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1. INTRODUCTION

The practical applications of ferrocene and its derivatives
have greatly expanded in recent times'™ primarily due to the
successful development of synthetic studies on this extremely
interesting class of compounds.

Among the wide variety of ferrocene derivatives, com-
pounds containing in the molecule another transition metal,
namely dinuclear and polynuclear heterometallic derivatives
of ferrocene (HMF), occupy a special place. They have been
investigated extremely vigorously in recent years. More than
300 compounds have been synthesised and extensive experi-
mental data on their properties and practical applications
have accumulated. It is noteworthy that the principal results
for HMF have been obtained in the last ten years and as yet
have not been adequately surveyed in the literature. The
majority of the studies published up to 1970 are discussed in
monographs®’. Individual scattered data on HMF have also
been published in annual reviews on ferrocene®™? and in
Gmelin's handbooks2?°™25, A review devoted to ferrocene-
containing metal complexes, in which these compounds have
been formally classified on the basis of the nature of the
heterometal, was published?® in 1981. It covers up approx-
imately one-third of the published literature but little
attention is devoted to the chemistry of HMF, in particular
its synthetic aspects.

The aim of the present review is to give a systematic
account of the literature data, mainly on the synthesis and
also on the properties and applications of HMF, and to
classify the existing compounds. The generalisations made
concerning the methods of synthesis of HMF can be used to
develop procedures for the preparation of polynuclear com-
pounds based on other organometallic compounds of transi-
tion metals. The literature up to 1980 inclusive and the
majority of the publications in 1981 are covered.

I1. TYPES OF HETEROMETALLIC DERIVATIVES OF
"FERROCENE AND METHODS OF THEIR SYNTHESIS

HMF can be most rationally classified taking into account
the characteristics of the chemical bond whereby the ferro-
cene fragment is coupled to a derivative of another metal in
the course of the formation of the HMF. This approach takes
into account not only the specific features of the bond but
also its genesis, reflecting thereby to some extent also the
method of synthesis of the compound. The proposed class-
ification of HMF is used in this review and in its subdivision
into sections.

1. Salts of the Ferrocenium Cation

One of the most unusual reactions in the chemistry of
ferrocene is its oxidation to the ferrocenium cation, which
takes place readily in an acid medium?’. In order to obtain
the HMF, the ferrocenium cation may be combined with an
anion incorporating the transition metal atom. The first
bimetallic salt obtained in this way has been ferrocenium
reineckate?’:

Fet E}r(CNSh(NHa)z] .

This salt precipitates when an acid solution of ferrocenium
sulphate is mixed with a solution of the Reinecke salt. The
infrared spectra®’ and thermal decomposition?® of this com-
pound have been investigated. Ferrocenium molybdate,
tungstosilicate?’, metatungstate, and tetravanadate?®:3°,
which are solid powders insoluble in organic solvents, were
obtained similarly to the reineckate. The formula [FcH]MoO,
was attributed?’ to the molybdatet. There is a possibility of
the formation of [FeH]MogO,6.2H,0, which is associated with
the polymerisation of the molybdate ions in an acid medium
and the tendency of ferrocenium cations to form precipitates
with bulky anions®’. The reineckates of substituted ferro-
cenes have also been isolated?':3!,

A series of compounds of the ferrocenium cation with noble
metal anions have been obtained: ferrocenium hexachloro-
platinate [FcH]PtClg [from ferrocenium chloroferrate(III) and
chloroplatinic acid]®? and salts with gold-containing anions®’:
[(FeX)*(AuCl,) 1,Au, where X = H, Cl, Br, I, Et, Ph, CN,
NO,, COMe, COPh, or COOMe. These compounds are almost
quantitatively precipitated on interaction of ferrocene deriva-
tives with chloroauric acid. In a number of instances (X =H,
Cl, CN, COOMe) gold was washed out with aqua regia and
the compounds [FcX]AuCl, were isolated.

Similar complexes of palladium {[FcH PdCl,},*" iridium
{[FcH][IrCl,(PMe,Ph),]},* vanadium {[FeH]VOX,(X = Clor
Br)},3¢7% and titanium {[FcH]TiCl,} *%°° were obtained by
the reaction of ferrocene with the corresponding salt in a
hydrocarbon medium in the absence of oxidants. The ionic
nature of the compounds was confirmed by Mossbauer®*,
ultraviolet, and infrared spectroscopy®®®’. Thermochemical

+ Here and henceforth Fe = ferrocenyl (CsH:FeC:H,) and
correspondingly FcH = ferrocene.
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study of the formation of complexes of ferrocene with Lewis
acids®® showed that an ionic complex is formed if the energy
of the donor—acceptor bond exceeds the ionisation energy
of ferrocene. There exists also information about the syn-
thesis of a ferrocenium salt with a complex nickel-containing
anion: [FeHI][Ni(S,C,F¢),]. 2% Single crystals of this com-
pound exhibit a high conductivity.

2. Salts of Ferrocene-containing Acids

Compounds of this type are obtained by the reaction of
the corresponding acid with transition metal salts. The cop-
per salts of ferrocenecarboxylic??*?, ferrocenedicarboxylic®,
and ferrocenyleyanoacrylic acids®*, as well as the uranyl
salts of ferrocenemonocarboxylic and ferrocenedicarboxylic
acids"! have bee described. Such salts, which are coloured
powders insoluble (with some exceptions*?) in organic
solvents, have been described also for other ferrocene acids;
ferrocenemonosulphonic acid [(Fc—80,),M.4H,0, M = Cu or
Mn],"? ferrocenedithiocarboxylic acid [(Fe—CSS),M, M = Cu,*°
Co, Ni, Mn, Cu, Pd,"*? or MoO, 44T, ferrocenehydroxamic
acid [(Fc—CONHO),Cul, and ferrocenylacetylhvdroxamic acid
[(Fe—CH,CONHO),Cu]. “5:4®

The fairly stable gold-containing derivatives of thioferro-
cene, which is dimeriec in solution and is obtained by the
exchange reaction*’

Fe—SNa - CIAuPPh; — Fe—SAuPPh, ,

may be assigned to the same type of HMF, Its interaction
with fluoroboric acid results in the formation of the cationic
complexes [Fe—S(AuPPh,),]*BF; and [Fc—S(AuPPh3)2PPh3]+.
.BF,.

3. Chelate Compounds

One of the ways of synthesising HMF involves the use of
ferrocene-containing B-diketones as chelating ligands. Stable
compounds soluble in organic solvents have been obtained
from acetoacetyl ferrocene in 70-90% yield: 228757

M=Nij, Co, Cu, Mn, Cr, VO, Ru; n=2,3 .

Like metal acetylacetonates, they are capable of forming
adducts with electron-donating molecules (pyridine and
water) **751:5% | Nickel ferrocenoylpivaloylmethanate®®, copper
ferrocenoylbenzoylmethanate®®, copper, palladium®®, allyl-
palladium®®®°, and ruthenium®’ ferrocenoyltrifluoroacetonates,
a series of copper®! and uranyl*}+®? complexes of 1,1'-bis-
(acetoacetyl)ferrocene and 1,1'-bis(benzoylacetyl)ferrocene,
the ethylenediaminenickel complex of 1,1'-bis(acetoacetyl)-
ferrocene®® and the cyclopentadienylnickel complex of ferro-
cenoyltrifluoroacetone (NFTA) °* have also been described.
The metal : iron ratio in these compounds varies with the
oxidation state of the metal ion and the number of g-diketone
substituents in ferrocene. In contrast to its fluorine-free

169

analogue, in reactions with dichlorometallocenes under mild
conditions, NFTA substitutes a chlorine atom and a cyelo-
pentadienyl group with formation of metallocene bis-g-
diketonates®%:5%:

CpyMCl, 4 2NFTA — CpM (FTA),C!, M=Ti, Zr, Hf, Nb-

Metallocenes B-diketonates are brightly coloured crystalline
substances which are readily soluble in organic solvents, are
stable in air, and have relatively high decomposition tempera-
tures.

