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The halides MX5 (M = Nb, Ta, X = F, C], Br) (1) are effective
in promoting the polymerization of tetrahydrofuran (thf). The
polymerization reactions promoted by MCl; and MBr; pro-
ceed via the ionic species 3, which forms from MX;s(thf) (2)
by attack of the incoming monomer to the metal-bonded thf.
The metal-bonded thf of 3 is not involved in the immediately
successive steps of the reaction. The [TaFg]~ anion is not

formed when the polymerization is initiated by TaFs. The ac-
tivities of the promoters increase according to the series
TaBrs < NbCl; < TaCls < TaFs. The latter possesses high
activity and produces high molar mass poly(tetrahydrofuran)
(67100 g/mol).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The ring-opening polymerization of various oxygenated
heterocycles may be induced by Lewis acids, for which the
chain-propagation mechanism via trialkyloxonium ion in-
termediates has been suggested.!'! As far as the polymeriza-
tion of tetrahydrofuran (thf) is concerned, halides such as
the chlorides of aluminum, tin(IV), antimony(V), and
iron(I11), as well as BF; and PF5 have been tested as cata-
lytic precursors.”l From the series of Lewis acids only PFs
activates thf in the absence of promoters such as alkylene
oxides, a-halo ethers, or acyl chlorides.®! As it has been
accepted that the intermediates in the initial stages of the
thf polymerization catalyzed by halides of main-group ele-
ments are ionic compounds such as 4 (see Scheme 1),5! the
high stability of the [PF¢] anion is considered as the driving
force of the initiation of the polymerization.

F,. B0~
EF,(thf) —2fe | T D [EF,.,]

4
E=B,n=3;E=P,n=5

Scheme 1. Formation of ionic intermediates in the polymerization
of thf induced by BF; or PFs.
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As a confirmation of the existence of ionic intermediates,
compound 5 was isolated from the reaction of PFs with thf
in 1,2-dichloroethanel® [Equation (1)].

PFy(thf) —

Q\/\/\D [PFql,

5 O

Noteworthy is the fact that the halides of the transition
metals have received only little attention: short communica-
tions on the activities of NbCls, TaCls, and WClg as cata-
lysts of thf polymerization appeared some decades ago, but
the mechanism was not discussed.

In the framework of our studies on the reactivity of the
metal pentahalides M X5, with oxygen donor ligands,' we
recently reported the adducts MX;(thf) [M = Nb, X = CI;
M =Ta, X = F, Cl, Br (2a-e¢) and M = Nb, X = Cl, Br; M
= Ta, X = Cl, Br, I (3a-f)], obtained by reactions of MXj5
with limited amounts of thf.

The outcomes of the reactions summarized in Scheme 2
depend strongly on the nature of the halide: the tendency
for the formation of the ionic adducts of type 3 increases
clearly along the series F << Cl < Br, 1. This trend has
been correlated to the metal-halide bond energy,!°® which
decreases on increasing the atomic weight of the halide.l”]
Since the formation of compounds 3 requires halide
migration from one metal centre to another, this step is
kinetically favoured for the heaviest halides.

On the basis of the reactivity of 2 and 3 towards ad-
ditional thf, the hypothesis was formulated®® that com-
plexes 2 and 3 are intermediates during the course of the
thf polymerization initiated by the respective parent halides
1, and that the formation of 2 and 3 takes place stepwise at
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X X
M X  Mi/thfratio M/thf ratio
Nb Cl 2:1 2a 2:3 3a
Nb Br - 2:3 3b
Ta F 1:1 2¢
Ta ClI : 2d 2:3 3d
Ta Br 4 2e 2:3 3e
Ta I - 2:3 3f

Scheme 2. Reactivity of MX5 (1) with limited amounts of thf.

the early stages of the process. The fact that a fluorinated
species of type 3 was not isolated suggests that the polymer-
ization of thf induced by TaFs may proceed by alternative
pathways. In order to investigate this point, an NMR study
of the polymerization reaction initiated by TaFs was under-
taken.

