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1.1 Introduction and Scope

Even though it was first discovered over 50 years ago, research into ferrocene-containing
compounds continues apace, largely due to applications within catalysis and materials
science.1, 2 In coordination chemistry, the ferrocene moiety has played a significant
role as a backbone or a substituent in ancillary ligands due to: the specific and unique
geometries that the ferrocene provides; and its electronic (redox) properties, whereby the
possibility of switching the redox state of the ferrocene backbone gives potential access
to control of reactivity at a metal centre. The gamut of ligands formed via substitution
of ferrocenes by various donor heteroatoms have found wide application.3, 4

This chapter focuses on the synthesis and coordination chemistry of monofunctional
or monodentate ferrocene ligands, along with a survey of the applications of these
ligands, particularly in homogeneous catalysis. Our scope has been those monofunc-
tional ferrocene ligands in which the donor groups are bonded to the ferrocene unit
either directly or via a simple methylene spacer, the classification being (i) nitrogen
donors, (ii) oxygen donors, (iii) phosphorus donors and (iv) chalcogen donors. We
have detailed those examples where there has been an application of the ligand or at
least extensive coordination chemistry, rather than solely a ligand synthesis. There is
also a short section on general synthetic routes to monosubstituted ferrocenes.

The chapter concentrates on monofunctional ligands synthesised up to December
2006. It should be noted that, in some cases, the coordination mode of the ligand to
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the metal centre in a catalytic system has been established through the synthesis and
characterisation of model metal complexes which may provide mechanistic informa-
tion about the catalytic process under study. However, in other cases, the catalytic
efficacy of the ligand has been determined with little evidence for the manner in
which the ligand actually interacts with the catalytic metal centre – these ligands are
also considered herein, however.

There is an excellent summary by Max Herberhold of ‘ferrocene compounds con-
taining heteroelements’ that appeared in the original ‘Ferrocenes’ book of 1995.5 Our
aim is not to duplicate the information contained there as much of it is still rel-
evant, especially the more historical synthetic methods and heteroatom derivatives
of ferrocene – but rather to bring the field up to date, with more recent synthetic
methodology and applications of monosubstituted ferrocenes being discussed. Her-
berhold’s article also contains material on disubstituted ferrocenes, which is not our
remit here. In fact, the various di- or tri-substituted heteroatom ferrocenes are covered
in Chapters 2–6 of this book. The monofunctional ligands have tended to be over-
shadowed by the wealth of information and catalytic application of the disubstituted
ferrocenes. With more facile and reproducible synthetic routes now available however,
the monosubstituted species are undergoing something of a renaissance, especially for
applications in catalysis. The ligands are of interest as the substituents may be designed
to electronically and/or sterically alter the environment around the catalytic metal cen-
tre in such a way as to increase the turnover or, in some cases, to allow the catalysis
to happen at all. Enantiomerically pure versions of chiral ligands may favour the for-
mation of a product with a particular configuration so allowing asymmetric catalysis.

1.2 General Synthetic Routes to Monosubstituted Ferrocenes

The isolation of monosubstituted ferrocene derivatives is often not a trivial exercise
due to the lack of suitable synthetic routes and difficulties in their separation from
disubstituted analogues. Although ferrocene undergoes facile electrophilic substitution
and mercuration, it is sensitive to oxidation and thus reactions such as halogena-
tion and nitration cannot be used for the synthesis of substituted ferrocenes. In fact,
only radical substitution and electrophilic substitution under nonoxidising conditions,
i.e. Friedel–Crafts acylation, Mannich reactions, borylation,6 lithiation and mercura-
tion, can be used in the formation of substituted ferrocenes. To incorporate just one
heteroatom directly onto a cyclopentadienyl ring can really only be carried out via
lithiation and mercuration.

Metallation of ferrocene has long been the best method to obtain halogenated deriva-
tives and these species are vital intermediates in the synthesis of heteroatom-substituted
ferrocenes. The useful intermediates for the synthesis of monosubstituted ferrocenes
are briefly summarised in Scheme 1.1. Lithiation is possibly the most convenient
entry into the preparation of ferrocene derivatives. Lithiation with n-butyllithium (n-
BuLi) generally leads to a mixture of mono- and 1,1′-dilithiated species (Scheme 1.2),
though dilithioferrocene can be formed exclusively when n-BuLi is used along with
N ,N ,N ′,N ′-tetramethylethylenediamine (tmeda) in hexane.7, 8 To obtain exclusively
monolithioferrocene, t-BuLi has to be used in Et2O solution. Kagan and co-workers
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Scheme 1.1 Ferrocene intermediates used for the incorporation of heteroatoms
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Scheme 1.2 Formation of lithioferrocenes using n- or t-BuLi

have made exhaustive investigations into the best conditions for the lithiation of fer-
rocene and subsequent monosubstituted ferrocene derivatives. The lithiation agent,
reaction time, temperature and solvent each play an important role and they used tri-
n-butylstannyl derivatives for purification purposes and as precursors for reaction with
electrophiles giving monosubstituted ferrocenes in nearly quantitative yields.9, 10

The mercuration of ferrocene to give chloromercuri-ferrocenes is normally facili-
tated via a one-pot reaction of firstly Hg(OAc)2 followed by addition of a chloride
salt such as potassium chloride or lithium chloride.11 The mixture of mono- and di-
substituted ferrocene–HgCl species formed can be purified by Soxhlet extraction and
sublimation.12 The HgCl substituent can be easily exchanged via halogenating agents
to give mono-halogenated ferrocenes – along with the lithio-species, the most versa-
tile precursors towards ferrocenes bearing heteroelements. For instance, as shown in
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Scheme 1.3 Some examples of copper-assisted substitution reactions of FcBr; (i) CuSPh,
pyridine; (ii) KOPh/Cu, xylene, 160 ◦C; (iii) Cu(OAc)2, 135–140 ◦C; (iv) CuCl, pyridine;
(v) CuCN, pyridine, 135–140 ◦C; (vi) NaNPh2, CuBr, 120 ◦C

Scheme 1.3, the halogen group in FcX (generally bromine and iodine, and to a lesser
extent chlorine) can be replaced with other anionic groups via nucleophilic substitu-
tion in the presence of copper(I) salts and polar solvents such as pyridine.13, 14 Using
this methodology, chloro-15 and cyano-16 substituents can be incorporated, as well
as derivatives featuring nitrogen, oxygen and sulfur, and these are discussed in the
following sections.

1.3 Nitrogen-Substituted Ferrocenes

Aminoferrocene (FcNH2, 1) has long been a ‘holy grail’ for ferrocene chemists and
coordination chemists in general and although substituted ferrocene amines are known,
the formation of N-substituted ferrocene species has been hampered by the lack of good
synthetic routes. However, in recent years more efficient routes to the synthesis of the
primary amine (FcNH2), and indeed the diamine fc(NH2)2, have opened up the area.
It remains the most reliable and versatile route into appending a nitrogen substituent
directly onto the ferrocene cyclopentadienyl rings.

