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Abstract: We report the use of the alkaline-earth (Ae) metal-catalyzed dehydrocoupling of
silanes and amines for the synthesis of novel ferrocene-containing polycarbosilazanes. The
barium complex [Ba(N(SiMes).)..(THF),] catalyzed the dehydrocoupling of the hydrosilane
FeCp(CpSiPhH2) (1) with 1,4-(H:NCH2).CsHs under mild conditions to give a
polycarbosilazane with pendant ferrocene groups. The polymer could be readily crosslinked
by the addition of phenylsilane to the unquenched reaction mixture. Well-defined
polycarbosilazanes with ferrocene in the main chain were also obtained from the
dehydrocoupling of hydrosilanes Fe(Cp(SiPhH2)). (3), and Fe(Cp(SiMezH)). (IX) with
1,4-(H(Me)NCH2):Ce¢Hs and 1,4-(H2NCH),CsHa respectively. Crystalline monomeric
analogues, FeCp(Cp(SiPh(NHBN)2)) (2, Bn = CH2(CsHs)), and Fe(Cp(SiPh(NHBN).))2 (4),
were also obtained via the dehydrocoupling benzylamine with 1 and 3, respectively. The
barium-catalyzed dehydrocoupling of diaminoferrocene with Ph,SiH, or Ph(Rc)SiH: (6, Rc =
(CsH4)RuU(CsHs)) did not result in polymer, but instead the formation of the silazane-bridged
ansa-[3]ferrocenophanes (Fe(n-CsH4NH),SiPhy) (5) and (Fe(n-CsHsNH).SiPh(Rc)) (7),
respectively. Both polymeric and molecular products were electrochemically investigated, and
the polymers proved to be promising precursors to magnetic iron-containing ceramics inyields
of up to 64%.

Introduction.

Polymers have become anindispensable part of the modern world thanks to their highly varied
and useful properties, which makes them well suited to a variety of applications. The
incorporation of metal atoms into macromolecules represents an attractive way to obtain
polymeric materials with novel and interesting properties that complement those achievable

with conventional all-organic polymers. Although metallopolymers have been the subject of
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research for half a century,> 2 most early examples suffered from the use of poorly defined
and highly reactive organometallic monomers, and were often inadequately characterised by
modern standards.>® During the last 25 years however, an increasing number of well-
characterised metallopolymers with remarkable properties have been reported to date, 4 78
with one of the most well-developed routes to metallopolymers utilizing the ring opening
polymerisation (ROP) of strained ferrocenophanes. Discovered by Manners and co-workers
in the early 1990s,*° this process has enabled access to polymers of high molar mass, and
afforded materials with tuneable properties through variation in the spacer, side chains, and
also the formation of well-defined block copolymers with low dispersities.?%?2 The prerequisite
for a strained ferrocenophane monomer, however, presents a limitation and certain polymer
architectures, such as those with longer inter-ferrocene bridges or alternating sequences, are

inaccessible by this route and demand an alternative approach.

Polycondensation is one of the most well-established polymerisation methodologies and it
presents an attractive approach for the synthesis of novel metallopolymers due to theoretically
facile and modular alteration of monomer structure and functionality. With a few notable
exceptions, however, only limited success has been achieved in the synthesis of high molar
mass inorganic polymers via a polycondensation approach.?® This is predominantly due to a
lack of efficient bond-forming reactions between well-defined monomers of sufficiently high
purity. This basic requirement stems from the fundamental theory of step-growth
polycondensation developed in the early 1930s by Carothers and Flory, which demands
extremely high conversion and precise stoichiometry in order to obtain the requisite high
molecular weights.?* 25> The successful use of polycondensation in the synthesis of inorganic
polymers, therefore, requires well-defined monomers of the necessary high purity and a
reaction that is capable of forming element-element (E-E) bonds with extremely high
conversion and high specificity. Catalytic dehydrocoupling is one such reaction and has been
well studied with a variety of catalysts and main-group substrates, such that many different
E-E and E-E' bonds can now be formed via both homo- and hetero-dehydrocoupling with Hz

as the sole by-product (Scheme 1).26-2°
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Scheme 1. A general dehydrocoupling scheme.

Since hydrides are ubiquitous and readily available amongst many main group elements,
dehydrocoupling has already provided a rich library of p-block element-containing polymers,®
3033 including polysilanes,® 343  polylstannanes,®”°  polyaminoboranes,*** and

polyphosphinoboranes.*? 4651 The application of dehydrocoupling as a route towards



ferrocene-containing polymers, however, is limited to two examples, the formation of a
polyferrocenylthioether by Yamamoto and coworkers,*? and Hey-Hawkins’ pendant-ferrocene

containing polyphosphinoboranes,>® both of which are dependent on rhodium catalysis (

Scheme 2).
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Scheme 2: Reported ferrocene-containing polymers synthesised via catalytic dehydrocoupling.5? 53

With the intention of synthesising ferrocene-containing polymers of new structure and function,
we turned to the alkaline-earth (Ae) metal catalyzed dehydrocoupling of silanes and amines.
Historically accessed via the aminolysis of chlorosilanes,®* %> a dehydrocoupling approach to
Si-N bonds has attracted significant recent attention due to the utility of molecular and
polymeric silazanes in a variety of applications including use as silylating agents,®® bases,®’
and ceramic precursors.®®% A large number of catalysts have been reported for Si-N bond
formation, utilising lanthanide,®*®" actinide,®® transition metal,®®7® alkali metal,’* and main
group compounds,” 7® as well as supported metal nanoparticles’”: ”® and catalytic activation
of Si-H bonds by nucleophilic fluoride attack.%® Ae catalysis was first reported for this reaction
in 2007 by Buch and Harder, who utilised a calcium azametallocyclopropane pre-catalyst.”
Sadow and co-workers later reported the tris(oxazolinyl)boratomagnesium-catalyzed
dehydrocoupling of silanes and amines,® while N-heterocyclic carbene (NHC) complexes of
Mg have also been employed.®! The reaction has also recently been the subject of extensive
investigation by the groups of Hill®2 and Sarazin,®-%¢ who demonstrated that simple homoleptic
Ae amides [Ae(N(SiMe2)2)2.(THF),] and alkyls [Ae(CH(SiMe2)2)..(THF)2.3] of the heavier Ae
elements (Ca, Sr, Ba) can behave as highly competent catalysts, allowing complex ligands

and lengthy pre-catalyst syntheses to be avoided.

Of particular interest to this study is the utilisation of Ba-catalyzed dehydrocoupling for the

preparation of polycarbosilazanes, which was recently reported by Sarazin's group.®



Diphenylsilane couples to p-xylylenediamine to yield soluble and well-characterised
polycarbosilazanes of appreciable molecular weight. Furthermore, the reaction can be tailored
to yield either cyclic or linear polymers by subtle alteration of reaction stoichiometry (Scheme
3).83
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Scheme 3: The barium catalyzed dehydrocoupling of p-xylylenediamine and diphenylsilane to yield cyclic or linear

polycarbosilazanes, as reported by Sarazin and co-workers.83

Despite these advances, and to the best of our knowledge, soluble, high molecular weight
metallo-polycarbosilazanes are unknown. We expected that by using ferrocene-containing
silanes and amines, Ae-catalyzed dehydrocoupling could be used as an effective method to
access ferrocene-containing polymers via a condensation-polymerisation regime, thus

providing access to previously unexplored polymer architectures.
Results and Discussion

Synthesis of FeCp(CpSiPhH;) and reactions with benzyl amine. In the knowledge that
polycarbosilazanes of respectable molecular weight could be obtained via the Ba-catalyzed
dehydrocoupling of diphenylsilane and 1,4-(H2NCH:).C¢H,3® we reasoned that replacement
of diphenylsilane with (phenylsilyl)ferrocene (1) would allow straightforward access to

polycarbosilazanes possessing pendant ferrocene groups.

Ina model reaction, the dehydrocoupling reactivity of 1 was first investigated with benzylamine
and 5 mol% [Ca(N(SiMes)2)2.(THF),] | (Scheme 4). The reaction proceeded rapidly, reaching
50% conversion after only 30 minutes at room temperature. Heating to 60°C resulted in
complete conversion to the bis-coupled product 2 (Scheme 4) which crystallized in the form of
pale orange needles suitable for single crystal X-ray diffraction analysis following slow
evaporation of a toluene solution (Figure 1). Compound 2 crystallizes in the orthorhombic
space group, Pbcn, with a single molecule present in the unit cell and with no close

4



intermolecular contacts. The heavier Ae-amides [Sr(N(SiMes).)..(THF):] I, and
[Ba(N(SiMes)2)..(THF)2] 1l were even more proficient dehydrocoupling catalysts, achieving
respective spectroscopic conversions of 92% and >99% to 2 after only 20 min.at room
temperature at a 5 mol% loading. This observation agrees with previously reported trends in
the, with higher activity correlating with an increase in Ae ionic radius, polarizability, and
electropositivity.®? &: 86 Although Sarazin and co-workers have shown the homoleptic Ae alkyl
complexes [Ae(CH(SiMes)2)..(THF),] (Ae = Ca IV, Sr V, Ba VI, x = 2 (Ca, Sr), 3 (Ba)) to be
superior Si-N dehydrocoupling catalysts than their amide analogues,®® the synthetically less
demanding amides were deemed more than adequate for the purposes of this study. For this

reason, all further dehydrocoupling studies described herein utilise the Ba amide lll, unless
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Scheme 4: The Ae-catalyzed dehydrocoupling reaction of 1 and benzylamine to give 2. The isolated yield is given,

with the yield shown in parentheses determined by *H NMR spectroscopy of the crude reaction mixture.



Figure 1. ORTEP representation of the X-ray crystal structure of 2. Thermal ellipsoids are shown at the 30%

probability level. Except for those bound to nitrogen, H atoms are omitted for clarity.

Synthesis and characterisation of polycarbosilazanes with ferrocene pendant to the
main-chain. Encouraged by these results, dehydropolymerisation was attempted using
compound 1 and the bifunctional amine 1,4-(H.NCH-).Cg¢Ha. Utilising compound Il as a pre-
catalyst at 5 mol% loading, the reaction proceeded rapidly in toluene, with immediate and
vigorous release of H, gas (Scheme 5). After stirring at 60°C for 2 h to ensure full conversion,
a pale orange solid (P1) was obtained following precipitation into pentane at -78°C (Scheme
5). Analysis of the product by *H NMR spectroscopy revealed a simple spectrum consistent
with a polycarbosilazane backbone decorated with ferrocene groups pendant to the main
chain. Although the absence of any Si-H resonances discounted the possibility of Si-
terminated linear polymers, two clear resonances at & 3.61 and 0.77 ppm were assigned as
chain-end CH, and NH, groups, respectively. This enabled the average degree of

polymerisation (Xn, end group) Of 22.7 and a resultant molecular weight (M,) of ~10000 Da to be



estimated by integration (Table 1) relative to the respective mid-chain resonances at & 4.37-
4.07 (CHy) and 1.49 ppm (NH,). Although we cannot rule out the formation of cyclic polymer,
the NMR spectra always displayed linear polymers with detectable chain-ends. This is in
contrast to the analogous ferrocene-free polycarbosilazanes reported by Sarazin and co-
workers, who obtained exclusive cyclic polymer formation at a 1:1 reaction stoichiometry.8
Deviation from a 1:1 stoichiometry resulted in substantial molecular weight loss, as expected

for a step-growth polycondensation.?* 2
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Scheme 5: Synthesis of polymers P1-P6.

Hydrolytically sensitive backbone Si-N bonds result in vulnerability towards hydrolysis and as
aresult, analysis by gel permeation chromatography was inappropriate. We, therefore, turned
to diffusion ordered NMR spectroscopy (DOSY) to provide an alternative method for molecular
weight determination. Using monodisperse polystyrene standards and a protocol described
by Grubbs et.al.,®” diffusion coefficients were correlated to estimated molecular weights,

providing values broadly in agreement with end group analysis (Table 1).

