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A supplementary volume to the Gmelin Handbook of Inorganic

Chemistry on binuclear and multinuclear ferrocenes has been
published [1]. The chemistry of ferrocene and related

metallocenes has been discussed by Toma [2]. Abram and Watts

have surveyed briefly the chemistry of ferrocene published

Annual Survey covering the year 1976 see J. Organometal. Chem., 148(1978)

p.273-334 )
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in 1975 [3]. Shustorovich has reviewed the molecular orbital
approach to the bonding in ferrocene [4]. The synthesis of
the major groups of ferrocene derivatives has been discussed by

Schloegl and Falk [5]. Recent advances in the chemistry of
the ferrocene derivatives of 6-aminopenicillanic acid and
7—-aminocephalosporanic acid have been reviewed, The preparation,

characterization and properties of these compounds were
surveyed [6].

Pavlik and Klikorka have reviewed the structure, reactivity
and applications of transition metal metallocene compounds [7].
Vlerner has surveyed the chemistry of the di- and tri-nuclear
séndwich type complexes. This interesting survey underlined
the use of kinetic and mechanistic studies for the development
of new synthetic pathways in organometallic chemistry [8]. ’
& general review on iron complexes by Wasson and Stoklosa
included some details of ferrocene derivatives [9].

2. STRUCTURAL DETERMINATIONS
The crystal and molecular structure of tri-tert-butylferrocene

has been determined by X-ray diffraction, solved by Patterson
methods and refined by Fourier and least sguares calculations,
The r)-cyclopentadienyl rings were planar and almost parallel.
The rings were approximately midway between fully eclipsed and
staggered with a mean twist angle of 19° [10]. The crystzsl
and molecular structure of ferrocenyldiphenylsilane has been
determined by X-ray an aljsws The two planar cycloue itadienyl
rings wvere tilted 2. 7 from parallel and twisted 13, 5 from the

clipsed configuration [11]. The structure of ferrocenylmethyl-
r odide has been determined by X-ray analysis. The

3
e
=1
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]

ventadienyl rings were approximately parallel and displaced
from the eclipsed position [12]. The crystal and

lar structure of ferrjcinium tetrachlorobismutnate nas

rmined by X-ray analysis. The bismutn atoms were-

d by six chloride ions in an irregular octahedron,
bismuti: atoms were connected by halogen bridges which

gave an infinite chain of edse sharing octahedra. The ferri-

cinium cations were stacked between the polymer chains with the
cyclopentadienyl rings eclipsed and parallel to one another

[131.

The crystal and molecular structure of 1,1'~(tetraphenyl-
nenylene)ferrocene (2.1) has been determined by X-ray

ysisa. In the ferrocenyl zroup thel7 -cyclopentadienyl



rings were eclipsed and tilted by 23.70[14]° The crystal
and molecular structure of [15]ferrocenophane-8-one has been
determined by X-ray crystallography [15]. The crystal and

Fe
;JIeOZC @ 2 D 2

molecular structure of the biferrocenyl derivative (2.2) has
been determined by X-ray analysis, The molecule had z trans-
—configuration and the n- —-cyclopentadienyl rings were almost
rarallel and almost coplanar to the planes of the substituents
[16]. Semiempirical molecular orbital cluster calculations
were carried out for ferrocene, the ferricinium ion and some
substituted ferrocenes, Calculated orbital energies and
populations, electric field gradient tensors and ele

charges at the iron atom agreed with exprerimentzally determined

values, The collapse of guadrupole splitting in tue ferri-

cinium ion with respect to ferrocene was associated with a

decrease in Fe-=-3d 2_y2 and —3dxy poprulation and a simultaneous
e in Fe—jdxy and -jdyz population associated with the

increas
moval of an electron from ferrocene [17].
The atomic, bond and molecular polarizabilities of

reno

ferrocene have begen calculated by guantum mechanics. The
calculated values were in good agreement with those determined
experimentally [18]. A method nas been develoved for thne
alculation of molecular vibraticns of non-classical molecules.

The method was applied to ferrocene, for whicn the twist

er
vibrations were calculated [ 9].
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3. STEREQOCHEMISTRY OF FERRQCENES

Optically active (+)-1l-ferrocenyl-2-aminopropane was
converted with aqueous formaldehyde to the N-methylidene
derivative [(-)-3.1] which was cyclized with aqueous hydrochlori
acid to the secondary amine [(+)-3.2]. This produci was
quaternized with methyl iodide and then subjected to Hofmann
degradation to form the (dimethylamino)methylferrocene (3.3).
Hydrogenation of the tertiary amine (3.3) gave 1l~(dimethylamino)
methyl-2-propylferrocene with 95% retention of optical purity
[20]. A range of chiral ferrocenes bearing the substituents
Me, CN, COZH; COaMe and NH2 have been formed from the two

, H
N : CH.NM
o eo
@——-CHZCHMeN=CH2 O @—cmcme
Fe
3.1

Fe
3.2 3.3

enantiomeric ferrocenes (3.4 and 3.5) of known absolute config-
uration. The compounds were used to test approximations of

Fe

Skt 3.5

COEH
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chirality fuﬁctions for compounds with the basic symmetry C5v°
A shortened Ansatz was used in the tests and large differences
were found between the calculated (X) and observed [M]D values
[21]. ;
The four-component condensation of a ferrocenylmethylamﬂne,
an aldehyde, a nitrile and benzoic acid {Scheme 3.,1) gave the
aminomalonic acid derivative (3.6) in addition to the expected
product (3.7). The reaction was carried out in methanol at
low concentration and the crystal and molecular structure of
an optically active phenyl analogue of (3.6) was determined by

Fe + MeZCHCHO + MeBCCN’ + PhCOZH-——————%>
THMe2
CHMeLTCHCONHCMe3 CHMel}ICH(CONHCMeB)2
COPh COPh
Fe _ + Fe
346 3.7

Scheme 3.1

X-ray crystallography [22]. Optically active «x-ferrocenyl
alcohols were obtained directly fromlprochiral ketones by
reduction with yeast. Ferrocenyltrifluoromethylketone and
[3]ferrocenophan-l-one were treated with a slurry of baker's
yeast and glucose to give (-)l-ferrocenyl-2,2,2-trifluorcethanol
and (-)[3]-ferrocenophan-1-0l respectively [23]. The hydro-
genation of x-acetamidocinnamic acid in the presence of rhodium
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complexes of the type [(diene)Rh(+)PPFA]+ClO4—, where diene =
cyclooctadiene and bicycloheptadiene and (+)PPFA = (S)-o~[ (R)-2-
—~diphenylphosphinoferrocenyl]ethyldimethylamine (5.8), proceeded
in high optical yield and under mild conditions [24].

Me

PPh, ’ _-C——NMe,,

*

O rl:HNMe 5

Me

Fe
P
PPh
3.8 3.9

The coupling of 3-alkenyl halides with phenyl Grignard
reagents in the presence of chiral nickel-phosphine catalysts
ras been examined, Thus 4-bromo-l-butene was coupled with
rhenylmagnesium bromide in the presence of the nickel chloride
complex of the chiral ferrocenylghosphine (R)-(5)-(3.9) to give

3-phenyl-l-butene in which the (R)-configuration was in 34% excess
over the (S)-configuration. Optically active products were
obtained using similar chiral ferrocenylphospnine catalysts and

a mechanistic scheme was provosed to rationalize the stereo-

selective character of the product [25]. The cyclorentadienyl
ligand in the (+)-cyclohexene (3.10) was exchanged for a benzene
ligand by heating the compound in benzene with aluminium chloride
as the catalyst. The (+)-(p-benzene)iron complex obtained {(3.11)
showed retention of configuration and the starting material was
recovered witiiout racemization. The absolute configuration of
the pro

oduct (3,11) was determined by referencé to the (1S)(+)-

-cyclohexenol (3.12) and the mechanism of the ligan

discussed [26]. Orientation of substituents in th
e

obtained by formylation or acetylation of phenylferrocene and

twenty two derivatives substituted in the phenyl group has been

examined. Mixtures of 1,2-, 1,3~ and l,l?isomers were formed
1.

and the proportions were determined by ~H NMR spectroscovy [27].
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1+
&\ l°
Fe Fe
3.10 3.11
4. SPECTROSCOPIC AND PHYSICO-CHEMICAL STUDIES

The reactions involved in the recoil chemistry of Fe™ ions

produced by neutron irradiation of ferrocene were investigated
and a mechanistic scheme (L.1) was suggested for these reactions.

Recombination could be either fast or slow and it led to secondary

recombination

T~
~_ 7

o

substitution

excnange with

ferrocene

%
73
§>D<:
}.
\¥]
. \/ .
-0 O
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retention (retention was defined as the fraction of radiocactive
iron found in the form of the original compound, that is ferrocene).
Recombination was influenced by ethanol, glycerol, small concen-
trations of Fe(II) and complexing agents such as tartaric acid
and citric acid [28].

The 57Fe Mcessbauer spectra of a series of chlorinated
ferrocenes CloHlo_nCIHFe(nzl,a,q,6,8,10) were recorded.
Successive ring substitution did not significantly affect the
value of the isomer shirft, Anomalously large values of the
quadrupole splitting were observed for octa- and deca-chloro-
ferrocene. The origin of these anomalous values was attributed
to the proximity of the chlorine atoms to the eZg orbitals of
the iron [29]. The vibrational properties of ferrocene were
investigated by Moessbauer spectroscopy. The recoilless
fractions, area ratios and isomer shifts were measured in frozen
solution and in the polycrystalline form. Ferrocene underwent
2 phase transition at 164 K which was associated with a decrease
in the recoilless fraction and an increase in the area ratio
avove the phase transition temperature [30]. The molecular
motions of ferrocene in a viscous organic liquid, cold butyl
bhthalate, were investigated by Moessbauer spectroscopy.
Rotational molecular diffusion was not observed in this system
[31]. Moessbauer spectroscopy was used to observe the aniso-
tropic diffusion of 1,1'-diacetylferrocene (enriched in 57Fe),
as the probe molecule, near the glass-supercooled smectic H
liguid crystalline transition in L-n-hexoXybenzylidene-4'-n-
—-propylaniline [32]. ’

Ferrocenyl-4'-methoxyaniline errocenyl-L'-n-butylaniline,

|...| Hy

2
1,1'-di-n-octanoylferrocene and 1,1'-ferrocene dicarboxylate
were introduced into the smectic B liguid crystalline phase of
L-n-butoxybenzylidene-4t'-n-octylaniline, These systems were
studied by 57Fe Moessbauer spectroscopy [33]. Investigation of

errocenecarbsldehyde in the temperature range 43°5—123.50 by

[

Moessbauer spectroscopy and microscopy has confirmed that the
compound is in a plastic crystal state and not a liguid crystal
state. Increased rotational mobility in the plastic crystal
state was used to explain the loss of the Moessbauer effect and
tae birefringence at the lower transition temperature [34],
Moessbauer sprectroscopy has been used to sudy ordering of
solutes in liquid crystals. 1,1'-Diacetylferrocene containing



61

57Fe formed the solute in a supercooled monotropic smectic-B
liquid crystal. The ordering influence of the liquid crystal
medium or the solute was shown by the asymmetry of the guadrupocle
partners., However partial, rather than complete, alignment was
observed [35].

