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Condensation polymerizations o f  several ferrocene- 
containing monomers have been investigated, using 
low temperature interfacial and solution tech- 
niques, l,l'-bis( /J-aminoethy1)ferrocene was synthe- 
sized via a 6-step process starting with ferrocene. 
This monomer was then copolynicrized with vari- 
ous aromatic and aliphatic diacid chlorides as well 
as with diisocyanates, leading to ferrocene-contain- 
ing polyamides and polyureas having moderately 
high to IOH viscosities. Using the interfacial 
method. film formation occurred for the 
polyamides. The related monomer I ,  1'-bis( /I- 
hydroxyethy1)ferrocene reacted with diacid 
chlorides and diisocyanates to fo rm ferrocene- 
containing polyesters and polyurethanes, respec- 
tively, using the s o l u h n  method. The ferrocene- 
containing condensation polymers were character- 
ized by IK spectroscopy and cxamincd for possiblc 
liquid crystalline hehalior. 

Key words: Interfacial polymerization, organo- 
metallic, liquid crystal 1,l'-bis(P-aminoethy1)- 
ferrocene, film formation 

Simultancously, it has been realized that for these 
low temperature solution and interfacial tech- 
niques, monomers capable of undergoing rapid 
polymerij.ation under these conditions would be 
required, Thus far, there has generally been a 
paucity of such monomers, particularly those 
containing transition metals.' 

The objective of this study was to synthesize 
the monomers 1,l'-bis(fi-hydroxyethyl)ferrocene, 
[l], and 1 ,l'-bis(P-aminoethy1)ferrocene [Z], and 
to utilize them in copolymer formulations through 
rapid interfacial polycondensation techniques4 
It was anticipated that with [l] and [Z], the 
difficulties previously encountered with 1,l'- 
bis(a-hydroxymethy1)ferrocene would be circum- 
~ e n t e d , ~  since the functional groups would be 
essentially isolated from the steric and electronic 
effccts of the ferrocene nucleus by the two inter- 
vening methylene groups. 
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I NTRO D U CTI ON 

Condensation reactions of organometallic mono- 
mcrs have generally been conducted at elevated 
temperatures, and the resulting products have often 
not been well characterized.' Emphasis therefore 
has been on the construction of new condensa- 
tion reaction systems and the modification of 
existing ones. Since many of the reactants and 
products are thermally unstable, low temperature 
condensation methods (solution and interfacial 
condensation systems) have been utilized.' - 3  
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RESULTS AND DISCUSSION 

Monomer synthesis 

The monomers [l] and [Z] were synthesized via 
modifications of literature methods. Details of the 
synthetic route are outlined in Scheme 1. Both 
monomers [l]  and [Z] have been synthesized 
starting from ferrocene. 

The intermediate [ 3 ]  was synthesized according 
to the convcnicnt method of Knobloch and 
Rauscher.6 In this procedure, 1,l'-diacetyl- 
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ferrocene' was oxidized using commercial 5% 
sodium hypochlorite. The reaction was main- 
tained below 50°C for 5 h in the dark. No decom- 
position of the ferrocene nucleus was observed 
under these conditions, and pure I ,  1'-ferrocene- 
dicarboxylic acid was obtained in bulk quan- 
tities and in high yields (loo:!). The product was 
purified by reprecipitation from aqueous sodium 
bicarbonate and hydrochloric acid, resulting in 
[3] in 75% yield. 

P I 

F e  
A, 1 6 h  

4B -CH,CH,OH 

The intermediate [ 3 ]  was converted to the 
dimethyl ester [4] by acid-catalyzed esterifi- 
cation.8 1,l'-Bis(B-hydroxymethy1)ferrocene [ S ]  
was subsequently synthesized in a 98% yield by 
the LiAIH, reduction of the dimethyl ester [4].* 

The dihydroxy compound [ 5 ]  could be con- 
verted into the dichloro analog by treatment 
with PCI, in THF.8 Initially the reaction is 
exothermic, but in order to obtain a quantita- 
tive yield of the dichloro compound, 1,l'- 
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bis(chloromethyl)fcrrocene, it was found neces- 
sary to provide gentle warming (ca. 40°C). 
Treatment of 1 ,l'-bis(chloromethy1)ferrocene with 
potassium cyanide in deoxygenated water conver- 
ted it to 1,l'-bis(cyanomethy1)ferrocene [IS] in 
85'6 yield. Again in this step, keeping the reac- 
tion mixture warm after the initial exothermic 
reaction, was found to bc useful. Thus, some 
modifications from the literature method' were 
necessary to obtain these intermediates in satis- 
factory yield. It was found that the Conversion of 
[ S ]  to [6] could be achieved in one step, and 
that the isolation of the intermediate 1,l'- 
bis(chloromethy1)ferrocene was not necessary. 
However, the latter was isolated and character- 
ized in preliminary experiments in order to es- 
tablish the viability of this sequence of reactions 
to convert [ S ]  to 161. The isolated 1,l'-bis(ch1oro- 
methy1)ferrocene was obtained in quantitative 
yields. The latter compound is extremely air 
sensitive and had to be stored under nitrogen. 
This instability arises due to facile a-ferrocenyl- 
carbenium ion formation.' 

1,l'-bis(cyanomethy1)ferrocene [6] was conver- 
ted to the monomer [a]  by reduction with 
LiAlH, in anhydrous ethyl ether in the presence 
of AICI,." A reaction period of 3 h, gentle heat- 
ing and vigorous stirring was required to obtain 
a 747; yield of 1,l'-bis(P-aminoethy1)ferrocene. 
Monomer 121 was vacuum distilled prior to use 
(b.p. l2O0C/l torr). The procedure was essentially 
that reported by Ratajczak et 01." 

