis(tetramethylene)} (11.24), tris(tetramethylene)
and tris(pentamethylene) (11.25; n = 4, 5) compounds have been
obtained and compared with the previously determined structure
of the tris(trimethylene) compound (11.25; n = 3). The metal

to cyclopentadienyl ring distances were found to be consistent
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with the Moessbauer spectra and redox potentials of the compounds.
The compounds (11.25; n = 3, 5) had eclipsed cyclopentadienyl

rings while the compounds (11.24; 11.25; n = 4) showed rings
staggered by 12-14°. The shortness of the bridges was the dominant
factor in determining the structure of the tris(trimethylene)
compound (11.25; n = 3) while the requirement to avoid eclipsed
bridge hydrogens was dominant for the compounds (11.24; 11.25;

n =4, 5) [166].

The ferrocenophane (11.26) and some related tetrabridged
ferrocenophanes have been prepared by cyclization of 2-[4][4]1[3]-
(1,3,4)ferrocenophanepropanoic acid with polyphosphate ester.

The crystal structure of the ferrocenophane (11.26) was determined
by X-ray diffraction. The two n-cyclopentadienyl rings were
eclipsed and almost parallel and the distances between theorings
and the iron atom were unusually short at 1.589 and 1.591 A

[167].

Aluminium chloride has been found to promote bridge rearrange-
ments in multibridged ferrocenophanes. The cyclization of the
butanoic acids (11.27 and 11.28) with AlCla/NEt3/ClC02Et gave
no tetrabridged ferrocenophane but three dibridged ferrocenophanes
(11.29, 11.30 and 11.31) each containing two six-membered rings
which were formed via homoannular cyclization of the side chains

followed by rearrangement of the existing tetramethylene bridges

[168].
@ COZH

Fe Fe
11.26 11.27
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The NMR spectra of the ferrocenophanes (11.29, 11.30 and
11.31) and related compounds were discussed [169].
Complexation of the crown ether ferrocenophanes (11.32;
n = 3, 4) with alkali metal cations caused 1H and 13C NMR chemical
shift changes which arose from conformational changes and elec-
tronic field effects. The crystal and molecular structure of
one complex, (11.32; n = 3) with NaSCN, was determined by X-ray

crystallography. The iron atom was not involved in complex
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formation [170].
Two ferrocene containing crown ethers (11.33 and 11.34)
have been prepared and their ability to complex with alkali
metal cations was examined. The crown ether (11.34) exhibited
selectivity for k' and Rb' ions in competitive extraction [171].
Several polythia[n]rué%enocenophanes have been prepared
and some comparisons made with the corresponding polythialn]-
ferrocenophanes [172].
The dioxathiaferrocenophanes [11.35; X = S(CHZCHZS)1'2'3]
have been obtained by treatment of 1,1'-bis(2-chloroethoxy)-
ferrocene with NaSCHZCHZSNa. The binuclear tetrathiaferroceno-
phane (11.36) was formed in the same reaction. The ferrocenophanes
[11.35; X = S(CHZCHZS)1 2] were effective in selectively extracting
Hg2+ and Cu2+ ions from’the aqueous metal picrates. The extraction
of alkali metal, alkaline earth and transition metal cations
was examined [173].
Alkylation of disodium ferrocenedithiolate (11.37) with
1,2-dibromoethane gave the [4]ferrocenophane (11.38) while treat-
ment with the mixed halides Br(CH

the dichloro compounds (11.39; n

2)nCl, where n = 2, 3 gave

=1, 2). Cyclization of one

of these compounds (11.39; n = 2) was achieved with sodium sulphide

to form the [7]ferrocenophane (11.40). The large ring compound

(11.41) was obtained from the dichloro ferrocene (11.39; n = 2)

and HSCHZCHZSH.- Several related reactions were reported [174].
1,1'-Ferrocenedithiol has been treated with «¢,w-dibromo-

polyethers tc form polyoxadithia[n]ferrocenophanes and polyoxa-
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tetrathia[n.n)ferrocenophanes. These ferrocenophanes were effect-
ive in forming complexes with Ag+ but did not combine with alkali
metal or alkaline earth metal cations. The silver complex showed
evidence of Fe-Ag electron-transfer interaction [175].

Pyramidal inversion of sulphur atoms in ferrocenylsulphide-
palladium(II) and -platinum(II) complexes (11.42; M = P4, Pt;
X =¢Cl, Br; R = i-Pr, i-Bu, Ph) has been investigated by variable
temperature NMR spectroscopy. At temperatures down to -100°c
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sﬁlphur inversion was slowed sufficiently to give energy data
while reversal of the ferrocenophane ring remained fast on the
NMR time scale. AG” values for the sulphur inversion were in
the range 47 to 65 kJ mol_1 and were dependent on the nature
of the metal, the halogen and the substituent R [176].

Several ferrocenylsulphides (11.43; R = Me, i-Pr, i-Bu,
i-pentyl, Ph, PhCH2) have been prepared by treatment of lithiated
ferrocene with the appropriate disulphide. The sulphides were
effective in forming bimetallic chelate complexes with palladium
and platinum halides. Ferrocene dialkyldithiocarbamates (11.44;

R = Me, Et, i-Pr) were also reported [177].
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12. FERROCENE-CONTAINING POLYMERS
A series of vinylferrocene-methyl methacrylate copolymers

has been prepared and their absorption from toluene and chloroform
onto pyrogenic silicas was measured. The level of absorption
depended on the composition of the copolymer, the solvent and
the surface area of the silica. High molecular weight copolymer
was preferentially absorbed [178].