On the other hand, the isolation of 3 opens a new theme
of discussion about the initial steps of the polymerization
promoted by MXs (X = Cl, Br, I), because compound 3
contains an intact, metal-bonded, thf molecule. Therefore,
two potential routes may be outlined for the formation of
3 from 2:

(1) The incoming thf attacks the thf ligand of 2 resulting
in C-O bond formation.

(2) The incoming thf coordinates the metal centre of 2
and is not involved in the formation of the new C-O bond.

A possible mechanism regarding the formation of 3 has
been based on NMR investigations and will be presented
herein.

Finally, the possibility that the polymerization of tetra-
hydrofuran promoted by MX5 proceeds according to dif-
ferent pathways depending on the halide, and that the na-
ture of the initiator itself may influence the properties of
the polymer, prompted us to carry out the polymerization
reactions in the presence of TaFs, TaCls, NbCls, or TaBrs.

Results and Discussion

1. NMR Studies on the Reaction of TaF5 with Large
Amounts of thf

In order to understand whether the polymerization of
tetrahydrofuran promoted by TaF5 takes place through the
formation of ionic species or not, we monitored the reac-
tion of TaFs with a large excess (ca. 18 equiv.) of thf, in
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CD,Cl, solution by NMR spectroscopy (‘H, '*C, and '°F;
see Experimental Section).

The '"H NMR spectrum after 20 min presents two broad
multiplets centred at 6 = 3.65 and 1.73 ppm, beside signals
of some unreacted thf, and minor resonances at 0 = 4.64,
2.26, and 2.04 ppm. The major peaks (6 = 3.65, 1.73 ppm)
are attributable to the a-CH, and B-CH, protons, respec-
tively, within the central portion of the polymeric chain
(vide infra) (o- and B-positions with respect to the oxygen
atoms; see Scheme 3). These 'H NMR signals find corre-
spondence in the '3C NMR resonances observed at 6 = 70.7
(a-C) and 27.3 (B-C) ppm.
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Scheme 3. Possible mechanism for the polymerization of thf initi-
ated by TaFs.

The '°F NMR spectrum recorded 1 min after mixing the
reagents shows the resonances due to 2¢.[°®! After 20 min,
the solution had darkened, and the 'F NMR spectrum ex-
hibits two broad resonances at 6 = 81.0 and 39.7 ppm, typi-
call® of TaFs(0) species (O = oxygen donor ligand), to-
gether with minor signals at 6 = 72.1, 58.9, 51.8, 45.3, and
42.4 ppm (Figure 1). Similar features are displayed in the
I'F NMR spectrum (in [Dg]thf solution) recorded 20 min
after the addition of TaFs.
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Figure 1. Reaction of TaFs and thf in CD,Cl,. ’F NMR spectrum
of the reaction mixture 20 min after mixing of the reagents.

The complete absence of peaks occurring at negative
chemical shifts in the 'F NMR spectra is particularly
meaningful; it indicates that no [TaF4] anion!®! is present
in the reaction medium at any stage. In other words, the
polymerization reaction mediated by TaFs seems to take
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place without the occurrence of halide migration and for-
mation of ionic species in contrast to what was found for
the other tantalum (niobium) halides.

2. NMR Studies on the Transformation of 2 — 3

The NMR characterization[®® of the ionic complex 3e
was supported by gs-HSQC and gs-HMBC experiments, !
and the NMR characterizations of the analogous com-
pounds were established by means of the experiments car-
ried out on 3e. We reported that the '"H NMR spectrum of
3e (in CD,Cl, solution) exhibits a series of multiplet reso-
nances which were attributed to 12 a-methylene protons
(multiplets centred at 6 = 5.51, 4.93, 3.50 ppm) and to 12
B-methylene protons (6 = 2.20, 1.93, 1.69 ppm), respec-
tively.[®®! A more detailed reading of the gs-HMBC spec-
trum has established that the resonance at 6 = 5.51 ppm is
related to the intact thf ring coordinated to the tantalum
centre (see Scheme 2). Actually, only one HMBC corre-
lation for the a-CH, protons of this thf ligand may be pre-
dicted on the basis of the molecular structure. Indeed, the
only correlation found for the '"H NMR resonance at § =
5.51 ppm is with a '3C peak at § = 31.4 ppm, ascribed to
the B-methylene units of the same ring. The broad 'H reso-
nance at § = 4.93 ppm correlates with three high-field '3C
signals at 6 = 29.3, 28.6, and 26.4 ppm and has been as-
signed to the two CH, units placed in a-position with re-
spect to the oxonium moiety. This latter attribution is in
accordance with NMR spectroscopic data available in the
literature and regarding oxonium units of living poly-thf
species.P!