Gas phase reactions of ferrocene with aromatic ligands were
studied by ion cyclotron resonance spectrometry. Ton cyclotron
double resonance, supported by appearance potential measurements,
indicated that the reaction proceeded as follows:

Fe(:y-C5H5)+ + Arene —————9-Fe(7—05“5)(9—Are e)

where Arene = PhH, PhMe, PhNOa, ClOHS’ PuOMe and C H [36].
Electron resonances were observed at 0.5-2.1 &V in the scattering
of monoenergetic electrons by ferrocene [37]. A detailed
analysis was made of the d-d spectra of ferrocene, rutnenocene,
the cobalticinium ion, biscarborane and mixed r-cyclopentadienyl--
~carborane sandwich complexes of iron (II) and cobalt (III).
The ligand field parameters and nephelauxetic ratio were determined
for each complex. The metzal atoms were arranged in a nephel-
uxetic series: Ni(IV)<& Ru(II) € Co(III) < Fe(II) < Ni(II)<
Cr(ITI)< V(II) and the nephelauxetic order for the ligands was
carborane<:q—cyclopentadienyl [58].

A light scattering process was observed 1n tne ferricinium
complex (7—05H5)2Fe+(FeCl4)“, where the transitions origina
in tne vibrational levels of the ground electronic state
terminated on vibrational levels of tne same mode of an excited
electronic state. Observed and calculated data indicated that

the process was dependent upon Franck-Condon overlap integrals

[39]. .
Vacuum UV photoemissions from ferrocene, decametnylferrocene
and the decamethylferrocene~tetracyanoquinodimethan complex were

The ionization

0]

measured at 7.7-21.2 eV photon energis
potentials of the three compounds were 6.1, 5.1 and 5.3 eV
respectively. The complex was a semiconductor with its higliest
occupied states 0.8 eV below the Fermi energy. The electron
scatterinc lengths for ferrocene and decamethylferrocene were

ca. 60 A Tor electrons 0.5 eV above the vacuum level and decreased
to ca. 2.5 A at an energy of 16 &V [4O0]. Charge transfer
complexes formed between ferrocene and oenzoaulnones nave been
used as optical filters in the region 3500-6000 A The filter
materials have been used in solution, emulsion and as films [41].

References p, 122



The available spectral data for the 7—cyclopentadienyl ligand
was analysed and the assignments of the fundamental vibrations
were discussed, The assignment of some vibrations was revised
[42]. The Raman and infrared spectra of ferrocene and nickel-
ocene were related to metal-ligand vibrations. It was found that
charge-transfer effects were more important in the bonding of
ferrocene than in nickelocene [43]. Several ferrocenylazo-
methines (4.1; R = Ph, 3-MeO-4HO-CgHz, 2-HOCgH, , 4-Me,NC.H,,
4—02NC6H4, ClngFe’ 2-furyl, 3-H0—2-010H6) were investigated by

N=CH-R

Fe

£
Q
I_J

IR speciroscopy and ths N=CH band assisgned

[iis]
°

Intramolecular
H------N hydrogen bonding was detected in a t

The vibrational Raman spectrum of the ferricinium ion has been

nvestigated

e

with
states. The 2Eag groundé state gave two spin-orbit states with
an enargy difference of 600 cm_l and an electronic excitad state
210 cm—l above the ground state. The contribution made by
asymmetric tensors to the intensity of some of the normal modss
was emphasised as an important feature of the vibrational Raman
selection rules in electironic degenerate states [45].

Ferrocane has been studied by magnetic circular dichroism
in order to evaluate its behaviour as a potential pulmonary
vathogen wnich could lead to granuloma formation. Two new
absorption.bands in the MCD spectrum were reported and the filling
of the highest occupisd and lowest unoccupied orbitals in ferrocene
was discussed [46]. Pulse nuclear magnetic resonance measure-
ments were made at 18 MHz to determine the activation enthalpies

i3

for the reorientation of the 7—cyclopentadienyl rings i )
ferrocene and ruthenocene and tne n~benzene rings in di(q—benzene)—
chromium. The contribution from non-boncded interactions to the
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total potential for reorientation of the rings was calculated and
compared with the experimental activation enthalpies. The
results indicated that the potential barrier was due to a
combination of the crystal packing forces and bonding forces
within the molecule and that there was no contribution to the
potential from the non-bonded interactions between the.two rings
in a single molecule. Above 1350 K the crystal structure of
ferrocene was thought to be disordered and a model was presented
for the order-disorder transition in the solid state [47].

lH and 130 NMR spectra together with INDOR experiments have been
used to identify the predominant conformations of o,¥X-disubstiuted
[3]ferrocenophanols (4.2; R = Ph, Me). 1In trifluoroacetic acid
the hydroxy group left the molecule from the less hindered side

—

h

L2

R
Fe
R Lok L.5

to give the corresponding carbenium ion, The cation (4.3)
obtained from the syn-alcohol (4.2) was tnermodynamically-

———
unstable and it slowly converted to the stable conformational

isomer (4.4) [48].

The effect of alkyl substituents on the

|_I

50 NMR sypectra of
the n-cyclopentadienyl groups in ferrocene and in the cobaltic-
inium cation were investigated. The results supported the
Tt-inductive mechanism for the electronic effects of the sub-
stituents [49]. High resolution ¢ mm spectra of the alkyl-
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ferrocenes (4.5; R = Me, Et, Me,CH, Bu, PhCHé) have been-

recorded and interpreted [50]. (1,1)(1,3-Cyclopentylene)ferro-~
cenephane (4.6) was acetylated and benzoylated under Friedel-
Crafts conditions. The products obtained were investigated by

lH and 13C NMR spectroscopy which allowed the positions of the
substituents to be assigned. The NMR data was used to investigate
the conformation of the cyclopentylene bridge and the results

were correlated with X-ray data obtained in the solid phase.

The NMR spectra of the cyclopentylene derivatives (4.7 and 4.8)

46 a7 4.8
rere discussed [51]. The IR, lH NMR and 13C NMR spectra for a
series of methylated ferrocenes, from methylferrocene to
1,2,3,4,5~-pentametnylferrocense, nave been recorded and interpreted.
The lH NMR results confirmed that increasing methylation caused
successive upfield shifts of thne methyl and ring-proton resonances,
L C NMR spectroscopy demonstrated that tne first methyl sroup
e e hift of the resonance of tne substituted
1 n roon while further substitution led to upfield
l-carbon signals also showed upfield shifts,
ubstituted cyclopentadienyl ring carboons
shifts of their signals to lower fTield as
1 groups increassd, At the same time the
constants decreased successively because of
y redistribution on the cyclopentadienyl-iron

ed. Deuterium labelling hnas been
S

carbon atoms,

hifts of the 2,5 and 3
e

c S 4
ffects of substituents have been cdetermined and
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some general conclusions offered: the 3,4-positions of the
cyclopentadienyl ring were most sensitive to resonance electron-
-withdrawing substituents while the 2,5-positions were most
sensitive to resonance electron-donating substituents. The
3,4—pbsitions were sensitive to substituent inductive effects

but the relative shielding of C(2,5) and C(3,4) depended on the
nature of the substituents and was altered even in alkylferrocenesl
An analogy was observed between the shielding of C(2,5) and C(3,4)
in ferrocenes and the ortho- and para-positions in benzenes with
the same substituents [53], The influence of nonresonant nuclei
on NMR spin echoes in liguids and in solids was investigated.
Modulations of 130 NMR echoes in liguid maleic anhydride and

echo decays in ferrocene single crystals and in adamantane were
described [54]. The lH NMR spectra of a series of ferrocene
derivatives in aqueous boron trifluoride were recorded and
interpreted. The spectra of these protonated ferrocenes
indicated: (i) that ferrocene compounds were protonated at the
metal to produce species that were long lived on the lH NMR time
scale: (ii) that the protonated ferrocenes had a rin
configuration which often lead to hindered rotation

Tfield is directed along the C vrlane of the protona

o)
ND-cyclopentadienyl rings and (iii) that a strong shieldir
2v te
T n

‘9F NMR spectra were recorded

poinid -

d e
or m- and p-fluorovhenylferrocenes
and the Hammett substituent constants for the ferriciniu n

‘ u

for ferrocene were calculated. Ferrocene in acid sol

oxidized by molecular oxygen a
was tnought to proceed by insertion of the oxysgen or sulphur
n

1 bond [55].

dioxide into the iron-nhydrog
ro

The protonation of fer

es
lH and 19F NMR spectroscory. Mono-, 1,1'-di-, 1,

1t ,3,3"-tetra-t-butylferrocenes

Q
=
I_d
O

es
a single species in each case while
gave two rotamers (4.9 an )
Protonation of m-, and p~-fluoropheny
Hammett 6 values for ferrocene and the ferrocenonium i

to be determined, For ferrocene 6p = -0.048, Gi = -0.014,

Gx = -0.169; for_ the ferrocenonium icn 65 = 0.288, G = 0.127,
Gg = 0.0 [56]. g nvr spectra were recorded for the 1—ferroceny1

cations prepared by ring opening of 2-ferrocenyl-2-methylcyclo-
propenecarboxylic acid, 2-ferrocenyltetrahydrofuran and 2-ferro-
cenyltetrahydropyran in trifluorocacetic acid, Treatment of

References p. 122



But + But + +
Fe-H But H-Fe But Fe-H
4.9 4,10 4,11

ne ferrocenyl-carboxylic acid (4.12; R = Me, Et, Ph) and
ferrocenyl-1l,3-oxatniolane witn 96% sulphuric acid gave
gimilsr smectra [57]. The rate and mechanigm of the electron-

—excnange reaction between ferrocene and the ferricinium ion were

|
@» CHSCHE,CO,H

Tz
2-

Fe
L2
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studied in non-agueous solvents by the use of an lH NMR line
broadening technigue, Alkyl substituents increased the exchange
rate and the rate constants for the exchange reaction were in the
range 1 x lO6 to 6 x 106 M1 sec™t. The application of the
Marcus theory to a simple model gave theoretical values which
agreed reasonably well with the experimental results [58]°

The lH NMR snectra of the secondary alcohols (4._ Rl
R° =H; R =D, R® =H; R = H, R® = Me; R® = H, RS = Ph)
in trifluoroacetic acid showed that the stable 7-carbocations
(4.14) were formed. The starting alcohols were recovered by
treatment of the cations with agueous sodium carbonate. The

lH NMR spectra of the tertiary alcohols (4.13; Rl =.Me, R™ = H;

= R® = Me; R® = Me, R® = Ph; R' = Pn, R® = H; R’ = Ph,
RT = Me) in trifluorocacetic acid indicated that the 6-carbocations
(4.15) were present. Whnen these solutions were guenched with
sodium carobonate the corresponding [L]ferrocenovhane-6-0ls (4.16),
the rearrangement products, were isolated [59] The thermal
decomposition of ferrocene, ferricinium Reineckate and potassium
perchlorate, individually and mixed with roly(methyl methacrylate)
was studied by differential thermal analysis. The burning rates
of the mixtures containing potassium perchlorate were determined.
£

Thermal decomposition of ferricinium Reineckate zave ferrocen
o

ammonia and hydrogen cyanide and the residue contained iron and
chromium sulphides [60]. A pelarographic study of substituted
1 ve potential decreased by

e}
ferrocenes has shown tnat the ha t
~L7mV on the introduction o gsroup and tne decrease was
sr

the alkyl

independent of the position of Ooup. Introductior”
of a phenyl group caused a hali-wave potential increase of
~23mv [61].

