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Abstract

Organoiron polymers are one of the most well-examined classes of metal-containing polymers in light of their diverse structures, properties
and applications. In this review, organoiron polymers are classified according to their structural make-up. The synthesis and characterization
of oligomers and polymers containing dienes and cyclobutadiene rings coordinated to iron tricarbonyl moieties are described. This is followed
by a thorough investigation of ferrocene-based polymers. The ferrocenyl units are found in the polymer main and side chains, and a wide
variety of these organoiron polymers and their properties is reviewed. Polymers containing cyclopentadienyliron tricarbonyl complexes in their
backbones and side chains are also described. Catibrirenen>-cyclopentadienyliron complexes have been incorporated into polymeric
materials where the iron moieties are pendent to the main or side chains. The final class of organoiron polymers includes the iron-acetylides;
these polymers are unique amongst the other examples described in this review since the iron compleb@sdmé to the organic backbones
of the polymers.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction is easy to extract from its ore and is easily molded into dif-
ferent shapes, and consequently, it has been used since pre-

Iron is the second most abundant metal and the fourth historic times in the production of weapons, tools, etc. Cur-

most abundant element found in the Earth’s cfa$t Iron rently, iron is the most commonly used metal, which is a

reflection of its excellent properties and its low cost in com-

mspondmg author. Tels 1-204-786-9944/9966: parison to other metals. Iron is a very reactive metgl and

fax: +1-204-783-8910. forms a number of alloys and complexes. The most impor-

E-mail address: a.abdelaziz@uwinnipeg.ca (A.S. Abd-El-Aziz). tant complexes of iron possess oxidation states of Il and III.
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Coordination complexes of iron are also essential for life and its synthesis sparked interest in the development of other
and our bodies are composed of 0.0004% iron. Hemoglobin organometallic sandwich-type complexes. A vast number
transports oxygen through our bodies, and during this pro- of organoiron complexes have since been prepared using a
cess, the iron atoms convert between the Il and 1l oxidation number of organic ligands, however, cyclopentadienyl and
stateq1,2]. carbonyl complexes are the most common. Other impor-

Organometallic chemistry was developing rather slowly tant organoiron complexes are the cyclopentadienyliron-
until the discovery of ferrocene in 195B]. Kealy and coordinated arenes. Coffield et &l1] first reported this
Pauson were attempting to prepare fulvalene from the Grig- class of cationic organoiron sandwich complex in 1957.
nard reagent of cyclopentadienylbromide using ferric chlo- In 1955, Arimoto and Haveifl2] reported the synthe-
ride, and instead isolated the orange organoiron complexsis of vinylferrocene, and its subsequent polymerization
bis(cyclopentadienyl)iron. At about the same time, Miller to produce the first ferrocene-containing polymer. Since
et al.[4] reported the synthesis of Fe{ds), from the reac- that time, there have been tremendous developments in the
tion of CsHg with freshly reduced Fe at 30C. Soon after,a  synthesis of organoiron polymers. While ferrocene-based
number of articles appeared by the research groups of Wood-systems have received the greatest attention, there are also
ward and coworkerg5—8] describing the properties and numerous studies outlining the synthesis and character-
possible structure of this complex. The name ferrocene wasization of iron carbonyl, arene cyclopentadienyliron and
given to this molecule because the cyclopentadieny! rings iron-acetylide-containing polymef43-21] There are now
had aromatic character similar to benzg8ie X-ray diffrac- examples of iron-containing polymers prepared by all con-
tion studies determined that the ferrocene molecule had aventional organic polymerization techniques as well as via
sandwich-type structurf9,10]. In 1973, Ernst Fisher and metal-coordination reactions. This review will describe the
Geoffrey Wilkinson were awarded a Nobel Prize for their synthesis, characterization and applications of the various
contributions to this field. Ferrocene is a very stable complex classes of organoiron polymers.
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2. Polymers coordinated to iron tricarbonyl
2.1. Butadiene complexes

In 1973, Pittman et al[22] reported the AIBN-initiated
homo- and co-polymerizations ofr-(2,4-hexadien-1-yl
acrylate)tricarbonyliron. The relative reactivity ratios for
the copolymerization reactions tbiwith styrene 2), methyl
acrylate, acrylonitrile and vinyl acetate were determined. It
was reported that thg*-diene groups in these polyme) (
could be protonated to produce theallyliron tricarbonyl
(4) and tetracarbonyl5) derivatives[23]. Reaction of poly-
mer 5 with the anion of ethyl acetoacetate resulted in loss
of the iron moieties and the production of a mixture of two
keto esters. The homopolymerization reactioriafsing 1
wt.% AIBN resulted in a polymer with a weight average
molecular weight i,,) of 17,800, whereas the addition of
0.05 wt.% of AIBN initially, and again after 4 h, resulted in a
high molecular weight polymer that was partially branched.
While a glass transition temperatuig) was not observed
for the homopolymer of, the glass transition temperatures
of the copolymers were much higher than those of their
organic analogues. When the homo- and co-polymers of
were heated in air for 15 min, cross-linking reactions oc-
curred and ferric oxide was deposited within the polymer

SnMej

(OC)sFe 9

5mol % PdCly(CH5CN),

10

Scheme 2.

networks. Thermal cross-linking in the presence of nitrogen bonyl moieties coordinated to cyclobutadiene rings. For ex-

did not result in the formation of £E®3 (seeScheme L
Nakamura and coworkerR24] have also reported the
synthesis and conductivity of polymers containing iron-
tricarbonyl fragments coordinated to dienes in their side
chains 6 and7). Polymer6 (M, =21,000) had a conduc-
tivity of less than 1x 10719 S cnm1, however, upon doping
with iodine, its conductivity increased to 32103 S cnt L.

It was noted that the carbonyl stretches in the IR spectrum

of polymer 6 shifted to higher wavenumbers upon addi-
tion of one equivalent of iodine. This result indicates that

the 1,3-pentadiene groups coordinated to iron tricarbonyl

were converted te3-allyl groups upon doping. The iodine-
doped polyme# had a conductivity of 1.% 10~ S cn71,
while its copolymers with polymethylmethacrylate had
conductivities between 1:3107° and 1.4x 10° S cnrL.

0
o~ o
D N
Fe(é))g \Fe(CO)3
6 7

2.2. Cyclobutadiene complexes

Wiegelmann-Kreiter and Bun25,26] have reported the
synthesis of oligomeric complexes containing iron tricar-

ample, the reaction of complékwith bis(trimethylstannyl)
butadiyne 9) using a palladium catalyst resulted in
the production of the dimeric compled0. A com-
plex containing three iron tricarbonyl moieties pendent
to cyclobutadiene rings was also synthesiZ@é] (see
Scheme

3. Polymers containing 5-membered rings coordinated
to iron moieties

3.1. Bis(cyclopentadienyliron) in the backbone

Early efforts in the synthesis of polymers containing
ferrocenyl moieties in the main chain centered on the syn-
thesis of poly(ferrocenylenes). Poly(ferrocenylenes) are
polymers in which the ferrocene rings have direct linkages
between one another. Some of the early work dealing with
the synthesis of this class of polymer was pioneered by the
research groups of Korshak and Nesmeyaf&h;28] The
reaction of ferrocene wittert-butyl hydroperoxide resulted
in the formation of largely insoluble polymers consisting
of ferrocene units in the backbone. A re-examination of
this reaction revealed that in addition to ferrocene-linked
polymers, there were also ether-substituted cyclopenta-
dienyl rings and the ferrocene rings were’1,and 1,3-
substituted[29]. In 1963, Rausch reported the synthesis
of a poly(mercuriferrocenylene) via condensation of 1,1'-
dichloromercuriferrocene with ethanolic sodium iodide or
aqueous sodium thiosulfafd0]. It was found that heating
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R 14 with N2O under high pressure resulted in the produc-
tion of the azo-substituted poly(ferrocenylen&y)(shown
ke in Scheme 4 [4Q]The soluble portion o5 had anM,, of
Cu powder d) 87,000 and aMy, of 13,000. The UV-Vis spectrum of this
/ polymer had an MLCT band at 535 nm, and ther* tran-
R I R o . .
\@ 150-180 °C " n sition of this polymer was shifted to a longer wavelength
|

than the oligomeric analogs.

i The reaction of ferrocene with phosphine oxide and sul-
I/Q\R " fide compounds results in the production of homoannularly
\ substituted polymers as shown 8theme 5 [41]Pittman
1 described the synthesis of ferrocene-based polymers such as
| 18 containing phosphine oxide or sulfide linkages using zinc
R =H, Me, SiMes ke chloride as a catalyst. These polymers possessed relatively
A) low molecular weights, but exhibited good thermal stabil-
n ity. When the polymerization of6 with 17 was conducted

at temperatures greater than 24Y) cyclopentane-bridged
polymers were produced following cleavage of some of the
cyclopentadienyl rings from iron. Heteroannularly substi-
tuted polymers were also observed at high reaction tempera-
this polymer in molten ferrocene resulted in the production tures and after long polymerization times. Around the same

13

Scheme 3.

of low molecular weight poly(ferrocenylen¢g1]. time, Neuse utilized a similar approach in the production of
Low molecular weight poly(ferrocenylenes) were also phosphorus-bridged poly(ferroceng4?].
synthesized by reaction of ferrocenyllithium with cobal- High molecular weight poly(ferrocenylphosphine&p)

tous chloride[32,33], and by reaction of haloferrocenes were described by Seyferth and coworkgt3] by reaction
with copper salt§34]. Neuse and Bednarig35] reported of 1,7-dilithioferrocene-tetramethylenediamind4j with
that poly(ferrocenylenes) with molecular weights up to phenyldichlorophosphind) as shown irBcheme 6While
10,000 were isolated by reaction of “4dilithio- and 1,1- a ferrocenophane2B) could be isolated by reaction d#
diiodoferrocene with catalytic amounts of Cu(ll) or Pd(ll) with 19 at—78°C [44], slow addition ofl4 to 19 resulted in
salts. Dehalogenation polymerization of dihaloferrocenes polymers with weight average molecular weights as high as
with magnesium was reported by Yamamoto and coworkers 161,000, as determined by low-angle laser light scattering
[36,37]to produce poly(ferrocenylenes) with conductivities [43]. Attempts were also made to ring-open ferrocenophane
ranging from 162 to 104 S cnT1. Recently, Foucher and 23 using catalytic amounts of phenyllithium; however, low
coworkerq38] reported similar results utilizing magnesium- molecular weight species were obtained.
and copper-catalyzed coupling polymerization reactions In 1995, Manners and coworkergl5] reported the
(Scheme B Poly(ferrocenylenes) containing methyl and thermal ring-opening polymerization (ROP) of a number
trimethylsilyl groups on the cyclopentadienyl rings were of phosphorus-bridged ferrocenophanes, which produced
also synthesized and the methyl-substituted polymers werepolymers with phosphorus(lll) and phosphorus(V) centers.
reported to possess weight average molecular weights asReaction of ferrocenophanez3-25 at temperatures be-
high as 860(Q38]. tween 120 and 250C resulted in the ring-opened polymers
Nishihara’s group has described the synthesis of soluble26-28 shown in Scheme 7 While polymers26 and 27
1,Y-dihexylferrocene-based oligomers by reaction of a di- could not be analyzed by GPC due to interactions with the
hexylfulvalene dianion with [FeG(THF),] [39]. Degrees  column, polyme28 had a weight average molecular weight
of polymerization greater than 10 were obtained, and the of 66,000 and a PDI of 1.98. Poly(ferrocenylphosphines)
charge-transfer complexes of these materials were p-type26-28 could also be reacted with elemental sulfur to pro-
semiconductors. Reaction of the dilithioferrocene complex duce the corresponding poly(ferrocenylphosphine sulfides)

@Li TMEDA @N=N <®7
I N0 I I
Fe _— Fe Fe
TMEDA Li@ @ @_
L Josl Jd 04
14 15

Scheme 4.
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: . mers with ca. 20% of the phosphine groups coordinated
i @ to palladium and iron, respective[$6]. Scheme 8hows
Fe the approach taken by Miyoshi and coworkdds’] to
T prepare poly(ferrocenylphosphines) with transition metal-
coordinated phosphine groups in the backbone. Reaction of
monomer23 with three different metal complexes allowed
for the production of the corresponding manganese- and