Although the catalyst loading could be lowered to 3.3 mol% without any significant reduction
in M, (Table 1, P2), further reduction to 1 mol% resulted in oligomeric species (Table 1, P3)
terminated by both NH- and SiH- chain ends. Replacement of the catalyst Il with the
analogous homoleptic alkyl, Ba(CH(SiMe3)2)2.(THF)2 (VI), did not significantly impact upon
molecular weight (Table 1, P4). Reactions carried out in THF allowed the use of higher
monomer concentrations, but did not exert a significant influence on the estimated molecular
weight (Table 1 P5). Although dehydrocoupling proceeded efficiently at room temperature
(Table 1 P6), the reactions were typically carried out at 60°C to ensure complete conversion
and to shorten reaction times. The addition of fresh catalyst upon complete conversion did not
result in any significant alternation in molecular weight, indicating that the reaction was not

limited by catalyst deactivation (Table 1, P7a and P7b).



Table 1. Ba-catalyzed dehydropolymerisation of 1 and p-xylylenediamine. @ Number average molecular weight
calculated from *H NMR end-group analysis. ® Degree of polymerization calculated from *H NMR end-group
analysis. ¢ Number average molecular weight estimated by *H DOSY NMR spectroscopy. * Product obtained

following addition of a further 5 mol% Il to the reaction mixture after two hours.

Polymer Catalyst Ratio Solvent Temperature/°C | Mn, end Xn, end Mhn, posy /

Si:N:Ba (concentration/M) | (time/hours) group / group® (g molt)e
(g mol)

P1 [ 20:40:1 Toluene (0.48) 60 (2) 9800 22.7 12,600

P2 1 30:60:1 Toluene (0.48) 60 (2) 9000 20.9 11,600

P3 [ 100:200:1 | Toluene (0.48) 60 (2) 1800 4.0 1,700

P4 VI 30:60:1 Toluene (0.48) 60 (2) 11000 25.6 11,900

P5 I 30:60:1 THF (1.33) 25 (1) 9300 21.7 12,200

P6 1 30:60:1 Toluene (0.46) 25 (3) 17400 41.0 21,700

P7a [ 30:60:1 Toluene (0.46) 25(3) 12400 29.2 12,200

P7b [ 25:50:2* Toluene (0.46) 25 (5) 10500 24.7 14,300

Synthesis of 3 and subsequent reactions with benzyl amine. Of potentially greater interest
than pendant ferrocene-containing polymers are polymers where the ferrocene group forms
part of the main chain. With this in mind, the bifunctional hydrosilane 3 was synthesised and
its dehydrocoupling reactivity with benzyl amine was investigated. Expecting mono-
substitution at each silicon atom, compound 3 was coupled to two equivalents of benzyl amine
in the presence of 10 mol% Il (Scheme 6). Although all the starting material had been
consumed after 16 hours at 60°C, the resultant *H NMR spectrum was complex and indicative
of the formation of several compounds. Consistent with this apparent poor stoichiometric
control, cooling a hexane/toluene solution of the crude product to —30°C resulted in the
isolation of orange crystalline blocks, which were shown by single crystal X-ray diffraction
analysis to be the tetra-substituted product 4 (Figure 2). Compound 4 displays similar
structural parameters to compound 2 and crystallizes in the triclinic space group P-1, with an
asymmetric unit comprising half a molecule in which the iron centre is coincident with a
crystallographic inversion centre.
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Scheme 6: The Ba-catalyzed dehydrocoupling of compound 3 with two equivalents of benzyl amine to yield

compound 4.

Figure 2: ORTEP representation of the X-ray crystal structure of 4. Thermal ellipsoids are shown at the 30%
probability level. Hydrogen atoms are omitted for clarity, except for those bound to nitrogen. Labels superscripted

with ‘i’ are related to those in the asymmetric unit by the —x, 1 —y, 1 — z symmetry operation.

Synthesis of polycarbosilazanes with ferrocene in the main polymer chain. The catalytic
dehydrocoupling of 3 and 1,4-(H.NCH:).CsH4 was undertaken. After stirring overnight at 60°C

to ensure complete conversion, the reaction was quenched by addition of non-dried hexane,
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and an orange solid (P8) was obtained on removal of solvent (Scheme 7). The *H NMR
spectrum of P8 comprised numerous overlapping signals that precluded detailed assignment.
The observation of multiple Si-H environments, however, was indicative of several different
repeat units and consistent with the isolation of the molecular compound (4), a likely result of

extensive branching and cross-linking to form a network-type structure.

n Fe
HoPhSi~
+
i NH,
H,N
Toluene
3-5 mol% Il [60°C, 16 h
—2nH2
_ _ _H _
i
Ph 3
4 & Ph
A== Bh -
H HH Ph ,
AN 4 Fe HN
ol AN
i I I T == ]

Scheme 7: Synthesis of polymers P8-P10. Note that the shown structure of the polymer is simplified. In reality,
numerous repeat units are possible depending on the extent of substitution at Si, some of which may give rise to

oligomeric or polymeric side chains, which are shown is this scheme as ‘(P)’.

Polymerization of 3 and 1,4-(H.NCH.).C¢H4 was repeated but with isolation of the product by
precipitation. DOSY experiments gave very high diffusion coefficients and an estimated
molecular weight of 19,000-28,000 Da (Table 2). Molecular weights estimated from DOSY
experiments should be treated with particular caution for these samples, however, given that
any branched or network-type structure is likely to possess a very different hydrodynamic
radius compared to the polystyrene standards used for calibration. When the catalyst loading
was reduced from 5 mol% to 3.3 mol%, a lower molecular weight was obtained, while
attempted reaction was attempted with 1 mol% Il resulted in incomplete conversion and the
isolation of oligomeric species and starting material. Whilst polymers P8-P10 are interesting
materials, their poorly defined nature rendered detailed characterization and rational synthesis
challenging. This prompted a change in methodology for the synthesis of well-defined

poly(carbosilazane)s with ferrocene in the main polymer chain.
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Table 2: Dehydropolymerization of 3 and p-xylylenediamine catalyzed by compound Ill. Reactions were

performed in toluene at 60°C for 2 hours, except for P8, where polymerization was carried out at 60°C for 16

hours. 2 Number average molecular weight estimated by *H DOSY NMR spectroscopy. *DOSY of P9 displayed

two different diffusion coefficients.

Polymer Ratio Si:N:Ba Concentration/ M M, posy / (g mol?)?
P8 40:40:1 0.10 3600

P9 40:40:1 0.39 19200, 27800*
P10 60:60:1 0.39 5200

The catalytic dehydrocoupling of 1,1’-bis(amino)ferrocene (VII) with diphenylsilane was also
investigated. Rather than the generation of polymer, however, NMR spectroscopy revealed
almost complete selectivity towards the formation of cyclic silazane[3]ferrocenophane 5
(Scheme 8), whose structure was confirmed by single crystal X-ray diffraction analysis (Figure
3). When two equivalents of diphenylsilane were used, 5 persisted as the major product in
70% spectroscopic yield with the remaining products assumed to be linear species, which
eluded unambiguous characterization. Although there are several examples of
metallocenophanes with nitrogen-containing ansa-bridges (excepting ferrocene-based N-
heterocyclic carbenes and numerous examples where the 1,1’-bisamino- amido- and imido-
ferrocene moiety has been used as a chelating ligand),?®1°2 compound 5 is of particular

interest since it is, to the best of our knowledge, the first example with a N-Si-N bridging unit.

Intrigued by the possibility of using Ae-catalyzed dehydrocoupling as a tool for the synthesis
of interesting new metallocenophanes, a similar reaction was carried out using
(phenylsilyl)ruthenocene 6 in the place of diphenylsilane. As expected, a single equivalent of
compound 6 reacted rapidly with 1,1’-bis(amino)ferrocene in the presence of 5 mol% barium-
amide Il to provide a single product, which prevails even when an excess of 6 is present.
Although the H NMR spectrum was complex, this may be ascribed of a resultant
diastereotopicity at the silicon centre and is consistent with formation of the heterobimetallic
silazane[3]ferrocenophane (7), whose structure was confirmed by single crystal X-ray
diffraction (Figure 4). Although release of ring straintypically provides a thermodynamic driving
force in the ring opening polymerisation of metallocenophanes,%3-1% inspection of the crystal
structures of compounds 5 and 7, suggest that they are relatively un-strained molecules due
to limited ring tilt (a deviation of Cp-Fe-Cp linearity) or geometrical distortioninthe ansa-bridge
(Table 3). Whilst ring-tilt (or lack thereof) is not necessarily indicative of strain,1°31% g
preliminary investigation of 5 and 7 by differential scanning calorimetry (DSC) did not reveal
evidence of any thermal ROP process (see figures S24 and S25 in the Supplementary

Information).
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Scheme 8: Barium-catalyzed dehydrocoupling of 1,1’-bis(amino)ferrocene and dihydrosilanes to yield 5 and 7.
Values in parentheses refer to the spectroscopic yield determined from *H NMR of the crude product.

Figure 3: ORTEP representation of the X-ray crystal structure of 5. Thermal ellipsoids are shown at the 30%

probability level. Hydrogen atoms are omitted for clarity, except for those bound to nitrogen.
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Figure 4: X-ray crystal structure of 7. Thermal ellipsoids are shown at 30% probability level. Hydrogen atoms are
omitted for clarity, except for those bound to nitrogen.

Figure 5: Depiction of geometric parameters q, 3, 8, and 8 in [n]metallocenophanes.

Table 3: Geometric analysis for compounds 5 and 7.

Compound o/° B/° 8/° e/°
5 4,61 3.37 175.51 11.14
7 6.30 3.62 174.41 12.09

After failing to obtain polymer from 1,1’-bis(amino)ferrocene, we returned to compound 3, this
time in partnership with the secondary bifunctional amine, N,N’-dimethyl-p-xylylenediamine,
1,4-(H(Me)NCH2)Ce¢H4. We surmised that the secondary amine would impose an enhanced
level of steric control, disfavouring multiple substitution at silicon, and favouring linear polymer.
Although N,N’-dimethyl-p-xylylenediamine has also previously been investigated as a

13



monomer by Bellini et.al., for similar reasons they found that the polymer chain was unable to
propagate beyond molecular species (VIll, Scheme 9), presumably due to steric hindrance at

the newly formed silazane.?

Ph,SiH,
. VI, 5mol% N
CH H\/©/\ I
-~ 6'l6 ;
Hﬂﬁ 25°C,2h N SiPhA
_N “H, Vil
99%

Scheme 9: The barium-catalyzed dehydrocoupling of diphenylsilane and N,N’-dimethyl-p-xylylenediamine to yield

compound VIII, reported by Sarazin and co-workers.84

We attempted the same reaction, using two equivalents of diphenylsilane, finding that
substitution at both ends of the bifunctional amine could occur and resulting in isolation of

compound 8 (Scheme 10), which crystallized from a saturated toluene solution on cooling to

—30 °C (see supplementary information Figure S4 for crystal structure).

2 Ph,SiH,

+ lll, 5 mol% - | \/@/\T/SithH
-~ N

H 80°C, 24 h
- -2H, 8
40%
(>99%)

Scheme 10: The barium-catalyzed dehydrocoupling of two equivalents of diphenylsilane and
1,4-(H(Me)NCHz2)2CsHa4 to yield compound 8.

