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The Group 5 pentahalides MX5 (M = Nb, Ta; X = Cl, Br), 1, react with a variety of epoxides (1,2-epoxybu-
tane, styrene oxide, 2,3-dimethyl-2,3-epoxybutane, epoxycyclohexane, ethylene oxide) in a 1:3 molar
ratio to afford the dinuclear dihalide-tris(2-haloalcoholato) complexes [MX2(OR)2(l-OR)]2 [M = Nb,
X = Cl, R = –CH(Et)CH2Cl, 2a; M = Nb, X = Cl, R = –CH2CH(Ph)Cl, 2b; M = Nb, X = Cl, R = –C(Me)2C(Me)2Cl,
2c; M = Nb, X = Br, R = –CH2CH(Ph)Br, 2d; M = Nb, X = Br, R = –C(Me)2C(Me)2Br, 2e; M = Ta, X = Cl, R =
–CH(Et)CH2Cl, 2f; M = Ta, X = Cl, CH(CH2)4CHCl, 2g; M = Ta, X = Br, R = –CH2CH2Br, 2h], in moderate
to good yields. The products, 2a–h, result from multiple epoxide insertion into metal–halide bonds,
and the reactions involving 1,2-epoxybutane and styrene oxide proceed with high regioselectivity. The
molecular structure of 2h has been elucidated by X-ray diffraction. Differently, NbF5 adds one equivalent
of 2,3-dimethyl-2,3-epoxybutane to give the monomer NbF5[O@C(Me)(But)], 3, in high yield, as a result of
epoxide to ketone isomerization. The reactions of MF5 (M = Nb, Ta) with other epoxides proceed non-
selectively according to various pathways, including formation of C–O and C–F bonds and C–C and C–
H cleavages.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxides have been employed as feasible materials for organic
syntheses, and recent examples refer to the preparations of natural
products [1], lactones [2] and amino-alcohols [3]. The reactions of-
ten proceed via epoxide ring opening and, in a number of cases,
they require mediation by metal species. Indeed, the opening of
epoxide rings promoted by transition metal and lanthanide deriv-
atives is a widely described process [4].

In the recent past, we have been involved in studying the coor-
dination chemistry of Group 5 pentahalides, MX5 (1; M = Nb, Ta;
X = F, Cl, Br) [5], with potentially oxygen-donor ligands [6]. The
strong acidic character of 1 is responsible for promoting C–O bond
cleavage [6a] under mild conditions, and the ring-opening poly-
merization of tetrahydrofuran is a significant example [6b]. It is
noteworthy that these C–O bond breaking processes may lead, in
some cases, to interesting clean organic transformations [6c,6d].

In contrast to the chemical behaviour exhibited by THF when
reacted with 1, different cyclic systems such as 1,4-dioxane and
tetrahydropyran do not undergo C–O cleavage at room tempera-
ture in the presence of 1 [6b]. Thus, with the aim to extend the
chemistry of 1 with cyclic oxygen-containing molecules and in or-
ll rights reserved.

: +39 50 2219 246.
i).
der to attain transformations on the organic substrate, we decided
to study the reactivity of 1 with epoxides. We present herein the
results of these studies, which have indicated an unprecedented
route for the preparation of novel dihalide-tris(2-haloalcoholato)
complexes. Moreover, alternative reactions of epoxides mediated
by MF5, including epoxide to ketone isomerization, will be
discussed.

2. Results and discussion

2.1. Reactivity of MX5 (M = Nb, Ta, X = Cl, Br) with epoxides: synthesis
of dihalide-tris(2-haloalcoholato) complexes

Dichloromethane suspensions of MX5 (M = Nb, Ta; X = Cl, Br)
react vigorously with epoxides (1:3 molar ratio) to afford the
dinuclear compounds [MX2(OR)2(l-OR)]2 [M = Nb, X = Cl, R =
–CH(Et)CH2Cl, 2a; M = Nb, X = Cl, R = –CH2CH(Ph)Cl, 2b; M = Nb,
X = Cl, R = –C(Me)2C(Me)2Cl, 2c; M = Nb, X = Br, R = –CH2CH(Ph)Br,
2d; M = Nb, X = Br, R = –C(Me)2C(Me)2Br, 2e; M = Ta, X = Cl, R =
–CH(Et)CH2Cl, 2f; M = Ta, X = Cl, R = CH(CH2)4CHCl, 2g; M = Ta,
X = Br, R = –CH2CH2Br, 2h], in 55–70% yield, Scheme 1. On the other
hand, the reactions of NbCl5 with one, two, four and five equivalents
of 1,2-epoxybutane, respectively, gave complicated mixtures of
products containing mainly 2a, suggesting that the compounds 2
are the most stable species obtainable by reacting 1 with epoxides,
independent of the stoichiometry. Similar conclusions were reached
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Scheme 1. The reactivity of MX5 (M = Nb, Ta; X = Cl, Br) with epoxides.
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Scheme 2. Possible routes of formation of the haloalcoholato fragment.
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by studying the reactions of NbCl5 with styrene oxide and epoxycy-
clohexane (vide infra).