@\ tungsten-coordinated monome8a-32c. UV irradiation
e PPh of these monomers in THF resulted in their polymerization
@/ and produced the high molecular weight polymg3a—33c.
Monomer23 was also irradiated directly with UV light in
23 THF, and subsequently reacted with [W(GO)HF)]. While

this reaction was also successf##P-NMR indicated that
there was more than one type of phosphorus environment
in this polymer’s spectrum due to the phosphine’s ability to

29-31, with My values of 18,000, 19,000 and 65,000, actas mono-, bi-, tri- and multi-dentate centgfg].

respectively. Direct thermal ROP of a phosphine sulfide- [1]Ferrocenophanes with phosphorus bridges have also
bridged ferrocenophane resulted in partial decomposition of been shown to undergo transition metal-catalyzed ROP
the products and the generation of insoluble materials. The[48,49] However, phosphorus(lll) systems do not undergo
living anionic polymerization of ferrocenopha@® has also ROP under these conditions due to interactions of the
been achieved using-BuLi [46]. The resulting polymer  lone pair on phosphorus with the catalyst. Reaction of a

was reacted with sulfur in order to determine that its num-
ber average molecular weight ranged from 3600 to 32,000

going from a monomer to catalyst ratio of 11:1 to 100:1. @\

The phosphorus(lll) centers in homo- and co-polymers (ML,)(THF) / M
have been functionalized with a number of different Fe P—Ph - Fe P\Ph
reagents. For example, a copolymer prepared by living ML, = Mn(n"-CsH,Me)(CO), Q/
anionic ROP of23 with hexamethylcyclotrisiloxane was Mn(n5-CsHs)(CO),
reacted with either Pdglor Fe(CO) to produce poly- 23 W(CO)s i 32a-c

\ hv
R’ R' S hv
@A @7_5 ML,
l|: P @ __Elemental _ ll: @ \ |
¢ “aulfar e P
W(CO

@/ }5\ i (CO)s §:| / I
. g
R R" Fe

26 28 29-31
23;R'=R"=H
24; R'=H, R" = n-butyl n
25; R'=R" = SiMe; 33a-c

Scheme 7. Scheme 8.
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Poly(isoprends-ferrocenylphosphine) has been synthe-
@\ BCl, sized by living anionic polymerizatiofb0]. This polymer

ILe P BCl; lLe P formed star-shaped spherical micelles in hexanes with
Ph Ph the organometallic blocks at the core and the organic
@}/ (@/ polyisoprene segments at the periphery. The phosphorus
centers were reacted with Au(CO)CI to produce the cor-

23 3 responding gold-coordinated polymers. The polyisoprene

_ Pt(cod), portions of the polymers could be cross-linked by UV

n-BulLi irradiation in the presence of the radical initiator AIBN.

BX;3 The synthesis of an ABC triblock copolymer containing

P ferrocenylphenylphosphine, ferrocenyldimethylsilane and
| I dimethylsiloxane blocks4Q) is shown inScheme 10 [51]

Fe Ph When six or less poly(ferrocenylphenylphosphine) blocks
(5 X=H,Cl were incorporated into this polymer, it self-assembled
into cylindrical micelles with the organometallic blocks

at the core and the poly(dimethylsiloxane) blocks at

26 35 the corona. When the degree of polymerization for the

poly(ferrocenylphenylphosphine) block was 11, star-shaped

Scheme 9. spherical micelles were formed. While the ferrocenylphos-

phine blocks are amorphous due to their atacticity, the

phosphorus-bridged [1]ferrocenophane with methyl triflate ferrocenylsilane blocks are crystalline at room temperature.
led to a phosphonium-bridged ferrocenophane that suc-The cylindrical micelles did not exhibit any crystallinity,

;
: ' BX,

Ph

n

cessfully underwent transition metal-catalyzed R{aB]. however, the WAXS spectrum of the spherical micelles indi-
Reaction of monomeg3 with boron trichloride gave rise  cated that the ferrocenylsilane blocks were crystall5ig.
to adduct34 as shown irScheme 9 [49]This adduct could Polyferrocenes containing silicon bridges have also been

undergo thermal or transition metal-catalyzed ROP with a investigated since the 1960s, however these polymers were
platinum catalyst. It is also important to note that reaction often of low molecular weight and difficult to character-
of polymer 26 with BCl3 or BH3 gave the corresponding ize [52,53] In 1974, the synthesis and characterization of
adducts35 [49]. ferrocene-based polymers with siloxane bridges was ac-

N .
N v @

Fe  PPh | | Me |
n-BuLi, THF Fe Fe Fe
—_— Ph S
Bur—P Bu——P Li
n n m
23 36 38

Me_ M
D N ¢ 12-crown-4 | 2) CISiMe;

_Si_
Me-_| | Me
\/Si\ S
Me © Me
39
(&)
Q)
Si
I e I
Fe Fe
Bu P«Q Si—O0 SiMe;
n m | 1
40 Me

Scheme 10.
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complished according to the strategy showrbcheme 11 [57]. Reaction of dilithiobutadiynedg) with two equivalents
[54]. Reaction of bis(dimethylaminodimethylsilyl)ferrocene of 1,7-bis(chlorotetramethyldisiloxyfs-carborane47) fol-
(41) with disilanols 42a—42c either in toluene or in lowed by the addition of complet4 produced a polyfer-
the melt at 100-110C resulted in the production rocene 48) with a molecular weight of ca. 10,000. When
of polymers 43a—43c. Polymers were also prepared the siloxane-diacetylene ferrocene polymer was heated to
by reaction of bis(dimethylamino)silanes with 4,1  350°C under an inert atmosphere, a black elastomeric ther-
bis(hydroxymethyl)ferroceng5]. It was found that whena  moset was obtained in 98% yield. Thermogravimetric anal-
CH>—O-Si group was present in the polymer backbone, the ysis showed that polymet8 experienced a weight loss at
polymers were susceptible to nucleophilic attack by water, ca. 380°C. Differential scanning calorimetry and infrared
whereas polymeré3a—43c exhibited hydrolytic stability. spectroscopy indicated that cross-linking of the butadiyne
Cuadrado and coworket$6] prepared polyferrocenes groups occurred at this temperature. When this polymer was
with dimethylsiloxane 44) and dimethyldiphenylsilyl heated to 1000C under a nitrogen atmosphere, a hard ce-
(45) units in their backbones by polycondensation re- ramic that displayed ferromagnetic properties was produced
actions of diamine monomers with diacid chlorides. in 78% yield. This ceramic material exhibited excellent ox-
The ferrocene monomers used to prepdde and 45 idative stability due to the presence of boron in its structure.
were 1,1-bis(chlorocarbonyl)ferrocene and 1His(B- Reaction of 1,%bis(chlorodiorganosilyl)ferrocenes with the
aminoethyl)ferrocene, respectively. The advantage of usingGrignard reagents of diacetylene resulted in the production
1,7-bis(3-aminoethyl)ferrocene is that-functionalized of oligomeric materials with degrees of polymerization be-
ferrocenes form stable ferrocenyl carbonium ions which tween 3 and §58](seeScheme 1P
lead to polymer instability. The number average molecular Kohler and coworkerg59] have recently reported the
weights of these ferrocene-based polymers were measuresgynthesis of linear and cyclic polyferrocenes with bridg-
by vapor-pressure osmometry to be 10,600 and 12,500,ing dimethylsilyl groups $cheme 1B Cycles containing

respectively{56]. between 6 and 18 ferrocene groups in the backbone were
0 T Q 9 e Q
@C'NHCHZCH2CH2’|Si_O_|Si_CH2CH2CH2NH—C @CHZCHZNH—C@?i@C—NHCHZCHZ
| Me Me | Me
Fe Fe

o

The incorporation of carborane units into the backbones isolated and separated by chromatography. Decreasing the
of ferrocene polymers was described by Houser and Keller reaction temperature from 25 t620°C resulted in an in-

44 n n
45
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crease in the mean ring size from 8.1 to 10.8. Polycon-

densation of compleXl with FeCh resulted in the for-
mation of low molecular weight polymers with only odd
numbers of ferrocene units in their backbones. A similar
approach was taken by Park et @0] in the synthesis of
poly(ferrocenylsilanes). Polycondensation of the dilithium
salts of an isomeric mixture of dicyclopentadienyldimethyl-
silanes with FeGlresulted in the formation of low molecu-
lar weight polymersly, = 4900 andM, =4100) as deter-
mined by GPC. Cyclic voltammetry of the polymer showed
the presence of two reversible oxidation steps-@t02 and
0.21 V versus ferrocene, indicating significant electronic in-
teractions between the iron centers.

The synthesis of ferrocene-based polymesSa{55c)

displayed elastomeric properties and could be stretched to
ca. twice its original lengti61].

1,7-Ferrocenedithiol §6) undergoes reaction with di-
arylsilanes %$7a-57c) in the presence of RhCI(PEJ to
produce a mixture of polymers$g§a—58c) and ferroceno-
phanes $9a-59c) as shown inScheme 15 [62]The poly-
mers were isolated in 37-51% yields as toluene-soluble
fractions, whereas the ferrocenophanes precipitated in
toluene and were isolated in 22-41% vyields. Polymers
58a-58c had number average molecular weights ranging
from 2700 to 4600. Toluene solutions of the ferroceno-
phanes did not undergo ROP, and thus it was concluded that
58a-58c and 59a-59c were produced via inter- and intra-
molecular dehydrogenation reactions, respectiyég). In

has also been accomplished via Knoevenagel polyconden-1960s, Rosenberff3,64] reported that polycondensation

sation reactions between the dialdehyde comp@xand
the bis(cyanoacetate) monomé&da—54c [61]. Scheme 14
shows the synthesis of these organoiron polymesa-55c),
which were isolated as a mixture & and Z isomers, al-
though, purification through precipitation into methanol
resulted in an isomerically enriched polymer with 98% of
the sample being th& isomer. This precipitation proce-

of 1,1 -dilithioferrocene with dichlorosilanes produced low
molecular weight poly(ferrocenylsilanes). In 1997, Pannell
and Sharmd65] studied these reactions, and determined
that ferrocenophanes were produced under the reaction
conditions described, and that polymers probably formed
via ROP of the strained silaferrocenophanes rather than via
polycondensation reactions.

dure lowered the number average molecular weights of the A number of reviews have recently outlined the synthesis

polymers by ca. 30%. Polymeiba-55c exhibited good
solubilities in most organic solvents, and th&ly values
were 9200, 9100 and 26,600, respectively. A film of poly-
mer 55c¢, with the longest aliphatic spacer in its backbone,

and properties of poly(ferrocenylsilang§p—68] In 1992,
Manners and coworkef§9] reported the thermal ROP of
[1]silaferrocenophanes to produce high molecular weight
poly(ferrocenylsilanes). This was an important development
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in the field of ferrocene-based polymers because of the well-  Transition metal-catalyzed ROP has proven to be a quite
defined structures and high molecular weights that theseversatile method to prepare poly(ferrocenylsilanes) because
materials possessed. Since that time, the polymerizationthe polymers are prepared using relatively mild reaction con-
of [1]silaferrocenophanes has been achieved not only ther-ditions and these reactions do not require the monomers to be
mally, but using anioni¢70] and transition metal catalysts as pure as they are required to be for anionic-initiated ROP
[71,72] It has also been reported that the polymerization [67]. The mechanism of transition metal-catalyzed ROP was
of [1]silaferrocenophanes can be achieved in the solid-stateinitially proposed to proceed via a homogenous mechanism
by ~y-irradiation [73,74] The degree of polymerization [76]. However, Manners and coworkeld7] recently pro-
could be controlled by altering the initial radiation dose posed that the ROP of [1]silaferrocenophar&® {ollowed
[73]. For example, weight average molecular weights of a heterogeneous catalytic cycle with a metal colldd)
220,000 and 260,000 were obtained when 2.5 and 10 Mradas the active catalysEcheme 1&hows a possible mech-
doses of radiation were used, respectively. AFM images anism in which Pt(1,5-cod)is thought to initially form a
of poly(ferrocenyldimethylsilane) prepared via solid-state [2]platinasilaferrocenophané3) via oxidative-addition to
polymerization indicated that it had a spherulitic morphol- the zero-valent Pt complex with elimination of a 1,5-cod lig-
ogy. It is interesting to note that when an unsymmetrical and. Platinum colloids@4) resulted from subsequent elim-
ferrocenophane was polymerized in the solid state, a stereo4nation of a second 1,5-cod ligand. Oxidative-addition and
regular polymer was obtained. For example, when polymer reductive-elimination at the colloid surface eventually al-
61 was synthesized by thermal ROP, an amorphous mate-lowed for the production of polymers such&® The mech-
rial was obtained75], whereasy-irradiation resulted in a  anism of thermal ROP has also been examined and it was
polymer whose WAXS spectrum indicated the presence of proposed that polymerization proceeds following heterolytic
crystallites Scheme 15[74]. The crystallinity of this poly- cleavage of the silicon-cyclopentadienyl bonds, which may
mer indicates that there is stereoregularity in the polymer be initiated by trace impurities such as water or other nu-
backbone, however, its actual tacticity was not determined. cleophilic specie$78].
Recent studies have focused on the incorporation of sat-
urated and unsaturated carbon chains, chloroalkyl, chloro