These results suggest that copolymerisation of 3 with 1,4-(H(Me)NCH,).CgH4 could result in
the selective formation of a linear polymer with a well-defined repeat unit through controlled
dehydrocoupling of one Si-H bond per nitrogen centre. Indeed, when dehydrocoupling of 3
and 1,4-(H(Me)NCH>).CsH4 was attempted in a 1:1 stoichiometric ratio with 1ll, an orange solid
(P11) was obtained following precipitationinto pentane at —78°C (Scheme 11). Analysis by H
DOSY NMR revealed a diffusion coefficient of 1.24 x 10°® cm?s™?, giving an estimated M, of
~10300 Da (Table 4). The product provided a clean *H NMR spectrum, with clearly
distinguished peaks corresponding to mid-chain SiH and end-chain SiH, groups, whereas no
evidence for amine terminated polymer chains could be observed. Although integration of the
SiH peaks allowed a degree of polymerisation to be estimated, the M, calculated by end-group
analysis was substantially lower than that estimated from DOSY, possibly a result of the
sterically hindered chain giving rise to low flexibility and a relatively large hydrodynamic radius

(compared to polystyrene of a similar molecular weight, or other polymers described herein).
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Scheme 11: Synthesis of polymer P11 via the barium-catalyzed dehydrocoupling of 3 and N,N’-dimethyl-p-

xylylenediamine.

A higher molecular weight product could be obtained using a higher concentration and lower
temperature (Table 4, P12). Inthis case, whereas *H NMR spectroscopy provided no evidence
of terminal silane groups, some terminal amine groups could be detected, to provide a number
average molecular weight of ~17,000 Da on integration (assuming an absence of cyclic

products) and in good agreement with that obtained by DOSY NMR spectroscopy.

Amines have not commonly been observed to dehydrocouple with two equivalents of tertiary
silane under Ae-catalysis,®? 8 and, with only one Si-H bond available per silicon atom, the use
of a bifunctional tertiary silane was expected to yield well-defined linear polymer. To this end,
the dehydropolymerisation 1,1’-bis(dimethylsilyl)ferrocene (IX) 1°7:1% and 1,4-(HoNCH>).CsH4
was carried out in the presence of 3.3 mol% IIl (Scheme 12). Following precipitation into
hexane at —78°C, a gummy solid was obtained (P13). The product was analysed by *H NMR
spectroscopy to provide a simple spectrum without Si-H resonances. A clear triplet at
3.62 ppm was assigned to chain-end methylene groups allowing a molecular weight of M, =
6500 Da to be estimated. Furthermore, DOSY NMR spectroscopy yielded a diffusion
coefficient of 1.71 x 10°® cm?s?, corresponding to an estimated M, of ~5500 Da, in reasonable

agreement with end-group analysis.
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Scheme 12: Synthesis of polymer P13.

Table 4: Ba-catalyzed dehydropolymerisation of compounds 3 or IX, with N,N'-dimethyl-p-xylylenediamine or p-
xylylenediamine, respectively. Each reaction was stirred for 16 hours to ensure complete conversion. @ Number
average molecular weight calculated from *H NMR end-group analysis. ® Degree of polymerisation calculated from
1H NMR end-group analysis. ¢ Number average molecular weight estimated by *H DOSY NMR spectroscopy.

Polymer | Silane | Amine Ratio Solvent Temperature | Mn,end Xn, Mn, posy /
Si:N:Ba | (concentration /°C group / end (gmolt)°
I'M) (gmol*® | group®
P11 3 1,4-(H(Me)N CHz2)2CeHs | 40:40:1 | 0.06 60 5300 8 10300
P12 3 1,4-(H(Me)N CHz2)2CeHs | 40:40:1 | 0.46 25 16900 30 17600
P13 IX 1,4-(H2NCH2)2CsH4 60:60:1 | 0.74 25 6500 10 5500
Electrochemical studies. Ferrocene-containing polymers often present interesting

electrochemical properties due to the presence of multiple redox-active sites.?% 109 110 Using

cyclic voltammetry, a brief and qualitative investigation was undertaken into the
electrochemistry of the ferrocene-containing polycarbosilazanes. Polymer P1 displays a well-
defined and fully reversible single electron redox process, corresponding to the Fe3*/Fe®*
redox couple, with E1, lying very close to that of the reference ferrocene redox system (Figure
6). In comparison to the silane monomer 1, Ei;» occurs at slightly lower potentials, possibly
reflective of increased electron density at iron. The decrease in peak current for P1 relative to
that of 1 may be rationalized by recourse to the Randles-Sevcik equation (Eq. 1), which
accounts for the contributions of the diffusion coefficient, D, and the number of electrons

transferred per molecule diffusing to the electrode, n.!!

- (1)

Lyeak = 0.446 n*/2D"/2F*/2 Ac \F

Inspection of Eg. 1 reveals that the peak current is dependent on n, D, the Faraday constant
F, the area A, the concentration c, the scan rate v, the gas constant R and the absolute

temperature T. If fast electron transfer is assumed, an increase in current with square root of
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scan rate may be predicted for P1, 1, and 2 (see supporting information). For the polymer, n
becomes the degree of polymerization to reflect the number of ferrocene units, D decreases
by a factor (molecular volume)~%6'2 and c decreases by a factor of 1/(degree of
polymerisation). Taking the molecular volume as proportional to the degree of polymerisation,
therefore, these factors provide almost perfect mutual compensation to predict a very similar
peak current for both monomer and polymer. Although polymer P1 displays an almost identical
peak current when compared to the model carbosilazane, compound 2, the peak shape for
the polymer oxidation is substantially altered. As well as a smaller peak separation (AE),
typical for a multiple-electron transfer process,*'® P1 displays a distinctly sharp reduction peak.
This is likely to be due, at least in part, to some adsorption and accumulation of the multiply

oxidised polymer onto the electrode surface. Although the peak-to-peak separation for anideal
multi-electron transfer should be AE,.qx = 2.218 g,m ideal conditions are unlikely for these

polymer systems.

1A
)

\

I

-40

E IV vs FcFcr

Figure 6: Cyclic voltammogram of polymer P1, compared to compounds 1, and 2. In each case solution
concentrations are ca. 1 mM in molecular or monomer concentration obtained with a 1 mm diameter platinum disc

electrode immersed in dichloroethane containing 0.1 M NBusPFs with at a scan rate of 100 mVs™.

Cyclic voltammograms for the main-chain ferrocene containing polymer, P8, displayed the
most positive Ei, (see Table 5). Similar structures (based on the same monomer units) such
as P9 and P10 showed some variation in the midpoint potential (and some peak broadening),

possibly due to effects of branching in the polymer structure. In contrast, monomer 5 exhibited
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the most negative E12, most likely due to presence of two silazane substituents (c.f. compound

2 in Figure 1 with a single silazane substituent).

The linear N-methylated polymer P11 displayed a single redox peak without significant
broadening, but with the lowest current response compared to the other polymer systems.
This could be linked to the relatively high M, (~=10000 Da), and resultant slower diffusion.
Although P1 also exhibited a relatively high M, (~12600 Da), the ferrocene units are pendant
to the polymer chain and thus more accessible to the electrode, resulting in a higher current.
In contrast to the phenyl-substituted derivatives, the dimethylsilyl-substituted polymer P13
displayed a reversible multi-electron redox event and yielded a significantly higher peak
current (see supplementary information, Figure S202), in this case probably linked to a lower
Mn (~5500 Da). P13 also displayed a shift of E1,> towards higher potentials relative to the
hydrosilane monomer IX. This is likely to be the result of the contrasting electronic natures of
the electron donating dimethylsilyl and electron withdrawing phenylsilyl substituents.
Furthermore, for P13 the symmetrical peak shape upon both oxidation and reduction may be
indicative of the polymer remaining in solution and more limited adsorption of the charged

polymer to the electrode surface.

Table 5: Cyclic voltammetry data for samples dissolved in ca. 1 mM molecular/monomer concentration obtained
at a 1 mm diameter platinum disc electrode immersed in dichloroethane containing 0.1 M NBu4PFs at 100 mV/s.

Potentials are referenced to ferrocene/ferrocenium.

Compound | Concentration @ | Eyp/ VP AEpca / mV | lpeak,ox / LA lpeak, red / A
P1 1mM 0.001 41 2.45 -3.87
1 1mM 0.115 100 5.44 -5.78
2 1 mM -0.016 90 3.40 -3.49
P8¢ 1mM 0.135 81 2.07 -1.98
P9 1mM 0.078 108 2.34 -2.54
P10 1 mM 0.098 207 2.52 -2.11
P11 1mM 0.065 87 1.52 -1.64
3 1mM 0.115 95 3.73 -3.99
4 0.4 mM 0.128 100 1.26 -1.39
P13 1 mM 0.171 85 2.33 -3.29
IX 1mM 0.119 74 2.53 -2.65

a approximate concentration of molecular systems or of monomer in polymer systems

b the midpoint potential is defined here as E1; = Y2(Epox + Epyed)

¢ a shoulder peak occurs at E1» = -0.02 V vs. Fc/Fc+ possibly due to oligomer impurities or due to adsorption

Thermogravimetric analysis. Polycarbosilanes, polysilazanes, and polycarbosilazanes are

well known for their utility as precursors to SiC, SizNs, and Si/C/N ceramics.58 ©0-63
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Furthermore, some ferrocene-containing polymers have proven themselves as excellent
precursors to magnetic ceramic materials.''412! Inlight of this precedent, ferrocene-containing

polycarbosilazanes are attractive candidates as ceramic precursors.

To test their viability as ceramic precursors, the polymers were first analysed by
thermogravimetric analysis (TGA). Samples were heated to 800 °C at 10°C/minute under a
flow of N2 (Figure 7). Each of the polymers synthesised in toluene displayed a minor weight
loss below 200 °C, presumably resulting from evaporation of entrapped solvent. For this
reason, ceramic yields discussed henceforth and displayed in Table 6 take the mass at 200 °C
(at which temperature the material is considered solvent-free) to be 100%. P1 displayed a
ceramic yield of 43%: a relatively high value for a linear polymer. For comparison, linear
polyferrocenylsilanes give ceramic yields in the range 17-58% at 600°C depending on the
substituents at silicon.*'* 12! The relatively high ceramic yield obtained from P1 is likely to be
a result of cross-linking reactions during pyrolysis, which must necessarily proceed at a lower
temperature, or a higher rate than competing depolymerization and loss of volatile fragments.
Encouraged by the appreciable ceramic yield, and in the knowledge that ceramic yields can
be substantially improved though utilisation of a crosslinked polymeric precursor, 7 a
deliberately crosslinked polymer was synthesised by addition of phenylsilane to the reaction
mixture after 45 minutes (by which point the reaction had stopped bubbling and was assumed
complete). Notably, addition of phenylsilane was accompanied by immediate bubbling and a
rapid increase in viscosity, before finally forming an immobile mass. Neither precipitation, nor
solution phase characterisation were possible on account of insolubility, but an elastic orange
solid (P14) was obtained following prolonged drying under vacuum. Thermogravimetric
analysis of P14 was carried out and it was found that even following vacuum treatment,
polymer P14 contains a large quantity (12 wt%) of entrapped solvent. Taking the solvent-free
mass at 200 °C to equal 100% relative mass, therefore, P14 displays a 12% improvement in
ceramic yield compared to the non-crosslinked P1 (Table 6). Although a compressed pellet of
P14 was also prepared and subjected to TGA, this pre-pyrolysis processing did not
significantly influence the ceramic yield, and shape retention could not be achieved (Figure
S6).

Polymer P9 gave yet higher ceramic yields (61%). Although this result was initially ascribed to
an already partially crosslinked polymer structure, TGA of the linear polymer P11 presented
the highest ceramic yield of all (64%). This emphasises that pre-crosslinked polymers are not
aprerequisite for high ceramic yields and that the polycarbosilazanes which contain phenylsilyl
groups are able to undergo cross-linking reactions during pyrolysis. In contrast, polymer P13

(which contains dimethylsilyl groups) presented a very low ceramic yield (5.6%), suggesting
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that a phenyl substituent and/or hydride at silicon are critical for the formation of ceramic
material.

