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Although the chemistry of cations containing Group 4
metals is very well documented[1] and a subject of ongoing
investigations, with regard to the modeling of the Ziegler ±
Natta polymerization, the chemistry of cationic vanadium
complexes has not been as thoroughly studied as that of their
neutral complexes.[2±4] The recent interest in complexes in
which amido and imido groups are directly bound to a
Group 4 or 5 metal atom has led to new catalysts in alkene
polymerization.[5] Hydridotris(pyrazolyl)borate imidovana-
dium(v) in the presence of a methylaluminoxane (MAO)
activator shows modest ethylene polymerization activity.[6] We
reported that the protonolysis of [Cp2VMe2] or [Cp2Zr(BH4)2]
can lead to a disproportionation redox reaction resulting in
cationic vanadium(iii) or zirconium(iii) complexes.[7,8] In this
context we report here the formation of new cationic
vanadium(ii), (iv), and (v) species when [V(NEt2)4] (1) is
treated with the ammonium salt [NHMe2Ph][BR4] (R�Ph,
C6F5).

Treatment of 1 with one equivalent of [NHMe2Ph][BPh4] in
thf at room or low temperature (ÿ 78 8C) causes precipitation
of the unexpected air-sensitive, dicationic, heteroleptic dial-
kylamidovanadium(iv) complex 2 with one thf molecule of

[V(NEt2)4] 1

[V(NEt2)2(thf)4][BPh4]2 ´ thf 2

crystallization (yield: 26 %). This crystalline red product was
characterized by X-ray structure analysis (Figure 1).[9] The
environment around the metal is octahedral and the VÿN and
VÿO distances (2.054 and 2.11 � (average), respectively) are
comparable to those in other vanadium compounds contain-
ing the bis(trimethylsilyl)amide ligand and a coordinated thf
molecule.[10] The sum of the angles about each N center is
close to 3608, indicating that the amide ligands are probably
acting as three-electron donors. We also observe that a small,
nonquantifiable amount of an uncharacterized green precip-
itate is present among the crystals of 2, providing evidence
that the reaction is not simple.

Reconsidering the formation of 2, we repeated our experi-
ment with 1 and two equivalents of [NHMe2Ph][BR4] (R�Ph
or C6F5) in thf at room temperature. Compound 1 was treated
with two equivalents of [NHMe2Ph][B(C6F5)4] in thf, and
pentane was allowed to diffuse slowly into the solution to give
a mixture of crystalline, highly air-sensitive, red products.
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Figure 1. Molecular structure of the cation in 2 showing the labeling
scheme; hydrogen atoms are omitted for clarity. The structure of the
[BPh4]ÿ ion is normal. Selected bond lengths [�] and angles [8]: VÿO1
2.108(3), VÿO2 2.121(3), VÿN 2.050(3); O1-V-O2 89.4(1), O1-V-N 89.2(1),
O2-V-N 89.8(1), V-N-C9 125.6(3), V-N-C11 126.6(3), C9-N-C11 107.7(4).

After careful and lengthy separation, we were able to
elucidate their composition by X-ray crystal structure analy-
sis.[9] Dark red crystals were identified as the unanticipated
cationic homoleptic vanadium(v) complex 3 and bright red
crystals as the dicationic vanadium(ii) species 4, which
crystallizes with two molecules of thf.

[V(NEt2)4][B(C6F5)4] 3

[V(thf)6][B(C6F5)4]2 ´ 2 thf 4

The crystal structure of 3 (Figure 2) shows that the complex
has a tetrahedral core; the vanadium center is bound to four
dialkylamido ligands. The sum of the angles around each
nitrogen atom is nearly 3608 and the VÿN distances are in the
expected range of 1.817 ± 1.847 �. These distances are shorter
than those in 2 but consistent with the electronic contribution
of the oxygen atom from the thf ligand in 3. The angles of the
four VNC2 moieties in 3 are slightly different owing to the
steric bulk of the ligand and the coordination number of the
metal.