The phase transitions of several metallocenes, including
ferrocene, were determined from the specific heat curves. For
ferrocene there was a prhase transition at 164 K with aH 853 J
mol™t and 4S = 5.31 J K™% [62]. In

t
European Congress on Molecular Spectroscopy reymann
-workers presented a papsr entitled "P n
Salts, Adamantanss, Ferrocenes and Carboranes'. The bulk of the
discussion in tnis paper dealt with the carboranes [63]. An
undergraduate experiment has been described where the acetylation

of ferrocenswas monitored by high prsssure liguid chromatography

[6£]. Ferrocene, substituted ferrocenes zand other n-cyclopenta

o

dienyliron compounds were separated by high pressure liquid
c 1

le silica gel [65].

|.h

chromatography on a column of micropartic

References p. 122
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5. REACTIONS OF FERROCENE
The thiapentalene anion (5.1) was treated with iron (II)
chloride to form a mixture of the isomeric bis[thiopheno(b)]-

ferrocenes (5.2 and 5.3) each of which underwent reversible

oxidation to the corresponding ferricinium ion [86]. The dialkyl-

CO-1 O- -
' ?e Fe

S |
@ ~QO
5.1 5.2 5.3

n n - .
, Bu™, Ph) were formed

octamsthnylferrocenes (5.4; R = Me, Et, Pr
by treatment of the appropriate lithium cyclopentadienides with
iron (II) chloride in THF [67]. UV irradiation of ferrocene with
disubstituted acetylenss (R'C=CR®; R' = H, CO,Me, CN; R =
COaMe, CONH,, CN) gav$ a mixture of the g%é— and trang-ferrocenyl-
olefins (2.5, 5.6; R~ = H, COaMe, CN; R™ = CO,Me, CONH,, CN).

Tne proportions of the two products varied with the nature of the
substituent. The reaction involved an intermediate charge-transfer
caomplex between the acetylene and ferrocene [68]. Ferrocene was

2
H R
2
R \/‘H
R .
1 1
) R R
Fe Fe Fe
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treated with mercury (II) trifluorocacetate to form the decakis-
(mercuritrifluoroacetate) derivative which was converted to
decaiodoferrocene (5.7) with potassium iodide and iodine and to
deca(chloromercuri)ferrocene with potassium chloride [69].

.The reaction of ferrocene with boron halides BX3, where
X = Br, I, in benzene gave the corresponding ferrocenyldihalo-
boranes and protonated ferricinium tetrahaloborates (5.8). The
‘latter compounds (5.8; X = Cl, I) were prepared also by the

reaction of ferrocene with the boron halides in the presence of

+
© o=
Fe Fe-H BX 4‘ Fe
@ BXp
5.7 5.8 5.9
& hydrogen halide [70]. Reaction of ferrocene with boron
tribromide or boron triiodide gave the corresvonding 1,1'-bis-
(dinaloboryl) ferrocene (5.9, X = Br, I). Treatment of the diiodo
derivative (5.9; X = I) with arsenic(III) chloride and fluoride

tetramethyltin, diethylether, methylsulphide and diethylamine
gave the diborylferrocenes (5.9; X = ¥, Cl, Me, OEt, SMe, N“ua)
respectively. The 1y 113 and 150 NMR spectra indicated

- =2

o

ncreasing T7Ti-acceptor prorerties with increasing lLewis acidity
of the boron groups [71].
Twenty—-two anilines were diazotized and coupled with
ferrocene to form arylferrocenes in low yield. The aryiferrocenes
were formylated and acetylated to give isomeric mixtures of the
l-acyi-2-, -3-_ and -1i'-aryliferrocenes, Condensation of the
formyl derivatives with acetophenone and the acetyl derivatives
with benzaldehyde gave the corresponding alkenylarylferrocenes [72].
The alkylation of ferrocene with various olefins in the presence
of phosphoric acid-boron trifluoride mixtures was investigated,
For example, treatment witn isobutylene gave a mixture of mono-,

di- and tri-t-butylferrocenes [73]. Friedel Crafts acylation of

References p. 122
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ferrocene with 2-chlorobenzoyl chloride in the presence of
aluminium chloride and methylene dichloride as solvent gave
(2-chlorobenzoyl)ferrocene in 94% yield. Cleavage of this
product with potassium t-butoxide in 1,2-dimethoxyethane led to
ferrocenecarboxylic acid in 74% yield [74].

The reaction of dimethylanthracene with a ferrocene-—-aluminium
chloride-aluminium mixture gave stereospecifically [7 -cis—~(endo-9,
lO—dihydro)—9,1o-dimethylanthracene](q—cyclopentadienyl)iron
cation (5,10). The (7—cyclopentadienyl)iron moiety was removed

5.10 5011

from the cation (5.10) to give cis-9,10-dihydro-9,10-dimethyl-
anthracene in good yield. When ¢is-9,10-dihydro-9,10-dimethyl-
anthracene was used as tne ligand in the ligand exchange reaction,
there was no hydrogenation and the n-cyclopentadisnyliron group
was able to complex from either side of the ring system. This
ave & mixture of the cis-(endo-9,10-dihydro)cation (5.10) and
he cis-(ex0-9,10-dihydro)cation (5.11) [75].

The reaction of ferrocene and chloroferrocene with atomic
hydrogen formed in a glow discharge plasma was investigated.
iighly dispersed irom, iron carbvide, cardvon, aydrocarbons and an
¢ residue were formed in the reaction [76]. The electro-
2zl behaviour of 2,2,6,6-tetramethyl-4—oxopiperidin

rate was studied in water-acetonitrile media. The

ium

ials of platinum electrodes were measured in the presence
chlorate and ferrocene, when the ferrocene was

X~-ray diffraction has been used to investigate the solubility
of ferrocene in npolyethylene. A phase diagram was constructed
and was found to consist of four regions [78]. The molecular
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motion of ferrocene has been studied in a viscous organic liguid,
butyl phthalate. It was concluded that rotational molecular
diffusion could not be observed by quadrupole relaxation. When

the sample was heated from the glassy to the liquid state a fast
increase in [Xa] was observed above the glass transition temperature
(Tg) . This was attributed to the rapid linear increase in the

number of Msoft modes! for the liguid above Tg [79].

6. FERRICINIUM SALTS

The oxidation of ferrocene has been studied by polarograpny,
cyclic voltammetry and controlled potential electrolysis 1in
methanol-water mixtures and in dilute sulphuric acid. The
ferricinium ion was formed reversibly and it was found to be
stable in both solvents [80]. A rate constant of 0.6 x 107
cm"l was obtained, for the electrolytic oxidation of ferrocene,
by cyclic voltammetry in water—ethanol solutions on a carbon-glass
ceramic electrode. The oxidation was quasi-reversible and it
proceeded through a fast preliminary protonation stage. Oxidation
proceeded with difficulty in alkaline solution and the reversibility
of the process was reduced, It was concluded that for analytical
vurposes in agueous-organic systems tne acid concentration should

be equal to or greater than one molar [81]. Ferricinium salts
1

SbClB, BiClB, MePClZ, PhPClZ,
and Mesbcla. Trhe crystal structure of 5]
das determined by X-ray analysis, Tne sal
atoms in an irregular o o}

The bismuth atoms were

The monocations of acetyl o t
and the biferrocenes (6.1; R™ = R- = HE; R = COMe, R
- co,Me, RS = H; RT = E, r? = coM :
23 2 1
.2; R- =R COMe, R = R 6.
= Me, RZ - CHEOH) and (6.4) were generated elsct
£ c

and theirvisible znd near-in
n

monocations of tne biferrocenes

typical of ferricinium ions and tne bands in

were similar to those observed for tne
t

The Hush model was used in predicting ©
n

and unsymmetrical substitutidon on the energy and inte
intervalence transfer bands for the substituted biferrocene
cations, Band energies czlculated from the electrochemical and
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[Cu(TFcP)] (13)3 respeétively. Moessbauer spectroscopy demon-
strated that the three ferricinium centres in each compound were
locaiized at ordinary temperatures while at low temperatures
migration of unpaired electron density from ferricinium centres to
the porphyrin ring took place [84]. Ferrocene combined with

iodine in 1l,2-dichloroethane to give salts containing the ferricinium
cation and a polyiodide anion such as I, , 14_ and IS-. The salts
were dissociated in solution [85].

Fe

O

The rates of oxidation of ferrocsne and ferrocenecr
r u d

,_l
[0}
=)
'r‘i
O 2
o
_J jo
Q
1]
0]
0]
_I
:

corresponding fer

e
the presence of nydrogen veroxidse have rmined. The

oxidation proceeded with gre zZyme vas
immovilized on a poly(acryloylmorpholine) gel network [856].

Gubin and co-workers found that the ferricinium cation could be
substituted by alkyl radicals at a platinum electrode surface whsn

anionic decarboxylation of carboxylic acid anions was occurring to

give, after reduction, alkylferrocenes [87]. The reaction of

ferricinium sulphate (1,50 Zth (NH Mo H N 2.5H,0
(2 Lr) wWiT (-L)6 724L{-LU(1L|_L|_5 ;7\:5)-2

& NH, Y H. 2o2H L r ix Vo

and VO gave L,Mosaﬁran 0 L6W12 9; 2O and Ly ' Oll espectively

plex L, MogO,,.2H,0 underwent dehydration at approximately

P 47082672 J

d at temperatuies gréater than 400 decomposition occurrdd

to give ferrocene, cycl pentadiene, nydrogen and molybdenum (VI)

oxide [88].
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The diferrocenylalkenes (6.6 and 6.7) were reduced to the
alkane (6.8) in sulphu;cic acid, The reduction was accompanied
bty oxidation of the iron atoms in the ferrocenyl groups to form
a bisferricinium intermediate. A similar reaction was observed
with 1,2-ferrocenylethylene and the reductions were éxplained by
intramolecular electron transfer from iron to a carbocation centre
[89]. The use of cyanuric chloride (6.9) as a linking agent for
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7. FERROCENYL CARBENIUM IONS :

The optically active carbenium ion (7.l1l) was generated by
treatment of (+)-[3]ferrocenophan-l-0l with 100% trifluoroacetic
acid [91]. The protonation of ethynylferrocenes with trifluoro-
acetic acid gave the corresponding ferrocenylvinyl cations which
underwent rapid nucleophilic attack by the solvent to form ferro-
cenylcarbenium ions. Thus the ethynylferrocene (7.2) gave the
vinyl cation (7.3) which in turn formed the carbenium ion (7.4).
The erI VMR spectra of vinyl cations such as (7.3) suggested the

Me Me

III
J
@
B\

=
[
()]
=
oy
(]

7.2 < 7.3

Me

AN
Bu
e
Me By~
7°!T 705
. —+
I
¥e BF, Fe
7.6 ) 7.7
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exo and endo arrangement of the terminal hydrogen atoms,
Increasing alkyl substitution of the ferrocenyl group extended
the lifetimes of the vinyl cations. (3,3-Dimethylbut-1-ynyl)-
ferrocenes gave vinyl cations such as the t-butyl vinyl cation
(7.5) which were unreactive towards the solvent., The tropyliunm

+ Phy
O o
Fe Fe Fe i
7.8 7e9 7+10

salt :(7.6) gave a similarly inert vinyl dication (7.7) [92].

