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ABSTRACT: The synthesis, purification, characterization, and liquid-crystalline properties of side-chain polysiloxanes bearing
mesomorphic 1,1'- or 1,3-disubstituted ferrocene units are reported. The polymers were prepared by grafting the appropriate
vinyl-containing ferrocene monomer onto commercially available poly(hydrosiloxane)s following a standard procedure. The
monomers gave smectic A or smectic A and smectic C phases depending on the length of the flexible chains connected to the
ferrocene unit. X-ray diffraction indicated that the polysiloxanes exhibited disordered smectic phases. Variation of the d-layer
spacing determined for the polymers containing either 100% or 15—18% of the 1,1'-disubstituted ferrocene monomer (with the
longest terminal alkyl chain) revealed the presence of smectic A and smectic C phases. Thermogravimetry showed a good thermal

stability for the polymers.

Introduction

Side-chain liquid-crystalline polysiloxanes represent
a class of interesting materials’ which have found
important applications in modern technology such as
in the construction of information storage and ferro-
electric devices? and in nonlinear optics.® These stud-
ies were made using organic homo- or copolymers. New
developments may be expected by the introduction of a
metal center into side-chain liquid-crystalline polysi-
loxanes. The combination of the properties of metals
(color, polarizability, redox properties) with those of
mesomorphic polymers (anisotropy, organization) seems
particularly attractive for elaborating novel electroop-
tical devices.

If specific properties are to be exploited, the choice of
the metal, and how it is connected to the polymeric
structure, are of prime importance. Our interest in the
search for new metallomesogens* based on organome-
tallic frameworks®~7 motivated us to consider ferrocene
as a unit of choice for designing new metallomesogenic
polymers.8 Indeed, ferrocene-containing liquid crystals
show good thermal stability, good solubility in common
organic solvents, and, if appropriately substituted, high
liquid-crystalline tendency.> Furthermore, the study of
new metallomesogenic polymers will lead to important
fundamental information to further explore and better
understand the structure—mesomorphic properties re-
lationship for such materials which are still in their
infancy.

The successful development of unsymmetrically 1,1'-
and 1,3-disubstituted mesomorphic ferrocene deriva-
tives® provided an access to the synthesis of vinyl-
containing ferrocene monomers. Grafting of these onto
poly(hydrosiloxane)s following conventional and well-
established procedures was expected to lead to the
targeted polymers.

We report, herein, the synthesis, characterization and
mesomorphic properties of vinyl-containing ferrocene
monomers 1 and 2 (Chart 1) and of their corresponding
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side-chain polysiloxanes I and Il (Chart 2). Preliminary
results have already been communicated.’© Prior to this
report,’® no side-chain liquid-crystalline polymers with
appended mesomorphic organometallic units had been
described.?  Ferrocene derivative 1c was selected to
functionalize the poly(hydrosiloxane)s as it showed the
highest liquid-crystalline tendency among the investi-
gated monomers 1 (see below). As for monomer 2, which
led to higher melting and clearing points compared to
the 1,1'-isomeric structure (see below), only a copolymer
with a low ferrocene monomer content (15—18%) was
synthesized; polymers with higher contents of the
ferrocene moieties may exhibit too high clearing points
and, consequently, decompose before reaching the iso-
tropic liquid.

Results and Discussion

Monomer Synthesis. Monomers la—c were pre-
pared following the synthetic strategy described in
Scheme 1. Ferrocene-1,1'-dicarboxylic acid chloride (3)
was reacted with benzyl alcohol to give monoester 4.
Treatment of the latter with oxalyl chloride (—5) fol-
lowed by condensation with phenol derivatives 6 (n =
12, 18) led to 7 (n = 12, 18). Removal of the benzyl
protective group under standard hydrogenation condi-
tions gave acids 8 (n = 12, 18), which were transformed
with oxalyl chloride into the corresponding acid chlo-
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a Key: (a) benzyl alcohol, triethylamine, CH,Cly, rt, 42%; (b) oxalyl chloride, pyridine, CH,Clj, reflux, 100%; (c) EtsN, CH.Cl,,
reflux, 88% (for n = 18); (d) H,, Pd/C, CH,CI,/EtOH, rt, 87% (for n = 18); (e) oxalyl chloride, pyridine, CH,Cl,, reflux, 87% (for n
= 18); (f) triethylamine, CHCl,, reflux, 70% (for 1c, m = 9, n = 18).

rides 9 (n = 12, 18). Finally, esterification of 9 (n = 12, acid chloride 13. Condensation of the latter with 10

18) with phenol derivatives 10 (m = 6, 9), containing (m = 9) furnished the desired monomer 2.