Me, JPh and alkoxy substituents into poly(ferrocenylsilanes) using a
@/Si variety of synthetic methodologigg9—-86] Polymers with

/@\ Me Aor I acetylenic groups attached to the silicon atoms were re-

Fe Si/ P Fe cently reported to produce magnetic ceramics in high yields
\6@/ Non Co y-ray source CB upon pyrolysig79]. Thermal ROP of monoméfO resulted
n in the production of polymerl, whoseM,, and M, were

210,000 and 96,000, respectivelgcheme 18[87]. Hy-
60 61 drosilation of polymer71 with the azobenzene-containing
Scheme 16. acrylates 72a and 72b) in the presence of Karstedt’s cat-
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alyst resulted in the formation of polymer8a and 73b, solubility and reactivity of the sterically crowded trimetal-

in which 83 and 81% of the silane groups were functional- lic monomer {4), the amount of this monomer incorporated
ized with the azobenzene mesogens. Differential scanninginto the copolymers could not be controllg&8B].
calorimetry and polarized optical microscopy both indicated  Functionalization of poly(ferrocenylsilanes) has recently
that polymers73a and 73b possessed liquid crystalline led to the production of water-soluble cationic and an-
properties. These polymers exhibited nematic phases fromionic polyelectrolyte§84—86,89-93] The approach taken
about 35 and 53C, respectively, to ca. 25, at which by Manners and coworkerf84—86,89,90]involved the
point decomposition occurrg87]. guaternization of amine groups to produce cationic poly-
Thermal ROP of a trimetallic [1]ferrocenophane has also mers, or substitution of amines with sulfonate groups to
been studied, however, a mixture of soluble cyclic and linear yield anionic poly(ferrocenylsilaneshcheme 2&hows the
polymers were isolate{B8]. While thermal ROP of74 at synthesis of water-soluble cationi80) and anionic §2)
200°C yielded soluble oligomers, polymerization at 28D poly(ferrocenylsilane) polyelectrolytes utilizing this strat-
produced an insoluble polymeric materi@b) as shown in egy [86]. Polymers79 and 81 with the acetylide groups
Scheme 19Monomer74 was resistant to polymerization us- in their structures could also be reduced with hydrazine to
ing a number of transition metal catalysts. Copolymerization yield unsaturated carbon chains attached to silicon.
of the trimetallic monomei74 with the dimethylsilaferro- Vancso and coworkerf91-93] have recently reported
cenophane monomeB8Y) at 150°C for 36 h resulted in sol-  the synthesis and self-assembly of anionic and cationic
uble polymers 76) with relatively high molecular weights  poly(ferrocenylsilanes). The ionic interactions in poly-
and monomodal distributions. However, due to the lower electrolytes allow these materials to self-assemble into
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supramolecular multilayer films. The anionic polyngs, and transition metal initiation®94—103] Recently, it was
shown inScheme 2lwas very soluble in water above pH reported that certain cationic rhodium(l) complexes are
6, and concentrations greater than 100 mgimdould be highly active catalysts in the ROP of [1]silaferroceno-
achieved91]. Solutions of this polymer exhibited polyelec- phanes[108]. However, while high molecular weight
trolyte effects as determined by viscometry measurements.(M, = 10°) polymers were isolated, these materials ex-
GPC of polymer83 in THF showed that it had a degree perienced decreasing molecular weights when they re-
of polymerization of about 80 with a polydispersity of 1.9. mained in solutions containing the catalysts. Polyr@ér
GPC measurements 86 in water showed only one peak, is an example of a pentablock copolymer incorporating
although a measurement of this polymer’s molecular weight polystyrene (PS), poly(ferrocenyldimethylsilane) (PFS) and
was not obtained. The cationic polymer, poly(ferrocenyl(3- poly(dimethylsiloxane) (PDMS) blocks in its structygst].
ammoniumpropyl)methylsilane), was utilized to prepare This polymer, prepared via living anionic polymerization,
organoiron multilayer films with85 by electrostatically  had three glass transition temperatures—dR27, 32 and
depositing the polyions onto various substrdfs. 103°C for the PDMS, PFS and PS blocks, respectively.
Copolymerization reactions of [1]ferrocenophanes has Water-soluble block copolymers have also been syn-
resulted in the production of polymers with interesting thesized by incorporating poly(ethylene oxide) segments
properties and morphologig84—110] One of the aims of  in between organoiron blocks in the polymer backbone
these studies has been to incorporate segments with differ{109,110] This class of polymer formed micelles in water
ent solubilities into polymers, which allows for their self- solutions in which the ferrocenylsilane blocks made up the
assembly into different structures. Poly(dimethylsiloxane) hydrophobic core and the periphery consisted of the hy-
and poly(ferrocenylsilane) have been incorporated into drophilic poly(ethylene oxide) portion&cheme 2Xhows
a number of copolymers prepared by thermal, anionic the synthesis of a water-soluble block copolymer prepared
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by anionic polymerizatior{110]. Following formation of
88, potassium hydride was utilized to initiate the living
oxyanionic polymerization of 2N,N-dimethylamino)ethyl
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duce high molecular weight polymer82) (My, = 10°), us-
ing milder reaction conditions than required for their silicon
analogs[112]. For example, poly(ferrocenyldimethylger-

methacrylate. Eleven organometallic units and fifty-five mane) was prepared by thermal ROP at temperatures as low

methacrylate units were incorporated into polyré@rPoly-

as 90°C, and polymer formation was observed within 5 min.

mer90 was added to water and stirred for 20 days, which re- Strained [1]germaferrocenophanes were moisture-sensitive

sulted in the formation of a colloid dispersion. A film of this

and decomposed to produce bis(ferrocenyl)germoxa@s (

material was analyzed by transmission electron microscopy as shown irScheme 23The copolymerization of [1]silafer-

and it was determined that cylindrical micelles formed.

rocenophanes with [1]germaferrocenophanes has also been

The synthesis and ROP of a number of [1]germaferro- achieved thermally and with transition metal catalysts

cenophanes has also been achiel/g2i111-115] These
ferrocenophanes9y) undergo facile thermal ROP to pro-

74

A

[72,113] Pannell and coworkergl15] have recently re-
ported that germanium-bridged polyferrocenes are insula-
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Scheme 19.
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tors with conductivities around 13* Q=1 cm™1, but that merization reactions were very rapid, yielding insoluble
they become conducting upon doping with iodine. The materials within a few minutes. In 1996, Manners and
conductivities of the germanium-bridged polymers ranged coworkerqd119] reported that ROP of tin-bridged ferroceno-
from 10°%to 104 @1 cm~L. An interesting example of a  phanes occurred thermally to produce high molecular weight
poly(ferrocenylgermane) with a ferrocenyl group as a sub- polymers, and that solutions of the ferrocenophanes at room
stituent on germanium was produced by thermal ROP of temperature produced low molecular weight polymers. Fur-
the corresponding ferrocenophane, WeCsHa),FcPhGe ther investigation into this reaction revealed that polymeriza-
[116]. Polymerization in toluene or in the melt resulted in tion of [1]stannaferrocenophanes occurs in the presence of
the isolation of polymers with weight average molecular trace amounts of nucleophilic spec{@20-122] The addi-
weights of 11,000 and 26,000, respectively. tion of nucleophilic reagents to ferrocenophanes containing
In 1970s, Carraher et dl117,118]reported the synthesis  silicon and germanium bridges was also explored. The tin
of silicon-, germanium- and tin-containing polyesters of and germanium monomers displayed good reactivity, while
ferrocene. These organoiron polymers with tin-containing the silicon-bridged ferrocenophanes were much more re-
backbones were prepared by reaction of organotin dihalidessistant to polymerization under these conditi¢ti®l]. The
with disodium ferrocene dicarboxylaf¢18]. These poly- mechanism of the nucleophilically assisted ROP of [1]stan-
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naferrocenophanes has recently been propdseideme 2} ferrocenylenediboronate with 3;8iaminobenzidine. The
[122]. It was also discovered that cationic ROP occurred resulting polymer was soluble in polar organic solvents and
in the presence of electrophilic initiatofs22]. Pannell and  sulfuric acid. The synthesis of polymers with boron bridges
coworkers[123] have reported that thermal ROP of tin- in their backbones has also been achieved by thermal ROP
bridged ferrocenophanes occurs in the solid state to produceof highly strained [1]ferrocenophanfk5,126] Scheme 25
polymers that are soluble prior to precipitation into hexane. shows the ring opening of monome@9a—99c, which

The incorporation of boron into a main chain ferrocene- occurred between 170 and 220 to produce polymers
based polymer was reported by Marvel and coworkers 100a—100c. Polymers100a and100c were insoluble, while
in 1962 [124]. This polymer was prepared by reaction the soluble polymed00b was determined to consist of a

of 1,1-ferrocenylenediboronic acid or tetrebutyl 1,1- mixture of low molecular weight linear and cyclic oligomers
[126]. Polyferrocenes containing boron bridges in their
R backbones have also been isolated by ROP of [1]ferroceno-
@ée phanes using boron halides as initiatdr27]. The resulting
@ R | materials contain Lewis acidic boron centers in their back-
Ge/ 4 L }Le R bones. Ferrocenylboranes could also be used as capping

Fz@/ Ny (B reagents in the polymerization of poly(ferrocenylsilanes),

resulting in the boron-functionalized segment as the poly-
mer end-groupg127].

91 R=Me,Et 2 Another class of boron-containing polyferrocene (shown
in Scheme 2pwas prepared by the reaction of the Lewis
acidic complex 101 with bipyridine (@02) [128]. This
coordination-type polymer1Q3) was isolated as a crys-
talline solid that was insoluble in non-coordinating solvents.

n

*f 1} The polymerization reaction could be reversed by addition
Q ?C—O—(l}e@ of an excess of picoline, which resulted in the formation of
R R [ the picoline adduct 0101. Polymer103 was stable in the
Fe Fe solid state up to 240C, however, decomposition occurred

@ @ at about 85C in toluene.

Interesting examples involving the synthesis of gallium-
23 bridged ferrocene-based polymers were recently reported
Scheme 23. by Jutzi et al[129,130] Scheme 2&hows the reaction of
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1,7-bis(trichlorostannyl)ferrocenel@4) with an excess of
trimethylgallium (L05). This reaction resulted in the forma-
tion of a polymer 106) consisting of ferrocenediyl groups
with bridging dimethylgallyl units. The structure of polymer
106 was elucidated from its crystal structure. When the poly-
meric 1,1-bis(dimethylgallyl)ferrocene 106) was reacted

I\I/[e
o
e, (5
B

102

-
w00 — Ol

with a stoichiometric amount of phenazirY) in toluene,

the coordination polymet08 was produced130]. Crystal-
lographic analysis 0108 revealed that each polymer chain
was surrounded by four other chains. Ferrocenyl units sur-
rounded the phenazine units in the polymer backbone such
that r-stacking interactions between phenazine rings were
not possible.