Treatment of l-ferrocenylpropyne (7.8) with trityl fluocroborate

+
CEECCHEOH C:CHCHEOH COCHECHZOH
: ; ' H_0
Fe
7.12

3L‘+

Fe _—>

1 7.13

H

I_l
Q
Il
Q
o—Q
T om
Q
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Q
O-Q
[
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in dichloromethane gave the ferrocenylvinyl cation (7.9) which
underwent intra-ionic cyclization to afford, after loss of a
proton, the ferrocenylindene (7.10). Ferrocenylvinyl cations
witha ferrocenylmethyl, ferrocenylcarbonyl or cycloheptatrienyl
groups bound to the vinylic fB-carbon atom also underwent intra-
~ionic cyclization [93].

The behaviour of ferrocenylalkynols in trifluoroacetic acid
has been investigated. The primary alcohol (7.11) was protonated
to Form the ferrocenylvinyl cation (7.12) which was isolated as
the alcohol (7.13). However the secondary alcohol (7.14)
and the tertiary alcohol (7.15) were dehydroxylated to form
the mesomeric propynyle>allenyl cations (7.16a, 7.16b; Rt = n
R® = Fc; Rl = R® = Me) respectively which underwent rapid addition
by the solvent. The stable propynylium ion (7.18) was formed
from the secondary alcohol (7.,17) [94]. The rearrangesments of
ferrocenylcarvbenium ions in trifluoroacetic acid have been
examined, The secondary carbenium ions (7.19; R = Me, Pn),
which were formed from the corresponding secondary alcohols,
rearranged by interchange of methyl or phenyl with hydrogen to
give the tertiary carbenium ions (7.20; R = Me, Ph). The methyl

group migrated in preference to tne phenyl group when both groups

1 1
R R
— +,4”’ +____ 4”—_
Fe <——> Fe

7.16z 7.16Db

P‘.-—CEC—(IZH Ph-C=C-C.
OH
Fe
Fe
7.17 T 7.18
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were present. The tertiary carbenium ions (7.21; Rl = Me,

R® = Ph; R = Ph, R® = Me) each gave an equilibrium mixture of
the rearranged carbenium ion (7.22; R~ = Ph, R = Me; rl = Me,
R2 = Ph) respectively and the starting material. The mechanism

of rearrangement was investigated by kinetic methods and by a
study of sterically constrained bridged carbenium’ ions. It was
concluded that neighbouring sgroup participation by ferrocenyl
assisted the reaction [95].

+ +
@—‘CHCRB CRCHR,
»

7.21 7.22

c
on on treatment

i
Slow rotational equilibration occurred

T t
with trifluorocacetic acid
to give a mixture in whicin The sterically less-crowded rotamer
(7.25) was dominant [96]. The addition of water, deuterium oxide
and methanol to the ferrocenylcarbenium ions (7.26; R = CMeB, P,
CPhs) and their subseqguent deprotonation to form mixtures of the

alcohols (7.27) and the vinylferrocenes (7.28) has been investigated.

The carbenium ion (7.26, R = Ph) underwent addition of water at a
rate 2000x faster than the carbenium ion (7.26; R = CMeB) wnile
the carbenium ion (7.26; R = CPhB) was inert, These differences



79

HO

OH
Fe Fe

7:25 : 7.24L 7.25

were ascribed to steric impedence to addition by the bulky CMe3

and CPh3 groups. Steric effects were also implicated in the

slow elimination of the cations (7.26; R = CMej, CPhB) to the
corresponding vinylferrocenes (7.28; R = CMeB’ CPhB) by compariscn
with the rapid elimination of the cation (7.26; R = Ph) [97].

—_—_ + Fe

@

F
7.26 7 7.28

Bunton, Carrasco and Watts have investigated tune spontaneous
reactions with water of the ferrocenylcarbenium ions (7.29;
Rt = H, 8% = pn; RY 1._ pn, B2 = Bu; and

other combinations of these groups) waich werz prepared as the

= H, R® = p-anisyl; R

tetrafiuocoborats salts and, in solution, as the trifluoroacstate
salts by dissolving the alcohols ia trifluoroacetic acid. It

References p. 122



Rl
+
RZ
Fe
7.29

was found that the first-order rate constants, k,, for the

addition of water to the cations and the second-order rate
o . ~ 5 - +

constants, ks for the reaction of the alcohols with HBO ’

depended on the structure of the molecules which indicated a

carbocation-like transition state. The situation was similar
+ L]
R
LN PhNQO R R
V4 \ Pnl —_ Fe

7.30

LiAlH4
Scheme 7,1
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to that observed for nucleophilic additions to triarylmethyl
cations [98]. -Ferrocenylcarbenium ions were treated with
nitrosobenzene to give nitroxide radicals (7.30; R = Me, Ph).
These nitroxide radicals were studied and characterised by ESR
spectroscopy and by transformation to ferrocenyl-containing
substituted anilines. Three mechanisms (Scheme 7.1) were
suggested for the formation of the radicals [99].

Bicyclopropenyls were generated by cathodic dimerization of
ferrocenylcyclopropenium carbocations [100]n Ferrocenylisopropyl-
carbinol (7.31; R = Me) and (ferrocenylmethyl)dimethylcarbinol
(7.32; R = Me) each gave the o-ferrocenylcarbenium ion (7.33;

R = Me) on treatment with sulphuric acid at 10°. In the same

way the carbenium ion (7.33; R = Ph) was formed from the carbinols
(7.31, 7.32; R = Ph). The tertiary carbenium ions formed
initially from the carbinols (7.32; R = Me, Ph) were converted

to secondary carbocations by 1,2-hydride shifts [101]. The 130
NMR spectra of several 2,5-dideuterated ~ferrocenylcarbenium

- +—
CHOH CH,CR,OH CHCHR,
CHR>
Fe Fe Fe
2.31 7.32 7.33
ions (7.34; RY = H, R® = H, Me, Pr, Bu®; R! = R® = Me) have

been recorded and assigned together with the spectra of the
corresponding ferrocenylcarbinols, The resulits were interpreted
in terms of an X-~ferrocenylcarbenium ion structure (7.35) without
significant geometrical>distortion from that of the neutral
ferrocene, It was considered that the electron deficient centre
interacted with the occupied iron d orbitals through the cyclo-
ventadienyl group to give efficient delocalization cf positive

charge over the ferrocenyl nucleus [102].
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8. FERROCEME CHEMISTRY
(i) Photochemistry
Monosubstituted ferrocenes underwent ethoxycarbonylation to

form mixtures of the esters (8.1, 8.2) on irradiation in a carbon

Electron withdrawing substituents

&

thanol mixture.
r, I, CN, COMe) inhibited the reaction while
releasing substituents accelerated it, The reaction
CCl3 radical on the

mechanism, winich involved attack of
n Irradiation of

the
cyclopentadiesnyl ring, was discussed [1 ]

Fe e Fe

8.1 8.2

¥

oo
\n
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octamethylferrocene gave the corresponding ferricinium ion [104].
Singliet-singlet energy transfer to ferrocene from navhthalene,
phenanthrene, triphenylene or tetracene was demonstrated by a
Stern-Volmer study. Rate constants were calculated for the
inhibition of fluorescence by ferrocene [105]. =~ The photochemical
reactions of acetylferrocene were studied by flash photolysis of
degassed solutions in water, aqueous borax bu¢rer, methanol and
ethanol. From the results it was concluded that internal charge
transfer could have led to breakdown of the molecule rather than
electron photoejection or electron transfer to a solvent molecule
[106].

The photolysis of acetoacetylferrocene in methanol gave
acetyleyclopentadiene, cyclopentadiene and an iron (III) complex.
The photolysis was carried out also in benzene, ethanol and
dioxane [107]. The phctolysis of benzoylferrocene has been
reinvestigated by flash photolysis and, in contrast to previous
work, no evidence was obtained for the formation of the benzoyl-
ferricinium ion or thne éolvated electron when primary alcohols
were used as solvents [108].

A series of ferrocene acids (8.3; n =2, 3
dissolved as their anions in aqueous borax buff c
nitrous oxide and irradiated witn light of wavelength 240nm.

' The ferricinium ions corresponding to the original acids were
formed. The yields of the ferricinium ions were reduced by the
addition of an alcohol and it was suggested that the photoexcited
state was undergoing three competitive processes; first-order
decay to the ground electronic state, rsaction with nitrous oxide

m ion and guenciing by the alcohol, It

time of the pnotoexcited state was

to give the ferriciniu
was concluded that the 1
h

ife
greater than %ps which implied that it was probably a triplet

state [109]. Ferrocene has been used as a quenching agent in an
investigation of the cis-trans isomerization  of 4L4-nitro-4!'-meth-

oxystilbene in cyclohexane [110],

(ii) Derivatives containing other metals (metalloids)
Achermann nas investigated directed metallaticon of ferrocene-—
sulphonamides by n-butyllithium [1 1] The complex formed between

copper iodide and dimethylaminomethylferrocene was treated with
a—lithio—l—(dimothylamﬁnomethyl)?errocene to yield 2-copper—l-
—(dimethylaminomethyl)ferrocene (8.4) which was characterized by
X-ray crystallography as a tetranuclear cluster compound, The
four copper atoms were arranged in a planar scuare with substituted
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cyclopentadienyl rings acting as bridging ligands. The nitrogen
atoms did not participate in the coordination of the copper atoms
[112]. The reaction of l-lithio-2-(dimethylaminomethyl)ferrocene
with silver iodide gave l-silver-2-(dimethylaminomethyl)ferrocene.
Treatment of the latter compound with iodine and copper(I)iodide-
~iodobenzene gave the corresponding iodo- and phenyl-ferrocenes
respectively [113].