the vinylic function, gave the targeted monomers Polymer Synthesis. Polymers la—d and Il were

la—c. prepared by grafting either monomer 1c (—la—d) or 2
Monomer 2 was prepared following the alternate (—11) onto the appropriate poly(hydrosiloxane) (14a—

procedure outlined in Scheme 2. Ferrocene-1,3-dicar- d) adapting a literature procedure!! (Scheme 3). The

boxylic acid chloride (11) was treated with phenol progress of the reaction was monitored by following the

derivative 6 (n = 18) to give acid intermediate 12, which decrease of the Si—H bond peaks by 'H NMR (4.7 ppm,
was converted with oxalyl chloride to the corresponding CDCI3) and IR (2160 cm™1) spectroscopy. Dissolution
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aKey: (a) benzene, 6 (n = 18, see Scheme 1), pyridine,
reflux, 26%; (b) oxalyl chloride, pyridine, CH,Cl,, reflux, 84%;
(c) CH.CIy, 10 (m = 9, see Scheme 1), triethylamine, reflux,
62%.
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of the crude material in CH,CI,, precipitation with
MeOH, and recovery by centrifugation led to pure
polymers: Gel permeation chromatography (GPC) re-
vealed that unreacted monomers and low-molecular
weight oligomers were removed during the purification
process.

The molecular weights (Table 1) of polymers | and 11
were determined, on one hand, by GPC and, on the other
hand, by *H NMR spectroscopy taking into account the
percent of substitution present in the starting polymer??
(calculated by comparing the signal intensity of the
methyl groups anchored onto the polymer backbone with

Table 1. Molecular Weights and Molecular Weight
Distributions of Investigated Polymers

molecular
weight calcd
of starting molecular %
polymer polysiloxanes? ~ weight  grafting® M,°¢ Mn¢  Mu/Mp
la 2270 37 500 90 3130023100 1.4
Ib 900—1000 max: 8800 100 26100 18600 1.4
min: 6400
Ic 2000-2100 max: 13100 100 29700 20400 1.5
min: 10 800
Id 2000—2500 max: 9100 100 24800 17900 1.4
min: 6400
11 2000—2500 max: 9100 100 3330022900 1.6
min: 6400

a Given by the supplier. ® By *H NMR spectroscopy (see main
text). ¢ Data obtained by gel permeation chromatography.

Table 2. Phase Transition Temperatures and Enthalpy
Changes of Investigated Monomers

monomer transition? T (°C)P AH (kJ/mol)
la K—1 144 57.3
(1 —Sa)* 137 d
1b K—Sa 135 55.0
(Sc — Sa)ee 117
Sa— | 145 10.8
1c K—Sc 124 44.3
Sc — Sa® 134
Sa— 1 149 12.6
2 K—Sa 164 38.8
(Sc — Sa)ee 161
Sa— | 198 11.0
a K = crystalline state, Sc = smectic C phase, Sp = smectic A
phase, | = isotropic liquid. ® Note that the transition temperatures

reported in our preliminary communication® (i.e. for 1c and 2)
were determined on a Mettler DSC 30 calorimeter connected to a
Mettler TA 3000 processor and corresponded to the peak transi-
tions (see Experimental Section: Techniques). ¢ Monotropic transi-
tion. 9 Not determined (peak overlap with the crystallization
transition). ¢ Determined by polarized optical microscopy.

that of the terminal CHj; in the ferrocene-containing
monomeric units) and the number of methylhydrosilox-
ane units (CH3SiH).

The percentage of monomer grafting determined
revealed that the reaction occurred with a good yield
(90%) for homolymer la and quantitatively for copoly-
mers Ib—d and 1. With the exception of homopolymer
la, the molecular weights calculated by NMR are
smaller than those determined by GPC. This discrep-
ancy arises from the fact that polystyrene standards
were used to calibrate the GPC columns. The molecular
weights obtained from both techniques cannot be com-
pared.

Molecular weights distribution (My/M;) (Table 1)
ranging from 1.4 to 1.6 were obtained after purification.

Mesomorphic Properties. The mesomorphic prop-
erties were investigated by a combination of polarized
optical microscopy (POM), differential scanning calo-
rimetry (DSC), and X-ray diffraction (XRD). The ther-
mal and liquid-crystalline data of the monomers (1 and
2) and polymers (I and I1) are listed in Tables 2 and 3,
respectively.

