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SUMMARY

The action of phenylboron dichloride upon ferrocene or rutheno-
cene in highly concentrated sulfolane solution in the presence of
zinc chloride produces soluble polymeric metallocene compounds
having phenylboron bridging units in the backbone. Number-average
molecular weights are in the approximate range 1200-3500. The
polymer structures, which comprise homo- and heteroannularly
disubstituted metallocene units and variable populations of cyclo-
pentylene groups in addition io phenylboron bridges,arise as a
result of competitive reactions believed to involve electrophilic
attack by boron on the metallocene and cleavage of the bonds con-
necting the central Fe or Ru atom with the eyclopentadienyl rings
of the metallocene system, this cleavage reaction being followed by
polyalkylation steps via intermediary cyclopentenyl cations. The
ruthenocene system undergoes metal-ring bond fisson more slug-
gishly than does ferrocene; hence, the ruthenium-containing poly-
mers possess a lower content of cyclopentylene moieties than deter-
mined for the iron-containing counterparts obtained under compar-
able conditions.

Efforts to incorporate group IV elements into macromolecular
ferrocene compounds have led to polymers possessing Si and Sn as

*Metallocene Polymers XXII. For Part XXI, see Ref. [1].
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backbone constituents {2-7]. Similarly, group V elements have
successfully been introduced as chain links. For example, polymers
in which ferrocenylene greoups are interconnected by phenylphos-
phine and phenylphosphoryl bridges were prepared by a Lewis acid-
catalyzed polyacylation reaction involving ferrocene and phenyl-
dichlorophosphine as reactants [8, 9], and in an analogous manner
polymers possessing nitrophenyl-, chlorophenyl-, and cyanophenyl-
substituted arsine bridging groups between ferrocenylene units were
obtained* from ferrocene and the corresponding dichloroarsine
derivatives. Both condensations proceeded just as well in the
melt phase as in solution, and the resulting polymeric compounds
hadnumber-average molecular weights ranging from ca. 1000 to 3500.
We now wish to report the synthesis of ferrocene polymers con-
taining the group IIT element boron in the main chain. When ferro-
cene was reacted over periods of 24-125 hr in highly concentrated
sulfolane (tetramethylene sulfone) solution with equivalent or slight-
1y less than equivalent quantities of phenylboron dichloridet and
anhydrous zinc chloride at moderately elevated temperatures (60-
125°C), polycondensation took place, giving rise to soluble and hence
essentially linear polymeric compounds with molecular weights in
the approximate range 1500-3500. Analytical results indicate, how-
ever, that the polycondensation of Eq. (1), which one might anticipate
here by analogy with the interaction of ferrocene and phenyldichloro-
phosphine, proceeded only to a minor extent. Instead, degradation
of the metallocene system, involving both the ferrocene starting
material and ferrocenylene units already incorporated into the poly-
mer, constifuted the main reaction, this degradation involving rupture
of the metal-ring bond under the influence of phenylboron dichloride.
In view of the capability of the boron halide to function as a powerful
Lewis acid, this cleavage is not altogether unexpected. The efficacy
of Lewis acids such as AICl;, BF3, and even ZnCl, (probably in the
form of the respective complexes with H, O or HCl) in cleaving the
metal-ring bond of ferrocene compounds in hydrogen fluoride [10],
halocarbon [11-15], benzene [16,17], or sulfolane [8,18,19] solutions
as well as in the melt phase [20] had previously been observed; in
these earlier investigations, secondary alkylation reactions, prob-
ably involving cyclopentenyl and ferrocenylcyclopentyl cationic in-
termediates [13, 14, 17, 20], had been found to produce monomeric
and polymeric cyclopentylene derivatives of ferrocene, the poly-
meric species typically being composed of such recurring units as
(Ia) and (Ib).

* Obtained in an unpublished study in this laboratory.

T An examination of the effect of major reactant ratio variations
was not attempted in this work because of the inhomogeneous charac-
ter of the melt in initial reaction stages, prohibiting accurate con-
trol of reactant concentrations.
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In the present case, this sequence of metal-ring bond fission and
subsequent alkylation via cyclopentenyl cations, competing with the
anticipated, regular polycondensation course of Eq. (1), gave poly~-
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meric structures of considerable complexity, comprising a variable
population of ferrocenylene and cyclopentylene groups in addition to
the phenylboron unit. Even under very mild experimental conditions
(e.g.,12-24 hr at 55-65°C), employing a substantial ferrocene ex-
cess, the elemental analyses showed the ratio of cyclopentylene to
ferrocenylene units in the polymeric products to approach or slight-
ly exceed unity, the atomic ratios of iron to boron being 2.0-2. 5.
However, because of considerable heterogeneity of the reaction mass
under these mild conditions, the elemental analytical results were
not quite reproducible;in addition, polymer yields and molecular
weights, as expected, were quite low. In a grossly simplified man-
ner, an exemplifying, idealized structure of this type may be rep-
resented by (II) (m/n = 2).