The synthesis of the monomer 1,l'-bis(fi- 
hydroxyethy1)ferrocene [ 11 required the hydrolysis 
of 1, 1'-bis(cyanomethy1)ferrocene to 1,l '-ferrocene- 
diacetic acid,' [7], with subsequent reduction 
of the latter to [l] with LiAIH, in THF." 
The yields of [7] and [l] were 70% and 98%, res- 
pectively. A modification of the literature methodlo 
involved reflux of the reaction mixture for 14 h, as 
reported by Pittman in the rcduction of ferrocene 
acetic acid with LiAIH,' to p-hydroxyethyl- 
ferrocene. 

Model reactions 

Hauser and coworkersL2 have demonstrated that 
8-aminoethylferrocene [8] undergoes reactions 
typical of the amino functional group. 

They showed that [ S ]  afforded a picrate on being 
treated with saturated alcoholic picric acid, 
and formed N,N,N-trimethyl-fi-ferrocenylethyl- 
ammonium iodide on reaction with methyl iodide. 

I CH,CH2NH, 

F C  

Therefore, before proceeding with thc actual poly- 
condensations of 1 ,l'-bis(/3-aminoethyl)ferrocene 
[Z], it was of interest to study the Schotten- 
Baumann reaction between [S] and terephthaloyl 
chloride, and alternatively the same reaction 
between LX] and benzoyl chloride. 

fi-Aminoethylferrocene [S] was synthesized by 
a modification of the literature method12 and 
was charactcri~ed by elemental analysis, IR and 
'H NMR spectroscopy. Following the procedure 
of Pittman el a/.," the methiodide of N,N- 
dimethylaminomethylferrocene was converted to 
ferrocenylacetonitrile by refluxing with sodium 
cyanide in deoxygenated water. The latter com- 
pound was then reduced to the amine [ S ]  with 
LiAIH,. In order to isolate pure [S], instead of 
passing hydrogen chloride gas into an ethyl 
ether solution of [8],'2 6 N  H2S0, was used. 
The precipitated ferrocenylammonium sulfate was 
filtered under nitrogen and treated with aqueous 
sodium hydroxide to obtain the free amine [ S ]  in 
the organic layer. Pure P-aminoethylferrocene [S] 
was obtained in 70':/, yield by distillation under 
vacuum (b.p. 120'C,4 torr). 

A suspension of P-aminoethylferrocene [S] in 
deoxygenated water containing an excess of 
sodium hydroxide was found to form a yellow 
precipitate immediately on being shaken vigor- 
ously with one equivalent of pure terephthaloyl 
chloride in dry benzene. Elemental analysis and 
an IR spectrum indicated the yellow precipitate 
lo have the structure [9] (yield 100%). 

In [ X I ,  the amino finctional group is two 
methylene units removed from the ferrocene 
nucleus. It appears from the instantaneous and 
quantitative formation of [9] from [S] that this 
feature minimizes steric effects and also enables 
IS] to undergo the Schotten-Baumann reaction 
readily, without the classical a-metallocenyl- 
carbenium ion effects providing any con- 
s t r a i n t ~ . ' ~ ~ ~ ~  The IR spectum of [9] showed 
the characteristic N-H stretch at 3320 cm- '(s), 
the amide 1 (carbonyl) stretch at 1625 cm-'(s), 
the amide 11 (N-H) stretch at 1540cm-'(s), and 
the amide 111 band at 13lOcm-'(m). In addition, 
characteristic absorptions of the ferrocenyl group 
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were evident at 1100 and 100Ocm (indicating 
an unsubstituted cyclopentadienyl ring) and at 
SOOcm-'. When triethylamine was used as the 
base instead of sodium hydroxide, the same pro- 
duct [9] was obtained, but the system tended to 
form an emulsion which had to be broken to 
obtain the product. 

In addition to the above reaction, l,I'-bis(P- 
aminoethy1)ferrocene [S] was reacted with two 
equivalents of benzoyl chloride in the presence of 
triethylamine. A product [lo] was obtained 
whose infra-red spectrum closely resembled that 
of 191. 

0 

c9i 

Fe 

The characteristlc absorptions of the urea group 
were evident in the IR spectrum: -NH stretch 
3320cm-'(s); amide I 1625cm-'(m); amide IT 
1560cm-'(s); amide I11 1240cm-'(m). The yield 
of [ll] was again quantitative. When the diamine 
[2] was similarly reacted with phenylisocyanate, 
a yellow precipitate was observed immediately. 
The 1 R  spectrum of this product [12] was similar 
to that of [ll]. The -NH stretch occurred 
at 3300cm- '(s) and the carbonyl absorption 
at 1630cm-l(s). The amide J I  band occurred at 
1550cmP1(s, br) and the amide I11 at 1260cm-'(m). 

0 

Fe 

As before, an N-H stretch was observed at 
3325 cm- ' ( s ) ,  the amide I at 1650 cm- '(s), amide 
I1 at 1550cm-'(s), and amide I11 at 1325cm '(m). 

It is well established that primary amino- 
functional groups, particularly aliphatic ones, 
react instantaneously with isocyanates to form 
ureas at ambient temperature. Indeed this was 
observed when P-aminoethylferrocene [S] and 
freshly distilled phenylisocyanate were shaken 
vigorously. A yellow precipitate separated im- 
mediately. Elemental analysis and an IR spec- 
trum of the product indicate this compound to 
have the structure [ll]. 