Copolymers of vinylferrocene with acrylonitrile, maleic
anhydride, N-vinylcarbazole, 2-vinylnaphthalene and acenaphthylene

were coated on platinum and semiconductor electrodes such as

©

CH,,CH NH,,
Fe
CH, CH,NH,, ,
OCNRNCO
12.1 \\
c1cor’ cocl - 5 1
CH,,CH ,NHCONHR “NHCO —
Fe
—— NHCH,,CH
| - N — n
12.3
)
CH,,CH,NHCOR ' CO —
Fe
- HNCH.,CH
L 272 _n 12.2
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SnO2 and In203. The photochemical properties of these copolymer
films were investigated. The photovoltage and the photocurrent
were higher on the semiconductor electrodes [179, 180].

Electrically conducting polymers have been obtained from
insulating polymers by electrochemical oxidation of a neutral
polymer in solution with its concurrent precipitation. Thus
anodic oxidation of a solution of poly(vinylferrocene) gave
a deep blue polymeric precipitate containing a partially oxidized
mixed-valence salt with ferrocene and ferrocenium ion groups
[181].

Semiconducting 1,1'-ferrocenylene polymers have been prepared
by doping the polymer with, for example, arsenic(V) fluoride
[182].

1,1'-Bis(B-aminoethyl)ferrocene (12.1) has been condensed
with a variety of diacid chlorides and diisocyanates to give
the corresponding ferrocene containing polyamides [12.2;

R1 = ?_C6H4’ -(CH2)4—, —(CH2)8~] and polyureas (12.3; R2 =

p-C.H,CH,C_H 2,4-MeC [183].

6H4CH Cglly s 6H3)

13. APPLICATIONS OF FERROCENE

(i) Ferrocene catalysts and photosensitizers

Ferrocenium tetrafluoroborate has been used as a catalyst
n1—(E)—
n'-(E)-
COCMe=CMePh] at 0°C in the presence of carbon monoxide. The
complexes [13.1; L = n1—(E)—C(C02Me)=CHMe, n1—(E)—CMe=CMeCH—

for the conversion of the n1—alkenyl complex [13.1; L

CMe=CMePh] to the corresponding acyl complex [13.1; L

PPh

Fe
CO.P(OPh)3.L

PPh

13.1 13.2
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(COZEt)z] did not undergo carbonyl insertion under the same
conditions {184].

The nickel(II) chloride complex of 1,1'-bis(diphenyl-
phosphino)ferrocene (13.2) has been used as a catalyst for the
silylation of (E)—MeCH:CHCHzMgBr with HSiMeth and HSiMezPh
to give (E)-MeCH=CHCH,SiMePhR, where R = Me, Ph, with high
selectivity [185].

Ferrocene has been used to catalyze the decomposition of
aryldiazonium salts, X.C_H,N *BF ~, where X = H, p-MeO, to form

67472 4

the radicals X'C5H£ which were used in organic reactions [186].

Ferrocene-acid anhydride systems have been used as polymer-

2

ization initiators for vinyl monomers. The rate of polymerization
of methyl methacrylate in the presence of ferrocene-benzoic
anhydride was proportional to the square concentrations of both
compounds of the initiator system [187].

Ethanol and acetaldehyde were prepared from methanol, carbon
monoxide and hydrogen under pressure at 50-350°C in the presence
of a catalyst system containing cobalt carbonyl and a promoter
selected from organosulphur compounds, nitrogen containing
compounds, and 1,1'-bis(diphenylphosphino)ferrocene (13.2) [188].

The chemical and physical properties of soot as a function
of fuel molecular structure in a swirl-stabilized combustor
have been investigated. The fuels used contained 0.05 wt %
ferrocene as a smoke suppressant [189].

The electrostatic and imaging properties of an electro-
photographic photoreceptor were improved by using ferrocene
and dimethylferrocene mixed with a polycarbonate in a protective
layer over a selenium light sensitive layer [190]. The importance
of charge transfer interaction between the ferrocene and the
polycarbonate has been emphasised [199]. The protective layer
was not uniform but carried a higher proportion of ferrocene
at the face adjacent to the light sensitive layer [192].

Addition of ferrocene to polyphenylquinoxaline enhanced
the electrical conductivity which was induced by pulse irradiation
with 65 keV electrons [193].

A secondary battery has been developed containing ferrocene.
The battery consisted of a polyethylene outer ‘casing, stainless
steel current collector and a semipermeable membrane separating
the anode and cathode compartments. The anode compartment

contained polypyrrole and ferrocene in an electrolyte of lithium
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perchlorate, methyl cyanide and propylene carbonate- [194].

The electrical and physical properties of a silver-iodine
battery containing ferrocenium polyiodide have been evaluated
[195].

The determination of triphenylhydroxysilane has been carried
out by dissolving the sample in acetone containing 0.05-0.07 wt %
{octyloxy)silylferrocene followed by gas chromatography on a
silicone stationary phase [196].

Ferrocene and a Lewis acid diazonium salt have been used
as a catalyst system for the rapid curing of a two-pack epoxy
or acrylic resin based adhesive [197].

(ii) Ferrocene stabilizers and improvers

Highly porous, low density spheres based on inorganic materials
have been formed for use in the preparation of hygroscopic,
flammable or radioactive articles. The spheres were formed
from a mixture of powdered copper, polystyrene binding agent
and napthalene with ferrocene as a blowing agent. The cold
compressed spheres were heated to volatilize the blowing agent
and then sintered at 600-700°C to give the product with density
0.4-0.7 g cm™> [198].

The addition of ferrocene to the components used in the
manufacture of carbon fibre increased the tensile strength of
the carbon fibre [199].

A small quantity of ferrocene was one of the additives
in an anaerobic two component adhesive [200].

The addition of 0.5 wt % of a-ferrocenylethanol or diferro-
cenyldisulphide to o0il increased the lubricating properties
[207].