The isomeric pyridoylferrocenoylmethanates behave
unusually in their reactions with copper salts®®. By virtue
of the presence of the pyridine nitrogen atom they form
chelates with the ratio Fe : Cu = 1:0.6—1: 3.5 depending on

the ratio of the reactants and their concentrations. Several
compounds of the type
—N. ——NH [CuClg}
' N Fc s Fi
Ne—""Nc—0 o—c{ N—"Nep o—c(
e Sowd . OSCH HEC N Nen
AN o/ \0:C</,_____ )C‘O/ \O=C</_\
Fe \N—> Fe C— %
H {CuCl3]

have been isolated and characterised.

There is also a possibility of the formation of chelates from
ferrocene thiosemicarbazones. Copper, nickel, and cobalt
chelates based on formylferrocene thiosemicarbazones®®7¢8,
acetylferrocene thiosemicarbazones, and 1,1'-diacetylferro-
cene bis(thiosemicarbazones) °° have been obtained:

R N=C—NH, ~ H.N -
bl 4 e
e—C= % :

Cad™
AN P

$ N=C—Fc /'C"\

[ —HCsFeCsHy—C==N S

HN—C=N R 1N S

Me N=C
N
- NH, _f= .

The displacement of the absorption band of the ferrocene
fragment in the electronic spectra of these compounds takes
place as a consequence of the appreciable mutual influence
of the ferrocenyl system and the central metal atom in the
complex®’. Measurements of the magnetic moments have
shown that the cobalt complex is a dimer with a Co—Co bond.
It has been noted that the coordination of such ligands to
metal atoms can occur in the thiol and imine forms®®7°,

Polymeric, infusible, and insoluble in organic solvents
chelates of copper, manganese, cobalt, and chromium based
on ferrocene-containing B-ketoimines’*™73 and also silver and
copper chelate complexes of salicylferrocene® have been
described. The instability constants of certain organometallic
compounds (OMC) of this type have been determined??,

4, Compounds of the Type Fc—OMC and Fc—R—OMC with
o-Linked Fragments

Various reactions involving the coupling of a cyclopenta-
dienyl ring of ferrocene to groups containing a transition
metal entail wide possibilities for the synthesis of HMF,
Cymantrenylferrocene—a compound which incorporates the
fragments of two of the most thoroughly investigated cyclo-
pentadiene complexes (ferrocene and cymantrene)—has been
obtained”77:
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B —
Mn(CO); @ re

130-14C°

CuAgCeHy —

Mn(CO)
n(C0ls M=€u, Ag; X=Cl, Br .

The cymantrenyl substituents can be introduced also into
both rings of ferrocene. Cymantrenylferrocene can be
obtained by the pyrolysis of diferrocenyl- and dicymantrenyl-
mercury in the presence of silver powder’®, It has been
recently reported’® that the most convenient method involves
the interaction of copper(II) halides with lithiometallocenes.
These procedures are also applicable to the synthesis of
substituted cymantrenylferrocenes. The yield of the HMF is
30—70%. Cymantrenylferrocene is a stable crystalline sub-
stance which is readily soluble in organic solvents and enters
into various reactions.

Various HMF can be synthesised similarly from lithio-,
sodio-, or other metal-substituted derivatives of one organo-
metallic compound and halogeno-derivatives of another. The
synthesis for this procedure of a derivative of tervalent gold,
namely dibutylgold thioferrocenolate Fc—SAu—(n-Bu),, having
a trimeric structure, has been described"’. Diferrocenyldi-
cymantrenyltin has been obtained by the reaction of cyman-
trenyl-lithium and dichlorodiferrocenyltin. The reaction
between ferrocenyl-lithium and dichlorocymantrenyltin also
leads to this compound but with a lower vield®°*®*, Under
mild conditions, it was possible to obtain ferrocenylmethyl
compounds of molybdenum®? and tungsten®*'®% gccording to
the scheme

Fe—COCH,CI - NaM (CO); Cp — Fe—COCH; M (CO);Cp .

The tungsten-containing ketone is stable on storage and in
solution in contrast to molybdenum-containing ketone, which
decomposes even in the solid state to the extent of one-third
in 24 h. Similar HMF and Fe—CH,Mn(CO) have been obtained
from chloromethyl- and chlorocarbonyl-ferrocene®*%°, On
heating, the carbonyl derivatives are decarbonylated with
formation of Fe—M(CO),Cp.

The Friedel—Crafts alkylation and acylation constitute a
convenient method of coupling to organometallic fragments

20,8789 A geries of HMF of the type
Ye Ye M
M=Ruy, Os,

Mo Mn(CO),
have been obtained and characterised. The carbonyl groups

(CO)4 @
Mn(CO);

of these compounds are readily reduced to CH, groups with

retention of the HMF structure.

The condensation reactions of aldehyde and ketone deriva-
tives of ferrocene, benzenechromium tricarbonyl, and
cymantrene result in almost quantitative yields of the corre-
sponding HMF °°~% of two types:

RCH =CHCOR’ and RCOCH=CHR';
R=F¢; R’ = PhCr (CO);, C;H;Mn (CO); .

5’7’

Such condensation of ferrocene derivatives has also been
achieved with cymantrenylamine and dinuclear ketimines were
obtained as a result?’. The condensation products are crys-
talline high-melting substances which are soluble in various
organic solvents. The manganese derivatives are somewhat
less stable in solutions.
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Ferrocenylacetylene can be used to synthesise HMF. Like
the synthesis of copper acetylides, the interaction of Cul in
aqueous ammonia with ferrocenylacetylene in alcohol?’ leads to
copper ferrocenylacetylide (Fe—~C=CCu) in 73-80% yield. Its
derivatives dideuterated®®, brominated, and iodinated®* in the
ring have been obtained. Such acetylides can be used suc-
cessfully in a wide variety of syntheses**2?%°% including the
synthesis of HMF. The exchange reaction of copper rutheno-
cenylacetylide with iodoferrocene in pyridine gave rise to ferro-
cenylruthenocenylacetylene®: Fc—Cz=CCH,RuCsHs. This com-
pound sublimes in vacuo (1 mmHg) at 180 °C without change in
its melting point. The reactions of ferrocenylacetylene with
cis-PtCl,(PMe,Ph), and (PPh;),IrC1(CO), leading respectively
to trans-PtCl(C=CFc)(PMe,Ph), °’ and a hexacoordinate
iridium complex, decomposing on recrystallisation into the
initial components, have been described®®.

A series of reactions involving addition to the carbonyl
ligand in metal carbonyl have been achieved. The reactions
of metal carbonyls with organolithium compounds lead to the
conversion of the carbonyl ligand into a carbene ligand. A
series of bimetallic ferrocenylcarbene complexes were obtained
in the course of studies of a series of ferrocene derivatives®®1%:

X ,OMe
Lo O
\M(CO)5

Fe Mn(C0)2
X=0Me, OEt, NHy, NMey, NCyHg, ONMey; M=Cr, W ,

These compounds are crystalline, stable in air (with the
exception of the manganese complex), and soluble in
inorganic solvents. It was not possible to synthesise the
analogous cobalt and vanadium complexes. The chromium,
molybdenum, and tungsten complexes based on 1, 1'-di-
methylferrocene were obtained recently'’?, The carbene
complexes are the starting materials for the synthesis of
new HMF. They react with boron and aluminium halides
with elimination of an electron-donating group (one CO
ligand), forming carbyne complexes!®®10%:

_OEt
(COM=ZC
e
M=Cr, Mo, W; X=Cl, Br .