0 

CH,CH,NH-C-NH a 
Fe 

Polycondensations of 
1 ,l'-bis(j-aminoethy1)ferrocene [2] and 
1 ,I '-bis(P-hydroxyethy1)ferrocene [I ] 

Interfacial or solution polycondensations of (2) 
with or without stirring, was the general pro- 
cedure2 utilized for the preparation of the 
ferrocene-containing polyamides and polyureas 
prepared in this study. Details are given in 
Table 1. The polymerization reactions were con- 
kenicntly conducted at ambient temperature in 
contrast to earlier high temperature organo- 
metallic condensation polymerizations, which 
frequently led to undesirable side reactions.' An 
important point to be noted here is that in the 
unstirred aqueous interfacial condensation poly- 
merization of 1- 1'-bis(8-aminoethy1)ferrocene with 
sebacoyl chloride, using carbon tetrachloride as 
the organic phase and triethylamine as the pro- 
ton acceptor, immediate film formation took 
place at the interface. This film was removed after 
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1 h, dried, and was utilized for electron micro- 
scopy studies. The upper surface of the film was 
found to be smoother than the lower (5000x 
magnification). Film formation also occurred in 
the interfacial polycondcnsation of [2] with ter- 
ephthaloyl chloride in mcthylcne chloride so- interfacial systems. 
lution (Table 1). This feature of immediate coher- 

cnt film formation at the interface is the first of 
its kind observed for metal-containing polymers. 
Thus, the present systems approximate nylon 6,6 
and nylon 6,lO formation, where film formation 
had also been reported by Morgan' in unstirred 

Table 1 
hydroxyet1iyl)ferrocene 111 with diacid chlorides and diisocyanates 

Polycondcnsation reactions betwecn 1,l'-bis(p-aminoethy1)ferrocene 121 and I,l'-bis@ 

Polymer 
sample 

1 

2 

3 

4 

5 

6 

I 

8 

9 
10 
11 

Monomer Monomer 
(MI) (M,) 

~ ~~ ~~ ~~ 

2" terephthaloyl 

2" SebdLOyl 
chloride (CH2ClJh 

Lhloride (CCl,)b 

Lhloride (CCI,) 

chloride (CCI,) 

Lhloride (CCI,) 

chloride (CH,CI,) 

chloride (m-xylene, 
reflux) 

(DMSO, 11 icC) 

2" sebacoyl 

2" sebacoyl 

2" adipoyl 

2 terephthdloyl 

1 terephthaloyl 

I TDI" 

2" TDI  (CHCI,) 
2 TDI (C'HC'I,) 
2 MDP 

Intrinsic: 
viscosity 
[ill idl/gY 
- 

1.50 

0.37 

0.59 

1.09 

0.53 

0.80 

0.16 

S 46 0.20 

UT 58 0.16 
S 53 0.10 
S 61 P 

Thermal 
transitions" 
.______ 

334,386 
(endoi 

400 (em) 

367,500 
(endoj 

"Monomer in aqueous phase 
bFilm formation occurred at interface 
'TDI: tolylene-2,4-diisocyanate (80%) + 2,6-isomcr (2073 
dM DI: methylene-bis(4)phenylisocyanale 
T J T ,  unstirred interfacial; S, solution; 1, stirred interfacial 
'Determined in m-cresol at 32'C 
Flnsoluble in m-crcsol 
hDet. by DSC in nilrogen at a heating rate of 10°K min- ': endb=endothcrmic: cxo=cxothermic 



86 Interfacial polycondensation reactions of the new monomer 
- 

As in the case of the model reactions discussed 
above, the vigorous, exothermic and instantaneous 
formation of the polyamides can be 
attributed to the removal of the amino-functional 
group by two methylene units from the ferrocene 
nucleus. The flexibility of the methylene units 
minimizes steric inhibition of the reactivity of the 
amino group. 

A low temperature solution polycondensation 
of [2] with terephthaloyl chloride in methylene 
chloride was also attempted, following the 
procedure of Morgan and Kwoleck,15 for the 
synthesis of poly(terephthaloyl-trans-2,5-dimethyl- 
piperazine). The base used was triethylamine. The 
polymer was precipitated in hexane and had an 
[y] of 0.80. 

Polyureas of low molecular weight were 
obtained by reacting [2] with diisocyanates such 
as MDI [methylene-bis(4)phenylisocyanate] and 
TDI [tolucnc-2,4-diisocyanate (80%) + 2,6 isomer 
(20791, using interfacial and solution techniques. 
The solution technique16 was preferred, as thc 
isocyanate group is very sensitive to reactants 
containhg an active hydrogen, and therefore in 
the interfacial method the diisocyanate could 
competitively react with the diamine [2] or 
water, 

The lower yields of the polyamides and 
polyureas, compared to the model reactions, can 
be attributed to repeated washings of the 
polymers with acetone and ethyl ether. This 
process could have not only removed unreacted 
starting matcrials but also oligomers and low 
molecular weight polymers. Such a result has also 
been observed by Morgan et aL2 in the synthesis 
of 6,6 and 6,lO nylons by interfacial techniques. 

Interfacial techniques for polyester formation 
using 1,l’-bis-(B-hydroxyethy1)fcrrocene [ 11 and 
terephthaloyl chloride as reactants and triethyl- 
amine as the base’were unsuccessful. In the inter- 
facial polymerization of [ 1) with terephthaloyl 
chloride, competing side reactions such as 
hydrolysis possibly prevented polymer formation. 