120
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% P1
‘© P14
= 60 P14 pellet
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X 40 —P11
—P13
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Temperature / °C

Figure 7: TGAtraces of ferrocene-containing polycarbosilazanes, heated to 800°C at 10°C/min under a flow of N2.
To account for loss of entrapped solvent, the mass at 200°C is taken to equal 100%, subtracting the mass of solvent

loss to result in starting relative weights greater than 100%. Uncorrected thermograms can be found in the
supplementary information (Figure S23)

Table 6: Ceramic yields obtained after analysis of polymers by TGA at 10°C/min up to 800°C under a flow of N2.
Yields given are corrected for loss of entrapped solvent, with the mass at 200°C taken to equal 100%.

Sample Ceramic yield / %
P1 43

P14 55

P9 61

P11 64

P13 6

Bulk polymer pyrolysis and ceramic characterization. Polymers P5 and P8 were subjected
to pyrolysis on a larger scale in a tube furnace using the same heating protocol as for the TGA

experiments. Ceramics P5py and P8py were obtained as charcoal-coloured powders.

20



Notably, both ceramics could be attracted towards a bar magnet, suggesting the presence of

metallic iron or magnetite within the material.

Powder X-Ray diffraction (pXRD) was carried out, resulting in broad, low intensity diffraction
patterns for both samples (Figure S8). Broad, weak maxima at 28 = 44° (d = 2.05 A) and 26
=63° (d = 1.43 A), and a sharper peak at 206 = 82° (d = 1.17 A), however, were assigned to a-
Fe,'?? while peaks at 26 = 35° (d = 2.52 A), 26 = 72° (d = 1.31 A), and 26 = 83° (d = 1.16 A)
were assigned to hematite (a-Fe»O3).12% This latter observation may be attributed to brief but
unavoidable exposure of the samples to air on removal from the furnace. Although a broad
peak at 26 = 69° was also observed in both samples, the lack of other diagnostic peaks
precludes its assignment. The low intensity of the diffraction pattern is attributed to the
presence of small (i.e. nanoparticulate) crystalline a-Fe domains amongst an otherwise
amorphous matrix. This is reminiscent of the ceramics obtained from the pyrolysis of
polyferrocenylsilane (PFS) materials, where relatively low pyrolysis temperatures gave rise
relatively low crystallinity nanoparticles.14 115 117. 118 Ajthough the resultant low reflection
intensities and large line-widths also prevented meaningful Scherrer analysis on the
reflections at low angle, an estimated crystallite size of 13 nm was obtained from the relatively
intense peaks at 26 = 82° and 20 = 83°.

Scanning electron microscopy (SEM) (Figures S8 and S10) revealed an apparently non-
porous structure for both samples, suggesting the likely melting and annealing of the polymer
prior to pyrolysis. Energy dispersive X-ray spectroscopy (EDX) showed a homogeneous
elemental compaosition, comprising predominantly of silicon, oxygen, and iron for P5py (Figure
S10). P8py also showed significant quantities of barium (from residual catalyst), as well as
sodium, sulfur, aluminium and chlorine contamination (Figure S11). By microtoming samples
which had been finely ground and embedded in a resin, good quality Transmission Electron
Microscopy (TEM) (Figure 8a, Figures S12-S14), and dark-field Scanning Transmission
Electron Microscopy (STEM) images (Figures S15-S16) could be obtained. Analysis by this
technique gave similar results for both samples and showed the presence of nanoparticles
dispersed throughout a matrix of lower contrast (Figure 8a). In concordance with the pXRD
data, the average nanoparticle size varied between 9 nm and 16 nm depending on the specific
sample and region of study (Figures S12-S14). The elemental composition of the
nanoparticles and surrounding matrix could also be mapped by EDX, confirming that iron was
almost entirely concentrated in the nanoparticles whilst the surrounding ceramic was
composed predominantly of silicon and carbon. A significant quantity of barium (from the
polymerisation catalyst), oxygen (likely introduced during sample preparation), and nitrogen

were also present (Figure 8b, Figures S17-S18).
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b)
Figure 8: a) TEM micrograph and b) FeKal EDX map of P5py.

High resolution TEM (HRTEM) provided further evidence of the localised sample composition
of the pyrolysed materials. Lattice fringes with a d-spacing of 0.217 nm observed in the
nanoparticles were attributed to the (110) plane of a-Fe (Figure 9a, Figures S19-S20), an
observation supported by Selected Area Electron Diffraction (SAED), which showed a
predominantly polycrystalline diffraction pattern, with rings corresponding to the (110), and
(211) lattice planes of a-Fe (Figure 9c, Figures S21-S22). The surrounding matrix was
generally devoid of well resolved lattice fringes, however, some regions of graphitised carbon
were visible (d = 0.365 nm, (002)) (Figure 9b, Figures S19b, S20b). Iron nanoparticles typically
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display superparamagnetic behaviour (arising from single-domain particles) below a size of
approximately 14 nm, above which they are ferromagnetic (i.e. multi-domain, capable of
retaining magnetic hysteresis in the absence of an external magnetic field).?* Hence, the
magnetic characteristics of the nanoparticles present in samples P5py and P8py lie roughly
on the border between superparamagnetism and ferromagnetism. Whilst the ceramic
nanostructures in this study appear relatively unaffected by choice of polymer (i.e. main-chain
or side chain ferrocene), previous studies on the pyrolysis of iron-containing polymers have
displayed an ability to tune magnetic properties of the resulting ceramics through careful
choice of pyrolysis conditions,!*® and similar future studies on the ferrocene-containing

polycarbosilazanes described herein would be of interest.

23



(002), 0340 nm

{
¥

T

b)

c)

Figure 9: a) and b) HRTEM micrographs, and c) SAED diffraction pattern of P8py.
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Conclusions.

In conclusion, the Ae-catalyzed dehydrocoupling of silanes and amines provides a useful
synthetic route towards ferrocene-containing polycarbosilazanes. Through careful choice of
monomer, well-defined linear polymers with pendant- or main chain-ferrocene units can be
accessed. The facile and high yielding nature of the reaction allows estimated molecular
weights of up to 20,000 Da to be achieved: a highly respectable figure for a step-growth
polycondensation reaction, particularly one using ‘inorganic’ monomers. Novel silazane-
bridged [3]ferrocenophanes could also be obtained in this way. Cyclic voltammetric analysis
revealed that all polymers display a reversible single electron redox couple at the ferrocene
moieties, which act as isolated redox centres. The described polymers serve as promising
precursors to magnetic ceramic materials, with magnetic properties consistent with iron
nanoparticles embedded within an amorphous silicon carbide/nitride matrix. Although further
improvement of the ceramic yield could be obtained through the introduction of more tuneable
crosslinking processes, highly respectable ceramic yields were achieved even with well-
defined linear polymer. This latter feature is suggested to be a likely result of rapid crosslinking
of the functionalized polymer backbone during pyrolysis. In summary, therefore,
dehydrocoupling reactions of this type show great promise not only as a route to small
molecules of novel structure but inorganic and functional organometallic polymers, presenting

a relatively underexplored avenue towards new and interesting materials.
Experimental section

All reactions dealing with air and moisture-sensitive compounds were carried out under an
argon atmosphere using standard Schlenk line and glovebox techniques in an MBraun
Labmaster glovebox at O, H.O < 0.1 ppm. NMR experiments using air-sensitive compounds
were conducted in J. Young's tap NMR tubes prepared and sealed in a glovebox under argon.
Al NMR data were acquired at 298 K, on a Bruker 300 Ultrashield instrument for *H (300
MHz), Bruker 400 Ultrashield instrument for *H (400 MHz), and 2°Si (79.5 MHz), Bruker 500
Ultrashield instrument for *H (500 MHz) and 2°Si (99 MHz), and an Agilent ProPulse instrument
for *H (500 MHz), *C (126 MHz) and °Si (99 MHz) spectra at 298 K. *H/**C NMR spectra
were referenced using residual solvent resonances and ?°Si NMR spectra were referenced
using an external standard. Elemental microanalysis was carried out by Stephen Boyer of
London Metropolitan University. Transmission electron microscopy and high-resolution
transmission electron microscopy (HRTEM) was carried out on a JEOL1200EX Il instrument.
Scanning electron microscopy was carried out on a JEOL SEM 5600LV scanning electron
microscope. Powder X-ray diffraction patterns were obtained on a Bruker D8 Advance

diffractometer using Cu K, radiation. Differential scanning calorimetry (DSC) was carried out
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ona TA Instsruments DSC Q20. Samples were ramped from 0°C to 300°C at 10°C/min under
an 18ml/min nitrogen flow. Hexane, Pentane, and Toluene for air- and moisture-sensitive
reactions were provided by an MBraun Solvent Purification System and stored over 4A
molecular sieves. THF and Et,O for use in air- and moisture-sensitive reactions were dried
over sodium or potassium/benzophenone and distilled before use. Methanol was dried over
activated 3A molecular sieves. Anhydrous 1,2-dichloroethane was purchased from Sigma-
Aldrich, and stored over activated 4A molecular sieves. C¢Ds was purchased from Sigma-
Aldrich and dried over a potassium mirror prior to vacuum transfer into a sealed ampoule and
storage in the glovebox under argon. Dry ds-THF was purchased from Sigma Aldrich and used
as received or purchased from Fluorochem and dried over 4A molecular sieves followed by a
potassium mirror, then vacuum transferred into a sealed ampoule and stored in the glovebox
under argon. Terephthaldehyde was purchased from Sigma-Aldrich and further purified by
sublimation. Ferrocene was purchased from Sigma-Aldrich or Avocado and purified by
sublimation before use. Diphenylsilane and N,N,N’N’-tetramethylethylenediamine were
purchased from Sigma-Aldrich and distilled from CaH,. All other commercially available
compounds were purchased from Sigma-Aldrich and used as received. N,N-dimethyl-p-
xylylenediamine, 125 [Ae(N(SiMes)2)2.(THF),] (Ae = Ca, Sr, Ba), 126128
[Ba(CH(SiMes)2)2.(THF),], ?° 1,1’-bis(amino)ferrocene,*%32 and ruthenocene ** were

synthesised according to published procedures.

Diffusion ordered spectroscopy (DOSY) experiments. Diffusion Ordered Spectroscopy
(DOSY) experiments were carried out on a Bruker 500 Ultrashield instrument. Samples were
analysed at 1-2 mg/ml concentrations in Ce¢De. TO avoid distorted diffusion coefficients, the
spectra were collected without sample spinning. The Bruker dstebpgp3s convection corrected
pulse sequence was used, with a diffusion delay of A = 60 ms and gradient pulse length of &
= 5 ms. Spectra were obtained over a 16 step gradient range from 10-90%. Spectra were
processed using the MestReNova Bayesian DOSY transform function at a resolution factor of
0.1, 5 repetitions, and 512 points in the diffusion dimension over a range of (1x107 —
1x10%) cm?st. Molecular weights were estimated using a method described by Grubbs et.al.,?’
using six polystyrene standards of known molecular weight from 2000 to 30000 Da, purchased
from Sigma-Aldrich. Plotting logD against logMn produced a linear calibration curve, to which

all polymers were compared (Figure S26).