The first report on 1 came from Nesmeyanov et al. in 195517 who reacted FcLi
with the O-benzyl ether of hydroxylamine (H2NOCH2Ph). Yields though were dis-
appointing (25 %) so the same group devised routes to aminoferrocene from (i) the
reaction of N -ferrocenylphthalimide and hydrazine hydrate (N2H4•H2O) in boiling
ethanol18, 19 and (ii) FcN3, and its reduction by lithium aluminium hydride (LiAlH4)20

(Scheme 1.4). Both routes produced aminoferrocene in yields of ca. 70–80 %, though
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Scheme 1.4 The azide route to amine 1

the preparations were not straightforward due to difficulties in handling the air- and
moisture-sensitive material. The azide of ferrocenyl carboxylic acid (FcC(O)N3) could
also be gainfully used either to form a urethane21, 22 or an acetamide.23 The amine
is formed via hydrolysis (Scheme 1.5) and Herberhold et al. were able to isolate the
product in high yield after purification as the crystalline hydrochloride salt.
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Scheme 1.5 Synthesis of 1 via urethane and acetamide intermediates

In recent times, a number of these routes have been revisited and improvements
made. Bildstein et al. have formed 1 in large scale and reasonable yields via the
sequence FcH – solid FcLi – FcI – N -ferrocenylphthalimide – 1.24 The main advan-
tage was the selective monometallation of ferrocene and the direct bromination and
iodination of lithioferrocene on a large scale (>30 g), along with the avoidance of
intermediates such as ferrocene boronic acid and (chloromercurio)ferrocene. Butler and
Richards have used a modified Curtius rearrangement to form 1 and its pentaphenyl-
ferrocene derivative in improved yields.25 In the formation of isocyano derivatives,
van Leusen and Hessen have perhaps detailed the most convenient and widely used
route to 1 – via α-azidostyrene.26 The method was based on a procedure developed by
Hassner et al. for the synthesis of anilines and heteroaromatic amines27 and involves
the reaction of aryllithium reagents with α-azidostyrene – a reagent that is readily
available from styrene in three simple steps.28 Ferrocene is lithiated in tetrahydrofuran
(THF) with 0.9 equiv. of t-BuLi, and then reacted with α-azidostyrene at −70 ◦C.
Acidification with hydrochloric acid followed by extraction with water and precipita-
tion with base gave crude 1 in ca. 50 % yield; vacuum sublimation facilitated further
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purification. This attractive route enables the preparation of 1 of good purity in multi-
gramme quantities.

The electrochemistry of 1 and other ferrocene amines indicates that the amine sub-
stituent acts as an unusually potent activating group for ferrocene oxidation, with 1
oxidising at a potential 0.37 V more negative than ferrocene itself.29 With the devel-
opment of better synthetic routes, the chemistry of 1 has been studied in detail, with
facile alkylation and acylation and this has led to a wide range of derivatives, some
of which are now discussed.

Amine 1 reacts with chlorosilanes in the presence of Et3N to give N -silylated deriva-
tives 2 such as FcNH(SiMe3) (2a) and FcNH(SiMe2H) (2b), whilst N-lithiation of 1
followed by reaction with Me3SnCl forms N -stannyl derivatives, FcNH(SnMe3) or
FcN(SnMe3)2 (2c). These N-functionally substituted derivatives can also be extended
to the N -boryl analogues such as FcN(SiMe3)BEt2 or FcNHBEt2.30

Carre et al. have described the synthesis of 1,1′-bis(N -t-butyl-N -hydroxyamino)
ferrocene, where the two hydroxylamino substituents are in eclipsed positions31 whilst
Knochel detailed the synthesis of FcNHAr via the reaction of arylazotosylates with
functionalised organomagnesium compounds.32 This general and elegant amination
method features a one-pot reaction sequence consisting of a Grignard reaction, ally-
lation and reduction to give the functionalised diarylamines, e.g. 3, in good yields
(Scheme 1.6). In a ‘one-off’ but useful reaction, (di-p-tolylamino)ferrocene was syn-
thesized using palladium-catalysed C−N bond formation.33 This route to (diarylamino)
ferrocenes was developed as an alternative to the rather unpredictable Ullmann-type
coupling reactions. Amine 1 has also featured in the synthesis of a range of ‘donor-
acceptor’ complexes incorporating ferrocene species. The ferrocene unit was linked
to a metal–nitrosyl acceptor via a variety of conjugated bridges and the compounds
exhibited reasonable second order nonlinear optical (NLO) behaviour that could be
redox-switchable.34, 35

N2Ts

Br

+

MgBr

Fe

3

N
H

BrFe

Scheme 1.6 Preparation of ferrocenyl aryl amines via arylazo tosylates32

Amine 1 is also the parent compound for the important derivative isocyanofer-
rocene (4), formed via the dehydration of formamidoferrocene (Scheme 1.7).36 The
same group also published the synthesis of the analogous isothiocyanatoferrocene
(FcNCS). The isocyanides in general, have been extensively employed as ligands in
organometallic chemistry since they are analogous to, but more basic than, carbon
monoxide. Isocyanide ligands are more versatile than carbon monoxide in the sense
that the substituent on nitrogen can be varied to influence the donor/acceptor proper-
ties of the ligand and to manipulate the architectures of metal complexes comprising
the ligand. Aryl isocyanides are better π-acceptors than alkyl isocyanides and the
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Scheme 1.7 Synthesis of isocyanoferrocene (4)

ferrocene derivative is a useful addition – it being a stronger σ -donor but a slightly
weaker π-acceptor than isocyanobenzene. The solid state structure of 4 shows an
almost undistorted ferrocene-like geometry37 and it has recently been used in the
stabilisation of ansa-chromocene derivatives38 and to form the unusual [Cr(CNFc)6]
compound, where there is the incorporation of seven transition metal atoms within
the relatively compact ML6 motif.39 The ligands are said to represent a new class of
aromatic isocyanides incorporating nonbenzenoid π-systems.

Schiff-base ligands are ubiquitous within coordination chemistry and, in recent
years, salicylaldiminato complexes of the early transition metals have played impor-
tant roles in homogeneous catalysis, in particular as active pre-catalysts for ethylene
polymerisation. Within this area, ferrocenyl-substituted Schiff-base ligands and their
complexes have been widely explored, largely due to the easily accomplished conden-
sation reactions of amines with acyl- or formyl-ferrocenes. The first such ferrocene
ligand, FcN=CH(C6H4OH-2) (5; Scheme 1.8), was reported in 197740 and further
investigated 10 years later, it being synthesised by the condensation reaction of 1
with salicylaldehyde. A range of late transition metal complexes have been formed
with 5 to study the electrochemical and magnetic properties,41 but it is the applica-
tions within ethylene polymerisation that have brought the ligand motif to the fore.
Long and Gibson et al. have formed a range of sterically-hindered ligands 6 by the
condensation of 1 with a range of salicylaldehydes, which have then been bound to
nickel or chromium metal centres (Scheme 1.8).42 Although very sensitive to air, the
chromium complexes were found to act as pre-catalysts for the polymerisation of ethy-
lene. Similar nickel-based complexes featuring pyridyl- and quinoidyl-N -substituted
ferrocene ligands have proven to be very efficient pre-catalysts for the formation of
short chain ethylene oligomers43 and the same collaborative team is focusing on using
the redox-active nature of the ferrocene unit to effect redox-switching within homoge-
neous catalysis.44, 45 A series of related magnesium, titanium and zirconium complexes
of ferrocenyl-substituted salicylaldiminato species have been recently reported, with
the titanium complex exhibiting moderate activity for ethylene polymerisation and the
zirconium species being highly active for ethylene oligomerisation.46

