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Synthesis and reactivity of metal-containing monomers.
Part 59. Preparation and polymerization transformations of vinyl and isopropenyl derivatives
of hafnocene dichloride*
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Novel vinyl- and isopropenyl-substituted cyclopentadienyl complexes of hafnium(lV),
[CsH4(CR=CH,)],HfCl, [R = H (5), CH; (6)], were prepared and characterized. The organo-
metallic monomers obtained were shown to undergo radical or anionic homopolymerization.
Copolymerization of these metallocenes with styrene was performed. The potential applica-
tions of the metal polymers in question were considered.
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Organometallic polymers obtained by polymerization
or copolymerization of appropriate monomers are of con-
siderable interest as immobilized catalysts for various re-
actions and as precursors for the preparation of nano-
composite materials, ceramics, and so on.

However, the range of organometallic monomers in
which the group capable of polymerization is directly
bound to a transition metal atom through a metal—car-
bon bond is very limited, as these molecules are unstable.
On the one hand, the average dissociation energy of a
metal—carbon bond D(M—C) is comparable?:3 with
the average metal—halogen bond energy, D(M—CI) or
D(M—Br), even for the least stable alkyl derivatives of
transition metals, but on the other hand, this bond is
much more reactive than the M—O, M—N, M—Hal, etc.
bonds. This is especially clear in the polymerization of
such monomers because in the majority of cases, the syn-
thesis of metal-containing polymers is accompanied by
elimination of metal hydride:4

CH,=CH Initiation ~CHz—CH-~
[ [ —
Mxn—1 Mxn—1
—— _CH=CH- + MX,_,H.

The undesirable B-hydride transfer can be prevented
by using organometallic compounds devoid of hydrogen

* For Part 58, see Ref. 1.

at the B-carbon atom. For this purpose, Me or another
group is introduced instead of the H atom.

Procedures for the synthesis of organometallic mono-
mers in which the Cp rings contain a vinyl or an iso-
propenyl group have been developed in sufficient detail
for a number of metals. This is a rather well-studied field
of chemistry of polymers based on vinylferrocene, which
is among the first monomers containing a chemically
bound metal. The polymerization of metal monomers of
this type can be initiated by any type of initiation (radical,
cationic, anionic, Ziegler—Natta catalysts). Their sus-
ceptibility to a particular initiation type can be changed
crucially by introducing appropriate substituents into the
vinyl group. As an example, one can mention cyclo-
pentadienyl complexes containing the isopropenyl group
instead of vinyl, which are potential monomers for cat-
ionic polymerization.5

The purpose of this study is to prepare bis(vinyl-
cyclopentadienyl)- and bis(isopropenylcyclopentadi-
enyl)dichlorohafnium as potential metal monomers and
to attempt the synthesis of polymers and copolymers based
on these monomers.

Results and Discussion

Synthesis of Hf'V-containing monomers. As the start-
ing monomers for the subsequent polymerization,
we prepared two new hafnocene dichlorides,
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shown in Scheme 1.

The sandwich complex 6 is rather readily available
due to the fact that the initial 6,6-dimethylfulvene (3) can
be easily prepared in one step from acetone and cyclo-
pentadiene.b Conversely, the synthesis of the vinyl-sub-
stituted sandwich complex 5 is a more complicated task.
We did not succeed in reproducing the procedure of syn-
thesis of 6-methylfulvene (1) from acetaldehyde and
cyclopentadiene,® similarly to fulvene 3. The dicyclo-
pentadiene whose boiling point was very close to that
reported in a patent® for fulvene 1 (in reality, it is much
lower) was the only product isolated after this reaction.
Therefore, we prepared methylfulvene 1 by an alternative
procedure’”8 through 6-(N,N-dimethylamino)fulvene.
Deprotonation of fulvenes 1 and 3 with lithium diiso-
ropylamide gave lithium vinyl-? and isopropenylcyclo-
pentadienides 2 and 4, which were isolated and charac-
terized by 'H and '3C NMR spectroscopy.

The sandwich complexes 5 and 6 were prepared by the
reaction of lithium derivatives 2 and 4 with HfCl, in THF.
Hafnocene dichlorides 5 and 6 are white crystalline solids
readily soluble in THF, CH,Cl,, and CHCl;. Complex 5,
unlike 6, is also easily soluble in Et,O and toluene and
moderately soluble in hexane. Unlike unsubstituted
hafnocene dichloride, compounds 5 and 6 are exception-
ally sensitive to atmospheric oxygen. Even in the crystal-
line state, a short-term (~1 min) exposure to air is suffi-
cient for initiation of polymerization processes. The sub-
sequent dissolution in a high vacuum results in dark-
colored polymeric products that precipitated from the
solution within 24 h at room temperature. Therefore, all
operations with monomers 5 and 6 should be carried out
strictly in an inert atmosphere or in a high vacuum.