Cyclic voltammetry experiments. Cyclic voltammetry experiments were performed using an
Ivium Technologies Compactstat potentiostat. Working, counter, and pseudo-reference
electrodes were all platinum disks, 1 mm in diameter. Samples were prepared under a dry

argon atmosphere in 1,2-dichloroethane (15 ml), at 1 mM concentration (molecular or
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monomer concentration), except for compounds 4 (0.4 mM), 5 (0.6 mM), and 7 (0.4 mM). After
measurements cobaltocenium hexafluorophosphate was added as an internal potential
standard. The Cc/Cc* redox couple was found to occur at -1.39 V vs Fc/Fc*, allowing
comparison to the latter, more familiar internal reference system. Tetrabutylammonium

hexafluorophosphate was used as the electrolyte at 0.1 M concentration.

Thermogravimetric analysis (TGA) and pyrolysis experiments. Thermogravimetric
analysis (TGA) was carried out using a Universal Instruments TGA Q500. The temperature
was ramped from room temperature to 800°C at 10°C/min under a 40 ml/min flow of nitrogen.
Bulk pyrolysis experiments on P5 and P8 were carried under a flow of nitrogen, using the
same heating protocol as for the TGA experiments, in a quartz tube furnace that was
thoroughly purged with N> before the sample was loaded in a quartz boat. Following pyrolysis,
the sample was cooled to ambient temperature under nitrogen before removal from the

furnace. The pyrolysis products were stored in the glove box.

Synthesis of FeCp(CpSiPhH->) (1). In the glove box, a Schlenk flask was charged with 4.0 g
ferrocene (21.5 mmol) and 0.30 g KOtBu (2.7 mmol), which was then dissolved in approx.
50 ml THF. Another Schlenk flask was charged with 25.3 ml tBuLi (1.7 M in pentane,
43 mmol). The flasks were transferred to a Schlenk line, cooled to -78°C, and the tBuLi added
dropwise to the ferrocene solution. The yellow suspension was stirred at -78°C for a further
hour and 5.8 ml SiPhH>CI (40 mmol) was added dropwise over 5 minutes. The reaction
mixture was slowly warmed to ambient temperature, and stirred for a further 90 minutes.
Volatiles were removed under reduced pressure, yielding a viscous orange slurry. The product
was extracted with two portions of hexane followed by cannula filtration. Removal of the
solvent yielded the crude product as a viscous orange oil. Prolonged sublimation at 70°C onto
a cold finger and the walls of a Schlenk flask yielded the pure product as orange crystals
suitable for single-crystal X-ray diffraction analysis, 3.4 g, 54% yield. *H NMR (300 MHz, C¢Ds)
5 7.69 — 7.58 (m, 2H, 0-CeHs), 7.27 — 7.06 (m, 3H, m,p-CeHs), 5.14 (s, 2H, SiH,), 4.17 (t, J =
1.6 Hz, 2H, 2,5-SiCpH), 4.13 (t, J = 1.8 Hz, 2H, 3,4-SiCpH), 3.98 (s, 5H, CpH). *C NMR (126
MHz, C¢Ds) & 135.58 (0-Ph), 133.47 (i-Ph), 129.92 (m-Ph), 128.37 (p-Ph), 75.08 (3,4-CpSi),
72.16 (2,5-CpSi), 69.04 (Cp), 61.15 (1-CpSi). °Si NMR (99 MHz, CsDs) d -35.81. Analysis
calculated for CisH16FeSi: C 65.76, H 5.52, N 0%. Found: C 65.66, H 5.39, N 0%.

Reaction of benzyl amine with (phenylsilyl)ferrocene 1 to give FcSi(Ph)(HNBn); 2. To a
J. Youngs NMR tube was added 10 mg 2 (3.42x10° mol), 7.48 ul benzyl amine
(6.84x10° mol), and 0.5 ml C¢De. 1 mg | (2x10°® mol) was dissolved in 0.1 ml C¢Ds in a vial,
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and added via pipette to the NMR tube resulting in immediate effervescence. On heating at
60°C for 16 hours, quantitative conversion to FcSi(Ph)(NHBn), 2 was observed. Slow
evaporation of a toluene solution yielded long, yellow crystalline needles, suitable for single
crystal X-ray diffraction analysis. Yield 3.5 mg, 20.4%. Alternatively, compounds Il or Ill could
be used in the place of compound | at the same molar loading, reaching quantitative
conversion to 2 after 20 minutes at room temperature followed by 1 hour at 60°C, or after 20
minutes at room temperature respectively. *H NMR (500 MHz, CsD¢) & 7.88 — 7.81 (m, 2H, o-
SiPh), 7.35 — 7.24 (m, 7H 0-CH2Ph + m,p-SiPh), 7.23 — 7.18 (m, 4H, m-CH2Ph), 7.14 — 7.07
(m, 2H, p-CH2Ph), 4.20 (dd, J = 2.0, 1.4 Hz, 2H, 2,5-SiCp), 4.19 (dd, J = 2.0, 1.4 Hz, 2H, 3,4-
SiCp), 4.13 (d, J = 2.5 Hz, 2H, NHCH>), 4.12 (d, J = 2.1 Hz, 2H, NHCH>), 3.93 (s, 5H, Cp),
1.43 (t, J = 8.0 Hz, 2H, NH). 3C NMR (126 MHz, C¢Ds) d 144.52 (i-SiPh), 137.98 (i-CH.Ph),
135.02 (0-SiPh), 129.75 (0-CH,Ph), 128.65 (m-CH.Ph), 128.11 (p-SiPh), 127.36 (m-SiPh),
126.79 (p-CH:Ph), 74.30 (2,5-Cp), 71.36 (3,4-Cp), 68.86 (Cp), 46.07 (CH2). 2°Si NMR (99
MHz, CsDg) 6 -21.34. Analysis calculated for C3gHsoFeN2Si: C 71.71, H 6.02, N 5.57%. Found:
C 71.71, H 5.86, N 5.43%.

General synthetic procedure for P1-P4. In the glove box, a 5 ml solution of 1.05g 1
(3.6 mmol) and 0.49 g p-xylylenediamine (3.6 mmol) was made up in toluene (0.72 M) and
stirred overnight before use to ensure complete dissolution. A Schlenk flask was charged with
1 ml of the stock solution (0.72 mmol) and heated to 60°C. The catalyst was added to another
Schenk flask, dissolved in 0.5 ml toluene, and added via cannula to the monomer solution.
Immediate and vigorous effervescence was accompanied by the appearance of an intense
purple colour, and the reaction was stirred at 60°C for a further 2 hours to ensure complete
conversion. Polymers were isolated by precipitation into pentane at -78°C, cannula filtration,
and removal of solvent under vacuum. Although every effort was made to remove all traces of
solvent from polymers P1-P4, substantial quantities of entrapped toluene were observed, and

prevented meaningful elemental analysis from being obtained.

Synthesis of polymer P1. Polymer P1 was synthesised according to the general procedure,
using 21.6 mg Il (0.035 mmol, 5 mol%). Isolated yield following precipitation: 0.105 g, 33%.
1H NMR (500 MHz, CsDs) & 7.88 (d, J = 6.6 Hz, 49H, 0-PhSi), 7.38 (s, 91H, Hc), 7.29 (g, J =
7.7, 7.0 Hz, 88H, m,p-PhSi), 4.37 — 4.07 (m, 197H, Hq + SiCp), 3.96 (s, 114H, Cp), 3.61 (t, J
= 7.2 Hz, 4H, Hp), 1.49 (t, J = 7.8 Hz, 54H, He), 0.77 (s, 4H, Ha). *C NMR (126 MHz, CsDs) d
142.83 (Cy), 138.12 (i-PhSi), 135.07 (0-PhSi), 129.75 (m-PhSi), 128.35 (p-PhSi), 127.52 (Cs),
74.37 (2,5-CpSi), 71.39 (3,4-CpSi), 68.92 (Cp), 68.64 (1-CpSi), 45.95 (C;, C,). *Si NMR (99
MHz, CsDs) d -21.46.
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Synthesis of polymer P2. Polymer P2 was synthesised according to the general procedure,
using 14.3 mg Il (0.024 mmol, 3.3 mol%). Isolated yield following precipitation: 0.172 g, 57%.
'H NMR (500 MHz, C¢Ds) 5 7.88 (dq, J = 5.7, 2.1 Hz, 50H, 0-PhSi), 7.38 (s, 81H, Hc), 7.35 —
7.23 (m, 81H, m,p-PhSi), 4.30 — 4.14 (m, 183H, Hq4 + SiCp), 3.96 (s, 104H, Cp), 3.61 (t, J =
7.0 Hz, 4H, Hyp), 1.49 (t, J = 7.9 Hz, 54H, He), 0.77 (s, 4H, Ha). *C NMR (126 MHz, C¢Ds) &
142.83 (Cy), 138.12 (i-PhSi), 135.08 (0-PhSi), 129.75 (m-PhSi), 128.35 (p-PhSi), 127.52 (Cs),
74.37 (2,5-CpSi), 71.39 (3,4-CpSi), 68.92 (Cp), 68.64 (1-CpSi), 45.95 (C;, Cy4). 2°Si NMR (99
MHz, CeDe) & -21.46.

Synthesis of polymer P3. Polymer P3 was synthesised according to the general procedure,
using 4.3 mg 11l (0.007 mmol, 1 mol%). Isolated yield following precipitation: 0.200 g, 62%. 'H
NMR (500 MHz, CsDs) & 7.87 — 7.80 (m, 5H, 0-SiPh), 7.80 — 7.75 (m, 2H, o-SiPh), 7.33 (dd, J
=5.5, 1.8 Hz, 5H, H.), 7.31 — 7.19 (m, 12H, m,p-PhSi), 5.91 (d, J = 5.7 Hz, OH, SiH), 5.63 (t,
J =2.3 Hz, 1H, SiH), 5.10 (s, OH, SiH), 4.25 — 4.09 (m, 23H, SiCp + Hg), 3.99 — 3.94 (m, 2H,
Hg), 3.94 — 3.92 (m, 2H, Cp), 3.92 — 3.90 (m, 8H, Cp), 3.56 (q, J = 6.8 Hz, 4H, H;), 1.53 — 1.39
(m, 5H, He), 1.08 (t, J = 8.2 Hz, OH, H,), 0.72 (s, 4H, H,). 13C NMR (126 MHz, CsDs) d 142.83
(Cy), 142.29 (C,), 138.12 (i-PhSi), 135.06 (0-PhSi), 130.09 (m-PhSi), 129.74 (m-PhSi), 128.35
(p-PhSi), 127.51 (Cs), 127.49 (Cs), 127.40 (Cs), 74.58 (2,5-CpSi), 74.35 (2,5-CpSi), 71.87 (3,4-
CpSi), 71.73 (3,4-CpSi), 71.37 (3,4-CpSi), 68.90 (Cp), 68.63 (1-CpSi), 46.58 (C,), 45.93 (C,).
29S| NMR (99 MHz, C¢Ds) & -21.45.

Synthesis of polymer P4. Polymer P6 was synthesised according to the general procedure,
using 14.3 mg VI (0.024 mmol, 3.3 mol%). Isolated yield following precipitation: 0.192 g,
63%.*H NMR (500 MHz, CsDs) 6 7.92 — 7.83 (m, 64H, 0-PhSi), 7.38 (s, 104H, H), 7.34 - 7.24
(m, 99H, m,p-PhSi), 4.30 — 4.12 (m, 223H, Hq + SiCp), 3.96 (s, 128H, Cp), 3.61 (t, J = 7.1 Hz,
4H, Hy), 1.49 (t, J = 7.8 Hz, 70H, He), 0.77 (s, 3H, Ha). 23C NMR (126 MHz, CsDs) & 142.83
(Cy), 138.12 (i-PhSi), 135.07 (0-PhSi), 129.75 (p-PhSi), 128.35 (m-PhSi), 127.52 (Cs), 74.37
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(2,5-CpSi), 71.39 (3,4-CpSi), 68.92 (Cp), 68.64 (1-CpSi), 45.95 (Cy, C4). °Si NMR (99 MHz,
CesDs) © -21.45.