An interesting set of ligands also derived from 1 have been N-heterocyclic carbenes
with N -ferrocenyl substitution.24, 47 N-Heterocyclic carbenes are of great current inter-
est due to their potential as easily modified ligands for metal complexes with catalytic
applications. The ferrocene substituent, with its unique spatial requirements and powerful
electron-donating capacity, may offer an additional stabilisation of the electron-deficient
carbene moiety. Bildstein and co-workers have reported the synthesisof benzimidazoline-
2-ylidenes with one and two N -ferrocenyl groups appended (Scheme 1.9).
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Scheme 1.9 Examples of precursors to N-ferrocenyl N-heterocyclic carbenes24, 47

Electrochemical studies indicate a significant electronic communication between the
carbene moiety and the N -ferrocenyl substituent. Synthetic routes to these directly
attached N -ferrocenyl species are not trivial but they do offer some intereresting cat-
alytic potential. For example, when bound to palladium(0), they have been used in the
efficient telomerisation of 1,3-butadiene with alcohols,48 showing remarkable catalyst
productivities and regioselectivities. The authors hope that the efficiency of the catalyst
system, formed in situ, as well as the simplicity of the reaction will yield industrial
application.

Finally, the FcN=motif has featured in a number of other studies. In 1993, pheny-
lazoferrocene was formed and shown to undergo cyclometallation.49 Starting from
1, Imhof has formed a series of heterocyclic imine ligands with a ferrocenyl group
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Scheme 1.10 The fully cyclopentadienyl-conjugated ligand (7)

as the substituent at the imino nitrogen atom.50 In 2001, Hall described the syn-
thesis of the first ferrocene-functionalised ligand 7 in which all the donor atoms
are cyclopentadienyl-conjugated (Scheme 1.10).51 This ligand was designed to be
a responsive metal-binding species, and indeed exhibited enhanced electrochemical
response (of the ferrocene moiety) to copper (Cu+) ion binding relative to similar lig-
ands in which the donor atoms are not conjugated with the cyclopentadienyl (Cp) ring.

1.4 Oxygen-Substituted Ferrocenes

Nesmeyanov and coworkers first reported hydroxyferrocene (FcOH, 8) in 1959, gen-
erating it from either ferrocenylboronic acid FcB(OH)2 (via reaction with Cu(OAc)2

and then potassium hydroxide) or more conveniently from alkaline hydrolysis (with
potassium hydroxide) of the acetate FcOAc (the acetate being accessible from FcBr
and Cu(OAc)2 as given above).52, 53 Alcohol 8 is a yellow, very air-sensitive solid
and a slightly weaker acid than phenol. The difficulties in handling 8 mean that its
chemistry has not been fully developed though a range of simple derivatives are now
known (Scheme 1.11). For example, methoxyferrocene can be formed via methylation

OH OC(O)R

OMe

(i)
OEMe3

OR

(ii) (iii)

(iv)

8

Fe

Fe Fe

Fe

Fe

Scheme 1.11 Some reactions of FcOH(8); (i) Me3ECl (E = silicon, tin); (ii) Me2SO4; (iii) RX
(R = CH2COOH, CH2CH2=CH2); (iv) R−C(O)Cl (R = Ph, Fc)
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of 8 with dimethyl sulfate (Me2SO4) and alkylation with activated halides RX gives
ferrocenyl ethers FcOR.54

The routes to ferrocenyl ethers have been improved upon over the years. Ferrocenyloxy-
2-tetrahydrofuran was formed from FcB(OH)2

55 and in 1981, Akabori and co-workers
produced a convenient preparation for ferrocenyl esters and ethers (Scheme 1.12). Acy-
lation of a ferrocenylhalide, followed by reduction with sodium hydride (NaH) gives
the desired products in reasonable yield.56, 57 More recently, Plenio et al. showed that
ferrocenyl aryl ethers could be formed via copper(I)-catalysed routes.58 For example,
the coupling reaction of iodoferrocene with various phenols, a base (such as caesium
carbonate or potassium phosphate) and CuI/2,2,6,6-tetramethylheptane-3,5-dione as the
catalyst gives the products in excellent yield.

X OR′
RCO2H

O

CR

O

R′Br

NaH/15-crown-5

X = bromine, iodine

Cu2O, MeCN

R = alkyl,aryl R′ = alkyl

Fe Fe Fe

Scheme 1.12 Synthesis of ferrocenyl ethers

Further derivatives where the oxygen atom is connected directly to the ferrocene
unit can be obtained from the reaction of 8 with organoelement chlorides such as
Me3SnCl, t-BuPCl2, t-Bu2PCl and t-Bu2AsCl.59 Analogous trimethylsiloxy deriva-
tive (FcOSiMe3) can be obtained via the reaction of lithiated ferrocene with bis
(trimethylsilyl)peroxide – a route that has also been used in the formation of novel
1,1′-P/O ferrocenediyl ligands (see Chapter 5).60

Due the sensitivity of the FcO− species and the difficulty in producing large quan-
tities of ligands, the coordination chemistry is rather limited, though there are a few
interesting examples in the literature. In situ generation of potassium salts has been
used to form crown ether-type polyoxaferrocenophanes.61 These in turn can bind metal
cations so acting as ‘chemical sensors’. Reaction of 8 with various chlorides of both
three and five valent phosphorus leads to a series of mono- to trinuclear ferrocenolato
derivatives Ph3−nP(OFc)n (n = 1–3)62, 63 and organogold compounds of methoxyfer-
rocene are known.64, 65

Cyclopalladation is one of the most studied organometallic reactions and usually
involves exceptionally high regioselectivity. As an analogue of phenol, hydroxyfer-
rocene 8 has been converted into a phosphite ester with chiral (racemic) butane-1,3-
diol, and undergoes cyclopalladation similarly to hydroxyarene phosphites.66 Planar
chirality is present but no diastereoselectivity is observed. An interesting example of
a redox-switchable hemilabile ligand (RHL) 9 has been reported, starting from fer-
rocenylacetate and reacting with TsOCH2CH2Cl followed by KPPh2 (Scheme 1.13;
see Chapter 4 for 1,1′-analogues to 9). On complexation to rhodium(I), the authors
have demonstrated electrochemical control of the coordination environment around
the metal centre.67 When the ligand chelates, the Rh−O (ether) bond is weak and oxi-
dation of the adjacent ferrocenyl group further weakens this bond to dissociation point
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Scheme 1.13 A redox-switchable ferrocenyl ligand 9

and a η6-arene-bridged dimer is formed. The oxidation state dependent behaviour of the
rhodium chelate complex is proof of the RHL concept: the electrochemical intercon-
version of the square planar chelate complex and the arene-bridged dimer illustrates
the use of RHLs for controlling the electronic and steric environment of transition
metal centres, and has potential application in catalysis.