Monomers. Ferrocene derivative la having the
shortest flexible chains gave a monotropic smectic A
phase. Monomer 1b led to an enantiotropic smectic A
phase and a monotropic smectic C one. As for 1c,
bearing the longest alkyl chains, it showed enantiotropic
smectic C and smectic A phases. Ferrocene derivative
2 gave an enantiotropic smectic A phase and a mono-
tropic smectic C one. Higher melting and clearing



Table 3. Phase Transition Temperatures of Investigated
Polymers

polymer transition2 T (°C)> AH (J/g) lig-crystalline behavior?

la Tm 136 11.0 Sc — Sa: 140 °C
T. 183 9.7 (by X-ray diffr)
Ib Tm 127 9.4  smectic A phase (by X-ray
T, 173 8.4 diffr)
Ic Tm 118 7.3  smectic A phase (by X-ray
Te 163 7.4 diffr)
I1d Tm 120 144  Sc— Sa: 151 °C (1.4 J/g)
Tc 159 14 (by DSC, polarized optical
microscopy and X-ray
diffr)
11 Tm 139 6.9 smectic A and/or smectic C
Te 200 12 phase(s) (by X-ray

diffr)

a T = melting point, T, = clearing point, Sc = smectic C phase,
Sa = smectic A phase. ? Note that the transition temperatures
reported in our preliminary communication® (i.e. for la and I1)
were determined on a Mettler DSC 30 calorimeter connected to a
Mettler TA 3000 processor (see Experimental Section: Tech-
niques).

points were observed for 2 than for its isomeric analogue
1c. The influence of the substitution pattern on the
thermal properties can be explained from the X-ray
crystal structure obtained for a 1,3-disubstituted fer-
rocene derivative,’® which revealed that such a substi-
tution pattern leads to a highly anisotropic structure
compared to the “step” structure of ferrocene derivatives
substituted in the 1,1'-positions.14

The liquid-crystalline phases were identified by POM.
On cooling of the samples from the isotropic melt,
textures typical of smectic A (focal conic fan texture and
homeotropic areas) (for la—c and 2) and smectic C
(broken focal conic fan and schlieren textures) (for 1b,c
and 2) phases were observed.

The liquid-crystalline phases of 1c and 2, which were
used for preparing the side-chain polysiloxanes | and
11, were characterized by XRD. For both monomers,
diffraction patterns typical of disordered smectic phases
were recorded and showed two sharp reflection peaks
(1:2 ratio) in the small-angle region and a diffuse band
in the wide-angle region. The d-layer spacing was
calculated for both monomers in the smectic A phase
and was found to be 59.8 A (at 135 °C) for 1c and 57.1
A (at 175 °C) for 2. From CPK molecular models, a
molecular length L of ca. 68.5 A was measured for 1c
and 2 in their fully extended conformation. From these
values, d/L ratios of 0.87 and 0.83 were obtained for 1c
and 2, respectively. The discrepancy between the d and
L values suggested a monomolecular organization of 1c
and 2 within the smectic A phase with a pronounced
disorganization of the alkyl chains. Such an arrange-
ment is in agreement with low-molar mass ferrocene-
containing thermotropic liquid crystals we previously
investigated.'®

Polymers. All the polymers exhibited liquid-crystal-
line properties. Their melting and clearing points were
determined by DSC and POM. Interestingly, polymer
Id gave an additional endotherm which was indicative
of the presence of two liquid-crystalline phases. Crystal-
to-crystal transitions were detected for la—c. In the
case of la—c and 11, the liquid-crystalline phases could
not be identified by POM. This is often the case for
polymers owing to their viscosity which prevents the
development of typical textures. In some cases, a focal-
conic texture was observed and indicated a smectic
nature of the liquid-crystalline phase(s). For Id, on
cooling slowly the sample from the isotropic fluid, the
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Figure 1. Variation of the d-layer spacing of polymer la as a
function of temperature.'®

128 E
jrmee
126 - N
~ 4 L]
)
o 1241 _
[ ] _/,—‘l
________ [
122 B
130 140 150 160
T (°O)

Figure 2. Variation of the d-layer spacing of polymer Id as
a function of temperature.

formation of batonnets, which then transformed into a
focal-conic fan texture, was clearly noticed. Homeotro-
pic areas were also observed. On further cooling (i.e.
after the second transition), a schlieren texture formed
from the previous homeotropic areas, and the focal-conic
fan texture transformed into a broken focal-conic fan
texture. From these observations, the liquid-crystalline
phases of 1d were identified as smectic A (high-temper-
ature mesophase) and smectic C (low-temperature me-
sophase) phases.

Comparison of the melting and clearing points in
series | and between Id and Il showed the influence of
the monomer content and structural isomerism on the
thermal properties. First, decreasing the content of the
mesogenic ferrocene monomer lowered both the melting
and clearing points. Second, as expected from the
results obtained for monomers 1c and 2 (see above),
incorporation of the 1,3-disubstituted ferrocene units
onto the polymer led to a broadening of the liquid-
crystalline domain.

