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1. REVIEWS 
The solid state properties of organometallic compounds 

have been surveyed by Green, Qin and O'Hare. Organometallic 
charge-transfer salts, such as ferrocenium tetracyapoquino- 
dimethane, were discussed in some detail [l]. 

2. STRUCTURAL DETERMINATIONS 
The crystal structures of o- , m- and p-nitrophenylferrocenes 

have been determined. All three compounds consisted of discrete 
molecules with Fe-C distances in the range 1.997-2.120 i. The 
presence of the nitro group led to different conformations in 
the three structures [2]. 
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The crystal and molecular structure of 1,8-diruthenocenyl- 
naphthalene (2.1; M = Ru) has been determined and compared with 
the structure of the corresponding ferrocene compound (2.1; 

M = Fe). The two compounds (2.1; M = Fe, Ru) were very similar 
in structure. Changes in the geometry of the compound (2.1; 
M = Fe) on conversion to the monocation indicated a decrease 
in electron density on the cyclopentadienyl rings on oxidation 
f31. 

X-ray crystallography has been used to determine the crystal 
and molecular structure together with the absolute configuration 
of [l-(N,N-dimethylamino~ethyllferrocene tartrate dihydrate [43. 
The structure of the complex tris(ferrocenyl)boron-pyridine has 
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been determined by X-ray analysis. As expected from previous 
results the geometry around the boron atom was distorted tetra- 

hedral [S]. 

The crystal and molecular structure of the ferrocenyl 

cryptand (2.2) has been determined by X-ray analysis. The ferro- 

cenyl group had planar n-cyclopentadienyl rings which were very 

nearly parallel. The two rings were rotated from an eclipsed 

orientation by 6.4' [61. The crystal structures of the dithia- 

ferrocenophanes (2.3, 2.4 and 2.5; R = I-I, Me) have been determined 

by X-ray analysis. In all the molecules the two n-cyclopenta- 

dienyl rings were almost parallel and they adopted an eclipsed 

conformation. The electrochemical behaviour of these compounds 

was also examined [7, 81. 

3. THEORETICAL STUDIES 
Several basis sets have been examined for a range of organo- 

metallic compounds, including ferrocene, and used to derive 
a compact and accurate basis set for total geometry optimisation. 

Differences between calculated and experimetal metal-ligand 

bond distances were discussed [9]. Calculated qeometries for 

complexes formed between ferrocene and u-, B-, and Y-cyclodextrin 

have been obtained from a molecular mechanics force field approach. 

The interaction of 3-ferrocenylacrylate esters with E-cyclodextrin 

and the acylcyclodextrin obtained have been studied by docking 

calculations. The increased reactivity of the E-nitrophenyl 

ester when it entered the cyclodextrin cavity was ascribed to 

the formation of a distorted ester in the acylcyclodextrin [IO]. 

4. SPECTROSCOPIC AND PHYSICO-CHEMICAL STUDIES 

Mixtures of helium and organometallic compounds in vapour 

form have been subject to an electrodeless high-frequency 

discharge and the emission spectra studied. Benchrotrene and 

ferrocene were among the compounds examined. Ferrocene gave 
a metal atom and two radicals [Ill. The optical absorption 
of gaseous ferrocene, l,l'-dichloro-, l,l'-dibromo and l,l'- 

dimethyl-ferrocene has been measured using synchrotron radiation. 

Ligand field parameters were estimated from this data [12]. 

An inductively coupled plasma atomic emission spectrometer 

has been interfaced to a supercritical fluid chromatograph for 

elemental detection. The performance was evaluated by injecting 
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ferrocene solutions onto the column and monitoring the iron 

emission line at 259.94 nm. The interface was used for the 

separation of a mixture of ferrocenes [131. 

The Moessbauer speqtra of a series of l,l'-dialkylferrocenium 

triiodides have been recorded and interpreted [14]. Masuda 

and Sano have given an explanation for the temperature dependence 

of the quadrupole splitting values in the Moessbauer spectra 

of mixed valence biferrocenium triiodides. The temperature 

dependence was explained in terms of an order-disorder transition 

related to the valence state of the two iron atoms in the 
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An 57 Fe Moessbauer study has been carried out on the phospha- 
ferrocenium ions (4.1, 4.2 and 4.3) which were generated by 

treatment of the parent metallocenes with organic oxidants. 

On oxidation of the phosphaferrocenes the quadrupole splitting 
did not collapse but remained relatively large which was in direct 

contrast to the ferrocene-ferrocenium ion system. The phospha- 

ferrocenium ions were relatively unstable and disproportionated 

to give iron(I1) as the initial product [16]. 

The decomposition of gaseous ferrocene, l,l'-dichloro- 

ferrocene and 1,1'2,2' -tetrachloroferrocene has been investigated 

using photon and electron induced ionization mass spectroscopy. 

Elimination reactions in the decompositions of the chloro- 

ferrocenes were identified [17]. The charge separation reactions 

(coulomb explosion) of the ferrocene, cobaltocene and nickelocene 

dications, generated by electron impact ionization in the gas 

phase in a mass spectrometer, have been investigated. The 

dications all behaved similarly in their unimolecular decomposition 
reactions to give rise to the charge separation products shown 

below: 

2+ 

-c 

MC5H5+ + C5H5+ 

MC1OH1O 
LC,~H,~+ + M+ 

The intercharge distances of the exploding dications in the 

transition structures were calculated [181. 

The mechanism of formation of negative molecular ions from 

the metallocenes (n-C5H5)2M, where M = Fe, Co, Ni, by dissociative 

electron capture has been investigated [19]. An extensive series 

of ferrocene derivatives has been studied by gas-phase ultraviolet 

photoelectron spectroscopy, mass spectrometry and cyclic 
voltammetry. The results indicated that there was a linear 

correlation between the first ionization energies of the compounds 

in the gas phase and the electrochemical oxidation potentials 

in solution [20]. 

The infrared spectra of a series of substituted ferrocenes 

were recorded and analysed. Assignment of the ring-mode 
vibrations was attempted. Also included in this paper was an 

improved preparation for 1,2,3,4,5_pentamethylferrocene which 
was formed by the irradiation of dicarbonyl(n5-pentamethylcyclo- 

pentadienyl)iron halides with sodium cyclopentadienide [21]. 
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Infrared spectroscopy has been used to show that the 

basicity of formyl oxygen atoms in a series of complexes 

decreased in the order: (n--C5Hg]Rh(2,5-norbornadiene-2-carbox- 

aldehyde) > formylferrocene > formylcymantrene [221. Shubina 

and co-workers have carried out an infrared spectral and X-ray 

single crystal study of hydrogen bonds and the structures of 

nonamethylferrocenyl- and ferrocenyl-carbinols in the solid 

state. The molecules associated predominantly via intermolecular 

OH- ***O bonds. In some of the nonamethylferrocenylcarbinols 
intermolecular OH..*-r-C 5 Me 5 hydrogen bonds were also formed. 