1.5 Phosphorus-Substituted Ferrocenes

Phosphorus-substituted ferrocenes are the most well-studied class of heteroatom-
substituted ferrocenes and whilst much of their interest lies in the disubstituted species,
i.e. the applications of 1,1′-bis(diphenylphosphino)ferrocene (dppf) and analogues in
catalysis (see Chapter 2), there have also been many interesting investigations into
monosubstituted ferrocenylphosphines and their applications within homogeneous catal-
ysis. The possibility of almost limitless variation of the substituent groups has made
phosphines extremely popular ligands in organometallic chemistry, in particular chiral
phosphines and their complexes for use in asymmetric catalysis. Phosphorus derivatives
of ferrocenes were first investigated in 1962 by Sollott and co-workers.68 Air-stable
ferrocenylphenylphosphines were formed by the interaction of ferrocene with phenyl-
phosphonous- and phosphinous chlorides in the presence of anhydrous aluminium(III)
chloride (AlCl3), i.e. under Friedel–Crafts conditions. However, the method has not
proven wide-ranging due to derivatives being poorly characterised, obtained as mix-
tures or relatively inaccessible. Knox and Pauson published an improved synthesis of
ferrocenyldimethylphosphine (FcPMe2) that involved methylation of FcPCl2, some-
times a difficult precursor to reliably obtain.69 Methanolysis of FcPCl2 yields unstable
dimethyl ferrocenylphosphonite (FcP(OMe)2) that can be converted to methyl ferro-
cenylphosphinite (FcPH(O)(OMe)) on heating or chromatography. An improved syn-
thesis for FcPCl2 has been reported70 and the availability of this species gives access to
the other previously unknown members of the halo series – the difluorides, dibromides
and diiodides. The general class of ferrocenyldihalophosphines is a valuable synthon
for the generation of a large variety of ferrocenylphosphines.

As expected the major application of phosphorus-donor ferrocenes has been in
catalysis. For example, Carretero and co-workers71 have used readily available and
air-stable ferrocenylphosphines as new catalysts for Baylis–Hillman reactions between
aldehydes and acrylates. In the search for highly nucleophilic yet air-stable phosphines
the ferrocenyldialkylphosphines have come to the fore (being impressively more reac-
tive than PPh3 and PCy3), and catalysed the reaction affording adducts in high yields
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and short reaction times, with the least hindered diethylphosphine (FcPEt2, 10) giving
complete conversion within one hour with 98 % adduct yield.

The authors have also tested a range of planar chiral ferrocenyldialkylphosphines in
asymmetric Baylis–Hillman reactions. Indeed, planar chiral ferrocenylphosphines have
provided countless examples of excellent enantiocontrol in catalytic asymmetric metal-
catalysed reactions – see the excellent review articles by Colacot72 and Richards.73

Monophosphines containing a ferrocenyl moiety have been particularly effective lig-
ands for catalytic asymmetric metal-catalysed reactions such as dialkyl-zinc additions
to aldehydes, allylic alkylations, cross-coupling reactions and aldol reactions. To form
enantiomerically pure P-chiral phosphines, PCl3 is generally used as the starting mate-
rial with three sequential nucleophilic displacements to introduce alkyl or aryl groups.
In 1997, Brown and Laing examined the methods of asymmetric synthesis of P-chiral
monophosphines featuring a bulky group.74 These routes included the arylation of
P-chlorooxazaphospholidine, and formation of diarylphosphine boranes, pioneered by
Jugé and Genet.75 The latter route appeared most successful with tertiary phosphines
being formed in greater than 92 % ee. Jamison and co-workers have formed a series of
ferrocenylphosphines with high ee also by ephedrine-based oxazaphospholidine borane
complexes, with primary alkyl, secondary alkyl and substituted aromatic substituents
introduced at the P centre.76 The synthetic route (Scheme 1.14) provides facile access
to this underdeveloped class of chiral monophosphines. Examples of their use in catal-
ysis include: the nickel-catalysed reductive coupling of aldehydes,77 regioselective,
asymmetric reductive coupling of 1,3-enynes and ketones,78 formation of enantiomer-
ically pure primary allylic amines79 and asymmetric conjugate addition of diethylzinc
to enones.80 Recently, a method involving reaction of a dichlorophosphine with a
chiral lithiated ferrocene, followed by a second organometallic reagent has been com-
municated. The relatively straightforward method gives access to a range of highly
stereoselective ferrocene-based P-chiral phosphine ligands.81

The coordination chemistry of ferrocenylphosphines is extensive, especially fer-
rocenyldiphenylphosphine, which is analogous to PPh3. Examples of its unidentate

O

P
N

Me

Me

Ph

Ph

H3B

R

P
N

Ph

H3B
Me

Me

Ph

OH

OMe

P
R

Ph

H3B

R

P
Fc

Ph

H3B

RLi

retention

retention

Et2NH, heat
FcLi

inversion

MeOH, H2SO4inversion

P
Fc

Ph

R

Scheme 1.14 Formation of chiral ferrocenylmonophosphines via ring-opening of an oxaza-
phospholidine borane



Monodentate Ferrocene Donor Ligands 15

coordination include: binding to group 10 metal centres to form square planar
complexes,82, 83 with the ferrocenyl ligands taking up a transoid orientation, as sta-
bilising ligands in Rh(I) Vaska-type complexes,84, 85 in formation of transition metal
[60]fullerene complexes,86 within Group 8 metal clusters87–91 and as a redox-active
substituent.85, 92–96 Wrighton and co-workers showed that the electron density around
a metal centre such as rhenium could be achieved via control of the redox state of a fer-
rocenylphosphine ligand.97 For example, in 11, the ferrocenyl units can be reversibly
oxidised by one electron each, the oxidation being ferrocenyl-centred (Scheme 1.15).
The authors showed that the electron density at the metal centre can be predictably
adjusted and tuned by oxidation of a pendant redox centre. Thus examination of the
effect of the oxidation state of a pendant redox ligand on the rate of reaction at an
affected metal centre could be made.

11

FcPh2P
Re

FcPh2P

CO

OC

CO

Cl

Scheme 1.15 A ferrocenyl–rhenium complex (11)

Although the coordination chemistry of tertiary phosphine ligands is well-known,
that of primary and secondary ferrocenylphosphines has been largely neglected as most
of these phosphines are highly air-sensitive and therefore difficult to handle. Never-
theless, Hey-Hawkins and co-workers have successfully bound species such as FcPH2

to molybdenum(II) and tungsten(II) complexes and used them as single-component
catalysts for the metathesis polymerisation of norbornene and norbornadiene.98, 99

For several years, Hartwig has been interested in the development of ligand struc-
tures for palladium-catalysed cross-coupling reactions, whereby the ligands can acti-
vate aryl chlorides under mild conditions, and effect high conversions with very
low catalyst loadings.100–105 Electron rich, sterically hindered monodentate ligands
have been investigated, with di(t-butyl)phosphinoferrocene (12) and its 1′,2′,3′,4′,5′-
pentaphenyl analogue 13 a particular focus.106 The ligands can be synthesised in
relatively facile fashion and in reasonable yields (Scheme 1.16). In the coupling of
phenoxides with unactivated aryl halides, complexes of 12 showed excellent activi-
ties. However, it was discovered that perarylation occurred in the catalytic process and
the true catalyst was based on ligand 13 which indeed exhibited higher activities when
isolated in its pure form. This remarkable ligand, known as Q-phos has been shown
to be a very general ligand for cross-coupling processes, and examples include Suzuki
reactions of aryl and primary alkylboronate esters, aryl halide etherifications at room
temperature, aryl halide aminations, arylation of malonates and the Heck arylation of
olefins at room temperature.107

Ligand 13 is indefinitely stable in air as a solid and also in solution. This sta-
bility was assumed to be a kinetic phenomenon and probably results from a steric
hindrance of the ligand that is increased by a preferential conformation of 13 that
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Scheme 1.16 Formation of di(t-butyl)phosphinoferrocene ligands 12 and 13

pushed the lone pair towards the aryl groups on the ferrocene. Although not trivial
due to mixtures of products being formed, the authors have formed a series of arylated
di(t-butyl)phosphinoferrocenes to investigate the effects of sterics and electronics on
catalytic activity.