The compounds 2a–h have been characterized spectroscopi-
cally (IR and NMR), by elemental analyses, and by X-ray diffraction
in the case of 2h (Fig. 1 and Table 1).

The unit cell contains discrete dinuclear [TaBr2(OCH2CH2Br)2(l-
OCH2CH2Br)]2 molecules, which reside on a crystallographic inver-
sion centre. The dimeric species adopts an edge sharing bioctahe-
dral geometry, with four terminal bromide ligands in the axial
positions (trans geometry). Conversely, the equatorial plane is
occupied by four terminal and two bridging haloalcoholates. All
bonding distances are comparable with those previously reported
for Ta(V)–Br and Ta(V)–OR containing complexes [6]. The bridging
ligand is almost symmetric [Ta(1)–O(1) 2.091(11) Å; Ta(1)–O(1)#1
2.107(10) Å], and these contacts are considerably elongated com-
pared to the ones referring to the terminal haloalcoholates
[Ta(1)–O(2) 1.818(9) Å; Ta(1)–O(3) 1.822(10) Å].
Fig. 1. Molecular structure of [TaBr2(OCH2CH2Br)2(l-OCH2CH2Br)]2, 2h. Thermal
ellipsoids are drawn at the 30% probability level. Only independent atoms are
labelled.

Table 1
Selected bond distances (Å) and angles (�) of [TaBr2(OCH2CH2Br)2(l-OCH2CH2Br)]2,
2h.

Ta(1)–Br(1) 2.459(2) C(2)–Br(3) 1.97(2)
Ta(1)–Br(2) 2.466(3) O(2)–C(3) 1.43(2)
Ta(1)–O(1) 2.091(11) C(3)–C(4) 1.52(3)
Ta(1)–O(1)#1 2.107(10) C(4)–Br(4) 1.93(2)
Ta(1)–O(2) 1.818(9) O(3)–C(5) 1.418(19)
Ta(1)–O(3) 1.822(10) C(5)–C(6) 1.50(2)
O(1)–C(1) 1.50(2) C(6)–Br(5) 1.950(16)
C(1)–C(2) 1.48(3)
O(2)–Ta(1)–O(3) 105.8(5) O(1)–Ta(1)–Br(1) 89.8(3)
O(2)–Ta(1)–O(1) 92.4(4) O(1)#1–Ta(1)–Br(1) 90.0(3)
O(3)–Ta(1)–O(1) 161.8(4) O(2)–Ta(1)–Br(2) 88.4(3)
O(2)–Ta(1)–O(1)#1 160.3(4) O(3)–Ta(1)–Br(2) 91.4(3)
O(3)–Ta(1)–O(1)#1 93.8(4) O(1)–Ta(1)–Br(2) 89.6(3)
O(1)–Ta(1)–O(1)#1 68.0(5) O(1)#1–Ta(1)–Br(2) 89.6(3)
O(2)–Ta(1)–Br(1) 91.8(3) Br(1)–Ta(1)–Br(2) 179.34(8)
O(3)–Ta(1)–Br(1) 89.2(3) Ta(1)–O(1)–Ta(1)#1 112.0(5)

Symmetry transformations used to generate equivalent atoms: #1 �x + 1/2,�y + 1/
2,�z + 2.
Compounds 2 add to the family of transition metal alcoholato
complexes [7], which have found various applications (film-depo-
sition [8], nanotechnology [9], polymerization catalysis [10] and
the preparation of materials with notable properties [11]); and in
more detail, cases of structurally characterized metal complexes
containing 2-haloalcoholates are available in the literature, includ-
ing both late [12] and early transition [13] metal species.

Regarding niobium(V) and tantalum(V), although examples of
pentaalcoholates are numerous [14a–e], only a few mixed halide-
alcoholates [MXn(OR)5�n]2 have been crystallographically charac-
terized so far [14f–i]. Complexes 2 belong to this rather uncommon
class of compounds [15], and represent the first case of structurally
characterized coordination compounds of the heavier Group 5 ele-
ments containing halo-substituted alcoholates.