(iii) Combustion control

The incorporation of ferrocene compounds as burning rate
modifiers into ammonium perchlorate has been regarded as a poten-
tially hazardous operation. Isothermal and dynamic thermograv-
imetry was used to determine the stability and half-life of
a ferrocene additive under processing conditions. Exothermic
decomposition peaks were observed at lower temperatures in the
mixture than for the pure compounds [202].

The flammability of polystyrene and polypropylene has been
studied in the presence of metal chelates, chlorinated
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hydrocarbons and ferrocene. Flammability was reduced, char

was increased and the formation of smoke was suppressed [203].
Addition of a small proportion of ferrocene and t-butyl-

acetate into gasoline gave a difference in octane number require-

ment increase of 4.5-6 units [204].

(iv) Biochemical and biological applications

The oxidation of ferrocytochrome ¢ by six ferrocenium ion
derivatives and the reduction of ferricytochrome ¢ by decamethyl-
ferrocene have been investigated. The rates of these reactions
were first order in protein and in ferrocenium ion or ferrocene
concentration [205].

The use of carbon monoxide: acceptor oxidoreductase from

Pseudomonas thermocarboxydovorans strain C2 as a carbon monoxide

sensor has been investigated. The enzyme catalysed the oxidation
of carbon monoxide to carbon dioxide in the presence of various
electron acceptors which included ferrocenium carboxylic acid

and 1,1'-dimethylferrocenium ion [206].

A ferrocene-mediated enzyme electrode has been developed
for the amperometric determination of glucose. In the electrode
ferrocenium ion was used as the mediator of electron transfer
between immobilized glucose oxidase and a graphite electrode.

A linear current response proportional tc the glucose concentration
was found in diabetic blood samples. The effects of oxygen,
pH and temperature on the electrode were determined [207].

The growth of Ehrlich ascites tumours in rats was inhibited
5H5)2Fe]+x_, where X = FeCl4_;
2,4,6—(N02)3C6H20 H CCl3C02_.2CCl3C02H. However, ferrocene
and tetrachloroferrate salts, [R4N]+[FeCl4]°, showed little
activity [208].

Carbamate derivatives of ferrocene have been used as prophyl-

by ferrocenium salts, [{n-C

actic agents in the soman poisoning of mice. Administration

of the ferrocene carbamate 30 min. before dosing with soman

gave a six-fold decrease in acute toxicity. The ferrocene

carbamates inhibited the brain acetylcholinesterase [209].
Phenethylamine, tryptamine and other arylalkylamines have

been derivatized with N—succinimidyl—3—ferrocenylpfopionate

and determined by HPLC using electrochemical detection. The

technique may be applicable to the determination of amino compounds

in body fluids [210].
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The iodopropargylammonium salt (13.3; X = halide) has been

prepared and tested as a fungicide. It was a better fungicide
than 1,2,3,6-tetrahydro-N-[ (trichloromethyl)thio]phthalamide
[2111.

CHZﬁMezcn c=CI

2
X"
Fe
13.3
14. REFERENCES
. H. sakurai, J. Organometal. Chem., 271 (1984) 1X.

2. E. G. Perevalova, M. D. Reshetova and K. I. Grandberg,
Methods of Organometallic Chemistry: Organoiron Compounds:
Ferrocene, Nauka, Moscow, USSR, (1983) 544 pp.

3. S. Wang and Z. Tang, Kexue Tongbao (Foreign Lang. Ed.)

29 (1984) 987.

4. K. Sato, M. Konno and H. Sano, Chem. Lett., (1984) 17.

5. M. F. Daniel, A. J. Leadbetter and M. A. Mazid, J. Chemn.
Soc., Faraday Trans. 2, 79 (1983) 1663.

6. P. L. Bellon, F. Demartin, V. Scatturin and B. Czech, J.
Organometal. Chem., 265 (1984) 65.

7. G. V. Gridunova, V. E. Shklover, Yu. T. Struchkov and
L.. P. Asatiani, 2Zh. Strukt. Khim., 24 (13983) 93.

8. K. Sato, M. Iwai, H. Sano and M. Konno, Bull. Chem. Soc.
Jpn., 57 (1984) 634.

9. K. Sato, M. Katada, H. Sano and M. Konno, Bull. Chem. Soc.,
Jpn., 57 (1984) 2361.

10. Y. Zhang, Z. Chen, 2. Cai, K. Pan, G. Zhang and Z. Zhang,

Jiegou Huaxue, 2 (1983) 210; Chem. Abstr., 101 (1984)
120821.



11.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.
31.

196

J. C.. A. Boeyens, F. B. D. Khan and E. W. Neuse, S. Afr.

J. Chem., 37 (1984) 187.

S. Ikuta, I. Motoyama and H. Sano, Radiochem. Radioanal.
Lett., 58 (1983) 329.

M. C. Boehm, J. Chem. Phys. 80 (1984) 2704.

M. C. Boehm, Z. Naturforsch., A: Phys. Phys. Chem. Kosmophys.,
39A (1984) 223,

W. C. Herndon and I. Agranat, Isr. J. Chem., 23 (1983)

66.

J. Wang, Fenzi Kexue Yu Huaxue Yanjiu, 4 (1984) 411; Chem.
Abstr., 102 (1985) 23823.

S. R. Logan and G. A. Salmon, J. Chem. Soc., Perkin Trans 2,
(1983) 1781.

R. Gleiter, M. C. Boehm and R. D. Ernst, J. Electron
Spectrosc. Relat. Phenom., 33 (1984) 269.

T. Vondrak, J. Organcmetal. Chem., 275 (1984) 93.

A. Modelli, G. Distefano, M. Guerra and D. Jones, Lect.
Notes Chem., 35 (1984) (Wavefunct. Mech. Electron Scattering
Processes), 19; Chem. Abstr., 101 (1984) 137388.