Diferrocenylmercury was heated with hexaalkyldistannanes to
yield trialkylstannylferrocenes (8.5; R = Me, Et, Bu, Ph) of high
isomeric purity [114], A series of-ferrocenylaminomethylphos—
phonates (8.6; R' = Me, Et, Pr, Me,CH, Bu, Me,CHCH,; R =
piperidino, morpholino, PhNH, g—MeC6H4N", EtaN, p-0 NC6H4NH
R3 = H, Me) was prepared by treating formylferrocene or acetyl-

— —
Cu
1|?2
1
CHEI\'UIe2 SnR3 ?P(O)(OR )2
R3
Fe Fe Fe
L Z:f::& Z:f:jx
8okt 8.5 8.6

ferrocene with a phosphonate [H P(O)(OR ) ] and an amine (R H) [115].
Isotope exchange of hydrogen for deuter¢um between triferrocenyl-
phospnlne and triferrocenylphosphine oxide and CFicOZD was
investigated. Isotope exchange in the phosphine was. five to
six times slower and the phosrhine oxide three to four times
slower than ferrocene, In triferrocenylphosphine oxide the
unsubstituted n- cyclopentadienyl ring exchanged approxXimately
thres times as fast as the substituted ring [116].

Reaction of tetracarbonylbis(7-cyclopentadienyl)diiron with the

phospnoles (8.7; R = H, Me) gave the corresponding phosphaferrocenes
(8.8; R = H, Me). The crystal structure of the phosphaferrocene
(8.8; R = Me) was determined by X-ray analysis. The iron atom

was sandwiched between an rn-cyclopentadienyl ring and an
Q—phospholyl group with the rings eclipsed. The n-phospholyl

ligand was not strictly planar, with the phosphorus atom slightly
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nfie
O R OP Me Q COMe

8.7 8.8 8.9

displaced from the plane of the four carbon atoms. The phos-
phaferrocene (8.8; R = Me) was acetylated selectively on the
n-phospholyl ligand to give the acetyl-ferrocene (8.9) [117].
Treatment of dicarbonylO7—cyclopentadienyl)iron dimer with
l-phenylphosphole in boiling xylene gave a mixture of phospha-
ferrocene (8.10), 2-phenylphosphaferrocene (8.11; R = H) and
3-phenylphosphaferrocene (8.12). When l-phenyl-3,4-dimethyl-
phosphole was used as the reagent then the trisubstifuted

85

phosphaferrocene (8.11; R = Me) and 3,4-dimethylphosphaferrocene

were obtained. Acetylation of phosphaferrccene took place
exclusively in the phospholyl ring to give the 2-acetyl and
3-acetyl derivatives in the ratio 85 : 15 [118].

R Ph
O O Q
P L_T_P P

Fe e Fe
8.10 3.11 8,12
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DiO7—cyclopentadienyl)diferrocenyltitanium (8.13; M = Ti) was
obtained by stirring bis07—cyclopen§adienyl)titanium dichloride
with ferrocenyllithium in THF. The =zirconium and hafnium
analogues (8.13; M = Zr, Hf) were obtained in the same way. A1l
three were air sensitive and were attacked by hydrcgen chloride to
form the di07—cyclopentadienyl)metal dichloride and ferrocene [119].
Crawford and Kaesz have investigated the metallation of substituted
ferrocenes with pentacarbonyl(methyl)-manganese and -rhenium.
Acetylferrocene gave the cyclometallafed products (8.14; M = Mn, Re;
L = CO) of which the manganese compound was labile to reaction with
carbon monoxide and tripnenylphosphine forming the derivatives
(8.15 and 8.,14; M = Mn; L = PPhj') respectively. Benzoylferrocene
was metallated exclusively in the benzene ring to give the cyclo-
metallation product (8.16) while t}eatment of (dimethylamino)methyl-
ferrocene with pentacarbonyl(methyl)manganese gave a cyclometallation
product which involved an N-methyl group (8.17) [120]. X-ray
diffraction has been used to determine the crystal and molecular

o
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. Me
Fe
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e
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structure of this compound, N-ferrocenylmethyl-N-methylaminomethyl-
(tetracarbonyl)manganese (8.17). It contained a novel Mn-C-N
metallocycle with a C-N bond length of 1.42 2 [121].

Reaction of phenylethynylferrocene with the cobalt complexes
(8.18; R = R® = Pn; R = Pn, R® = CO,Me; R = R® = CO,Me)
gave the corresponding 7—cyclobutadiene complexes (8.19)
togetner with the cobaltacyclopentadiene type products (8.20).
Treatment of phenylethynylferrocene with n-cyclopentadienylbis-—
(triphenylphosphine)cobalt -gave the isomeric diferrocenylecyclo-
butadiene complexes (8.21 and 8.22). Reaction of 1,1'-bis(phenyl-

ethynyl)ferrocene with the cobalt complexes (8,18; Rt = R® = Ph;
1
R R°
Co pZ Co D Co 2 1
. CR2 - l n o N R ,R
PhBP // Ph_P
RLC O X
Ph,Fc
RL Fc Ph,Fc
8.18 8.19 8.20

co c
Ph l Fc Fe lo Ph
Fec Ph Fc Ph

8.21 8.22

r' = Ph, R® = GO Me; R = R® = CO,Me) gave the corrssponding
[2]ferrocenophanes (8.23) [122]. Acetylferrocene H,N-dimethyl-
hydrazone was treated with lithium tetrachlorovalladate (II)

in the presence of scdium acetate to give the cyclic ring metallated
product (8.24). This complex (8.24) underiwvent reaction with the
ligands (L) (L = dimethylsulphoxide, 4-methylpyridine, triphenyl-
phosphine and l-phenethylamine) to give the corresvonding

monomeric complexes (8.25) [123].
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The palladation of (+)-l1-(dimethylaminoethyl)ferrocene (8.26)
with sodium tetrachloropalladate (II) gave a 85 : 15 mixture of
the two diastereoisomers (8,27 and 8,28). Metallation of
(+)-1-(dimethylaminoethyl)ferrocene with n-butyllithium proceeded
with stereoselectivity 96 : 4 and treatment with mercury (II)
chloride gave the mercuri-ferrocene (8.29). This increase in
sterecoselectivity on lithiation was attributed to the difference

in mechanism of the two metallation reactions [124]. Reaction

Me [~ - Me T 7 \/Pd —y 7]
_ ~c7 1.Me2
! _Me
N‘Me_2 H
Fe Fe
2

8.28

8.29 8.30
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of (+)-1-(dimethylaminomethyl)ferrocene with sodium tetrachloro-
palladate gave a mixture of internally metallated compounds (8.27
and 8,.28). Treatment of the latter compound (8.28) with sodium
acetylacetone gave the palladium complex (8.30) [125].

O

/

Fe Pd—-C1l

NN

C1 Pd F

e

N

O

Treatment of lithium tetrachloropalladate with pyridylferrocene

4

O

e
8.31

in the presence of sodium acetate gave the ortho-metallated
binuclear complex (8.31). Some reactions of the complex were
described [126]. Ferrocene was treated with tne salt
[(Ph5PAu)30]+ BFLE in chloroform and in the presence of fluoroboric
acid to form the cationic gold complex (8.32) which was converted
to the neutral gold triphenyl phosphine cempound (8.33) with

chloride ion or triphenylphosphine [127]. The mercurihzlide
AuPPn
AubPag | F
g 1
A
S AuPPh.
R 2
N
_-AuPPh,
Fer 7 BE), Fe
8.32 8.33
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complexes (8.343; X = C1l, Br and 8.35) were studied by IR and UV
spectroscopy. Charge-~transfer bands were observed at 360nm and
- ascribed to 07-65H5)Fe——>HgX2 interactions. Irradiation of the
complexes at wavelengths corresponding to the charge-transfer

bands caused oxidation of the ferrocene to ferricinium and reduction
of the mercury (II) to mercury (I) as the mercurous ion [128]°
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(iii) Complexes of ferrocene-containing ligands

Several 1,1'-bis(dimethylarsino)ferrocene (Fdma) complexes
of rhodium (I) were prepared and their reactions were investigated.
The complex [Rh(dea)a]PFe added neutral molecules sucn as carbon
monoxide, sulphur dioxide and t-butyl isocyanide to give five-
—coordinate complexes [Rh(L)(dea)Z]PF6 (L = co, 50,, MeBCNC).
The complexes underwent addition with a variety of molecules X
(X = 5, 0,, éra, I,, HC1, HBr, HI, MeSO,C1l, MeI, F3CC=CCF5,

MeSSMe) to give [Rh X (dea)a]pFGE On reaction with sulphur,

Sg. the complex [Rh(sa)(dea)ZJPF6 ras produced. Reaction of the
complex [Rh(Oa)(F‘ma)a]PF6 with sulphur dioxide gave [Rh(504)
(dea)z]PF6. 1y nvm studies indicated that several of the five
coordinate adducts were fluxional and that rearrangemsnits occurred
via opening of =z chelat T

e ring [129]. The chiral ferrocenyl-

a e prepare the rhodium complex
{Rh(COD)[(R)_(S)-(8036)]}+ Cth- wnich catalysed the asymmetric
hydrogenation of carvonyl compéunds° For example, hydrogenation
of acetophenone, in the pressnce of the rhodium catalyst, was
rapid and quantitative to give (R)-l-phenylethanol with an optical
urity of L40% [130].

e}
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Irradiation of triferrocenylphosphine with excess pentacarbonyl-
iron for five hours gave tetracarbonyltiriferrocenylphosphineiron
whilst irradiation for twenty four hours gave dicarbvonyltris-
(triferrocenylphosphine)iron. The conversion of the mono-
substituted complex to the tris-complex was snown to proceed by
a disproportionation process. The thermally initiated reaction
of triferrocenylphosphine with (7 butadiene)tricarbonyliron gave

g+

P—AuBr P->AuBr

Pn Ph 3

2 2
Fe AuClQ Fe
PPh2
8.36 8.37 3.38

dicarbonyltris(triferrocenylphnospnine)iron wshich was structurally
different from the product obtained photochemically. Tne
possible structures of these two isomers were discussed [131].
(t0ld (III) bromide was reduced witn sulphur dioxzide znd potassium
sromide in etnanol and then treated eitner with triferrocenyl-

(iv) General Chemistry

s
A mixture of sodium cyclonentadienide an

o} 1 ¢ thz sa2lt Na E_H
= 573
in tetrahydrofuran was treated witha iroan (II) chloride to give
ferrocene and a ferraboranc , 2—(7—C5H5)Fe55ﬂl0, whnich underwent
thermal rearrangement to a sandwich isonmer, l—(q—CBLB)FeBSJlO,
which was isoelectronic and isostructural with ferrocene [133].
(7 ~Cyclopentadienyl)irondicarbonyl iodide was attacked by
thallium (I) tricyanovinylcycloventadienide (8.39) to form the
~tricyanovinylferrocene (8.40), and in the presence of zn sxcess

References p. 122
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C(CN)

pt O (|3=C(CN)2 (l3=C(CN)2 c
CN CN

Fe Fe

8.39 8.40 8.41

of the thallium salt, the diferrocenylethene (8.41) [134].
Electrochemical reduction of the triferrocenylcyclopropenium
ion (8.42) afforded hexaferrocenylbicyclopropenyl (8.43) which
aromatized easily at room temperature to the isomeric hexaferro-
cenylbenzene, The cation (8.42) was reduced with sodium boro-
hydride to triferrocenylcyclopropene (8.44). Reduction also
took place with sodium in liguid ammonia although on removing
the sclvent the reaction was reversed and the original cation
(8.42) was recovered [135]. Heating the pyrylium szalt (8.45)
with ferrocene gave the pyrylferrocene cation (8.46; X = 0)
and subsequent treatment of tnis product with ammoniz gave the
pyridylferrocene (8.46; X = N) [136].