The NMR spectra of 2a, c, e and f exhibit slightly distinct reso-
nances for the terminal and bridging ligands (see Section 4) [13],
and agree with the dinuclear structure [MX2(OR)2(l-OR)]2. For in-
stance, the methyl units belonging to the OC(Me)2 moieties in 2c
give rise to resonances at 1.70 (bridging ligands) and 1.58 ppm
(terminal) in the 1H NMR spectrum, and at 29.1 (bridging) and
28.9 ppm (terminal) in the 13C NMR spectrum. On the other hand,
the 1H NMR spectra of 2b, d and g display only broad resonances,
for which discrimination between terminal and bridging ligands
has not been possible. In contrast to the previous observations
on some niobium or tantalum alkoxides, no dimer–monomer equi-
libria [13,16] have been detected in solution at room temperature
for compounds 2.2

It is worthy noting that the formal insertion of 1,2-epoxybutane
into the metal–halide bond could in principle generate two iso-
meric forms, according to the site of attack of the halide, see
Scheme 2.

A careful reading of the 1D and 2D NMR spectra of 2a and f has
evidenced the absence of resonances attributable to –OCH2-

CH(Et)Cl units [6c,6d], suggesting that multiple 1,2-epoxybutane
insertion into the metal–chloride bonds of MCl5 (M = Nb, Ta) oc-
curs in a highly regioselective mode (Scheme 2, path B), placing
the halide on the less hindered carbon atom.

The NMR spectra of 2b and d, obtained by reacting NbX5 (X = Cl,
Br) with styrene oxide, do not allow, unambiguously, the formation
of any of the species obtainable by the two potential modes of
insertion to be ruled out (see Scheme 2). Nevertheless, the hydro-
lysis of CDCl3 solutions of complexes 2b and d, and subsequent
GC–MS and NMR analyses on the organic phase, have pointed
out that either 2b or 2d contain the [OCH2CH(Cl)Ph] fragment (en-
try 2, Table 2). In other words, the insertion of styrene oxide to give
2b and d seems to proceed, differently from the insertion of 1,2-
epoxybutane, according to path A of Scheme 2, the halide going
to the more hindered carbon atom. This feature may be attribut-
able to the steric hindrance of the phenyl ring, which would force
this ligand to occupy the farthest position from the metal centre.
2 NMR experiments could not be run on complex 2h, because of its low solubility in
suitable deuterated solvents (CDCl3, CD2Cl2).



Table 2
Products of hydrolysis of compounds 2a–h.

Entry Epoxide Haloalkoxo derivative Hydrolysis product
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a 1,2-Dichlorobutane and 1-chloro-2-butene have been detected probably due to
the action of HCl, product of the hydrolysis, on 1-chloro-2-butanol.

b X = Cl, Br.

Table 3
Reactants and main products (after hydrolysis) of the reactions of MF5 with epoxides.

Entry M Epoxide Hydrolysis product
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The identities of products 2a–h have been corroborated by com-
bined GC–MS and NMR analyses on concentrated CDCl3 solutions
of these compounds after treatment with H2O, see Section 4 and
Table 2. The addition of water causes the quick precipitation of a
white solid (probably metal oxides), and release of the organic
material. The hydrolysis of 2c (entry 4, Table 2) deserves more
comment: beside 2,3-dimethyl-3-chloro-2-butanol, minor
amounts of t-butylmethylketone have been observed by NMR
and GC–MS analyses, suggesting that pathways alternative to the
insertion (see Scheme 1) may be operating, at least for the reaction
of 2,3-dimethyl-2,3-epoxybutane with NbCl5.

With the purpose of extending the series of halo-2-haloalcoho-
lato complexes of type 2, we studied the reactivity of NbBr5 with
1,2-epoxybutane and with epoxycyclohexane. Unfortunately, these
reactions afforded mixtures of compounds which could not be sep-
arated and characterized. Nonetheless, GC–MS and NMR analyses
on the reaction mixtures treated with water led to the identifica-
tion of 1,2-dibromobutane and 1-bromo-2-butene from NbBr5

and 1,2-epoxybutane, and of 2-bromocyclohexanol and 1,2-dibro-
mocyclohexane from NbBr5 and epoxycyclohexane. These results
indicate that the reactions of 1,2-epoxybutane and epoxycyclohex-
ane with NbBr5 proceed via epoxide insertions, analogously to that
discussed for 2a–h.

2.2. Reactivity of MF5 (M = Nb, Ta) with epoxides: isomerisation of 2,3-
dimethyl-2,3-epoxybutane to 3,3-dimethyl-2-butanone

According to our recent reports, the reactivity of niobium and
tantalum pentahalides with oxygen-donor ligands is strongly influ-
enced by the metal–halide bond energy [6a,6b], and the fluorides
often show a chemistry quite different from that of the other ha-
lides. Therefore, we decided to investigate the reactivity of MF5

(M = Nb, Ta) with epoxides, with the aim to see whether insertion
reactions could take place, despite the high value of the metal–
fluoride bond energy [17].