In order to determine the sequence according to which
three thf molecules combine to give 3e, we first decided to
prepare the complex TaBrs(tdf) (tdf = [Dg]thf) (6b), which
is the analogous deuterated form of 2e [see Equation (2)].

TaBrs + tdf — TaBrs(tdf)
6b ©)

When complex 6b is treated with 0.5 equiv. of thf, 7a,
the analogous partially deuterated form of 3e, is obtained
[Equation (3)].

2 TaBrs(tdf) + thf —
D
b D
D By B* pp DD
—T -—
o o—Ta ONO [TaBrg)
D Db Br Br DD DD

Ta
3)

The structure of compound 7a was established by 'H
NMR spectroscopy and confirmed by elemental analysis
for Ta and Br. The 'H NMR spectrum displays resonances
centred at & = 4.90 and 2.20 ppm. The absence of the mul-
tiplet attributable to a thf ligand (6 = 5.51 ppm; see above
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and Figure 2) is in fact consistent with hypothesis (1) noted
in the Introduction. The fact that such a multiplet is not
seen even in the presence of a large excess of thf in solution
(see Figure 2) suggests that no exchange occurs between
free and coordinated thf, at least during the first stages of
the reaction.

thf thf

wmmwmwwmw
7.0 6.0 5.0 40 3.0 20  ppm

Figure 2. Reaction of TaBrs(tdf) and thf. '"H NMR spectrum of the
reaction mixture 10 min after mixing of the reagents.

Afterwards, from the reaction of TaBrs(thf) (2e) with
0.5 equiv. of tdf [Equation (4)], compound 7b was isolated
and characterized by "H NMR spectroscopy and elemental
analyses. The '"H NMR spectrum consists of large mul-
tiplets centred at 0 = 5.50, 4.88, 3.50, 2.20, 1.90, and
1.69 ppm (Figure 3). The 'H NMR features related to 7b,
combined with those of 7a, show that the formation of the
ionic compound occurs by attack of external thf on the
metal-coordinated form.

2 TaBrs(thf) + tdf —

—

Br, Br
\T/ D D
0= =0 "0 b |maBrg
Br Br
D YD

D
7 )
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Figure 3. Reaction of TaBrs(thf) and tdf. '"H NMR spectrum of the
reaction mixture 10 min after mixing of the reagents.

Similar investigations were carried out on the chloride
derivative TaCls(tdf) (6a), but the resulting products could
not be characterized unequivocally, due to the fact that
complex 3d is always formed in the presence of significant
amounts of 2d.[°°! However, it is noteworthy that the NMR
spectrum recorded for the mixture obtained by treating 6a
with thf did not present signals in the region at ¢ =
5.45 ppm.[°®! On the other hand, a broad resonance at § =
5.45 ppm was detected in the mixture derived from the reac-
tion of TaCls(thf) (2d) with tdf. In other words, although
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the NMR investigations performed on the chlorinated ad-
duct 2d and on its deuterated counterpart 6a were not
exhaustive, they pointed to the same conclusions as the
NMR studies on the brominated analogues.

According to the NMR evidence, the formation of com-
plexes of type 3 should occur by attack of uncoordinated
thf on the metal-coordinated thf ring of 2, followed by li-
gand exchange involving a halide and the thf of a second
MX(thf) unit, in agreement with hypothesis (1) of the In-
troduction (see Scheme 4).

()
Q\/o >~ X‘e’x 0/\/\9 (Q

X=M=
/ N\
X X

X X
S

X_M-OG
s\

X X

oD
Qo-,\{- 0" NN MXg]

X X

halide and thf exchange

3
M =Nb, X =CIl; M =Ta, X=Cl, Br

Scheme 4. Possible mechanism for the formation of 3 from 2 and
thf.

