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1. REXIENS 

Cais has reviewed the problem of aromaticity in the metal- 

locenes and the role ol' the metal atom in their reactions. The 

fcllowiug aspects of ferrocene chemistry were sumznarized: 

(I) electrophilic substitution, (2) intra- and inter-annular effect 

(3) oxidation and reduction, (4') substituent effects of the ferro- 

cenyl group'. 

Chemical bonding in organometallic sandwich cotipounds has 

been discussed briefly by Prins 2 . The literature for 1972 covering 

stlbstitution reactions of ferrocene and other hydrocarbon-metal 

X-complexes was surveyed by 1inox3. The general chemistry of these 

compounds was also 4 surveyed . 

Slocum and Sugarman have reviewed the directed metallation 

reaction, that is lithiation with n-butyllhthi~ at a position 

o&ho to a substituent on an aromatic ring. The use of this reactil 

for the preparation of 1,2_disubstituted ferrocenes was included 

in the revie w-? Zeppezauer briefly reviewed the developmeqt of 

organometallic chemistry including the structure and chemistry of 

6 
ferrocene . 

The mass spectrometry of transition metal T-complexes has been 

discussed by Gaivoronskii and Larin7. Rosenblum has reported 

results in several fields of organo-iron chemistry including the 

rormation OT 0rgarSc semiconductors incorporating ferrocene 
a 
_ The 

effect of structure on the thermal stability of siloxanes contain- 

ing ferrocerre and cymantrene groups has been surveyed by 

Skorokhodov9. Shul'pin and Rybinskaya have discussed the chemistry 

of the ferrocenophanes 
10 

. Nesmeyanov and Kochetkova have reviewed 

the current trends in the practical uses of ferrocene and its 

11 
derivatrves . 
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2. STRUCTURAL DETERMINATIONS 

diffraction studies showed that Feri-ocene which is 

at room temperature, becomes triclinic below the phase 

temperature of 165O~. The lattice parameters for 

ferrocene (295'K) were a = 10.59, b = 7.64, c = 5.96 2, 

B= 121.1° and for triclinic ferrocene (SOOK) they were a = 10253, 

b = 7.52, c = 5.71 :,d= 90.5, p= 119.9, a= ij9.4O 1-2. 

The crystal and molecular structure of 1,2-bis(ferrocenyl)- 

ethane (2.1) was determined by X-ray crystallography. The compomd 

crystallized in the orthorhombic space group Pbca with four‘molecules 

in a cell-of dimensions a = 10.06, b = 10.43, c = 16.23 H. The 

two ferrocene moieties were symmetrically equivalent and trans to 

one another in the solid state 13 . 

2.1 2.2 

The crystal and molecular structure of o(,cx,a-trimethyl -a- 

ferrocenyl-1,2-trimethyleneferrocene (2.2) was determined from 

X-ray diffractometer data by direct methods, and refined to 

E 0.117 for the 4075 observed structu_re factors. The unit cell of 

the crystals was orthorhombic with a = 14.72, b = 24.63, c = 11.35 8, 

space group Pbg&, Z = 8. The second ferrocenyl group was exo as 

References p_ 322 
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previously 

the adduct 

postulated from 'H NMR data 14, 15 
_ 

. The structure of 

.(2.3) formed between the 2-ferrocenyl-2-propgl cation 

and cgclopentadiene.has been confirmed by X-ray crystallography. 

The two T-cyclopentadienyl rings are tclted out of coplanarity 

by an angle of 7 
0 16 

. 

@. o Me Me 

Fe 

0 0 

2.3 2.4 

-I 

+ 

BF - 
4 

The crystal and molecular structure of ferrocenyldiphenyl- 

cyclopropenium tetrafluoroborate (2.4) was determined by a single 

crystal X-ray diffracthon study. The compound crystallized in 

the monoclinic system, space group p2,/~, with a = 8.219, b = 14.70 

c = 17.857 8; p= 103.6~. The cyclopentadiengl rings were eclipsed 

and offset from the parallel by 2.7O. Three detarls of the structu. 

supported metal participation in stabilization of the cation: 

(1) the cyclopropene rhg was bent up towards the ferrocenyl group 

and this facilitated interaction of the filled nonbonding 3dz 
2 

of 

the fron with the empty orbital of the cyclopropenim moiety, 

(2) the carbon-carbon bond distance between the ferrocenyl group 

and the cyclopropene ring was slightly elongated and this was 

consistent with the mixing of metal orbitals with empty orbital9 

on carbon, (3) the cyclopentadienyl carbon atom attached to the 

cyclopropene ring was slightly tilted towards the iron and this 

shfft would tend to facilztate orbital 17 overlap . 

The crystal end~molecular structure of ferrocenylbis- 
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(triphenylphosphine)digold tetrafluoroborate was determined by 

X-ray crystallography. It had space group PZ,/= with a = 14.46, 

b G 30.5'4, c = 9.51 i?,p= 92.6O; Z =.4. The metal.atoms formed a 

Au-Au-Fe chain with a cgclopentadienyl bridge between one gold 

atom and the iron atom. The. crystals consisted of discrete 

L- C5H5FeCSHbAu2(PPh3)2 
1 
+ and SF - 

4 
ions18._ 

3. STEREOCHEMISTRY OF FERROCgRES 

Ferrocene was acylated with t-butylsuccinic anhydride to give 

a mixture of two isomeric ketones which were reduced under 

Clermensen-conditions to the substituted ferrocenylbutyric acids 

(3.1 snd 3.2). Cyclization of the acids with trlfluoroacetic 

anhydride gave the two pairs of cyclohexenones (3.3, 3.4, 3.5 and 

3.6). me ratio of the exo (3.3) to endo (3.4) isomers in the 

product mixture obtained by cyclization of the butyric acid (3.1) 

was &:I and the endo-ketone (3.4) was obtained by treating the 

exo-ketone (3.3) with sodium methoxide. Each of the four ferroceno- 

cyclohexenones (3.3 - 3.6) was reduced to a pair of ferroceno- 

cyclohexenols in which the endo-alcohol was usually in excess over 

the exo-alcohol. Thus the ketone (3.4) gave the alcohols (3.7 

and 3.8) in the ratio 9:l. The relative configurations of all 

the stereoisomers were determined by their chemical and spectro- 

scopic properties 19 . 

Kimny, Moise and Tainturier have determined the absolute 

configurations of .x-phenylferrocenocgclohexenone. The ferrocenyl- 

phenylcarbinol (3.9) was converted in two stages to the 

s-ferrocenyl-z-phenylbutyric acid.(3.10) and then cyclized to 

References p. 322 
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: 

3.1 3.2 

3.3 3-4 3.5 3.6 

A 
3.7 3-S 

.a mixture of the ferrocenecyclohexenones -( 3.11 and 3.12). These 

products were distinguished by r.elating them to the optically 

active ketone (3.13). This ketone was treated with phenylmagnesiu 

br.omide to give the cyclohexenol (3.14) which was dehybated to 

the cyclohexadiene (3.15). Stereoselectlve reduction of the cyolo 

hexadiene gave the cyclohexene (3.16) which was obtained also by 

Clemnensen reduction of the cyclohexerrone (3.12). The cgclohexeno 



3 -17 

0 

cfl FS 

3.12 

HO ‘Ph =_ 
-cc5 Fe 

3.16 

-Ph 
I 

w 

3.13 3.74 3.15 

(3.11) was related in the sazne way to the cyclohexene (3.17)20. 

Ugsal and Car&heron have investigated also the stereochemistry 

or’ x-substituted ferrocenecyclohexenones. The ferrocenoglpropionic 

acid (3.18) was treated with methylmagnesium iodide to form the 

lactone (3-19) and this was reduced with hydrogen over a catalyst 

to give the carboxylic acid (3;2O). ThLs acid was cyclized with 

trifluoroacetic anhydride to the isomeric cyclohexenones (3.21 

and 3.22) which were obtained in the ratio 9:1. Reduction of 

the cyclohexenone (3-21) with lithium aluminium hydride gave the 

epimeric alcohols (3.23 and 3.24) with the endo:exo rat?0 of 9:l. 

By contrast, reduction of the ketone (3.22) gave epimeric alcohols 

Ln t-he endo:exo ratio of 9:11, The relative configurations of the 
-- 

References p_ 322 : 
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: 

cyclohexenones (3.21 and 3-22) were determined by relating one of 

them (3.22) to the cyclohexenone (3.l3)2'm. 

COCH2CH2C02H 

3118 3-19 

0 

I 3.21 

H Me 

3.24 

l&cleopb~lic substitution of the chiral [3]ferrocenophanes 

1 
3.20 

Me. H 

3.22 

(3.25 and 3.26) with NH NaN 
3' 3 

and Xe2NB afforded the corresponding 

[3]ferrocenophanes in which the quaternary ammonium or hydroxyl 

group was repladed by NH*, N3 or PIe2N respectively with retention 

of configuration 
22 

_ 



3.25 3.26 

The racemic ferrocenophane (3.27; R = NMe2). was prepared by 

treating the corresponding alcohol (3.27; R = OH) with Me2NH-AX1 
3’ 

The amine (3.27; R 

hydrolgsed to give 

sign of rotation. 

= NMe2) was partially resolved, quaternised and 

the chiral alcohol (3.27; R = OH) with the same 

n-butgllithium and . 

Tne amine (3.27; R =-NMe2) was treated with 

the lithiated intermediate was condensed with 

PhCN, dimethylformsmide or PhCHO to give (3.28; R = PhCO, CHO and 

PhCFIOH) respectively 23 . 

0 R 3 Fe 

0 

3.27 3.28 

The stereochemistry of the reduction of the methiodides 

(3.29) was dependent on both the substituent on the carbon atom 

3( to the cgclopentadienyl ring and on the reagent used. Reduction 

of the methiodide (3.29; R = Me) with sodium borohydride gave 

the endo-methyl derivative (3.30; R’ = H, R2 = Me) as the dominant 

product w'hile reduction of the methiodide (3.29:-R = H) with the 

methyl Grignard reagent gave the exo-methyl product (3.30; i1 = Me, 

References P. 322 
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R2 = H). The physical properties of the products (3.30) were 

intcrprsted by conformational analysis 24. 

e Q 0 . CH2CH(Ple)NE 

Fe 

0 0 

3..29 3.30 3.31 

The racemic amine (3.31) obtained by the lithium eluminilu 

hydride reduction of I-ferrocenrl-Z-nitro-I-propene was resolve 

into the ensntiomers by crystallization of the tartrate or dibe 

tartrate salts2'. Bifunctional optically active orgsnosilicon 

compounds of lulown absolute configuration were treated w5th fer 

cenyllithium to gLve optically active c+ferrocenglsilanes. ThE 

stereospecificity of the reactions was high although either ret 

or inversion of configuration was observed depending on the re6 

Thus the silane (3.32) was converted to the feY?OCenylSibIE (5 

with retention of configuration while the chlorosilane (3.34) g 

the inverted product (3.35). The methcxysilane (j. 36) underwen 

inversion when attacked at the o-menthyl group to give (3.38) 

but the methoxy group was displaced by ferrocenyl with retentic 

of configuration to form 

Ph 
: 

CC-Np+i-E 

O&en 

the siiane (3.37)26. 