Niobium pentafluoride and 2,3-dimethyl-2,3-epoxybutane re-
act to afford the ketone complex NbF5[O@C(Me)(tBu)], 3, in ca.
90% yield. This reaction is strictly stoichiometric: the same reac-
tion, carried out by using variable epoxide to metal ratios greater
than 1, resulted in the formation of 3 in an admixture with the
unreacted epoxide. Complex 3, which belongs to the restricted
family of carbonylic adducts of Group 5 pentahalides [6a], has been
characterized spectroscopically (1H, 13C and 19F NMR, IR) and by
GC–MS analysis carried out on the organic material obtained by
hydrolysis of 3 (entry 1, Table 3). A salient spectroscopic feature
is given by a strong IR absorption at 1647 cm�1, ascribed to the car-
bon–oxygen double bond (uncoordinated t-butylmethylketone
shows the C@O stretching vibration at 1708 cm�1, recorded as a li-
quid film). The 1H NMR spectrum displays one set of two reso-
nances, attributed to the methyl unit (s, 2.84 ppm) and the t-
butyl group (s, 1.41 ppm). The major 13C NMR aspect is given by
the carbonylic resonance, seen at 245.6 ppm, i.e. significantly
downfield-shifted with respect to the resonance of the uncoordi-
nated ketone (d = 213.81 ppm). Furthermore, the 19F NMR spec-
trum shows uniquely a broad resonance at 145.8 ppm,
accounting for the five fluorines of the [NbF5] moiety, and indicat-
ing the monomeric, neutral nature of 3.

In contrast to that discussed about the reaction of NbCl5 with
2,3-dimethyl-2,3-epoxybutane, which affords some t-butylmeth-
ylketone as result of HCl release and subsequent hydrolysis (vide
infra), the formation of t-butylmethylketone in the case of NbF5

is probably the consequence of direct epoxide isomerisation pro-
moted by niobium fluoride. This latter rearrangement has been re-
ported to occur under the assistance of various metal species,
including high valent vanadium [18], cobalt [19], erbium [20], bis-
muth [21] and lithium [22] compounds.

We tried to extend the chemistry of niobium and tantalum
pentafluorides to a series of epoxides (1,2-epoxybutane, styrene
oxide and epoxycyclohexane). At variance with that reported
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above about the synthesis of 3, the reactions of MF5 with epoxides
other than 2,3-dimethyl-2,3-epoxybutane led to complicated mix-
tures of products. We did not succeed in the characterization of the
inorganic species, but we were able to identify some of the organic
compounds produced in the course of the reactions, and released
from the metallic frames upon hydrolysis (see Table 3). Thus, eth-
ylmethylketone has been recognized in the mixture obtained from
NbF5 or TaF5 and 1,2-epoxybutane (entry 2, Table 3): accordingly,
this reaction proceeds with epoxide rearrangement, similar to that
described for 2,3-dimethyl-2,3-epoxybutane (entry 1, Table 3).

Conversely, no traces of acetophenone and cyclohexanone have
been found in the hydrolyzed mixtures generated from the reac-
tions of TaF5 with styrene oxide and epoxycyclohexane, respec-
tively. Therefore, alternative pathways are likely to be operating
in these two cases. More precisely, benzene and ethoxybenzene
have been recognized (GC–MS and NMR) as the main products
from the treatment of TaF5 with styrene oxide followed by hydro-
lysis (entry 3, Table 3). Furthermore, GC–MS and NMR analyses on
a sample obtained by addition of epoxycyclohexane to TaF5, and
successive hydrolysis, revealed the presence of small amounts of
2-fluorocyclohexanol (entry 4, Table 3). All these organics prove
that C–C and C–H bond activation, together with C–O and C–F bond
formation, are possible processes taking place in the course of the
reactions of MF5 (M = Nb, Ta) with epoxides.

3. Conclusions

The strong oxophilicity of niobium and tantalum pentahalides
is tested in the room temperature reactions with epoxides, in a
1:3 molar ratio, which proceed rapidly, exothermically and regio-
selectively. Multiple epoxide ring opening and insertion into me-
tal–chloride (or bromide) bonds give novel stable dinuclear
species containing both halide and 2-haloalcoholato ligands.
Although MF5 (M = Nb, Ta) are very reactive towards epoxides,
the relatively high metal–fluoride bond energy inhibits insertion
reactions. Several alternative pathways appear to be operative con-
currently; among them, epoxide to ketone isomerization prevails
in some cases.
3 Due to the fact that the carbon-bonded halide does not precipitate with silver
nitrate under the conditions used for the analysis, the halide content refers to the
metal-bonded halide ion.
4. Experimental

4.1. General procedures

All manipulations of air and/or moisture sensitive compounds
were performed under an atmosphere of pre-purified argon using
standard Schlenk techniques. The reaction vessels were oven dried
at 150 �C prior to use, evacuated (10�2 mm Hg) and then filled with
argon. All the reagents, including MX5 (M = Nb, Ta, X = Cl; M = Nb,
Ta, X = F), were commercial products (Aldrich) of the highest purity
available. NbBr5 and TaBr5 were prepared according to published
procedures [23]. Epoxides were liquid commercial products stored
under an argon atmosphere as received. Solvents were distilled be-
fore use under an argon atmosphere from appropriate drying
agents: CH2Cl2 and CDCl3 from P4O10, pentane from LiAlH4.