The liquid-crystalline phases exhibited by | and 11
were investigated by XRD. Diffractograms typical of
disordered smectic A and/or smectic C phases, charac-
terized by two sharp diffraction peaks (1:2 ratio) in the
low-angle region and a diffuse one in the wide-angle
region, were recorded. The d-layer spacing was deter-
mined as a function of temperature for | on cooling the
sample from the isotropic melt. For la (Figure 1) and
Id (Figure 2), the variation of the layer thickness
showed two regimes typical of smectic A (high-temper-
ature liquid-crystalline phase) and smectic C (low-
temperature liquid-crystalline phase) phases. These
data supported the POM observations in case of Id. For
Ib,c, the layer spacing was found to be nearly indepen-
dent of temperature (not shown here) indicating that
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Figure 3. Variation of the d-layer spacing of polymers la—d
as a function of the monomeric molar ratio at 150 °C.

the mesophase observed for these two copolymers was
smectic A in nature.

The molecular organization of the mesomorphic units
in the polymeric structure can be deduced by taking into
account the above X-ray data and the structure of the
ferrocene core. First, because of the bulkiness of the
latter, the mesomorphic ferrocene units are, most likely,
organized in an alternating way leading to a double
layer (herringbone organization). Second, the ratio of
the d-layer spacing obtained for polymer la (105 A at
140 °C)1¢ and the one of monomer 1c (59.8 A at 135 °C)
within the smectic A phase gives a value of dgoymer/
dmonomer = 1.75, suggesting an interdigitation of the
layers and a disorganized state (folding, curling) of the
flexible chains.

The influence of the monomeric ratio on the inter-
lamellar distance was investigated by determining the
d-layer spacing of la—d at 150 °C (Figure 3). Clearly,
the layer thickness increased with the content of dim-
ethylsiloxane units. This behavior was in agreement
with literature datal” obtained for other polysiloxanes
and could be explained in terms of microphase separa-
tions: the amphipatic character between the different
constituent parts of the polymer leads to a microsegre-
gation in space of the polysiloxane backbone, the
aromatic units, and the aliphatic chains, respectively.
The overall layer thickness is the sum of the siloxane
and mesogenic sublayers; since the smectic order is kept
with dilution (i.e., there is no significant change in the
lateral order of the side groups), it can be assumed that
the increase of the smectic layer thickness corresponds
mainly to the increase of the polysiloxane sublayer, as
already reported for other types of liquid-crystalline
polymers.18 If such, the layer thickness should increase
linearly as a function of (1 — Xx)/x, where x is the
percentage of the ferrocene units. Thus, the slope of
this linear variation can be estimated to be equal to
Vbwms/S, where Vpys is the volume of one dimethylsi-
loxane unit (ca. 145 A3 at 170 °C)1° and S the molecular
area of one mesogenic unit. The value found for this
slope in the present work is about 4 A and leads to an
S value of about 36 A2. This value can be understood
from the proposed stuctural model given in Figure 4.
Indeed, due to the bulkiness of the ferrocene group (ca.
44 A?)20 which is about twice that of the classical
calamitic mesogenic part (ca. 23—26 A2), two successive
side groups along the same side of the polymer backbone
should be shifted along the normal to the smectic layers
to fill the space efficiently. In such a description, the
effective molecular area of each side group is about 33
A2 (see ref 21) a value which is compatible with the

Figure 4. Proposed organization of the appended ferrocene
units anchored onto the polymer within the smectic A phase.

distance (6.2 A) between the corresponding two silicon
atoms along the polymer backbone. Finally, itis worth
noting that such a molecular organization implies that
the aliphatic chains (spacer and terminal chains) be
highly disorganized and thus rather spread laterally,
which is again in agreement with the values of the layer
spacing observed (smaller than twice the molecular
length of the monomer in the case of the homopolymer).

Finally, the thermal stability of polymers la—d and
Il was examined by thermogravimetry. No decomposi-
tion was detected up to 250 °C, which indicated good
thermal resistance of the investigated polymeric materi-
als.

Conclusion

The above results and those obtained for ferrocene-
containing thermotropic side-chain liquid-crystalline
polymethacrylates?? and thermotropic liquid-crystalline
polyferrocenylsilanes?® demonstrate that ferrocene is a
valuable unit for designing ferrocene-based metallome-
sogenic polymers. Considering the numerous possibili-
ties for functionalizing the ferrocene core,®> the choice
and positions of substituents may be used for tuning
and controlling both the thermal and mesomorphic
properties of such polymeric materials. Furthermore,
our recent studies devoted to the design and study of
chiral ferrocene-containing liquid crystals with planar
chirality®® and ferrocenium-containing thermotropic
liquid crystals?* open the doors toward the development
of new polymeric materials presenting interesting prop-
erties.