Ph 

FcLi 
oc-Np-&-R 

Ret. & 

(3.32) (3.33) 
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” 
o!-Np-+i41 FcLi 

5h 
d-Np-&----OMen . 

(3.36) (3.37) 

: 
OMen ElV. 

(3,341 

FcLi 

Ph 
: 

d-Np--S:i-Fc 

Ret. O&en 

Eic 

(3.35) 

+ 

Ph. 
: 

u-Np-$i-Fc 

Inv. O'Me 

(3.38) 

Goldberg and Bailey have reported further details 27 of the 

stereochemical situations which arise when two constitutionally 

identical substituents are bound to adjacent ring carbon atoms in 

ferrocene28. 

4. SPECTROSCOPIC AND PRYSICO-CHEMICAL STUDIES 

h'artree-Fock-Slater (RFS) calculations, employing.the Xar 

_ exchange but no muffin-tin approximations, were carried out for 

ferrocene. The calculated ionization potentials and charge 

distribution were compared with Hartree-Fock and experimental 

results. It was concluded that the HFS calculations gave a realistic 

picture over a wide range of the photoelectron spectrum and the 

relative positions found for the metal d and ligand valence levels 

agreed with experimental results. A transition state calculation 

was found to be necessary to give the qualitatively correct ion- 

ization potentials 29 . 

A molecular-orbital calculation for ferrocene using the SCF 

X4 scattered-wave method was carried out for ferrocene. Good 

agreement was obtained between the.theoretical and the observed 

optical spectrum for d-d transitions and charge-transfer excitations. -- 

References p. 322 
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The calculated ionization spectrum agreed well with eipkrimental 

measurements but it led to a different interpretation for the two 

lowest ionization potentials. The order of energy levels for the 

highest occupied orbitals .in ferrocene and the lowest unoccupied 

orbital was found to be e ,.(R-Cp)<e,U(~-Cp)<e~g(3d)(Alg(3d)< 

eTg(3a130. 

A new semiquantitative SCF LCAO molecular orbital calculation 

.&&me which involved an intermediate neglect of differential over: 

has been applied to-ferrocene and several other molecules. The 

results compared favourablg with those obtained by ab initio - 

calculations3'. The 73 C NXR spectra of acgl-; l,l'-diacyl- and 

vinylferrocenes in CF CO R 
3 2 

and I; SO 
2 4 

were recorded and compared 

with the spectra obtained in aprotic organic solveni;s 32 . 

93 C N&R spectra were recorded for a series of substituted 

ferrocenes and from the results it was concluded that elcctron- 

donating substituents increased the electron density in the 

p-position and decreased it in the o[-position. Electron-accepting 

substituents exhibited the opposite effect 33 _ 

The I 3 C-'E and 'I, NKR spectra of p-benzoylvinylferrocene 

and cinnemoylferrocene and their iron carbongl complexes (4.1, 

4.2 and 4.3) were recorded and interpreted. The resonances 09 

both the o(- and p- substituted cyclopentadienyl ring atoms were 

split in the 13 C-'R NXR spectra of all the complexes. In the Lron 

carbong conqlexes (4.1, 4.2 and 4.3) there was a reduction in the 

degree of conjugation of thew,p- unsaturated ketorre system and 

this phenomenon was discussed on the basis of the 13C-1, and 'H 

NMR data34. 

The I3 C pulse Fourier transform NMR spectra of the ferriciniiu 

salts , [(RC534)2Fe]+PF6- (R = H, Me, Et, CHe3), were recorded as 



Fe(CO)4 

Q 
0 

CHLHCOPfi 

Fe 

0 0 

l.L.1 4-2 

Fe 

4.3 4.4 

solutions in acetone. The ring carbons gave a single signal for 

R = 11; two.signals for R = Me or Et.[the C-2(5) and C-3(4) signals 

overlapped] and three signals for R = CPIe 35 1 
3 - 

d3c NMR c-ross- 

polarization studies of a ferrocene single crystal revealed strong 

transient oscillations instead of the more usual exponential 

behaviour of cross-polarization. The oscillations arose from 

coherence effects caused by the dipolar coupling between the IH 

and I3 C Ettoms and were rationalised in terms of a sknple model 36 _ 

The interchange between the two conformers of @]ferrocenophane 

(4.4) brought about by inversion of the methylene bridge has been 

investigated by 13 C and 'H NPIR spectroscopy. The temperature 

dependence of the chemi_cal shifts of the bridge methylene groups 

was deterfined, the resonance of the central methylene group was 

shifted to lower field by Jppm over the temperature increase 

studied3'. 

Tne wideline 'H NLXR spectra of a number of bls(cyclopentadieny1 

(including ferrocene), dibenzene and bis(cyclooctatetraene) -metal 

complexes were examined in the temperature range I 78-381~1cana 

the second moments of the line widths were calculated. These 

experiment~al values were compared with theoretical values-based 

Referencesp.322 
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OR the Van Vleck model. The results indicated t'aat there was no 

substantial difference in metal-ring bonding between metallocene 

and dibenaene compounds 38 . 

The protonation of a series of acglferrocenes in FSO R- 
3 

S02C_$F(S02) solution was studied by 1 H NMR spectroscopy. The sit 

of protonation was found to be the carbonyl oxygen atom and there 

was no evidence for the protonation of the iron atom. Although 

it was tho;*ght that the proton attached to the carbonyl oxygen 

could, at the same time, be associated (via hydrogen bonding) witi 

the'iron atom. Temperature dependent 'I3 NMR spectra of $?otonat;et 

acylferrocenes FcCROH+ (R = Me, Zt, Ph, OMe) were observed which 

indicated intermolecular hydrogen exchange with the acid solvent 

system39_ Isotropic nuclear magnetic resonance shifts for 

[Fe(T(-C5F$)2jPF6 and [Fe$-C5H4Me)2]PF6 were measured at a series 

of temperatures between 2C.2 and 32b°K. The room temperature 

s.olution magnetic moments of these ferricinium salts were measured 

Theoretical 

values were 

known ESR g 

obtained in 

expressions for magnetic susceptibilities and ESR g 

deduced,and these expressions were used to interpret 

values and the 'H MMR data and the magnetic moments 

this investigation. It was found that the dipolar 

term contributed approximately 55,o 'fl to the observed resonance shift 

for the methyl protons and approximately 25% to the ring proton 

shifts. It was concluded that for [Fe(q-C5H5)2jt the 2A1g level 

was below the 2E 2g level by about 200 cm-'.. It was suggested that 

the former was not a pure electronic level but a vibronic one of 

symmetry Alg which resulted from Jahn-Teller induced vibrational 

coupling with 2E2g4'- 

The. effects of light, gamma radiation, oxygen and nitrogen 

on ferrocene adsorbed on porous silica have been investigated by 
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ESR techniques. titer.ultraviolet irradiation ferrocene dis-- 

sociated primarily into C5H5 radicals together with.CkHk- or the.. .' 

csH4- radical anion; atomic hydrogen was-also produced. Gamma 

irradiation apparently had no effect on the ferrocene. No evidence 

Was obtained for the adsorption of nitrogen by ferrocene but oxygen 

adsorption at room temperature produced- ELI-I 02- spectrum with a 

hyperfine structure due to the five hydrogens of a cgclopentadienyl 

ring of the ferrocene4'. 

The infrared spectra (3200-400 cm-' ) of monocrystal films of 

M(~-CSHS)2 (M = Fe,. Ru, OS) using polarized radiation and the 

laser-Raman spectra of solid samples of these compounds at +-2Q" 

to -190° were recorded. T%e fundamental vibrational frequencies 

were assigned. Symmetry forbidden vibrations appeared in the 

solid state42. The rate of cgclopentadienyl ring exchange between 

first transition series metallocenes, (T-C5H5)M and LiC5D5 has 

been studied by an IR technique. The rate of exchange decreased 

in the order M = Cr, Mn>Ni>V>>Fe, CO. The relative reactivity 

towards ring exchange paralleled the reactivity towards nucleo- 

philic substitution and was explained in terms of the donor or 

acceptor properties of the metallocene 43. 

TheLnJfrared spectra of Fc2C0, Fc2C=NFi, Fc~C--CII~, 

FCC =NKcy (cy = cymantrenyl), FcCOZg and Fc2C=NN--CFc2 were 

recorded and correlated with the structures of these mOl@CUleS 44. 

Rate constants have been measured for the quenching by ferrocene 

of triplet states in a number of organic compounds ,in ethanol. In 

most cases the triplets were quenched and did not show transient 

absorptions. Over the range 8,000-17,000 CIU -I &e rate constants 

increased with an increase in the triplet energy. The quenching 

mechanism was considered and the-lowest triplet level Of ferrOCene 

was determined as 1~,000~1,000 cm . 
-1 45 

References p. 322 
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Ferrocene and ferrocene derivatives were active in quenching 

the photoreduction of fluorenone by triethylamine. A mechanism 

involving triplet-triplet energy transfer was proposed 46 . !tbe 

Moessbauer chemical shift and quadrupole splitting parameters were 

determined for a number of ferrocene derivatives. While the chemi 

shift was independent of the nature of t'ne substituent, t'ne quad- 

rupole splitting was sensitive to the electronic effects of the 

substituents. The results were in better agreement with the 

Shustorovich and Dyatkina MO description of ferrocene than with 

alternative calculations made b 47 y Dahl and Ballhausen . The 57Fe 

Noessbauer spectra (300 and 4.2°K) have been determined for 

dioxidized biferrocenylene (4.55 and two mono-oxidized p.l]ferroce 

ophanes (&EJ. A large quadrupole splitting (2.89 mm/set at 300°K) 

was obtained for the biferrocenylene (4.9 and this was interpreted 

in term.s of extenrive delocalization of e 
2g 

electrons resulting 

from an Fe-Fe bonding Interactron. Por the ferrocenophanes (4.6) 

temperature dependence of the spectr a was noted and this -das thougl 

to be associated w%th a Thase transition tr'nerein the Fe-Fe distance 

Lea was changed to pertit greater Fe-Fe exchange interaction . 

O-0 0 0 
Fe Fe 

2; 

Fe Fe 

4.6 

R = H, Me 

Horrison and Hendrickson have recorded the Moessbauer spectrum 

of dioxidized biferrocenyleae (4.6) as t'ne hexaflnoropbosghate. 

The chemical isomer shift S= 0.573 mm set 
-1 

(vs -- metalilc iron) 
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and the quadrupole splitting A= 2.951 nm sec.-j. The spectrum of 

the magnetically perturbed sample cohfirmed that the electric 

field gradient at the Fe(IIi) centres was negative 49; 

Moessbauer spectra were recorded for the systems 3-5 I&.%~ 

diacetglferrocene (containing 90% 57 Fe).with 4,4*-diheptgloxyazoxy- . 

benzene and 4,4'-dioctyloxyazoxybenzene and jerrocene with chloest- 

erg1 myristatc. The results were used for elucidating the structures 

of the liquid crystals 50 . Moessbauer spectroscopy has been used 

to determine the displacement anisotropg and the angle of inclination 

of layers of diacetglferrocene in the liquid crystal matrix 

provided by &,4X-di(heptyloxy)azoxybenzene 51 . 