The most stable intermolecular hydrogen bonds were formed by 

the primary alcohols [23]. In a related paper the character 
of intramolecular hydrogen bonds in ferrocenyl- and nonamethyl- 

ferrocenyl-carbinols was determined from their infrared spectra 

and on the basis of molecular mechanics calculations. The 

intramolecular hydrogen bonds OH*..* Fe were formed when the 
steric requirements of the substituents at the carbinol carbon 

atom and the n-cyclopentadienyl rings made the corresponding 
conformations energetically favourable [24]. 

A study has been carried out on the effect of pressure 

induced freezing on the energy of the intravalence-transfer 

band of the mixed valence salt (4.4). The salt was dissolved 

in CD3CN and the near infrared electronic spectrum was recorded 

I- 

I Fe Fe 
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at pressures below and above freezing point of the solution. 

The peaks shifted significantly to lower energy but less than 
predicted [25]. 

1 H NMR Spectroscopy has been used to study the conformation 

of o-substituted phenylferrocenes. In o-hydroxy- and o-alkyl- 

phenylferrocenes the cyclopentadienyl ring to aryl group bonds 

were twisted and the conformations of the substituents were 

endo. With o-chloro- and o-nitro-phenylferrocene the exo- 

conformation was preferred. These results were explained in 

terms of (i) van der Waals repulsion between the c-proton on 

the n-cyclopentadienyl ring and the ortho-substituent and (ii) 

interaction between the d-electrons on the iron atom and the 

substituent [261. 

Variable temperature 1 H NMR spectroscopy has been used 

to demonstrate restricted rotation about the metal-ligand bond 

in tetrakis(trimethylsilyl)ferrocene (4.5) [27]. Conformational 

effects in ferrocenes with bulky l,l'-substituents have been 

investigated by dipole moment measurements and by 1 H and 13C 

NMR spectroscopy. Severe restriction to rotation was observed 

in 1,l' -bis(triphenylmethyl)ferrocene while l,l'-di-t-butyl- 

ferrocene was found to consist of a mixture of five antiprismatic 

conformers [28]. 

Rate constants for the electron self-exchange of cobalto- 

cenium ion-cobaltocene and for decamethylcobaltocene have been 

determined by the NMR line-broadening technique. The results 

were compared with those obtained for the ferrocenium ion- 

ferrocene couple. The results provided direct evidence for 

the importance of orbital-overlap factors in outer-sphere redox 
reactivity [29]. The l3 C-NMR spectra of a series of (a-sub- 
stituted phenyl)ferrocenes have been recorded and interpreted 

1301. 
13 

C and 57Fe NMR spectra of the ferrocenophanes (4.6; n = 1, 

2. R1R2 = H I 2, 0; R’ = H, R2 = OH; 4.7 and 4.8) have been recorded 

and interpreted. In the carbocation (4.8) there was evidence of 
direct interaction between the a-carbon atom and the iron [311. 

Deuterium NMR studies have been carried out on the thiourea- 

deuterated ferrocene (3:l) clathrate and the deuterated ferrocene- 

cyclodextrin inclusion complexes [32]. 
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5. ELECTROCHEMISTRY AND PHOTOSENSITIVE ELECTRODES 
The reaction entropy for the electroreduction of bis- 

biphenyl)chromium has been compared with the values obtained 
for the ferrocene/ferrocenium and bis(benzene)chromium(o)/- 
bis(benzene)chromium(I) couples [33]. The oxidation-reduction 
chemistry of a number of ferrocenyl cyclic phosphazenes, for 
example the phosphazenes (5.1 and 5.2), have been studied by 
cyclic voltammetry at platinum disc electrodes. The transannular 
linked ferrocenyl-phosphazenes had shifts in oxidation peak 
potentials approximately twice those of the pendent analogues. 
It was concluded that each phosphorus atom in the phosphazene 
skeleton had equal electron withdrawing properties and that 
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the inductive effects of the phosphazene operating via each 
n-cyclopentadienyl ring were cumulative [343. 

A series of 1,l' -&substituted-ferrocenes (5.3; R = CH20H, 

COCH3, COZCH3, CHO, CO2H) has been studied by cyclic voltammetry. 
A linear relationship was obtained between the redox potentials 
and the Hammett u constants for the substituents [35]. l,l'- 

Ferrocendicarboxylic acid has been investigated via cyclic 
voltammetry. The redox process was quasi-reversible and became 
less reversible in the pH range 6-11 [36]. 

The ferrocenyl-carboxylic acids (5.4; n = O-3 and 5.5) 
and the sulphur containing acids (5.6 and 5.7) have been 
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investigated via cyclic voltammetry. Most of the carboxylic 
acids were less susceptible to oxidation than ferrocene [371. 
The electrochemical behaviour of the cyclodextrin-ferrocene- 
carboxylic acid inclusion complex has been studied by cyclic 
voltammetry. The electrocatalytic oxidation of NADH by ferrocene- 
carboxylic acid was enhanced by $-cyclodextrin [38]. 

An electrochemical investigation has been carried out on 
the porphyrins (P)Ge(ferrocenyl)2 and (P)Ge(C6H5)(ferrocenyl) 
where P was the dianion of octaethylporphyrin or tetraphenyl- 
porphyrin. In the neutral species delocalization of electron 
density occurred from the porphyrin macrocycle onto the 
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ferrocenyl group. In the electrooxidized species [(P)Ge(C6H5)- 

(ferrocenyl)]+ delocalization of positive charge occurred from 

the ferrocenyl group onto the porphyrin macrocycle [391. 
The ferrocene oxidation wave in the ferrocene amides (5.8; 

R' = H, Me; R2 = Me, Ph; RI= R2 = Et) has been shifted to more 

positive potentials by the addition of the lithium ion to the 

acetonitrile solution [401. The electrical conductivities of 

poly(ethynylferrocene) and several other polymers doped with 

a series of reagents have been determined. High conductivities 

were found with those polymers doped with iodine [41]. 

1,l' -Diacetylferrocene and manganese carbonyl have been 

used in the electrochemical synthesis of acetylcymantrene (5.9). 

The electrochemical reduction of acetylferrocene, acetylcymantrene 
and (n-acetophenone)tricarbonylchromium in methyl cyanide gave 

the corresponding cyanoalkyl compounds [421. 

6. PREPARATIONS OF FERROCENE 

Ferrocene has been synthesised electrachemically in good 

yield (86%) in hexamethylphosphortriamide solutions containing 

lithium chloride [43]. The dilithiosalts of p-phenylene- and 

p-biphenylylene-bridged cyclopentadienyls were treated with 
(n-C5Me5)(2,4-pentanedionato)iron to give the corresponding 
substituted ferrocenes (6.1; R = H, Me; n = 1,2). The electro- 

chemistry of these compounds was investigated 1441. 