Experimental Section

Materials. CHCI, (P,Os, under N;) and toluene (sodium,
benzophenone, under Ny) were distilled prior to use. Benzene
(Fluka, puriss pa), benzyl alcohol (Fluka, puriss pa), pyridine
(Fluka, puriss pa), oxalyl chloride (Fluka, purum), and tri-
ethylamine (Fluka, puriss pa) were used as received. Pyridine
and triethylamine were stored on 4 A molecular sieves.
Compounds 32 (from ferrocene-1,1'-dicarboxylic acid), 6 (n =
12, 18),%6 10 (m = 6, 9),%” and 112528 (from ferrocene) were
synthesized by following literature procedures. Poly(hydrosi-
loxane)s 14a—d [x = 1.0 (PS 120); x = 0.50—0.55 (PS 122.5);
x = 0.30-0.35 (PS 123); x = 0.15-0.18 (PS 123.5)] were
Hils America Inc. products. Dichloro(1,5-cyclooctadiene)-



platinum(l1) (PtClx(1,5-CsHi2)) was purchased from Strem
Chemicals Inc. All reactions were carried out under No.

Techniques. Column chromatography used silica gel 60
(0.060—0.200 mm, SDS). Melting points (uncorrected) were
determined on a Buchi 530 instrument. Transition temper-
atures (onset point for monomers; peak transition for poly-
mers) and enthalpies were determined with a differential
scanning Mettler DSC 30 calorimeter connected to a Mettler
TA 4000 processor, under Ny, at a rate of 10 °C min~? (for 1b,
2 °C min™) (second heating run); Mettler TA72.2/0.5 GRAPH-
WARE was used for data treatment. Thermogravimetry
analyses were performed with a Mettler TG 50 thermobalance
connected to a Mettler TA 4000 processor at a rate of 10 °C
min~!. Optical studies were made using a Zeiss-Axioscop
polarizing microscope equipped with a Linkam-THMS-600
variable-temperature stage, under N.. Gel permeation chro-
matography (GPC) was made with a Waters 510 instrument
connected to a Waters 410 differential refractometer. Ul-
trastyragel 103—10* columns were calibrated with polystyrene
standards (eluent, THF, 1 mL min~%; T = 35 °C; Baseline 510
software used for data treatment). 'H NMR spectra were
recorded in CDCl3 on a Varian Gemini 200 spectrometer or a
Bruker AMX 400 spectrometer, with the solvent as an internal
standard. IR spectra were recorded on a Perkin-Elmer 1720
FTIR spectrometer. Elemental analyses were done by Mik-
roelementaranalytisches Laboratorium ETH-Zurich or Ciba
(Marly, Switzerland).

X-ray Diffraction Studies. The crude powder was filled
in Lindemann capillaries, and a linear monochromatic Cu Ko
beam obtained with a sealed-tube generator and a bent quartz
monochromator was used. The diffraction patterns were
registered either with a curved proportional detector “Inel CPS
120” or photographically. In general, the position of the
second-order reflection in the small-angle region was used to
determine the layer spacing. The temperature was controlled
within +0.05 °C.

Synthesis. 1'-[(Benzyloxy)carbonyl]ferrocene-1-car-
boxylic acid (4). A solution of benzyl alcohol (3.71 g, 34.3
mmol) in CH.CI; (29 mL) was added dropwise to a stirred
solution of 3 (10.6 g, 34.1 mmol) and triethylamine (6.89 g,
68.1 mmol) in CH.Cl, (1430 mL); the addition was done in
three times: 50% first, followed by twice 25% at 15 min
intervals. The mixture was stirred at room temperature for
a further 4 h and evaporated to dryness. Purification of the
residue by column chromatograpy (first with 8:2 CH,CI,/AcOEt
to recover the diester and then with 8:2:0.1 CH,Cl,/AcOEt/
AcOH) gave pure 4 (5.26 g, 42%). Mp = 154 °C. H NMR
(200 MHz): ¢ 7.50—7.34 (m, 5 H, aromatic protons, benzyl),
5.29 (s, 2 H, CH,Ph), 4.91 (t, 2 H, HCp), 4.83 (t, 2 H, HCp),
4.47 (t, 2 H, HCp), 4.35 (t, 2 H, HCp).

1-(Chlorocarbonyl)-1'-[(benzyloxy)carbonyl]ferro-
cene (5). A solution of 4 (2.00 g, 5.50 mmol), oxalyl chloride
(3.36 g, 26.5 mmol), and pyridine (20 drops) in CH,Cl, (20 mL)
was stirred under reflux for 7 h and evaporated to dryness.
The solid residue was extracted with hot light petroleum until
the extracts remained colorless. Evaporation of the solvent
gave 5 (2.10 g, 100%), which was used in the next step without
further purification. Mp = 70 °C. 'H NMR (200 MHz): 6
7.50—7.38 (m, 5 H, aromatic protons, benzyl), 5.29 (s, 2 H, CH,-
Ph), 4.96 (t, 2 H, HCp), 4.87 (t, 2 H, HCp), 4.54 (t, 2 H, HCp),
4.48 (s, 2 H, HCp).