Fleischmann and Fritz have reported the spectroscopic and 

polarographic investigation of the complexes formed between two 

molecules of the thiosemicarbazone (4.8) and cobalt(iI), nickel(II), 

copper( zinc(i1) and cadmium(I1) ions. The results indicated 

that the 

electron 

nificant 

ligand formed complexes in its imine form and that strong 

delocalization in the complex occurred but without sig- 

52 participation by the electrons on the central iron atom . 

Q 0 
CH=WLVHCONH2 

Fe 

0 0 

4.7 4.8 

The protonation of substituted ferrocenyl ketones in aqueous 

sulphuric acid has been investigated, pKa values were determined 

for the conjugate acids of eleven ketones. Substituent effects 

Referencesp.322 
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. 
and charge delocalization were discussed, several of the compounds 

were useful as indicators in the measurement of acidity using 

&$3cales? A study was made of the use of methyl isobutyl ketone 

as a solvent for polarography. For ferrocene in this solvent t'ne 

half-wave potential was +oJ&v, the diffusion current constant was 

2.3.D and t'ne product of the diffusion current. constant and the 

square root of the solution viscosity was 1.83V 54. A polarographic 

study of acylbenchrotrenes and their oximes shotied the Cr(COj3 to 

be electron withdrawing, 6 = 0.74. The following order of electron 

withdrawing groups was determined, benchrotrenyl>2-.thienyl> 

5.5 cymantrenyl>phenylZ=-2-pyrrolyl>ferrocenyl _ 

The chromatographic separation of several substituted ferrocenl 

wes achieved on columns of polystyrene beads crosslinked with 

2% divinylbenzene using cgclohexane as the solvent. The separation 

appeared to be achieved through.weak interaction between the solute 

and'gel matrix rather than by molecular sieving as was demonstrated 

by the different distribution coefficients for ferrocene, rutheno- 

cene and osmocene5'. 

Isomeric vinylferrocenes and diastereomeric N-phenylethyl- 

ferrocenecarboxamides were separated by high pressure liquid-liquid 

chromatograph 27. 

_- 

5. REACTIONS OF F'EZROCENE 

Ferrocene was attacked by hexafluoroacetone in the presence 

of aluminium chloride in methylene dichloride to give the propanol 

(5.1). Similar reactions took place when pentafluoroferrocene.was 

the reagent and when ferrocene was-replaced by acetgl- or benzoyl- 

ferrocene. In the absence of the F'riedel Crafts catalyst the 

reactions required forcing conditions (15 days at 180~~ in a Carius 

tubeJr8. 
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Ferrocene was heated to 150° with tetracganoethylene in 

sulpholaneto form cganoferrocene (40%) and (tricyanovinyl)ferrocene 

(16%) (5.2). Chloromercuriferrocene was treated with the same 

reagent to give the same vinylferrocene (5.2). Ethylferrocene gave 

a random mixture of disubstitution products and suggested a radical 

substitution mechanism 59. 

Q 0 
CW3)20H 

Fe 

0 0 

CN 

0 0 

Q 0 
COR 

Fe 

0 0 

5.1 5.2 5.3 

l,l'-Dimathylferrocene was prepared in high yield by treating 

a methanol-sodium methoxide slurry with iron chloride, iron 

powder and methylcyclopentadiene 
60 

. The treatment of ferrocene 

with o-(R02C)C H 64 COCl (R = alkyl) in the presence of aluminlum 

chloride gave c-carboxybenzoglferrocene in good yield 
11 

_ 

Acglferrocenes (5.3; R = Me, CHMeR, cyclohexyl, I-adamantgl, 

Ph) were obtained in yields of 41-76% by treatment of ferrocene 

with the corresponding acid chlorides in hexane and using molybdenum 

hexacarbonyl as the Friedel-Crafts catalyst. The products were 

free from diacylated ferrocenes 
62 

- Ferrocenylboron halides (5.4; 

X = Br, I) were prepared directly in good yield by the reaction 

of ferrocece with 8X3 (X = BP, I) in carbon disulphide. Halogen 

63 
exchange gave the ferrocenyl-boranes (5.4; X = F, Cl) . 

An excess of ferrocene was allowed to react in the presence 

of aluminium chloride and aluminium with the following poly- 

aromatic molecules: biphenyl; diphenylmethane; fluorene; 
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5.4 

r 

IQ--Q 1 
Fe 

-6 o_ 0 

5.5 

2+ 

9, IO-dihydroantbracene; 1,2:&,5-dibenzo-l,b-cycloheptadiene; 

3,3'4,4'-tetramethylbiphenyl; E-terphenyl, antbracene, phenanthr, 

pyrene, chrgsene, p_-phenylnaphthalene and 1,2:S,6-dibenzarth~acel 

Two 7 -cgclopentadienyliron (II) moieties x-bonded to each of t‘ne 

arenes to give dications which were isolated as the PF6- salts. 

For exsmple ferrocene and biphenyl gave t%e dication (s.s)64. 

Ferrocene was decomposed thermally at 570° and 153-520 nxx 

pressure to give hydrogen, methane, ethane and ethylene. Under 

similar conditions acetylferrocene gave hydrogen, methane, ethane 

ethylene and carbon monoxide . The iodination of ferrocene in 

?,2-dichloroethane gave ( "\ S 5 2 -C 11 ) FeI 4, which was thought to be 

iodoferricinium triiodide. X'nen this was dissolved or sublimed 

it gave 
- 66 

[(1\-C5H5)2pe]+13 . 

When ferrocene was heated with thiourea at lL+.Oc in a sealed, 

evacuated tube a I:3 ferrocene:thiourea clathrate was formed. Th 

clathrate exhibited a reversible phas" transition at 162OK which 

compares with the phase transition of Terrocene at 163.9OIL 

Ferrocene and nickelocene together gave a mixed clathrate althoug 

67 nickelocene itself was not taken up by thiourea . 

The solubilitg of ferrocene in cyclohexane, heptane, isooctti 

carbon tetrachloride and other per:haloalkanes, csrbon disulphide 



and dioxan was deter-mined at 25O and in some cases at two other 

temperatures. The results were discussed and interpreted in terms- 

68 of the Scatchnrd-Hildebrand theory . 

-‘6. FERRICI?UN-N SALTS 

The -ferricinium ion was shown to exhibit amolecular electronic 

Raman effect. The transitions occurred at 213 cm-' and 1,58b cm-’ 

to spin-orbit levels of the ground electronic configuration 

(a,i)2(e2g)3. The positions of the spin-orbit states obtained 

from the Raman spectrum of [(q-C5YS)2Fe]BF4 agreed with EPR data69. 

The rotating ring-disc electrode method was used for ident- 

ification of the products of i&e alkaline reduction of nltroferrocene. 

It was showy that the cathodic reduction of this compound involved 

formation of anion-radicals of nitroferrocene, unstable r'errocenyl- 

hydroxylamlne and sminoferrocene 70 . The ferrocene-ferricinium 

electrode was investigated in water, acetonitrile, ethanol, dimethyl- 

sulphoxide and dimethylformamLde using single scan cyclic voltammetrg 

and phase sensitive ac polarography. In all five solvents the - 

oxidation-red.uction was pseudo-reversible with an electron transfer 

rate constant of approximately 10mL cm/set. In each solvent a 

slow irreversible step involving the ferricinium cation followed 

the electron transfer. Therefore slow cyclic voltammetry or polar- 

ography are the preferred methods rather than potentiometrg if 

ferrocene is used as a reference electrode in non-aqueous solvents 71 

One electron oxidation or' diferrocenylacetylene (6.1) gave 

the purple mixed-valence diferrocenylacetylene cation (6.5) and 

further oxidation gave the stable pale green dication (6.3). 'The 

mono- and di-cations (6.2 and 6.3).were characterized by cyclic 

voltarmetry and absorption spectroscopy. The cati_on (6.2) 

exhibited an intervalence transfer transition in the IR and under- 
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went disproportionation as indicated in Scheme I. Approximately 

90% of the species in the equilibrium mixture at 25' are the 

monocations (6.2)72. The oxidation of both 1,2,4- and 1,3,5- 

triferrocenylbenzene with 2,3-dichloro-S,6-dicyanoquinone (DDQ) 

gave only the trioxidized salts (6.4 and 6.5). Unsuccessful 

attempts were made to 

by changing the ratio 

mixture _ Even when a 

I- -l 

6.1 6.3 

SCHrn 1 

prepare mixed valence state ferrocene salts 

DDQ to the cyclic trimer in the reaction 

loge excess of the cgclhc trfmers were 
37 

used only the trisalts (6.4and 6.5 were isolatedfJ. 

Ferricinium complexes were obtained by the oxidation of 

ferrocene with o-chloranil. - The first formed products were the 

mono- and tri-ferricinium ions (6.6 and 6.7). Further hydrolysis 

of the simple ferrickium salt (6.6) gave the product (6-T) 

Fc+ DDQ- Fc+ DDQ- 

DDQ- Fc+ Fc+ DDQ- 

Fc 
•i- 

DDQ- 

6.5 



+ 
0 1 ! .I.. Q’ ti Cl 

0 

*\ 

-L *I 
Fe 

Cl 
Cl 

0’ 
(*HI2 1 

6.6 6.7 

6.8 6.9 .6.10 

together with the dlol (6.8) and its iron (II) salt (6.$i1)~~. The 

addition of ferrocene, at room temperature, to a benzene solution 

of t??ichL.oroacetic acid gave almost quantitative yields of ferri- 

cinium trichloroacetate and trichloroacetaldehyde. 

2FcH i- 3CC13CO2H + 2(FcH+CC13C02-) + CC1 CHO 
3 

+ H20 

The kinetics,of this reaction were studied by spectroscopic 

methods and they were found co.be dependent on the strengths of 

the acids used. With permethylferrocene the rates of oxidation 

were much higher than with ferrocene. The results indicated that 

the electron donor properties of the ferrocenes end the acid strength 

75 of the oxidizing agent were both important factors in the reaction . 

Ferrocene was oxidized by the complex (PhCN)2PdC12 in benzene 

to the ferricinium salt FcH+PdCl3- while vinylferrocene gave a 

-binuclk=r olefin complex, (FcCH=CH2.PdC12)2 under the same 

conditions76. The chemical and electrochemical oxidation of, 
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the iron group metallocenes (6.10; M = Fe, Ru, OS-) has been 

reinvestigated_ Ferrocene gave only the ferricinium ion at 

platinum and mercury anodes wfclile ruthenocene and osmocene did 

not give isolable metallicinium salts. The reactivity of the 

three metallocenes (6. IO; M = Fe, Ru, OS) towards mercury (II) 

chloride has also been studied. -Unstable complexes with the 

stoichiometries ['I\-C5HS)2Fe.6HgC12 and(r\-CSHS)2Fe.7HgC12 were 

obtained from ferrocene while stable I:? complexes were formed 

by ruthenocene end osmocene. The osmocene complex was the most 

stable and least soluble of the three 77 . 