+ ALX; —> X—M(COlC—re |

The iodo-homologues have been obtained by the exchange
reaction of the above complexes with Lil. The thermal sta-
bility of these compounds decreases in the sequence

W > Cr > Mo and I > Br > Cl; the chemical stability ranges
from that of the iodotungsten derivative, which is stable on
storage in air, to the chlorochromium compound, which ignites
spontaneously. It has been shown for the tungsten deriva-
tive'® that these complexes react with cyclopentadienyl-
sodium to form dicarbonyl{n-cyclopentadienyl)carbyne com-
plexes, which are readily soluble in organic solvents and
whose reactions with phosphines give rise to metal-substi-
tuted ketens, which are stable in the solid state!®®:

F
22— Cp (CO) (PMes)sW—C ¢

CH,CI, ~o
1
- Cp (CO) (PMeg) W (O=C=C—Fc) |

Cp (CO),WC—Fc -+ PMe,—

| Ci.Cly

In CH,Cl, these ketens combine almost quantitatively with
CO at 30 atm over a period of 24 h %7 with the formation of
Cp(CO),(PMe3)W—C(Fc)=C=0.

The electrophilic substitution of hydrogen in ferrocene by
new acylating agents—carbotricobalt decacarbonyl hexa-
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fluorophosphate'®® and the complex [C.H,Mo(CO),]BF,—has
been achieved” ?°, which led to the following HMF:

0=C—Fc
r A
ijCMO(CO)a

_J

Other ferrocene cluster compounds have also been obtained:
Fe—CCo4(CO)y 2°1°° and Fe—CH,CO,CC0,(CO),. 0

A simple method of synthesis of HMF consists in the addi-
tion of organometallic compounds to carbonyl derivatives of
ferrocene®h>2%:111,112  for example:

BFT

(CO)4Co Co(CO)g

Co(CO)4

Fe—CHO

R, Fc—CH (R) OLi 0., Fe—~CH (R)OH, R=CsH,Mn (CO); ;
Fc—COMe + CpyZr (Cl) H — CpyZr (C1) OCH (Me)—Fc .

These compounds are soluble in hydrocarbons but hydrolyse
at the metal—oxygen bond with liberation of ferrocene-con-
taining alcohols.

There are literature data concerning polymeric HMF
obtained by the copolymerisation of vinyl derivatives of
cymantrene and ferrocenel!®, (benzyl acrylate)chromium tri-
carbonyl, and 2-ferrocenylethyl acrylate!!*’?1%  Polymers
of other metal-containing monomers are also known?!’*22,

The possibility of the synthesis of HMF by the cyclometalla-
tion of substituents in ferrocene derivatives is also note-
worthy!?’. Various dinuclear heterometallic derivatives can
be obtained by this procedure, but in the case of ferrocene
the reaction is known only in a few instances. These involve
the metallation of benzoylferrocene and dimethylaminomethyvl-
ferrocene with methylmanganese pentacarbonyl in the benzene
ring and in the methyl group respectivelyl?®:

Me
PN |
Fe—C7  Mn (CO), Fe—CHy—N—-CH,
NS N
VRN Mn (CO),

—_—

Pyrazolines containing the ferrocenyl and cymantrenyl sub-
stituents have been described?!®12°, (Catalytic thermolysis of
such pyrazolines in the presence of KOH and platinum on
charcoal leads to the corresponding cyclopropane HMF 116

5. Compounds With a Cyclopentadienyl—Metal Bond

HMF of this kind are usually obtained by the exchange
reaction between lithioferrocenes and transition metal

halides!3°71%7;
cm«rpz O
(M Ti, Zr, Hi, Nb) @

BT |(NR2)3
(R=Me m)

©
@
s

Ti(NRy),

@.
O
©

(1(mh,)mcp

[CuBrPPhG]‘

@l
@
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The reaction with AuCl; terminates with the formation of HMF
in satisfactory yield only for the ratio Li:Au = 2:1.'%* Only
the compound Fc,AuCIlPPh, has been obtained under these
conditions.

The thermal stability of HMF of this type varies within wide
limits—from the nickel compound which is unstable in a pure
form®3%:1% to the cyclopentadienyl derivatives of Group IV
metals which sublime in vacuo at high temperatures!®®'®,
However, the latter are unstable in air. Ferrocenylcopper,
which in unstable in an inert atmosphere up to 120 °C, also
decomposes in air. It is noteworthy that the presence of
halogen atoms and of the dimethylaminomethyl group in the
cyclopentadienyl rings of ferrocene stabilises the carbon—
metal bond and the HMF is also much more stable. Thus the
HMF obtained from 1-(dimethylaminomethyl)-2-lithioferrocene
and copper and silver iodides (yield more than 60%) are stable
in air up to 150—170 °C: 138132

‘M

@Fe

Similar methoxy-substituted HMF are somewhat less stable®*?,
Copper and silver derivatives without stabilising substitu-
ents were obtained only recently!*”*!, The silver derivative
is more stable and persists in air for several hours. A series
of derivatives of other metals have been obtained from lithio-

ferrocenes containing stabilising substituents:*2:143

HyNMey, M=Cu, Ap .

If 1,1'-dilithioferrocene is used in the synthesis, HMF sub-
stituted in both rings are obtained®»1"21%%1%  for example:

H@@( @@

The same results were obtained on incomplete ferrocenyla-
tion of the platinum salt Pt(COD)Cl, (COD = cyclo-octa-1,5-
diene) with trimethylstannylferrocene and 1,1'-bis(trimethyl-
stannyl)ferrocene"®:

@ Fe @—Pt(COD)C! c1(con;m@ e @—Pc((:nu)(ﬂ .

The reaction of 1,1'-dilithioferrocene with cobalt chloride
leads to the formation of polyferrocenylenes*’.

Apart from the organolithium and organotin compounds,
ferrocene derivatives of boron®*®1%! and mercury!®?71%¢ are

used for the synthesis of HMF of this type:
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B(OH),

Ot

X=H, X'=ql; X=CI(Br), X'=H ;

LAuPPhy
A
O\ 1
MeAubPhy, [IRF S
Fe Hg 5 ke AuPPh, BE; B
@I: R

€ m -

R =H, Ci, Br, OMe, CiiAle |

These reactions involving organomercury compounds proceed
over a period of several minutes at room temperature with
vields of compounds (I) up to 80-90%. The use of the
optically pure 2-chloromercuri-derivative of 1-dimethylamino-
ethylferrocene for the synthesis of an optically active complex
with a palladium atom in the ring has been describeds” *°%:

Me, i

—NMe,

Hg(l

where dba = dibenzylideneacetone.