The X-ray structure of 4 (Figure 3) reveals an octahedral
geometry in which the metal center is surrounded by six thf
ligands, two [B(C6F5)4] counteranions, and two thf molecules.
Similar [VL6]2� compounds (L�CH3OH, H2O, CH3CN)[11±14]

have been characterized, but the thf analogue was described
as [V(thf)4]2�.[12] The VÿO distances are in the range of 2.13 ±
2.15 �, slightly longer than in 2. In the compounds charac-
terized by three X-ray crystallography the counteranions
display the expected geometry.

The 1H NMR spectrum of complex 3 exhibits the set of
CH2CH3 resonances. The solution of 2 in CH3CN gives a
clearly resolved EPR spectrum (g� 1.988; a(51V)� 79.1 G),
indicating that the impurities observed with 2 are EPR-silent
vanadium species. The 1H NMR spectrum of 2 in CD3CN

Figure 2. Molecular structure of the cation in 3 showing the labeling
scheme; hydrogen atoms are omitted for clarity. The structure of the
[B(C6F5)4]ÿ ion is normal. Selected bond lengths [�] and angles [8]: VÿN1
1.817(3), VÿN2 1.826(3), VÿN3 1.826(3), VÿN4 1.847(3); N1-V-N2
104.1(1), N1-V-N3 111.8(1), N2-V-N3 114.5(1), N1-V-N4 107.6(1), N2-V-
N4 109.0(1), N3-V-N4 109.5(1), V-N1-C1 115.7(2), V1-N1-C2 130.1(2), V1-
N2-C5 122.9(3),V-N2-C6 122.0(3), V-N3-C9 131.4(2), V-N3-C10 114.1(2),
V-N4-C13 120.6(2), V-N4-C14 125.0(2).

Figure 3. Molecular structure of the cation in 4 showing the labeling
scheme; hydrogen atoms are omitted for clarity. The structure of the
[B(C6F5)4]ÿ ion is normal. Selected bond lengths [�] and angles [8]: VÿO1
2.149(4), VÿO2 2.146(4), VÿO3 2.131(4); O1-V-O2 91.5(2), O1-V-O3
89.5(2), O2-V-O3 89.9(2), trans O-V-O 180.0 (av).

shows free thf, which indicates that ligand exchange occurs
between thf and CD3CN to give presumably
[V(NEt2)2(CD3CN)4][BPh4]2. Complex 4 was also character-
ized by EPR spectroscopy (g� 1.979; a(51V)� 91.0 G).

When 1 was treated with two equivalents of
[NHMe2Ph][BPh4] in thf, a red powder precipitated immedi-
ately, which we identified as 2 by its EPR spectrum; however,
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complete conversion into 2 was not possible (30 ± 40 % yield,
in different experiments). The 11B NMR spectrum of the
filtrate shows a signal for [BPh4]ÿ at d�ÿ 6.3 and a broad
resonance at d� 2, which we assign to a BPh3 ´ NR3 adduct
(NR3�HNEt2) (an authentic sample of BPh3 and HNR2 was
prepared). This indicates that a redox reaction probably
occurs in the reaction with [BPh4]ÿ , like that which we
have already observed in the redox reaction of
[Cp2V(CH3)(thf)][BPh4].[7] Addition of pentane to the green
filtrate gave an oily product, which was then triturated with
pentane to give a mixture of 3 and 4 (characterized by 1H
NMR and by EPR spectroscopy, respectively, but the yield
was not quantified).

The formation of the moisture-sensitive compounds 2 ± 4 is
not a straightforward process, and different pathways seem to
occur. First, the oxidation state of the vanadium center is
preserved on going from 1 to 2, whereas it loses two
dialkylamido ligands. This reaction was monitored by EPR
spectroscopy, and the characteristic signal of [V(NEt2)4] (g�
1.980; a(51V)� 65.0 G)[15] was continually observed together
with that of a transient species 5 (g� 1.977; a(51V)� 72.0 G).
The red insoluble precipitate 2 was filtered off, and the EPR
spectrum of the filtrate shows the sole presence of 1, which is
at roughly half of the concentration before its reaction with
the ammonium salt. A disproportionation reaction is mainly
responsible for the pathway (Scheme 1), and we tentatively
suggest formula 5 (x� 1) for the intermediate species.