In 1992, Brandt and Rauchfusgl31] reported the
desulfurization-induced ROP of [3]trithiaferrocenes. Reac-
tion of [3]trithiaferrocenes with 0.9 to 1 equivalent of PBu
produced insoluble polymers when the ferrocenyl rings
were unsubstituted and high molecular weight soluble poly-
mers when one or both of the cyclopentadienyl rings were
functionalized with butyl group$131-133] A copolymer
prepared by reaction of FefB4).Sz with Fe(GHg)(n-
Bu-GsH3)S3 had a weight average molecular weight of
25,000[131]. Scheme 2&hows the polymerization df09
to produce the corresponding poly(ferrocenylene persul-
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pendent on the polarities of the solvents ugE’P]. While
insoluble polymers were isolated when the polymerizations
Me, of the trithiaferrocenophanes were conducted in THF or
@/ Snchs GaMe; @ \@) DMF, and low molecular weight polymers resulted from
_ 105 Ga reaction in dichloromethane, a mixed solvent system of
i Me, 1© dichloromethane and THF resulted in soluble high molecular
/@) G“@ weight polymerg133]. For example, thél,, of 110 (R=H,
ClsSn i 106 R =n-Bu) was 40,000 when the reaction was performed
in CH,Cly, 144,000 in 50:50 CbLCl,:THF and 350,000 in
1.5:98.5 CHCI,:THF [133]. Electrochemical oxidation of

N

@@j@ the soluble polymers showed that these polymers undergo
N
107

1 rates of the polymerization reactions were found to be de-
\ n

two distinct reversible oxidation steps separated by about
300 mV, indicating that there is electronic communication
between the iron centers. Deselenization of a triselenide
g{fl monomer in THF yielded a soluble poly(ferrocenylene
@/ \NON perselenide) with aim,, of 15,300[133].

Le “Ga Low molecular weight ferrocene-based materials with
@ Me, disulfide bridges have been synthesized by Herberhold et al.
[134] via the AIBN-initiated radical oligomerization of

1,2-ferrocenedithiol. Main-chain polyferrocenes have also
been synthesized by polyaddition and polycondensation
reactions of 1,ferrocenedithiol $6) with various difunc-
tionalized organic monomefd35]. Scheme 2%hows the
fides) (L10). It can be seen that reduction 0 with two reaction of56 with 1,4-butandiyl dimethacrylatel{2) and
equivalents of LiBHES resulted in cleavage of the disul- succinyl dichloride {14) to produce polymer&13 and115,

fide linkages in the polymer and generated comlas. respectively. These polymer$l3 and115) had weight av-
Reaction of complexi11l with iodomethane allowed for  erage molecular weights of 12,600 (PBB.4) and 10,000
the formation of R,Rfc(SMe) [131,132] Polymer 110 (PDI=5.0). Monomer56 was also utilized to initiate the

108

Scheme 27.

was regenerated by oxidation of compl&kl with iodine. ROP of propylene sulfide, which resulted in the isolation of
Reaction of111 with sulfur or selenium resulted in the a copolymer with one ferrocene unit in the backb@it5].
formation of a trisulfide 109) and a triselenide ferrocene ROP of [1]thia- and [1]selena-ferrocenophanes has also

complex, respectivel{l31,132] The ROP of a chiral trithi- been reported by Manners and coworkif36] using ther-
aferrocenophane (R'Rt-Bu) was also studied and the mal and anionic initiations. While insoluble poly(ferrocenyl
sulfide) and poly(ferrocenyl selenide) were isolated, a low
- - molecular weight soluble poly(ferrocenyl sulfide) was ob-
R S tained when the cyclopentadienyl rings in this polymer were
\G@/ g functionalized with a methyl group. Cyclic voltammetry
| showed two reversible oxidation waves-a0.07 andt- 0.24
ke V, which indicated that there was strong electronic com-

PBu, /@ munication between the iron centers in these polymers
R -] [136]. [2]Ferrocenophanes with carbon—sulfur, —silicon and
@\ L R" _In —phosphorus bridges have also been polymeii¥ad,138]
S 110 The ferrocenophane containing a C—Si bridge was resistant
to thermal, anionic and transition metal-catalyzed ROP,
LiBHEt; while the phosphorus- and sulfur-containing polymers un-

derwent thermal ROH138]. The [2]carbathioferroceno-
phane 116) could also be polymerized in the presence of

R’ @»S the cationic initiators methyl triflate and boron trifluoride
R=R'=H, | etherate, however it was resistant to anionic and transition
R=H,R' =n-Bu Fe metal-catalyzed ROPL37,138] When polymerization re-
R=R'=#Bu actions were initiated with methyl triflate, oxidation of the

109 s{x iron centers resulted. Mechanistic studies showed that the
R probable initiators for the cationic polymerization reactions
m were Me" and H" for methyl triflate and boron trifluoride,

Scheme 28. respectively{138]. Scheme 3@hows a possible mechanism
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for the cationic ROP ofl16 using methyl triflate 117) to thylenes)[139,140] When the cyclopentadienyl rings were
produce the insoluble polymekr19. Copolymerization of  substituted with methyl groups, ROP at 3@ yielded a
116 with trimethylene sulfide allowed for the isolation of a soluble polymer with a bimodal molecular weight distri-
high molecular weight soluble random copolynj&88]. bution with number average molecular weights of 86,000
Thermal ROP of [2]ferrocenophanes containing ethylene and 3500, respectively. Cyclic voltammetry of this poly-
bridges has resulted in the production of poly(ferrocenyle- mer showed two reversible oxidation waves-#2.25 and
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—0.16 V [140]. Thermogravimetric analysis yielded ferro- cenophanes. Conjugated and non-conjugated polymers were
magnetic iron carbide ceramics at 6@ Oxidation of this both insoluble, and upon doping had electrical conductivi-
poly(ferrocenylethylene) with tetracyanoethylene (TCNE) ties of 10°° and 104 Q1 cm~1, respectively. The incor-
produced soluble and insoluble fractions. Magnetic suscep-poration of a vinyl ether group in the polymer backbone en-
tibility measurements showed that there were significant an- hanced the polymer’s solubility. Copolymerization reactions
tiferromagnetic interactions in the soluble fraction of the with sec-butylcyclooctatetraene produced soluble organo-
polymer[140]. iron polymers[142]. Lee and coworkerg143] reported
Ring-opening metathesis polymerization (ROMP) of a that soluble conjugated polymers with molecular weights
vinyl-bridged [2]ferrocenophane has been reported by Bu- greater than 300,000 were isolated wheri-butyl groups
retea and Tilley[141]. Scheme 31shows the ROMP of  were attached to a vinyl group in the polymer backbone.
monomerl20 using a molybdenum catalyst to produce an  The synthesis of face-to-face polyferrocenes has been de-
insoluble poly(ferrocenylenevinylenellq1). This conju- scribed by Rosenblum and cowork§tg4—-148]by reaction
gated polymer was doped with iodine and had an electrical of 1,1-disubstituted ferrocene complexes with naphthalene
conductivity of 1x 1073 Q=1 cm~L. Block copolymers  derivatives or by reaction of cyclopentadienyl-substituted
were produced by initiating the polymerization of nor- naphthalene derivatives with ferrous chloride. High molec-
bornene and then adding monom#&20. The resulting ular weight soluble ferrocene-based polymet&3j were
copolymers were partially soluble in organic solvents and obtained by the reaction of monomed®?) with base and
hadM,, andM;, values of 21,000 and 11,000, respectively. then by addition of a Fe(ll) saltScheme 3p[146-148]
Cyclic voltammograms of the copolymer showed the pres- The solubilities of these polymers were increased by incor-
ence of two reversible oxidation waves separated by 250 porating substituents on the cyclopentadienyl rings. For ex-
mV [141]. The ring-opening metathesis polymerization of ample, the non-alkylated polymer had a molecular weight of
[4]ferrocenophanes has also been achiejt?,143] In about 2500, when R H, R' = 2-octyl, the polymer’s molec-
1995, Grubbs and coworkef&42] utilized tungsten- and  ular weight was 18,400, and when R andwre 2-octyl, a
ruthenium-based catalysts to polymerize a number of ferro- molecular weight of 139,000 was obtaingdl6]. The elec-
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The synthesis of conjugated polyferrocenes has been
octyl, was less than 132 S cn1, and upon doping with  the focus of numerous investigations, however, these poly-
iodine, it increased to 6.X 10~2 S cntL. The incorpora- mers are often insoluble and have low molecular weights
tion of aryl groups onto the cyclopentadienyl rings increased [153-159] One of the methods utilized to prepare this class
the solubilities and molecular weights of these polymers of polymer involves the reaction of ethynyl monomers with
[148]. Oligomeric ferrocene-based materials prepared by re- halogen-substituted monomdfs4-158] Ferrocene-based
action of dicyclopentadienyl-containing monomers with fer- oligomers containing dithiafulvene moieties in the backbone
rous chloride have also been reported by Neuenschwandehave been prepared by the cycloaddition polymerization of
and coworker$149]. 1,Y-bis(trimethylsilylethynyl)ferrocene with aldothioketone
Southard and Curtig150-152] have utilized a simi- [156]. The resulting low molecular weight conjugated poly-
lar methodology to prepare conjugated ferrocene-basedmer formed a soluble charge-transfer complex with TCNQ,
polymers Gcheme 3B The formation of conjugated poly- and upon doping with iodine had an electrical conductivity
metallocenes was accomplished by reaction of an isomericof 3.6x 103 S cnrl. The synthesis of polymers con-
mixture of dilithio bis(3-hexyl-4-methylcyclopentadienide) taining ferrocene and platinum units in the backbone was
arylenes with ferrous iodidg50,151] The weight average  reported by Long et al.§cheme 3%[156]. Reaction of the
molecular weights of these polymers were between 42,000biferrocene monomet27 with the trans-dichloroplatinum
and 52,600, with PDI values between 10.5 and 14.6. The complex (28) allowed for the production of a polymer
electrical conductivities of these polymers ranged from with a broad molecular weight distribution and &ty of
102%t0 107 S cnt! upon dopingScheme 33hows the  11,800. The molecular weight of this mixed-metal polymer
reaction of bis(tetramethylcyclopentadienyl)arend24) was limited by its poor solubility during the polymerization
with anhydrous ferrous iodide or chloride to produce insol- reaction[156].
uble polymers 125) [152]. These polymers were oxidized The palladium-catalyzed coupling of 1-diiodoferrocene
with tetracyanoethylene or iodine in dichloromethane to (130) with diethynyl monomersi@la-131d) has been used
afford soluble ferrocenium-based material2q). Magnetic by Yamamoto et a[157,158]to synthesize conjugated poly-
susceptibility measurements of the oxidized polymers were ferrocenes 132a-132d) (Scheme 3p Polymers132a and
consistent with antiferromagnetic coupling or ferromagnetic 132b exhibited very limited solubilities in organic solvents,
interactiong152]. although132b was soluble in formic acid. The introduc-

trical conductivity of polymer123, when R=H, R =2-
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tion of alkyl groups into the monomers resulted in the iso- the incorporation of a tertiary amine on the ferrocene ring
lation of soluble polymerd32c and132d. Light scattering increased their solubilities such that an oligomer with nine
analysis of the chloroform-soluble fractions &82b and iron centers in its backbone could be identifi&dheme 36
132d provided M,, values of 21,000 and 34,000, respec- shows the palladium-catalyzed polycondensations of 1,1
tively. However, GPC analysis of these polymers indicated bis(p-bromophenyl)ferrocene 183) with oligophenylene
that their weight average molecular weights were 5700 and diboronic acid derivatives1@4) [160]. These reactions re-
5800[158]. The oxidation of polymeré32a and132b was sulted in the production of polymerd35) with degrees
studied with iodine, and the Mdssbauer spectrum of poly- of polymerization as high as 62. Increasing the length of
mer 132a indicated the presence of Fe(ll) and Fe(lll) cen- the phenylene spacers in the polymer backbones resulted in
ters, while the spectrum dif32b showed that ferrocenium  polymers whose soluble portions possessed lower molecu-
complexes were not formed, since only Fe(ll) signals were lar weights. While both the polymers with=0 remained
observed. Undoped polymers had electrical conductivities in solution during the polymerization reactions, whea 1,
around 1012 S cnm1, while doping with iodine or sodium  only the dodecyl-substituted polymer remained in solution,
led to conductivities ranging from 1@ to 10° S cnt L. and wherx= 2, both the hexyl- and dodecyl-functionalized
Deck et al.[159] have reported the synthesis of conju- polymers precipitated from solution.
gated ferrocene-based polymers with fluorinated arene spac- Plenio et al.[161,162] have reported the synthesis of
ers by reaction of dilithioferrocenes with hexafluoroben- conjugated homoannular polyferrocenel87a—137c) by
zene. These polymers exhibited low solubilities; however, the Sonogashira coupling of the ferrocene monomers