7. FERROCENYLCARBENIUM IONS 

Ferrocenylcarbinols (7.1; R = alkyl) were dehydrated with 

sodium tetraphenylborate to give the corresponding c(-ferrocenyl- 

carbenium ions (7.2; R = alkyl) in yields of 59-82$78. The spec 

scopic properties of I-acetgl-1 l-~-hydroxyethylferrocene, + 
Q 

0 
CR20H 

BPh - 4 

7.1 7.2 7.3 7.4 

l,ll-bis(c~-hydroxyethyl)ferrocene and their corresponding 

ti-ferrocenylcarbenium ions have been interpreted in terms of 

intramolecular hydrogen bonding battieen the interannular substit 

uents. The 'restricted rotation required by the hydrogen bond ga 



: 233 : 

-. 
rise to distinct conformers and one or mo.re pairs of ensntiomers 

79 . 

The equilibrium between ferrocenyl alcohols (7.3:-R' .= B, Me, 

Ph , R2 = Ii;- R' = Me, R2 = Et, Br, CHOHMe) and the a(-ferrocenyl 

carbenium ions (7.4; R’ = 9, Me, Ph, R2 = H; R1 = Me, R2 = Et, Br, 

CHORMe) in aqueous sulphuric acid has been studied. The ferro- 

cenophzne alcohols (7.5 and 7-6) were investigated in the same way. 

+ The equilibrium constants KR and the pKR+ values were determined 

and the latter were correlated with the pKa values of the corres- 

ponding ketones. The pKR + values were compared with the solvolgsis 

rates for the appropriate ferrocenylalkylacetates and a good 

correlation was obtained. The ferrocenylalcohols -(7.3, 7.5 and 

7.6) were not good acid-base indicators by comparison with the 

corresponding ketones 
80 

. The vinylferrocene (7.7) was converted 

to the binuclear o(-ferrocenylcarbenium ion (7.8) on treatment with 

sodium tetraphenylborate in acetic acid. The carbenium ion 

Q-T 0 OH 
Fe ) 

OJ 0 

Q-f 0 

Fe 

0 0 

7.5 7.6 7-7 

7.8 
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decomposed in acetone and nLtromethane atroom 

81 
ferrocenophanes (7.9 and 7.10) in 90% yield _ 

temperature to the 

Watts and Turbitt have investigated the structure and bon&r 

in a series of ferrocenylcarbenium ions. The carbeniuxn ions (7-Y 

and 7.12) were generated in CF3C02K and the rate of isomerism 

[\7.11) + (7.12)] was measured using 'H NMR spectroscopy. The 

thermodyntic quantities related to the free energy barrier to 

rotation around the exocgclic bond were calculated. The rate of 

racemization of the ferrocenylcarbenium ions (7.13 asd 7.141 In 

CF3G02H was determined by measuring the loss of optical activity 

at 546 e_nd 578 nm (Hg source) and the free-energy barrier to rota 

around the Fc-(&Me) bond was calculated. 
1 H NKR spectroscopy ws 

used to investigate thebehaviourof the ferrocenylcyclohexyl 

7.11 7.12 

Fe _ 'Fe 

I. 

7.13 7.14 

Fe 

7.15 7.16 7.17 

carbenium fon [C7.15)=(7.161782. From pI&+ measurements eviden 

was obtained relating to the distribution of positive charge in 



ferrocenylalkylimn ions. The ferrocengl-c@2ion (7.17) is more 

stabilized by methyl substitution at the p-than at the II- position 

and substitution at the oc-position exerts a destabilizing effect. 

It was shown also that cation stability was sensitive to StrUCtW?al 

deformation of the system caused by interannular bridging. A series 

of.l-(acetglferrocenyI)-3-phenylallylium cations were treated with 

sodium methoxide and from the analysis of the products obtained it 

was concluded that an acetyl substituent reduces the capacity of 

the ferrocenyl group to delocalize positive charge. The ability of 

the ferrocenyl group to stabilize a cation was compared with that 

of the ruthenocenyl group by measuring the pl&+ values of two 

I-metallocenylethylium cations. The ruthenocenyl group was more 

effective than the ferrocenyl group in stabilizing a carbenium ion 83 . 

F'rom the results.described in the last two papers, the following 

conclusions concerning the structure in solution of ferrocenyl- 

carbenium ions were made: (a) there was no evidence for stabiliz- 

ation of the system by ring slip displacement of the fulvene ligand 

as was suggested by Richards Sk, 85 , (b) the l&electron formulation 

proposed by Pettit 
86 

was discounted, (c)‘ there was no-evidence 

to support a strong bond between the iron atom and Cexo of the 

fulvene ligand, (d) the detection of restricted ligand rotation 

supported a structure containing a folded fulvene ligand, as 

proposed by Cais 87 and Gleiter 
88 

, (e) the preferred geometry of 

the carbenium ion in the ground state could be a ring tilted 

structure with Cexo on the open side of the sandwich. 

O(-Substituted.l-ferrocenylethylium and l-ferrocenyl-l-methyl- 

ethylium cations were generated in'CF3C02H. These cations rearranged 

to give a mixture of the isomeric p- and I'- substituted cations 

in the presence of ferrocene or an alkylferrocene. The rearrangement 
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occurred by means of an ec&librium controlled transfer of the 

(Me&S) or [Mezz) group between cations with ferrocene or an alky: 

ferrocene funct%onfng as the transport agent. Thermodynamically 

-!- -f- 

more stable ferrocenylalkylium ions (e.g. FcCHPb, Fc2CH) and rut1 

89 
cenylalkylium ions did not undergo rearrangement.~_4~ 

The ferrocenylalkylium ion (7.16) generated by treating 

2-ferrocenylpropan-2-01 with trltyl tetrafluoroborate in dlchlorc 

methane, was treated with a large excess of cyclopentadiene. One 

of the products isolated t7.19) was that formed by a I:1 additior 

7.18 7.19 7.20 

of the cation (7.18) and cgclopentadiene followed by deprotonatro 

The structure of the addZtion product (7.19) was determined by 

-X-ray methods9'. \ 

The relative stabilities of ot-ferrocenyl- and M-phengl-vinyl 

. carbenium ions have been compared by meas-uring the rates of acid- 

catalysed hydration of ferrocenyl- and phenyl-acetylene, the 

relative rates obtained were 1.0 and 10e5 respectively. The 

corresponding reactions of vinylferrocene and styrene were also 

.included in the comparison and the relative rates were 0.11 and 

0. The faster hydration of tine acetylenes was ascribed to retent5 

of the extended conjugation of the ground state in the carbenium 

ion intermediates91. 
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.. 

The HandI C HMR spectra.of the.cstions (7.20; M = Fe,‘Ru, ... :. : 

OS) have been compared. The results. &onfirmed.that. al&' three-: 

d-metallocanylcarbenium Lens (7.20) were chiral; The alkyl group 

in the ferrocene cation (7.20; M = Fe) showed major involvement 

in charge stabilization while the metallocene group was relativeiy 

.more important in the cations (85; M = Ru, OS). In each case the 

positive charge was extensively delogalized over the whole metal- 

locenyl group 
92 

. 

Allenmark has described a convenient bynthetic route to 

ferrocenylacetonitriles aad N,N-diallr~lferrocer~ethylam_ines. 

The d-ferrocenglcarben5u fluoroborate (7.22; R' = Me, Ph; R2 = H, 

Ph) was precipitated 9uantitativelg by stirring an ethereal solution 

of the carbinol (7.21; R' = Me, Ph; R2 = H, Ph) with fluoroboric 

acid. The salt (7.221, dissolved:in dichloromethane, was stirred 

with aqueous sodium cyanide to form the nitrile (7.23; R1 = Me, Ph; 

R2 = H, Ph). The amine (7.24; R1 = Me, Ph; R* = H, Ph) was obtained 

Q CR1 q20H 0 A 
E3F 

Fe 
k, 

0 0 

7.21 7.22 

Q 0 CR1R2CN 

Fe 

Q 0 
CRG 

Fe BF - 
4 

Q 0 CR1R2HMe 
2 

Fe 
I 

7.23 
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by the addition of the solid -salt (‘7.22) to.a solution of dimethyl 

amine in dichloromethane 93. 

8. _mOCENE CBEMISTRY 

(i) Photochemistry 

The photochemistry or' benzoglferrocene in hydroxylic solvents 

was investbgated. Benzoylferrodene absorbed light in methanol, 

anhydrous ethanol and I-propanol between 313 and 472 nm which 

resulted in the formation of excited states and the subsequent 

oxidation of the complex to the benzoylferricinium cation. Eviden 

was presented for hydrogen-bonding between the keto group of 

benzoylferrocene and the hydroxylic solvents. it was assumed that 

the primary step in the photoreactlon was an electron-transfer 

from benzolylferrocene to the solvent 94 . 

FcCOPh i- ROH hv w (FcCOPh)+ + e-(ROH) 

The irradiation of ferrocene in the presence of N20 in 

ethanol or cyclohexane at 253.7 nm gave a yield of nitrogen 

was a continually increasing function of N20 concentration. 

whLch 

At 

wavelengths greater than 313 nm no nitrogen was formed. Alkyl 

substituents on the ferrocene gave an increased yield of nitrogen 

and this effect appeared to run in parallel with the influence on 

the half-wave potentials. The mechanizm was thought to Involve 

an electron transfer to N 0 
2 

from a photoexcfted r'errocene in 

competition with its spontaneous deactivation. The quantum yield 

of this photoexcited species was found to be less t'nan unity so 

it was deduced that Lt was not the primary photoexcited state 95 . 

The irradhation (365 or 313 nm) of a solution of ferrocene, 

azulene and sodium acetate in carbon tetrachloride-ethanol gave 
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ethyl 1-azulenecarboxylate. This product was not-formed in the 

absence of ferrocene. When the reaction was carried out in-a 

mixture of chloroform and ethanol, I-formylazulene was formed.. -.- 

Ethyl- and acetyl-ferrocene were less efficient as catalysts in 

.this reaction96. 
. 