Dicyclohexylphosphinoferrocene has recently been used in the annulation of aro-
matic imines via directed C−H bond activation107 and the general class of ferrocenyl
monophosphines can catalyse the Suzuki–Miyaura coupling of aryl chlorides.107 The
efficient activation of the latter remains an important goal due to their inexpensive costs
and convenient availability, and electron-rich ferrocenylphosphines have a role to play
in this area. Xiao and co-workers108 have formed a series of ortho-arylated ferrocenyl
phosphines (Scheme 1.17) based on Buchwald’s biphenyl-based ligands – now ubiqui-
tous in palladium-catalysed cross-coupling reactions.109 The ligands can be synthesised
in three steps from ferrocenyl phosphine oxides. The first step is ortho-lithiation of
the oxides to give the iodo-substituted product, then the aryl groups are introduced by
reaction with arylboronic acids and finally, the free phosphines can be easily obtained
from the oxides by reduction with trichlorosilane. This neat method allows for the
facile synthesis of (arylferrocenyl)phosphines and these electron-rich species were
very effective ligands for the palladium-catalyzed Suzuki–Miyaura process, coupling
aryl chlorides with efficiently low catalyst loadings.

PCy2

Me

Fe
PCy2

Fe
PPh2

MeO

Fe
PPh2

Fe

Scheme 1.17 Examples of (monoarylferrocenyl)phosphines108

Examples of other phosphorus-containing substituents on monofunctional ferrocenes
include phosphinate, phosphonate and thiophosphonate derivatives. Though not
widespread, these species present a potential useful alternative to the straightforward
phosphine ligands, via the incorporation of harder oxygen or softer sulfur donor atoms.
Phosphinates are usually resistant to oxidation and hydrolysis, the phosphinate groups
acting as bridging ligands and have found application in hybrid organic–inorganic mate-
rials and molecular level devices. The synthesis of the ligands is relatively straightforward
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depending on the availability of starting materials. For example, ethyl ferrocenylphenyl-
phosphinate (FcP(O)(Ph)(OEt), 14) is formed via the reaction of monolithioferrocene
with chloroethyl phenylphosphonate, itself obtained by chlorination of ethyl phenylphos-
phinate, prepared by ethanolysis of PhPCl2.110 Zinc, cadmium and manganese complexes
are known with the structures involving tetracoordinated metals doubly-bridged by
the phosphinate groups and exhibiting high thermal stability. Other alkyl derivatives
of these ligands have been reported111 as have some interesting ferrocenyl hydroxy-
methylphosphines (FcP(CH2OH)2) and their oxide, sulfide and selenide derivatives.112

These hydroxymethylphosphines are attractive ligands as the hydroxyl groups confer
water-solubility and their reactivity with amines and alkenes for example provide access
to a wide range of derivatives. Their formation is via reaction of the primary phos-
phine FcPH2 with formaldehyde and purification by dynamic vacuum gives the hydrox-
ymethylphosphine as a brown crystalline solid, soluble in polar organic solvents and
indefinitely stable in air. The chalcogenide derivatives, FcP(E)(CH2OH) (E = oxygen,
sulfur, selenium), can be formed by reaction of the parent phosphine with hydrogen per-
oxide, and powdered sulfur or selenium and ultrasound. All derivatives are crystalline
and soluble in polar organic solvents and their coordination chemistry and applications
in catalysis is certainly worthy of investigation.

Reaction of the ferrocenyl Lawesson’s Reagent Fc(S)PS2P(S)Fc with NaOR (R =
Me, i-Pr) gives the nonsymmetric phosphonodithiolato anions [Fc(RO)PS2]−, which
can be complexed to a range of metals.113 The versatile coordination behaviour and
stability may find application as phosphodithiolates in general have been used in many
commercial applications.

The search for redox-active ligands has seen the formation of a ferrocenyl-
functionalised phosphaneiminato ligand114 and a phosphido ligand which can be
generated by ring-opening of the P−C bond of a phosphorus-bridged [1]ferroceno-
phane, and subsequent insertion of a Cp(CO)Fe fragment (see Chapter 5).115

1.6 Chalcogen-Substituted Ferrocenes

There are two main routes into sulfur-substituted ferrocenes: (i) the electrophilic sul-
fonation of ferrocene to form FcSO3H and (ii) the insertion of sulfur into the carbon–
lithium bond of lithioferrocene. With the improvements in mono-lithiation techniques
(see earlier in this Chapter) the latter method is perhaps most useful, especially in the
preparation of mercaptoferrocene (FcSH) and the related thioethers, FcSR.

The original method of forming FcSH featured the hydrogenation of the sulfonyl chlo-
ride derivative FcSO2Cl,116 and this can be improved upon by forming an intermediate
and easily purified ammonium salt FcSO3NH4, which is then treated with PCl3 to give
FcSO2Cl. Following reduction with lithium aluminium hydride, FcSH can be isolated as
an orange–brown solid. The dimeric FcS−SFc can also be treated with LiAlH4 to give
the desired FcSH, and although this route requires extra steps the dimer can be purified
and handled easily thus ensuring more efficient conversion to the thiol.117

Insertion of sulfur into the Fc−Li bond, leads to FcSLi(THF) when the reaction
is carried out in THF.118 This is a light yellow, very air-sensitive solid that can
be easily hydrolysed to give FcSH, though mixtures of products are often obtained.
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FcSH is a very reactive compound, easily combining with activated olefins118 and acyl
chlorides,119 where once again the crucial step in the synthesis involves insertion of
sulfur into the Li−C bond followed by treatment with acyl chloride (RC(O)Cl). Fer-
rocenylthioethers can be conveniently prepared via the lithiation route and quenching
with a suitable electrophile, such as alkyl disulfides or phenyl disulfide, where the
weak S−S bond is broken.120 Another route involves reaction of iodoferrocene with a
copper bronze and an organic thiol.121 Though not versatile the route does give FcSR
ligands in reasonable yields. In 2002, Bonini et al. produced a series of enantiomer-
ically pure hydroxyalkyl- and aminoalkyl- ferrocenyl sulfides from the reaction of
FcSLi and substituted epoxides.122 Meanwhile, Brown and co-workers have reported
that ferrocenyl sulfides afford meta-lithiation products with up to 94 % regioselectivity
on reaction with s-BuLi.123 The FcSR species were prepared by either reaction of ferro-
cenyllithium and the corresponding disulfide124 or via the corresponding sulfoxide.125

This route thus enabled the formation of a range of 1,3-disubstituted ferrocenes – an
unusual but desirable substitution pattern.