1-[(Benzyloxy)carbonyl]-1'-{ p-{ p'-[[(octadecyloxy)-
phenyl]loxy]carbonyl}[(phenyloxy)carbonyl]} ferro-
cene (7) (n = 18). A solution of 5 (2.10 g, 5.49 mmol), 6 (n =
18) (2.65 g, 5.49 mmol), and triethylamine (0.53 g, 5.2 mmol)
in CH,CI, (40 mL) was heated under reflux overnight and
evaporated to dryness. Purification of the residue by column
chromatography (50:1 CH,Cl,/AcOELt) and crystallization (CH,-
CIl,/EtOH) gave pure 7 (n = 18) (4.0 g, 88%). Mp =91-92 °C.
H NMR (400 MHZ%Z_ 0 8.23 (d, 2 H, aromatic protons), 7.42—
7.33 (m, 7' H, aromatic protons), 7.13(d, 2 H, aromatic protons),
6.94 (d, 2 H, aromatic protons), 5.25 (s, 2 H, CH,Ph), 4.95 (t,
2 H, HCp), 4.91 (t, 2 H, HCp), 4.52 (t, 2 H, HCp), 4.44 (t, 2 H,
HCp), 3.97 (t, 2 H, CH;0), 1.79 (m, 2 H, CH,CH0), 1.46 (m,
2 H, CH,CH,CH-0), 1.26 (m, 28 H, aliphatic protons), 0.88 (t,

3 H, CH3;). Anal. Calcd for CsoHgoO7Fe (828.87): C, 72.45; H,
7.30. Found: C, 72.48; H, 7.35.

Compound 7 (n = 12) was prepared from 6 (n = 12) by
following the above synthetic procedure and gave analytical
data which were in agreement with its structure.

1'-{p-{p'-[[(octadecyloxy)phenyl]oxy]carbonyl}-
[(phenyloxy)carbonyl]}ferrocene-1-carboxylic acid (8)
(n = 18). A mixture of 7 (n = 18) (6.04 g, 7.29 mmol),
Pd (10%)/C (0.6 g) and 2:3 CH,CI,/EtOH (500 mL) was
stirred overnight at room temperature under 4 bar of Ha.
The mixture was filtered and the solvent evaporated to
dryness. Purification of the residue by crystallization
(EtOH) gave pure 8 (n = 18) (4.71 g, 87%). Mp = 176—178
°C. 'H NMR (400 MHz): ¢ 8.27 (d, 2 H, aromatic protons),
7.39 (d, 2 H, aromatic protons), 7.12 (d, 2 H, aromatic
protons), 6.93 (d, 2 H, aromatic protons), 5.01 (s, 2 H,
HCp), 4.95 (s, 2 H, HCp), 4.57 (d, 4 H, HCp), 3.96 (t,
2 H, CH0), 1.78 (m, 2 H, CH.CH;0), 146 (m, 2 H,
CH,CH,CH;0), 1.26 (m, 28 H, aliphatic protons), 0.88 (t,
3 H, CHz). Anal. Calcd for C43Hs.0-Fe (738.74): C, 69.91;
H, 7.37. Found: C, 69.89; H, 7.32.

Compound 8 (n = 12) was prepared from 7 (n = 12) by
following the above synthetic procedure and gave analytical
data which were in agreement with its structure.

1-(Chlorocarbonyl)-1'-{ p-{ p’-[[(octadecyloxy)phenyl]-
oxy]carbonyl}[(phenyloxy)carbonyl]}ferrocene (9) (n =
18). Asolution of 8 (n = 18) (1.57 g, 2.13 mmol), oxalyl chloride
(1.40 g, 11.0 mmol), and pyridine (6 drops) in CH>Cl, (90 mL)
was heated under reflux for 7 h and evaporated to dryness.
The solid residue was extracted with hot light petroleum until
the extracts remained colorless. Evaporation of the solvent
gave 9 (n = 18) (1.41 g, 87%), which was used in the next step
without further purification. Mp = 103—105 °C. 'H NMR (400
MHz): 6 8.27 (d, 2 H, aromatic protons), 7.38 (d, 2 H, aromatic
protons), 7.12 (d, 2 H, aromatic protons), 6.93 (d, 2 H, aromatic
protons), 5.10 (t, 2 H, HCp), 5.03 (t, 2 H, HCp), 4.74 (t, 2 H,
HCp), 4.68 (t, 2 H, HCp), 3.96 (t, 2 H, CH,0), 1.79 (m, 2 H,
CH,CH;0), 1.47 (m, 2 H, CH,CH,CH,;0), 1.26 (m, 28 H,
aliphatic protons), 0.88 (t, 3 H, CHy).