(ii) Derivatives containing other metals (metalloids) 

A specific route to 1,2,3-trisubstituted and 1,3-dlsubstituted 

ferrocenes has been reported. 2-dhloro-I-methylferrocene (8.1). 

was metallated with n-butgllithium to form the 3-tithio inter- 

mediate (8.2) and this was treated with benzophenone to give the 

1,2,3_trisubstituted ferrocene (8.3). This compound was dechlorln- 

ated with sodium in toluene to give the 1,3-dlsubstituted product 

.(8.4) in 34% yield overall. l,'+Dimethylferrocene was obtained 

from the same starting material by treating the lithio intermediate 

with methyl iodide rather thaxx benzophenone Y 

Me 

Fe Fe 

Ph2G0 

Me 

0 0 

8.2 8.3 

\ 
Na,PhMe 

Q- 0 (CW2 

Fe 

8.5 8.4 
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Ferrocenyllithium and l,l'-dilithioferrocenetetramethyl- 

ethylenediamine were treated with ('7-C H ) 
553 

UC1 to give mono- and 

bis-[tris(T-cgclopentadienyl)uranium~ferrocene respectively. Theso 

T-bonded organouranium compounds were very sensitive to oxygen 

and moist.ure98. The treatment of ferrocenyllithium with bromo- 

dicarbonylcyclopentadienyliron gave the complex (8.54. The 

reaction of ferrocenoic acid chloride with (7-G H )Fe(CO)2Ns gave 
55 

FcCOFe(CO)S(_?-C 
55, 
H )- the corresponding tungsten derivative was 

prepared by a similar route 99 . 

I-Lithio-2-[(dimethylamino)ethyl]r'errocene (8.6; R = Li) was 

treated with tri -n-butylborate to give the boronic acid c8.6; 

R = B(0H)S-j. The boronic acid was converted to the corresponding 

chloro, bromo and iodo derivatives (8.6; R = CL, Br and I). 

CH2CH2N31e2 

2 

8.6 8.7 0.8 

Treatment of the lithio-ferrocene (8.6; R = Li) with paraform- 

aldehyde gave the alcohol (8.6; R = CH OH) 
2 

and treatment with 

cobalt (II) chloride gave the isomeric biferrocenes (8.7 and 8.8) 
-1 00 

Peet and Rockett have called attention to the explosion hazard 

in-herent in the use of perchloryl fluoride, a reagent suggested 

previously for the conversion of lithioferrocene to fluoroferrocene' 

Tne trisubstituted.rerrocenes (8..lO; R',R2 = Ee,Et; X = halogen; 

L = 0, Se, Te; n = I-3) were formed from the bromoacetylenes (8.9; 

X = halogen; L = 0, Se, Te; n =' l-3) and the appropriate l,l'-dialkyl 
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ferrocene in the presence of n-butglamine, hydroxylamine hydra- 

102 ... chloride as reducing agent and copper chloride as a catalyst -. 

Reuter and Damrauer have described the formation and physical 

properties of ferrocenyltrimethylsilylketone (8.12). Formyiferrocene 

L(CH2)nCmCBr 

63 
X 

X 

8.9 8.10 

was treated with l,+propanedithiol in the presence of hydrogen- 

chlorrde to give the dithiane (8.11). Metallation of t'nis inter- 

mediate with n-butyllithium gave the o(-lithio derivative and the 

ti(-trimethylsilyl compound w2s formed from it wit'n trimethylchloro- 

silane. Careful hydrolysis afforded the required ketone (8.12) 

in good overall yield. The IR carbonyl stretchfng frequency of 

-1 
the trimethylsilgl ketone (8.12) was 1589 cm , a lowering of 

-1 83 cm from acetglferrocene. This difference was interpreted in 

terms . 

value 

close 

cenyl 

of. extreme steric crowding of the ketone group. The pKa 

for the compound (8.12) was measured as -2.8(: 0.3) and was 

to the value for acetylferrocene suggesting that the ferro- 

group dominates its basicity 103 . 

The acid catalysed protodeboronation of ferroceneboronic acid 

and protodes.ilylation of ferrocenyltrimethylsilane have been studied 

under first order conditions. Protodeboronation occurred 7.0 x IO6 

4 and protodesilylation occurred 2.7 x 10 times as fast as in the 

corresponding benzene derivatives, phenylboronic acid tid phenyl- 
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triraethylsilane respectively 104 . The allqlsilanes R3SiH (R 
3 

= Me21 

Et3) added to vinyl:ferrocenes (8.13; RI= Me, Et, Ph) to give 

ferrocenyl-disilanes (8.14). Compet+tive reactions were carried 

8.11 

Fe 
R' 

$iCH=CH2 

ke 

8.13 

out also between 

compounds (8.15; 

Q 0 
COSiMe3 

a.12 

Me 

Q 0 
j;CH2CH2SiR3 

R1 

&CH2CH2SiR3 

&e 

8.14 

virlyl- and propenyl-ferrocenes 105 
. T'ne 

R = H, ~-cl, p-Cl, E-Br, o-OH, ~LOR, E-NO~, 

and 8.16) were formed by addition of dibutyl phosphite to the 

carbon-nitrogen bond of the corresponding anils 
106 

. 

Ferrocenemethanol was heated with the alkyl arsines MeAs(NMe ) j 
2 21 

and Me 
2 
AsKMe 2 to give the ferrocene arsenic.derivatives (8.17 and 

8.18) respectively 
I.07 

. ,The condensation of ferrocenethiol with 

haloalkanecarboxylic acids gave a serie s of ferrocenylthioalkaner 

carboxylic acids (8.1 9)‘08. Ferrocenyl-gold complexes (8.21; 

R = H, Cl, OMe, CH2NMe2) have been prepared by the reaction of 

gold complexes (8.20; R = H, Cl, OMe, CH2NMe2) with tetrafluoroborii 



acid. An X-ray study of the complex (8.21; R = H) verified the 

Fe Fe 

8.15 8.16 

s 
CE201As--OCR2 0 Q 

Fe Fe Fe 

0 0 

8.17 

0 0 

Q 0 
CH20AsMe 

2 Q 0 
s ( CHRpo2B 

0 0 

8.18 8.19 

existence of a gold-gold bond with the ferrocenyl group behaving 

as a bridge between the two gold atoms. The plane of the triangle 

C-Au-Au was approximately perpendicular to the cgclopentadienyl 

ring. The Au-Fe distance (2.82 ?L) was short and it was thought 

that Au-Fe interaction might constitute a chemical bond but it did 

not distort the I'errocenyl group. 

Treatment of the complexes (8.21; R = H, Cl, OMe, CR2NMe2) 

with nucleophiles such as phosphines, amines and halides gave 

fAuPPh3 transfer reactions with regeneration of the initial gold 

complexes (8.20; R = H, Cl, OMe, CH2NMe2). The treatment of 

diferrocenylmercury with the tolyl complex (8.22) also gave the 

ferrocenyl complex (8.21; Ii = H)'09y110. 
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8.20 

Fe 

-Q J AuPPh 

Fe 

0 0 

8.23 

-I- 

BF - 
4 

Diferrocenylmercury was treated with MeAuPPh 
3 

in the presence 

of fluoroboric acid to give the red crystalline ferrocenylgold 

salt (8.23). Similar reactions were carried out with bis(l*- 

bromoferrocenyl)mercurg and bis(l'-carbox-ymethylferrocenyl)mercuryl 

The reaction of HBF 
4 

with vingl(triphenylphosphine)gold gave 

[CH2= CH(AuPPh3)2]*BF4-. Treatment of this salt with ferrocenyl- 

(triphenylphosphine)gold gave the ferrocenyl-gold compound (8.24) 

and virgl(triphenylphosphine) gold 
112 . The reaction of ferrocenyl- 

mercurichloride with HCC03(CO)s gave FcCCO~(CO)~"~. 

Iodoferrocene was treated with mercury.(U) acetate to give a 

mixture of the 3-chloromercuri- and 1 *-chloromercuri-iodoferrocenes 

(8.25 md 8.26) together with bis(2-iodoferrocenyl)mercurg (8.27). 

This compound (8.27) appeared to'be formed from 2-chloromercuri- 

iodoferrocene during ctiomatography and although two.isomers were 

Ill& anticipated only a kngle product with a sharp melting point 



8.24 

was eluted. Metallatiou of the binuclear 

n-butyllithium gave 1,2-dilithioferrocene 

complex (8.27) with 

which was carbonated to 

the corresponding diacid and then dehydrated to the intramolecular 

anhydride. Iodinatiou of t'rre svetrical compound (8.27) gave 

11.5 1,2ldiiodoferrocene . 

I 

Q 
0 HgCl 

Fe 

* 
0 

Q O1 

Fe 

8.25 8.26 8.27 

(iii) Complexes of ferrocene containing ligands 

The reaction of l,l'-bis(diphenylphosphino)ferrocene 18.28) 

with mercury (II) hali_des and mercury (II) t'niocyanate gave complexes 

of the type 18.29 and 8.30; X = Cl,- BP, I, SCN). In all these 

complexes the phosphino-ferrocene (8.28) behaved as a bidentate 

ligand with the phosphorus atoms bonded to the mercury. On reaction 

of the ligand (8.28) with mercury (II) cyanide the cation (8.31) 

was formed and it was isolated as either the BF - or PF - 
4 -16 

salt. 

Trea&ment of the phosphino-ferrocene (8.28) with Sn "4 (X ;.Cl, B", 
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.- 
gave complexes in which the phosphorus was bound to t<n 116 l , 

The trea%ment of tricarbonyicyclopentdLenykWng~ese wiik 

vinyl- and p-benzoyl-vinylferrocene gave the complexes (8.32; 

Q 0 pph2 

Fe 

Pph2 

8.28 8.29 8.30 

Fe Fe 

8,31. 8.32 

R = H) and (8.32;. R = COPhI respectivelx117. The ferrocene secon 

arg alcor~ols (8.33 and 8.34) were dehydrated with copper sulphate 

in the presence or diiron nonacarbonyl to form the 8-diene Tron- 

tricarbonyl complexes (8.35 and 8.36) respectively 118 
. 

Alper has described the rormation or' thiopivaloglferroccne 

(8.38) from pivaloy2Zerrocene (8.37) PkSJO and the ortho-metallat: 

of this sul.pl;ur compound (8.37) with sodium tetrachloropalladate 

fn methanol to rorm the complex (8.39)119. Ferrocene carboxyllc 

acid (Ll) and ferrocene I,?-dicerboxylic acid (L2) .trere treated 

with urany2 nitrate to give the complexes [U02(L1)2(H20)2] and 

[UO;i,(L2) (H20i2],. The latter complex was thought to have a polyme 



:-.: 
. -:(j7. i,.- 

structke C8.46,. 
: 

:. 

The-liga.nds (I-phenylpropan-1;3-$ione)ferrocetie 

(Lj) and 1,?'-di(phenYlpropan-l, 3-dione)ferrocene (L 1 when-treated.. 
4 

Fe 

0 0 

8.33 8.34 

6..35 

with uranyl nitrate gave 

8.36 

the complexes [U0,(L3)2(H20)] (8.41) 
_ -- 

and r~o,~~4).("20)]n /8.42)1z". 

Imai and Oba have compared the properties of several aceto- 

acetylferrocene complexes of frrst-row transition metals. The 

manganese (II) complex (6.43; M = Mn) was tetrahedral 

copper (II) complex (8.43; M = Cu) was square planar. 

while the 

The chelate 

0 s 

GMe3 

p4sIo Fe 
PdC1,'- 

> 

8.37 6.38 
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Fe 

-0 0 

8.1~1 8.42 

complexes readily formed adducts with pyridine, the adducts 

(84.4; M = MD, co, Cu) were octahedral as was the mAxed adduct 

(8.45,. The electronic spectra or‘ the complexes were analyzed ifi 

terms or Oh symnetrg for the cobalt (IL) and nickel (II) chelates 

and by CaA symmetry for the copper (II) chelate '12-l 
. 