The synthesi:= of the cross-conjugated three-ring hydro-
carvon (8.47) was attempted. Success in preparing a stable
derivative of the hydrocarbon (8.47) reguired the presence of
strong electron-withdrawing substituents or metal coordination
on the five-membered ring to give the ferrocene derivative (8.48).
p~-Ferrocenylphenylmagnesium bromide (8.49) was used to prepare
(Scheme 8.1) the stable ferrocene derivative (8.48) [137].
Ethylferrocene was sulphonated with an equimolar proportion
of dioxane-sulphur trioxide in dichlorozthane at -10°C to
give the rmonosulphonic acid (8.50; R = H). When = two-fold
molar sxcess of the sulphonating agent was used then the
heteroannulsar disulphonic ac*c (8.50; R = S0,H) was obtained
[138]. The ferrocene derivativas (8.51; R = H, CHO, CN,

COCHg;,

RZ = I} were sulphonated to give the corresponding
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8otk
COaH
+
h

8.46

Q
O
o

Fe

Fe
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8:47 8047

8.49

heat

CEO, C¥, COCH,, R® = SO,H),
2 2
acid with phosphorus (V) or
the =acid chloride whnich when
thoxide and The amines

ocene derivatives [8.52;
. 1 '
Bt, Me, OEt, R" = H, R® = Pu,




Et
SO H .
rl SOR
Fe Fe Fe
R RE
8.50 , 8.51 8.52

formaldehyde and methznol in the presence of sulphuri

j2v]
1
w
o
]
ot
St
M 0
}._l
I

gave the bis(ferrocenyl)methanes (8.54

Et A
R R R

o-- O O

8.53 8.54

Todoferrocene combined with acetylens in

palladium (II) acetate to form diferrocen

the reagent was phenylacetylene then the product was ferrocenyl-
vhenylacetylzsne, Alkenylferrocenes were obtained in the same
way by using olefins as the reagents [142], The ferrocenyl-
acetylenes [8.55; RT = Me, RZ = Me, Et; RL = RZ = Pr;

RT 2 = (C“Z)A’ (Ch2)5] were reduced with hydrogen over palladiur
to the corresponding ferrocenylbutanediols (8.56) and then

dehydrated to the tetrafuranylferrocenes (8.57) [143].
Cyclization of the ferrocenyl-acetylenes (8.58; n = 15, 18)

[0}

with sodium hydrogen sulphide gave the correspyonding thiophen
= 15, 16) [144]. Condensation of

oo
°
U
\O
i

derivatives (

References p. 122

95



= © Wl |
® - "'— O O,

Fe Fe Fe

O

8.55 8.56 8.57

p-ferrocenylphenylpropargyl ether with E—IC6HAOCHZCECBr in the
presence of copper (I) chloride and propylamine gave 1l-(p-ferro-
cenylphenoxy)-6~(g—iodophenoxy)—2,4—hexadiyne,[145].

8.58 8.59

2-[ (p~Ferrocenylphenoxy)methyl]-5-(phenoxymethyl)thiophene was

prepared by the cyclization of 1-(p-ferrocenylphenoxy)- 6—Dhenoxy—

~2,4~hexadiyne with sodium hydrogen sulphide in acetone~ethanol

[1u6]. The phenyl=ferrocene derivative (8.60) was prepared

by condensing 2-propynyl nicotinate with the ferrocenyl-

—acetylene (8.61) in the presence of copper (II) acetate [147].
The carbamate—containing derivative of ferrocene [8.62;

Z = (CP ] was prepared by condens_"g (BrC:CCHZO CNH) Z with

the rerrocenyl—acetylene (8.61) in the presence of conner (1)

chloride and propylamine [148]. Vinylferrocene (8.63) and the
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OCH,C=CH

%

OCHECECCECCHZCOZ

Fe (::)N Fe

.61

e

ferrocenyl-olefins (8.64 and 8,65) were reduced by molybdenum
carbonyl in aqueous diglyme to give ethylferrocene and the

- .
OCHECECCECCHEOECNH COCH=CHPn

8.62 8.64

by

)
N
tx|
)

ferrocenyl-ketones (8.66 and 8.67) respectively [1£9]. Vinyl-
ferrocene (8.63) underwent cycloaddition with tetracyanoethylene
to give the ferrocenylcyclobutane (8.68) [150]. The reduction
of ferrocene containing acetylenic ¥-glycols with an aluminium
chloride-lithium aluminium hydride mixture has been investigated
[151].

Ferrocenecarbaldehyde was condensed with l-phenyl-3-methyl-
-2-pyrazclin-5-ones to form the ferrocenyl pyrazolinones (8.69;
R = H, NOZ)’ the monomethine cyanine dyes (8.70; R = H, NOB)
were obtained by similar condensations [152]. The ferrocenyl-
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CH=CHCOPr @— COCHoCH,Ph @ CH,CH,COPr
B Fe

Fe e
8.65 8.66 8.67
. 1 L p2 '
pyrilium salts (8.72 , R™ = Me, Ph, OEt, R™ = Me, Ph) were
formed by condensation of f-diketones (RlCOCHECORZ) with B-chloro-
(CN) 5

\\ (CN)2

(NG),C=C(CHN)

Fe > Fe
8.63 8.68
-B-ferroceaylacrylaldehyde (8.71) and subsequent addition of
percizloric zcid, These products were converited to the ferro-
. 1 . . 2
cenylpyridines (8.73; R = Me, Ph, OEt, R® = Me, Ph) by
heating with ammonium acetate in acetic =acid [153]. The
mechanism of the condensation of formyl- and acetyl-ferrocene
with acetone cyanohydrin znd amin to give the ferrocenylalkyl-

tone es
8.74; R = H, Me; R = H, Me, MeO, Br, NO,, p~H,NC.H
rrocens condensed with the amine t
e and this then reacted with the cyanohydrin to
yield the product [154].



/}L\N //N‘\N

Va /- \

o .

+
<:>NEt
Fe . Fe

8.69 8.70

The reactions of acetylferrocene and formylferrocenes witn
MeEC(OH)CN, secondary amines, cyclopsntadiene and sodium phos-

99

;
COR* cort

55|

m @IX L,
o O 5

8.71 3.72 8.73

mylferrocene with Me, C(OH)CN gave the hydroxy-cyanide {(8.75)
J €2
T

55]. The ferroceanylketoximes (8.76; R = Me, Et, Pr, Ph)

wnates have been investigated. For example, the treatment of
r

uncerwvent the Beckmann rearrangement to give the ferrocenyl-

amides (8.77; R = Me, Et, Pr, Phn) which were reduc

secondary amines (8.78; . R = Me, Et, Pr, Ph) in =zigh yield [156]
o i Trese

Acetylferrocene combined with 1,3,

U
|
ot
ks
I.J:
1
'
it
ot
b}

of triethylamine to give the salt (8.79) h on treatment
with tropylium tet 1u010borat in acetonitrile aromatised to
form the trinitrophe nyl erivative (8.80) [157].
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H
N R> o
CHCN
CN .
Rl
Fe Fe
8.74 ' 8.75

A series of ferrocenyl dioxolanes (8.81; RY = R? = H,
1 2

B2 = Me, X' =x2 =0; R ' =H, RZ = R? = Me, X* = X2 = 0),
R
\\ CONHR CH,NHR
N
Fe l Fe Fe
f oH ? F
8.76 8.77 8.78
oxathiolanes (8.81; Rl = RZ = R’ = H, Xl = 0, X2 = S; Rl = Me,
R° =R’ =H, x' =0, x2=5; R' = Ph, R° = R® = H, X+ = 0,
X2 = §) and dithiolanes (8.81; R = RZ = R? = H, X+ = X2 = s;
R =Me, P =R =H, x* =x2=5; R = Ph, R° = R° = H,
1

Xt = x° = S), (8.82; R = Me; R = Ph) were.prepared by the
reaction of formylferrocene or a ferrocenylketone with 1,2-diols,
2-mercaptoethanol or 1,2-dimercaptoethnane (Scheme 8.2). A1l

‘the compounds were relatively unstable and the rates of decompos-
ition decreased in the order:dioxalanes > oxathiolanes > dithiolanes
[158];~ Reaction of formylferrocene witn hydrogen sulphide in
ethanol saturated with nydrochloric acid gas gave a mixture of the



0N o
COCH3 NO, COCH NO
Fe 02N . . Fe OEN
Et_NH
3
8.79 8.80

stereoisomeric 2,4,6~triferrocenyi-1,3%,5~-trithiacyclohexanes
(8.83 and 8.84). Whereas treatmént of formylferrocene with
sodium thiosulphate gave mainly one isomer (8.83) [159].
2
R

R xl——/

j2o]
N

8.81
Schem; 8.2

8.82
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8.83 8.84

Tre reactlon of formylferrocene and acetylferrocene with zircon-
oceqne hydrochloride gave ferrocenemethanol and 2-ferrocenylpropan-—
-2-01 respectively. Ir a2 similar reaction ferrocenecarboxylic

cid was reduced to ferrocenemethanol. The reduction of the

o

lconols was shown to proceed via a ferrocene-zirconocene complex

I
8.85; R = H, Me) [160].

~

om the imine (8.86) and acetone

e u nloride as catalyst [161].

on of 1,1'-diacylferrocenss to the corresponding

e} um borohydride znd aluminium chloride

ne and diglyme has been reported. Typical
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3.86 8.87

compounds prepared were the alkylferrocenes (3.88; R
aryl, R® = aralkyl, aryl) [162]. A related patent described
the reduction of ferrocenophanes containing X-keto or X-hydroxy

groups to ferrocenophanes under the same conditions [163].