Compound 9 (n = 12) was prepared from 8 (n = 12) by
following the above synthetic procedure and gave analytical
data which were in agreement with its structure.

1-{p-{p'-[[(Undec-10-enyloxy)benzoyl]oxy]} [(phenyloxy)-
carbonyl]}-1'-{ p-{ p’-[[(octadecyloxy)phenyl]oxy]carbonyl}-
[(phenyloxy)carbonyl]}ferrocene (1c). A solution of 9 (n
=18) (1.02 g, 1.35 mmol), 10 (m = 9) (0.57 g, 1.49 mmol), and
triethylamine (0.14 g, 1.38 mmol) in CH.CIl, (35 mL) was
heated under reflux overnight and evaporated to dryness.
Purification of the residue by column chromatography (100:1
CHCI,/AcOELt) and crystallization (CH.CIl,/EtOH) gave pure
1c (1.04 g, 70%). 'H NMR (400 MHz): ¢ 8.22 (d, 2 H, aromatic
protons), 8.12 (d, 2 H, aromatic protons), 7.34 (d, 2 H, aromatic
protons), 7.22 (d, 4 H, aromatic protons), 7.11 (d, 2 H, aromatic
protons), 6.96 (d, 2 H, aromatic protons), 6.91 (d, 2 H, aromatic
protons), 5.82 (m, 1 H, CH=CHy), 5.09 (m, 4 H, HCp), 5.03—
4.92 (m, 2 H, CH=CH,), 4.64 (m, 4 H, HCp), 4.04 (t, 2 H,
CH,0), 3.95 (t, 2 H, CH,0), 2.06 (m, 2 H, CH,CH=CH,), 1.80
(m, 4 H, CH,CH;0), 1.46 (m, 4 H, CH,CH,CH,0), 1.41-1.26
(m, 38 H, aliphatic protons), 0.88 (t, 3 H, CH3). IR (KBr):
3126, 3077, 2920, 2850, 1739, 1722, 1642, 1606, 1510, 1471,
1454 cm~t. Anal. Calcd for Cs7Hg,010Fe (1103.23): C, 72.94;
H, 7.49. Found: C, 72.96; H, 7.55.

Monomers 1a [from 9 (n = 12) and 10 (m = 6)] and 1b [from
9 (n = 18) and 10 (m = 6)] were prepared by following the
above synthetic procedure and gave analytical data which were
in agreement with their structures.

3-{p-{p'-[[(Octadecyloxy)phenyl]oxy]carbonyl}-
[(phenyloxy)carbonyl]} ferrocene-1-carboxylic acid (12).
A solution of 11 (0.31 g, 1.0 mmol), 6 (n = 18) (0.48 g, 1.0
mmol), and pyridine (a few drops) in benzene (70 mL) was
heated under reflux for 36 h and evaporated to dryness.
Purification of the residue by column chromatography (first
with CH,ClI,, then with 10:1 CH,CI,/AcOEt, and finally with
10:1:0.1 CH.CI,/AcOEt/AcOH) and crystallization (CH,CI,/
hexane) gave pure 12 (0.19 g, 26%). Mp = 180 °C. *H NMR



(400 MHz): 6 8.29 (d, 2 H, aromatic protons), 7.33 (d, 2 H,
aromatic protons), 7.12 (d, 2 H, aromatic protons), 6.94 (d, 2
H, aromatic protons), 5.73 (s, 1 H, HCp), 5.34 (s, 1 H, HCp),
5.20 (s, 1 H, HCp), 4.49 (s, 5 H, HCp), 3.97 (t, 2 H, CH;0),
1.79 (m, 2 H, CH,CH;0), 1.46 (m, 2 H, CH,CH,CH0), 1.26
(m, 28 H, aliphatic protons), 0.88 (t, 3 H, CHs). Anal. Calcd
for C43Hs407Fe (738.74): C, 69.91; H, 7.37. Found: C, 70.05;
H, 7.22.