In related work (n-C5Me5)(2,4-pentanedionato)-iron or -nickel 

was treated with lithiocyclopentadienyls to give the corresponding 
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substituted ferrocenes (6.2; M = Fe, Ni) [45J. Deuterio(penta- 

methylcyclopentadiene), C5(CD3)5H, has been prepared on a large 

scale by heating C5(CH3)5H with C6D6 under a D2 atmosphere in 

the presence of (n-C5Me5H)2ScD as the catalyst. The deuterated 
ferrocene (6.3) was prepared via a stoicheometric ligand exchange 

between [n-C5(CD3)512ScCl and bis(pentane-2,4-dionato)iron(II) 

[461. 
Treatment of C4 Me4NLi with iron(I1) chloride in tetra- 

hydrofuran produced (n1-C4Me4N)2Fe.2THF, which on hydrolysis 
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gave the complex (6.4) [471. Sodium pentaphosphacyclopentadienide 

has been formed by the reaction of white phosphorus with sodium 

in tetrahydrofuran in the presence of 18-crown-6. Reaction 

of the corresponding lithium salt Lip5 with iron(I1) chloride 

in the presence of lithium pentamethylcyclopentadienide produced 

the complex (6.5; R = Me) [481. In a related piece of work 

white phosphorus and [(n-C5Me4R)Fe(CO)2]2, where R = Me and 

Et, were heated together and the corresponding mixed sandwich 

complexes (6.5) were formed. The structure of the complex (6.5; 

R = Et) was determined by X-ray analysis 1491. 

Treatment of iron(I1) chloride with a mixture of lithium 

cyclopentadienide and the lithium salts of the C2(t-Bu)2P3 and 

C3(t-Bu)3P2 anions produced the corresponding di- and tri- 

phosphorus analogues of ferrocene (6.6-6.9). The pentacarbonyl- 

tungsten complex (6.10) was prepared and characterised by X-ray 

analysis [50]. The (n-bicyclononatrienyl)iron complex (6.11) 

has been prepared and characterized by X-ray crystallography. 

It was regarded as a ferrocene analogue with separated ally1 
and olefin systems [51]. 

6.11 

7. REACTIONS OF FERROCENE 

The Friedel-Crafts acylation of ferrocene with derivatives 

of dicarboxylic acids has been investigated. Thus the methyl 
ester chlorides of 1,3- and 1,4-benzenedicarboxylic acids have 

been used as acylating agents. Hydrolysis of the methyl esters 
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to the carboxylic acids was described [521. Ferrocene has been 

used in ligand exchange reactions with arenes to give (n-arene)- 

(n-cyclopentadienyl)iron cations (531. The cynichrodenyl- 

ferrocenyl ketone (7.1) has been prepared from ferrocene and 

the carbonylchloride of dicarbonyl(n-cyclopentadienyl)nitrosyl- 

chromium. The ketone (7.1) has been converted to the corresponding 

s-ferrocenylcarbenium ion and reduced with lithium tetrahydrido- 

aluminate of Grignard reagents to 6-ferrocenylfulvenes [54]. 

Substituted ferrocenes underwent ligand exchange on heating 

with lo3 RuC13 to give the corresponding labelled ruthenocenes 

which were used as radiopharmaceutical diagnostics. Thus the 

ferrocenes (7.2; PI = Fe, R = H. C02Me) were converted to the 
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ruthenocenes (7.2; M = 103 Ru, R = H, C02Me) (551. The tropanol 

esters of the carboxylic acids of ferrocene, 103 Ru-ruthenocene 

and 103mRh-rhodocinium have been prepared [56]. 

The aluminium chloride cleavages of 3,3'4,4'-tetramethyl- 

diphosphaferrocene (7.3; R' = R2 = H) and the acyl derivatives 

(7.3; R' = COCH3, R2=H; R' = COPh, R2 = H; R' = R2 = COCH3, COPh) 

have been investigated in benzene. The diphosphaferrocene (7.3; 

R' = R2 = H) did not produce any of the n6 -benzene cleavage compound 

and both the mono acyl derivatives (7.3; R' = COCH3, R2 = H; 
R' = CoPh, R2 = H) produced the same cationic product (7.4). 

The reactivity of the diacyl compounds (7.3; R' = R2 = COCH3, 

COPh) was low and the desired cationic products were not isolated 

(571. 
Pyrolysis of ferrocene and nickelocene produced thin films 

of iron and nickel which adhered well to stainless steel and 

nickel. The thermodynamics of the gaseous deposition of these 

metallocenes was examined [58]. 

8. FERROCENIUM SALTS AND MIXED-VALENCE SALTS 

Ferrocene was oxidized in nitromethane containing hydrogen 

fluoride by phosphorus or antimony pentafluoride to give the 

corresponding ferrocenium salts (8.1; X = PF6, SbF6] [59]. 

Molybdenum, tungsten and uranium hexafluorides in Freon 11 have 

been used to oxidize ferrocene to the ferrocenium cation as 

the hexafluoromolybdate(v1, -tungstate(v), and -uranate(v) salts 

1601. 

Q 0 
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BF4- 
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Pentamethylpyrrole combined with the salt [(n-C5H5)Fe- 

(SMe2)313F4 to form the azaferrocenium tetrafluoroborate (8.2) 

1611. a-Ferrocenylcarbinols have been treated with azoles and 

fluoroboric acid in dichloromethane to form a-ferrocenylalkyl 

derivatives of azoles such as the cations (8.3; X = CH, N, PhCH2C) 

(621. The kinetics of oxidation of the ferrocenium ion to 

cyclopentenedione in acidic cerium(IV) sulphate in the presence 

of oxygen has been investigated. The rate determining step 

was the decomposition of an unstable ferrocenium ion-oxygen 

complex by the cerium(IV) sulphate [63]. 
The kinetics of oxidation of ascorbic acid by copper(I1) 

and the ferrocenium ion have been investigated. In this reaction 

the ferrocenium ion behaved as a typical outer-sphere oxidant 

and the results obtained from the two oxidizing systems were 

compared [641. The ferrocenium ion has been used to oxidize 

an (n-cyclooctatetraene)rhodium complex and investigate the 

mechanism of the reaction [65]. 

1,6'-Bis(stearoyloxy)biferrocene (8.4) has been prepared 

by the Ullmann coupling of l'-iodo- or -bromo-l-stearoyloxy- 

ferrocene. Oxidation of the biferrocene(8.4) with benzoquinone 

and boron trifluoride-ether gave the salt (8.5). The Langmuir- 

Blodgett film of the biferrocene (8.4) was prepared and in the 

film the q-cyclopentadienyl rings were orientated perpendicular 

to the film surface. The mixed-valence salt (8.5) formed a 

stable monolayer on water [66]. 
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The effect of alkyl substitution in the ferrocenium cation 

of TCNQ salts has been studied by IR spectroscopy 1671. Changes 

in electron localization within the TCNQ stacked anions were 

observed 1683. The ferromagnetic behaviour of the charge-transfer 

salt decamethylferrocenium tetracyanoethanide and related compcunds 

has been reviewed [69]. Irradiation promoted the reaction of 

the ferrocenium cation in acetonitrile in the presence of benzyl 

alcohol, benzhydrol and 1-propanol. Ligand-metal charge-transfer 

excitation induced a redox reaction giving reduction of the 

ferrocenium ion and oxidation of the alcohol. The ligand field 

transition excitation induced a dehydration and decomposition 

process 1701. 

Pressure effects on the intervalence-transfer bands of 

the biferrocenium salts (8.6; X = H, Y- = 13-, PF6-; X = I, 

Y- = I -, 3 IBr -; X = Br, Et, n-Bu, Y = I 2 3-) intercalated into 

References p. 150 
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a clay have been investigated. Three different types of pressure 

response were found. These responses appeared to reflect the 

different solid-state environments of alternating stacks of 

cations and anions together with segregated stacks of cations 

and cations intercalated into the clay interlammellar regions 

[711. 