]l:e + ——Ar—— Ar
N
130 a b
Ci2Has CeH3
, 7\
(iPr),NH S
Pd(0), Cul
Ci2Has
c d

132a-d

Scheme 35.
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136a—136¢ as shown irScheme 37The synthesis of a chi-  137b and 137c [162]. GPC-LALLS analysis of polymer

ral iodoferroceneacetylene monoma8ga) followed by its 137b indicated a bimodal distribution witiv,, values

polymerization produced a soluble polymdi37a) [161]. of 3700 and 7100. Analysis af37c provided anM,, of

This polymer (37a) was optically active with¢] = —198.0 61,000; however, this molecular weight may have been

per ferrocene unit. Analysis of monom&36a, low molec- overestimated due to aggregation of polymer chains.

ular weight oligomers and polymdB7a by UV-Vis spec- The first ferrocene-based polyesters and polyamides were

troscopy showed that there was a linear relationship betweensynthesized by Knobloch and Rauscher in 19663].

the Amax values of the d—d transitions and the number of fer- Rausch and coworkerfl64—168] reported the synthesis

rocene units in these materials, which is consistent with its and polymerization of a number of new classes of fer-

conjugated backbone. In addition, cyclic voltammetry of the rocene derivatives in the 1980s. Polyamides, polyesters,

polymer showed two redox waves, which suggested that thepolyureas and polyurethanes were synthesized in these

iron centers were interacti@61]. Diastereomeric mixtures  studies and the properties of these materials were examined.

of monomersl36b and136c¢c were also polymerized to yield  The properties of this class of polymer are still receiving

the soluble amine-substituted poly(ferrocenylacetylides) considerable attention, even though high molecular weights
are not always obtained. It has been reported that the fire
retardant properties of polyurethanes can be enhanced by

R R incorporating ferrocenyl groups in the polymer backbone
| é — Pd — [169]. The electrochemical properties of polyurethanes with
Cul n polyether spacers in the backbone have also been described
'Fe 'Fe [170]. The electrical conductivity and thermal stability of
Cb Cb ferrocene-based polyesters has been examined by Abd-Alla
Q Q et al. Scheme 3B[171]. It was reported that the interfa-

cial polymerization ofL38a and 138b with 139 resulted in

130 137ae the isolation of140a and 140b. Increasing the number of
 CHoMe —CHNMe, CH2 groups in the po'lymer backbone incr'eas'ed the solu-
a N bilities of these materials. The polymers with iodo groups
I\ on the cyclopentadienyl ring440b) were less soluble than
0 o 140a, however the iodine-substituted polymers exhibited
E j higher thermal stability. X-ray diffraction studies showed
,N\_/O that these were mostly amorphous polymers; however, there
—HLC were crystalline domains in each. The electrical conduc-
- tivities of these polymers increased at higher temperatures

Scheme 37. [171]-
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In 1964, Plummer and Marv§l72] reported the synthe-

sis of a polybenzimidazole-containing ferrocene moieties in NN
the backbone. This polymer had an inherent viscosity of 0.20 @/ZLN HN)K@
in 0.2% formic acid. A polybenzimidazole-containing ferro- H I
cenyl units in its backboneld5) was recently synthesized Le Fe

by the 1:2 polycondensation of 1sferrocenedimethanol 144 &)

(141) with 3,3,4,4-biphenyltetraamine1d?) in the pres- HO\@ <>\/0H
ence of [RuCGl(PPh)3] [173]. Scheme 3%hows the mech-
anism proposed by Osakada, Yamamoto and coworkers for
polymer formation. GPC analysis of polym&45 provided

a weight average molecular weight of 45,000 and a num-

ber average molecular weight of 21,000. Méssbauer spec-
troscopy showed that ca. 20% of the iron centers were in NN
the Fe(lll) state due to their oxidation by the catalyst dur- @AN HN)K@
ing the polymerization reaction. Electrochemistry of poly- H
mer 145 showed that irreversible oxidation of the iron cen- Le
ters occurred due to deprotonation of the nitrogen atoms in (5 &)
the polymer backbonf73]. OV() 145
The properties of main-chain ferrocene-based poly-
mers prepared by polycondensation reactions range

-H,O

from nonlinear optical activityf174—-176]to liquid crys- Scheme 39.
tallinity [177-181] Ferrocene-containing liquid crystalline
polyesters were first reported in 1989 by Singh ef®Bd7]. the longest aliphatic spacers in their backbones, possessed

The strategy used to synthesize liquid crystalline polymers nematic schlieren textures, while polymé#8a—148c, with
generally involves the incorporation of flexible and rigid shorter aliphatic spacers, had grainy textures. The duration
spacers into the polymer backbofi&8-181] Senthil and of the liquid crystalline domains decreased as the number of
Kannan [179,180] have recently reported the synthesis methylene spacers in the polymer backbone incret4.

of liquid crystalline ferrocene-based polymers containing

phosphate groups in their backbones. These phosphorus3.2. Bis(cyclopentadienyliron) in the side chain

containing polymers had high char yiel@&heme 4@hows

the synthesis of polyestetg8a—148e by the polycondensa- Poly(vinyl ferrocene) and its copolymers with methyl-
tion of the ferrocene-containing complexea—146e with methacrylate, styrene and chloroprene were first reported
hydroquinone 147) [181]. Examination of these polymers in 1955 by Arimoto and Havefil2]. In the 1970s, Pittman
under a polarizing microscope showed that they all exhib- and coworker§182—-187]and George and Hay§$88,189]

ited anisotropic properties. Polymet48d and 148e, with described the homo- and co-polymerization of vinyl fer-
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rocene in detail and reported the rate laws for these re-possessing narrow polydispersities were available using this
actions. For example, the rate law for the radical-initiated living-radical initiator, andM,, values between 10,900 and
homopolymerization of vinylferrocene did not follow the 17,600 were obtained. Differential scanning calorimetry
classic one-half order in initiator concentration that most showed that there were two glass transition temperatures
organic systems follow187-189] Pittman reported the in these materials between 109 and 1€3and between
homo- and co-polymerization of vinylferrocene with a large 163 and 167C, corresponding to the polystyrene and
number of organic monomers and found that the molecular poly(vinylferrocene) blocks, respectivel¥92].

weight of poly(vinylferrocene) does not increase with a de-
crease in initiator concentratigh82—186] High molecular
weight poly(vinylferrocenes) were produced by adding the
radical initiator azobisisobutyronitrile (AIBN) at different
stages of the polymerization reactiofi85]. In addition,
when the reaction temperature was lowered from 80 to
60°C, higher molecular weight materials were isolated. It
was determined that the high molecular weight portions of
these materials were branched. The electrical conductivities
of poly(vinylferrocene) and poly(3-vinylbisfulvalenediiron)
were also examinefil90,191] Upon oxidation of poly(3-
vinylbisfulvalenediiron) with TCNQ, the conductivity of
this polymer increased to betweenk@d 03 and 9x 103
Qtem1[191]

The homo- and co-polymerization of vinylferrocene
(149) using the radical initiator 2,2,6,6-tetramethyl-1-
pyperidinyl-1-oxy (TEMPO) has recently been reported
by Frey and coworkersScheme 4} [192]. Homopoly-
merization reactions afforded relatively low molecular
weight poly(vinylferrocene) 150), while copolymerization
of vinylferrocene with styrene2j or TEMPO-terminated
polystyrene {51) afforded random or block copolymers
(152), respectively. Random copolymers incorporating 42
mol% of vinylferrocene were isolated with number average
molecular weights as high as 10,000. Block copolymers

TEMPO-AIBN |
120 °C g

150

or 1) TEMPO-terminated
polystyrene, 151

§
:
2

n m
Fe
@
152
Scheme 41.
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Copolymerization of small quantities of vinylferrocene 0
with N-ethyl- or N,N-diethyl-acrylamide resulted in high @/\O)‘\y/
molecular weight thermosensitive polym¢i®3]. Increas- R
ing the amount of poly(vinylferrocene) in these materials Fe
decreased their lower critical solution temperatures (LCST), Q
while chemical oxidation of the iron centers with cerium sul-

fate resulted in increased LCST values. An interesting exam- 1s3 R=H.CHs
ple involving grafting a copolymer of poly(vinylferrocene)
onto the surface of carbon fiber was recently described by R

Tsubokawa et al[193]. Reaction of the copolymers in the AN ch/O\”/K
presence of aluminum chloride, aluminum powder and car- ’

bon fiber resulted in 46.1% of the polymer being grafted 156
to the carbon surface. These reactions involved a ligand ex-

change reaction between the terminal cyclopentadienyl ring R R
of the poly(vinylferrocene) with the polycondensed aro- W

matic rings of the carbon fibgt 94]. Rausch and coworkers oo o° o
[195] reported that the reaction of ferrocene with acetone @) CH;
in the presence of aluminum chloride produced oligomeric
poly(isopropenylferrocene). The structure of this polymer Le

was consistent with poly(isopropenylferrocene) prepared @
by cationic initiation of the vinyl monomer isopropenyl-
ferrocene[196]. However, the cationic-initiated polymer-
ization of «-hydroxyisopropylferrocene produced poly
(a-hydroxyisopropylferrocene) in which the cyclopenta-
dienyl rings were homo- and hetero-annularly substituted
[195]. In the IR spectrum of this polymer, there was no ev-
idence of an absorbance corresponding to hydroxyl groups.
Pittman et al[197—-201]were also researching the poly-
merization of ferrocene-substituted acrylates and methacry- R
lates. The incorporation of ferrocene moieties into these f
classes of polymers resulted in materials with much higher
glass transition temperatures than their organic analogs
[197]. For example, radical polymerization of ferrocenyl-
methyl acrylate 153, R=H) allowed for the isolation of
polymer 154, which had aTy about 200C higher than Fe
that of polymethylacrylatg197]. Oxidation of 154 with
dichlorodicyanoquinone (DDQ) oo-chloroanil led to the

157

R

R
n
AIBN

o 0

@
&

154
DDQ

@ pew

@90

@ 155

Scheme 42.

AIBN ;
|
F

R
production of charge-transfer complexesg) [197,198] 1sg R =H.CHs

Moéssbauer spectroscopy showed that ca. 50% of the iron 159
centers were in the oxidized ferrocenium state. The reac- 0

tivity ratios of the copolymerization of ferrocenylmethyl M

acrylate and ferrocenylmethyl methacrylate with styrene, amN | N . H

methyl acrylate, methyl methacrylate and vinyl acetate have Pi60

also been determindd99] (seeScheme 4p
The homo- and co-polymerizations of 2-ferrocenylethyl

acrylate and methacrylatel§8, R=0) were also re- W
ported by Pittman's group in the 197(0200,201] It "

was found that both 2-ferrocenylethyl acrylate and 2-
ferrocenylethyl methacrylate were more reactive than
ferrocenylmethyl acrylate163). The polymerizations of
2-ferrocenylethyl methacrylate, acrylate, methacrylamide
and acrylamide X58) were recently reported to produce
high molecular weight polymers1%9) using AIBN as
the initiator Scheme 4B [202]. Copolymerization of 2- Q
ferrocenylethylacrylamidel68, R'=NH, R=H) with iso-

propylacrylamide 160) resulted in a water-soluble polymer

161
Scheme 43.

27
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The syntheses of liquid crystalline polymers with fer-
f 0.05 095 rocene units in the side chain have also been examined
| 0" 0 0 0 [204—-209] Deschenaux et al[204,205] have reported
Fe - 16 @) the synthesis of organoiron-containing thermotropic side
d) AIBN I chain liquid crystalline polymethacrylates and polysilox-
Y o anes. Zentel and coworkef806,207] have described the
Ne -y synthesis of polymers with azoxybenzene groups in the
( NC\ 0 backbone and ferrocenyl groups in the side chain by poly-
0 condensation reactions. These polymers exhibited smectic
( 164 A phases with low ferrocene incorporation; however, above
25 mol%, nematic phases were obserj2d7]. The lig-
uid crystalline properties of polyacrylate ionomers with
ferrocene-containing side chains have also been described
(161) in which then:m ratios were 1:200, 1:100 and 1:50. [208,209] Scheme 45hows the free radical polymerization
These thermally sensitive polymers had LCST values of of monomerl65 with 166a and166b, which resulted in the
28.6, 27.2 and 26.TC, respectively, as the ratios of organo- production of polymersl67a and 167b. These polymers
iron to organic units in the polymer side chains increased had M, values ranging from 15,500 to 43,800, depending
[202]. on the reaction conditions employ¢208]. Polymer167a
The synthesis of organoiron polymethacrylates with exhibited nematic and isotropic phases, while polymer
nonlinear optical properties has been described by Wright 167b exhibited smectic A, nematic and isotropic phases.
et al. [203]. Scheme 44shows the copolymerization of  Oxidation of the ferrocenyl groups was achieved in the pres-
the ferrocenyl-functionalized monomet6@) with methyl- ence of copper(ll) perchlorate or benzoquinone to produce
methacrylate 163) resulting in the production of polymer ionomers such a&68a and168b. Following oxidation, the
164 with ferrocenyl groups in the side chain. The efficiency perchlorate ionomer was unstable above XD0whereas
of the second-harmonic-generation activity exhibited by the the sulfate ionomer exhibited higher thermal stability. Poly-
copolymer was ca. four times greater than that of a quartz mers168a and 168b formed clusters and segregated from
standard. the liquid crystalline phase. The incorporation of four alkyl

L
@/VO\"/\ O\/\/\/\O 0
| ° OYQ
+
e /©/ 0]
R
Kb) 166a; R = CN

166b; R = OCH;

3
A

Scheme 44.