Ferrocene polyesters .and polyurethanes were 
synthesized using the procedures of Pittman’ ’ 
and Lyman.’* Both are high temperaturc 
solution methods. In the former, the diol [l] and 
terephthaloyl chloride were refluxed in xylene in 
the presence of pyridine as thc base. In the latter, 
refluxing in dimethylsulfoxide (DMSO) was 
required. In both cases, low molecular weight 
matcrials resulted. 

The intrinsic viscositics of the polyamides and 
polyesters were determined in m-crcsol. The 

polyamides were insoluble in concentrated 
sulfuric acid or formic acid at  room temperature, 
and heat had to be provided to dissolve the 
polymers in m-cresol. This process could have 
caused partial degradation and the calculated 
intrinsic viscosities [y] may therefore not reflect 
the actual values. Attempts to determine absolute 
molecular weights of thesc ferrocene-containing 
polyamides by osmometry in m-cresol solution 
were not successful. Similar difficulties have 
previously been encountered in the molecular 
weight determination of nylon.” However, the 
intrinsic viscosity values greater than 1.00 for the 
polyamides obtained from [2] and terephthaloyl 
chloride or sebacoyl chloride are comparable to 
intrinsic viscosities of nylons having A, between 
10000 and 18000.2 

In the earlier synthesis of pol yamides starting 
from l.l’-bis(chloroformyl)ferrocene,5 the low 
degree of polymerimtion was ascribed to an intra- 
molecular cycliration step which terminated the 
growing chain via the formation of imide end 
groups.” Imide formation of this type would be 
highly unlikely with monomer [a]. Nevertheless, 
some branching can occur by a secondary 
reaction of acid chloride with the amide groups 
to yield imide structures. Branching of this type 
has previously been reported in the interfacial 
polycondensations of aliphatic diamines.21.22 
This aspect was not invcstigated in this research 
program, and future studies could be developed 
in this area. 

The low [y] values obtained for the poly- 
urethanes (Table 1) can be attributed to pre- 
mature precipitation from solution and, in the 
case of polymers obtained from 121 and TDI, to 
decreased reactivity imposed by steric effects.23 
This conclusion was evident in the IR spectra of 
these polymers, which showed an intense 
isocyanate absorption near 2250cm-’. The low 
[ p i ]  for the polyester can likewise bc attributed to 
precipitation of the polymer. A black precipitate 
was observed immediately on addition of 
terephthaloyl chloride in xylene to monomer [l] 
and pyridine in xylene. 

The infrared spectra of the fcrrocene- 
containing pol yamides and po1yureasz4. *’ 
exhibited broad, intense N-H stretching 
vibrations around 3300cm-I. A very strong 
carbonyl stretching vibration was present at 
1630cmp1. The amide 11 band was evident near 
1540cm In addition, sp2 CH stretches 
occurred around 3 100 cm and asymmetric and 
symmetric sp3 C-H stretches at 2950cm and 
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286@cmp1, respectively. These IK spectra arc 
similar to those of the model amide and urea 
compounds [9] to [12]. The polyamides and 
polyureas are thus asscssed to have the structures 
outlined in Scheme 2. 

The 300MHz 'HNMR of the polyester showed 
that the B-methylene protons adjacent to the 
carbonyl group were deshielded and shifted to 
lower field compared to  the a-methylene protons 
adjacent to the ferrocene nucleus. These shifts are 

Scheme 2 

J 0 07 

x 

The IR spectrum of the polyurethane showed 
the carbonyl absorption near 1700cm-' and 
C-0 stretches in the vicinity of 1220 and 
1280cmp'. The IR spectrum of the polyester 
exhibited an extremely strong carbonyl stretch at 
1720cm-' and the C--0-C absorption at 
1280 cm An additional carbonyl stretch was 
also observed around 1800 cm '. This weaker 
carbonyl absorption was probably due to an acid 
chloride end group. IR spectral data for the 
various condensation polymers prepared in this 
study are summarized in Table 2. 

1 c151 

relative to the corresponding absorptions of the 
a- and fl-methylene protons in the 'HNMR 
spectrum of the monomer [I]. The polyester was 
only sparingly soluble in CDCI, and precipitated 
out after a short period. 

Thermal analysis 

The polyester obtained from [ 11 and tereph- 
thaloyl chloride (polymer 7) showed a prominent 
transition (onset 356.13" K, Max. 366.46" K) and 
another endothermic peak at ca. 500°K. On 

4' 
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Table 2 Infrared spectra (cm I). Band positions of polyamides, polyurethanes, polyureas 
and polyesters 

Amidc Fc out of CH stretch 
plane CH Polymer CH, 

1 3350 3100 2950 1650 1550 1300 1450 810 

2,3,4 3300 3100 2950 1650 1550 1235 1440 800 

5 3320 3110 2960 1650 1550 1250 1450 800 

11 3350 3100 2920 1650 1550 1230 1440 800 
9,10 3300 3090 2935 1650 1525 1230 ~ 800 
7 - 3110 2900 1720" ~ 1280b - 810 

Sample NH sp:,, sp&, 1 I1 111 deformation deformation 
-~ ~- 

2860 

2860 

2800 

- 8 3340 - - 1700 1540 1220' ~~ 

"C=O stretch of polyester 
hC--O stretch of polyester 
"C--0 stretch of polyurethane: shouldei 
superimposed 

rapidly cooling the sample to 300" K and heating at 
a rate of 20" K min-', an exotherm was observed 
at 360.58" K (onset 354.02' K). An endothermic 
peak was observed again at ca. 500°K. The 
thermal transitions for the polyamides are given 
in Table 1. 