H, Me), by the route

Polymerization of hafnium-containing monomers and
some properties of polymers. Complexes 5 and 6 were
studied as monomers in the liquid-phase (in a toluene
solution) radical homopolymerization initiated by
0.5—2.0% azobisisobutyronitrile (AIBN). Monomer 5 was
converted in a yield of up to 30% into a product, repre-
senting a mixture of cross-linked fraction 7a insoluble in

organic solvents and linear oligomer (M—, = 6000) 7b
(Scheme 2).
Scheme 2
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The IR spectrum of the polymer exhibits stretching
vibrations of the residual double bonds (1636 cm~!) and
vibrations of the substituted Cp ring. The relatively low
yields of polymer 7 may be due to the same reasons as in
the case of polymerization of Ti!Y monomers,!® namely,
the competing coordination of both the primary radicals
and the macroradicals to metal ions and their participa-
tion in the initiation of polymerization (Scheme 3):

This assumption is supported by a number of known
facts.!! For example, even the stable di-fert-butyliminoxyl
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Scheme 3
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radicals easily replace the alkyl fragments in Cp,HfR,
to give O-alkyl-N,N-di-tert-butylhydroxylamine and
Cp,M(R)O—N-But,.

The formation of the coordination radical complexes
is often observed in the polymerization of metal-contain-
ing monomers,!2 the metal ion acting as a sort of radical
trap. The metal-coordinated radicals participate in both
the chain propagation and (mainly) in the chain termina-
tion. In the case of Ti!¥ monomers, these processes were
studied quantitatively.10

Note that the attempts to obtain the polymer from
complex 5 using y-radiation from ¢°Co for initiation (THF,
dose 20 Mrad) have not met with success, apparently, due
to monomer decomposition under conditions of radiolysis.

Complex 6 could be converted into the polymer only
by anionic polymerization (Bu"Li, —40 °C, THF solu-
tion) (Scheme 4).

Scheme 4

WCl Bu”Ll i\ iICl

Hf- «

I THF, -40 °C ? é \Cl
6

Product 8 is also composed of two fractions; the
DMF-soluble fraction has 1\71n ~4000, i.e., only
10—12 monomer units are included in the oligomer chain.

Copolymerization of 5 and 6 with styrene. The mono-
mers proved to be capable of copolymerization with sty-
rene, although the yields of the polymeric products are
relatively low. The number-average molecular mass of
the copolymer formed by complex 5 with styrene was
M, = 25000 after three reprecipitations from benzene

J@@

into ethanol. Note for comparison that the radical poly-
merization of styrene under the same conditions (ben-
zene, 2% AIBN) results in the formation of polystyrene
with the following molecular-weight characteristics:
M, = 29000, M,, = 47000, M,/M, = 1.62. It is also
possible to carry out radical copolymerization of com-
plex 6 with styrene, unlike homopolymerization. The
yields of the copolymer are also relatively low, and the
number-average molecular mass is equal to ~10000.

Thus, we demonstrated the possibility of involvement
of the Hf-containing monomers synthesized into radical
or ionic polymerization. Presumably, optimization of the
reaction conditions (initiation type, temperature, reac-
tion medium, efc.) would allow one to increase the yields
of the reaction products and increase the molecular
weights.

In conclusion, note some prospects of this study.
Metal-containing polymers combine the key properties of
the polymers and metals contained in the polymer. Of
particular interest are the variants where such systems
exhibit synergism, i.e., the properties are enhanced or
new properties appear.

Recent years have seen increased attention to metal
polymer nanocomposites, which find application as cata-
lysts, magnetic and optical materials, sensors, efc.13 It can
be expected that the polymeric hafnocene dichlorides
would be efficient catalysts for olefin polymerization (in
combination with polymethylalumosiloxane). This fol-
lows from the search for polymer-immobilized metallo-
cene catalysts developed intensively in recent years (see
Ref. 14). We found that copolymers of complexes 5 and 6
with styrene in combination with polymethylalumoxane
exhibit activity in ethylene and propylene polymeriza-
tion; however, their catalytic properties are much lower
(the highest activity in ethylene polymerization reaches
50 kg of PE (g Hf)~!MPa—'h~!) than that of Zr com-
pounds.

Organometallic polymers of this type also present in-
terest for the preparation of thermally stable coatings based
on hafnium carbide by controlled pyrolysis of Hf-con-
taining polymers and their copolymers. The advantages of
this approach may include the use of oxygen-free precur-
sors (in other words, exclusion of HfO, from the pyrolysis
products), relatively high contents of hafnium, and a uni-
form phase composition of the products. Preliminary stud-
ies have shown that the synthesis of Hf-containing poly-
mers followed by their pyrolysis results in the formation of
HfC,. The products of pyrolysis (1300 °C) of metal poly-
mers based on compounds 5 and 6 contain up to 80—85%
(w/w) hafnium carbide.