1
R
Fe
2
R .
3.88
Reduction of the ferrocenyl-indarones (8.89; X = H, Cl) with
rotassium and sodium torohydrides and Grignard reagents was stereo-
specific with the gndo-isomer (8.90; X = H, Cl) tveing produced.
The stereoselectivity wzs more than 95%, lithium aluminium hydride
was less stereoselective with toth the endo~ (8.90; X = H) and
exo- (8.91) alcohols being vrcduced [164],

4 series of alkyl and aralkyl ferrocenes was prepared by
reducing ferroceanyl-ketonzss and X-nydroxyferrocenss with sodium
borohydride in the presence of boron trifluoride etherate [165].
- - - i L s
Ferrocenylcarbinols (8.92; R H, Me, Zt, Pr~, Ph) were treated
with thioglycollic acid and 2-hydroxyethznethiol to give the
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8.89 8.90

8.91
corresponding carboxylic acids and alcohols (8.93; R = H, Me,
Et, Prl, Ph, R2 = COEH, CHEOH), The hydrolysis of some ferro-

cenophans thioglycollic acids was also described [166].
Reaction of 1,1'-dihydroxymethylferrocene and 1,1'-di-x¢~-hydroxy-
ethylferrocene with 1,2-ethanedithiol gave the bridged ferrocene

@—cmm{ @» CHR'SCH,R?
Fe Fe

8.92 8.93



105

S S
~____—
S
Fe Fe Fe
S
S5- ~S
8.94 8.95

derivatives (8.94 and 8.95) respectively [167]. The reaction
of 1,1'-bis(hydroxymethyl)ferrocene with E—MeC6H4SOZCl gave the

pyridinium salt (8.96). Treatment of this salt (8.96) with
2

. 1.2 ol ) .
LiC(NO,)R'R® (R~ = H, Me, NO,; R- = Me, CO,Me, Et, CH,CH,CO,Me,

CHZCHZOCOMe) and LiN(NOZ)R (R = Me, CHZCHZCN) gsave the corres-

ponding bis(nitroalkyl) (8.97) and bis(nitroaminoalkyl) (8.98)

1.2
CHZC(NOZ)R R

O

, s05 ‘Ci;i;r——
Fe (:::) A Fe
\ ci~ f
+ .

N
} 1.2
CH,C(NOL)R'R
8.96
3.97
CHLN(NO,)R
Fe
CHZN(NOZ)R

8.98
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derivatives of ferrocene respectively [168].

The kinetics of reaction of the guaternary salt (8. 99) with
RCHZC(NOZ)Zh (R = H, Me, CH,CN, CH,COMe, CHacoaMe) were determined
in 50% water-methanol. Displacement occurred to give the
ferrocenylmethyl derivatives (8.100) together with some hydrolysis
of the starting salt (8.99) [169]. Ferrocenylamine was condensed

-+
CHEC(NOE)ECHZR

N

8.99 8.100
with a series of aldehydes RCHO (R = Pk, p-NO C6ﬁ,, _—de 6 4,
2-furyl, 5-nitro-2-furyl, PuCH=CH) to give the corresponding
azomethines (8.101) [170]. The tnermsal decomposition of
ferrocenylmethyl-N-nitroamines [8.102; R = H, CH,CH,CHN,

CnZCdZCMe(NOZ)a] has been the subject of a kinetic investigation

[171]. The ferrocene acids (8.103; R = Me, Me,CH)

N:CH-_R ‘IINOZ
R
Fe

b
Q

3.101 8.102



2

\

1 hY

Rt
H
@—'CHCH ,CH,CO,,t &o

e

8.103 8.104

cyclﬂzed to give the ketones (8.104; Rl = Me, Mea H, R2 = H;
R* = H, R% - Me, Me,CH). Reduction of the t
gave the corresponding exo- and gndo-alcohols [
action of ferrocenecarboxylic acid chioride with sodium
hydrogen sulphide gave ferrocenethiocarbvoxylic acid (8.105).

5

Treatment of ths thiocarboxylic acid (8.,105) witn amines such

lates. These salis reacted Y
philic reagents to give the corresrponding esters, For
example, reaction with tripheanyltin chloride gave the ester
(8.106) [173]. Aldehydes were condensed with p-ferrocznyl-
curboxyaniline to form the mescmorphic ferrocene derivatives

0] C

CSH CSSnPh..

>

1y

8.105 8.106
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(8.107; n =14, 5, 7). Several related derivatives were also
described [174]. Treatment of the S-(l-ferrocenylalkyl)thio-

Fe

8.107

glycolic acids (8.108; rL = H, Me) with mercury (II) chloride and
an amine gave the corresvonding ferrocenylalkyl-amines [8.109;

R = H, RO = PhCH,, cyclohexyl} RZ, RO = (CHZ)u] [175].

P
I 2.3
@——cﬁsCHacoaH @— CHNR“R” -
Fe Fe
8.108 8.109

9. BIFERROCENES, FERROCENOPHANES AND ANNELATED FERROCENES
The stereospecific lithniation phane (9.1
ferr

3
rrocenes.

A=H, X= Ni-iea, Y = H) was used t
For example, condensation of the 1

-

f
thiated intermediate with
methyl iodide, dimethylformamide and benz h
[3]ferrocenophanes (9.1; A = Me, X = NMe = H), (9.1;
A = CHO, X = NMea, Y = H) and (3.1; A = COPh, X = NMe,, Y = H)

respectively. These ferrocenopnanes were used to study the
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stereochemistry of substituion of groups bonded to the X-carbon
atom of the bridge. It was found that nucleophilic substituticn
proceeded with retention whereas metallation caused racemisation

[176]. Methyl 1'-acetylferrocenecarboxylate was cyclized in

11 Fe R
CIZIITT >
COCOMe
S.1 9.2
903
COZh 0
Fe
COCH=CHPh
9.4 9.5
the presence of potassium triphenylmethoxide to give [3]ferro-
cenopnane-1,3-dione (9.2; R = H). 2-Substituted [3]1erroceno—
phane-1,3-diones (9.2; R = Me, Ph) were prepared by the same

route., A solution of the Z-methyl derivative (9.2; R = Me)
was rapidly oxidized by air to give the carboxylic zacid (G.3).

Condensation of the dione (9.2; R = H) with benzaldehyde in
the presence of sodium hydroxide gave 1l'-cinnamoylferrocene-
carpoxylic acidé (9.4) whilst in the presence 0o triethylamine

the dione (9.5) was isolated [177].
Condensation of 2-formyl{4](1,1')ferrocenoriane (9,6) with

malonic acid gave an acylferrocenophane whicn was reduced
to give the saturated carboxylic acid (9.7). reatment of the
acid (9.7) with triflucroacetic acid anhydr

dride gave tinree
cyclization products (9.8, $.9 and 9.10). Similar
were carried out to prepare tne ferrocenophanes (9.11, ¢.12 and’

reactions

13). Soms reactions of these multibridged ferrocenophanes
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Fe Fe Fe
9.6 9.7 9.8
Fe Fe
@4 9.10 9.11
0 0 o]
9.9
s )
g.1iz2 9.13
0
were described [178]. The mass srectrometric fragmentation of
severzl [3}- and [4]-ferrocenophane ketones has been reported.
Decarbonylation was accompanied by bridge contraction in some
cases [179]. The isomeric [4][4]1{4]1[3]1ferrocenophanes (G.14
and 9.15) have been zrepared by cyclization of the apprapriate
tribridged ferrocenophanes, One isomer (9.1%4) was converted
i r
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~qH2CH2CHZCOZH

9.14 9.15 9.16

The [5]ferrocenophane diketones (9.17; R = H, Prh) and the
[5]ferrocenophane ether (9.18) were each reduced to the penta-
methylene ferrocenes ( 9.19; R = H, Ph) with a mixture of
sodium borohydride and aluminium chloride [181]. The crystal

O
Fe R Fe 0 Pn
0]
9.17 9.18 9.19

and molecular structure of 3, 4'diacetyl[S]ferrocenopdane has

been determined by single crystal X-ray analysis. The cyclo-
pentadienyl rings deviate from the eclipsed vosition by 17..4 o

[182]. Rolinz and Rausch have examined the Ullmann reaction of
O e

as a single reactant and in admixture with
e. In each case the same complex range of 1,2-
ferrocenes was obtained which included biferrocene
(9.20) the terferrocene (9.21) two guaterferrocenes (9.22 and
9.23) and the quingueferrocene (9.24). The l,2~terferrocene

(9.21) was polymorphic and crystalliized in four different
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forms. The lower melting 1,2~quaterferrocené (9.22) was assigned
as a racemic mixture of two enantiomers while the higher melting
isomer (9.23) was identified as a meso~1,2-quaterferracene.

The quinqueferrocene (9.24) showed similar physical properties to

9.2L
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the quaterferrocene (9.23%) and was assigned as gggg—l,a—quinéue-
ferrocene [183].

The diastereomeric biferrocenes (9.25 and 9.,26) were syn-
thesised from optically active starting materials wnich enabled
the previous configurational assignments to be confirmed. A
general fragmentation scheme for halogenoferrocenes was formulated
on the basis of the mass spectra of seven halogenated ferrocenes

[184]; The 2,6'-disubstituted biferrocenyls (9.27; R = Et, C1)

9.26

were prepared by heating l-copper-2-dimethylaminomethylferrocene

with the appropriate halide ($.28; R' = Et, Cl; R® = Br, I)
[185].

CHZNMe2
:

Fe Fe Fe

1
@— R rY
9.27 9.28
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10. FERROCENE-CONTAINING POLYMERS )
Acryloyl(ferrocene) was copolymerized with vinylacetate,
styrene, acrylonitrile and methyl methacrylate. Th'e kinetics
of thermal degradation of these copolymers in air and helium was
determined by thermogravimetric analysis. The introduction of
ferrocene into the polymer main chain increased the thermal
stability of polyacrylonitrile, polystyrene and poly(vinyl
acetate). The thermal stability of poly(acryloylferrocene)
homopolymer was also investigated [186]. A series of resins
was prepared by the polycondensation of acetylferroce.e --.nd
furfural using sulphuric acid as the catalyst. When trie molar
ratio of furfural to ferrocene exceeded 15 to 1 the resin was
not formed., The resins were heated under hign vacuum to 5500
for four hours and then up to 400o for two hours, Infrared
spectra showed that the resin structure was decomposed and X-ray
diffraction vatterns indiczted that the matrix of heat treated
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transition temperature of the polymer increased considerably
with increased incorporation of ferrocene as compared with the
unsubstituted polymer [191].

In a group of related patents Kato and Kan have described
procedures fTor the polycondensation of ferrocene with aldehydes
or ketones, Bach of the procedures used a polar organic solvent
such as dimethylformamide and a Lewis aclid catalyst such as
iron (III) chloride. In one case a non-polar organic solvent
such as xylene was used to remove water as an azeotrope. In
the second method the aldehyde or ketone was added dropwise to
the hot, stirred reaction mixture. While in the third procedure
the catalyst solution was added dropwise to the heated solution
containing the ferrocene and carbonyl compound, The polymeric
products were press moulded into sheet form [152, 163, 154].
Ferrocene polymers, such as the cyclohexanone-ferrocene copolymer,
have been used as heat sensors with gocd thermal stability [195].
Thermal polymerization of p-ferrocenylphenylacetylene sulphate
and X-chloro~B-formyl-p-ferrocenylstyrene sulphate afforded
rolymers whicn were catalysts for the oligomerization of xX-chloro-
~B-formyl-p-bromostyrene and *-chlcro-f3~formyl-p-cihlorostyrene,
Thermal oligomerization was less efficiesnt, The ferrccene
catalysts were specific for chloroformylated viayl monomers and
the chlorostyrene was converted more effectively than the bromo-
styrene [196].