9. FERROCENYL CARBENIUM IONS 

The structure of a-metallocenylcarbocations, including 
a-ferrocenylcarbocations, has been discussed and the mechanism 

by which the cationic centre was stabilized has been reviewed. 
The significance of permethylated metallocenes in these studies 

has been emphasised 1721. Treatment of a series of alkylferrocenes 

for example, (9.1; R = Me, Ph, ferrocenyl) with Ph3CX, where 

X = BF4, CIOq, produced the corresponding a-ferrocenylcarbenium 
ion salts (9.2) [73). 
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The treatment of nucleophilic substrates, for example 
triphenylphosphine, indole and pyridine, with the ferrocenyl 
alcohols (9.3; R = H, Me, Ph) in different media to give 
a-ferrocenylalkylated products has been investigated. For example, 
the reaction of ferrocenylmethanol with indole afforded the 
3-substituted product (9.4) [74]. The mechanism of dehydrogenation 
of a-hydroferrocenes has been investigated. 3-(Ferrocenylmethyl)- 
indole (9.4) transferred an electron to ferrocenium tetrafluoro- 
borate or to silver perchlorate to give a cation radical which 
transferred a hydrogen atom to a trityl radical to produce the 
salt (9.5) [751. 

A comparison of the behaviour of the iron-subgroup cations 
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(9.6; M = Fe, Ru, OS; Ar = Ph, C6H2Me3 I C6Fs) has been carried 
out. The ruthenium and osmium containing cations were more 

+ 

9” 0 
Ar 

M 

1, 0 

stable than their iron counterparts. Comparison of 1 H and 13C 
NMR data indicated that the shielding of 1 H and l3 C nuclei by 
the carbenium centre -C!H+ increased on going from FeeRu-OS. 
The results also implied that direct participation by the metal 
atom in the stabilization of the carbenium ion increased from 
iron to osmium [76]. 

The condensation of lithioferrocene with cycloalkanones 
produced the corresponding hydroxycycloalkylferrocenes (9.7; 
n = 3-9, 11, 14). The stability constants pKR+ of the carbo- 
cations derived from these hydroxycycloalkylferrocenes were 

OH 

Fe 
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determined and the solvolysis of the corresponding acetates 

was also investigated. The maximum stability of the cations 

was shown by the species with five and eight membered rings. 

The rates of solvolysis of the acetates showed a good correlation 

with pKR+ of the corresponding carbocations [77]. The ferro- 
cenylc obaltocenium and ferrocenylenedicobaltocenium cations 

have been characterized as the hexafluorophosphate salts [78]. 

10. FERROCENE CHEMISTRY 

(i) Derivatives containing other metals (metalloids) 
Cyclic ferroceneboronates have been used as derivatives for 

the gas chromatographic separation and characterization of diols 

and related compounds. The boronates were readily prepared 
by heating ferroceneboronic acid with a diol in dry pyridine. 

For example, the reaction of ferroceneboronic acid with pinacol 

gave the stable boronate (10.1) in high yield. A series of 

low molecular diols was analysed as their boronates with ferrocene- 

boronic acid [791. 

Reaction of tris(trimethylsilyl)cyclopentadienyllithium 

with iron(I1) halides produced the hexasubstituted ferrocene 

(10.2). The trimethylsilyl-substituted ferrocenes (10.3; R = H, 

Me) were also prepared. X-ray analysis of the hexasubstituted 

ferrocene (10.2) showed that the cyclopentadienyl rings were 

eclipsed and that the molecule had relatively long (2.082 i) 
Fe-C(ring) distances [80]. The reaction of acetylferrocene 
with dilithium derivatives of phenylcyclopolysilanes produced 

Q-z 0 
B’O 
'0 

Fe 

10.1 

Referencez. p. 150 



116 

SiMe3 
I 

SiMe3 
I 

Me3Si 

Me3Si 
Fe 

SiMe3 

SiMe3 

SiMe3 

SiMe5 

Me3Si 
Fe 

10.2 10.3 

the diferrocenyl derivative (10.4) as one of the products [al]. 

Reaction of 1,l' -bis[dialkyl(diethylamino)silyl]ferrocenes 

(10.5; R' = Me, Et) with aliphatic alcohols or triorganosilanols 

gave the 1,l' -disubstitutedferrocenes (10.6; R2 = Me, Et, octyl) 

and (10.7; R2 = Me, Et, Ph) respectively. Hydrolysis of the 

siloxane (10.7; R' = Me) gave the ferrocenophane (10.8) (821. 

Deprotonation of the salt (10.9) by n-butyllithium followed 

by the addition of 4-nitrobenzaldehyde produced the e- and 

trans-isomers (10.10 and lO.ll)., The structure of the cis- 

isomer (10.10) was determined by X-ray analysis. This compound 

10.4 
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exhibited a large second-order optical nonlinearity [83]. 
Diferrocenylphosphine and ferrocenylphenylphosphine have been 

used as ligands to replace a carbonyl group in benchrotrene 

and cymantrene by photolysis 1841. 
The structure of 4,4,6,6-tetrachloro-2-[ferrocenyl(hydroxy)- 

methyl]-2-isopropyl-1,3,5,2X5, 4h5,6X5-triazatriphosphorine 

(10.12) has been determined by X-ray analysis. The N3P3 ring 
had an envelope conformation and the n-cyclopentadienyl rings 

were almost eclipsed [85]. Reaction of l-phenyl-2,3,4,5- 

tetramethylphosphole with [(n-C5H5)Fe(C0)2]2 and Mn2(CO),0 

produced the ferrocene and cymantrene analogues (10.13 and 10.14) 

Mn 

(CO)3 

10.13 10.14 10.15 
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respectively. Cleavage of the P-Ph bond of the phosphole was 
achieved with lithium and reaction of the resultant phospholyl 
anion with iron(I1) chloride afforded bis(q5-2,3,4,5_tetramethyl- 
phospholyl)iron (10.15) as fairly air-stable bright red crystals 
(861. 

Reaction of 1,l '-bis[(alkyl- or phenyl-)thiol- and 
1,l' -bis(diphenylphosphino)-ferrocenes with (CIi3CN)4Pd(BF4)2 
in the presence of triphenylphosphine afforded the corresponding 
1:l complexes (10.16; R = Me, i-Pr, i-Bu, CH2Ph, Ph and 10.17). 
Spectral data suggests the presence of an Fe-Pd dative bond 
in these complexes [87]. 
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The condensation of 1-lithio-2-dimethylaminomethylferrocene 

or l-lithio-2-dimethylaminomethylferrocene with tetraalkylthiuram 

disulphides produced the corresponding dialkylthiocarbamoylthio 

compounds (10.18 and 10.19; R = Me, Et) 1881. Lithiation of 

optically active N,N-dimethyl-l-ferrocenylethylamine (10.20; 

X = H) followed by reaction with disulphides gave the chiral 

ferrocenyl sulphide ligands (10.20; X = MeS, EtS, Me2CHS, BUS, 

Me2CHCH2S, Me3CS, isopentyls, PhS, PhCH2S, 4-Me.C6H4.S, 

4-Cl.C6H4.S). The ligands formed complexes with palladium(I1) 

and platinum(I1) chlorides and these were used as asymmetric 

Grignard cross-coupling catalysts. The structure of one ligand 

(R,S)-(10.20 X=SMe) was determined by X-ray crystallography 1891. 