In recent years, chiral ferrocenyl sulfoxides have proven to be of great interest
due to their involvement in the preparation of enantiopure 1,2-disubstituted ferrocenes
with a predictable absolute configuration.126–128 The three step process is shown in
Scheme 1.18 and involves a highly diastereoselective ortho-functionalisation step. The
routes should lead to a diverse range of 1,2-disubstituted ferrocenes for use in asymmet-
ric catalytic reactions. Other S=O substituted ferrocene systems include substituents
featuring (i) chiral sulfinyl groups129 – a useful chiral controller in asymmetric azirid-
ination and allylation of hydrazones – and (ii) chiral sulfoximido groups.130
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Scheme 1.18 Formation of chiral ferrocenyl sulphoxide and subsequently enantiopure
1,2-disubstituted ferrocenes

As could be expected, the coordination chemistry of FcSH and FcSR is well-
established (though not nearly as widespread as with the ferrocenediyl analogues),
especially when softer donating atoms are called for; some representative examples
of transition metal complexes are now detailed. In similar studies regarding redox-
active hemilabile ligand, as mentioned in Section 1.4, Mirkin et al. have formed a
square planar rhodium(I) complex featuring bis-bidentate coordination of RHL ligand
FcSCH2CH2PPh2 (15).131

The complex undergoes small molecule-induced intramolecular electron ‘pinch and
catch’, as the authors remark, i.e. the uptake and release of small molecules can be
engineered. The complex reacts with the π-acid CO but is inert towards the σ -donor
ligand CH3CN. However, oxidation of the complex, via the ferrocene groups effects
an uptake of CH3CN and in fact the paramagnetic, square planar doubly oxidised
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rhodium(I) complex becomes a diamagnetic, octahedral rhodium(III) species with two
additional CH3CN ligands. Thus, this is an initial example of the way ligands can be
designed to allow for the controlled uptake and release of small molecules at transition
metal centres.

Transition metal complexes with chalcogen ligands have been seen as synthetic mod-
els for active sites of metalloenzymes and heterogeneous sulfide catalysts. In this area,
several novel ferrocenylchalcogenolate-bridged diruthenium complexes 16 have been
formed via the oxidative addition of diferrocenyl dichalcogenides (Scheme 1.19).132

Ferrocenylchalcogenato bridges have also featured in binuclear cyclopentadienyl vana-
dium and tantalum complexes, where the chalcogen can be sulfur, selenium or
tellurium.133 Finally, ferrocenylthioethers have been used as supporting ligands for
multi-metallic clusters, adding redox-active behaviour and imparting stability via the
unique characteristics of the fc unit, e.g. ruthenium carbonyl clusters,134 iron carbonyl
clusters135 and molybdenum–iron–sulfur clusters.136

16

Ru

EFc

Ru

FcE

*Cp Cl

Cl*Cp

Scheme 1.19 An example of ferrocenylchalcogenolate-bridged diruthenium complexes (16)
(E = sulfur, selenium)

The insertion of sulfur into the carbon–lithium bond of lithioferrocenes to give
FcSLi is a synthetic method that is conveniently extended to the heavier chalco-
gens selenium137 and tellurium.138, 139 The lithium chalcogenates FcELi (E = sulfur,
selenium, tellurium) can then be used in situ for reactions with halogen-containing com-
pounds. In fact, a method has been reported for gaining pure FcLi from FcTeBu,140 and
for the synthesis of a range of selenium and tellurium substituted ferrocenes.140, 141

Similar methods for the formation of ferrocenyl thioether ligands have been
employed for the seleno analogues,120, 142 i.e. reaction of lithioferrocene with
RSe−SeR. The ligands and their palladium(II) complexes have been used as catalysts
for selective hydrogenation and Grignard cross-coupling reactions. Examples include
the selective hydrogenation under both homogeneous and heterogeneous conditions for
the reduction of dienes to monoenes, and the Grignard cross-coupling for haloalkanes
and allylmagnesium halides.

Ferrocenyl selenoether ligands have also been used in the synthesis of a Cd4Se6

adamantoid cluster complex, functionalising the surface with redox active centres143

and as part of polysiloxane-supported metal complexes 144 17 (Scheme 1.20). The lig-
and was immobilised on fumed silica and then reacted with potassium chloroplatinate.
The platinum complexes were efficient catalysts for hydrosilylation of olefins with
triethoxysilane.
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Scheme 1.20 Polysiloxane-supported ferrocenyl selenoether ligands (17)

The first examples of ferrocenyltellurium compounds were reported in 1987.139

Insertion of tellurium into FcLi gives diferrocenylditelluride (Te2Fc2) in 50 % yield.
The reaction of Te2Fc2 with organolithium compounds (RLi) was then used to prepare
ferrocenyltellurides FcTeR (R = Fc, n-Bu). Other ferrocene-containing telluroether lig-
ands (formed via FcLi and FcTe−TeFc respectively) and complexes have been reported
by Singh et al.145 and Nishibayashi et al.,146 though overall this is a very underdevel-
oped area.

1.7 Monosubstituted Ferrocene Donor Ligands Featuring
a Carbon Spacer

There is extensive literature on the class of compounds where the donor atom is not
directly substituted onto one of the ferrocene cyclopentadienyl rings but attached via a
carbon spacer unit. This is largely due to more facile synthetic routes due to the ready
availability of stable and inexpensive starting materials (e.g. acetylferrocene, ferro-
cenylmethanol) and that the final compounds are generally more stable. Compounds
with the various donor atoms detailed previously, e.g. nitrogen, oxygen, phospho-
rus and chalcogen will be reviewed, but it is the nitrogen-containing derivatives that
dominate the field.

1.7.1 Nitrogen-Donor Compounds

Ferrocene was first aminomethylated in 1955 by Lindsay and Hauser via the reaction
of ferrocene with paraformaldehyde and dimethylamine in glacial acetic acid.147–149

The product (N ,N -dimethylaminomethyl)ferrocene (FcCH2NMe2, 18) represented a
significant breakthrough as it provided a new route to hitherto unavailable ferrocene
derivatives, such as alcohols, oximes, imines and aldehydes.

The ligand can be derivatised by reaction with 6-amino-2-picoline to introduce a
pyridyl unit alongside the amino-nitrogen donor atom, and then coordinated to metal
centres such as gold, silver and copper.150, 151 Via lithiation, the ligand 18 itself can be
bound to silver and platinum.152 An unusual ligand featuring two ethylpyridine linkages
bound to the amino nitrogen centre has been formed by Halcrow and co-workers.153 A
bidentate binding mode is observed when coordinated to zinc (Scheme 1.21), but the
compound soon decomposes via C−N bond cleavage. However, the expected tridentate
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Scheme 1.21 The zinc complex of a ferrocenyl bis[2-(pyrid-2-yl)ethyl]amine derivative

coordination mode is prevalent on coordination to cobalt, nickel and copper and no
decomposition is seen.