At higher temperatures (65-125°C) and longer reaction periods
(2~5 days), polymer yields and molecular weights increased. In ad-
dition, the cyclopentylene/ferrocenylene ratio increased further,
ultimately (that is, under the conditions employed in the present
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study*) to approach a level of about 1.8. In these more advanced
stages, apparently, both cyclopentenyl and ferrocenylcyclopentyl
cations, arising as primary or secondary cleavage products, partici-
pated in the propagation, adding cyclopentylene groups and units (I)
to the growing chain of (II); this resulted in structures comprising
such types as (II) {m/n > 3) and (I11) (I/m/n = 3:2:1) or (III)
(1/m/n = 4:3:1). At the same time, competitive cleavage of intra-
chain-type ferrocenylene groups, increasing in extent with advanc-
ing propagation because of increasing populations of such intra-
chain ferrocenylene and concomitantly diminishing concentration of
free ferrocene, caused further enhancement in the cyclopentylene/
ferrocenylene ratio by producing such additional structures as
(I 1/m/n =4:2:1) and (II) ({/m/n = 5:2:1), each of these

9]

*We have abstained from conducting reactions at higher tempera-
tures and over longer periods than indicated because of increased
branching and cross-linking under such conditions. Extrapolating
the findings presented below, it would appear that continued heating
should ultimately produce compounds devoid of metallocene units
and exclusively composed of cyclopentylene and phenylboron units.
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structures contributing significantly to the average compositions
determined analytically.

Four typical experiments illustrating the discussed correlations
are summarized in Table 1. The condensations were conducted by
stirring the reactants with ZnCl, and sulfolane in the molar ratios
and under the conditions of time and temperature indicated. The
blackish, resinous, and generally somewhat inhomogeneous products
were hydrolyzed with ice water, and the resultant crude solids, after
removal of unreacted ferrocene and nonpolymeric reaction products
by extraction with hexane, were reprecipitated from concentrated
and filtered benzene solution by a fourfold excess of 2-propanol
containing 10 vol. % water. This gave a small crop of grayish-brown,
halocarbon-soluble polymeric product listed as first fraction. (All
products were washed with NaHCOj soln., 10% aqueous acetic acid,
and water, then vacuum dried for 10 days at 100°C over KOH.) A
second, considerably larger fraction, essentially composed of oligo-
meric reaction products, resulted from vacuum evaporation of the
filtrate to dryness and washing of the semicrystalline residue with
hexane and 2-propanol to remove traces of admixed ferrocene and
other monomers.

It is seen that the structural pattern of (II) with equal populations
of cyclopentylene and ferrocenylene units is realized only under the
mild conditions of expt.1. In expts. 2-4,requiring increasingly higher
temperatures and prolonged heating times, the elemental analyses
show a progressive decrease in % Fe and an increase in % H,re-
flecting the enhanced population of alicyclic constituents in agreement
with the assigned structures. A comparison of expts.3 and 4 also
demonstrates the aforementioned effect of intrachain-type ferro-
cenylene cleavage in highly advanced stages [essentially constant
(1 + m)/n ratio, but increasing 1/m ratio], reflected in the more
drastically reduced percentage of iron and slightly increased per-
centage of boron in expt. 4.

Furthermore, consistent with these structures, the IR spectra*
(which, except for minor intensity differences and the appearance of
the typical phenyl bands of the —B(CGHS) unit?, proved superimpos-
able with those of cyclopentylferrocene [10] and the various ferro-
cenylene-cyclopentylene polymers of earlier studies [11-14, 20, 217)
exhibited the characteristic alicyclic C—H stretching (3. 40-3. 50 )
and deformation (6.83-6.92 p) doublets in increasingly higher inten-

*The author is indebted to Messrs.R.K.Crossland and W. T.
Thompson for recording the NMR and infrared spectra.