Synthesis of polymer P5. A Schenk flask was charged with 0.105 g 1 (0.36 mmol), 0.049 g
p-xylylenediamine (0.36 mmol), and 0.25 ml THF. The monomer solution was stirred for 1 hour
until completely dissolved before a THF solution of Il was added (7.1 mg, 0.012 mmol,
3.3 mol%, in 0.02 ml THF). Immediate and vigorous effervescence was accompanied by the
appearance of an intense purple colour. The reaction was stirred for a further hour, before the
viscous solution was diluted with a further 0.5 ml THF and precipitated into non-dried hexane.
The polymer was isolated as a pale orange solid following filtration and removal of solvent
under vacuum. Yield 60.5 mg, 39.6%. *H NMR (500 MHz, CsDs) & 7.92 — 7.84 (m, 55H, o-
PhSi), 7.38 (s, 90H, H.), 7.33 — 7.24 (m, 86H, m,p-PhSi), 4.29 — 4.12 (m, 223H, Hq + SiCp),
3.96 (s, 108H, Cp), 3.61 (t, J = 7.1 Hz, 4H, Hy), 1.49 (t, J = 7.8 Hz, 63H, He), 0.77 (s, 4H, Ha).
13C NMR (126 MHz, C¢Ds) 8 142.83 (C,), 138.12 (i-PhSi), 135.07 (0-PhSi), 129.75 (p-PhSi),
128.35 (m-PhSi) 127.52 (Cs), 74.37 (2,5-CpSi), 71.39 (3,4-CpSi), 68.93 (Cp), 68.64 (1-CpSi),
45.95 (Cy, Cy). °Si NMR (99 MHz, CsDs) d -21.45.

Synthesis of polymer P6. A Schenk flask was charged with 0.126 g 1 (0.43 mmol), 0.059 g
p-xylylenediamine (0.43 mmol), and 0.6 ml toluene. The monomer solution was stirred for 1
hour until completely dissolved before a toluene solution of Ill was added (8.7 mg, 0.014 mmol,
3.3 mol%, in 0.33 ml toluene). Immediate and vigorous effervescence was accompanied by
the appearance of an intense purple colour. The reaction was stirred for two hours at room
temperature before precipitating twice into non-dried hexane. The polymer was isolated as a
pale orange solid following filtration and removal of solvent under vacuum. Yield 90.6 mg,
49.6%. *H NMR (500 MHz, C¢Ds) & 7.88 (dt, J = 5.9, 2.3 Hz, 92H, 0-PhSi), 7.38 (s, 180H, H,),
7.33-7.23 (m, 171H, m + p-PhSi), 4.29 - 4.14 (m, 369H, Hy + SiCp), 3.96 (s, 206H, Cp), 3.61
(t, J = 6.9 Hz, 4H, Hp), 1.49 (t, J = 7.8 Hz, 92H, H,), 0.77 (s, 4H, H,). *C NMR (126 MHz, CsDs)
0 142.83 (C,), 138.12 (i-SiPh), 135.07 (0-SiPh), 129.75 (p-SiPh), 128.14 (m-SiPh), 127.52
(Ca), 74.37 (2,5-SiCp), 71.39 (3,4-SiCp), 68.93 (Cp), 68.64 (1-SiCp), 45.95 (C,). 2°Si NMR (99
MHz, CeDe) & -21.45.
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Synthesis of polymers P7a and P7b. A Schenk flask was charged with 0.126 g 1
(0.43 mmol), 0.059 g p-xylylenediamine (0.43 mmol), and 0.6 ml toluene. The monomer
solution was stirred for 1 hour until completely dissolved before a toluene solution of Il was
added (8.7 mg, 0.014 mmol, 3.3 mol%, in 0.33 ml toluene). Immediate and vigorous
effervescence was accompanied by the appearance of an intense purple colour. After stirring
for two hours at room temperature, half of the reaction mixture was removed and precipitated
twice into non-dried hexane, yielding P7a 13.9 mg (7.6%). *H NMR (500 MHz, CsDs) 8 7.91 —
7.83 (m, 75H, 0-PhSi), 7.38 (d, J = 2.0 Hz, 126H, H), 7.29 (d, J = 7.3 Hz, 104H, m + p-PhSi),
4.28 — 4.13 (m, 293H, Hq + SiCp), 3.96 (d, J = 2.2 Hz, 139H, Cp), 3.61 (t, J = 7.1 Hz, 4H, H,),
1.50 (t, J = 7.7 Hz, 78H, H.), 0.77 (s, 4H, H,). 3C NMR (126 MHz, CsDs) 5 142.84 (C,), 138.12
(i-SiPh), 135.08 (0-SiPh), 129.75 (p-SiPh), 128.15 (m-SiPh), 127.52 (Cz), 74.37 (2,5-SiCp),
71.39 (3,4-SiCp), 68.93 (Cp), 68.64 (1-SiCp), 45.95 (C,). 2°Si NMR (99 MHz, C¢Ds) 5 -21.45.

A further 4.4 mg Il (0.007 mmol) in 0.150 mltoluene was added without further visual change.
The reaction was stirred for a further two hours before precipitating twice into non-dried
hexane to yield P7b 30.3 mg (16.6%). NMR spectra were very similar to that of P7b.*H NMR
(500 MHz, C¢Dg) 6 7.93 — 7.82 (m, 60H), 7.38 (s, 89H), 7.34 — 7.24 (m, 89H), 4.30 —4.11 (m,
226H), 3.96 (s, 126H), 3.61 (t, J = 6.8 Hz, 4H), 1.49 (t, J= 7.8 Hz, 63H), 0.77 (s, 4H). 13C NMR
(126 MHz, CesDs) & 142.83, 138.12, 135.08, 129.75, 128.14, 127.52, 74.37, 71.39, 68.92,
68.64, 45.95. 2°Si NMR (99 MHz, C¢Ds) d -21.46.

Synthesis of Fe(CpSiPhH3). 3. In the glove box, a Schlenk flask was charged with 3.26 g
ferrocene (18 mmol) and 6.45 ml N,N,N’'N -tetramethylethylenediamine (TMEDA) (43 mmol).
Another Schlenk flask was charged with 17.0 ml 2.5 M nBuLi in hexanes (43 mmol). The
ferrocene and TMEDA were dissolved/suspended in ~80 ml hexane, and on the Schlenk line,
the nBuLi solution was added dropwise with stirring. The reaction mixture was stirred at room

temperature for 16 hours and the resultant pale orange suspension allowed to settle before
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cannula filtration. The pale orange solid (dilithioferrocene) was washed with two portions of
hexane, then re-suspended in ~50 ml fresh hexane. The suspension was cooled to 0 °C, and
4.7 ml SiPhH,>CI (35 mmol) was added dropwise. The reaction was allowed to reach room
temperature, and stirred for a further 16 hours. The product was extracted from the LiCl by-
product with hexane, cannula filtered, and solvent removed under reduced pressure to obtain
a sticky orange residue. Prolonged sublimation onto a dry-ice cold finger and the walls of a
Schlenk flask at 140 °C yielded the pure product as orange crystals suitable for single-crystal
X-ray diffraction analysis, 1.98 g, 28.4% yield. *H NMR (300 MHz, CsDs) & 7.65— 7.56 (m, 4H,
0-CeHs), 7.20 — 7.09 (m, 6H, m,p-CeHs), 5.10 (s, 4H, SiHy), 4.20 (t, J = 1.7 Hz, 4H, 2,5-CpH),
4.13 (t, J = 1.9 Hz, 4H, 3,4-CpH). 13C NMR (126 MHz, CsDs) & 135.56 (0-Ph), 133.24 (i-Ph),
129.97 (m-Ph), 128.39 (p-Ph), 75.83 (3,4-Cp), 72.92 (2,5-Cp), 61.91 (1-Cp). °Si NMR (99
MHz, CesDs) 0 -35.83. Analysis calculated for C22H2:SizFe: C 66.32 H 5.57 N 0.00%. Found: C
66.27, H 5.48, N 0.00%.

Reaction of benzyl amine with 1,1’-bis(phenylsilyl)ferrocene 3 to yield 4. To a J. Youngs
NMR tube was added 10 mg 3 (2.5x10°° mol), 5.48 ul benzyl amine (5x10° mol), and 0.5 ml
CsDs. 1.5 mg 111 (2.5x10°° mol) was dissolved in 0.1 ml C¢Ds and added to the NMR tube. The
reaction mixture was heated to 60°C for 16 hours, after which no further reaction was
observed. Multinuclear NMR of the crude reaction mixture revealed a mixture of reaction
products, precluding detailed characterisation. Solvent was removed under vacuum, and the
crude product was re-dissolved in a hexane/toluene mixture. Cooling to -30°C resulted in the
isolation of orange crystalline blocks, identified by single crystal X-ray diffraction analysis as
compound 4. Yield 0.5 mg, 2.4%. The reaction was also carried out following the same
procedure, but with a 1:2 Si:N ratio; 3 (10 mg, 2.5x10° mol) and benzyl amine (1.0x10* mol).
In this case, a higher yield of crystals were obtained, enabling full characterisation by NMR
spectroscopy and elemental microanalysis. Yield 4.0 mg, 19.5% H NMR (500 MHz, C¢Ds) &
7.83 —7.75 (m, 4H, 0-SiPh), 7.30 — 7.22 (m, 14H, m+p-SiPh, o-NHCH2Ph), 7.19 (dd, J = 8.4,
6.8 Hz, 8H, m-NHCH2Ph), 7.13 — 7.07 (m, 4H, p-NHCH2Ph), 4.13 (t, J = 1.7 Hz, 4H, 2,5-Cp),
4.12 (t,J=1.6 Hz, 4H, 3,4-Cp), 4.06 (d, J=1.7 Hz, 4H, NHCH2), 4.04 (s, br, 4H, NHCH2), 1.41
(t, J = 8.0 Hz, 4H, NH). *C NMR (126 MHz, CsD¢) d 144.46 (i-NHCH2Ph), 137.84 (i-SiPh),
135.03 (0-SiPh), 129.81 (m-SiPh), 128.62 (m-NHCH2Ph), 127.39 (m-NHCH2Ph), 126.76 (p-
NHCH2Ph), 74.65 (3,4-Cp), 72.22 (2,5-Cp), 68.86 (1-Cp), 46.02 (CH2). 2°Si NMR (99 MHz,
CeDs) 0 -21.32. Analysis calculated for CsoHsoFeN4Siz: C 73.33, H 6.15, N 6.84%. Found: C
73.28, H 6.35, N 6.66%.
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Synthesis of P8. To a Schlenk flask was added 120 mg 3 (0.3 mmol), 41 mg p-
xylylenediamine (0.3 mmol), and 2 ml toluene. 9 mg 1l (0.015 mmol) was dissolved in 1 ml
toluene and added to the monomer solution resulting in immediate effervescence and a colour
change to purple. After heating to 60°C for 16 hours to ensure complete conversion, the
reaction was quenched by addition of 1 ml non-dried hexane. After prolonged drying under
vacuum, the product was recovered as a pale orange powder, 105 mg, 60%. *H NMR (500
MHz, C¢Ds) 8 8.12 — 7.63 (m, 390H 0-SiPh), 7.52 — 7.19 (m, 1015H, m,p-SiPh + CgH,), 5.88
—5.75 (m, 63H, SiH), 5.73 (s, 22H, SiH), 5.64 (d, J = 6.1 Hz, 19H, SiH), 5.56 (d, J = 9.7 Hz,
8H, SiH), 4.61 — 3.80 (m, 1230H, Cp + CH,), 3.58 (br, s, 1H, CH,NH>), 3.51 (t, 2H, CH,NH>),
1.75 — 1.03 (m, 131H, NH). 3C NMR (126 MHz, C¢Ds) d 139.84 (i-SiPh), 135.19 (0-SiPh),
135.17 (0-SiPh), 135.13 (0-SiPh), 135.10 (0-SiPh), 135.08 (0-SiPh), 130.08 (SiPh), 129.96 (p-
SiPh), 129.10 (Ar), 128.92 (m-SiPh), 127.54 (C¢Ha), 127.07 (CeH4), 76.73 (2,4-Cp), 76.60 (2,4-
Cp), 76.52 (2,4-Cp), 75.36 (Cp), 74.50 (Cp), 74.35 (Cp), 73.67 (Cp), 73.57 (Cp), 73.45 (Cp),
73.23 (Cp), 72.89 (Cp), 63.42 (1-Cp), 63.29 (1-Cp), 51.27 (CH2). 2°Si NMR (99 MHz, C¢D¢) &
-14.20.