Reaction of ferrocenylmercurichloride with triethylaluminium 

produced the ferrocenylalane (10.21). This latter compound 

was characterized by X-ray analysis. The Al-Cl-Al-C ring was 

planar and there was no significant Al-Fe interaction [go]. 

The reactions of ferrocenyl-carboxylic acids with the titanium 

complex (10.22) have been investigated. For example, the reaction 

with ferrocenylcarboxylic acid in the presence of sodium amide 
produced the bimetallic compound (10.23) [91]. 

The osmium cluster complex, 0s3(CO),o(MeCN)2 combined with 
azaferrocene to give the addition product (10.24) under mild 

conditions 1921. Reaction of ferrocenylethyne with OS~H~(CO),~ 

produced the complex (10.25) together with two other ferrocene 
containing metal carbonyl compounds. Thermolysis of the complex 

(10.25) produced the triosmium containing cluster (10.26). 
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Further reactions of this cluster compound were investigated 1931. 

Treatment of bromoferrocene with n-butyllithium followed 

by CuBr.PPh3 gave the polymeric ferrocenylcuprate (10.27). 

Cl 
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Reaction of this cuprate with organolithium or Grignard reagents 

RM, where R = Ph, Me, 4-Me2NC6H4, (q-2-Me2NCH2C5H3)Fe(n-C5H5), 

M = Li, MgBr, gave the corresponding cross-coupled products 

(10.28) [941. A series of copper and silver derivatives of 

ferrocene and cymantrene have been prepared and subjected to 

X-ray analysis. For example, the silver complex (10.29) was 

prepared by the treatment of 2-lithiodimethylaminomethylferrocene 

* 
0 

10.24 
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10.25 TO.26 

with AgN03.3PPh3. The copper complex (10.30) was prepared by 
a similar reaction [95]. 

Trithia- and tetrathiaferrocenophanes formed copper(I) 
complexes on treatment with copper(I1) tetrafluoroborate [96]. 
The crystal structures of 1,l' -bis(diphenylphosphino)ferrocene 
and the nickel complex (10.31) have been determined by X-ray 
analysis. The geometry around the nickel atom in the complex 
(10.31) was approximately tetrahedral with a larger Cl-Ni-Cl 
angle of 125O due to repulsion of the Cl atoms [97]. The 

nickel(I1) bromide complex of (S)-l-[(R)-2-(diphenylphosphino)- 
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ferrocenyllethyl methyl ether (10.32) has been used as a catalyst 
for the cross-coupling of naphthyl Grignard reagents with naphthyl 
bromides to give asymmetric l,l' -binaphthyls in good yield [981. 

Acetylacetone has been treated with l,l'-bis(aminomethyl)- 
ferrocene to give the derivative (10.33) which has been used 
as a binucleating ligand in reactions with cyclopalladated 
complexes of benzo[hlquinoline and N,N-dimethylbenzylamine [991. 
The reaction of the platinum and palladium complexes (10.34; 
M = Pt, Pd) with silver tetrafluoroborate in different solvents 
has been used to prepare the corresponding bridged complexes 
(10.35; X = OH, Cl). The structure of the u-hydroxo compound 
(10.35; M = Pt, X = OH) has been determined by X-ray analysis. 
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The ligand geometry around the platinum atoms was distorted 

square planar [loo]. Mercury(I1) halides formed complexes with 

ferrocene, biferrocene and [21ferrocenophane. Moessbauer and 

13C NMR spectroscopy indicated direct mercury-iron bonding (1011. 

10. (ii) Photochemistry 

Irradiation of the ferrocene-tetracyanoethylene complex 

in solution produced cyanoferrocene. When the same reaction 

was carried out in the solid state cyanoferrocene and 

1,2-diferrocenyl-1,1,2,2_tetracyanoethane were produced [102J. 

The photochemical properties of ferrocene, cobaltocene and 

nickelocene and their complexes with 2,2,2-trichloroethanol 
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in solution have been investigated. When exposed to near ultra- 
violet and argon laser irradiation the ferrocene solutions were 
stable. In the presence of 2,2,2-trichloroethanol photooxidation 
occurred to give the ferrocenium ion 11031. 

The photolysis of substituted ferrocenes (10.36; R = H, 
COMe, COEt, CHMeOH) in the presence of N-t-butyl-2-phenylnitrone 
has given radicals which were studied by ESR spectroscopy [104]. 
The quantum yield for the generation of theT, state of ferrocene 
and the lifetime of the state have been measured using the 
sensitized isomerization of D-glucose phenylosazone [105]. 

10. (iii) General chemistry 
Acetylation of 2-methylphosphaferrocene with CF3S03H/- 

(CH3C0J20 afforded only the 2,5-isomer (10.37). Acetylation 
of 3-methylphosphaferrocene produced both isomers (10.38 and 
10.39) resulting from a-acetylation. The effect of the methyl 
group on acetylation was very similar to that found in methyl- 
ferrocene. The reactivity of phenylphosphaferrocenes was also 
investigated (1061. 

The complete oxidation of metallocenes including ferrocene 
and related compounds with hydroperoxides, Me3COOH and HOOH 
has been studied. Carbon dioxide was a primary product [1071. 
Diferrocenylcyclopropanes have been treated with trityl tetra- 
fluoroborate, to give the products of cyclopropane ring opening, 
thus the cyclopropane (10.40) gave the salt (10.41) [108]. The 
metalation of alkynes with mercury(I1) acetate has been 
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systematically investigated. Ethynylferrocene was one of the 

substrates examined 11091. 

The reaction of ethynylferrocene with arenesulphenyl chlorides 

proceeded by substitution of the acetylenic proton rather than 

electrophilic addition to the triple bond. For example, treatment 

of ethynylferrocene with e-chlorobenzenesulphenyl chloride gave 

initially p-chlorophenylthio(ferrocenyl)ethyne (10.42) in good 

yield. Further reaction produced the olefins (10.43 and 10.44). 

A mechanistic scheme was proposed for this reaction [llOl. 

Reaction of (3,3-dicyano-2-ferrocenylallyl)(n-cyclopenta- 

dienyl)dicarbonyliron (10.45) with iodine produced the alkenes 

Fe Fe 

10.40 10.41 
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(10.46 and 10.47) as the ferrocene containing products, Treatment 
of the complex (10.45) with lithiocymantrene or lithium aluminium 
hydride gave the alkene (10.48) as the ferrocene containing 
product [ill]. 

Diels-Alder reaction of the 1,3-diferrocenyl-1,3-alkadienes 
(10.49; R1 = R2 = H; R1 = Me, R2 = H; R1 = H, R2 = Me) with 
the maleimides (10.50; R = Ph, PhCH2) gave the corresponding 
condensation products (10.51) as a mixture of exo- and endo- 
isomers [112]. Electron transfer from the potassium salt of 
cyclooctatetraene to the nitro-olefin (10.52) gave the dimer 
(10.53) in almost quantitative yield [113]. 