The possibility that adducts of type [MX,(thf),][MXg]
form before the addition of further thf should be excluded
on the basis of the fact that heating of solutions of com-
plexes TaXs(thf) [X = CI (2d), Br (2e)] in CDCl; at reflux
temperature for 30 min did not result in any change of the
IR and '"H NMR spectra of the compounds (a low-field
shift of the signal of the a-CH, protons of coordinated thf
due to the formation of a cationic species would be ex-
pected). This point indicates that the halide migration pro-
cess requires the addition of further thf to take place.
Hence, in order to obtain information on the mechanism of
the following steps of the polymerization process, we treated
compounds 3 with further amounts of thf. However, the
reactions of 3a,d with thf afforded complicated mixtures of
products, for which NMR characterization was made diffi-
cult by their low solubility. On the other hand, we were able
to isolate and characterize a product from the reaction of
the bromo species 3e with thf, with a thf/Ta molar ratio of
1:2. This product was identified as compound 8 by means
of IR and NMR spectroscopy and elemental analyses (see
Scheme 5).

Br-
o . | _Br [TaBrg)

3¢ ——
thf/Ta=0,5

Scheme 5. Synthesis of compound 8.
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A major spectroscopic feature related to 8 is given by the
'"H NMR resonance at § = 5.58 ppm, attributed to the thf
ligand. Further resonances due to a-CH, protons appear as
broad multiplets at 6 = 5.00 and 3.59 ppm, whereas the sig-
nals awarded to the B-CH, protons are seen at ¢ = 2.23,
1.95, and 1.76 ppm. On the basis of the isolation of 8, it is
reasonable to assume that the polymerization steps, imme-
diately following the formation of 3, proceed by sequential
attacks of the incoming monomer to the oxonium unit. In
other words, the thf ligand, as it is present in 3, seems not
to be involved in the formation of a polymer chain.

As ring-opening polymerizations of thf promoted by
both TaF5 and MX5 (M = Nb, Ta, X = Cl, Br) proceed via
oxonium ions, the metal halides can be considered here as
initiators rather than true catalytic centres.

3. Polymerization of thf

The polymerization of thf by TaCls and NbCls was pre-
sented over 40 years ago,[* and data concerning yields and
reduced viscosities were reported and compared with those
obtained by using WCl, as the catalyst.*®! In agreement
with these data, both the yields and the viscosities associ-
ated with the polymers decreased depending on the catalyst
used, according to the series WClg > TaCls > NbCls. We
performed the polymerization of thf by using TaFs, TaCls,
NbCls, or TaBrs. In every case, the metal halides were used
in a 0.25% molar ratio with respect to thf, in agreement
with the experiments reported in the literature.[**! The reac-
tions were carried out at ambient temperature and pro-
longed for 15d, in order to let the processes reach the re-
spective equilibria (Table 1). The resulting polymeric mate-
rials were identified as poly(tetrahydrofuran) by IR[*®! and
NMRP! analyses.

Table 1. Selected results for the polymerization of thf, promoted by
niobium and tantalum halides.[?!

Initiator Time  Conversion M, M,, MM,
[%0] [g/mol] [g/mol]
TaF5 15d 66 2370 32500 13.68
TaCls 15d 54 2380 4350 1.83
NbCls 15d 40 5190 12700 2.44
TaBrs 15d 25 470 780 1.65
TaFs5 1h 16 40100 67100 1.67
TaF5 3h 36 35300 64500 1.83

[a] Reaction conditions: Bulk polymerization, MXs/thf molar ratio
0.0025, T =298 K.

According to the polymerization results, the activity of
the tantalum halides increases in the order TaBrs < TaCls
< TaFs, with NbCls having a somewhat lower activity than
its tantalum analogue. In addition to the polymerization
activity, the nature of the halide also has a marked influence
on the mean degree of polymerization; whereas TaBrs and
TaCls produce only oligomeric products, TaFs yields
polymers with significantly higher molar mass (M, =
32500 g/mol). It is also worth noting that NbCls provides
polymers with a three-times higher molar mass than TaCls.