Experimental

All synthetic procedures, preparation of NMR samples, and
polymerization of metal monomers were carried out either in an
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inert atmosphere or in all-sealed evacuated apparatus such as
Schlenk vessels. The solvents (including deuterated ones) were
dehydrated by standard procedures.!5 Cyclopentadiene was pre-
pared from dicyclopentadiene (Merck), dried over Na,SO,, and
distilled under argon directly prior to use. Commercially avail-
able HfCl, (Merck) was used; 6-(N, N-dimethylamino)fulvene,’
6-methylfulvene,® and 6,6-dimethylfulvene® were synthesized
by known procedures.

The 'H and 3C NMR spectra were recorded at 25 °C on a
Varian VXR-400 instrument (400 and 100 MHz, respectively).
The 'H and 1*C NMR spectra were referred to the signals of the
deuterated solvents (8 5.32 and 53.8 for CD,Cl,, § 1.73 and 25.3
for THF-dg). The elemental analysis of metal monomers was
performed on a Carlo-Erba automated analyzer. IR spectra were
recorded on Perkin-Elmer 1720-X and UR-20 spectrometers.
The content of hafnium in the polymers was determined by
spectrophotometry on a FEK-56 instrument. The molecu-
lar masses of the polymers were determined on a Hewlett-
Packard-502 membrane osmometer.

Lithium ethenylcyclopentadienide (2) was synthesized by
modification of a known procedure.? A hexane solution of n-BuLi
(1.82 mol L', 165 mL) was added at —78 °C over a period of 2 h
to a mixture of diisopropylamine (42.1 mL, 30.36 g, 0.300 mol)
and 100 mL of THF. The reaction mixture was warmed-up to
room temperature and stirred for 3 h. The resulting solution of
lithium diisopropylamide was cooled to —30 °C and a solution of
fulvene 1 (27.64 g, 0.300 mol) in 50 mL of THF was added
dropwise under stirring over a period of 3 h. The reaction mix-
ture was warmed-up to room temperature and left for 16 h. The
solvents and HNPri, were removed in vacuo, Et,0 (30 mL) and
hexane (200 mL) were added to the residue, and the resulting
precipitate was filtered off, washed on the filter with 150 mL of
hexane, and dried in a high vacuum. Yield 16.73 g (0.170 mol,
56.9%, white crystalline powder). 'TH NMR (THF-dg, 5, J/Hz):
4.29 (dd, 1 H, =CHH, 2JH’H = 2.8 Hz, 3JH,H = 11.6 Hz); 4.89
(dd, 1 H, =CHH, 2JH’H = 2.8 Hz, 3JH’H = 17.8 Hz); 5.59, 5.80
(both virt. t, 2 H each, CsHy, 3+4JH’H = 5.6 Hz); 6.52 (dd, 1 H,
=CH Hz, 3JH’H = 17.8 Hz, 3JH’H = 11.6 Hz). 3C NMR, &:
98.76 (=CH,); 103.76, 104.99 (CH in C5H,); 119.84 (C, CsH,);
136.87 (=CH).

Lithium (1-methylethenyl)cyclopentadienide (4) was prepared
similarly to lithium salt 2 from fulvene 3 (31.85 g, 0.300 mol) in
50 mL of THF. After completion of the reaction and removal of
the solvents and HNPr,, ether (150 mL) was added to the resi-
due, and the resulting precipitate of filtered off, washed on the
filter with 150 mL of hexane, and dried in a high vacuum. On
the subsequent workup of the ether mother liquor, the total
yield of the product (a white crystalline solid) was 26.50 g
(0.238 mol, 79.3%). "H NMR (THF-dy), 5: 1.98 (s, 3 H, Me);
4.20, 4.80 (both m, 1 H each, =CH,); 5.57, 5.84 (both virt t,
2 H each, CsHy, 3+4JH,H = 4.8 Hz). 3C NMR, &: 23.04 (Me);
98.61 (=CH,); 102.48, 104.66 (CH, CsH,); 121.88 (C, CsH,);
142.89 [=C(CHy)].