A, Stebler, A. Furrer and J. H. Ammeter, Inorg. Chem.,

23 (1984) 3493.

D. Bickar, B. Lukas, G. Neshvad, R. M. G. Roberts and J.
Silver, J. Organometal. Chem., 263 (1984) 225.

D. L. Uhrich and R. P. Marande, Mol. Cryst. Lig. Cryst.,
111 (1984) 171.

R. M. G. Roberts and J. Silver, J. Organometal. Chem.,

263 (1984) 235,

R. M. G. Roberts, J. Silver and B. Yamin, J. Organometal.
Chem., 270 (1984) 221.

M. Watanabe, K. Sato, I. Motoyama and H. Sano, Chem. Lett.,
(1984) 1317.

H. Schaefer-Stahl, Synth. Met., 8 (1983) 61.

R. D. Ernst, D. R. Wilson and R. H. Herber, J. Am. Chem.
Soc., 106 (1984) 1646.

A. Perjessy and S. Toma, Acta Fac. Rerum Nat. Univ.
Comenianae, Chim., 31 (1983) 1; Chem. Abstr., 101 (1984}
72898.

T. Nomura, Bull. Chem. Soc. Jpn., 56 (1983) 2937.

T. E. Bitterwolf and M. J. Golightly, Inorg. Chim. Acta,

84 (1984) 153.



196

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

B. McCulloch and C. H. Brubaker, Organometallics, 3 (1984)
1707.

G. A. Shvekhgeimer, V. I. Zvolinskii, K. I. Kobrakov,

A. M. Krapivin and L. V. Balabanova, Dokl. Akad. Nauk
SSSR, 276 (1984) 386.

R. J. Ranson and R. M. G. Roberts, J. Organometal. Chem.,
260 (1984) 307.

G. Neshvad, R. M. G. Roberts and J. Silver, J. Organometal.
Chem., 260 (1984) 319.

P. D. Beer, J. Elliot, P. J. Hammond, C. Dudman and C. D.
Hall, J. Organometal. Chem., 263 (1984) C37.

L. Baltzer, E. D. Becker, B. A. Averill, J. M. Hutchinson
and O. A. Gansow, J. Am. Chem. Soc., 106 (1984) 2444.

T. Nozawa, M. Hatano, M. Sato, Y. Toida and E. Batholdi,
Bull. Chem. Soc. Jpn., 56 (1983) 3837.

M. H. G. Jacobs, P. J. Van Ekeren and C. G. De Kruif,

J. Chem. Thermodyn., 15 (1983) 619. .

M. Sorai and Y. Shiomi, Mol. Cryst. Lig. Cryst., 107 (1984)
271.

K. Chhor, C. Pommier and M. Diot, J. Chem. Thermodyn.,

16 (1984) 503.

K. E. Lewis and G. P. Smith, J. Am. Chem. Soc., 106 (1984)
4650.

L. M. Dyagileva, E. I. Tsyganova and Yu. A. Aleksandrov,
Zh. Fiz. Khim., 58 (1984) 1030.

E. Lorbeer and M. Widhalm, J. High Resolut. Chromatogr.
Chromatogr. Commun., 7 (1984) 536.

M. Cais and M. Shimoni, Belg. Pat., Belg. BE 897508, 1983,
Dec. 1; Chem. Abstr., 100 (1984) 220864.

L. Ogierman, A. Palka, B. Czech and A. Ratajczak, J.
Chromatogr., 268 (1983) 144.

R. N. Bhattacharya and K. Rajeshwar, J. Electrochem. Soc.,
131 (1984) 2032.

J. F. Gibbons, G. W. Cogan, C. M. Gronet and N. S. Lewis,
(Sera Solar Corp.), US Pat. 4459343, 1984 Jul. 10; Chem.
Abstr., 101 (1984) 114036. '

IUPAC Commission on Electrochemistry (UK), Pure Appl. Chem.,
56 (1984) 461.

0. B. Khachaturyan, N. E. Khomutov and T. A. Khachaturyan,
Zh. Fiz. Khim., 58 (1984) 640



197

51. K. M. Kadish, J. Q. Ding and T. Malinski, Anal. Chem.,
56 (1984) 1741.

52. A. K. Srivastava and L. M. Mukherjee, J. Electroanal. Chem.
Interfacial Electrochem., 160 (1984) 209.

53. J. Georges and S. Desmettre, Electrochim. Acta, 29 (1984)

521.
54. J. T. Hupp and M. J. Weaver, J. Electrochem. Soc., 131
(1984) 619.

55. S. Dong, B. Liu and J. Bi, Kexue Tongbao, 29 (1984) 1033;
Chem. Abstr., 102 (1985) 14007.

56. C. D. Ellis and T. J. Meyer, Inorg. Chem., 23 (1984) 1748.

57. S. Dbong, B. Liu, G. Cheng, S. Li and H. Chen, Huaxue Xuebao,
42 (1984) 779; Chem. Abstr., 101 (1984) 218373.

58. A. L.Cordry, Diss. Abstr. Int. B, 45 (1984) 544.

59. S. Nakahama and R. W. Murray, J. Electroanal. Chem. Inter-
facial Electrochem., 158 (1983) 303.

60. D. R. Rolison and R. W. Murray, J. Electrochem. Soc., 131
(1984) 337.

61. W. E. Britton and F. Assubate, J. Electroanal. Chem.
Interfacial Electrochem., 178 (1984) 153.

62. D. A. Buttry, J. M. Saveant and F. C. Anson, J. Phys. Chem.,
88 (1984) 3086. '

63. TI. Rubinstein, J. Electroanal. Chem. Interfacial Electrochen.,
176 (1984) 359.

64. T. Shinbo, T. Yamaguchi, M. Sugiura, N. Kamo and Y. Kobatake,
J. Membr. Sci., 20 (1984) 285.

65. Anon. (Matsushita Electric Industrial Co.) Jpn. Pat. 59
66057, 1984 Apr. 14; Chem. Abstr., 101 (1984) 154927.

66. Anon. (Matsushita Electric Industrial Co.) Jpn. Pat. 59
66058, 1984 Apr. 14; Chem. Abstr., 101 (1984) 154926.

67. Anon. (Matsushita Electric Industrial Co.) Jpn. Pat. 59
66059 [84 66059), 1984 .Apr. 14; Chem. Abstr., 101 (1984)
174687.