Other methods of adding a transition metal directly to a
cyclopentadienyl ring of ferrocene are also known. Nesmey-
anov and coworkers®?713 were the first to metallate ferro-
cene and its derivatives by an aurating agent—a gold-con-
taining oxonium salt. Ferrocene is aurated at 20 °C in the
presence of HBF,, giving a 60% yield of a cationic digold
complex (I, R = H). Ferrocene derivatives form mixtures of
homoannular and heteroannular isomers:

Pd,(dba),
—_—

[ Y
=]

~+

,AuPPhy

™\ X :,’ '
O O
te + (PhyPAw;0TBF; —> to AuPPh,

© KON

X =Me, Ph, CgH,NO,, COMe, Cl .
In all cases, except when X = Ph, homoannular 1,2-isomers
are formed preferentially. Methoxy- and nitro-ferrocenes
give rise to 1,2-disubstituted ferrocenes only. Under the
influence of nucleophiles (Cl”, CN™, PPh,), the cationic
complexes are converted quantitatively into organomonogold
compounds, whose reaction with tetrafluoroboric acid readily
reconverts them into ionic complexes®*:

+ R

R
_AuPPh,
<4 : . -AuPPhjy
N NaCl

'
1
'
Fe AuPPh; | BF, W-) e

The reaction proceeds from right to left also under the influ-
ence of dinuclear organogold complexes [R(AuPPh,), ]BF,. 3
In view of the ease of such reactions, it is assumed that it

is most convenient to synthesise gold-containing HMF of the

B¥; + (ILR=X);
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type Fc—AuPPh, from organomercury compounds via the
cationic complexes'®®. It is of interest that acetylferrocene
is aurated by tris(triphenylphosphinegold)oxonium perman-
ganate not in the cyclopentadienyl ring but in the acetyl
group, forming Fc—COCH,AuPPh,, albeit in a low yield
(5%).1615162

The first example of the intramolecular orthopalladisation
of metallocenes was published in 1974: %6

TMe3

C:j
@ﬁ—cm% @Pd- --
Na,PdClg |
Fo S —_— Fe Cl---

©

— 2

Subsequently this reaction was achieved also for other
ferrocene derivatives—dimethylaminomethylferrocene®?,
2-pyridylferrocene'®®, acetylferrocene N, N-dimethyl-
hydrazone'®®, acetylferrocene acetylhydrazones'’?, and 1,1'-
diacetylferrocene bis(acetylhydrazone).'”™ Li,PdX, (X = Cl
or Br) are also used as palladising agents. The reaction is
carried out in the presence of sodium acetate. The dimeric
complexes obtained in a yield exceeding 90% react with elec-
tron-donating molecules or metal acetylacetonates to form the
corresponding monomeric HMF, for example;

g
Oy Xy
Ie ¥ ie ,/ 0. Me
y R <—PPh, 1|a - %
©N! O
——=CH

Me

If the palladisation is carried out in the presence of a salt
of an optically active acid or an optically active derivative of
ferrocene is used, then optically active HMF are obtained.
The asymmetric cyclopalladisation of dimethylaminomethyl-
ferrocene 17%'7® and the optically active N, N-dimethylamino-
1D-methylferrocene 7 and 1-dimethylaminoethylferrocene®s’
158 has been achieved.

The metallation of acetyl- and dimethylaminomethyl-ferro-
cenes by methylmanganese and methylrhenium penta-
carbonyls has also been described!?®'75, In all cases homo-
annular ortho-metallated ferrocenes are formed in 32-50%,
yield except in the reaction of dimethylaminomethylferrocene
with the manganese compound described in the previous
section. The reaction of the manganese derivative with CO
is accompanied by ring rupture, which indicates the lability
of the Mn « O bond; however, the reaction with triphenyl-
phosphine proceeds differently—with substitution of one

carbonyl group:
j n(CO);5
n(C0O)3PPh,
PPhy \
7

s

Ma(CO),

z—
No

o)

Fe

B
©
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6. m-Complexes of Unsaturated Ferrocene Compounds

Heterometallic derivatives of ferrocene can be obtained from
metal carbonyls using the ability of the latter to substitute
their CO groups by m-donor ferrocene-containing ligands.
Several compounds of this type have been described. Ferro-
cenylacetylenes readily react with cobalt carbonyl?®°¢;

Fc—C=CR -+ Cox(CO)s —CeHe2%" _, Fe—C=CR [Co, (CO)s] ;
R=H, Fc .

The following cobalt-, manganese, nickel-, and chromium-
containing HMF have been obtained similarly (sometimes with

ultraviolet irradiation): 2%,85,1767180

Sl Qo=
&

B 0), r be

RO¥ONON Q

OO OO oL
@ " ©Q @

(@) R=H, Me;(b) R' = H, X = CH,, CO, CH,CH,, COCH,, CH(OH)CIl,, CH==CH, CH(OH);
(c) R'=Me, X =CO, CH(OH); (d) X' = COCHy, CH(OH)CH,

(<o>3

Cobalt- and manganese-containing HMF of this type are
relatively readily fusible compounds (or liquids); the
chromium-containing HMF and the nickel complex melt (some-
times with decomposition) in the range 135-230 °C.

The interaction of the ethynylferrocenes Fe—C=CPh,
Fe—C=C—Fc, and Fe(CsH,C=CPh), with the cyclopentadienyl-
cobalt complexes CpCo(CO),, CpCo(PPh;),, and CpCo(RC=
CR)PPh, have been studied by two groups of investigators'®
182 Mixed cyclobutadiene complexes with different Fe : Co
ratios, soluble in hydrocarbons, were isolated:

O Co Ph

O O e 1O .

Fo Fe Fo Ph Fo w {O Ph

O\

The group of compounds which are synthesised using arene-
or cyclopentadienyl-containing metallocenes, usually ferro-
cenes, while the other metal is introduced, by the method for
the synthesis of metallocene and arene compounds, should be
assigned to this type of HMF. Thus, 1,1'-diferrocenyldi-
benzenechromium, identified as the iodide, has been synthe-
sised under the conditions of the Fischer reaction in 17%
yield!??;

7N am
Fe—{ > Fe— b
/3 _CrCly AICLAL —" _ouoxi_ | — _
FC_'\.__/ 140°.30 min Cr Cr+ I
T TN TN
Fel e Fet )

Since the synthesis is complicated by side reactions, an
attempt was made to synthesise this compound and its
p-tolylferrocenyl analogue by the reaction of chromium
vapour with phenyl- and p-tolylferrocene in a high vacuum
(107° mmHg, 77 K); the yield was approximately 1% relative
to the evaporated chromium, which entered the reaction zone!?*.
A similar cobaltocenium derivative was obtained from a-ferro-
cenylfulvene?®

1) PhLi, Ety
2) CoCly. THF

Fc—CH(Ph)—@ ~l

Cot Ny

O CH(Ph) —}'c

[

Fo—-CH:(f——CH:CH—cuzcu
S

The manganese’2® and tungsten'?® derivatives have been
obtained analogously.

Dimeric 1-ferrocenyl-n-allylpalladium chloride complexes
have been synthesised by the reaction of conjugated dienes
(butadiene, isoprene, and 2,3-dimethylbutadiene) with ferro-
cenylpalladium chloride, obtained in situ from chloromercuri-
ferrocene and Li,PdCl,.®® A complex of vinylferrocene and
palladium (II) chloride has also been obtained®®.