Eur. J. Inorg. Chem. 2008, 2107-2112
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The data reported in Table 1 indicate that, although the
reactions initiated by TaBrs and TaCls proceed via cationic
adducts (see Scheme 4), these latter have minor activities in
polymerization, with respect to the zwitterionic F-contain-
ing compounds (see Scheme 3). In addition, in spite of the
fact that the polymerization processes operated by TaBrs
and TaCls require halide migration at a very early stage,
and that this migration seems to be kinetically favoured by
a decrease of the metal-halide bond energy, TaCls exhibits
greater activity than TaBrs. The conclusion can be drawn
that the polarization of the M—X bond, rather than the neat
charge of the propagating species or the M—X bond energy,
plays a key role in determining the nature of the polymeric
material.

In the case of TaFs, the ring-opening polymerization of
thf appeared to be very fast indeed, the thf conversion being
16% and 36% after 1 and 3 h, respectively. In both cases
similar polymers with high molar mass are obtained, thus
excluding the possibility for living polymerization.

The high reactivity of TaFs5 is also reflected in the poly-
dispersity values (PDI). While TaBrs and TaCls provide
oligomer/polymer with a small PDI value (<2) even after
extended reaction time, TaF5 is susceptible to initiation of
side reactions, and thus under similar reaction conditions
polymers with significantly larger PDI values (13.68) are
obtained. Further comparison of TaFs-initiated polymeri-
zations supported the presence of side reactions leading to
the chain scission, and thus broadening of the PDI values.
The short polymerization times provide poly(tetrahydrofu-
ran) with a narrow PDI and a molar mass almost twice as
high as those received after prolonged polymerization times.

Conclusions

In this paper the polymerization of thf promoted by
group 5 metal halides M X5 has been studied. NMR experi-
ments have outlined that the polymerization initiated by
TaFs involves zwitterionic species in which the growing
chain holding the oxonium moiety is bonded to a {TaFs}
unit. In contrast, the polymerization initiated by NbCls,
TaCls, and TaBrs proceeds with halide migration and for-
mation of the ionic species 3. The latter results from attack
of a thf molecule on the metal-bonded thf of MXj(thf),
causing ring opening and formation of a C-O bond. The
isolation and characterization of the longer-chain interme-
diate 8 suggests that the thf ligand of 3 is not involved in
the polymerization, at least in the first stages of the process.

Polymerization experiments under similar experimental
conditions revealed that the activities of the metal halides
increase according to the series Br < Cl < F and Nb < Ta.
Furthermore, the molecular weights of the resulting poly-
mers increase along the series Br < Cl < F, and with TaF5
a high molar mass poly(tetrahydrofuran) (67100 g/mol) can
be prepared. These evidences point out that the polarization
of the M—X bond, rather than other factors, determine the
properties of the polymer.
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Experimental Section

General Considerations: All manipulations of air- and/or moisture-
sensitive compounds were performed under pre-purified argon
using standard Schlenk techniques. The reaction vessels were oven-
dried at 150 °C prior to use, evacuated (102 Torr) and then filled
with argon. TaCls was purchased from Fluka, while TaBrs,!
TaCls(thf),[%) and TaBrs(thf)%! were prepared according to pub-
lished procedures. Solvents and liquid reagents were distilled before
use under argon from appropriate drying agents: CH,Cl,, CD,Cl,,
and CDCl; from P40, thf and [Dg]thf (tdf) from Na/benzophe-
none. Infrared spectra were recorded at 298 K with an FT IR-Per-
kin-Elmer spectrometer equipped with a UATR sampling access-
ory (solid samples). NMR measurements were performed at 298 K
with a Varian Gemini 200BB spectrometer. The chemical shifts for
'H and '3C NMR spectroscopy were referenced to internal TMS.
The chemical shifts for ’F NMR spectroscopy were referenced to
CFCl;. Carbon and hydrogen analyses were performed at the Di-
partimento di Chimica Farmaceutica of the University of Pisa with
a Carlo Erba model 1106 instrument, paying particular attention
to the more sensitive compounds which were weighed and directly
introduced into the analyzer. The halide content was determined by
the Volhardt method!'! after exhaustive hydrolysis of the sample.
Tantalum was analyzed as M,Os obtained by hydrolysis of the sam-
ple followed by calcination in a platinum crucible. The halide and
the metal analyses were repeated twice to their reproducibility. Gel
permeation chromatography (GPC) was performed with a Waters
instrument equipped with a Styragel guard column, 7.8 X 300 mm,
Styragel capillary columns, and Viskotek 270 Dual Detector, con-
nected with Waters 2487 UV and Waters 2410 RI detectors; thf
was used as an eluent with a flow rate of 0.8 mL/min. The cali-
brations were performed with polystyrene standards from Polymer
Standards Service GmbH.