AIBN

Cu(ClOy),
m n
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m n
Oogoo o0 5o
Fe ®
o

Scheme 45.
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substituents on the cyclopentadienyl rings increased the sta-
bility of the ferrocenium-based polymers relative 168a
and168b [209].

The ring-opening metathesis polymerization of nor-
bornene monomers functionalized with ferrocenyl groups
and the use of metathesis catalysts substituted with fer-
rocene moieties has allowed for the production of polynor-
bornenes functionalized with organoiron groyp30,211] /b
Termination of the polymerization reactions by addition of (¢)
octamethylferrocenecarboxaldehyde also allowed for the
incorporation of redox active sites within the polymers.
Block copolymers of polynorbornene have also been re-
ported by Nguyen, Mirkin and coworkef212]. Monomer
169 was prepared by reaction of 3 nm gold particles with
1-dodecanethiol and 1-mercapto-¥e-5-norbornen-2-
oxy)decane in a 3:1 ratio. Reaction of the norbornene
groups on the gold nanoparticles with the ruthenium car-
bene catalyst, GRu(PCy)>CHPh, followed by consecutive
additions of 20 equivalents df70 and 171 resulted in the

isolation of the block copolymet72 shown inScheme 46 ) Q %b OJb
) n 0 3) m
o @F/T
&

169

1) 1 equivalent of Cl,Ru(PCy3),CHPh

TEM analysis of homopolymers prepared using a similar
strategy showed that the hybrid particles were still about 3 I
nm in diamete212].

The radical and cationic cyclopolymerization of 3-
phenyl[5]ferrocenophane-1,5-dimethyler’§) was stud- 170
ied by Glatzhofer and coworkersS¢heme 4y [213].
Cationic initiators yielded oligomeric species, while AIBN-
initiated polymerizations resulted M, values as high as Ph
20,800 and polydispersities of about 4. The resulting poly- Wm
mer (174) had a [3]ferrocenophane pendent to the polymer
backbone. Copolymerization @73 with styrene produced a S Y 0
low molecular weight copolyme{5) in which there were Oi@ o

Fe

G
G

ca. twice as many styrene units as organoiron units. Cyclic

voltammetry of polymerl74 showed the presence of two

redox waves at-0.13 and+ 0.05 V, indicating that there -
may be electronic communication between the iron centers.

However, copolymef 75 showed only one reversible redox Q
wave at—0.10 V. The electrical conductivities of polymers

174 and175 were between 1@ and 108 S cnt . Doping

of 174 and 175 with iodine under argon resulted in an in- \/\/\/\/\/\/\

crease in their conductivities to 5:310~° and 1.6x 10°° 172

S cntl, respectively. Under ambient conditions, the poly- Scheme 46.

mer films exhibited better strength and their doped analogs

had conductivities of 7.6 10~* and 9.5x 10™° S cnt'?, functionalities. The wavelength maxima for polynief7b
respectively. increased with increasing molecular weights; however, the

Polyacetylenes with pendent ferrocene groups have beemmax values of polymerl77a decreased as the degree of
prepared by living metathesis polymerization of acetylene- polymerization increasef®@15]. Buchmeiser and coworkers
substituted monomerf214-217] Scheme 48shows the [217] have also described the use of this class of polymer
polymerization of monomerd76a and 176b to produce in ion exchange chromatography. Living polyacetylene was
polymersl77aand177b using molybdenum-based catalysts grafted to a norbornene-functionalized silica support and the
[215]. NMR analysis indicated that the polymerization reac- iron centers were then oxidized with iodine to give the corre-
tions proceeded via head-to-tail propagation. Polyi7@b sponding ferrocenium complexes. These organoiron-grafted
was soluble up to a degree of polymerization of 60, and supports were utilized to separate oligodeoxythymidylic
an My, of about 19,000. The solubility of the azobenzene- acids using sodium chloride-acetonitrile as the mobile
containing polymer was lower, possibly due to inter- and phase. These anion exchange columns lost a great deal of
intra-molecular interactions of the diazene group with other their resolving power within 2—-3 days; however, utiliza-
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tion of an octamethylferrocene derivative allowed for good cally, and copolymers with pyrrole and thiophene were also
column resolution for 7-10 day217]. examined.Scheme 4%hows the copolymerization of the
The electrical conductivities of polypyrroles and poly- organoiron pyrrole monomerl?8) with pyrrole (179) to
thiophenes containing ferrocene moieties as pendent groupgroduce polymed80 [218]. The redox conductivity 0180
have been reported by Zotti et #18,219] These conju-  was determined to be 1:610°2 S cntl. The polymer-
gated organoiron polymers were synthesized electrochemi-ization of ferrocenyl-substituted thiophenes has also been

H H

N. N

\ J ) YanaYan
179

Z T

178 180

Scheme 49.
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examined. The in situ conductivity of a polythiophene con-  Polyphosphazenes containing ferrocene moieties as pen-
taining a side chain ferrocene group was measured to be 4Qdent groups have been the focus of numerous investigations
S cntl. As the lengths of the spacers between the ferrocene[226—232] Alicock et al.[226—230]reported the synthesis of
moieties and the polythiophene backbones increased, therea large number of interesting organoiron polymers by ROP
was a corresponding decrease in the redox conductivitiesof cyclic phosphazene monomers functionalized with fer-
of these materialf218,219] rocenyl substituents. The ferrocene moieties were attached
Neuse and coworke[220-225]have studied the use of to the phosphorus atoms in the polymer backbones via
ferrocene-containing polymers as drugs in cancer researcheither one or both of their cyclopentadienyl rings. Wisian-
It has been reported that water-soluble polymers containingNeilson and Ford231,232]prepared ferrocene-containing
ferrocene groups bonded to the polymer backbone via estempolyphosphazenes by reaction of a preformed polyphosp-
or amide linkages possess antiproliferative properties. Fer-hazene with ferrocene derivativeScheme 51shows the
rocenium salts can react with radical oxygen species, andreaction of poly(methylphenylphosphazen&$4) with 0.5
convert them into less harmful materials. The reaction of the equivalent ofn-BuLi, which caused deprotonation of the
organic polymer184) with the N-hydroxysuccinimide ester  methyl groups. The resulting anions were then reacted with
of 4-ferrocenylbutanoic acidl85) afforded a water-soluble  ferrocenecarboxaldehyd&88a) and acetylferrocenel88b)
polymer (186) that contained one ferrocene group in every to produce the corresponding ferrocene-functionalized poly-
repeat unit 5cheme 5p[222]. mers 189a and 189b. The presence of ferrocenyl groups
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pendent to the backbones of these polymers increasedcontaining monomers bearing terminal hydroxyl groups with

their glass transition temperaturd232]. For example, isocyanatesScheme 53hows the reaction of monom#93

when polymerl89b had 23% of its methyl groups substi- with hexamethylene diisocyanat&dd), resulting in the for-

tuted with the organoiron functionalities, iy was 65°C, mation of polymerl95 [237,238] Photochemical degrada-

and its Ty was 87°C when 36% of the side chains were tion of 195 with carbon tetrachloride resulted in cleavage

functionalized. of the iron—iron bonds and the production of the bimetallic
complex196 [238].

3.3. Cyclopentadienyliron carbonyls Cuadrado and coworkef241] have reported the synthe-

sis of low molecular weight polysiloxanes with iron—iron

The synthesis of polymers with cyclopentadienyliron bonds in their backbones by polycondensation reactions
dicarbonyl units in the side chains has been reported byof disilanols with a dinuclear iron-iron-bonded com-
Mapolie et al.[233,234] These polymers were prepared Pplex. Reaction of poly(methylchlorosiloxane}97) with
either by the radical polymerization of vinyl monomers sodium cyclopentadienide resulted in the formation of
or by polycondensation reactions of phenolic monomers. poly(cyclopentadienylmethylsiloxane). This polymer was
Radical-initiated homo- and co-polymerization reactions then reacted with iron pentacarbonyl to produce the corre-
of olefinic organoiron monomers with styrene yielded the sponding organoiron polymed$8) shown inScheme 54
corresponding organometallic polymef233]. More re- The poor solubility and good thermal stability #88 indi-
cently, reaction of the organoiron monomet9Q) with cated that cross-linking between polymer chains may have
terephthaloyl chloride 191) produced the low molecular ~ occurred[241].
weight oligomer192 [234]. The reaction yielded soluble
and insoluble fractions that had similar IR spectra. When
the polycondensation reactions were conducted for 2 or
24 h, similar molecular weights were obtained; however, Q Y
a larger fraction of insoluble material was isolated after HO OH Clj Q /<Cl
24 h. Polymer192 experienced an 8% weight loss start- 0 191
ing at 82°C, which corresponded to loss of the carbonyl
ligands on iron[234]. Hanks and coworker$235,236]
have reported the chemical and electrochemical oxidative __pe €O
polymerization of dicarbonyt{>-cyclopentadienyl){'- @ ~Co
pyrrolyl)iron(ll). The electrochemically generated polymers
did not conduct electricity, whereas chemical oxidation

190
of the monomer yielded polymers with electrical conduc- ¢Hs
tivities as high as 0.25 S cm. Refluxing the polypyr- O
role in solution resulted in loss of carbonyl ligands and o OW
0

the generation of an azaferrocene polyni@B6] (see
Scheme 5p

Tyler and coworker$237—240]have examined the syn-
thesis of polyurethanes containing iron—iron bonds in their __pe €O
backbones. Oligomeric urethanes and ether-urethanes con- @ ~co
taining photodegradable iron—iron bonds in their backbones
were synthesized by polycondensation reactions of iron- Scheme 52.

CH3

E;N, toluene

(0)

n

192
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3.4. Slolerings
The reaction of polymers containing silole rings in their
backbones with an excess of iron pentacarbonyl concurrent
1\|/Ie 1\|’[e with irradiation using a high-pressure mercury lamp pro-
Me;Si—0~+—Si—0 Si—O0~-SiMe; duqed polymers with Fe(C@Xxoordinated silole rings in
| | their backbonesScheme 5pb[242]. The molecular weights
Cl cl t of polymers such ag00 were found to be lower than their
197 organic analogs109) due to photolytic cleavage of the

1) sodium cyclopentadienide

2) Fe(CO)s, decane

Scheme 54.

silicon-silicon bonds. NMR analysis revealed that the ra-
tio of coordinated to non-coordinated silole rings was 2:1.
The UV spectra of the iron-coordinated polymers showed
that they were red-shifted relative t99. The electrical
conductivity of polymer199 was less than 1¢ S cntl,
while its organoiron analog200) had a conductivity of
3.3x10°° S cnt! upon doping with iodine or ferric
chloride.