Optical microscopy 

Initial work was also undertaken to examine 
whether the polyamide (polymer 1) was lyotropic. 
The metallocene unit is fairly rigid3 and the 
amide groups attached to the benzene ring should 
also impose further rigidity to this polyamide. 
In solution therefore it was considcred possible 
for this rigid structure to be extended and to 
acquire a parallel arrangement." 

Therefore a thin layer of a 15% solution of 
polymer 1 in dimethyl acetamide (DMAc) 
containing 5% LiCl was magnified between 
crossed polarizers on a Leitz microscope. 
Bircfringent particles (Fig. la) on a dark field 
seem to indicate the presence of an anisotropic 
p h a ~ e . ' ~ , ' ~  At higher concentrations of the 
polyamide and LiC1, the photomicrographs 
showed domains of apparent liquid crytalline 
behavior. It appears as though some gelation 
may have occurred at higher concentrations. A 
stronger solvent (100.6% H,SO,) was used in an 
attempt to break up the aggregates which form in 
DMAc. However, the polyamide degraded in 
H,SO,. 

of this band indicates amide TI1 is 

The polyurea (polymer 1 I )  which contained the 
rigid MD1 unit was not expected to be lyotropic. 
This was dissolved in DMAc containing 109,; 
LiCI. Warming was required and substantial 
dissolution was observed in approximately 2 days 
giving a dark brown solution. A thin film showed 
birefringence between crossed polarizers (Fig. 1B). 
This photo micrograph showed domains of 
possible liquid crystalline behavior due to 
aggregation/gelation or incomplete dissolution of 
the polyurea. 

EXPE R I M E NTAL 

Equipment and materials 

In the synthesis of the monomers, where required, 
operations were conducted under an inert 
nitrogen atmosphere using Schlenk tube 
techniques. Diethyl ether and tetrahydrofuran 
were distilled from sodium-benzophenone ketyl 
under argon. Methylene chloride and benzene 
were freshly distilled from calcium hydride. 
Chloroform was freed from alcohol stabilizer by 
shaking three times thoroughly with equal 
volumes of water followed by drying the organic 
layer over potassium carbonate and then calcium 
chloride in the dark. Finally, distillation gave pure 
dry chloroform which was stored in thedark. DMSO, 
pyridine, and triethylamine were dried over barium 
oxide, after an initial drying step over potassium 
hydroxide, and were then distilled. m-Xylene and 
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A B 
Figure 1 
(a) IS'); solution of polymer 1 in DMAc containing S:<, LiCl 
(hl ISP:, solution of polymer 1 1  in DMAc containing 10% LiCl 

Polarized light micrograph (300 x of birefringent polymer solutions: 

carbon tetrachloride were dried over phosphorus 
pentoxide and distilled. Terephthaloyl chloride was 
purified by sublimation in vacuum. Sebacoyl 
chloride and adipoyl chloride were vacuum dis- 
tilled before use. MDI (methylene-bis(4)phenyl- 
isocyanate) (Mobay Chemical Co.) and TDI 
(toluene-2,4-diisocyanate L800/,] + 2,6isomer [2074]) 
(Aldrich Chemical Co.) were used as received. 

Viscosities were obtained in a Cannon 
Ubbelohde viscometer. 'H NMR spectra were 
recorded on Varian A-60 and Varian XLR-300 
spectrometers, Infra-red spectra were obtained on 
Beckmann IR-10 or Perkin-Elmer 238 IR 
spectrometers. DSC scans were made on a 
Perkin-Elmer DSC-2 calorimetcr interfaced with 
a thermal analysis data station and TGA on a 
Perkin-Elmer TGS-2 analyzer interfaced with a 
system-4-Microprocessor Controller. The argon 
or nitrogen were dried over H,SO, and P,O,, 
and trace oxygen removed by BTS catalyst. 

Model reactions 

j?-Arninoethylferrocene [S] 
The intermediate ferrocenylacetonitrile was 
prepared according to the procedure of Pittman 
et d.," starting with the methiodide of N,N- 
dimethylaminomethylferrocene. The latter was 
treated with sodium cyanide. Ferrocenylaceto- 
nitrile was converted into fi-ferrocenylethylamine 
by a modification of the procedure of Hauser.', 
A suspension of 1.OOg (26.35mmol) of LiAIH, 
was stirred under reflux for 1 h in 50cm3 of dry 
diethyl ether. A solution of ferrocenylacetonitrile 

(3.4g, 14.85mmol) was then added slowly. After 
an additional 2 h reflux the reaction mixture was 
cooled in ice and cold water added slowly to 
consume any unrcacted LiAIH,. The ether layer 
was then decanted from the solid and the residue 
in the flask washed repeatedly with ether. The 
ether layer was acidified by the slow addition 
of 6 N  H2S04. A yellow solid separated and 
was filtered under nitrogen. The solid was added 
to a 6 N  NaOH aqueous solution until the 
resulting pH was greater than 11. This mixture 
was then extracted with diethyl ether and the 
combined extracts dried over anhydrous potas- 
sium carbonate. After removal of solvent under 
reduced pressure, a viscous brown oily residue 
was left. This was distilled under vacuum 
(molecular still, b.p. 120" C/1 torr); Yield 2.4g, 70';/,. 
Calcd. for C,,H,,NFe: C, 62.91; H, 6.60; N, 6.1 1. 
Found: C,63.08; H,6.68; N, 6.00. IR  (neat) cm 
3360(m), 3920(m), 3090(m), 2920(s), 2850(m), 
1630(br), 1515(m), 1460(w), 1405(2), 11OO(w), 
lOOO(w), 820(m); 'HNMR (CDCI,) ppm 1.45 (br, 
s, NH,); 2.75 (A,B,, m, 4H); 4.15 (d, 9H). 