68. Anon. (Matsushita Electric Industrial Co.) Jpn. Pat. 59
46760, 1984 Mar. 16; Chem. Abstr., 100 (1984) 199844.

69. C. Degrand, J. Besancon and A. Radecki-Sudre, J. Electroanal.
Chem. Interfacial Electrochem., 160 (1984) 199.

70. A. G. Nagy and S. Toma, J. Organometal. Chem., 266 (1984) 257.

71. M. A. El-Hashash, S. El-Nagdy and R. Saleh, Indian J. Chenmn.,
Sect. A, 22A (1983) 605.



198

72.

73.
74.
75.
76.
77.
78.
79.
80.
81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

M. G. Peterleitner, L. I. Denisovich, A. Z. Kreindlin,

S. S. Fadeeva, M. I Rybinskaya and D. V. Zagorevskii,

Izv. Akad. Nauk SSSR, Ser. Khim., (1983) 2814.

D. Borchardt and S. Wherland, Inorg. Chem., 23 (1984) 2537.
E. A. Golubova, V. M. Denisov, G. V. Volkova and A. F.
Zolotov, Deposited Doc., 1983 VINITI, 5767; Chem. Abstr.,
102 (1985) 12623.

J. Georges and A. Berthod, J. Electroanal. Chem. Interfacial
Electrochem., 175 (1984) 143.

K. Hoshino, T. Saji, Y. Ohsawa and S. Aoyagqui, Bull. Chem.
Soc. Jpn., 57 (1984) 1685.

P. Bickert, B. Hildebrandt and K. Hafner, Organometallics,
3 (1984) 653. .

K.-P, Stahl, G. Boche and W. Massa, J. Organometal. Chem.,
277 (1984) 113.

L. Y. Hsu, S. J. Hathaway and L. A. Paquette, Tetrahedron
Lett., 25 (1984) 259.

W. Kuei, Huaxue Shijie, 25 (1984) 164; Chem. Abstr., 101
(1984)-171444.

D. B. Jacobson and B. S. Freiser, J. Am. Chem. Soc., 106
(1984) 3900.

V. A, Isaenko, S. P. Gubin and M. Ya. Nikulin, Izv. Sib.
Otd. Akad. Nauk SSSR, Ser. Khim. Nauk, (1984) 76; Chem.
Abstr., 101 (1984) 91165.

A. Jaworska-Augustyniak and J. Wojtczak, Transition Metal
Chem., 9 (1984) 303.

D. Catheline and D. Astruc, J. Organometal Chem., 272 (1984)
417.

I. Yu. Kozak, G. N. Yashchenko and A. K. Sheinkman, Khim.
Geterotsikl. Soedin., (1984) 996; Chem. Abstr., 101 (1984)
171451,

A. Harada and S. Takahashi, J. Chem. Soc., Chem. Commun.,
(1984) 645.

J. Almlof, K. Faegri, B. E. Schilling and H. P. Luethi,
Chem. Phys. Lett., 106 [1984) 266.

J. C. Boeyens, P, C, Lallooc, E. W. Neuse and H. H. Wei,

S. Afr. J. Chem., 37 (1984) 32.

H. Grimes and S. R. Logan, Inorg. Chim. Acta, 45 (1980) L223.
E. W. Neuse, R. Loonat and J. C. A. Boeyens, Transition
Metal Chem. (Weinheim, Ger.) 9 (1984) 12.



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

199

V. I. Gulimov, I. D. Vlasova and T. P. Vishnyakova, Izv.
Vyssh. Uchebn. Zaved., Khim. Khim. Tekhnol., 27 (1984)
734.

E. S. Boichinova, R. G. Safina and V. M. Munina, Zh. Prikl.
Khim., 57 (1984) 406.

L. Zhang, Y. Zhang, M. Wu, D. He and G. Zhang, Gaodeng
Xuexiao Huaxue Xuebao, 5 (1984) 287; Chem. Abstr., 101
(1984) 211433.

R. Kh. Freidlina, R. G. Gasanov, I. I. Kandror, B. V.
Kopylova and L. V. Yashkina, Izv. Akad. Nauk SSSR, Ser.
Khim., (1983) 2654.

A. G. Ewing, B. J. Feldman and R. W. Murray, J. Electroanal.
Chem. Interfacial Electrochem., 172 (1984) 145.

D. Catheline and D. Astruc, J. Organometal. Chem., 266
(1984) C11.

M. F. Moore, S. R. Wilson and D. N. Hendrickson, Inorg.
Chem., 23 (1984) 2919.

M. J. Cohn, M. D. Timken and D. N. Hendrickson, J. Am.
Chem. Soc., 106 (1984) 6683.

S. Iijima and Y. Tanaka, J. Organometal. Chem., 270 (1984)
c11.

D. R. Talham and D. 0. Cowan, Organometallics, 3 (1984)
1712.

V. N. Postnov, Yu. N. Polivin and V. A. Sazonova, Dokl.
Akad. Nauk SSSR, 271 (1983) 1399.

V. N. Postnov, Yu. N. Polivin and V. A. Sazonova, Dokl.
Akad. Nauk SSSR, 276 (1984) 617. X

E. I. Klimova, A. N. Pushin and V. A. Sazonova, J. Organo-
metal. Chem., 270 (1984) 319.

V. N. Postnov, Yu. N. Polivin, D. V. Bazhenov and V.'A.
Sazonova, Dokl. Akad. Nauk SSSR, 276 [1984) 373.

V. I. Boev and A. V. Dombrovskii, 2Zh. Obshch. Khim., 54
(1984) 970.

C. L. Sterzo and G. Ortaggi, Gazz. Chim. Ital., 113 (1983)
721.

C. L. Sterzo and G. Ortaggi, Tetrahedron, 40 (1984) 593.
A. A, Koridze and N. M. Astakhova, Izv. Akad. Nauk SSSR,
Ser. Khim. (1984) 711.