Bis(n5-ethenylcyclopentadienyl)dichlorohafnium (5). A solu-
tion of cyclopentadienide 2 (4.45 g, 45.4 mmol) in 20 mL of
THF was added at —20 °C under vigorous stirring to a solution
of HfCl, (7.27 g, 22.7 mmol) in 30 mL of THF. The homoge-
neous solution was kept for 4 h at 20 °C and for 2 h at 70 °C. The
solvent was removed in vacuo, the residue was extracted with
75 mL of CH,Cl,, and the LiCl precipitate was filtered off. The

extract was concentrated to a volume of ~15 mL, and 70 mL of
ether was added. After slow evaporation of the solvents, the
crystals of the complex were filtered off, washed on the filter
with a minimum amount of cold pentane, and dried in a high
vacuum (compound 5 is markedly soluble in warm pentane).
Yield 5.19 g (12.0 mmol, 53.0%) (white crystalline powder).
Found (%): C, 38.91; H, 3.30. C;4H4CLHf. Calculated (%):
C, 38.96; H, 3.27. 'H NMR (CD,Cl,), 8: 5.31 (dd, 2 H, =CHH,
2JH,H =1.2 Hz, 3JH’H =10.8 Hz); 5.55(dd,2 H, =CHH, 2JH’H =
1.2 Hz, 3JH,H = 17.6 Hz); 6.25, 6.38 (both virt t, 4 H each,
CsHy, 3+4JH,H =5.6 Hz); 6.58 (dd, 2 H, =CH, 3JH’H =17.6 Hz,
3JH’H= 10.8 Hz). 3C NMR, 8&: 113.55, 114.62 (CH, CsHy);
116.33 (=CH,); 126.19 (C, CsHy); 129.96 (=CH).

IR, (CCly), v/em~!: 827 (s, out-of-plane § CH(Cp)); 890
(out-of-plane § CH(=CH,)); 1045 (m., 8 CH(Cp) in-plane);
1407, 1459, 1494 (Cp-ring vibrations); 1634 (v(C=C)); 3103
(v(CH(Cp))).

Bis[(n3-(1-methylethenyl)cyclopentadienyl]dichlorohafnium
(6). The reaction was carried out in a similar way using HfCl,
(7.40 g, 23.1 mmol) and salt 4 (5.18 g, 46.2 mmol). After the
addition of CH,Cl, and separation of LiCl, the extract was
concentrated until the main bulk of the product crystallized. An
equal volume of ether was added and the product was crystal-
lized from this solvent mixture. The precipitated crystals were
filtered off, washed on the filter with ether and pentane, and
dried in a high vacuum. Yield 6.03 g (13.1 mmol, 56.8%) (white
crystalline powder). Found (%): C, 41.73; H, 3.97. C,sH sCL,Hf.
Calculated (%): C, 41.80; H, 3.95. 'TH NMR (CD,Cl,), &: 2.03
(dd, 6 H, CHs, 4JH,H = 1.6 Hz, 4JH,H= 0.8 Hz); 5.12, 5.34
(both m, 2 H each, =CH,); 6.22, 6.41 (both virt t, 4 H each,
CsHy, 3+4JH,H: 5.4 Hz). 3C NMR, &: 21.52 (Me); 113.17,
113.87 (CH, CsHy); 113.42 (=CH,); 129.53 (C, CsHy); 136.90
(=C(CH3)).

IR (CCl,), v/cm~!: 838 (s, out-of-plane & CH(Cp)); 860,
(out-of-plane, § CH(=CH,) out-of-plane); 1058, 1408, 1440,
1452 (Cp-ring vibrations); 1628 (v(C=C)); 3116 (v(CH(Cp))).

Polymerization of complex 5. Complex 5 (0.71 g) and AIBN
(0.013 g) were placed in a glass ampule in an inert atmosphere,
the ampule was evacuated, toluene (50 mL) was added by
recondensation, and the ampule was sealed off. Polymerization
was carried out at 60 °C for 12 h. The polymer precipitate
was filtered off in an inert atmosphere, washed with toluene,
and dried in vacuo. The yield of 7 was 0.2 g, the Hf content
was 41.3% (w/w). IR (KBr), v/cm~!: 810 (m, out-of-plane
8 CH(Cp)); 1038 (m, in-plane & CH(Cp)); 3100, 1636
w, v(C=Q)).

Polymerization of complex 6. A 1.8 M heptane solution of
Bu"Li (1 mL) was added at —40 °C in an inert atmosphere to
complex 6 (0.23 g) in THF. The reaction mixture was gradually
heated to room temperature and left for 16 h. Polymer 8 (0.15 g)
was reprecipitated with toluene, washed, and dried in vacuo.
The hafnium content in the product was 40.0% (w/w). IR (KBr),
v/em~!: 838, 1058, 3100, 1628 (w).

Copolymerization of complex 5 with styrene. Complex 5
(0.66 g), styrene (1 g), and AIBN (0.0184 g) were placed in a
glass ampule in an inert atmosphere and evacuated. Toluene
(20 mL) was added by condensation and the ampule was sealed-
off. Polymerization was carried out at 60 °C for 12 h. The co-
polymer was isolated by reprecipitation with methanol. The poly-
mer yield was 22% and the hafnium content was 6.8% (w/w).
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