Reaction of j?-aminoethylferrocene 
[8 ]  with terephthaloyl chloride 

fi-Aminoethylferrocene (0.20 g, 0.87 mmol) was 
suspended in 5cm3 of deoxygenated water. To 
this was added an excess of NaOH (O.O5g, 
1.32 mmol) and the above mixture shaken vigor- 
ously with 0.09 g (0.44 mmol) of freshly sublimed 
terephthaloyl chloride in 2 cm3 of dry benzene. 
An immediate yellow precipitate [9] resulted. 
This was filtered, washed repeatedly with deoxy- 
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genated water and dried. The yield (0.16 g) was 
quantitative. The sample charred ca. 200" C. 
Calcd. for C,,H,,N,O,Fe: C ,  65.31; H, 5.44; 
N, 4.76. Found: C, 64.70; H, 5.45; N, 4.49. IR 
(K Br) cm-', 3320(s), 3090(m), 2820(m), 1625(s), 
1560(s), 1340(m), 1 lOO(w), 800(m). 

Similar results were obtained with triethyl- 
amine as the base. However, the system had a 
tendency to emulsify. 

Reaction of Q-aminoethylferrocene 
[8] and phenylisocyanate 

Freshly distilled phenylisocyanate (0.10 g, 
0.87 mmol) in dry methylene chloride (2 cm3) was 
shaken vigorously in a nitrogen atmosphere with 
0.2g (0.87mmol) of [8]. A yellow precipitate 
resulted in a few minutes. The yield of the 
product [ l l ]  was 0.29g (96'%;), m.p. 135-138°C. 
Calcd. for C,  ,H,,N,OFe: C,65.61; H, 5.74, 
N,8.04; Found C, 65.48; H, 5.84; N, 8.03. I R  
(KBr)cm-': 3300(m), 1580(m), 1550(s), 1460(m), 
1310(m), 1245(m), 800(m). 

The reaction betwccn 1 ,l'-bis(fi-amino- 
ethy1)ferrocene [2] and phenylisocyanate was 
conductcd similarly resulting instantaneously in 
a yellow precipitate. Phenylisocyanate (0.29 g, 
2.42 mmol) in 5 cm3 of dry methylene chloride was 
reacted with 0.3 g (1.21 mmol) of [2] in a nitrogen 
atmosphere with vigorous stirring. The product 
[ 121 was obtained, yield 0.60 g (98%), m.p. 
160" C. Calcd. for C,,H,,O,N,Fe: C ,  65.88; 
H,5.88; N, 10.98; Found C,64.52; H,5.93; 
N, 10.59. IR (KBr)cm-': 3300(m), 1630(s), 
155O(s), 1430(m), 1230(m), 80O(w). 

Synthesis of monomers 

1,l '-diacet ylferrocene 
This was synthesized according to the well- 
established procedure of Woodward and 
Ro~enb lum.~  
Yield 58:10; m.p. 128" C (lit.7 m.p. 127.5-128.5'C). 

1 ,l'-ferrocenedicarboxylic acid [3] 
The procedure of Knobloch and Rauscher6 was 
followed. The yield of crude 131 was quantitative. 
After purification by dissolution in aqueous 
sodium bicarbonate and reprecipitation with 
dilute hydrochloric acid, the yield was 75%. 

Following the procedure of Sonoda and 
Moritani.' the diacid [3] was converted to its 
dimethyl ester [4] by refluxing in methanol for 

24h, with a trace of concentrated H,S04 as 
catalyst. Recrystallization of the crude product 
from methanol gave pure [4] in 90% yield. The 
product was thoroughly dried on the high 
vacuum for two days to remove all traces of 
methanol, m.p. 104" C (lit.8 map. 112-114" C). 

1,l'-Bis(hydroxymethy1)ferrocene [5] 
The method of Sonda and Moritanis utilizing 
LiAlH, reduction of [4] was followed. However, 
as a safety precaution, as well as for synthetic 
reasons, the reduction of 14.00g of [4] was 
conducted. On double this scale. an oily material 
instead of the crystalline product [ 5 ]  was 
obtained. 

1,l '-bis( cganomet h yl) ferrocene [6] 
A slight modification of the procedure of Sonoda 
and Moritani' was made in the synthesis of [S]. 

To a solution of 1O.OOg (0.04mmol) of 5 and 
200cm3 of dry THF containing 2cm3 of dry 
pyridine under nitrogen was added to a solution 
of 5.00g (3.18mmol) of freshly distilled PCl, in 
20cm3 of dry THF. The reaction mixture was 
stirred for 3 h  and maintained at ca. 40°C. The 
stirring was stopped and the solution transferred 
via a cannula to an additional funnel under a 
stream of dry nitrogen. The addition funnel had 
been previously set up in a 1 dm3 three-neck flask 
which had been flushed with nitrogen. To the 
flask was then added 30.00g (7mmol) of KCN 
dissolved in 60cm3 of deoxygenated water. To 
this solution was added the THF solution 
dropwise with rapid stirring. Initially the reaction 
was found to be exothermic but later heat had to 
be provided. The mixture was therefore stirred 
for 1 h and maintaincd at 40°C. The mixture was 
cooled and the organic layer separated, washed 
twice with concentrated NaCl solution, and dried 
over anhydrous Na,SO,. On removal of the 
solvent. a brown solid resulted. This solid was 
extracted with dry hexane in a Soxhlet extractor 
for 12h in the dark. Goldcn-yellow crystals of 
pure 161 (8.00g, yield 85':/,) were obtained. This 
compound was found to be unstable and was 
converted to monomers 121 or [7] immediately. 
The 'HNMR and IR spectra were similar to 
those reported by Sonoda and Moritani.' 