7. Transition Metal Complexes with Ferrocene Ligands
Containing Group V and V! Elements as Donor Atoms

The complex formation reactions of ferrocene derivatives
containing electron-donating nitrogen, phosphorus, arsenic,
etc. atoms with transition metal compounds constitute a conven-
ient method of synthesis of HMF. Thus, when dimethylamino-
methylferrocence is mixed with nickel and cobalt halides and
thiocyanates!®" and also with palladium chloride!®5, solid
coloured adducts are formed:

[FcCH,NMe,}s MX; M=Co. Ni, X—=Cl,Br,[,CNS; M=Pd, X=Cl

The reaction with titanium and zirconium halides gives rise
to 1:1 complexes'®, Dimethylaminomethylferrocene hydro-
chloride reacts with K,MCl, and Na,M(CN),, yielding com-
pounds with a different structure!®®: [FeCH,NHMe,],MX,,
where M = Pt or Pd. Nickel, platinum, palladium, ruthenium
187 and rhodium'®® complexes of 1,1'-bis(dimethylarsino)-
ferrocene!®”:1%% and 1,1'-bis(diphenylarsino)ferrocene'®’, the
palladium complex of 2-ferrocenylpyridine!®®, the nickel'®®,
cobalt'®®, gold!®!, and palladium'®? complexes of ferrocenyl-
phenylphosphines, the cobalt, nickel, and copper complexes
of 1,1'-bis(diphenylphosphino)ferrocene '*3, the rhodium com-
plexes of ferrocenylphosphinamines'®*, the cobalt complex of
1-(dimethylaminomethylmethyl)-2-pyridylferrocene®®, the
titanium and zirconium complexes of ferrocenylacetonitrile
the silver??, titanium, and vanadium®%'®® complexes of 1,1'-
dicyano-ferrocenes”??, and the ruthenium complexes of
cyanoferrocene and ferrocenylacrylonitrile!®® have been syn-
thesised and investigated.

Ferrocenylphosphinegold halide complexes are converted
into organogold HMF under the influence of organolithium and
organomagnesium compounds®®’

186
>

BrAuL -+ MeMgl — MeAuL ;
L = PFc;, FcPPh, «
Oxidants react with these complexes in a way which depends
on the nature of the reagent!®!, oxidising either gold or the
ferrocene system:

>~ BryAuFcPPh,

BrAuFcPPh,—
| HAuCL, | — [(BrAuFcPPhy)* (AuCl)~]; Au .

Triferrocenylphosphine complexes of arylgold compounds are
obtained by displacing triphenylphosphine with triferrocenyl-
phosphine, the latter being a stronger electron donor!®’:

Fc,P

ArAuPPh, — ArAuPFey
Ar=p-MeCgH,, m-FCeH,

HMF of this type are also known to include cationic digold
complexes'®%1°7:19% ' which are formed, like the compounds
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aurated in the ferrocene nucleus, via the following mech-
anisms:

HBF,

R,Hg -+ MeAuPFc, — R (AuPFc;),BF, |

R=PhCH=CH, PhCH=C (COOMe), 0-IC;H,, c-thienyl ;
HBF,
p-MeCyH,AuPFc, T;’ p-MeCeH, (AuPFcy);BF, |
N

The first heterometallic derivative of ferrocene of the
porphyrin series has also been obtained from meso-tetra-
ferrocenylporphyrin and copper acetate in dimethylformamide
and has been isolated after recrystallisation from chloroform
in the form of an adduct with dimethylformamide and CHCl,:**

Fe Fe

Fe Fe °

According to Mossbauer spectroscopic data, oxidation of this
compound results in the formation of several ferrocenium
centres.

A series of HMF have been obtained by the reactions of
metal carbonyls with ferrocenylphosphine ligands: CpMn(CO),L
(L = PFe,, PFc,Ph, or PFcPh,), RC;H,Mn(CO),PFc, (R = Et,
CsH,,, MeCO, or C,H,CO), C¢H,Cr(CO),L and (CO) ML
(M = Cr, Mo, or W), (CO),ML, (M = Mo or W), Fc;PMn,(CO),,
[(FcPPh,),Co(CO);1*BPhy, 19920072038 gpdq Fe,PMn(CO) Me. 12
Similar complexes of chromium, molybdenum, tungsten,
vanadium, cobalt, and nickel carbonyls with bifunctional
nitrogen-, phosphorus-, and arsenic-containing ferrocene
ligands have been described?!®3:194:20%205

It is known that coordination to transition metals appreci-
ably stabilises ligands which are relatively unstable under
the usual conditions. It is therefore possible to employ in
the synthesis of stable HMF of this type even ferrocene com-
pounds which are unstable in air. For example, crystalline
complexes stable in air have been obtained from thioketones
which readily polymerise and oxidise under the usual condi-
tions and from ferrocenophanes, which are unstable in
airZOB—ZOB:

@ /}V(C())a

R E

/ /

O N
Fc—CS—CMe,Cp,Mo, (CO),

Fe—C (R)=S — M (CO)s;

R=Ph, M=Cr, Mo, W; R=Me, M=W;
E=P, As .

The possibility of synthesising HMF of this type by displac-
ing amine ligands from the Reinecke salt by aminoferrocenes
(L) has also been demonstrated?°®. With a 1: 1 component
ratio, the outer-sphere ammonia is displaced with formation
of the solid crystalline complex LH[Cr(SCN),(NH;),]. With
increase of the aminoferrocene : Reinecke salt ratio, the
inner-sphere ammonia is displaced.

I1l. STRUCTURE AND PROPERTIES

1. Structure

The structural analysis of crystalline HMF has been carried
out for certain compounds, which made it possible to discover
their structural characteristics. When a metal forms o-bonds
directly with a carbon atom of a cyclopentadienyl ring of
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ferrocene, there is a possibility of a redistribution of elec-
tron density with participation, in particular, of the metal
f orbitals, which alters the interatomic distances in the Fc
fragment!®®., On the other hand, in the case of diferrocenyl-
titanocene Cp,TiFc,, a shortening of the o-bond between
titanium and a carbon atom of the cyclopentadienyl ring of
ferrocene and constancy of the bond lengths in the sandwich
fragments were observed®'®, The molecular structure of
(Et,N),TiC H,FeCH,Ti(NEt,); has been described??.

There is also a possibility of a more complex bonding of the
metal atom to the cyclopentadienyl ring with formation of the
structural fragment

Au
!
Au
in which the two gold atoms linked to one another form a
three-centre two-electron bond with one of the carbon atoms
with the ferrocene-containing group!®*'%*. The presence of
the above fragment has been most clearly confirmed by X-ray
diffraction data for the compound [(7-CHg)Fe(m-C:H,)Au,.

.(PPh,),]BF,. 212213
The Au—Au bond (2.77 K) in such compounds is shorter

‘than in metallic gold (2.88 8). As a consequence of the

presence of the Fe—Au bond (2.82 ?&), the planes of the
cyclopentadienyl rings are not parallel (the dihedral angle is
16°) and the bridging ring has the envelope configuration.
Ultraviolet spectroscopic and H NMR data show that the
bridge structure of the compounds is maintained also in solu-
tions*®®2*  The related compound 2-copper(dimethylamino-
methyl)ferrocene and its silver analogue have the cluster
structure®*®2®  In these substances it is also possible to

isolate the fragment .

LG
7 Y

but the distortion of the Fc is smaller probably due to the
weaker interaction between M and Fe. A weak interaction
between the silver atom and the nitrogen atom of the amino-
group has been noted for the silver derivative.