The aminomethyl ferrocene fragment has also been used as an integral part of
redox-responsive systems. As (N -propylaminomethyl)ferrocene, the fragment oper-
ates as a proton-sensitive redox-responsive unit, illustrated by dramatic changes in the
ferrocene/ferrocenium redox potential.154 The fragment has been bound to naphthalim-
ide, itself an electroluminescent fluorophore used in molecular switches and bioprobes,
to investigate whether oxidation state dependence may be a factor in switching on or
off the fluorescence. It was found that the N -ferrocenyl substituents do not perturb
the energy levels of the fluorophore although emission is quenched.155 An interesting
application of the derivatised aminomethyl ferrocene fragment has been in pseudoro-
taxane formation.156 The potential to form molecular shuttles and machines continues
to excite and so it was of note when the redox active unit was reported to form a pseu-
dorotaxane with a crown ether via an electrochemical stimulus and in the presence of
a suitable hydrogen source.

Ugi has shown that ferrocenyl derivatives such as a C-chiral amine FcCH(Me)NMe2

can be lithiated with high diastereoselectivity, and the resulting organolithium may be
trapped with various electrophiles (E+) to provide 1,2-disubstituted ferrocenes [Fe{η5-
C5H3(E)(CH(Me)NMe2)-1,2}(η5-C5H5)] (19; see Chapter 6).157

Rather than a methylene spacer unit, a C=N linkage has also commonly been
used in the formation of functional ligands. For example, some new ferrocenyl Schiff
bases and their aluminium and zinc compounds have been used in catalysis158 and in
second-order nonlinear optics.159 A series of substituted ferrocenyl compounds have
been formed (Scheme 1.22) and analysed for their second-order optical nonlinearity.
All show a reasonable response compared to the urea standard and there is correlation
with the electron withdrawing nature of the substituted benzene ring.

The C=N linkage from the ferrocenyl unit has also been used in the formation
of nickel dithiocarbamate complexes bearing ferrocenyl units (Scheme 1.22).160 The
authors were attempting to form molecular systems capable of exchanging electrons
with an electrode, via the coupling of multiple, identical metal-centered fragments.
Thus, a new ferrocene ligand 20 (Scheme 1.22) was prepared from ferrocenecar-
boxaldehyde and then Schiff-base chemistry undertaken. Nickel(II) dithiocarbamate
bearing two ferrocenyl groups and its oxidised product nickel(IV) dithiocarbamate
featuring three ferrocenyl groups were synthesised. Electrochemical investigations
revealed that, in spite of the chemical equivalence of the ferrocene groups, a mixed-
valence state persists in solution, presumably due to electrostatic effects.
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Scheme 1.22 Some NLO-active Schiff-base linked ferrocenyl compounds
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Scheme 1.23 Cyclopalladated (aminomethyl)ferrocene derivatives

The most widely-studied class of compounds of these C−N substituted ferrocene
derivatives has been the cyclometallated compounds of dimethylaminomethylferrocene
and its imine analogue, and in particular the cyclopalladated species (Scheme 1.23).
The reasons for their ubiquitous nature stem from their use in asymmetric catalysis via
their planar chirality (palladium complexes) and their anti-tumour activity (platinum
complexes). Shaw and Gaunt produced the first cyclopalladated derivative in 1975161

reacting 18 with sodium chloropalladate(II) in the presence of sodium acetate.
For many years Lopez and co-workers have been one of the leaders in this field,

investigating the effects of the alkyl or other donor substituents,162 the nature of
the nitrogen donor atom (sp2 versus sp3),163 formation of diastereomerically pure
metallacycles164 and the inclusion of additional donor atoms to effect tridentate coor-
dination as opposed to bidentate (Scheme 1.24).165–168 In 1994, they found that in
cyclopalladated compounds containing the imine as the chelate ligand, the Pd−N bond
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Scheme 1.24 Cyclopalladated (aminomethyl)ferrocenes with possible bi- or tri-dentate
coordination
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is clearly less reactive than those containing the amine. In addition, the palladium(II)
acts an electron-withdrawing group in the cyclometallated derivatives and that most
of the electron density is withdrawn from the CH=N unit.

An interesting point is that in the cycloplatinated compounds there are two possible
centres for antitumour activity – the ferrocene and the platinum. In a series of papers
in 1994,169 – 171 Robinson and Simpson and co-workers synthesised and characterised
a range of cyclometallated ferrocenylamine complexes of platinum(II) with a view
to examining their cytotoxic activity. Due to the similarities with cis-platin it was
thought that the compounds had the potential to produce a spectrum of toxicity and
tumour activity. Toxicity, histological and antitumour studies in mice showed that the
cyclometallated ferrocenylamines cause kidney rather than liver dysfunction, that they
have reasonable toxicity and are mildly cytotoxic against standard tumours. Although
only poorly soluble in water or saline solution, they were active against cis-platin
resistant cell lines.172 The same group has also produced switchable cycloplatinated
ferrocenylamine derivatives of acridone, naphthalimide and anthraquinone.173

Catalytic studies with cyclopalladated ferrocenylamines have centered on asym-
metric catalysis and the advantages of such catalysts include their ease of synthesis,
facile modification and convenience of handling (insensitivity to air and moisture).
One of the early examples came from Overman and co-workers174 who used a series
of enantiopure cyclopalladated ferrocenyl amines and imines as catalysts for the
[3,3]-rearrangement of allylic benzimidates to allylic benzamides. Reasonable enan-
tioselection was observed and this was also found to be highly dependent upon the
nature of the counterion. Mak and co-workers175 have formed a series of enantiopure
bis(µ-acetato)-bridged planar chiral cyclopalladated species, and air and moisture sta-
ble tricyclohexylphosphine adducts of cyclopalladated ferrocenylamines (Scheme 1.25)
have been easily synthesised and used in the palladium-catalysed Suzuki cross-coupling
of aryl chlorides.176 The catalysts gave the coupled products in excellent yields in the
reaction of nonactivated and deactivated aryl chlorides with phenylboronic acid. The
catalyst loadings could also be lowered to 0.01 % mol % without loss of activity.
Other palladium-catalysed cross-coupling reactions, such as Heck, Sonogashira177 and
Mizoroki–Heck178 have also been catalysed by these classes of compounds.
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Scheme 1.25 Cyclopalladated ferrocene Schiff bases and tricyclohexylphosphine adducts

Finally the ligand class has also stabilised main group and transition metal cen-
tres via cyclometallation and formed for example, some unusual heterotrimetal-
lic metalloplumbylene compounds (FcN)2PbM(CO)5 (M = chromium, molybdenum,
tungsten).179–181
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1.7.2 Oxygen-Donor Compounds

Ferrocenecarboxaldehyde (FcCHO, 21) was first prepared in the late 1950s by two
different methods, though both used (N ,N -dimethylaminomethyl)ferrocene methio-
dide ([FcCH2NMe3]I) as the starting material. Hauser and Lindsay182 showed that 21
would undergo typical addition and condensation reactions to form a range of other fer-
rocene derivatives. Pauson and co-workers183 produced 21 via the Sommelet reaction
and also illustrated its versatility as a starting material, forming the analogous oxime,
nitrile, alcohol and carboxylic acid derivatives. Ferrocenylmethanol is probably the
most studied and reacted species in this class of compounds, largely due to its ready
availability. Displacement of the hydroxyl group by amines is relatively easy when
carried out in dilute acid184 and FcCH2OH reacts smoothly with mercaptosuccinic acid
to give ferrocenylmethylthiosuccinic acids.185 The alcohol can also be deprotonated
with NaN(SiMe3)2 to form an unsolvated sodium alkoxide which is a useful interme-
diate in the preparation of early transition metal and lanthanide derivatives containing
the ferrocenylmethoxide ligand.186