(iv) General chemlstrg 

The diarnide (8.46) was formed from formylferrocene, t-butyl- 

cyanide, benzaldehyde and phenylacetic acid and was cleaved 

selectively to give benzylphenylacetamide (8;47)‘“2. 

Trans-1,2-diferrocenoylethylene (18%) (8.48) was formed as 

the principal product from the acetylation of ferrocene with the 

diacid chloride of fumaric acid in the presence or" s 7nr~~ py-*-- 



8.43 6.44 8.45 

of sodium chloride. 1,2-Diferrocenylethae and trans-p-ferro- 

cenoylacrylic acid were also forr;led in low yreld 
123 _ 

Mono- and I,l'-di-haloacylferrocenes have bee= prepared 

Friedel Crafts Bcglation of ferrocene uld ckmznoylferrocene 

haloacyl halfdes. Typical products were the ketones (8.k9; 

Fe PhCH2CONHCH2Ph 

8.46 8.47 

References p- 322 

by 

with 



300 

0 Q-2-g 
0 L 0” 

0.48 8.49 

R = Cf12CE2Cl, CH2CE2Br, CHClNe ) and they were &ffec 
19lr 

Q 0 
COR 

Fe 

tive in 

inhibiting the growth of bacteria'-. Patin and Dabard have 

examined the mechanism of reduction of ferrocene aldehydes and 

ketones to ferrocene aZkanes by triphenyltln hydrFde and acetyl 

chlor%de. The carbonyl compounds (8.50; R = H, %Ie> gave the tin 

complexes (8.51; R = H, Me) on treatment with triphenyltin hydri 

Q 0 
COR 

Ph,S& 

8.50 a.51 

Ph3S_nH Q cFIc1 
OA 

8.54 8.53 

and these intermediates formed the acetates (8.52; R = El, Me) 

with acetgl chloride. Further reaction with acetgl chloride 
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converted the acetates (8.521 to the chlorides (8.53; k = H, Ne) 

which were reduced with triphenyltin hydride to the_alkanes (8.54; 

R = H, X6). The impo&.nce of stable WC-ferrocenyl carbeniua ions 

in the reduction.was emphasised 125 . 

Acglferrocenes FcCOR (R = Me, Ph) were reduced with Ph3SnH 

to give the corresponding alcohols, but in the presence of 6 

radical initiator, mixtures of FcCHOHR, FcCR2R and FcCHROCHRFc 

were obtained. Xhen the ferrocenylcyclohexenoae (8.55) was treated 

with PhjSr?H only the endo isomer (8.56) was obtained. In the 

presence of a radic& initiator a 73/27 mixture of endc-exo (8.56) -- 

was formed. The mechanisms of the reductions were discussed in 

terms of ionic and radical reactions 126 . 

Reduction of the f'errocsnyl-ketones FcCOR (R = Me, Et, Pr, Ph, 

Ph:ZH2, 2-thienyl) by Ph3SnC1-A1C13 gave PcCH2R, the product yield 

decreased with increasing size of R 127 . The substituted acetyl- 

ferrocene (8.57) ‘rias treated *with dimethylformamide and phosphorus 

oxychloride followed by sodFum hydroxide at 100 ' to form the 

. 

8.55 8.56 

ferrocenylacetylene (8.58). This acetylene was converted to the 

trimer (8.59) by heating with sodium in toluene 
128. 

. 

The reaction of acylferrocenes (8.60) with methylmagnesium 

References p. 322 
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Fe 

0 0 Et 0 0 Et * 
0 Et 

8-5-7 8.58 8.59 

halides was investigated. Products other than the expected 

alcohol were obtained only when methylmagnesium iodide was used; 

the corresponding brotide gave t‘ne alcohol. The reaction with 

the iodide was thought to proceed J& a carbenim ion (8.61). 

F 
FcCOR + MeMgI A FcCOM# 

-0MgI 
D Fe&-Me 

k k 

(8.60) 

Fcf=CH2 
R 

(8.62) 

Me R 

II 
(8.60) + (8.61) A Fc~CE~,FC 

R 

He 

8.63 8.64 
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For belzzoyl-ferrocene (8.60 R = Fh) th e major product was- the .: : 

olel"in (8.62; R = Ph) and with acetylferrocene homoannular ring ClOSme 

occurred to give compound (8.63)?29. 

I,1 -Diferrocenylethylene was prepared by Grignard addit,ion 

of methylmagnesium iodide to diferrocenyILketond and pyrolgsi.s.of. 

the resulting carbinog30. Acetylferrocene was condensed with. 

epichlorohydrin in carbon tetrachloride in the presence of tin (IV) 

chloride to give the dioxolanylferrocene (8.64)131. 

The Schiff bases (8.65, R = m-02NC6H4, e-ClC R 6 4, I?Meoc61fiC3 

cloR7' 
m_-H NC H ) were prepared by the condensation of formyl- 

2 64 
ferrocene with the corresponding amine. Reduction of the Schiff 

bases with lithium aluminium hydride gave the corresponding 

amines (8.66JJ3'. 

CH=NR 

Fe 

0 0 

8.65 

Q 0 
CH2CH2NHZOR 

Fe 

0 0 

8.68 8.69 8.70 8.71 

Q 0 
CH2NHR 

8.66 

Fk 

0 0 

8.67 

Q 0 CH2NRCR2CH(OEt)2 

Fe Fe 

0 0 

The secondary emines (8.67) were obtained by reduction of 
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the corresponding imines with lithlmn &minim hydride in e-t;her- 

THP mixturas'33_ Popp and Moynahan have cyclized the amides [8-t 

R = Me, CH,C6H3(OMe)2-3,4] with polyphosphoric acid to give the 

dihydropyridines f8.69; R = Me, CH,C6H3(OMe)2-3,4] while cyclizat 

of the hydrochloride of the aminomethylferrocene (8.70) with RCl 

gave the tetrahydropy-ridine (8.71; R = OH) as the hydrochloride. 

Cgclization of the amine (8.70) under reducing conditions (pallad 

on charcoal) gave the tetrahydropgridine (8.71; R = H)'34. 

The ferrocenyl-carboxamides (8.73: R = Me, Et, Ru, Ph, 

Ir-NeOC6HLL, &XC H 
64 

) were prepared by treating the acid chloride 

(8.72) with the appropriate amine 135. 

Q 0 
COCl Q 0 comm 

0 ti COCl 7) CoPm 0 

8.72 8.73 

The addition of Phi02C1 to the oximes (8.74 tid 8.76) in 

the presence of base gave the copresponding ketone md either 

&he amAde (8.75) or the sulphonic acid derivative (6.77). 

FcC(Ph)=Nt)E Z- FcCOPh f FcCONRPh 

(8.74) (8.75) 

FcC(R)=NOB - FcCORe + FcC(R)=NOS02Ph 

(8.76) (8.77) 

R = Me, Et, Pr, CR2Ph 
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8.78 8.79 8.80 

in the absence of base the cation (8.78) was formed 136 . The 

ferrocenylcarbinols (8.79; R = H, Cl, C02Me, CN) were reduced with 

triethglsilane to give the corresponding I,lr-substituted et.hyl- 

ferrocenes, IJhen the reaction was run in acefic acid-trifluoro- 

acetic acid mixtures the rate was reduced 25 the electron withdrawing 

capacity of the ring substituent increased 137. 

Vinylferrocene was treated with tetracyanoethylene to give 

the ferrocenylcgclobut&e (8.80)138. A similar reaction was reported 

by Berger et al who treated substituted vinylferrocenes with -- 

tetracyanoethylene. It was proposed that the reaction was & two 

step process which InVOlVed a charged centre and this was stabilized 

by the ferrocenyl group 139 . 

Solvolyses of 2-(~-ferrocenylphenyl)ethyl-l,l-~2-tosylate in 

acetone-Water, glacial acetic acid and formic acid showed enhance- 

ments in the extent of label scrambling from C-l.to C-2 relative 

to labelled 2-phenyl tosylate. This enhancement was consistent 

with the ferrocenyl group being an electron donor 140 . 

A series of N-(2-substituted ferrocenylmethgl)-N,N,N-trimethyl- 

ammonium iodides was reduced with sodium in liquid ammonia or with 

sodium amalgam to give,the corresponding Z-cubstituted methyl- _ 

ferrocenes. T‘ae effectiveness of these two methods of reduction 

in this system was compared. Reduction of a series of-N-(Q- 
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: 

substituted Senzgl)-N-ferrocenylmet'hyl-N,N-dimethylammonium halides 

occurred w%th cleavage of eithdr the ferrocenylmet?qrl-nitrogen 

bond or the benzyl-nitrogen bond to give methylferrocene OF 

dlmethylaminomethylferrocene respectively 14' Treatment of the . 

phenylferrocene (8.81; R = H) with PhOCH2CECBr in butglamine in 

tke presence or' copper (I) .chloride gave the d%acetglene derivative 

(S.81; R = CECCH20Ph) in good yield 142 _ 

Fe 

0 0 

8.81 

9. BIFERROCENES, FKRROCENOPHANES AND ANNELATED FERROCENES 

The reaction of I,?'-dF(~ydrox~=ttgl)ferrocene with hydrogen 

sulphride gave a tnixture ol' ~-oxa[3]r'arroce~op~ane (9.1) and 

2-thia[j]ferrocsnophane (9.2). i&en the diol uas treated witdn 

hydrogen sulphide in the presence of catalytic a_mounts of sulphuric 

acid only the ferrocenophane (9.2) was isolated. Under similar 

conditions l,l'-di(r(-hydroxyethyl:ferrocene gave 2-thia-I,?- 

dimethyl [3]f errocenophane (9.3)143_ 

m 0 
Fe b 

w 0 

Q-i 0 

S 

of ; 
Me 

Fe s 

Me 

9.1 9.2 9.3 
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l,l'-Diacetgfferrocene-aluminiu&chloride complexes &d 

o-phenylenediamine were heated together in the molten state to 

give the bridged ferrocene (9.4). Redzction of this compound (9.4) 

with sodium borohydride gave the bridged ferrocene (9.5)1u. 

9.6 9.7 

The I3 C and 'H NIGi spectra w3re recorded for a series of 

ferrocenophanes of the types (9.6 a~13 9.7) 
‘145 . Treatment of i&e 

diketone (9.8) with alcoholic potassium hydroxide gave the 

II41 ferroceilophane (9.9) with formation of a cyclopropane ring in 

the bridge. The product was isolated as a mixture Of two isomers 

COCE=CHPh 

Fe 

COCH2C1 

9.8 

Referencesp.322 
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.__ Ph 

9.9 



9.11 9.12 9.13 

(9.9 and 9.10). Cyclizatior, of the acetylferrocene (9.11) 

under the same condi-<ions gave the [~]ferrocsnophane (9.12)'46S 

fkicleophilic substitution Of 5he ferrocenophane (9.13; 

R = RMe 
3 
I) was investigated. Treatment of this quatcrnary salf 

with dimethylamine, am~~~onia and sodium azide gave t-he products 

(9.13; X = NNe2, XH2, and X3) respectively with retention of 

configuration. It was thought that the iron atom played an GUI 

role in the reaction mechanism 147 . 