A. Clearfield, C. J. Simmons, H. P. Withers and D. Seyferth,
Inorg. Chim. Acta, 75 (1983) 139.



200

110. C. Guimon, D. Gonbeau, G. Pfister-Guillouzo, G. De Lauzon
and F. Mathey, Chem. Phys. Lett., 104 (1984) 560.

111. B. Deschamps, F. Mathey, J. Fischer and J. H. Nelson,
Inorg. Chem., 23 (1984) 3455.

112. P. Lemoine, M. Gross, P. Braunstein, F. Mathey, B. Deschamps
and J. H. Nelson, Organometallics, 3 (1984) 1303.

113. H. R. Allcock, K. D. Lavin, G. H. Riding and R. R. Whittle,
Organometallics, 3 (1984) 663.

114. B. Gautheron and G. Tainturier, J. Organometal. Chem.,
262 (1984) C30.

115. G. Z. Suleimanov, P. V. Petrovskii, Yu. S. Bogachev,
I. L. Zhuravleva, E. I. Fedin and I. P. Beletskaya, J.
Organometal. Chem., 262 (1984) C35.

116. G. Z. Suleimanov, Yu. S. Bogachev, L. T. Abdullaeva, I.
L. Zhuravleva, Kh. S. Khalilov, L. F. Ryabakova, N. N.
Shapet'ko and I. P. Beletskaya, Dokl. Akad. Nauk SSSR,
276 [1984) 378.

117. D. A. Lemenovskii, I. F. Urazowski, T. A. Baukova, I.
L. Arkhipov, R. A. Stukan and E. G. Perevalova, J. Organo-
metal. Chem., 264 (1984) 283.

118, F. H. Koehler, W. A. Geike, P. Hofmann, U. Schubert and
P. Stauffert, Chem. Ber., 117 (1984) 904.

119. M. Wenzel and G. Schachschneider (Byk-Mallinckrodt Cil
B. V.), Ger. Pat. DE 3244886, 1984 Jun. 07; Chem. Abstr.,

] 101 (1984) 171753,

120. M. Wenzel, G. Schachschneider and P. Asindraza, Ger. Pat.
DE 3218859, 1983 Nov. 17; Chem. Abstr., 100 (1984) 156820.

121. M. Wenzel, P. Asindraza and G. Schachschneider, J. Labelled
Compd. Radiopharm., 20 (1983) 1061.

122. T. Hayashi, M. Konishi, Y. Kobori, M. Kumada, T. Higuchi
and K. Hirotsu, J. Am. Chem. Soc., 106 (1984) 158.

123. M. Onishi, K. Hiraki and A. Iwamoto, J. Organometal. Chem.,
262 (1984) c11.

124. S. B. Colbran, B. H. Robinson and J. Simpson, Organometallics,
3 (1984) 1344.

125. A. Ratajczak, B. Czech, J. Drzymala and Z. Kaluski, Pol.
J. Chem., 56 (1982) 101.

126. J. C. Barborak and J. M. Chance, J. Org. Chem., 49 (1984)
703.



201

127. S. Toma and V. Kaliska, Acta Fac. Rerum Nat. Univ.
Comenianae, Chim., 32 (1984) 147.

128. A. 2. Kreindlin, S. S. Padeeva and M. I. Rybinskaya, Izv.
Akad. Nauk SSSR, Ser. Khim., (1984) 403.

129. E. A. Kalennikov, Khim. Khim. Tekhnol (Minsk), 16 (1983)
77; Chem. Abstr., 100 (1984) 139293.

130. R. Yin and X. Zhen, Lanzhou Daxue Xuebao, Ziran Kexueban,
19 (1983) 41; Chem. Abstr., 100 (1984) 103578.

131. V. I. Boev and A. V. Dombrovskii, 2Zh. Obshch. Khim., 54
(1984) 1617.

132. J. Mirek and B. Kawalek, Pol. J. Chem., 56 (1982, pub.
1983) 1121; Chem. Abstr., 101 (1984) 23660.

133. V. Rapic and I. Habus, Croat. Chem. Acta, 57 (1984) 265.

134, V. Rapic and L. Korontos, J. Organometal. Chem., 260 (1984)
219.

135. G. Zhang, Z. Zhang, Y. Zhang and Z. Chen, Wuhan Daxue
Xuebao, Ziran, Kexueban, (1984) 95; Chem. Abstr., 102
(1985) 24770.

136. A. Lombardo and T. I. Bieber, J. Chem. Educ., 60 (1983)
1080.

137. V. I. Sokolov, N. S. Khrushcheva, L. L. Troitskaya and
O. A. Reutov, Dokl. Akad. Nauk SSSR, 274 (1984) 342.

138. V. P. Tverdokhlebov, T. V. Subbotina and I. V. Tselinskii,
Zh. Obshch. Khim., 53 (1983) 2392.

139. A. M. Hundekar and D. N. Sen, Indian J. Chem., Sect. A,
23A (1984) 477. '

140. C. A. Bunton, F. Davoudzadeh, M. H. Jagdéle and W. E. Watts,
J. Chem. Soc., Perkin Trans. 2, (1984) 359.

141. V. I. Boev and A. V. Dombrovskii, Zh. Obshch. Khim., 54
(1984) 1192.

142, V. I. Boev and A. V. Dombrovskii, Zh. Obshch. Khim., 54
(1984) 1863.