Reactions of TaFs with Large Amounts of thf: (a) TaFs (75 mg,
0.27 mmol) was introduced into an NMR tube as a suspension in
CD,Cl, (0.5 mL), then thf (0.40 mL, 4.9 mmol) was added. Dissol-
ution of TaFs occurred rapidly, and the '’F NMR spectrum re-
corded after 1 min displayed two peaks at 6 = 80.5 and 39.1 ppm,
attributed to TaFs(thf) (2¢).°?)! NMR spectra of the darkened solu-
tion after 20 min: 'H NMR (200 MHz, CD,Cl,): 6 = 4.64, 3.65
(br. m, major, a-CH,), 2.26, 2.04, 1.73 (br. m, major, B-CH,) ppm.
BC{'H} NMR (50.3 MHz, CD,Cl,): § = 744, 73.0, 72.3, 70.7
(major, a-CH,), 69.1, 66.9, 55.8, 55.3, 54.8, 54.0, 30.0, 27.3 (major,
B-CH,), 24.9 ppm. '°F NMR (188.1 MHz, CD,Cl,): § = 81.0 (br,,
major, trans-F), 72.1, 58.9, 51.8, 45.3, 42.4, 39.7 (br., major, cis-F)
ppm. (b) TaFs (75 mg, 0.27 mol) was completely dissolved in [Dg]-
thf (0.7 mL) in an NMR tube. '°F NMR spectrum of the solution
after 20 min: 0 = 81.6 (br., major, trans-F), 74.3, 54.3, 46.8, 43.3,
41.1 (br., major, cis-F) ppm. 10 min after the recording of this spec-
trum, the content of the NMR tube was too viscous to run further
NMR experiments.

Preparation of TaXs(tdf) [X = CI (6a), Br (6b)]: [Dg]thf (0.025 mL,
0.28 mmol) was added to a suspension of TaCls (0.190 g,
0.530 mmol) in CH,Cl, (10 mL). The mixture was stirred for 1 h,
then it was filtered to remove unreacted TaCls. Removal of the
solvent gave a colourless microcrystalline solid corresponding to
TaCls(tdf) (6a).Yield: 0.106 g, 86%. C4ClsDgOTa (438.4): caled. Cl
40.4, Ta 41.3; found CI 39.8, Ta 41.0. TaBrs(tdf) (6b), yellow micro-
crystalline solid, from [Dg]thf (0.040 mL, 0.44 mmol) and TaBrs
(1.50 g, 2.58 mmol). Yield: 0.256 g, 88%. C,4BrsDgOTa (660.6):
caled. Br 60.5, Ta 27.4; found Br 60.0, Ta 27.1.

Reactions of TaXs(tdf) with thf: Compound 6b (0.190 mg,
0.288 mmol) was dissolved in CH,Cl, and treated with thf

2111

www.eurjic.org



FULL PAPER

F. Marchetti, G. Pampaloni, T. Repo

(0.012mL, 0.15mmol). The resulting solution was stirred for
30 min, then the solvent was removed to afford 7a as a yellow
microcrystalline solid. Yield: 0.173 mg, 86%. C,HgBr;(Ds03Ta,
(1393.3): caled. Br 57.3, Ta 26.0; found Br 56.9, Ta 25.6. 'H NMR
(200 MHz, CDCl;): 6 = 4.90 (m, 4 H, a-CH,), 2.20 (m, 4 H, B-
CH,) ppm. The reaction of 6a with thf was performed according
to a procedure analogous to that described for 6b. Clear characteri-
zation of the resulting product was not possible; however, the 'H
NMR spectrum (in CDCl; solution) did not show signals in the
range 0 = 5.20-5.70 ppm.