Infrared spectra were recorded at 298 K on a FT-IR Perkin–El-
mer Spectrometer equipped with a UATR sampling accessory (solid
samples). NMR measurements were performed at 298 K on Varian
Gemini 200BB and Mercury Plus 400 instruments. The chemical
shifts for 1H, 13C and 19F NMR spectra were referenced to TMS
and to CFCl3, respectively. The chemical shifts were assigned via
DEPT experiments and 1H, 13C correlation through gs-HSQC and
gs-HMBC experiments [24]. NMR assignments related to terminal
and bridging ligands have been specified only where a distinction
has been possible. GC/MS analyses were performed on a HP6890
instrument, interfaced with a MSD-HP5973 detector and equipped
with a Phenonex Zebron column. Carbon and hydrogen analyses
were performed at the Dipartimento di Chimica Farmaceutica of
the University of Pisa on a Carlo Erba mod. 1106 instrument, pay-
ing particular attention to the sensitive compounds, which were
weighed and directly introduced into the analyzer. The halide con-
tent refers to the metal-bound halides, and was determined by the
Volhardt method [25] after exhaustive hydrolysis of the sample.
Metals were analyzed as M2O5, obtained by hydrolysis of the sam-
ple followed by calcination in a platinum crucible. Every elemental
analysis was repeated twice in order to get reproducible results.

4.2. Preparation of [MX2(OR)2(l-OR)]2 [M = Nb, X = Cl, R =
–CH(Et)CH2Cl, 2a; M = Nb, X = Cl, R = –CH2CH(Ph)Cl, 2b; M = Nb,
X = Cl, R = –C(Me)2C(Me)2Cl, 2c; M = Nb, X = Br, R = –CH2CH(Ph)Br,
2d; M = Nb, X = Br, R = –C(Me)2C(Me)2Br, 2e; M = Ta, X = Cl, R =
–CH(Et)CH2Cl, 2f; M = Ta, X = Cl, R = CH(CH2)4CHCl, 2g; M = Ta,
X = Br, R = –CH2CH2Br, 2h]

General procedure: A suspension of MX5 (M = Nb, Ta; X = Cl, Br;
1.00 mmol), in CH2Cl2 (15 mL) inside a Schlenk tube, was treated
with the appropriate epoxide (3.00 mmol). In the case of the syn-
thesis of 2h, ethylene oxide was added as a CH2Cl2 solution
(50 mg/mL). Dissolution of the solid and a colour change occurred
rapidly and exothermically. The mixture was stirred for an addi-
tional 30 min, then the final solution was concentrated (3 mL), lay-
ered with pentane (15 mL) and stored at �20 �C. The product was
obtained as a solid after 48–72 h. In a different experiment, MX5

(0.50 mmol) was introduced into a NMR tube, then CDCl3

(0.85 mL) and epoxide (1.50 mmol) were added in the order given.
The 1H NMR analysis was performed once the solid dissolved: com-
plete consumption of the epoxide occurred. Afterwards, the mix-
ture was treated with a large excess of H2O (ca. 20 mmol):
precipitation of a colourless solid took place nearly instanta-
neously. The content of the resulting solution was determined by
means of 1H and 13C NMR spectroscopies, and by GC–MS analysis.

2a: orange, from NbCl5 and 1,2-epoxybutane. Anal. Calc. for
C24H48Cl10Nb2O6

3: C, 29.63; H, 4.97; Nb, 19.10; Cl, 14.58. Found:
C, 29.44; H, 5.06; Nb, 18.90; Cl, 14.19%. Yield: 0.312 g, 64%. 1H
NMR (CDCl3) d = 5.05–4.81 (m-br, 6H, CH); 4.74–3.82 (m-br, 12H,
ClCH2); 1.95, 1.90, 1.63 (m-br, 12H, CH2CH3); 1.06 (m-br, 18H,
CH3) ppm. 13C NMR (CDCl3) d = 63.4, 62.8 [(CH)terminal and
(CH)bridging]; 46.3, 45.2 [(ClCH2)terminal and (ClCH2)bridging]; 27.9,
26.9 [(CH2CH3)terminal and (CH2CH3)bridging]; 10.9 (CH3) ppm. IR (solid
state): m = 2975w-m, 1448 m, 1378 m, 1051s, 903s, 783vs cm�1.
Hydrolysis (entry 1, Table 2): 1-chloro-2-butanol, 1,2-dichlorobu-
tane, 1-chloro-2-butene (NMR and GC–MS); ratio 4:2:1 (1H NMR).