General synthetic procedure for polymers P9-P10. In the glovebox, a 3.33 ml of 3 (0.96 g,
2.4 mmol) and p-xylylenediamine (0.33 g, 2.4 mmol) was made up in toluene (0.72 M) and
stirred overnight to aid dissolution. A Schlenk flask was charged with 0.6 ml of the stock
solution (0.43 mmol) and heated to 60°C. The catalyst was added to another Schenk flask,
dissolved in 0.5 ml toluene, and added via cannula to the monomer solution. Immediate and
vigorous effervescence was accompanied by the appearance of an intense purple colour, and
the reaction was stirred at 60°C for a further 2 hours to ensure complete conversion. Polymers
were isolated by precipitation into pentane at -78°C, cannula filtration, and removal of solvent

under vacuum.

Synthesis of polymer P9. Polymer P9 was synthesised according to the general procedure,
using 13.1 mg 1l (0.022 mmol, 5 mol%). Isolated yield following precipitation: 0.110 g, 48%.
H NMR (500 MHz, CgDg) d 7.97 — 7.63 (m, 44H, 0-SiPh), 7.47 — 7.19 (m, 143H, m,p-SiPh +
CeH4), 5.79 (s, br 6H, SiH), 5.74 (s, OH, SiH), 5.72 (s, OH, SiH), 5.62 (d, J = 11.3 Hz, 7H, SiH),
4.60 — 4.38 (m, 10H, Cp), 4.38-4.31 (m, 9H, CH,), 4.31 — 3.89 (m, 137H, Cp + CH,), 3.85 (s,
4H, CHy), 3.60 (s, 4H, CH,NH>), 3.51 (s, 1H, CH,NH>), 1.45 (d, J = 32.6 Hz, 9H, NH), 1.10 (s,
3H, NH), 0.76 (s, 3H, NH,). 3C NMR (126 MHz, CsDs) d 135.17 (0-SiPh), 135.08 (0-SiPh),
135.06 (0-SiPh), 76.71 (Cp), 74.35 (Cp), 73.66 (Cp), 72.88 (Cp), 63.28 (1-Cp), 51.22 (CH>),
47.00 (CHy), 45.89 (CH,). °*Si NMR (99 MHz, CsDs, determined from *H-?°Si HMQC) & -14.15
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Synthesis of polymer P10. Polymer P10 was synthesised according to the general
procedure, using 8.7 mg Il (0.014 mmol, 3.3 mol%). Isolated yield following precipitation:
0.120 g, 52%. *H NMR (500 MHz, C¢Dg) & 7.92 — 7.68 (m, 28H, 0-SiPh), 7.43 — 7.19 (m, 58H,
m,p-SiPh + C¢Hy,), 5.79 (s, 3H, SiH), 5.74 (s, OH, SiH), 5.73 (s, OH, SiH), 5.66 — 5.55 (m, 8H,
SiH), 4.44 (s, 1H), 4.41 (s, 4H), 4.33 (m, CHy), 4.31 — 3.89 (m, 79H, Cp + CHy), 3.86 (d, J =
7.8 Hz, 2H, CHy), 3.59 (s, 4H, CH,NH>), 3.51 (s, 1H, CH,NH>), 1.91 — 1.26 (m, 87H, NH), 1.06
(d, J = 47.1 Hz, 8H, NH), 0.76 (s, 3H, NH), 0.44 (s, 22H, NH). ¥3C NMR (126 MHz, CsDs) &
142.29 (1-CgH4), 142.20 (1-C¢H4), 135.16 (0-SiPh), 135.07 (0-SiPh), 135.05 (0-SiPh), 130.14
(m-SiPh), 129.02 (SiPh), 127.47 (2,5-C¢Ha4), 127.05 (2,5-C¢H4), 76.70 (Cp), 75.84 (Cp), 75.35
(Cp), 75.31 (Cp), 75.17 (Cp), 75.11 (Cp), 74.80 (Cp), 74.35 (Cp), 74.22 (Cp), 74.10 (Cp), 73.66
(Cp), 73.46 (Cp), 72.88 (Cp), 72.54 (Cp), 72.51 (Cp), 72.42 (Cp), 47.01 (CH,). ?°Si NMR
(99 MHz, C¢Dg, determined from *H-2°Si HMQC) & -14.13, -16.24.

Attempted polymerisation of 3 and p-xylylenediamine using 1 mol% IIl. The experiment
was carried out according to the general procedure, using 2.6 mg Il (0.0043 mmol, 1 mo1%).
The 'H NMR spectrum of the product showed predominantly starting material, and no

polymeric products by DOSY (See supporting information: Figure S106, Figure S107).

Reaction of 1,1’-bis(amino)ferrocene with Ph;SiH; to yield 5. To a J. Youngs NMR tube
was added 10 mg Fe(CpNH2)2 VII (4.63x10° mol), 17.2 pl diphenylsilane (9.26x10-° mol), and
0.5ml ds-THF. 1.4 mg Il (2.31x10° mol) was dissolved in 0.1 ml ds-THF in a vial, and
transferred to the NMR tube. On heating to 60°C for 16 hours, complete consumption of VII
was obtained. Compound 5 was isolated in the form of large orange blocks suitable for single
crystal X-ray diffraction by subjecting a THF solutionto hexane diffusion at room temperature.
Isolated yield 8.6 mg, 47.5%. 'H NMR (500 MHz, C¢D¢) 8 7.80 — 7.73 (m, 4H, o-Ph), 7.25 —
7.16 (m, 6H, m,p-Ph), 3.82 (t, J = 1.9 Hz, 4H, 2,4-Cp), 3.80 (t, J = 1.8 Hz, 4H, 3,5-Cp), 2.09
(s, 2H, NH). 3C NMR (126 MHz, C¢D¢) & 135.83 (i-Ph), 135.57 (0-Ph), 130.47 (m-Ph), 128.35
(p-Ph), 97.95 (1-Cp), 66.16 (3,5-Cp), 65.93 (2,4-Cp). *Si NMR (99 MHz, CsDs) & -16.08.
Analysis calculated for C2HxoFeN,Si: C 66.67, H. 5.09, N 7.07%. Found: C 66.48, H 5.16, N
6.91%. Melting point 200°C (DSC).

This reaction was also carried out using the same method, but with 4.6 mg VIl (2.10x10° mol),
2.89 ul diphenylsilane (2.10x10°mol), and 0.7 mg Il (1.16x10° mol), yielding the same

product in 95% spectroscopic yield. The product was not isolated in this case.

Synthesis of RuCp(Cp(SiPhHy)) 6. A Schlenk flask was charged with 0.98 g ruthenocene
(4.23 mmol) and 59 mg KOtBu (0.53 mmol), dissolved in THF, and cooled to -78°C. Another
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Schlenk was charged with 5 mltBuLi (1.7 M solution in pentane), which was added dropwise
to the ruthenocene solution via cannula. The reaction mixture was stirred at -78°C for a further
30 minutes before 1.3 ml PhSiH.CI (9.75 mmol) was slowly added. After removing from the
cold bath, the reaction was stirred for 90 minutes. The solvent was removed under reduced
pressure, and the product was extracted twice with hexane. The crude product was obtained
as a yellow residue following removal of solvent under vacuum. The pure product was
collected as an off-white crystalline solid by sublimation at 65°C. A colourless plate obtained
from the sublimation was selected for single crystal X-ray diffraction analysis. '"H NMR (300
MHz, CsDs) 8 7.69 — 7.59 (m, 3H, m,p-CeHs), 7.24 — 7.17 (m, 2H, 0-CeHs), 5.11 (s, J = 1.5 Hz,
2H, SiH,), 4.60 (t, J = 1.5 Hz, 2H, 2,5-SiCpH), 4.55 (t, J = 1.7 Hz, 2H, 3,4-SiCpH), 4.40 (s, 5H,
CpH). 13C{*H} NMR (126 MHz, CsDs) d 135.11 (0-CgHs), 133.45 (i-C¢Hs) 129.49 (m-CgHs),
127.92 (p-CeHs), 76.26 (3,4-SiCp), 73.34 (2,5-SiCp), 70.93 (Cp). 2°Si NMR (99 MHz, CsDs) &
-36.82. Analysis calculated for C16H1sRUSI: C 56.95, H 4.78, N 0.00%. Found: C 57.07, H 4.90,
N 0.00%.

Reaction of 1,1’-bis(amino)ferrocene with RuCp(Cp(SiPhHy)) 6 to yield 7. To a J. Youngs
NMR tube was added 4.9 mg VIl (2.2x10° mol), 7.0 mg 6 (2.1x10° mol), and 0.5 ml ds-THF.
0.6 mg 1l (1x10°® mol) was dissolved in 0.1 ml ds-THF in a vial, and transferred to the NMR
tube. After heating to 60°C for 16 hours, complete conversion was obtained, with 80%
spectroscopic yield of the ferrocenophane product 7. Addition of a hexane layer to the NMR
tube yielded crystals suitable for single crystal X-ray diffraction analysis on standing at room
temperature for several days, isolated: 3 mg, 23% vyield. *H NMR (500 MHz, ds-THF) & 7.96 —
7.88 (m, 2H, 0-Ph), 7.46 — 7.39 (m, 3H, m,p-Ph), 4.64 (t, J = 1.6 Hz, 2H, 2,5-RuCpSi), 4.50 (t,
J =1.6 Hz, 2H, 3,4-RuCpSi), 4.49 (s, 5H, RuCp), 3.99 (dt, J = 2.5, 1.4 Hz, 2H, 2-FeCp), 3.72
(tt, J = 2.2, 1.1 Hz, 2H, 3-FeCp), 3.65 (dt, J = 2.5, 1.4 Hz, 2H, 5-FeCp), 3.35 (dt, J = 2.6, 1.4
Hz, 2H, 4-FeCp), 2.88 (s, 2H, NH). *C{*H} point NMR (126 MHz, ds-THF) & 138.70 (i-Ph),
136.62 (0-Ph), 130.44 (m-Ph), 128.23 (p-Ph), 99.86 (1-FeCp), 75.95 (3,4-RuCpSi), 73.32 (2,5-
RuCpSi), 71.71 (RuCp), 70.99 (1-RuCpSi) 69.13 (2-FeCp), 65.99 (, 5-FeCp), 64.84 (3-FeCp),
62.72 (4-FeCp). °*Si NMR (99 MHz, ds-THF) & -7.41. Analysis calculated for C2sH24FeN2RUSI:
C 56.84, H 4.40, N 5.10%. Found: C 56.61, H 4.27, N 5.13%. Melting point (DSC): 261°C.