Reduction of the ester (10.54; R = Co2Me) with lithium 
aluminium hydride produced the alcohol (10.54; R = CH20H). 
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Chlorination of this alcohol with PC13 in the presence of pyridine 
gave the alkyl halide (10.54; R = CH2Cl). The reactions of 
this alkyl halide with oxygen, sulphur, nitrogen and.carbon 
nucleophiles produced the corresponding ferrocenylmethyl deriv- 

atives [10.54; R = CH2OPh, CH2SPh, CH2NMePh, CW2CH(COMe)2, 
CH2C(C02Et)2NHCHO] [1143. 

The nonamethylferrocenyl-carbinols (10.55; R = 2,4,6-Me3C6H2, 

'sF5' a-naphthyl) have been prepared by treating the parent 

aldehyde with the corresponding organolithium agents RLi. The 
1 H NMR spectra of the carbinols and their cations were recorded 

[1151. 
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The diacetylbiferrocene (10.56) was prepared by a Grignard 
coupling reaction of the bromo-ferrocene (10.57). The biferrocene 
(10.56) was electrochemically reduced and the reduction mixture 
was treated with W(C0)3(PrCN)3 and methyl iodide to give the 
heterobimetallic fulvalene complex (10.58). The electrochemical 
properties of the complex (10.58) were investigated [116]. 
Reaction of l,l'-diacetylferrocene with ethylacetate in the 
presence of sodium amide gave the ketone (10.59) [117]. 

Formylferrocene and acetylferrocene were included in a 
series of aldehydes and ketones that were treated with alkyl- 
uranium compounds which were being used as selective nucleophilic 
reagents. For example, the treatment of formylferrocene with 
((Me3Si)2Nl3UCH3 followed by hydrolysis gave the alcohol (10.60) 
in 92% yield 11181. 

Homoionic forms of montmorillonite have been used as 
catalysts for the Diels-Alder cycloaddition of acryloylferrocene 
to 1-phenyl-1,3-butadiene. The reactions showed high yields 
and high selectivity by comparison with the aluminium chloride 
catalyzed reaction [1191. Friedel-Crafts acylation of w-phenyl- 
alkanoylf'&rocenes with cinnamoyl chloride led to attack at 
the unsubstituted cyclopentadienyl ring while acylation with 
phenylpropiolyl chloride caused substitution in the benzene 
ring (1201. 

Eormylferrocene has been treated with 1-oximino-2-hydroxyl- 
amino-1-phenyl-2-methylpropane and the product oxidized with 
lead(IV) oxide in methanol to give a spin labelled ferrocene f121). 
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Ultrasound accelerated the base catalyzed addition of thiourea 

to the ferrocenyl-chalcone analogues (10.61; R = Ph, p-tolyl, 

E-anisyl, 3,4_methylenedioxphenyl, Q-C~C~H~) to give the corres- 

ponding pyrimidines (10.62) [1221. 
Frederic and Toma have described the preparation of eleven 

analogues of chalcones, where an organometallic group was attached 

to the b-carbon of the chalcone double bond. The organometallic 

species included ferrocene and substituted ferrocenes 11231. 

The coupling of 1,l' -di(chlorocarbonyl)ferrocene with 4-alkoxy- 

4-biphenols has been used to prepare a series of ferrocene diesters 

(10.63; R = C4Hg, CSH,,, C6H,3, C7+ CSH1,, CgH,9, CIOHZ1, 
C,,H23), some of which exhibited liguid-crystal phases L1241. 

n - 

Q 0 
CB2CHRNH2 

Fe Fe 

10.63 10.64 



133 

Nitrovinylferrocenes have been reduced with lithium aluminium 

hydride to give the corresponding ferrocenylaminoalkanes (10.64; 

R = H, Me, Et) which were amphetamine analogues. The ferrocene 

compounds (10.64) were converted to 103 Ru labelled ruthenocenes 

by reaction with '03RuC13 11251. Treatment of l,l'-di(chloro- 

methyl)ferrocene with HCQNHCH(W2Et)2 inthe presence of sodium 

hydride produced the ester [10.65; R = C(C02Et)2NHCHO]. Sapon- 

ification of this ester followed by decarboxylation gave the 

ferrocenyl-alanine derivative r10.65; R = CH(NHCHO)C02H] 11261. 

The condensation of acetyl- or l,l'-diacetyl-ferrocene 

with a series of substituted hydrazines H2NNHCOC6H4R, where 

R = H, 3-N02, 3-Br, 4-OMe, 4-NMe2, afforded the corresponding 

hydrazones. Complexes of these hydrazones with Ni, Cu, Zn, 

Cd, Hg and Pd were prepared. The metal complexes were examined 

by infrared spectroscopy and their magnetic properties were 

studied [1271. 
The condensation of formyl-, acetyl- or benzoyl-ferrocene 

with hydrazines produced the corresponding hydrazones (10.66; 

R' =H, CH3 Ph; R2 = H, CH3). Reaction of these hydrazones with 

cobalt salts gave polymeric complexes that contained six- 

coordinate cobalt and terminal hydrazone ligands [128]. Reaction 

of 1,l' -diacetylferrocene with the hydrazines RC(X)NHNH2, where 

X = S, R = NHNH2; X = 0, R = NH2, Ph, p-02NC6H4, produced the 

corresponding condensation products (10.67) [129]. 

Dimethylaminomethylferrocene has been lithiated and then 

treated with disulphides, RSSR, and diselenides, RSeSeR, to 

Fe Fe 
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give the chalconide derivatives (10.68; X = S, Se; R = Pr, Bu, 

EtMeCH, Me3C, PhCH2, 4-Me.C6H4, 4-Cl.C6H4) which formed complexes 
with platinum(I1) chloride and palladium(I1) chloride. These 

complexes were selective homogeneous and heterogeneous catalysts 

for the reduction of dienes to monoenes [1301. 

11. BIFERROCENES, FERROCENOPHANES AND ANNELATED FERROCENES 
Moessbauer and ESR spectroscopy have been used to study 

mixed valence behaviour in the biferrocenium salts (11.1). 

One crystal form of the salt (11.1; R = n-butyl) showed trapped- 

valence behaviour at low temperatures and mixed-valence character 

at higher temperatures while a second crystal form showed only 

a trapped-valence state at all temperatures. In the same way 

the isobutyl derivative (11.1; R = iso-butyl) showed temperature 

dependent behaviour and the salt (11.1; R = pentyl) exhibited 

only trapped-valence character [131]. 