2b: orange, from NbCl5 and styrene oxide. Anal. Calc. for
C48H48Cl10Nb2O6

3: C, 45.71; H, 3.84; Nb, 14.73; Cl, 11.24. Found:
C, 45.66; H, 3.97; Nb, 14.43; Cl, 11.01%. Yield: 0.366 g, 58%. 1H
NMR (CDCl3) d = 7.69–6.89 (br, 30H, arom CH); 5.18 (m-br, 6H,
CHCl); 4.16 (br, 12H, CH2) ppm. 13C NMR (CDCl3) d = 137.9, 137.2
[(ipso-Ph)bridging and terminal]; 128.6, 127.4 (arom CH); 65.2 (CHCl);
60.7, 59.9 [(CH2)terminal and (CH2)bridging] ppm. Hydrolysis (entry
2, Table 2): 2-phenyl-2-chloroethanol (NMR and GC–MS).

2c: yellow, from NbCl5 and 2,3-dimethyl-2,3-epoxybutane.
Anal. Calc. for C36H72Cl10Nb2O6

3: C, 37.89; H, 6.36; Nb, 16.28; Cl,
12.42. Found: C, 37.77; H, 6.19; Nb, 16.10; Cl, 12.23%. Yield:
0.337 g, 59%. 1H NMR (CDCl3) d = 1.70 [s, 12H, (OCMe2)bridging];
1.58 [s, 24H, (OCMe2)terminal]; 1.27 (s, 36H, CMe2Cl) ppm. 13C
NMR (CDCl3) d = 80.7 (OCMe2); 75.8, 74.4 [(CMe2Cl)terminal and
(CMe2Cl)bridging]; 29.1 [(OCMe2)bridging]; 28.9 [(OCMe2)terminal];
25.2, 24.2 [(CMe2Cl)terminal and CMe2Cl)bridging] ppm. IR (solid state):



F. Marchetti et al. / Polyhedron 28 (2009) 1235–1240 1239
m = 2979w, 2936w, 2886w, 1447wm, 1384m, 1321wm, 1119m,
1097s, 1072s, 1043vs, 977m, 951s, 932vs, 831s, 811m, 674vs,
661s cm�1. Hydrolysis (entry 4, Table 2): 2,3-dimethyl-3-chloro-
2-butanol, t-butylmethylketone (NMR and GC–MS); ratio 5:1 (1H
NMR).

In a NMR tube, 2,3-dimethyl-2,3-epoxybutane (1.50 mmol) was
added to NbCl5 (0.50 mmol) in CDCl3 (0.70 mL). An exothermic
reaction took place accompanied by gas (HCl) evolution, and the
solid quickly dissolved.

2d: light yellow, from NbBr5 and styrene oxide. Anal. Calc. for
C48H48Br10Nb2O6

3: C, 33.80; H, 2.84; Nb, 10.89; Br, 18.74. Found:
C, 33.90; H, 2.88; Nb, 10.71; Br, 18.55%. Yield: 0.512 g, 60%. 1H
NMR (CDCl3) d = 7.69–7.25 (br, 30H, arom CH); 5.28 (m-br, 6H,
CHCl); 4.67 (br, 12H, CH2) ppm. Hydrolysis (entry 2, Table 2): 2-
phenyl-2-bromoethanol (NMR and GC–MS).

2e: yellow, from NbBr5 and 2,3-dimethyl-2,3-epoxybutane.
Anal. Calc. for C36H72Br10Nb2O6

3: C, 27.27; H, 4.58; Nb, 11.71; Br,
20.16. Found: C, 27.11; H, 4.66; Nb, 11.60; Br, 19.95%. Yield:
0.484 g, 61%. 1H NMR (CDCl3) d = 1.84 [s, 12H (OCMe2)bridging];
1.75 [s, 24H, (OCMe2)terminal]; 1.36, 1.32 [s, 36H, (CMe2Br)terminal

and (CMe2Br)bridging] ppm. 13C NMR (CDCl3) d = 80.7 (OCMe2);
75.8, 74.4 [(CMe2Br)terminal and (CMe2Br)bridging]; 29.1
[(OCMe2)bridging]; 28.9 [(OCMe2)terminal]; 25.2, 24.2 [(CMe2Br)terminal

and CMe2Br)bridging] ppm. IR (solid state): m = 2979w, 2936w,
2886w, 1447wm, 1384m, 1321wm, 1119m, 1097s, 1072s,
1043vs, 977m, 951s, 932vs, 831s, 811m, 674vs, 661s cm�1. Hydro-
lysis (entry 4, Table 2): 2,3-dimethyl-3-bromo-2-butanol (NMR
and GC–MS).