3.5. Hyperbranched, cross-linked, star and dendritic
polymers

Galloway and Rauchfug243] reported that high molecu-
lar weight network poly(ferrocenylene persulfides) could be
synthesized by desulfurization-induced ROP of monomers
201a and201b (Scheme 5B While polymer202a was in-
soluble, the incorporation oftabutyl group onto one of the
cyclopentadienyl rings ir201b allowed for a soluble high
molecular weight network polyme2@2b). Following pu-
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rification, polymer202b had a weight average molecular analogs. The pyrolysis products were found to be magnetic
weight of about 3,000,000. and were composed of g®8i, FeO3 and Fe particles. The

Tang and coworkerg244] have described the syn- ceramic formed under a stream of argon was a soft ferro-
thesis of hyperbranched polymers by reaction of’-1,1 magnetic material and had a high saturation magnetization
dilithioferrocene with alkyltrichlorosilanes. The resulting (Ms~49 emu g?l) [244].

Si 1 ~ g
NP NP R P N
. § :
Fe |51 Fc 8 Fc |Sl Fe !
‘ oy ‘ R ‘ R ‘
I N S (N G
| >Fc FC | F¢ Fe Fo Me "N
R Lome Me g Me L |Sl
| R | R | R
R Fe | Fc | Fc L Fe
JJJSi\ /S1 ‘ PN ‘ et Fe ‘
‘ Fc /FC ‘ FC\S/FC ‘ Fc /FC ‘ \SIJJ“r
Si 1 i
i Fc ! F ! F R
1|:c R | R |C R |
; ; Si
Si Si R /Sl\ e R
J\l‘r ~ / Fc F F Fc |
Fc F¢ | Fc el e b
S \gi/ gl/ :
203 Fc = 1,1'-ferrocenylene
R = Me, n-dodecyl
polymers R03) had My values of 2000 and 6300 for Manners’ group has reported the synthesis of cross-linked

the methyl- andn-dodecyl-substituted polymers, respec- poly(ferrocenylsilanes) by the thermal ROP of spirocyclic
tively; however, the methyl-substituted polymer was not ferrocenophanef245-250] Scheme 57%hows the homo-
completely soluble. Pyrolysis of these hyperbranched and co-polymerization of the spirocyclic carbosilane-
poly(ferrocenylsilanes) was accomplished by heating the [1]ferrocenophane204) to yield the cross-linked polymers
samples up to 100CC under a nitrogen atmosphere or to 205 and 206. Reaction of 2, 5, 10 and 15 mol% @b4
1200°C under an argon atmosphere. The ceramic yield of the with 37 produced polymers with varying degrees of cross-
methyl-substituted polymer was about 50% and decreasedinking [245]. In addition to thermal ROR204 also under-
as the length of the alkyl substituents increased. How- goes transition metal-catalyzed ROP with Pt(1,5-COD)
ever, all the hyperbranched materials had higher ceramicor Karstedt's catalysf245]. These polymers were insolu-
yields than their corresponding linear poly(ferrocenylsilane) ble, but swelled and formed gels in THF, chloroform and
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dichloromethang246]. The swelling properties of these Me, ,H

cross-linked polymers were examined and the solubility H O_”'—Si

parameter of the corresponding homopolymeBoivas de- \Sl/ 0 / Me
termined. DSC analysis showed that in comparison to linearMe" | | wMe + Ee Si-"\
poly(ferrocenylsilanes), the cross-linked polymers did not 0\ s 1\ N
have observable melting transitions and the glass transition /S._:_O H Vy Me
temperatures of the two least cross-linked polymers were  H™  pe

higher than thél of the linear polymer. The polymers that 207

were 10 and 15% cross-linked did not halgs [245,246] 37

The cross-linked polymers were more thermally stable than
their linear analogs and the pyrolysis products of these
poly(ferrocenylsilanes) produced ceramics that possessed
magnetic properties [246—-250] Poly(ferrocenylsilane)

microspheres were formed and upon oxidation, they Me r /_\ | 7

self-assembled with silica spheres. Upon pyrolysis, the [ [ ]
metal-containing materials retained their spherical shapesH

[249,250] These ceramic microspheres consistedvdie Me '
nanoclusters embedded in a silicon carbide—carbon matrix. Fe
The magnetic properties of these iron-containing ceramics
could be altered by changing the pyrolysis conditions. @ Me @
The synthesis of star polymers such 2@8 has been _Z 7
accomplished by transition-metal-catalyzed ROP of hy- - N o
dromethylcyclotetrasiloxane2Q7) with [1]dimethylsilafer- S [
rocenophane 37) as shown inScheme 58 [251] Thus, ¢ 0\ , "\_ B
under the correct conditions, linear, cross-linked and star- _ _ 570 @
shaped polymer can be isolated by ROP of strained ferro- @ ;;\/[e
cenophanes. I
The synthesis of high-generation dendrimers containing i
ferrocenyl units at the core, within the branches and at

the periphery have recently been reported by Turrin et al. Mi@b} Si—H

[252—254] Polymer209 is an example of an optically active H——Si
dendrimer with 24 ferrocenyl units in its branclj254]. The L ]\|/[e
synthesis of dendrimers with up to 1536 ferrocenyl units in

their structures have also been synthesized and their elec-
trochemical properties and optical activities have been ex-

amined. PolymeR09 has a molecular weight of 35,748 and Scheme 58.

its [e]p and ]mol per chiral group values were236.1

and 352, respectively. The chiroptical properties of these placement of the ferrocenyl moieties within the dendrimer
ferrocene-containing dendrimers were dependent upon thecore, branch or termin&54]. Deschenaux et a255,256]
number of ferrocenyl groups and their chemical environ- have reported the synthesis of liquid crystalline ferrocene-
ment, but not on their positions within the dendrimer. On the based star polymers. Examination of a fullerene-containing
other hand, the electrochemical properties of these materialsdendrimer using polarized optical microscopy showed the
were dependent on the generation of the dendrimer and thepresence of enantiotropic smectic A phaf2&6].

208

N—N-P
{O@—/ S 209
S =
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Considerable interest has been directed towards the syn-underwent complexation reactions witR-cyclodextrin,
thesis of high-generation amine dendrimers with ferrocenyl while the dendrimer containing 16 peripheral ferrocene
moieties at the periphe257-260] Cuadrado and cowork-  groups underwent incomplete complexation, possibly due
ers[257-259]have reported the synthesis of propylenimine- to steric congestion. Complexation of these materials to the
based dendrimers with up to five generations and 64 cyclodextrins enhanced their solubilities in aqueous solu-
terminal ferrocenyl groups. Polymel10 is an example  tion; however, reversible binding of the cyclodextrins could
of a dendrimer with 32 ferrocenyl units at the periphery be achieved by adding 2-naphthalenesulfonate.

SR Bk {
Q @\F% Oi@NH @E oin % ) dFe@/@

SRS VI ST L
o, %”\ XNK YA ' @

Fe HN | H\ N
@KNH \\\\ N/ N/// N I? G‘/Fe‘@
/\/\N \/\/N \”/C
(6]
O \ N/\/\ N
—Fe (0]
@ Fe© N/\/\ | ﬁ/N\A/N N p o

@‘Fs@ 4 (0]
3/42 \N/\/\ A~ TN N O re
H N \*\' @
@“Fe—@\(N\/\ TN N N k NH
o) N~ é \ J Olr @
0

210

[258,259] The guest—host relationships of dendrimers con-  Salmon and Jutzj260] have reported the synthesis of

taining 4, 8 and 16 terminal ferrocenyl groups with cyclodex- neutral and cationic ferrocene-based poly(propylene imine)
trins were examine@@57]. The low-generation dendrimers  dendrimers. Amine containing dendrimers containing 4, 8,
functionalized with 4 and 8 peripheral ferrocene moieties 16, 32 and 64 ferrocene groups at the periphery were syn-
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thesized and quaternized using HCI. The low-generation Cuadrado et al[265] have reported that ferrocenyl groups
cationic dendrimers could be solubilized in aqueous solu- in silicon-containing dendrimers are electronically commu-
tions, while the high-generation materials exhibited poor nicating. Scheme 5%hows the synthesis of a dendrimer
solubility in all solventq260]. Astruc and coworkerf261] with a cyclic siloxane core(14) via reaction of a chloro-
have reported that the reaction of amine-functionalized den- substituted dendrimer2{2) with lithioferrocene 213)
drimers with ferrocenecarbonyl chloride produced organo- [266]. The iron centers ir214 were found to be electron-
iron dendrimers Z11) that were effective as supramolecu- ically independent. A hyperbranched polymer with cubic
lar redox sensors of inorganic anions. Complexes and den-silsesquioxanes in its structure has been shown to mediate
drimers with 1, 3, 9 and 18 ferrocenyl moieties were titrated the electrocatalytic oxidation of ascorbic a§&66].

with then-BugNt salts of BPO,~, HSO,—, CI—, Br~ and
NO3~ and shifts in the oxidation potential of the iron cen- . 5 5
ters were monitored using cyclic voltammetry. The anions 4 Polymers containing m°-arene-n>-
hydrogen-bonded to the amide H and caused a shift in theCYclopentadienyliron cations

redox potentials of the ferrocenyl moieties. It was found that 4.1. Arene complexes in the backbone

as the generation levels of the dendrimers increased, there

was increased anion recognition. This dendritic effect was  Chloroarenes coordinated to cyclopentadienyliron cations

attributed to a more selective shape for the anions to pene-have been utilized to synthesize novel classes of organoiron
trate the dendrimers as their generations incre§2gd.

211

Astruc and coworker§262—264]have synthesized den- monomers and polymef46,267] Abd-El-Aziz et al.[268]
drimers with up to 243 ferrocenyl units at the periphery reacted dichlorobenzene complexes of cyclopentadienyl-
via ferrocenylsilylation reactions of allyl-terminated den- iron with hydroquinone in sequential nucleophilic aromatic
drimers with ferrocenyldimethylsilane using Karstedt's substitution reactions, which resulted in oligomers and
catalyst. These dendrimers underwent chemically and elec-polymers with well-defined molecular weights and molec-
trochemically reversible oxidation processgx64]. Re- ular weight distributions. Poly(aromatic ethers) with up
versible reduction back to the neutral organoiron dendrimersto 35 cyclopentadienyliron moieties pendent to alternating
showed that these materials behave as molecular batterieshenzene rings in the polymer backbone were synthesized
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using this strategy. Cyanide addition to these aromatic possible to isolate cationic organoiron polyme2d?7) as
ether oligomers allowed for the isolation of the corre- shown in Scheme 60The cyclopentadienyliron moieties
sponding nitrile adduct269]. More recently, attention has  pendent to the polymer backbones had a solubilizing in-
been directed towards the one-step synthesis of polyetherdluence on these aromatic polymegi7). They exhibited
and thioethers coordinated to cyclopentadienyliron cations good solubilities in polar organic solvents such as ace-
[270,271] By reacting the dichloroarene comple1§) tone, acetonitrile, DMF and DMS@71]. The molecular
with various oxygen and sulfur dinucleophiléd §), it was weights of the cyclopentadienyliron-coordinated polymers
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could not be determined using GPC due to interactions
with the columns. Photolysis of polyme247 allowed for

the isolation of the corresponding organic polymers, whose
molecular weights were measured. However, the solubili-
ties of polymer2218 were much lower than their metallated
analogs, and some of these polymers were completely
insoluble in all organic solvents testgd71]. Molecular
weights of the soluble portions of the organic polymers
ranged from 7300 to 21,400. Organoiron polymers contain-

ing alternating ether—thioether or amine—thioether spacers@

in their backbones were also synthesized. Thermogravi-
metric analysis of the organoiron polymers showed that
the cyclopentadienyliron moieties were cleaved from the
arenes at ca. 20@, while degradation of the polymer
backbones occurred around 5@ Cyclic voltammetric
studies of the cyclopentadienyliron-coordinated polyethers
and thioethers217) showed that these materials underwent
reversible reduction processes. Polyaromatic ethers and
thioethers containing alternating cyclopentadienyliron and
pentamethylcyclopentadienylruthenium cations pendent to
their backbones have also been synthesj2&@].