TThe comparatively low intensity of these bands, consistent with
slightly lower phenyl to ferrocenyl !H NMR signal ratios than cal-
culated for the various proposed structures, suggests a minor extent
of B—Cphenyl bond cleavage not otherwise indicated analytically.
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sities in going from polymer 1 through polymer 4. Both the 9-u and
10~p bands were shown, indicating the presence of unsubstituted fer-
rocene rings [22] and thus of homoannularly disubstituted (1, 2- and
1, 3) ferrocenylene units in the chain. The two bands, however, inva-
riably appeared in intensities too low to account solely for homo-
annularly interlinked ferrocenylene units, and the presence of units
of the heteroannular (1,1-) type must additionally be inferred.
Such coexistence of intrachain-type 1,2-,1,3-,and 1, 1’- ferro-
cenylene groups has generally been observed with ferrocene poly-
mers that arise by polyalkylation mechanisms |20, 23, 24]. A quan-
titative evaluation of the 9-p and 10-p bands [25], taking into account
one ferrocenyl end group per chain at the respective molecular
weight, gave homoannularities [25] of 50-57% in the present study.
This range, several per cent below the homoannularity (~60%) of
methylene-bridged polymers of previous investigations [23, 25],
may reflect increased steric effects exerted by the bulky alicyclic
groups, resulting in enhanced heteroannular substitution orientation.

The 1H NMR spectra (at 60 MHz, in CDCl;) of polymers (III),
giving broad alicyclic resonances in the 7 range 6.5-9.1,allow
calculation of the cyclopentylene/ferrocenylene proton signal area
ratios;these,as seen from the tabulated data,are well in accord with
the structures proposed on the basis of elemental analyses. In ad-
dition, the spectra, giving methine to methylene proton signal area
ratios (clearly discernible only with fractions having M, < 2000)
invariably in the narrow range 0. 22-0. 25, permit the conclusion that,
on the average, 18-20% of the cyclopentylene units in (II) and (III)
occur as the gem-disubstituted species (as represented by the non-
polymeric model compound, 1, 1-diferrocenylcyclopentane [20]), with
the remaining 80-82% being of the 1,2 and 1, 3 types. Well coincident
with the 18-20% range determined in this study, the population of
gem-disubstituted cyclopentylene in earlier ferrocenylene-cyclopen-
tylene polymers [20] was reported to be ca.20%. This finding ap-
pears reasonable in view of the fact that cleavage of the metallocene
and subsequent alkylation reactions constitute the principal or ex-
clusive mechanism in the two studies compared.

In convincing support of the cleavage mechanism,it was possible
to isolate the heteroannularly bridged derivative (IV), 1,1’-(1, 3-
cyclopentylene)ferrocene [17],as a by-product. To this end, the
combined and concentrated hexane extracts of the crude reaction
products were chromatographed on activated alumina as described
[20]. The first band contained unreacted ferrocene (2-10% recovery),
and the faint second band, occasionally appearing as the tailing of
the first, gave a 0. 1-0.29% yield of (IV). No attempts were made in
this study to separate from subsequent bands the additional ferro-
cenyl-substituted cyclopentanes reported previously [20].

To compare the propensity of ferrocene to metal-ring bond fis-
sion with that of its next congener, ruthenocene, several experi-
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ments were conducted using ruthenocene and phenylboron dichloride
as the reactants. A typical experiment is included in Table 1 (expt.
5). The polymer fractions were collected as in expts. 1-4 except that
chloroform was used as the solvent. The elemental analyses, sup-
ported by the cyclopentylene/ruthenocenylene ratio determined from
NMR data, closely correspond to a polymer structure (V) where

m/n = 2. A comparison with the similar ferrocene run 2 shows a
reduced cleavage effect in the ruthenocene case, coupled with enhanc-
ed molecular weight. Since the reactivity of ruthenocene in electro-
philic substitution reactions is known to be lower than that of
ferrocene [26, 27], this enhancement in molecular weight relative

to the ferrocene case clearly cannot be the result of an increased
rate of substitution (either by boron or by carbon), but may, rather,
be due to diminished cleavage of 1, 1’-substituted ruthenocenylene
units of the chain, thus sustaining the integrity of the growing chain
to a greater extent than is realized in the ferrocene case. The re-
duced tendency of the ruthenocene system, relative to ferrocene,
toward degradation through bond cleavage between metal and rings
reflected in these results, is well in accord with both the enhance-
ment in metal-ring bond strength [26] and the decrease in nucleo-
philicity and concomitant increase in resistance toward protona-
tion [28] exhibited by the ruthenium-organic compound.
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