2f: dark yellow, from TaCl5 and 1,2-epoxybutane. Anal. Calc. for
C24H48Cl10O6Ta2

3: C, 25.09; H, 4.21; Ta, 31.50; Cl, 12.34. Found: C,
25.21; H, 4.07; Ta, 31.29; Cl, 12.12%. Yield: 0.368 g, 64%. 1H NMR
(CDCl3) d = 5.26–4.78 (m-br, 6H, CH); 4.62–3.53 (m-br, 12H,
ClCH2); 1.95, 1.82, 1.67, 1.54 (m-br, 12H, CH2CH3); 1.02 [t,
3JHH = 6.59 Hz, 12 H, (CH3)terminal]; 0.90 [t, 3JHH = 8.05 Hz, 6 H,
(CH3)bridging] ppm. 13C NMR (CDCl3) d = 62.9, 62.4 [(CH)terminal and
(CH)bridging]; 46.4, 45.3 [(ClCH2)terminal and (ClCH2)bridging]; 27.4,
27.3 [(CH2CH3)terminal and (CH2CH3)bridging]; 10.4 [(CH3)terminal];
9.3 [(CH3)bridging] ppm. Hydrolysis (entry 1, Table 2): 1-chloro-2-
butanol, 1,2-dichlorobutane, 1-chloro-2-butene (NMR and GC–
MS); ratio 5:2:1 (1H NMR).

2g: orange, from TaCl5 and epoxycyclohexane. Anal. Calc. for
C36H60Cl10O6Ta2

3: C, 33.13; H, 4.63; Ta, 27.73; Cl, 10.86. Found:
C, 33.03; H, 4.68; Ta, 27.60; Cl, 10.61%. Yield: 0.359 g, 55%. 1H
NMR (CDCl3) d = 4.92 (m-br, 6H, CHCl); 4.22 (m-br, 6H, OCH);
2.32, 1.74, 1.31 (m-br, 48H, CH2) ppm. IR (solid state): m = 2944w,
2863w, 1595m, 1448m, 1362m, 1259s, 1205w, 1079s, 1050s,
1023s, 977ms, 794vs, 738s, 666s cm�1. Hydrolysis (entry 3, Table
3): 2-chlorocyclohexanol (NMR and GC–MS).

2h: light yellow, from TaBr5 and ethylene oxide. Anal. Calc. for
C12H24Br10O6Ta2

3: C, 10.11; H, 1.70; Ta, 25.39; Br, 22.42. Found:
C, 10.13; H, 1.66; Ta, 25.23; Br, 22.19%. Yield: 0.499 g, 70%. IR (solid
state): m = 2965w, 2906w, 1470w-m, 1434m, 1414m, 1368w-m,
1278m, 1214w, 1172m-s, 1122s, 1084vs, 1042s, 1014vs, 996m-s,
934vs, 861s, 763m, 737m, 697s, 678vs cm�1. Hydrolysis (entry 5,
Table 2): 2-bromoethanol (NMR and GC–MS).

4.3. Reactivity of NbBr5 with 1,2-epoxybutane and epoxycyclohexane

General procedure: A suspension of NbBr5 (1.00 mmol), in CDCl3

(0.80 mL) inside a NMR tube, was treated with the appropriate
epoxide (3.00 mmol). The tube was sealed, and left at room tem-
perature overnight. Then, a 1H NMR spectrum revealed that com-
plete consumption of the epoxide had occurred, and formation of
a complicated mixture of products had taken place. This mixture
was treated with water (ca. 30 mmol), resulting in quick formation
of a white precipitate. The precipitate was separated from the solu-
tion, which was analyzed by both GC–MS and 1H NMR. From NbBr5

and 1,2-epoxybutane: 1-bromo-2-butene, 1,2-dibromobutane (ra-
tio 1:1). From NbBr5 and epoxycyclohexane: 2-bromocyclohexa-
nol, 1,2-dibromocyclohexane (ratio 3:1).

4.4. Preparation of NbF5[O@C(Me)(But)], 3

A suspension of NbF5 (0.120 g, 0.639 mmol) in CH2Cl2 was trea-
ted with 2,3-dimethyl-2,3-epoxybutane (0.082 mL, 0.64 mmol).
The resulting mixture was stirred for 90 min, then the volatile
materials were removed under vacuum. Compound 3 was obtained
as a crystalline colourless solid by storing a CH2Cl2 solution (3 mL),
layered with pentane (10 mL), at �20 �C for one week. Yield:
0.166 g, 90%. Anal. Calc. for C6H12F5NbO: C, 25.02; H, 4.20; Nb,
32.25. Found: C, 24.90; H, 4.26; Nb, 32.11%. 1H NMR (CDCl3)
d = 2.84 (s, 3H, Me); 1.41 (s, 9H, But) ppm. 13C NMR (CDCl3)
d = 245.6 (CO); 48.5 (CMe3); 26.7 (Me); 26.2 (CMe3) ppm. 19F
NMR (CDCl3) d = 145.8 (br, 5F) ppm. IR (solid state): m = 2979w-
m, 2947w, 2881w, 1647s (C@O), 1482m, 1466m, 1404w-m,
1368m, 1293w, 1226w, 1146vs, 1054m, 994m, 923s, 797vs,
684vs cm�1. In a different experiment, NbF5 (0.55 mmol), CDCl3