Highly colored organoiron complexes and polymers have
been produced by incorporating azobenzene moieties in their
structure§273]. The polymers were synthesized by reaction
of cyclopentadienyliron-complexed azobenzene monomers
(219) with various SH- and OH-based dinucleophiles such
as bisphenol AZ20) (Scheme 6). These cationic polymers
(221) had wavelength maxima at 417, 452 and 489 nm, re-
spectively, when the R groups on the azobenzene moieties
were H, COCH and NG. Photolysis of these polycationic
cyclopentadienyliron-coordinated polymers allowed for the
isolation of the organic polymer2%2). The incorporation
of cationic cyclopentadienyliron moieties pendent to the

R

R

' HO@?k@\OH

R = H, NO,, COCH; K>CO;3, DMF
heogenol
i 7 o o)
Fe* PFg Fe* PFg n

&

221
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Scheme 61.
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backbones of these polymers increased their glass transitiorof the polymers resulted in cleavage of the pendent cationic
temperatures relative to their corresponding organic poly- iron groups, allowing for the isolation of novel ferrocene-
mers. For example, tHg; of 221 with nitro substituents was  containing polymers such 226. Thermal analysis indicated
173°C, while theTy of its organic analog422) occurred that the ferrocene-containing polymers possessed higher
at 112°C. Photobleaching of these highly colored azo dye- thermal stability but lower glass transition temperatures
functionalized polymers was achieved in the presence of hy-than their cationic analogs. For example, the glass transi-
drogen peroxide. tion temperatures of the polymers with pendent cationic
New classes of polymers containing neutral ferrocene cyclopentadienyliron moieties ranged from 65 to 161
units in their backbones and cationic cyclopentadienyliron while their neutral organoiron analogs h#gl values rang-
moieties pendent to their backbones have recently been reding from 10 to 92°C. Cyclic voltammetry of the polymers
ported by Abd-El-Aziz’s groufp274]. Scheme 623hows the showed that the neutral and cationic organoiron complexes
synthesis of one of these organoiron polymee5] via nu- underwent reversible oxidation and reduction processes,
cleophilic aromatic substitution reactions of trimetallic com- respectively. The molecular weight of polymge5 was
plexes such ag23 with 1,8-octanedithiol Z24). Photolysis estimated to be 14,500 with a polydispersity of 1[374].
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@1 while polymers prepared with the aromatic diamines were
N O stable to about 20TC.
L@OH * “ “ Nishihara and coworkelf277] have reported that the re-
227 Fe' PFg action of poly(hexyl phenylene@R81) with ferrocene 16)
Q resulted in complexation of ca. 1 in every 1.6 aromatic rings
with cyclopentadienyliron cationsScheme 64shows the
formation of this iron-coordinated polyme232) using alu-
o) minum and aluminum chloride. Cyclic voltammetry experi-
HJ\E@\ © ments showed that the iron centers in this polymer were re-
=0 H 229 duced at-1.7 V. An increase im Ep with increasing sweep
Fe* PFy- 0] (CHy— rate indicated that the heterogeneous electron transfer in this
d) _ system was fairly slow. Spectroelectrochemical analysis of
Q x=24.6.10.12 232 indicated that following reduction of the iron centers, a
228 network was formed between aromatic rings of neighboring
O polymer chaing277].

1) DMF, K,CO;3 215
2) 30 % HCl

pMmso | HoN—R—NH, @ 0@ 4.2. Arene complexes in the side chain
229

Chloroarene complexes of cyclopentadienyliron have
been utilized to synthesize a number of organoiron nor-

o}
\©VN Ne bornene monomers containing aromatic and aliphatic ether
0 SR spacerg278-282] While some of these monomers were
Fe' PFg demetallated prior to ring-opening metathesis polymeriza-
Q n tion [278,279] it has recently been reported that ROMP

of cationic organoiron norbornenes can also be achieved

using the Grubbs catalyf280-282] Scheme 6Shows the

Scheme 63. polymerization of monomer233a-233e, which resulted

in the isolation of polymers234a—234e [280,281] The
The synthesis of polymers containing imine and aromatic polymerization reactions proceeded rapidly to produce the
ether spacers in their backbones has been accomplished bgorresponding soluble organoiron polynorbornenes. The
polycondensation reactionS¢heme 68[275,276] Reac- incorporation of larger aromatic ether groups increased the
tion of the dichlorobenzene complé&d5 with compound thermal stability of these polymers and the glass transition
227 resulted in a diimine complex, which was decomposed temperatures of their organic analogs. Thermogravimetric

230

in situ to yield the dialdehyde monom&e8. This dialde- analysis showed that following loss of the cyclopentadi-
hyde monomer was subsequently reacted with a variety enyliron moieties, the onset for weight loss in polymer
of aliphatic and aromatic diamineg29) to give the cor- 234a occurred at 368C, while polymer234e was thermally

responding cationic organoiron polyme3Q). While the stable up to 431C. Cyclic voltammetric investigations of
cyclopentadienyliron-coordinated polymers were soluble in polymers234a—234e showed that the iron centers in these

a number of polar aprotic solvents, following photolytic re- materials were reduced in single steps betwedn2 and
moval of the organoiron moieties, the organic polyether- —1.5V [280,281]

imines were insolubl§276]. Viscosity measurements of the Polynorbornenes containing cationic organoiron azoben-
metallated polymers2G0) showed that they exhibited poly- zene side chains have also been prepared via ring-opening
electrolyte effects in DMSO. Thermogravimetric analysis of metathesis polymerization reactionScheme 6§ [282].

the organoiron polymers with aliphatic spacers showed that Organoiron norbornene complexes functionalized with
these materials were thermally stable up to about°8)0  azobenzene chromophorez3%a and 235b) were reacted

CgH CgH
CeHi3 @ AICIs, Al oHi3 oHi3

::f | cyclohexane, A ‘ ‘
+ Fe _——
n | 1 0.6

6
: &

Scheme 64.
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with 5-norbornene-2-carboxylic aci®36) to produce the  of the organic polymethacrylate242). The weight average
norbornene monomer&37a and 237b. ROMP of these = molecular weightsNly,) of these organic polymers (RH,
monomers using the Grubbs catalyst produced the corre-CHgs) ranged from 17,800 to 48,500 with PDI values of 2.6
sponding cationic organoiron polynorborner238a and and 2.4, respectively. Electrochemical studies of the metal-
238b in good yields. UV-Vis analysis of these polymers in lated polymethacrylates showed that reduction of the iron
DMF showed maxima between 420 and 430 nm, and upon centers occurred betweén,» = —1.1 and—1.3 V [284].
protonation of the azo groups, there was a bathochromic The polymerization of methacrylates and styrenes with
shift to between 510 and 520 nm. Cyclic voltammetric cationic chloroarene cyclopentadienyliron complexes in
studies showed that the iron centers underwent reversibletheir structures has also been accomplished via radical
reduction steps betweenl.2 and—1.4 V. It was also found  polymerization and nucleophilic aromatic substitution reac-
that the polymers with cationic cyclopentadienyliron moi- tions[284]. The radical polymerization of the methacrylate
eties pendent to their side chair288a and238b) had much monomers yielded soluble organoiron polymers with high
higherTq values than their organic counterpar284a and molecular weights. The polystyrene®id) with organoiron
239b). groups in their side chains exhibited fair solubility in organic
Polymethacrylates241) containing cationic arene cy- solvents; however, their organic analogs were insoluble.
clopentadienyliron complexes in their side chains have Nucleophilic aromatic substitution polymerization of these
been prepared by the radical initiated polymerization of monomers allowed for the isolation of soluble polyaromatic
methacrylate monomers240) as shown inScheme 67  ethers and ether/thioethers with methacrylate and styrene
[283]. Photolysis 0f241 resulted in the cleavage of the moieties 246) as pendent groups. The molecular weights
metallic moieties from the polymer side chains and isolation of the metallated polyethers ranged from 22,500 to 22,800,
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o 0 while the soluble portions of the polyether/thioethers
N, @ @ @AOH " WOH ranged from 10,500 to 13,800. These polymers display
- J@/ N ILP: 236 good thermal stability following loss of the metallic moi-
N c e eties. Electrochemical analysis of these polymers showed

A Q that the iron centers in these materials were reversibly re-

duced. The polymers prepared by nucleophilic aromatic

o substitution reactions possessed higher thermal stability

o % than the polymers prepared by radical polymerization of

O . . .

N, @ @ @ the methacrylate or styrene groups. Cross-linking did not

N @ N | result in significant increases in thermal stability; however,
N e PR the polymers 247) did become insoluble Scheme 68

235a; R =CHj;
235b; R = CH,CHj3

: ©) [284].
237a,b
(Cy3P),Cl,Ru=CHPh 4.3. Sars and dendrimers
n E g )4 } Astruc and coworker285-297]have synthesized a hum-
0 ber of star polymers and dendrimers containing arene cy-
0@ o clopentadienyliron complexes at the core and/or periphery.

Cyclopentadienyliron-mediated per-alkylation, -benzylation

R N@O | and -allylation reactions of cationic tri-, tetra- and hexa-

,‘N@N” Fe” P methylbenzene complexes have allowed for the preparation

K Q of multifunctional materials that have been utilized to syn-
238a,b

thesize branched organic and organometallic polymers. It
has been reported that the water-soluble dendrir248)(

hy ; containing six cationic cyclopentadienyliron moieties, can
o be utilized to cathodically reduce nitrates and nitrites to am-
o@—/ 0 monia[287]. Scheme 68hows the synthesis of a star-shaped
organoiron complex containing eight terminal cyclopentadi-
. . 9 enyliron moietie$297]. This polymer £51) was synthesized
JN@N' Q by reaction of the organic molecu49 with the organo-
R

iron nucleophile 250). The octametallic star molecul249)
was previously prepared by deprotonation of a permethy-
lated iron complex.

239a,b

Scheme 66.
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A trimetallic complex containing three chloroarene com- in polar organic solvents and also in aqueous solutions.
plexes at the peripher2%2) was reacted with a number of A number of different organoiron complexes were re-
organoiron complexes containing terminal phenolic groups acted with 252 to produce polymers with 6, 9, 12 and
to produce star-shaped polymd298]. Scheme 7Ghows 15 cationic cyclopentadienyliron moieties pendent to the
the reaction o252 with the carboxylic acid-functionalized polymer branches. Cyclic voltammetric studies of star-
complex @53), which resulted in the isolation of the hex- shaped polyaromatic ethers showed that the 18-electron
ametallic star254. Polymer254 was found to be soluble iron centers were reduced betweef.99 and-1.4 V, and
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that the iron moieties behaved as isolated redox centersé. Summary

[298].

5. Iron polyynes

Since the first examples of organoiron polymers were re-
ported in the 1950s, there have been numerous developments
in this area. Iron-containing polymers have been synthesized
using all the traditional polymerization methods, including
chain growth, step growth and ROP. Interest in this field

Poly(metal acetylides) containing iron complexes in stems from the relative ease in handling and synthesizing
their backbones have been reported by Lewis and cowork-iron-containing monomers and polymers as well as the po-

ers [299,300] Scheme 71shows the reaction of an
iron-chelating phosphine dichloride comple25%) with
bis-trimethylstannylalkynes?66) in the presence of a cat-
alytic amount of Cul to yield high molecular weight poly-
mers @57). The weight average molecular weight of poly-
mer257, when R= CHg, was 173,000, which corresponds to
a degree of polymerization @79. Lo Sterzo and coworkers

tential applications that these organoiron polymers possess.
Examples of polymers with iron atoms-coordinated and
o-bonded to carbon were described. The organoiron com-
plexes exist within the polymer backbones and in the poly-
mer side chains. It is anticipated that this research area will
continue to expand within the near future in light of the inter-
esting properties that organoiron polymers have already been

[301] have reported the synthesis of oligomeric complexes shown to possess. Future studies may be directed towards

containing iron acetylide units in their backbones.

tailoring existing systems in order to optimize the properties
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of these polymers. However, in light of the large number
of stable complexes that iron makes with organic ligands,
the development of new classes of iron-containing macro-
molecules will undoubtedly produce materials with new sets
of interesting properties and applications. This review cov-
ers research in this field from the early 1950s until this year
and provides a comprehensive reference section.
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