14etallation of phenyldiferrocenylphosptine orzde gave two 

isomeric dianions (9.14 and 9.15; R = Li), treatment of the -milt 

wiLh trimethylchlorosilane, bromine, carbon dioxide benzaldehyd 

and PhCE=NPh gave bifunc tional prokxcts 19.14 and 9.15; R = SiM 

9.14 9.15 9.16 



: 

9.17 9.18 9.19 

Br, C02H, CHOHPh and CH(Ph)NRPh] respectively. Cyclic products 

[9.16 and 9.17, Z = SFMe2, SiPh2, SnBu2, C(OH)Ph]were obtained 

with dlmethgldichlorosilane, diphenyldichlorosilane, di(n-butyl)tin 

dichloride and ethylbenzoate. The biferrocenes (9-18 and 9.19) 

were formed when cobalt 

products were separated 

1 
H NhR spectroscopy'48. 

chloride was the reagent. The isomeric 

by chromatography and characterized by 

F&RROCENE CONTAINING POLYNERS 

Ferrocene was polymerFzed in ketones ami other polar solvents 

with a Lewis acid catalyst such as ferric chloride to give a brown 

flexible polymer with semiconductor properties 149 . Ferrocene 

was polymerized with crotonaldehyde in the presence of iron (III) 

chloride to give a crotonaldehyde -ferrocene copolmer in good 

yield. This copolymer was elastic, flexible, vulcanizable and it 

had a high electrical conductivity 150 . 

George and Hayes have investigated the polymerization of 

vinylferrocene ';_n chloroform. Low molecular weight products were 

obtained by using initial monomer concentrations of 4.0 and 1.0 

mole 1 
-1 

. . The spectroscopic properties of these polymers were 

similar to the properties of polymers prepared in benzene solution 

Referencesp.322 
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with a radical initiator_ _A sm2ll proportion of chlorine(<l$) 
^. 

was incorporated into the polymer and a radical initiation mechar&.] 

wes suggested with trsnsfer of a hydrogen atom fron solvent to 

monomer as the initiation step 151 . 

The radical polymerization of ciivinylferrocene has been 

examined at several temperatures and at various concentrations of 

monomer. The polymerization rate consta.nts followed the Arrheniusl 

relationship and gave an activatron energy of 22.3 kcal mole 
-1 

. 

The.rates of reaction were five times faster than theoretically 

predicted and this was attributed to the formation of crosslinked 

structures which trapped macroradicals. Linear polymers contain- 

ing cyclic units were shown to be present in the product by IR 

and 'I3 NMR spectroscopy _ . 1.52 

The reactivity ratios for vinylferrocene (r?) and isoljrene (r2 

determined during the formation of an isoprene-vinylferrocene 

copolymer at 150° in the presence of t-butylperoxide were rl .= 0.54 

and r2 = I&=_ Vinylferrocene was copolymerized with N-vinyl- 

carbaz-ole in the presence of azobisisobutyronitrile. The copolymer 

were treated wit‘n tr%nitrofluorenone (TMF) (10.1) to gfve copolymer 

(10.2) with carbazole-trinitrofluorenone charge-transfer complex 

sites. T'ne copolymers were oxidized with dichlorodicyanoquinone 

to give copolymers (10.3) with both ferricir:ium and ferrocene shtes 

in them. The copolymers (10.3) were treated with TNF to give 

polymers having ferrocene, ferricinium and carbazole-TNF charge- 

transfer sites 354 . 

I-Ferrocenyl-1,3-butadiene and other ferrocene derivatives. 

that contained conjugated side chains were prepared + a dittig 

type reaction. The ferrocenyl carbongl compounds used were very 

similar to the benzene analogues in their reactivity towards Wittig 

reagents. Cis and trsns isomers were formed in most of the Wittig 



reactions and the cis isomer of the ferrocengl diene was convert&d 

usu~llg to the trans isomer on purification. The homopolymerization 

of I-ferrocengl-l,+butadiene, k-ferrocenyl-l,3-pentadiene, l-phenyl- 

1,3-butadiene ad b-phenyl-1,3-pentadiene gave very low'molecular 

weight polymers. Copolymerization of these monomers with styrene 

gave low molecular weight polymers 15.5 . Ethynylferrocene was heated 

with azobisisobutyronitrile under nitrogen at 180-240~ to give 

poly(ethynylferrocene) (1O.k) in competitFon with the cyclic trimer. 

The polymer was completely conjugated and had an electrical conduct- 

ivity of 2 x 10 -14n-1 cm-1. Attempts to form the same polymer 

from acetylferrocene with zinc chloride were unsuccessful and led 

to polymers contaIning.hydroxyl and carbonyl groups 1.56 _ 

The polymerization of ferrocenylacetylene with di-t-butyl- 

peroxide at 160~ or with sodium 

soluble polymers with molecular 

at temperatures above 130° gave 

and 2500 respectively 
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The polymers contarned free.radical centres and gave an ESR signal, 

Conjugated, unsaturated bonds were also detecte.d in the products 15; 

Q 
0 

CH=CH2 

Fe 

R 

n 

10.4 10.5 

Polg(ferrocenylacetylene) was obtained by the polymerLzatLon 

of ferrocenylacetylene with di-t-kutyl peroxide or powdered sodium, 

A ladder structure wZth conjugated double bonds was proposed for 

the polymer and molecular weights up to 1700 were obtained 158 . 

A ferrocenylacetylene-phenylacetylene copolymer of molecular 

weight 800-1800 was formed from ferrocenylacetyiene and phenyl- 

acetylene in heptane solution at SO-70°C with an aluminium chloride 

catalyst. '?he copoiper was formed in greatest yield at 70° and 

the yield was almost independent of 159 the monomer proportions . 

Perrocen_ylacetylene was pblyme_ rized with dibenzogl peroside 

to give poly(ferrocenylacetylene) with semiconductor properties 160 . 

Ethylene was polymerized with aikylvinylferrocenes (10.5; R = Me, 

Et, Pr, =l, C&l ) at temperatures up to 300°C and pressures of 

700-3000 atmospheres to yield heat-resistat copolymers 161 
. 

Heteroorganic polymers produced by aqueous emulsion polLper- 

ization of alkenylferrocene with dZene monomers in the presence of 

an emulsifying agent and an activator had increased thermal stabil- 

ity if an alkenylcarboran-e was added to the monomer mixture 162 
. 

The preparation of poly(vinyi alcohol) fibres containing ferrocene 

has been reported 163. Dimethylferrocene-l,l'-dicarboxylic acid 

(0.05-l mole per cent) has been incorporated into dimethyl 
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terephthalate-ethylene glycol polymers by polycondensation to 

give light stable polymers 164 . E-Ferrocenylacetophenone has been 

polymerized to poly-E-ferrocenylphenylacetylene in the presence 

of ten metal chlorides. Mercury (II) chloride was the most 

efficient and gave 89% conversion whi-le cadmium (II) chloride was 

the least effective with 39% converston. The brown black polymers 

were insoluble in common solvents and showed good thermal stability 

UP to 22s240~. The electrical coaductivities and unpaired e&o- 

tron densities confirmed that these polymers were semiconductors 

comparable with other E-substituted polyphenylacetylenes 165 . 

Ferrocene derivatives and furans were copolymerized in the 

presence of an acidic or basFc catalyst and heated in vacua to 

give ferrocene-furan resins. Mono- and l,l*-di-substituted ferro- 

cenes with acyl and ot-hydroxyallryl groups were used with furfural 

or furfuryl alcohol 
166 

. Lewis and Ponder have described the homo- 

polymerization of ferrocenylvinyl ketone (10.61 by a free radical 

route to give low molecular weight polymers. The rate of polymer- 

ization was similar to that found for styrene and vinylferrocene. 

Stgrene and methyl vinyl ketone were copolymerised with ferrocenyl- 

vinyl ketone to yield benzene-soluble products 167 . 

Fe 

0 0 

10.6 10.7 

Carraher and 
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esters of ferrocenecarboxylates by an interfacial method. A_ 

diorganotin dihalide uas treated with disodium ferrocene- 

dicarboxylate to give the oligomers (10.7; R = Me, But, octyl, 

Ph, I'hCR2) by interfacial polymerization. The yield of oligomer 

decreased in the order of alkyl kbstituents on tin: Me>Et>But 

>octyl and in the-order of halogen atoms on tin: I>Br>Cl. 

The yield was increased when either the organotin halide or the 

168 
ferrocenecarboxylate was in excess . 

The disilgldiamine (10.8) was synthesized from ?,I'-dilithio- 

ferrocene and (dimethylsmino)dimethylchlorosilane and was polper- 

ized with three aryl disilanols (10.9, 10.10 and 10.11). Melt 

polymerizations gave the highest molecular weight polymers with 

2 0 
SiMe2NMe2 

Fe 

0 0 SiMe2NMe2 

IO.8 

Ph_Si(OY)2 
L 

10.9 

HOSiEle2 0 0 SiMe209 

10.10 

ROSiMe 2wSiMe2OH 

10.11 10.13 

the idealized structures (10.12; X = SiPh2, SiMe2C6HkSiMe2, 

Si#e2C6RkC6HkSiMe2). In one case, where the silanol was dihydroxy- 

f - 

SiMe2 0 
Q 

Fe 
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diphenylsilane;-intramolecul~ cgclization was. found to compete . . 

with Polymerization and this resulted in the isolation of the 

[5]ferrocenophane (10.13); The polymers were cast as tough, flex-- 

ible films and fibrks were drawn from the melt, 
-. 

TGA a_nd DSC ._ 

measurements on the ferrocene polymer formed from the silanol ..-. 

[lO.lO) confirmed that it had comparable thermal stability to the 

corresponding benzene polymer 169 . 

II. APPLICATIONS OF FERROCENE 

(i) Ferrocene catalysts and photosensitizers 

The bulk poltierization of methyl methacrylate and acrglo- 

nitrile in the presence of ferrocene, carbon tetrachloride and 

benzene has been investigated. The yield of polymer increased 

with increasing concentration of ferrocene while with increasing 

concentration Of carbon tetrachloride the yield reached a maximum 170 _ 

The quantitative conversion of methyl methacrglate to polymer in 

the presence of ferrocene, carbon tetrachloride, copper (II) chloride 

and cellulose has been reported 171 . 