The effects of cooperative intermolecular interactions 

on the electronic delocalization in mixed valence biferrocenium 

trihalides (11.2; X = H, Et, n-Pr, n-Bu, Cl, Br, I; X3- = 13, 

Br21) have been investigated. A model was proposed for these 

systems and the model successfully explained data obtained via 

Moessbauer spectroscopy, heat capacity measurements, X-ray 

crystallography and infrared spectroscopy [132]. The condensation 

of formylferrocene with a series of ketones produced the corres- 

ponding ferrocenylidene ketones, for example, condensation with 
acetone gave the ketone (11.3). In the same paper it was 
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reported that the treatment of lithioferrocene with methylbenzoate 

or phthalic anhydride gave a mixture of ferrocene and biferrocene 

[1331. 
The reaction of the dilithio-ferrocene (11.4) with tetra- 

chlorosilane produced the ferrocenophane (11.5). X-ray analysis 

indicated that the tilt angle between the n-cyclopentadienyl 

rings was 19.0'. Treatment of the ferrocenophane (11.5) with 

methanol produced the 1,2-disubstituted ferrocene (11.6) together 

with other products [1341. A kinetic study of the formation 

of dihydrogen from the reaction of [l.l]ferrocenophane (11.7), 

3,3'-trimethylene[l.l]ferrocenophane and 2,2'-trimethylene[l.l]- 

ferrocene with acids has been carried out using tensiometry 

and spectrometry. The results were consistent with a three- 

step mechanism for the formation of hydrogen. A very fast initial 

protonation, a slower second protonation and the elimination 

of hydrogen as the rate determining step 11351. 

The [2]meta- and [2]para-cycloferrocenophanes (11.8 and 11.9) 

respectively have been prepared by cyclocondensation. X-ray 

crystallographic structure investigations indicated that the 

benzene ring in each cyclophane was distorted but the cyclopenta- 

dienyl rings maintained planarity [136]. The (n-indenophane)- 
iron complex (11.10) has been formed by treatment of the free 
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indenophane ligand with iron chloride and lithium cyclopenta- 

dienide. This complex (11.10) was in turn treated with methyl- 

lithium and iron(I1) chloride to give the multidecker metal- 

locenophane (11.11) [1371. 
The one-electron oxidation product of as-indacenebis(cyclo- - 

pentadienyliron) as the triiodide salt has been studied by 

Moessbauer spectroscopy. At low temperatures the spectra of 

FefII) and Fe(II1) were observed indicating a trapped-valence 

species while at room temperature the spectrum indicated an 

averaged-valence species. Comparisons were made with dihalo- 

and dialkylbiferrocenium triiodides [138]. The bis[(n-penta- 

methylcyclopentadienyl)metal]n-pentaene complexes (11.12; 
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M = Fe, Co, Ni) have been prepared and characterized by electro- 

chemistry and X-ray crystallography. An extended Hcckel molecular 

orbital diagram for the iron complex (11.12; M = Fe) was 

constructed [1391. 
Condensation of l,l'-diacetylferrocene with cyclohexanone, 

alkyl- or phenyl-cyclohexanones and cycloheptanone produced 

the corresponding 3-spiro[5lferrocenophane-1,5-diones 111.13; 

Y = (CH2)3, CH2CHMeCH2, CH2CHEtCH2, CH2CH(i-Pr)CH2, 

CH2CHPhCH2, CH2CMe2CH2, CHMe(CH2)2, CHPh(CH2)2, CH2 

(CH2)41- The NMR spectra of these ferrocenophanes were recorded 

and discussed [140]. Reaction of 1,l' -bis(e-hydroxymethylphenyl)- 

ferrocene with triphenylphosphine produced the ferrocenophane 
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(11.14). 'I-I NMR spectroscopy indicated that this molecule was 
fluxional and in dynamic equilibrium between eclipsed and staggered 
conformations [141]. 

Ferrocene crown ethers such as the benzo-15-crown-5 (11.15) 
have been prepared from the ferrocenium ion and the diazonium 
salt of the corresponding amine. The binding of Na+, K+ and 
!4g2+ to the crown ether (11.15) caused the oxidation wave of 
the ferrocene to be shifted to more positive potentials. The 
magnitude of the shift was related to the charge/radius ratio 
of the cationic guest. The crystal and molecular structure 
of the sodium salt of the crown ether (11.15) has been determined 
by X-ray crystallography [142]. 

The metallocene bridged cryptand (11.16) has been character- 
ized by X-ray crystallography and shown to contain a large 
cryptand cavity. This was in agreement with the complexing 
properties observed for the species 11431. The reaction of 
1,2-di(hydroxymethyl)ferrocene with a,w-alkanedithiols in the 
presence of trifluoroacetic acid gave mononuclear dithia- and 
binuclear tetrathia-ferrocenophanes. Ethylene glycol combined 
with 1,2-ferrocenediol to form the dioxaferrocenophane (11.17). 

The cyclic tetramer (11.18) was formed in the same reaction [144]. 
Ferrocencarbonyl chloride has been condensed with calix[rll- 

arene to give the bis-ferrocene calix[4]arene (11.19). X-Ray 
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crystallography was used to demonstrate the cone conformation of 

the molecule [1451. The metallocene calix[4]arenes (11.20; 

M = Fe, Ru) have been prepared by treatment of the parent calix- 

arene with 1,l' -bis(chlorocarbonyl)metallocenes [1461. 

A number of sulphur-containing ferrocenophanes have been 

prepared from ferrocene-l,l'-dithiol or ferrocene-l,l'- 

bis(carbonylchloride). Thus the ferrocenophanes (11.21 and 

11.22) were obtained from ferrocene-l,l'-dithiol and the corres- 

ponding diacid chloride while the ferrocenophanes (11.23 and 

11.24) were formed from ferrocene-l,l'-bis(carbonylchloride) 

and the appropriate aromatic dithiol 11471. 

Q 0 
SC0 0 0 cos Q 0 

&sco~cos4$ 
Fe 

11.21 11.22 

9 0 
cos 0 0 sot Q 0 

Fe Fe 

6- 0 cos V 0 

sot b 0 

Fe 

11.23 11.24 
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Q\ 0 
S 

Fe s 

6’ 0 S 

Q 0 
Se \ 

Fe Se 

6 0 
/ 

Se 

Fe 

11.25 If.26 11.27 

The oxidation potentials of 1,2,3-trithia- (11.25), 1,2,3- 
triselena- (11.26) and 1,3-dithia[3]-ferrocenophane (11.27) 
have been determined. These ferrocenophanes had high oxidation 
potentials relative to ferrocene, l,l'-bis(methylthio)ferrocene 
and methylene bridged (31-ferrocenophane. The photoelectron 
spectrum of 1,2,3_trithiaferrocenophane (11.25) indicated that 
the d-electrons of iron were attracted by the sulphur bridge 
(1481. 

Trithia[n]- and tetrathia[n]-ferrocenophanes combined with 
palladium(I1) tetrafluoroborate to form 1:l complexes. Thus 

r 

I Be -Pd--5 

PJ 0 
I 

S 

2+ 

2BF4- 

11.28 
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the complex (11.28) was shown by spectroscopy to have an iron- 

palladium bond [1491. The u3-benzyne complex, RUDE- 

(u3-n2-C6H4)[u2-PPh(n-CgHq)Fe(n-C5H5112 has been formed by 

heating the carbonyl complex Ru3(CO),0[PPh2(n-C5H4)Fe(n-C5H5)]2. 

The product was characterized by X-ray crystallography. The 

ferrocenyl groups were trans with respect to the plane of the 

R"3 triangle [1501. 