[V(NEt2)4] + 1 NHMe2PhBPh4 [V(NEt2)3(thf)x][BPh4]  + NMe2Ph + HNEt2

+ 1/2 [V(NEt2)4]

(VIV) (VIV)

(VIV)

Disprop.

1/2 [V(NEt2)2(thf)4][BPh4]2 · thf

1

2 (VIV)1

5

Scheme 1. Reaction of 1 with one equivalent of [NHMe2Ph][BPh4] to give
2 by means of a disproportionation mechanism.

The reaction of 1 with two equivalents of the ammonium
salt is more complicated, and we tentatively propose an
idealized pathway involving redox and disproportionation
reactions (Scheme 2). After monitoring the reaction with the
tetraperfluoroborate ammonium salt by EPR spectroscopy
for two days, we observed overlapping eight-line signals of
different species. Compounds 1 and 4 were easily identified at
the beginning and at the end of the reaction, respectively. Two

[V(NEt2)2(thf)4][B(C6F5)4]2 [V(NEt2)2(thf)4][B(C6F5)4]
Redox

(VIV) (VIII)(–B(C6F5)3,  –[C6F5]  )

1/2 [V(NEt2)4][B(C6F5)4]  +  1/2 [V(thf)6][B(C6F5)4]

(VII)

(VV)

2'

1/2 [V(thf)6][B(C6F5)4]2 · 2 thf  + 1/2 [V(NEt2)4]

3

4

[V(NEt2)2(thf)4][B(C6F5)4]

(VIII)

(VIV)1

Scheme 2. Postulated mechanism deduced from the isolation of 3 and 4
from the reaction of 1 with two equivalents of [NHMe2Ph][B(C6F5)4].

other species were also identified, 2'' and the presumed cation
5'' associated with the [B(C6F5)4] counteranion, based on the

[V(NEt2)3(thf)]� 5''

similarity with the EPR spectra of the analogues 2 and 5. Both
appear as transient species (the EPR signal of 2'' was observed
only during the first 30 min of the reaction until it overlapped
with the signal of 4 ; 5'' was seen for roughly 15 h). Peak
positions and relative intensities of different spectra moni-
tored during the course of the reaction validate these
assumptions. After one week the diamagnetic species 3 had
entirely precipitated and only 4 was observed by EPR
spectroscopy (25 ± 30 % yield based on 1 (100 %) in several
experiments, with a small amount of an uncharacterized
vanadium species).

The presence of 5'' can be explained on the basis of
Scheme 1. We presume that the excess of the perfluoroborate
ammonium salt serves either to trap 1, which is formed in the
disproportionation of 5'',[16] or to convert 5'' directly into 2''.
Moreover, there is no evidence that the putative 5 (or 5'')
intermediate does not undergo a redox reaction with the
neutral [V(NEt2)3] being formed.[17] The vanadium atom in
product 3 has increased its oxidation state from the starting
state VIV to VV, whereas in 4 it has lowered its oxidation state
to VII. A competitive disproportionation reaction from 2 VIII

to VV/VI and VIV/VII is suggested. The mechanism involves the
formation of the VIII species [V(NEt2)2(thf)4]� from 2'' by
means of a redox reaction with the [B(C6F5)4]ÿ ion[7,8] (the
transfer of a C6F5 group from a [B(C6F5)4]ÿ ion to a metal is a
recognized mechanism[18]). The reaction was analyzed by 11B
NMR spectroscopy. The spectrum shows the expected peak of
the [B(C6F5)4]ÿ ion (d�ÿ 16) and a broad peak at d�ÿ 2.5
which may be due to the adduct B(C6F5)x(NEt2)3ÿx ´ HNEt2

(by comparison with a sample prepared from B(C6F5)3 and
HNEt2). However, the protonolysis of 1 was not further
studied in detail due to its complexity.[19]