Maggioni has described the formation of pgrocatechol and. 

hydroquinone in a total overall yield of 95% and a ratio of 2,3:l 

by the hydroxylation of phenol with hydrogen peroxide in the presence 

of ferrocene or I,?'-diacetylferrocene 172 . Ferrocene, acetyl- 

ferrocene and phenylferrocene were used as catalysts in the oxidation 

of cycloalkanes by oxygen to give hydroperoxides 
173 . Mono-, di- 

and tri-substituted ferrocenes bearing acyl, alkyl, alkoxy, and 

hydroxylalkyl groups were used as catalysts in the aerial oxidation 

of isobutyraldehyde to isobutyric. acid- . ‘74 

Photosensitive copying papers have been produced containing 

I,?'-disubstituted ferrocenes (11.1; R = H, alkyl, argl, S03L, 

halo, C02H) together with a chelating ligand.for iron such as _ 
. 
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phenanthroline. Exposure of the paper to mercury lamp rad&tion 

decomposed the ferrocene with release of‘ iron which was then com- 

plexed to give an orange-red positive image 175 . A uhotosensitive _ 

composition has been developed for copying paper that contains a 

ferrocenesulphonic acid, an aromatic hydroxy compound and a bindi 

agent. The iron produced by photodecompositbon of the ferrocene 

derivative combines with the hydroxy compounds, for example 

Y-resorcinic acid, 1,2-dihydroxynaphthalene, 1,8-dihydroxy-3,6- 

naphthalene disulphonic acid and g-aminophenol, to give blue, vio 

green and reddish brown images respectively 
176 . 

A substituted ferrocene (11.2; R' = H, C l_qalkyl, PhCH2, Ph; 

R2 = H , CW, COMe, valergl, p-WeC H CO, 64 
p-MeC H 

64 
1 and a diazonium 

salt were mixed and coated on a support to give a photosensitive 

copying material 177 . A photosensitive copying 

static photography, that contained a ferrocene 

material, for elec 

derivative and a 

0 0 R Q 0 
COR' 

Fe Fe 

0 0 0 0 R2 

11 .I 11.2 

chelatrng agent (e.g. _ o-phenanthrol%ne) r.ras reported by Goto, 

KofLma and Xusakada 178 . Poly(viny1 chloride) films that container 

0.15 ferrocene became brittle after four to five weeks in sun ligl 

whereas in the absence of ferrocene this process took more than 

179 eleven weeks . 

(ii) Ferrocene stabilizers and improvers 

The addition of C.l-C.S% farrocene to chloroprene prevented 



the spontaneous polymerization of this monomer 180 . The incoq&a--.- 

tion of poly(methyleneferrocenylene) into staple fibres. preparei-. 

from vinyon, vinal and rayon by moulding or by chemical methods .~. 

gave fibres with increased resistance to W and x-irradiation.. 

The highest resistance to W degradation was displayed by vinyon 

fibres which contained 6% of the acetylated ferrocene pOlpTH? 

included by moulding 181 _ 

Isotactic polypropylene was stabilized to UV degradation in 

air by the incorporation of oxo-derivatives of L"eITOCe~le. Four 

ferrocene derivatives were studied each at a concentration of 

c\.E+% Improved thermal and hydrolytic stability was claimed 

for a refrigerator lubricant based on the siloxane polymer 

RO[(RO)SiRO]nR which contained aminosilylferrocene, or other 

organometallic additives, as ar&ioxidants'83. 

Unsaturated polyeste-_s were formed by the condensntXon of 

glgcols and dicarboxylic acids in the presence of modifiers such 

as l,l'-diaminoferrocene and ferrocene-l,ll-dicarboxylic acid. 

The polyesters .were hardenable at low temI)erafures and were claimed 

to have improved physicomechanical properties 
? e!& 

. Ferrocenylmethyl 

cerboxyhydrazide was condensed with aldehyde groups produced on 

giycogen and cat gut mucopolysaccharide by pcriodate oxidation 

and on DR_4 by Feulgen hydrolysis. The reaction gave an electron- 

opaque deposit suitable for ultrastructural localization of these 

tissue components. The reaction product was also rendered visible 

in an optical microscope by treatment with ao_ueous silver nitrate. 

Thiol groups produced in wool were visualized by reaction with 

chloromercuriferrocene followed by ti-eatment with silver nitrate 

to deposit metallic silver at the sites of the thiol groups. The 

use of chloromercuriferrocene overcame the problem of the mercwy 
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derivative being unstable to the conditions present in.an electrc 

microscope'85. 

The addition of ferrocene to a polystyrene resin usedssmets 

casting resin prevented smoke formation and gave a good surface 

finish to the cast metal. The resin contained between 3.3 and IC 

of iron186. Low‘concentrations (G.l-0.8%) of ferrocene behaved s 

a smoke inhibitor for polg(viny1 chloride) OF polyurethane moult 

ings 187. 

(iii) gerrocene in analysis 

The potential application of stable iminoxyl radicals as 

analytical reagents for ferrocene derivatives has been investigat 

electrochemically. The iminoxyl radicals were or5dized with the 

loss of one unpaired electron at a platinum microdisc electrode 

and in an acid or neu!;ral aqueous-organic medium. TEE radicals 

were useful both as reducing and oxidizing agents in aXperometric 

titration of ferrocenes 
388 

. 

The parameters in the construction and operation of a hydrog 

atmosphere flame ionization detector, capable of detecting small 

concentrations of ferrocene, were investigated. The following 

factors were found to be important for the efficient operation 

of this gas chromatographic detector: high electrode heights, 

large gas flow rates, diffuse hydrogen gas flow and the correct 

detector geometry 139 _ 

A method has been developed for the direct estimation of 

iron (III! in silicate rocks. The iron (III) was released into 

solution by treatment of the rock sample 55th hydrofluoric acid 

and it was determined by titration with ferrocene in 2-methoxy- 

ethanolf9G. 

Rhenium in alloys has been determined by amperometric titra- 

tion of rhenium (VII) with ferrocene in aqueous acetic and hydro- 
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chloric acid 191 . Ferrocene.was used as a reagent for the direct 

amperometric oxidation-reduction titration of molybdenum (VI)- in 

aqueous-organic solvents. The electrode potentials for the Mo(VI)/ 

MO(V) system were measured as a function of the concentration and 

nature of the acid (HCl, H SO 2 4, HClO& and H3P04) and the. organic 

solvent used. At the equivalence point the ratio of ferrocene to 

Mo(VI) was 1:i192. 

Ferrocene has been used as a reagent for the determination of 

phosphorus in steels. The phosphorus was extracted as molybdo- 

phosphate, the molybdenum (VI) in the complex was determined by 

amperometirc titration with ferrocene in iso-butanol-acetone-aqueous 

hydrochloric acid and t'r_e amount of phosphorus was calculated from 

the stoichiometric composition of the rnolybdophosphate 193 . 

(iv) Combustion studies 

Reed has used a butediene-vinylferrocene copolymer containing 

O.s-lS$ iron to increase the burning rate of a propellant which 

consisted of ammonium perchlorate, aluminium powder, the copolymer 

and an isodecyl perlargonate plasticizer 19ti . In a related patent 

the same au5hor described an alternative combustion promoting 

copolymer which was a copolymer of butadiene, isoprene or chloro- 

prene with ferroccnylmethyl methacrylate, isopropylferrocene or 

195 q-ferrocenglbutadiene . 

Ferrocenyl hydroxybutenes, prepared from l;l'-diacetylferrocene 

and vinylmagnesium chloride, were found to be good combustion 

catalysts in ammonium perchlorate based propellants 196 . A ferrocene 

containing combustion promoting composition has been developed for 

the destruction of woody growth. The composition contained 60-90 

parts by weight of ferrocene, or its alkyl derivatives, absorbed 

onto s-10 parts of activated carbon. This was coated with ammonium 
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perchlorate, finely divided aluminium and finally with calcium 

phosphate or a silicon derivative to give a free-flowing dispers- 

ible product. The activated carbon provided a large surface area 

for the absorption of atmospheric oxygen, and when the product was 

in contact with carbonaceous matarlal it soon initiated smoulderine 

which often resulted in complete destruction 197 . 

,E$oxyethylferrocene was found to behave both as a burning 

rate catalyst and a curing agent in solid propellants that containe 

ammonium perchlorate and a polybutadiene binder 196 . The vinyl- 

ferrocene (17.31, prepared from I,1 I-dlacetylferrocene and vinyl- 

magnesium chloride, was cocured with hydroxy-terminated polybutadie 

polymer using aciLisocyanate curing agent. The polymer, together 

with ammon5~~ perchlorate and a metal fuel, produced a good rocket 

propellant in which the ferrocene derkvative behaved as a.ballistic 

modifier to increase the propellsnt burning rate 199 . I-Isopropenyl 

2-ferrocenoyl carborane was successfully used as a burning rate 

Fe 

?* 
yCB=CH2 

I%e 

11.3 

catalgst200. When ferrocene was incorporated into unsaturated 

polyesters, polyurethane and polyethylene the polymers burnt 

with reduced soot and carbon monoxide formation 201. 

Granular combustion compositions were prepared that contained 

a ferrocene derivative. 

onto activated charcoal 

For &ample b&lferrocene was absorbed 

mixed with monlum perchlorate and 
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aluminium powder and then coated with calcium phosphate or silicon 

compounds to give a free flowing dispersible material, When this 

material was applied to a piece of wood, the wood smouldered 

until it was completely burnt 202 . 

N-ferrocenylmethylpyrrolidine behaved as a processing aid, 

a bonding agent and a ballistic modifier and it also improved the 

mechanical properties of solid propellants *Then it was used as a 

coating for ammonium perchlorate 203 . Easily combustible poly- 

styrene resin foams were prepared by mixing ferrocene with the 

monomer before foaming. The foam was useful as a packaging 

A vinyiferrocene-butadiene copolymer was incorporated into 

the binder of propellant systems to provide a high concentration 

of the burning-rate catalyst (vinylferrocene) in a fOl?ITl which was 

not subject to degradation by evaporation, migration or 

crystallization. Improved burning rates were achieved by using 

the copolymer to replace butglferrocene in propellants based on 

polybutadiene , ammonium perchlorate and aluminium powder 205 . 

A vinylferrocene-butadiene copolymer was fomd to be a good 

burning rate catalyst in ammonium perchlorate based propellants 206 _ 

(VI General applica%ons and miscellaneous reports 

Wenzel and Langheim have claimed the formation of methyl 

ruthenocene carboxylate- lo3,, with a radioactive yield of 15% 

from the initial inorganic ruthenium activity, by the treafment 

of methyl ferrocene carboxylate with 103RuC13207. 

The toxicological properties of alkglferrocenes have been 

evaluated by Shugaev and Bitkin=. These compounds were non-toxic 

towards small mammals by inhalation OP acute intragastric admin- 

istration. Topical application to the eye caused surface con- 
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junctivitis and to the skin caused surface dermatitis. Chronic 

oral administration produced anaemia and degenerative kidney and 

liver lesions. The authors conclude that alkylferrocenes are sa 

for industrial handling if contact with skin and mucous membrane 

is avoided208. 

Primer coatings on steel with good corrosion resistance and 

adhesion properties were formed by dipping steel sheet into a 

butanol or decalin solution of af'ilmforming compound such as 

ferrocene and then burning off the solvent209. 
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