The anionic polymerizatioan of ferrocenylmethylm=thacrylate
10,1) under high vacuum has bkeen investigated hy Pittman and
n

{ k
Hirao. Ethyl and phenyl Grignard

jon
s

bry
]
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were used as initiators. Variation of the monomer to lithium
aluminium hydride ratio permitted the molecular weight of the
rolymer to be controlled. In'this way a benzene soluble polymer
with Mn$1277,000 was obtained which had a narrow molecular weight
distribution [197]. Sulphur monochloride was condensed with
ferrocenylphenol, (x-hydroxyethyl)ferrocene and bis(X-hydroxyethyl)-
ferrocens to form polymers containing an S-S linkage, The
polymers were air stable at 200° [198]. The mechanism of
phosphorescence quenching of triphéhylene by electronic energy
transfer from the lowest triplet state to ferrocene has been
studied in poly(methyl methacrylate) at 77° K. Transfer to
ferrocene occurred by a dipole-dipole mechanism with a weak
transfer channel due to the polymer matrix [199].

1il, APPLICATTONS OF FERROCENE
(i) Ferrocene catalysts and photosensitizers

B

Metallocene polymers nere used as the main constituents in
the formulation of magnetic materials such as magnetic tapes and
copying materials. For example, ferrocene, benzaldenyde,
dimethylformamide and iron (III) chloride as catalyst were
heated bogether for one hour at 120°. The brown copolymer that
vas obtained after purificabtion had a specific magnetic perme-

ability of 13 (measured at Hz) [200]. Methanation catalysts

that wers resistant to contamination by sulphur wers prepared

from a molten zinc halide carrier, for examgle, zilnc chloride,

bromide or iodide containing a dilispersed metal catalyst. The
catalysts were ferrocene, pentacarbonyliron and manganese [201].
Ferrocene and some substituted ferrocenes were found to behave
as catalysts in the light-assisted reaction of cyclohexyl iso-
cyanate with -—buby or t-butyl alcohol in carbon tetrachloride
to give a carbonate. It was= proposad that ths reaction occurred
by excited state charge-transfer complexes which involved thsa
isocyanate and solvent or ferrocznsz and solvent {202]. Whsn
Terrocene was added to a photothermographic copying material it
srexbly increased the sensitivity [2062].

£ miwxture of p-hydroxydiphenylamine, carbon tetrabromide,
ferrocene and poly(methyl methacrylate) in tetrahydrofuran was

coated on paper and shown to be photosensitive. Irradiation with
a mercury lamp gave a black imaze [204]. A mixture of a ferro-

. 1 . .
cenyl-ketone (11.1; R' = H, alkyl, benzyl, Ph; R> = H, CN,

acetyl,valeryl, p-methylbonzoyl) and a diazonium salt were used
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11.1 11.2

in tine production of photocopying material, For example

p-dipropylaminobenzenediazonium salt and acetylferrocene in

ethylene glycol monomethyl ether were coated on paper, imagewis
exposed to a mercury lamp and then exposed uniformly to infrare
radiation. This gave a copy with a blue-purple backgrgund
(exposed area) with yellow images (unexposed arez) [205].

(ii) Ferrocene stabilizers and improvers

Tone azomethines (11.2; R = H, OH) behaved as UV light
stabilizers when mixed with polyethylene [206]. The ferrocene-

azomethines (11.2; R = H, -, -, p-0H) were useful as

I+

stabilizers for polyethylene exposed to ultraviolet irradiation
[207]., <-Hydroxyethylferrocene w

ultraviolet light stabilizer [208

[

. A
methyl)ferrocene to polyethylene improved the stability of the
polymer to degradation by ultraviolet lizht [209]. The
ferrocene derivatives [11.3; R = H, Et, 4 e
C(NOH)Me and 1l.4] were evaluated as antioxidant e
ruboers. The derivatives were of low volatility, good comp
al d i

Q.

[

dition of (naphthylamino-

T

with tnhe rubber and nizhn electrode DOtenul
stabilizers [210].

Dibutylferrocene and an organic nitril

age [211] Ferrocene deriv

o

cumene in acidic solvents, n
solvents. In the corresponding oxid
uptake decreased in the following or

[<]
Me >Et> HD> CHO> MeCO> CMe=CH H, [212].
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The behaviour of ferrocene mixed with a siloxane oligomer and
8-hydroxyauinoline as a voltage stabilizer in cross-linked
polyetaylene insulation was investigated. The mixture containing
ferrocene improved the dielectric strength of both cross-linked
polyethylene and polyethylene [213].

Poly(diethylene glycol maleates) that had been modified with
errocene or l,lt'-dialkylferrocenes vere crosslinked by styrene

1=ty

he presence of dibenzylperoxide as initiator. The kinetics

=)

n

t
the crosslinking reaction were investigated and the propagation

L]

s 0
m

te constants and the activation energies were determined [214].
cuurr pyrolysis of an eguimolar mixture of triiscbutylaluminium

nd ferrocene led to the deposition of aluminium films on

o<
3o

ili ne reduced the growth

s C
ofi alum

ce
nium whiskers and etching of the aluminium film [215].

e
on or aetals. Tne presence of ferro
umi

e in analysis

s redox system such as the ferrocene/ferricinium

has been used for the continuous determination of
lotation agents [216]. The amperometric titration

of thzllium (III) with ferrocene has been examined in adueous—

—-organic media. Efficient resduction of thallium (III) to

thallium (I) was achieved in acetic acid which was 0.5 - 4.5 M

in sulphuric acid, Interference by metals and acids was

investigated [217]. The methods for tne determination of moly-

bdenum using ferrocens have bsen discussed [218]° The use of

ferrocene in the potentiocmetric determination of iron in alloys

has been investigatec [219].
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The oxidation of ferrocene to the ferricinium ion has been
used as the basis of an analytical method for the determination
of iron (III), molybdenum (VI) and rhenium (VII). Ferrocene
was oxidized in an agueous-organic medium and the ferricinium
ion determined spectrophotometrically. Alternatively moly-
bdenum and rhenium were determined by atomic absorption of the
ferricinium ion after removal of the excess ferrocene by solvent
extraction with chloroform or dichloroethane [220].  The
reduction of silver (I) by ferrocene in agueous-organic medi
was studied and the use of this reaction for the amperometr
determination of silver was investigated. The effect of s
on the rate of the reaction was investigated and the optimum
conditions for the amperometric cetermination were established
[221]. The characteristics of a2 carbon paste elsctrode
containing an insoluble electroactive compound, such as ferrocene,
and an electrolyte binder have been evaluated using a chrono-
amperometric procedure. It was demonstrated that the charge
transfer reaction occurred between the electrode and the dissclved
species [222].

The ferrocsne~ferricinium redox couple has been used as a
reference for the study of proton medium effects in methanol-
-water, propylene glycol-water and methanol-prorylesne glycol
mixtures., Perchloric acid and p-~toluenesulrhonic acid were used
as supporting electrolytes for the polarograrhic meassurements.

The mixtures were found to be more basic than water by this
method [223]. Proportion

2 detection of sclar
neutrinos wnich operated at 2igh teape

al counter

0
[T
Q
[
ctr
>
[}

atures reguired volatile
tich used. Thus for
1

compounds appropriate To the nuclear rea
e e compound was

reaction 55%3

e )27Fe t
errocene [224].

th (v,e”

[

ticn in the combus

ti
rmal analysis

C

c
and gas chromatog

o

er,

c
to be ennanced at the expense of benzene, A

was obtained between the amount of benzene formed and the smoke
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evolved in combustion. At temperatures below 500O ferrocene
caused smoke formation to be increased [226].

Propellants winich contained ammonium perchlorate (68%),
aluminium (10%) and carboranyldiferrocenylmethyl perchlorate
(14%) exhibited ultra high burning rates by comparison with
conventional perchlorate propellants [227]. The burning rate
of s0lid propellants containing polybutadiene, finely divided
aluminium and ammonium perchlorate were improved by the additi
of 2-ferrocenyltetrahydrofuran [228].. The addition of ferroc
to a model propellant mixture containing ammonium perchlorate
-and styrene did not significantly affect the burning rate [22¢
Enhanced combustion rates for composite propellants based on
aluminium percnlorate and powdered aluminium were obtained by
the incorporation of 1-2% of a ferrocene derivative wnich acte
as a catalyst and a plasticizer. Butylferrocene, amylferroce
and 2-methoxyethyl-B-ferrocenoyl propionate were used [230].

The effect of ferrocene as a fuel additive in gas turbine
engi@es was evaluated. Low concentrations of ferrocene
(0.025%) reduced the total particulate emissions by 643% when
the engine was operated at high power [231].

(v) Biochemical and bilological applications

The reaction of ferrocene with 3-chloropropionyl chloride
gave 3-chloropropionylferrocene which on treatment with cyclo-
nhexanethiol gave the ferrocene derivative (11l.5). This latte
compound (11.5) was useful for the treatment of iron deficienc

anemia [232]. Sodium g-carboxybenzoylferrocene (11l.6) was

COCHZCHES CO Na

rx)
(0]

]
(0]

11.5 11.6



found to be useful for treating parodontosis in human patients
[233]. Ferrocenylpenicillins show excellent antibiotic activity
and good resistance to B-lactamase. The compounds were
synthesised by condensation of a ferrocenoyl chloride with &-amino-
penicillanic acid. Thus ferrocenylacetyl chloride was treated
with the penlCﬁlla 1ic acid and triethylamine in methylenedichloride
followed by BuCHEtCO,Na to give the penicillin (11.7) [234].

s
\\___T// Mep coMe
0 /——N

Fe 0 Co_Na Fe

COCH,C1
11,7 11.8
Ferrocenecarboxylic acid labelled with 59?9 was administered

to mice and the distribution and excretion of the compound
r o was found,

)
o

determined. A very nigh kidney to muscle
ca. 1000 and the metallocene was degraded to gi
the urine, The compounc was eliminated nmuch
lavelled iron (III) chloride, ca. 90 times [23

ferrocene derivatives hnave been evaluatsd as microbiological

[¢]

\N
o

agents. Halogenoacylferrocenes such as l-acetyl-l'-chloroacetyl-
ferrocene (11.8) and 3-chloropropenoylferrocene were most active
and functioned as bactericidal agents at high concentrations wnile
snowing bacteriostatic effecis at lowvw concentrations. Tne
relationsnip between chemical structure and microbiological

activity was considsred [236].

Ferrocene derivatives have been claimed as iron fertilizers
wnen mixed with extenders or surface active agents, Monosub-
stituted ferrocenes such as carboxylate salis, esters, acyl-
ferrocenes and ferrocenylimines were used as well as diacyl-
ferrocenes (11,9; R = Me, Et, Pr, Bu, C5H9, C6Hll)= These
compounds were also used to treat iron deficiency in plants
[237. 238]. The ferrocenylmethylthiol derivative (11,10) was

References p. 122
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@
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11.9 11.10

S
il

- -
COR @ CH,SFO
Fe

Me Li_N+

formed by treatment of the methiodide of (dimethylamino)methyl-
ferrocene with the salt NaSP(S)(OMe)2° The product (11.10) was
claimed as a convenient source of iron for plants, Several

related compounds were also described [239].
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