1,l'-ferrocenediacetic acid 171 
The procedure of Sonoda and Moritani' was 
followed. (Yield 70%; decomposed at ca. 170°C). 
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1,l'-bis(P-hydroxyethy1)ferrocene [l] 
The literature procedure" was modified as 
follows. To a stirred suspension of 0.52g 
(12mmol) of LiAIH, in 100cm3 of dry THF was 
added dropwise a solution of 1.70 g (5.6 mmol) of 
[7] in 1OOcm" of THF while the reaction flask 
was cooled in ice. After stirring for 4 h at ambient 
temperature. the mixture was refluxed for 14h. 
The flask was cooled to 0°C and a small volume 
of cold water was added. The mixture was 
filtered and the filtrate diluted with 300cm' of 
diethyl ether, washed with saturated NaCl 
solution, a saturated solution of sodium 
carbonate and again with a saturated solution of 
NaCl. The organic laycr was dried over 
anhydrous Na,SO,. Removal of THF in the 
presence of neutral alumina gave a dry pack 
which was added to a column (30 x 1.5 cm) of 5% 
deactivated neutral alumina. Initially the column 
was eluted with ethyl ether-benzene (1: 1) which 
gave the first yellow band that could not be 
identified. Further clution with acetone-benzene 
(1 : 2) gave a second yellow band. Removal of the 
solvent from the latter gave a brown oil [ I ]  
which was stored under nitrogen in the freezer. 
This oil crystallized during storage. Map. 43-44°C 
(lit.9 m.p. 43-45 C). Yield 1.47g, 98%. IR (NaC1) 

2800(m), 1450(m), 1040(s), 1020(s), 8OO(s). 
' I INMR (CDCl,) Gppm. 2.15 (m,2H), 2.4 (t.4H), 
3.5 (t,4H), 3.9 (s,8H, C,H,). 

This procedure is far superior to the one 
reported by Schaaf and Lenk2' with respect to 
both yieid and efficiency. 

cm- 1. . 3600-3010 (Br, s), 3000(w), 2860(m), 

1,l  '-bis( j-aminoeth yl) ferrocene [ 21 
This monomer was synthesized following the 
procedure of Ratajczak et ul." (Yield 73""; b.p. 
12O"Cil torr). 

Polymerization methods 

Polycondensation of 1,l'-bis( /3-aminoethyl) 
ferrocene 121 and sebacoyl chloride. Unstirred 
interfacial polymerization 
To a suspension of 0.57g (2.26mmol) of [2] in 
50cm3 of deoxygenated water was added 0.69g 
(6.78 mmol) of distilled triethylamine. In a beaker 
was placed OSOg (2.26mmol) of sebacoyl 
chloride in 50cm3 of dry, distilled carbon 
tetrachloride. On rapidly adding the aqueous 
diamine suspension to the organic phase, an 
instantaneous yellow layer was observed at the 

interface. This film appeared to be swollen by 
solvent. The solid film was removed, washed with 
water and acetone and then dried in a vaccum 
desiccator over P20,.  

In order to obtain better quality films, the 
same procedure was used but a circular glass ring 
(1.lcm in height and Scm in diameter) was 
placed at the bottom of a glass cylinder, 7cm in 
diameter. The film that formed at the interface 
was removed by means of the circular glass ring, 
then washed repeatedly with deoxygenated water 
and dried in a vacuum dessicator over P,O,. A 
light yellow film was obtained on drying, weight 
0.76g, yield 85%. The surface of the film facing 
the organic layer appeared to be rougher than 
that facing the aqueous phase. 

The above procedures were repeated with 
tercphthaloyl chloride, as in the case with 
sebacoyl chloride, immediate film formation was 
also observed on adding the diamine [2]. 
However on drying, the film was brittle and 
tended to flake and crack. On adding the diamine 
[2] to adipoyl chloride a yellow precipitate 
resulted immediately but not film formation took 
place. The polymer in this case was elastomeric. 
On drying in a desiccator over P,O,, the 
elastomeric material turned hard and brittle. The 
yields of pol yamides with terephthaloyl chloride 
and adipoyl chloride were 72 and 47 percent, 
respectively. 

Polycondensation of 1,l'-bis( j-aminoethyl) 
ferrocene [2] and sebacoyl chloride. Stirred 
interfacial polymerization 
The diamine [2] (0.31g, 1.13mmol), 50cm' of 
deoxygenatcd water, and 0.33 g (3.36 mmol) of 
triethylamine were placed in a glass jar of a 
Waring blender. The contents were stirred at a 
low speed for a few minutes. Through a wide 
mouthed funnel, inserted through the cover of the 
blender jar, was added 0.36g (1.50mmol) of 
sebacoyl chloride in 50cm3 of dry CCl,. The 
blender was turned to full speed and the contents 
stirred at maximum rpm for 5min. A yellow solid 
was formed on the walls of the jar and a flexible 
yellow ball near the blades. A metastable2 yellow 
solution was formed in the jar and yellow solid 
continued to precipitate out from this solution 
over a period of 10h. The yellow solid was 
filtered and washed with aqueous sodium car- 
bonate. The washing was achieved by placing a 
suspension of the yellow solid in a 20% aqueous 
sodium carbonate solution, in the blender jar and 
stirring for 5min at low rprn. The yellow solid 
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was again fiitered and washed with ethyl ether 
and dried in vacuum, yield 0.32g, 51%. 