1-(Chlorocarbonyl-3-{ p-{ p'-[[(octadecyloxy)phenyl]oxy]-
carbonyl}[(phenyloxy)carbonyl]} ferrocene (13). A solu-
tion of 12 (0.45 g, 0.61 mmol), oxalyl chloride (0.38 g, 3.0
mmol), and pyridine (5 drops) in CH2Cl, (15 mL) was heated
under reflux for 7 h and evaporated to dyness. The solid
residue was extracted with hot light petroleum until the
extracts remained colorless. Evaporation of the solvent gave
13 (0.39 g, 84%), which was used in the next step without
further purification. Mp = 120-125 °C. 'H NMR (200
MHz): 6 8.29 (d, 2 H, aromatic protons), 7.33 (d, 2 H, aromatic
protons), 7.13 (d, 2 H, aromatic protons), 6.94 (d, 2 H, aromatic
protons), 5.74 (t, 1 H, HCp), 5.35 (m, 1 H, HCp), 5.21 (m, 1 H,
HCp), 4.50 (s, 5 H, HCp), 3.97 (t, 2 H, CH;0), 1.79 (m, 2 H,
CH,CH0), 1.26 (m, 30 H, aliphatic protons), 0.88 (t, 3 H, CHy).

1{p-{p'-[[(Undec-10-enyloxy)benzoyl]oxy]} [(phenyloxy)-
carbonyl]}-3-{ p-{ p'-[[(octadecyloxy)phenyl]oxy]carbonyl}-
[(phenyloxy)carbonyl]} ferrocene (2). A solution of 13
(0.12 g, 0.16 mmol), 10 (m = 9) (0.080 g, 0.21 mmol), and
triethylamine (16 mg, 0.16 mmol) in CH.Cl, (15 mL) was
heated under reflux overnight and evaporated to dryness.
Purification of the residue by column chromatography (100:1
CH_CI,/AcOELt) and crystallization (CH,CI,/EtOH) gave pure
2(0.11 g, 62%). *H NMR (400 MHz): 6 8.29 (d, 2 H, aromatic
protons), 8.15 (d, 2 H, aromatic protons), 7.35 (d, 2 H, aromatic
protons), 7.29 (d, 2 H, aromatic protons), 7.26 (d, 2 H, aromatic
protons), 7.13 (d, 2 H, aromatic protons), 6.98 (d, 2 H, aromatic
protons), 6.94 (d, 2 H, aromatic protons), 5.79 (t, 1 H, HCp),
5.83—5.78 (m, 1 H, CH=CH),), 5.28—5.25 (m, 2 H, HCp), 5.02—
4.92 (m, 2 H, CH=CHy,), 4.47 (s, 5 H, HCp), 4.05 (t, 2 H, CH0),
3.97 (t, 2 H, CH;0), 2.05 (m, 2 H, CH,CH=CH>), 1.81 (m, 4 H,
CH,CHy0), 1.46 (m, 4 H, CH,CH,CH-0), 1.41—-1.26 (m, 38 H,
aliphatic protons), 0.88 (t, 3 H, CH3). IR (KBr): 3131, 3079,
2920, 2851, 1733, 1722, 1641, 1606, 1510, 1466 cm~t. Anal.
Calcd for Ce7Hg2010Fe (1103.23): C, 72.94; H, 7.49. Found:
C, 72.98; H, 7.20.

Synthesis of Polymer la. A solution of poly(methylhy-
droxysiloxane) 14a (0.024 g, 0.41 mmol of SiH units) in
toluene (5 mL) was added to a solution of monomer 1c (0.5 g,
0.45 mmol) in toluene (13 mL). The mixture was heated to
70 °C, and PtCly(1,5-CgH12) (0.9 mg, 2.4 x 10~ mmol) was then
added. The solution was heated at 70 °C for 24 h and
evaporated to dryness. Purification of the residue by dissolu-
tion in CH,CI, and precipitation with MeOH gave la (0.15 g,
32%). The purification process was repeated until no monomer
was detected by GPC. 'H NMR (400 MHz): 6 8.21 (brs, 2 H,
aromatic protons), 8.10 (br s, 2 H, aromatic protons), 7.31 (br
d, 2 H, aromatic protons), 7.21 (br s, 2 H, aromatic protons),
7.09 (br s, 2 H, aromatic protons), 6.90 (br d, 4 H, aromatic
protons), 5.08 (br s, 4 H, HCp), 4.63 (br s, 4 H, HCp), 4.01 (br
s, 2 H, CH20), 3.94 (br s, 2 H, CH;0), 1.78 (br s, 4 H, CH.-
CH,0), 1.45 (br s, 4 H, CH,CH,CH,0), 1.25 (br m, 38 H,
aliphatic protons), 0.86 (br s, 3 H, CHj3), 0.51 (br s, 2 H, CH;-
Si), 0.08 (br m, 123 H, CH3Si). IR (KBr): 3126, 3078, 2921,
2851, 1738, 1606, 1580, 1510, 1456 cm™*.

Polymers Ib (from 14b), Ic (from 14c), Id (from 14d), and
Il (from 2 and 14d) were prepared by following the above
synthetic procedure and gave analytical data which were in
agreement with their structures.
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