Reactions of TaXjs(thf) with tdf: Compound 2e (0.220 g,
0.337 mmol) was dissolved in CH,Cl, and treated with [Dg]thf
(0.015mL, 0.16 mmol). The resulting solution was stirred for
30 min, then the solvent was removed to afford 7b as a yellow
microcrystalline solid. Yield: 0.198 g, 89%. C,>H¢Br;(DsOsTa,
(1385.3): caled. Br 57.7, Ta 26.1; found Br 57.2, Ta 25.9. 'H NMR
(200 MHz, CDCl;): 6 = 5.50 (m, 4 H, a-CH,), 4.88 (m, 2 H, o-
CH,), 3.50 (m, 2 H, a-CH,), 2.20, 1.90, 1.69 (m, 8 H, B-CH,) ppm.
The reaction of 2d with tdf was performed according to a pro-
cedure analogous to that described for the preparation of 7b. Clear
characterization of the resulting product was not possible; however,
the '"H NMR spectrum (CDCl; solution) revealed a broad reso-
nance centred at 0 = 5.45 ppm.

Preparation of Compound 8: A solution of 3e (0.420 g, 0.305 mmol)
in dichloromethane (25 mL) was treated with thf (0.013 mL,
0.160 mmol), and the resulting mixture was stirred for 30 min.
Then, the solvent was removed, and complex 8 was obtained as a
yellow solid. Yield: 0.354 g, 80%. C;cH3,Br;¢O4Ta, (1449.3): calcd.
C 13.3, H 2.2, Br 55.1, Ta 25.0; found C 13.0, H 2.0, Br 54.3, Ta
24.7. IR (solid): ¥ = 2955 (m), 2875 (w), 1592 (m), 1446 (wm), 1345
(w), 1259 (m), 1085 (s), 1042 (m), 994 (ms), 953 (m), 797 (vs) cm .
'"H NMR (200 MHz, CD,Cl,): § = 5.58 (m, 4 H, a-CH,-thf ring),
5.00, 3.59 (m, 12 H, a-CH,), 2.23 (m, 8 H, B-CH,), 1.95, 1.76 (br.
m, 8 H, B-CH,, thf and oxonium rings) ppm. C{'H} NMR
(50.3 MHz, CDCl): ¢ = 82.0, 81.2, 80.2, 79.8, 79.4, 70.5 (0-CH,),
33.2, 30.0, 29.4, 28.5, 27.5, 26.3 (B-CH,) ppm.

Synthesis of Poly(tetrahydrofuran) — General Procedure: MX5 was
added to thf (MXs/thf molar ratio 0.0025), and the resulting mix-
ture was stirred for a variable time, during which a progressive in-
crease of the viscosity was noticed. The residual solvent was re-
moved, and the crude polymer was dissolved in thf/water (10:1). A
colourless material was obtained upon removal of the solvent in
vacuo. IR (solid): ¥ = 2941 (m), 2862 (s), 2802 (wm), 1491 (w),
1474 (w), 1459 (w), 1372 (m), 1251 (w), 1209 (w), 1111 (vs), 996
(s), 806 (w), 745 (w) cm!. 'TH NMR (200 MHz, [Dg]thf): § = 3.53
(m, C,H>), 1.73 (m, CpH,) ppm. PC{'H} NMR (50.3 MHz, [Ds]-
thf): 6 = 71.3 (C,), 27.2 (Cp) ppm. (a) TaFs as Initiator: (1) thf
(21.2mL) added to TaFs (0.180 g, 0.652 mmol), time 15d, yield
66%. (2) thf (5.3 mL) added to TaFs (0.045 g, 0.163 mmol), time
1h, yield 16%. (3) thf (7.6mL) added to TaFs (0.065g,
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0.236 mmol), time 3 h, yield 36%. (b) TaCls as Initiator: thf
(20.8 mL) added to TaCls (0.230 g, 0.642 mmol), time 15 d, yield
10.0 g, 54%. (c) NbCls as Initiator: thf (15.6 mL) added to NbCls
(0.130 g, 0.481 mmol), time 15d, yield 5.5 g, 40%. (d) TaBrs as
Initiator: thf (9.2 mL) added to TaBrs (0.165 g, 0.284 mmol), time
15d, yield: 2.0 g, 25%.
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