(0.85 mL) and 2,3-dimethyl-2,3-epoxybutane (0.50 mmol) were
added in the order given in a NMR tube and the tube was sealed.
The 1H NMR spectrum, recorded when the solid dissolved (about
2 h), evidenced the clean formation of 3. The tube was opened,
and an excess of water was introduced (ca. 30 mmol). Precipitation
of a colourless solid occurred nearly instantaneously. 3,3-Di-
methyl-2-butanone was recognized in solution by both 1H NMR
and GC–MS.

The reaction of NbF5 (0.05 mmol) with 2,3-dimethyl-2,3-epox-
ybutane (0.50 mmol), in CDCl3 inside a sealed NMR tube, resulted
in the clean formation of 3, in an admixture with a large quantity
of unreacted epoxide (ratio: 1:80 ca.). The ratio did not change
on heating the solution at 120 �C for 30 min.

4.5. Reactivity of MF5 (M = Nb, Ta) with epoxides (1,2-epoxybutane,
styrene oxide, cyclohexene oxide)

General procedure: To a suspension of compound MF5 (M = Nb,
Ta; 0.50 mmol) in CDCl3 (0.80 mL) inside a NMR tube, the appropri-
ate epoxide was added (0.50 mmol). The tube was sealed, and left
at room temperature overnight. A 1H NMR spectrum revealed the
complete consumption of the epoxide and the formation of a com-
plicated mixture of unidentifiable products. The tube was opened,
then the mixture was treated with a large excess of water (ca.
15 mmol), resulting in the quick precipitation of a solid from the
pale yellow solution. The latter was analyzed by both GC–MS
and 1H NMR. From NbF5 or TaF5 and 1,2-epoxybutane (entry 2, Ta-
ble 3): ethylmethylketone. From TaF5 and cyclohexene oxide (en-
try 3, Table 3): 2-fluorocyclohexanol. From TaF5 and styrene
oxide (entry 4, Table 3): benzene, ethoxybenzene (ratio ca. 1:1).

4.6. X-ray crystallographic study

Crystal data and collection details for [TaBr2(OCH2CH2Br)2(l-
OCH2CH2Br)]2, 2h, are reported in Table 4. The diffraction experi-
ments were carried out on a Bruker APEX II diffractometer
equipped with a CCD detector using Mo Ka radiation. Data were
corrected for Lorentz polarization and absorption effects (empirical
absorption correction SADABS) [26]. The structure was solved by
direct methods and refined by full-matrix least-squares based on
all data using F2 [27]. The asymmetric unit contains only half of
the molecule, whereas the second half is generated by an inversion
centre. Hydrogen atoms bonded to C-atoms were fixed at calcu-
lated positions and refined by a riding model. All non-hydrogen
atoms were refined with anisotropic displacement parameters.



Table 4
Crystal data and experimental details for 2h.

Complex 2h
Formula C12H24Br10O6Ta2

Formula weight 1425.31
T (K) 100(2)
k (Å) 0.71073
Crystal system monoclinic
Space group C2/c
a (Å) 12.2223(13)
b (Å) 10.4276(12)
c (Å) 23.080(3)
a (�) 90
b (�) 95.602(2)
c (�) 90
Cell volume (Å3) 2927.5(6)
Z 4
Dcalc, g cm�3 3.234
l (mm�1) 21.144
F(000) 2560
Crystal size (mm) 0.17 � 0.15 � 0.14
h limits (�) 2.57–25.03
Reflections collected 13415
Independent reflections [Rint] 2595 [0.0379]
Data/restraints/parameters 2595/100/192
Goodness on fit on F2 1.051
R1 (I > 2r(I)) 0.0561
wR2 (all data) 0.1835
Largest difference in peak and hole (e Å�3) 2.569/�4.554
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The bridging –CH2CH2Br group and a terminal one are disordered.
Disordered atomic positions were split and refined using one occu-
pancy parameter per disordered group and restrained to have sim-
ilar geometries (SAME line in SHELXTL). Similar U restraints were
applied to the C, Br and O atoms.

Supplementary data

CCDC 710805 contains the supplementary crystallographic data
for [TaBr2(OCH2CH2Br)2(l-OCH2CH2Br)]2, 2h. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html, or from the Cambridge Crystallographic Data Cen-
tre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-
033; or e-mail: deposit@ccdc.cam.ac.uk.
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