Direct bonding of the metal to a carbon atom of a cyclo-
pentadienyl ring of ferrocene is not always accompanied by
the M—Fe interaction. Apart from the nature of the atom M,
the character of the bonds which it forms with the atoms in
the immediate environment is of decisive importance. For
example, in cyclo-1-(1'-dimethylaminoethylferrocene)-2-
(acetylacetonato)palladium the metal is involved in the square
planar coordination fairly characteristic of palladium with
formation of acetylacetonate and PdC ;N metal-containing
rings. The ferrocene fragment has a configuration inter-
mediate between crossed and eclipsed with the usual average
bond lengths?®®,

In the absence of a direct bond between M and a Ttyclo-
pentadienyl ring of ferrocene, the mutual influence of the M
and Fe atoms on the structural characteristics of their
environment is also weakened. However, it is still fairly
pronounced, for example, in halogenotetracarbonyl complexes
of transition metals bound to the ferrocenyl residue by a
linkage of the type Mz C—Fc.®* In these compounds, as in
the carbene derivatives which resemble them!®?, there is a
significant decrease of electron density in the cyclopenta-
dienyl rings of ferrocene as a result of the stronger conjuga-
tion than in the usual substituted ferrocenes, caused by the
overlap of the m orbitals of the substituted ring by the p,
orbital of the acetylenic carbon. The HMF considered are
oxidised more readily than ferrocene; their oxidation-reduc-
tion properties are appreciably influenced by the nature of
the metal and to a lesser extent the halogen.
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The compound of nickel jodide carbonyl with ferrocene-
1,1'-bis(dimethylarsine) 2'7 is of interest because in it the
cyclopentadienyl rings of ferrocene form part of a bidentate
ligand. The nickel atom has a trigonal bipyramidal coordina-
tion with the equatorial and axial dispositions of As. The
FeAs, and NiAs, planes form an angle of 46.6° and the cyclo-
pentadienyl rings are rotated by 8.8° compared with the
eclipsed conformation and are inclined to one another at an
angle of ~3°. The Ni—As distances are within the usual limits
for nickel complexes with arsenic derivatives, but the equa-
torial bond is somewhat longer than the axial bond. The
interatomic distances in the ferrocene fragment have the
usual values. The C—O bond is shorter than in the carbonyl
complexes. The bidentate ligand may include also one cyclo-
pentadienyl ring of ferrocene. It has been established by
NMR and infrared spectroscopy?®* that 1-(dimethylamino)-
methyl-2-(diphenylphosphino)ferrocene behaves as a biden-
tate ligand in reactions with Group VI metal (Cr, Mo, and W)
carbonyls and gives rise to a complex of the type [CpFeC:H;.
.(PPh,)CH,NMe,]W(CO),.

Polydentate ligands can also be linked with the aid of the
ferrocene fragment. This can entail the formation of strained
structures. Comparison of the EPR spectra of copper chelate
complexes of acetylacetone, ferrocenylacetone, and 1,1'-bis-
acetoacetylferrocene showed that only in the latter case does
the symmetry of the environment of the copper ion deviate
from the acetylacetonate symmetry®%5!. When the ferrocene
nucleus is separated from the M atom by two and more atoms,
the mutual influence of the metal-containing fragments on
their structure is not observed. In such complexes ferrocene
frequently has the eclipsed conformation'®®?®; nhowever, as
in the cases discussed above, the conformation may be influ-
enced decisively by the packing in the crystal and not by the
electronic structure and geometry of the molecule. Estimation
of the mixing coefficients in the molecular orbital of the
unpaired electron showed that these coefficients of the
dy2_y2 orbitals of the copper atoms are identical to within
0.04 for the acetylacetonate and ferrocenoylacetonate. This
indicates identical distibution of spin density in a type b,
orbital in both chelates and the absence of an appreciable
influence of the ferrocenyl substituent on this orbital®’. The
ferrocenyl residue also does not have a significant influence
on the metal atom in the tetraferrocenylporphyrin complex;
the EPR spectrum corresponds to the spectra of other copper
complexes of porphyrins!®®. The usual structure of the
chelate unit has been found also in other metal ferrocenoyl-
acetonates®»%%, However, a redistribution of electron density
can occur in orbitals without unpaired electrons?!® 229,

The nature of the localisation of the charge in the ferro-
cene component is most significant in ionic compounds. If
the ferrocene component consists of a ferrocenium type
cation, then the Fe—Cp bonds in it are weakened (compared
with the corresponding ferrocene derivative) and the absorp-
tion bands in the infrared spectrum corresponding to these
bonds undergo a bathochromic shift?”>3°, Allowance for this
and also for the bathochromic shift of the d—d transition
band in the optical spectrum led to an ionic structure for
complexes of ferrocene with metal halides®® %7,

2. Solubility

There are no quantitative literature data on the solubilities
of HMF (with a rare exception®®). Only qualitative data are
usually quoted, from which it follows that many HMF are
appreciably soluble in organic solvents. In order to increase
the solubility of compounds based on B-diketones in hydro-
carbons, the oleic acid residue is introduced into the mole-~
cules of the B-diketonates??!. The low solubility of salts of
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65,69 45,46

nitrogen-containing ferrocene chelates and acids is
apparently associated with intermolecular association in the
solid state via the electron-donating nitrogen atoms or with
the polymeric structure of the compounds. HMF of other
types are apparently also insoluble due to their polymeric
structure®*”:¢3,

3. Thermal Stability

Polymerisation in the solid state influences appreciably the
thermal behaviour of HMF. For example, polymeric chelates
of ferrocene thiosemicarbazones and B-ketoimines®*™%7! do
not melt up to 250—300 °C, decomposing in the solid state on
further heating. The unusually high stability of ferrocene-
silver compared with alkyl- and aryl-silver can also be
accounted for by the formation of intermolecular bonds

The thermal decomposition of HMF has been investigated
for a few compounds. Thermolysis of ferrocenium salts has
been investigated for the reineckate and salts with isopoly-
acids?®73%%9 A characteristic feature of the process is the
formation of ferrocene. The thermal stability of salts of
ferrocenemonosulphonic acid has been characterised by
thermogravimetric and differential thermographic methods"®.
The compounds are unstable in air in the anhydrous state,
the copper salt decomposing even before the loss of the
entire water of crystallisation.

The thermal decomposition of the copper chelate of ferro-
cenylacetone has been investigated by derivatographic,
mass-spectrometric, and gas-chromatographic methods"® !,
It has been established that cyclopentadiene, methane, and
hydrogen are evolved at 200-260 °C together with a keto-
derivative of ferrocene (identified by the infrared spectra);
the residue contains metallic copper and iron(Il) and iron(IIl)
oxides. The chelates of ferrocene-containing 8-ketoimines
decompose in the same temperature range (>200—250 °C), "
their thermal stability being lower than that of the initial
B-ketoimines, which the authors attribute to the presence of
the unstable ferrocenium form in the polychelates.