12. FERROCENE-CONTAINING POLYMERS 

The alkynes RC2H, where R = Ph, n-B", were polymerized 

instantaneously at 20' in the presence of 1% W(C0)3:CH3CN13 

and 0.01% [(n-C5H5)2Fel+PF6- as the catalyst 11511. Pressure- 

area isotherms and electronic spectroscopy have been used to 

study the photopolymerization of heptadeca-2,4_diynylferrocene- 

carboxylate (12.1) as a monolayer on water. Molecular packing 

determined the polymerization behaviour [152]. 

Ferrocene containing polysilanes have been prepared and 

the film forming properties examined. The reaction of these 

polymers with tetracyanoguinodimethane, tetracyanoethylene, 

chloranil and iodine gave charge transfer complexes. The 

properties of these complexes were investigated [153]. The 

copolymerization of ferrocenylmethyldichlorosilane (12.2) with 

phenylmethyldichlorosilane has been used to produce high 

molecular weight polymers. The photostability of these polymers 
was investigated [154]. 

0 

G-C 
- -C12H25 

Cl 

Q 

I 
0 Si-Me 

I 
Cl 

Fe Fe 

12.1 12.2 
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12.3 

The electrochemical oxidation and reduction of ferrocene 

substituted polyphosphazenes (12.3) has been studied by cyclic 

voltammetry and chronoamperometry [1551. Electrochemical 

copolymerization of pyrrole with 3-(6-ferrocenyl-6-hydroxyhexyl)- 
pyrrole (12.4) afforded a polymer containing controllable 

concentrations of ferrocene. The polymer films were deposited 

on electrodes and electrochemical properties were investigated. 

Cyclic voltammetry showed two different redox processes cor- 

responding to the reduction-oxidation of the polypyrrole polymer 

backbone and the ferrocene moiety 11561. 

F.e H 

12.4 
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13. APPLICATIONS OF FERROCENE 
(i) Ferrocene catalysts and photosensitizers 
Dithiourethanes underwent arylation with aryldiazonium 

tetrafluoroborates in acetone containing ferrocene. A radical 
mechanism was indicated [1571. Catalytic asymmetric allylation 
of sodium enolates of B-diketones with ally1 acetate has been 
shown to proceed with high enantioselectivity in the presence 
of palladium catalysts containing functionalized chiral ferrocenyl- 
phosphine ligands, to give optically active ketones. The most 
effective ligand was the ferrocenylphosphine (13.1) (1581. 

13.1 13.2 

Asymmetric cyclization of 2-butenylene dicarbamates has 
been catalyzed by chiral ferrocenylphosphine-palladium complexes. 
The highest stereoselectivity was obtained when the ferrocenyl- 
phosphine (13.2) was used as the ligand [159]. 

13. (ii) Combustion control 
Ferrocene and substituted ferrocenes have been incorporated 

in polyisocyanate foams. The foams exhibited good heat resistance, 
improved flame resistance and emitted little smoke on combustion 
11601. The temperature sensitivity of the burning rate of 
composite propellants has been investigated. The addition of 
2,2-bis(ethylferrocenyl)propane reduced the temperature sensitivity 
[1611. 



13. (iii) Clathrate complexes 
Enantioselective reduction of the carbonyl groups in the 

acylferrocene_B-cyclodextrin complexes (13.3; R' 
R2 = H; R' = R2 

= COCF3, 
= COCH3) has been achieved with sodium borohydride 

to give the corresponding optically active alcohols [13.3; 
R' = CH(OH)CF3, R2 = H; R' 3 R2 = CH(OH)CH3] [162]. The acyl- 
ferrocenes (13.4; R = H, Me, CF3) together with some diacyl- 
ferrocenes have been used to form inclusion complexes with a-, 
i3-, and y-cyclodextrins. The complexes were examined by circular 
dichroism and the induced Cotton effects were shown to correspond 
to the metallocene chromophores [163]. 

The complex formed by methyl ferrocenylacrylate and 8-cyclo- 
dextrin has been studied by molecular modelling calculations. 
Reactivity of the ester was linked with twisting of the ester 
group out of full conjugation [164]. A series of inclusion 
compounds of ferrocene and its derivatives with e, B and y-cyclo- 
dextrins have been prepared. 6 and y-cyclodextrin formed I:1 
inclusion compounds whilst y-cyclodextrin formed 2:l (host:guest) 
complexes with ferrocene and monosubstituted ferrocenes. The 
a- or B-cyclodextrin:ferrocene complexes were thermally stable 
up to loo0 in vacua [165]. -- 

Several aminoferrocenes have been prepared and intercalated 
into MOO 3' For example, ferrocenylethylamine formed bilayers 
(13.5), as indicated by the stoicheiometry and the large inter- 
layer separations. Diagram (13.5) is a representation of the 

'B-cyclodextrin Fe 

13.3 13.4 

Refemncea p. 150 
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Fe 

1 Fe 

13.5 

structureof the intercalate [(n-C5H5]Fe(n-C5H4CH2CH2NH2]10 6.Mo03 * 
[1661. Molecular nitrogen formed complexes with metallocenes 

at 16 K, (CsH5)2M.N2 and (C5Me5j2M.N2, where M = V, Cr, Mn, 

Fe, Co, Ni. At 80 K polymeric complexes were formed [167]. 

13. (iv) Ferrocene in analysis 

a-Hydroxyethylferrocene has been used in the determination 

of iron in ores. The iron ore was dissolved in a mixture of 

hydrochloric and nitric acids to give a solution of Fe(II1). 

a-Hydroxyethylferrocene was added and the corresponding 

ferrocenium ion was generated. The concentration of a-hydroxy- 

ethylferrocenium ion was estimated spectrophotometrically and 

the total iron present in the ore was determined [168]. 

Ferrocene has been used as a reagent in the spectrophoto- 
metric determination of ferric oxide in cement. On addition 

of ferrocene to the iron(III) the ferrocenium ion was generated 
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and then estimated [169]. Liquid chromatography on a polyamide 

oolumn with aqueous a-cyclodextrin as the mobile phase has been 

used to resolve 1-ferrocenylethanol and similar compounds into 

the enantiomers [170]. 

13. (v) Biochemical and biological applications 

Glucose oxidase and ferrocenecarboxylate have been immobilised 

in a conducting polypyrrole film to form a simple biosensor used 

for the measurement of glucose 1171). Drey and Stewart have 

reported the preparation of S-ferrocenylmethyl-L-cysteine (13.6) 

from ferrocenylmethanol and L-cysteine in the presence of 

trifluoroacetic acid. The ferrocenylmethyl protected amino-acid 

(13.6) was used in the synthesis of glutathione [172]. 

The chemical reactivity and tribological properties of 

ferrocene sulphides as lubricant additives have been discussed 

(1731. Ferrocene containing platinum complexes have been prepared 

as potential antitumour agents. N,N'-Di(ferrocenylmethyl)ethane- 

diamine was prepared by condensing formylferrocene with 1,2- 

diaminoethane followed by reduction of the product with lithium 
aluminium hydride. Addition of the ligand to K2PtC14 gave the 

complex (13.7). The addition of l-ferrocenylethylamine hydro- 

chloride to K2PtC14 produced the complex (13.8). The antitumour 
activity of the complexes (13.7 and 13.8) was not reported 

r1741. 

NH 
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