143. M. Herberhold and L. Haumaier, Angew. Chem., 96 (1984) 504.

144, V. N. Postnov, V. G. Andrianov, Yu. T. Struchkov, A. M.
Baran and V. A. Sazonova, J. Organometal. Chem., 262 (1984)
201.

145. A. Kasahara, Kagaku (Kyoto), 38 (1983) 859; Chem. Abstr.,
100 (1984) 85748.

146. A. G. Nagy, J. Organometal. Chem., 270 (1984) 327.



202

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

D. Seyferth, Report 1983, AFOSR-TR-83-0366; From Gov.

Rep. Announce. Index (US), 83 (1983} 4211; Chem. Abstr.,
100 (1984) 85764.

C. A. Bunton and W. E. Watts, J. Chem. Soc., Perkin Trans.
2 (1983) 1591.

U. T. Mueller-Westerhoff and A. Nazzal, J. Am. Chem. Soc.,
106 (1984) 5381.

A. Waleh, M. L. Cher, G. H. Loew and U. T. Mueller-
Westerhoff, Theor. Chim. Acta, 65 (1984) 167

A. Waleh, G. H. Loew and U. T. Mueller-Westerhoff, Inorg.
Chem., 23 (1984) 2859.

H. H. Wei and S. J. Chang, J. Chin. Chem. Soc. (Taipei),
31 (1984) 9; Chem. Abstr., 101 (1984) 111131,

K. E. Schwarzhans and H. Schottenberger, Z. Naturforsch.,
B: Anorg. Chem., Org. Chem., 38B (1983) 1493.

N. J. Singletary, M. Hillman, H. Dauplaise, A. Kvick and
R. C. Kerber, Organometallics, 3 (1984) 1427.

L. G. Kuz'mina, Yu. T. Struchkov, D. A. Lemenovsky and

I. F. Urazowsky, J. Organometal. Chem., 277 (1984) 147.

T. Izumi, T. Tezuka, S. Yusa and A. Kasahara, Bull. Chem.
Soc. Jdpn., 57 (1984) 2435.

A. Kashara, T. Izumi and K. Saito, Bull. Chem. Soc. Jpn.,
56 (1983) 2865.

I. R. Butler and W. R. Cullen, Organometallics, 3 (1984)
1846.

M. Watanabe, K. Sato, I. Motoyama and H. Sano, Chem. Lett.,
(1983) 1775.

M. Hisatome, M. Yoshihashi, K. Yamakawa and Y. Iitaka,
Tetrahedron Lett., 24 (1983) 5757.

H. Paulus, K. Schloegl and W. Weissensteiner, Monatsh.
Chem., 114 (1983) 799.

E. Gyepes, T. Glowiak, S. Toma and J. Soldanova, J.
Organometal. Chem., 276 (1984) 209.

D. Tanner and O. Wennerstroem, Acta Chem. Scand., Ser.

B, B37 (1983) 693.

J. Mirek, S. Rachwal and B. Rachwal, Zesz. Nauk. Uniw.
Jagiellon., Pr. Chem., 28 (1983) 7; Chem. Abstr., 101
(1984) 91163.

J. Mirek and S. Rachwal, 2Zesz. Nauk. Uniw. Jagiellon., Pr.
Chem., 28 (1983) 17; Chem. Abstr., 101 (1984) 91164.



166.
167.
168.
169.
170.
171.
172.
173.
174.
175.
176.

177.
178.

179.

180.

181.
182.
183.

184.
185.

203

M. Hillman, E. Fujita, H. Dauplaise, A. Kvick and R. C.
Kerber, Organometallics, 3 (1984) 1170.

M. Hisatome, J. Watanabe, K. Yamakawa, K. Kozawa and T. Uchida,
J. Organometal. Chem., 262 (1984) 365.

M. Hisatome, Y. Kawajiri, J. Watanabe, M. Yoshioka and

K. Yamakawa, J. Organometal. Chem., 266 (1984) 147.

M. Hisatome, J. Watanabe and K. Yamakawa, J. Organometal.
Chem., 266 (1984) 159.

S. Akabori, Y. Habata and M. Sato, Bull. Chem. Soc. Jpn.,
57 (1984) 68.

B. Czech, A. Czech, S. I. Kang and R. A. Bartsch, Chen.
Lett., (1984) 37.

S. Akabori, H. Munegumi and S. Sato, J. Organometal. Chem.,
272 (1984) C54.

S. Akabori, S. shibahara, Y. Habata and M. Sato, Bull.
Chem. Soc. Jpn., 57 (1984) 63.

M. Sato, S. Tanaka, S. Ebine and S. Akabori, Bull. Chem.
Soc. Jpn., 57 (1984) 1929.

M. Sato, M. Kubo, S. Ebine and S. Akabori, Bull. Chemn.
Soc. Jpn., 57 (1984) 421.

K. G. Orrell, V. Sik, C. H. Brubaker and B. McCulloch,

J. Organometal. Chem., 276 (1984) 267.

B. McCulloch, Diss. Abstr. Int. B, 44 (1984) 3776.

A. Diaz-Barrios and A. Rengel, J. Polym. Sci., Polym.
Chem. Ed., 22 (1984) 519.

K. Kojima, K. Sasaki, T. Nakahira and S. Iwabuchi, Kenkyu
Hokoku-Asahi Garasu Kogyo Gijutsu Shoreikai, 42 (1983)
219; Chem. Abstr., 100 (1984) 157425,

K. Kojima, K. Sasaki, T. Nakahira and S. Iwabuchi, Kogakubu
Kenkyu Hokoku (Chiba Diagaku), 35 (1983) 73; Chem. Abstr.,
100 (1984) 106534.