There exist data on the thermal stabilities and decomposi-
tion of other compounds, in particular the copper salt of
ferrocenecarboxylic acid?, allylpalladium ferrocenyltrifluoro-
acetonate® %%, 2-copper-1-(dimethylaminomethyl)ferrocene?!s,
a series of ferrocenesilver compounds**®15° gdiferrocenyl-
dicyclopentadienyl derivatives of titanium, zirconium, haf-
nium®®, and niobium*3!, and also ferrocenephosphinegold
cationic complexes?®’. The majority of HMF lose the ability
to sublime on heating which is characteristic of ferrocenes.
One of the few exceptions to this rule is ferrocenylrutheno-
cenylacetylene®® and the dicyclopentadienyldiferrocenyl
derivative of zirconium, hafnium, and titanium?3® (the heat
capacity of the last compound was measured and its thermo-
dynamic functions were calculated???).
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4. Chemical Properties

The majority of HMF are resistant to oxygen and atmo-
spheric moisture, except for the compounds mentioned in
the appropriate parts of the review. The instability of
individual HMF in organic solvents has also been pointed
out 3%60,64,102,105,133,161,205

Many HMF exhibit an important chemical property of
ferrocene—the ability to be oxidised to the cation®’720,178,180,
223 which may serve as one of the ways of synthesising
trimetallic compounds?®!??, Both organometallic fragments
of HMF are chemically reactive. For example, depending on
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the type of reagents employed, the substitution of a hydro-
gen atom in cymantrenylferrocene can take place in a cyclo~
pentadienyl ring of either ferrocene or cymantrene. Acyla-
tion by acetic anhydride proceeds in accordance with the
mechanism’%77

s
:

(CH3C0),0, HaPO,

Fe Mn(CO); ————————>»  Te Mn(CO),

COCH,

©
¢

In contrast to this, metallation by n-butyl-lithium occurs in
the cyclopentadienyl ring of cymantrene. The organolithium
derivative obtained is a convenient reagent for the synthesis
of various derivatives of ferrocenylcymantrene containing
substituents in the cymantrene ring:

HgCl,
——3 FE@HHCI
B(OBu); Mu(CO)y
Fe O Li —> F B(OR), —|
MulCO); Mn{CO)3 uBr,
> e By
Mn(CO)y

The bromo-derivative of this HMF, containing bromine in a
cyclopentadienyl ring of ferrocene, can be obtained from
1,1'-dibromoferrocene and cymantrenylcopper or cymantrenyl-
silver via the reactions described above (in Section II).
Bromine can be substituted by other groups on treatment
with bivalent copper salts (acetate and phthalimide)™”. Thus
the properties of the o-linked cymantrenyl and ferrocenyl
residues in cymantrenylferrocene differ from those of cyman-
trene and ferrocene. The difficulty of the exchange of the
bromine in 1-bromo-1'-cymantrenylferrocene for different
groups, the ease of reduction of the ferrocene derivative to
cymantrenylferrocene, the smaller tendency of the latter
(compared with ferrocene) to undergo oxidation to the ferro-
cenium cation, the reduced basicity of 1-amino-1'-cyman-
trenylferrocene (compared with ferrocenylamine), and also
its oxidation to the corresponding azoferrocene, which takes
place with difficulty, are associated with the electron-accept-
ing influence of the cymantrenyl group. This has been con-
firmed by the formal oxidation-reduction potentials??®?** and
data for the isotope exchange of the hydrogen in cyman-
trenylferrocene with acids®?®, from which it follows that the
cymantrenyl substituent decreases the rate of the isotope
exchange involving the ferrocene nucleus by a whole order
of magnitude and that the most reactive positions for electro-
philic substitution are 1' and 3:

2
O f@
Fe Mo(CO)y

1
1

It was established that the 1'-, 3-, and 2-positions are
respectively 8 times, 11 times, and 20 times less active than
in ferrocene. It is significant that, under the conditions of
the hydrogen isotope exchange, the cymantrenyl fragment
does not react. The result of the study of the isotope
exchange involving benzenedicarbonyldiferrocenylphosphine-
chromium??® is unexpected—the hydrogen atoms of the m-ben-
zene and cyclopentadienyl rings are exchanged at almost the
same rates, indicating the equalisation of the electron den-
sity in the given complex. The hydrogen atoms of the cyclo-
pentadienyl rings in Ph,PFe, coordinated to the chromium
atom, undergo isotope exchange faster almost by three orders
of magnitude than the hydrogen atoms of the non-coordinated
ferrocenylphosphine.
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Many HMF with a metal-carbon o-bond readily react with
various reagents, which can be used for the synthesis of

ferrocene otherwise difficult to obtain, including HMF : 137:1%0,
143,148-150,216,227-230

@x'=x"=u
®x'=a,x" =1
(c)gn‘:n,x”=c1

% L Fe — | Pheod ¢ Fo COPh
O Fe “ext=u | x'=x''zn
@‘x‘

@“
RI .
Le 1o it -
(a) x‘—u x"=a @ X'=x"=#,R=pPn "
@ ®) xf=c, x''=n ®) x'=a, x"=m. m=prh X!
=n,x"'=c1, R=ph

© x'=i,x"=pr (%'

(d) X'= CHyNMey, X''=1
R=Ph, Cjolly, Fe

< PO |

M=Cuy, Ag .

The reactions of the organonickel o-complexes CpFeCsH;,.
(C1)Ni(PPh;)Cp with acids, acetyl chloride, and mercury(II)
chloride also take place under mild conditions and with high
yields?®%13%  The nickel—-n-cyclopentadienyl ring and nickel—
triphenylphosphine bonds are not involved in this process.
The organogold derivatives Fc—AuPPh, react with halogens
also with formation of halogenoferrocenes and triphenyl-
phosphinegold halides?31"?*2, However, reactions involving
the electrophilic substitution of the gold atom could not be
carried out?®*®, The high reactivity of the gold—carbon bond
has been used to synthesis the substituted vinylferrocenes
Fe~C(CN) = C(CN)R, where R = CN or AuPPh,.** Hydro-
gen sulphide and the acids HX (X = Cl or Br) readily
decompose many similar HMF, *2,130,131,141,148=150  gahilised
ferrocenylsilver and ferrocenylcopper condense with cyman-
trenylcopper and chloroferrocenylsilver above 120 °C,
forming dinuclear metallocenes?'®,

It has been shown for various aminoferrocenes with a Pd
atom in the ring that extensive synthetic possibilities are
associated with HMF of this type. The reaction conditions
depend greatly on the nature of the reagent; the products of

the synthesis are 1,2-substituted ferrocenes!®%235,236.
CHyNMe,
co, r'on \
——— Fe COOR
CH,—Ne,
f j CHyNMe,
Pd--- X,
e —t T 5 Fe X
& -
B CH,NAMe,
cit=clRr'" ;

city=chn'!
e e

R'=H, Me; X=Br, I; R"=Me, Ph, CN, COOMe ,etc.

Such reactions have also been achieved for similar enantio-
meric HMF . 172,235237-23%9 The Jatter are planar-chiral com-
pounds and substitution of the metal by some other group
takes place with retention of not only the stereochemical con-
figuration but also of the enantiomeric purity. The presence
in these HMF of the dimethylamino-group, which tends to
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undergo nucleophilic substitution in the form of a quaternary
ammonium base, makes it possible to vary within wide limits
the nature of the substituents and to obtain a wide variety of
1, 2-disubstituted ferrocenes.

The marked influence of the organometallic fragment linked
to the ferrocene fragment on the properties of the latter is
also illustrated by the behaviour of the a-metallated ketones
Fc—~COCH,M(C0O),Cp (M = Mo or W) in relation to nucleo-
philes®®24%  In contrast to acetylferrocene, such HMF do not
form derivatives involving the keto-group. This is associ-
ated with the low electrophilic activity of the carbon atom of
the keto-group, caused by the marked electron-donating
properties of the cyclopentadienylmetal carbonyl fragments,
and also with the dissociation of the metal-carbon c¢-bond in
reactions with nucleophiles. Triethyloxonium tetrafluoro-
borate converts these ketones into the corresponding salts
[Fc—C(OEt) CH,M(CO),Cp]BF,, which are convenient
reagents for the synthesis of derivatives of a-metallated
ketones. a,B8-Unsaturated ketones, for example, ferrocenyl-
ideneacetylcymantrene, react with methylmagnesium iodide
via the 1, 2-addition mechanism to form the corresponding
ketone and tertiary alcohol®?, The latter is converted under
the influence of HBF, in acetic anhydride into a salt of the
allyl cation, which alkylates dimethylaniline in the para-posi-
tion with an almost quantitative yield of the derivative Fe~CH.
.(CcH,NH,)CH=C(CH;)CsH,Mn(CO),;. Secondary and tertiarv
carbinols of this type readily ionise on treatment with acids,
forming intensely coloured carbenium ions®”%:241:242;