Polycondensation of 1,l'-bis( B-aminoethy1)- 
ferrocene [Z] and terephthaloyl chloride. Solution 
polymerization 
The procedure of Morgan and KwoleckZ1 was 
followed. In a 250cm3 Erlenmeyer flask was 
placed 0.39 g (1.55 mmol) of [2] ,  triethylamine 
(0.40g, 3.88 mmol), and 20cm3 of dry methylene 
chloride. To this solution was added 0.31 g 
(1.55 mmol) of terephthaloyl chloride also in 
20cm3 of dry methylene chloride. Stirring was 
continued vigorously for 10 min. Some precipitate 
formation was observed. After IOmin the con- 
tents of the flask were poured into dry hexane. 
The resulting yellow precipitate was washed with 
water and with acetone and then dried, yield 
0.31 g, 45%. 

Polycondensation of 1,1'-( bis( B-hydroxyethyl) - 
ferrocene [l] and terephthaloyl chloride. High 
temperature solution polymerization 
The procedure used was essentially that of 
Pittman.' In a three-necked round-bottom flask 
were placed l.0Og (3.65 mmol) of 111, 50cm3 of dry 
xylene and 0.71 g (9.0mmol) of dry pyridine. To 
this was added a slight excess of terephthaloyl 
chloride in 50cm3 of xylene. The mixture was 
refluxed for 6 h, during which time the solution 
changed from yellow to brown and some black 
solid precipitated. The solution was cooled and 
the insoluble polymer and pyridine hydrochloride 
were filtered out. The xylene solution was ex- 
tracted three times with saturated NaCl solution 
and once with aqueous sodium carbonate. The 
xylene solution was then poured into excess 
methanol to precipitate the xylene-soluble poly- 
mer. The latter was filtered, washed with water, 
then with acetone and dried. The yield of the 
xylene soluble fraction was 0.55g and the in- 
soluble fraction 0.07 g. (Overall yield 0.73 g, 51 "/) 
The IR spectra of the soluble and insoluble 
fractions were similar. 

Polyurethane from 1,1  '-bis(8-hydroxyethyl) 
ferrocene [l] and TDI 
The procedure was similar to that reported by 
Lyman" for the synthesis of a polyurethane from 
bis(4-isocyanatophenyl)methane and ethylene gly- 
col by the solution method. 

In a three-neck 250cm3 round-bottom flask 
equipped with a magnetic stirring bar, inlet and 

outlet valves and a condenser, were placed 0.24g 
(0.73 mmol) of [l] and 0.13 g (0.73 mmol) of TDI 
in 100cm3 of dry DMSO. The flask was connec- 
ted to a mercury overpressure valve and was 
flushed repeatedly with nitrogen before placing 
the reactants in the vessel. The mixture was 
refluxed at 115°C for 3h. At the end of this 
period the solution was poured into water in  a 
blender to precipitate the polyurethane. The yel- 
low precipitate was filtered and washed with 
acetone and dried in vacuo for 12h, yield 0.17g, 
461/,. 

Polyurea from 1,l'-bis(B-aminoethy1)ferrocene [2] 
and MDI. Solution polymerization 
The MDI (Mobay) was melted at ca.50'C under 
nitrogen and filtered hot. The filtrate was then 
degassed on the high vacuum for 1 h at 70°C to 
remove traces of moisture. 

Into a three-necked 250cm3 round-bottom 
flask, equipped with a pressure equalizing ad- 
dition funnel, stirring bar, reflux condenser, inlet 
and outlet gas valves, was placed 0.25g 
(1.00mmol) of MDI in 60cm3 of dry chloroform. 
The flask had been previously purged with nitro- 
gen and was connected to a mercury overpressure 
valve. The diamine 121 (0.26g, 0.96mmol) in 
40cm3 of dry chloroform was added dropwise at 
room temperature (ca. 20°C). An immediate yellow 
precipitate was observed on the addition of 121 
to the MDI solution. Stirring was continued for 
5 min. The precipitate was filtered and washed with 
chloroform and dried in vacuo. The resulting 
polyurea was an extremely hard pale-yellow solid, 
insoluble in almost all organic solvents, yield 
0.34g, 67%. 

The polyurea from [2] and TDI and prepared 
in a similar manner, giving a yield of 53%. 

Polyurea from 1,l'-bis( B-aminoethy1)ferrocene 121 
and TDI. Unstirred interfacial polymerization 
In a 100cm3 beaker was placed 0.15g 
(0.86mmol) of TI11 in 40cm3 of dry chloroform. 
To this was quickly added 0.23 g (0.86 mmol) of 
[2] in 20cm3 of deoxygenated water. An im- 
mediate yellow precipitate was observed at the 
interface. This was quickly filtered, washed with 
chloroform, and dried in vacuo, yield 0.22g, 58%. 

CONCLUSIONS 

We have demonstrated, by carefully manipulating 
the design of organometallic monomers, that 
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their condensation polymerization can be very 
facile. Simultaneously. the introduction of flexible 
methylene groups between the organoinetallic 
moieties and reactive functional groups can intro- 
ducc elements. of processibility and mechanical 
integrity in such polymers. Ferrocene-containing 
condensation polymers have been utilized to 
modify the surfaces of  electrode^.^' Materials of 
this type that incorporate organo-iron com- 
pounds into a polymer matrix. either through 
chemical bonding or by formation of blends, have 
the potential of being thermally processed to 
yield iron oxides. If y-Fe,03 could be selectively 
synthesized, this could be a method of obtaining 
magnetic  coating^.^' Another area of application 
could be as a smoke retardant in polyurethanes. 
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