Y. Shirota, T. Kakuta and H. Mikawa, Makromol. Chem.,
Rapid Commun., 5 (1984) 337.

J. C. W. Chien, R. D. Gooding and C. P. Lillya, Polym.
Mater. Sci. Eng., 49 (1983) 107.

K. Gonsalves, L. Zhan-ru and M. D. Rausch, J. Am. Chemn.
Soc., 106 (1984) 3862.

D. L. Reger and E. Mintz, Organometallics, 3 (1984) 1759.
T. Hayashi, K. Kabeta and M. Kumada, Tetrahedron Lett.,

25 (1984) 1499.



204

186.

187.

188.

189.

190.

191.

192.

193.

194,

195.

196.

197.

198.

199.

200.

201.

R. Kh. Freidlina, I. I. Kandror, R. G. Gasanov, B. V.,
Kopylova, I. O. Bragina and L. V. Yashkina, Izv. Akad.
Nauk SSSR, Ser. Khim., (1984) 823.

Y. U. Mun and T. Otsu, Polym. Bull (Berlin), 11 (1984) 109.
J. J. Lin and J. F. Knifton (Texaco Inc.), US Pat.,
4476326, 1984, Oct. 9; Chem. Abstr., 102 (1985) 26842.

R. M. Himes, R. L. Hack and G. S. Samuelsen, J. Eng. Gas
Turbines Power, 106 (1984) 103; Chem. Abstr., 100 (1984)
141810.

Anon. (Fuji Xerox Co.) Jpn. Pat., JP 58 82252, 1983, May
17; Chem. Abstr., 101 (1984) 46247.

Anon. (Fuji Xerox Co.) Jpn. Pat., JP 58 83857, 1983, May
19; Chem. Abstr., 101 (1984) 46245.

Anon. (Fuji Xerox Co.) Jpn. Pat., JP 58 82251, 1983, May
17; Chem. Abstr., 101 (1984) 46248.

A. P. Tyutnev, V. S. Saenko, A. M. Sladkov, V. V. Korshak,
E. S. Krongauz, I. R. Gol'ding and V. V. Belyaeva, Dokl.
Akad. Nauk SSSR, 276 (1984) 159.

E. Genies, Fr. Pat., Fr. Demande FR 2532476, 1984, Mar.

2; Chem. Abstr., 100 (1984) 213053. »

V. Antonin, Tesla Electron., 16 (1983) 119; Chem. Abstr.,
101 (1984) 100127.

B. M. Luskina, V. V. Mosina, D. V. Nazarova, L. V.
Konovalova, V. S. Vershinin, E. M. Osipova and I. Yu.
Konovalova, USSR SU 1065348, From Otkrytiya Izobret.,

Prom Obraztsy, Tovarnye Znaki, (1984) 96; Chem. Abstr.,
100 (1984) 150460.

V. D. McGinniss (Three Bond Co.) US Pat. US 4446246, 1984,
May 01; Chem. Abstr., 101 (1984) 92213.

M. Boncoeur and Y. Prigent (Commissariat a 1'Energie
Atomique), Eur. Pat. Appl. EP 119913, 1984, Sep. 26; Chem.
Abstr., 101 (1984) .234389.

Asahi Glass Co. Ltd., Jpn. Pat., 59 144622, 1984, Aug.

18; Chem. Abstr., 102 (1985) 26237.

G. L. Popova, N. S. Gavryushen, L. A, Vorob'eva, A. D.
Stolyar, G. P. Drozdova, V. T. Shashkova, N. I. Krukovskaya
and A. A. Borodkii, Indian Pat., 152735, 1984, Mar. 24;
Chem. Abstr., 102 (1985) 25935.

M. Dominiak, C. Kajdas, M. Sulko and J. Dabrowski, Polish
Pat., PL 118314, 1983, Aug. 15; Chem. Abstr., 100 (1984)
106387.



202.
203.

204.

205.

206.

207.

208.

209.

210.

211.

205

A. S. Tompa, Thermochim. Acta, 77 (1984) 133.

C. F. Cullis, A. M. M. Gad and M. M. Hirschler, Eur. Polym.
J., 20 (1984) 707.

M. C. Croudace (Union 0il Co.), US Pat. US 4444565, 1984,
Apr. 24; Chem. Abstr., 101 (1984) 40839.

M. J. Carney, J. 8. Lesniak, M. D. Likar and J. R.
Pladziewicz, J. Am. Chem. Soc., 106 (1984) 2565.

A. P. F, Turner, W. J. Aston, I. J. Higgins, J. M. Bell,

J. Colby, G. Davis and H. A. O. Hill, Anal. Chim. Acta,

163 (1984) 161.

A. E. G. Cass, G. Davis, G. D, Francis, H. A. O. Hill,

W. J. Aston, I. J. Higgins, E. V. Plotkin, L. D. L. Scott
and A. P. F. Turner, Anal. Chem., 56 (1984) 667.

P. Koepf-Maier, H. Koepf and E. W. Neuse, Angew. Chem.,

96 (1984) 446.

N. Karlsson, R. Larsson and G. Puu, Fundam. Appl. Toxicol.,
4 (1984) 184.

M. Tanaka, K. Shimada and T. Nambara, J. Chromatogr.,

292 (1984) 410.

H. G. Schmitt, P. Reinecke, W. Paulus, H. Genth and W. Radt,
Ger. Pat., DE 3218176, 1983, Nov. 17; Chem. Abstr., 100
(1984) 102734.