Cricoy;

Such cations are extremely stable owing to the delocalisation
of the positive charge over both metallocenyl residues.
Finally, the high reactivity of the carbene complexes
(CO)CrC(Fc)X, where X = OMe or NC,Hg, >1®2%% angd of
ferrocenylpalladium chloride obtained in situ, 2**2*% which
produce various linear and cyclic ferrocene derivatives in
reactions with unsaturated compounds, is noteworthy. The
reactions involving other types of HMF have been little
studied. In contrast to palladium chloride, ferrocenium tri-
chloropalladate reacts with allyl chloride, forming the complex
(C3H),Pd;Cl,.2*® Reactions involving the addition of
neutral molecules (CO, SO,, MeSCN) to the rhodium com-
plexes of 1,1'-bis(dimethylarsino)ferrocene (AF) of the type
[Rh(AF),]PF, to form the complexes [Rh(L)(AF)]PF,, which
in their turn combine with various molecules X (X = H,, O,,
Br,, I,, HCl, HBr, HI, Mel, MeSO,Cl, F;CC=CCF;, or
MeSSMe), forming the compounds [RhX (AF)]PF., have been
described'®®. The compound [Rh(S,)(AF),]PF, has been
obtained by the reaction with sulphur, while the reaction of
[Rh(O,)AF),]PF, with SO, yields [Rh(S0,)(AF),]PF,.

IV. APPLICATIONS OF HETEROMETALLIC DERIVATIVES OF
FERROCENE )

In contrast to ferrocene and benzenechromium tricarbonyl,
the ferrocenylcarbene complexes of chromium are catalysts
of the hydrogenation of nitriles and amides to amines!®?. The
hydrogenation of olefins does not occur under these condi-
tions. The hydrogenation of various unsaturated compounds
in the presence of chiral ferrocenylphosphinerhodium com-
plexes is used to obtain optically active compounds?*7725!,
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Derivatives of the type

R' PPh,

R=H, OH, NMey: R'=H, PPh,

H(Me)R ,

are used as a rule of the chiral ligand.

The hydrogenation of a-acetamidoacrylic acids takes place
with a yield of 86—94%.°%2%:252 The process takes place in
various solvents with a high stereoselectivity (the optical
yield is 89-93%). Acetophenone is hydrogenated rapidly and
quantitatively to (R)-1-phenylethanol with an optical purity of
40%, 2°® which is much higher than in the presence of other
known rhodium catalysts of this process. The biologically
active 2-amino-1l-arylethanols are obtained by the hydrogena-
tion of aryl aminomethyl ketones with 100% conversion and an
enantioselectivity up to 95%.2*° Phosphine complexes of
rhodium without ferrocenyl substituents exhibit a lower
activity (80% conversion) and a lower optical yield (12%).

Dichloro[1, 1'-bis(dimethylphosphine )ferrocene Inickel (II)
catalyses the hydrosilylation of olefins and acetylenes?%*2%%;
in some cases this entails the substitution of hydrogen by
chlorine. The hydrosilylation reaction is catalysed also by a
platinum complex of this type. The asymmetric hydrosilyla-
tion of olefins, catalysed by chiral ferrocenylphoephine-
palladium complexes?%®, is used for the synthesis of optically
active alcohols and alkyl bromides. A series of chiral phos-
phineferrocenerhodium complexes have been used success-
fully for the asymmetric hydrosilylation of ketones?®’, These
HMF can give rise to hydrosilylation products with a higher
optical yield than the phosphinerhodium complexes without
ferrocene. Ferrocenylphosphinerhodium complexes are also
effective catalysts of the hydroformylation of unsaturated
compounds?°®2%° For example, the hydroformylation of
hex-1-ene to n-hexanol takes place with 100% conversion and
93.2% selectivity.

The complex (Ph,PCH,),FePdCl, is the most active of the
nickel and palladium complexes of phosphines in reactions
of s-alkyl Grignard reagents with organic halides®®® and allyl
alcohols?®!. The corresponding secondary derivatives are
obtained as a result in a high yield (up to 97%). The reac-
tions are not complicated by the isomerisation of the secon-
dary alkyl groups to the primary groups, which is charac-
teristic of other palladium and nickel complexes of phosphine.
When chiral aminoalkylferrocenylphosphinenickel complexes
are made to undergo this reaction, the corresponding opti-
cally active compounds are formed with a high stereoselec-
tivity?®2, The same procedure has been used successfully
for the asymmetric synthesis of terpenes®®®, It has also
been shown recently that (Ph,PC;H,),FeNiCl, is an effective
catalyst of the reactions of t-alkyl Grignard reagents with
bromostyrene?®, which results in the selective formation of
PhCH=CHCMe;. The application of nickel and cobalt com-
pounds with polyfunctional aminophosphineferrocene ligands
as catalysts of the isomerisation of alkyl groups?®*® and pro-
chiral allylamines?®® has been described. The initiating
effect of the chelate complexes of ferrocenoylacetone in the
polymerisation reactions of styrene and methyl methacrylate
has also been described?®”2®, There are data concerning
the catalytic activity of HMF in the thermolysis of KC10, 2%°
and as regulators of the combustion of rocket fuels?’®, The
advantages of the application of salts of ferrocenesulphonic
acid in rocket fuels compared with ferrocene have been
noted?’®, It has been suggested that chromium complexes
of ferrocenoylacetone be used as antistatic additives to
petroleum products®*®221, The application of the Fec—Li +
Cp,TiCl, mixture for the fixation of nitrogen?’!, of the TiCl,
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complex of ferrocene in the photopolymerisation of epichloro-
hydrin2’2, and of the salt FeCp,[Ni(S,C,F¢),] in dactylo-
scopy?® has also been noted. The effectiveness of HMF in
the synthesis of various ferrocene derivatives has been
described in previous Sections.

The possibility of oxidising ferrocene to the cationic form
and of carrying out the classical reactions of organic chem-
istry with the latter and the relatively ready availability of
ferrocene derivatives permitted a successful development of
synthetic studies designed to produce various heterometallic
derivatives of ferrocene. A multiplicity of compounds of this
type, containing virtually all transition metals, have been
obtained. The data described in the review indicate the main
pathways leading to the specific synthesis of HMF with spec-
ified structures and properties. The specific synthesis is
facilitated when the classification of HMF proposed in this
review and based on the characteristic features of the bond
between the heterometal or its derivative and the ferrocene
fragment is used, since such features determine the specific
characteristics of the synthetic reactions of HMF of different
classes. Because of this, definite possibilities arise in the
planned synthesis of new HMF.

The successful development of synthetic studies created a
basis for the practical application of HMF but hitherto only a
few of them have found such applications. This is apparently
because the majority of the compounds have been obtained in
recent years and their properties have been inadequately
investigated. The available data on HMF suggest that they
will exhibit specific properties, particularly in catalysis, in
various chemical reactions, and especially in the synthesis
of ferrocene derivatives and optically active compounds which
are otherwise difficult to obtain. However, at present it is
still by no means always clear which characteristics of HMF
determine the manifestation of particular useful practical
properties of these compounds.

During the preparation of the review for the press, new
studies on the synthesis, properties?’37?%” and applications
293 of HMF were published.
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