Reaction of N,N’-dimethyl-p-xylylenediamine with two equivalents of diphenylsilane in
the presence of lll to yield 8. To a J. Youngs NMR tube was added 10 ul N,N’-dimethyl-p-
xylyenediamine (6.21x10° mol), 24.6 pl Ph,SiH2 (1.24x10* mol), and 0.5 ml C¢Ds. 1.9 mg Il
(8.15x10°® mol) was dissolved in 0.1 ml CsDs and added to the NMR tube. After heating to
60°C overnight, 90% of Ph,SiH, was obtained, and after a further 24 hours at 80°C, complete
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conversion resulted in near gquantitative spectroscopic yield of 8. Colourless blocks suitable
for single crystal x-ray diffraction could be obtained by slow cooling a hot toluene solution to
room temperature, or room temperature toluene solution to -30°C. Yield 13.4 mg, 40%. 'H
NMR (500 MHz, CeDs) 8 7.73 — 7.66 (m, 8H, 0-SiPh), 7.25 (s, 4H, CH,CsH4CH>), 7.23 — 7.18
(m, 12H, m,p-SiPh), 5.69 (s, 2H, SiH), 4.00 (s, 4H, CH,), 2.45 (s, 6H, NCHj3). 1*3C NMR (126
MHz, CesD¢) & 139.34 (1-CH.CgH4CHy), 135.60 (i-SPh), 135.48 (0-SiPh), 129.91 (m-SiPh),
128.42 (p-SiPh), 128.31 (2,3-CH.CsH4CHy), 55.57 (NCHy>), 35.34 (NCH3). %°Si NMR (99 MHz,
CsDs) © -10.99. Analysis calculated for CzsH3sN2Sio: C 77.22, H 6.86, N 5.30%. Found: C
77.29, H 6.94, N 5.23%.

Synthesis of polymer P11. A Schlenk flask was charged with 48.3 ul N,N’-dimethyl-p-
xylylenediamine (0.30 mmol), 120 mg 3 (0.30 mmol), and 4 ml toluene. 9 mg 11l (0.015 mmol)
was dissolved in 1 ml toluene and added to the monomer solution. The reaction was heated
to 60°C for 16 hours to ensure complete conversion. The reaction mixture was cooled to -78°C
and precipitated by addition of a large excess of pentane. Following filtration and solvent
removal under vacuum, the product was obtained as a pale orange solid, 0.084 g, 50% yield.
H NMR (500 MHz, C¢Ds) 8 7.80 (t, J = 7.4 Hz, 40H, 0-PhSiH), 7.68 — 7.52 (m, 5H, 0-PhSiH,),
7.28 (dd, J = 9.7, 5.7 Hz, 94H, m,p-PhSi, H), 5.68 (s, 2H, Hy), 5.64 (d, J = 59.3 Hz, 17H, Hy),
5.10 (d, J = 5.9 Hz, 2H, H,), 5.04 (d, J = 6.0 Hz, 2H, H,), 4.38 (s, 8H, Cp), 4.34 (s, 3H Cp),
4.31-4.08 (m, 70H, Cp), 4.01 (dd, J =19.7, 13.0 Hz, 53H, Hy), 2.44 (s, 41H, H¢), 2.42 (s, 43H,
He). *C NMR (126 MHz, Ce¢D¢) & 139.54 (Cs), 136.99 (i-PhSi), 136.95 (i-PhSi), 135.59 (p-
PhSi), 135.17 (0-PhSi), 135.12 (0-PhSi), 135.10 (0-PhSi), 130.11 (m-PhSi), 130.06 (m-PhSi),
128.35 (C7), 75.83 (Cp), 75.74 (Cp), 75.67 (Cp), 75.62 (Cp), 75.31 (Cp), 75.26 (Cp), 75.23
(Cp), 72.99 (Cp), 72.86 (Cp), 72.75 (Cp), 72.69 (Cp), 66.22 (1-Cp), 55.20 (Cs), 35.24 (Ca),
35.22 (C4).?°Si NMR (99 MHz, C¢Dg) & -10.23, -10.32.
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Synthesis of polymer P12. A Schlenk flask was charged with 0.6 ml of a 0.72 M solution
(0.43 mmol) of N,N’-dimethyl-p-xylylenediamine and compound 3 in toluene. 12.9 mg Il

(0.022 mmol, 5 mol%) was dissolved in 0.33 ml toluene and added to the monomer solution,
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resulting in immediate effervescence. After stirring at room temperature for 16 hours, the
product was precipitated twice into non-dried hexane and obtained as a slightly sticky orange
residue. 31.5 mg, 13% yield. *H NMR (500 MHz, CsDg) 6 7.85 — 7.73 (m, 126H, 0-PhSiH), 7.35
—7.22 (m, 317H, m,p-PhSi, He), 5.70 (d, J = 2.2 Hz, 29H, H;), 5.58 (d, J = 2.1 Hz, 29H, Hy),
4.38 (s, 1H, 30), 4.23 (s, 60H, Cp), 4.22 — 4.18 (m, 62H, Cp), 4.17 (s, 33H, Cp), 4.15 (s, 31H,
Cp), 4.07 —3.91 (m, 168H, Hy), 3.54 (m, 4H, Hy) 2.43 (dd, J = 10.4, 2.4 Hz, 192H, H), 2.22 (d,
J = 6.2 Hz, 6H, Hy,) 0.62 (s, br, 2H, H,). *C NMR (126 MHz, CsDs) & 139.54 (C5), 136.99 (i-
PhSi), 136.95 (i-PhSi), 135.17 (0-PhSi), 135.10 (o-PhSi), 130.11 (m-PhSi), 130.07 (m-PhSi),
128.36 (p-SiPh), 128.33 (C4), 75.67 (Cp), 75.62 (Cp), 75.26 (Cp), 75.23 (Cp), 72.87 (Cp),
72.85 (Cp), 72.76 (Cp), 66.22 (1-Cp), 55.19 (C,), 35.24 (C,), 35.22 (C1). 2°Si NMR (99 MHz,
CesDs) 6 -10.22, -10.32.
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Synthesis of 1,1’-bis(dimethylsilyl)ferrocene IX. 1,1-bis(dimethylsily)ferrocene was
synthesised according to a modified literature procedure.0”- 1% A Schlenk flask was charged
with 1.0 g ferrocene (5.5 mmol), 0.8 ml N,N,N’,N’-tetramethylethylenediamine (5.3 mmol), and
hexane. The mixture was stirred at room temperature, and 4.3 ml nBuLi (2.5 M in hexanes,
11 mmol) was added. After stirring at room temperature overnight, the yellow suspension was
filtered and the 1,1’ -dilithioferrocene product washed with toluene. The yellow solid was re-
suspended in fresh toluene, cooled to 0°C, and 1.21 ml dimethylchlorosilane was added
dropwise. The reaction mixture was allowed to warm to room temperature and stirred for 16
hours. After filtering and washing the LiCl byproduct with toluene, the solvent was removed
under vacuum to yield the crude product as an orange oil. The product was purified by flash
column chromatography using a hexane eluent and silica stationary phase. The products
eluted as a broad orange band and collected as nine fractions, of which the first five contained
the desired product in >98% purity. Isolated yield: 0.617 g, 37.1%. *H NMR (500 MHz, CsDs)
5 4.68 (hept, J = 3.7 Hz, 2H, SiH), 4.24 — 4.18 (m, 4H, 2,5-Cp), 4.05 (t, J = 1.7 Hz, 4H, 3,4-
Cp), 0.27 (d, J = 3.7 Hz, 12H, CHj3). 3*C NMR (126 MHz, C¢<D6) & 74.03 (3,4-Cp), 71.93 (2,5-
Cp), 68.32 (1-Cp), -2.87 (CH3). *Si NMR (99 MHz, C¢D6) & -18.68.
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Synthesis of polymer P13. A Schlenk flask was charged with 25.2 mg p-xylylenediamine
(0.185 mmol), 50pl IX (0.185 mmol), and 0.2 ml THF. 3.7 mg Ill (0.006 mmol) was dissolved
in 0.05 ml THF and added to the monomer solution. The reaction mixture immediately became
a deep purple colour and bubbled enthusiastically. After stirring at room temperature for 16
hours, the solution was diluted with 1.5 ml THF and precipitated into non-dried hexane at -
78°C. Following filtration and removal of solvent under vacuum, the product was obtained as
a sticky orange residue. Isolated yield 56.5 mg, 70.3 %. *H NMR (500 MHz, C¢Ds) & 7.30 (s,
br, 35H, ArH), 4.26 (q, J = 1.9 Hz, 35H 2,5-Cp), 4.16 — 4.06 (m, 35H, 3,4-Cp), 3.94 (d, J =8.0
Hz, 44H, H.), 3.62 (t, J = 7.2 Hz, 4H, Hy), 0.81 (t, J = 8.0 Hz, 25H, Hq + Hy), 0.36 (s, br, 127H,
CH3). 13C NMR (126 MHz, C¢Ds) & 142.92 (1-CgHa), 127.38 (2,6-CsHa), 73.59 (3,4-Cp), 71.79
(2,5-Cp), 46.61 (C,), 46.33 (Cy), -0.15 (CH3). 2°Si NMR (99 MHz, CsDs¢) & -1.71.
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Synthesis of polymer P14. In the glove box, 0.210 g compound 1 (0.72 mmol) and 0.098 g
p-xylylenediamine (0.72 mmol) were dissolved in 1 ml THF in a Schlenk flask. 14.3 mg
compound 1l (0.024 mmol) was dissolved in 0.1 ml THF, and added to the stirred monomer
solution, resulting in an immediate colour change to purple, and vigorous bubbling. The
reaction was stirred for 45 minutes, then 17.8 yl PhSiH; (0.144 mmol) was added. The
reaction mixture resumed bubbling and rapidly increased in viscosity, becoming a gelatinous
lump after a few seconds. The bubbling subsided, and the Schlenk flask was removed from
the box. Most of the solvent was removed under vacuum, before backfilling with air in order to
quench the catalyst and purple colour. The product was isolated as a spongy orange solid
following prolonged vacuum drying. Addition of solvent (benzene, toluene, or THF) resulted
only in swelling to an orange gel, precluding characterisation by NMR spectroscopy. A small
amount of soluble material could be extracted from the gel with C¢De. The *H NMR spectrum
of this extract resembled that of polymers P1-P7, assumed to be a fraction of polymer which
was not crosslinked by addition of phenylsilane. A pellet of P14 could be obtained by
compressing a 30 mg sample of the polymer in a KBr press in the glove box.
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X-ray Crystallography

Data for compound 1 were collected on an Agilent Xcalibur, diffractometer equipped with a
Mo-Ka source while those for compounds 2-8 were collected on a SuperNova machine using
Cu-K [ radiation. All samples were maintained at 150 K during data collection. Using Olex2,134
all structures were solved with the olex2.solve®3* structure solution program and subsequently
refined using the SHELXL'*® program. While refinements were largely unremarkable, there
are some points which merit note as follows: For compounds 1 and 6, H1A and H1B, attached
to Sil, were located and refined without restraints. For compounds 2, 4, 5 and 7, nitrogen
bound hydrogen atoms were located and refined at a distance of 0.98 A from the relevant
parent atom.

The asymmetric unit of 4 comprises half of a molecule in which the transition metal is
coincident with a crystallographic inversion centre. The structure of 5 is a textbook
presentation of ‘almost but not quite’ in terms of symmetry, being metrically close to a
monoclinic C unit cell. However, the latter was not supported, even by invoking a twin law.
Ultimately, the crystal was single, and the solution was brokered, as presented here, in space
group P-1.

The integration of the raw data for 8 took account of the fact that the sample was a two
component twin (53:47 ratio), by virtue of a 180° rotation about the c axis. Half of one molecule
was seen to comprise the asymmetric unit, the remainder being generated via an inversion
centre intrinsic to the space group. H1 was located and refined without restraints.
Crystallographic data for all compounds have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publications CCDC 1937585-1937592 for
compounds 1-8, respectively. Copies of these data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax(+44) 1223 336033, e-

mail: deposit@ccdc.cam.ac.uk.
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