Swarts and co-workers187 have formed a series of primary ferrocenylalcohols
Fc(CH2)mOH (m = 1–4) via the reduction of the appropriate ferrocenecarboxylic acids
(Scheme 1.26). In-depth electrochemical measurements were carried out and the fer-
rocene group showed reversible electrochemistry with the reduction potential of the
ferrocene group being inversely proportional to the side chain length. The influence
of the side chain length on reduction potential was more pronounced for the acids
because the electron-withdrawing properties of the carbonyl group are stronger than
that of the alcohol group. Ion pairing was also found to play a major role in the
electrochemical behaviour of ferrocenylmethanol. Finally, germatranes bearing a fer-
rocenylalkoxyl moiety have been obtained by the reaction of HOGe(OCH2CH2)3N
with various ferrocenyl alcohols188 and used for antitumour and antibacterial activity.
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Scheme 1.26 Synthesis of some ferrocene-containing alcohols187
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1.7.3 Phosphorus-Donor Compounds

In contrast to the large number of ferrocene-derived phosphines, ligands where there is
a carbon spacer between the two functionalities are rare.189, 190 However in recent years
the chemistry of ferrocene alkylphosphines (22) and ferrocene hydroxymethylphos-
phines (23) has developed (Scheme 1.27). Henderson and co-workers have been very
active in this area and have investigated the properties and coordination abilities of var-
ious primary phosphines and an arsine bearing ferrocene substituents.191–194 Although
these ligand types are usually very air-sensitive, they found that primary phosphines
with an alkyl linkage between the cyclopentadienyl ligand of ferrocene and the phos-
phorus or arsenic atom were unexpectedly stable in air over two years. In comparison,
ferrocenylphosphine oxidises in air after a few days.

The same group has also described the synthesis of the first example of a ferrocene-
derived hydroxymethylphosphine ligand, together with some derivatives.195, 196 Reac-
tion of [FcCH2NMe3]I with an excess of P(CH2OH)3 gives the air-stable ferrocenylphos-
phine FcCH2P(CH2OH)2. Further reaction of the CH2OH groups on phosphorus is
facile and a range of derivatives are now known, such as the phosphine oxide, phos-
phine sulfide and various cyano- and amino-derivatives. Removal of formaldehyde from
FcCH2P(CH2OH)2 with one mole equivalent of Na2S2O5 gives the crystalline and com-
pletely air-stable primary phosphine FcCH2PH2 and exhibits all the typical coordinative
properties of a primary phosphine.193, 194 Electrochemical studies of 22 and 23 and other
derivatives show that the free ligands exhibit complex voltammetric responses due to
participation of the P lone pair in the redox reactions. Uncomplicated ferrocene-based
redox chemistry is observed for phosphorus(V) derivatives and when the ligands are
coordinated to metal centres.192

In 2001, Henderson and co-workers reported the synthesis of ferrocenyl-phosphonic
and -arsonic acids197 and showed that platinum(II) complexes of these ligands show mod-
erate activity against P388 leukaemia cells, whereas the parent ligands are inactive.198

More recently, 23 has been reacted with a range of amino acids to form novel phosphino
amino acids, being notably water soluble.199 The same group has bound the related pri-
mary phosphine ligands 22 (where R = H) to molybdenum and tungsten centres and
examined the dynamic behaviour of the complexes in solution,200, 201 whilst Laguna
et al. have formed gold and silver complexes with the same ligand.202

Tertiary ferrocenylmethylphosphines are known and have been used as ligands
for Suzuki–Miyaura palladium catalysts.203 These phosphines possess an aryl sub-
stituent on the methyl bridge in order to maximise steric bulk. Catalytic activity of the
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Scheme 1.27 Ferrocene alkylphosphines (22) and ferrocene hydroxymethylphosphines (23)
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complexes is high but the t-butyl substituted ligand is not stable in air. In contrast,
di(t-butyl)(ferrocenylmethyl)phosphine, which lacks the phenyl group on the methy-
lene bridge, is reasonably air-stable as a solid and possesses an electron donating
ability similar to that of tri-i-propylphosphine.204 Palladium complexes of this ligand
can catalyse room temperature Suzuki–Miyaura coupling reactions with aryl bromides,
and exhibit modest yields in Heck couplings. The modest activity seems to stem from
the fact that whilst oxidative addition occurs efficiently, other steps in the catalytic
cycle, such as transmetallation or migratory insertion, are inefficient. Butler and co-
workers have shown that ferrocenylmethylphosphine ligands can have an effect in
the palladium-catalysed reaction of carbon monoxide, methanol and ethane to obtain
methyl propionate, a key intermediate in the preparation of methyl methacrylate.

1.7.4 Chalcogen-Donor Compounds

There are only a very few reports in the literature on this type of compound. In 1999,
Laguna and co-workers formed the ferrocene derivative FcCH2N(CH2)2SH from the
condensation reaction of 21 with β-mercaptoethylamine. It can be easily oxidised to
its disulfide and the parent ligand reacts smoothly with gold (I) phosphine cations.205

Some ferrocene-containing penicillins and cephalosporins (featuring thioglycolic acids)
are known206 and Bonini et al. have synthesised a range of new thioferrocenoylsi-
lanes (Scheme 1.28). The derivatives can lead to planar enantiomerically pure chiral
thioferrocenylsilanes, and have been investigated for applications within asymmetric
catalysis.207

Fe

S

SiR3

(R = Me, Ph)

Scheme 1.28 Structure of thioferrocenoylsilanes

1.8 Conclusions

As stated previously, the field of monofunctional ferrocene ligands has been over-
shadowed by that of its nearest neighbour, the disubstituted ferrocenes. Difficulties in
preparing the monofunctional species cleanly (free from the difunctional analogues)
and in high yields has held back research in this area. However, with more facile
and reproducible synthetic routes now available, the monosubstituted species are once
again being focused on and the field has become topical. For instance, Hartwig’s work
on the donor-substituted pentamethylferrocenyl species has brought catalysis by this
type of ligand class into a wider arena. Although many of the ligands and substitu-
tion patterns are now well-established, there does seem enormous scope for further
growth. Admittedly, having the donor heteroatom directly attached to the Cp ring often
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leads to stability problems and careful handling is required. Nevertheless, with more
sophisticated glassware and laboratory equipment, this is not such a handicap any-
more. Indeed, derivatives of ferrocenylamine are now widespread and even those of
ferrocenol are increasing. As with the difunctional analogues, the P-substituted species
dominate, especially in catalysis where the ligand properties (i.e. electronics, sterics
and chirality) can easily be harnessed and tuned. Importantly, a carbon spacer can
be used to aid stability with little loss in donating behaviour or power and air- and
water-stable and water-soluble ligands such as ferrocene alkylphosphines and ferrocene
hydroxymethylphosphines respectively will surely be further exploited.
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