The mechanism for the formation of 2 is fully rationalized,
but the pathways leading to 3 and 4 are not obvious and the
mechanisms remain unknown. We do not yet have mecha-
nistic details concerning these transformations owing to the
propensity of the [VNR2] moiety to undergo amine elimi-
nation and redistribution/redox reaction in the presence of the
ammonium salt. The different reactivity observed when the
protonolysis of 1 is performed with the ammonium salt
[NHMe2Ph]� associated with the [BPh4]ÿ or the [B(C6F5)4]ÿ

counterion is mainly due to the insolubility of 2, which
precipitates from the reaction mixture before it can react
further, whereas the presence of the tetraperfluoroborate ion,
leading to a more soluble complex 2'', permits further
degradation. Due to the tendency for the vanadium to assume
different oxidation states, octahedral VII and VIV and tetrahe-
dral VV cationic complexes were obtained. The ability of the
amido ligand to act as a three-electron ligand is worth
underlining. The presence of different oxidation states in the
cationic vanadium chemistry observed in this work further
supports the recognized complexity of vanadium chemistry in
Ziegler ± Natta catalysis.[20] Procedures to convert species 2 ± 4
into active cationic species for olefin polymerization[3b,5e] are
in progress and will be reported elsewhere.
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Experimental Section

2 : Solid [NHMe2Ph][BPh4] (344 mg, 0.78 mmol) was added to [V(NEt2)4]
(266 mg, 0.78 mmol) in thf (15 mL) at ÿ 78 8C. The resulting solution was
stirred for 1 h and allowed to warm to room temperature. After 12 h red
crystals of 2 were obtained and filtered, washed with thf, and dried in vacuo.
Yield: 244 mg (26 %). Elemental analysis calcd for C76H100B2O5N2V: C
76.45, H 8.38, V 4.27; found: C 75.82, H 7.92, V 4.40.

3, 4 : Solid [NHMe2Ph][B(C6F5)4] (727 mg, 0.90 mmol) was added to
[V(NEt2)4] (154 mg, 0.45 mmol) in thf (15 mL) at room temperature. The
resulting solution was stirred for 1 h, and pentane (20 mL) was slowly
added to the solution. After slow diffusion of the pentane into the solution
in thf, red-black 3 and bright red 4 crystals were obtained overnight,
filtered, washed rapidly with thf (2� 5 mL), and dried in vacuo (total mass:
304 mg). After careful and lengthy separation in the glove box, analytical
analysis of 3 and 4 was attempted for characterization, but only 3 gave
reproducible results. Elemental analysis calcd for C40H40BF20N4V: C 47.16,
H 3.93, N 5.50; found: C 46.60, H 3.26, N 5.00; 1H NMR (200 MHz, [d8]thf):
d� 1.40 (t, CH3), 4.32 (q, CH2); 11B NMR (25.7 MHz, [d8]thf): d�ÿ 16.2.

EPR experiments: In a typical experiment a solution of 1 in thf was
prepared, and an aliquot of the solution was introduced into a standardized
capillary tube for EPR measurements. This EPR spectrum served as a
standard for the reaction. The solid ammonium salt was then added to the
solution, and aliquots were removed by syringe periodically, introduced
into the capillary tubes, and analyzed by EPR over one week. The
acquisition parameters were kept constant for both the unknown and the
standard sample measurements.

Received: April 6, 1998 [Z 11689 IE]
German version: Angew. Chem. 1998, 110, 3363 ± 3367

Keywords: amides ´ EPR spectroscopy ´ redox chemistry ´
vanadium

[1] a) R. F. Jordan, Adv. Organomet. Chem. 1991, 32, 325; b) H. H.
Brintzinger, D. Fischer, R. Mülhaupt, B. Rieger, R. Waymouth,
Angew. Chem. 1995, 107, 1255 ± 1283; Angew.Chem. Int. Ed. Engl.
1995, 34, 1143 ± 1170; c) M. Bochmann, J. Chem. Soc. Dalton Trans.
1996, 255 ± 270.

[2] a) P. Berno, S. Gambarotta, D. Richeson in Comprehensive Organo-
metallic Chemistry II, Vol. 5 (Eds.: J. A. Labinger, M. J. Winter),
Pergamon, Oxford, 1982 ± 1994, pp. 1 ± 55; b) M. Moore, S. Gambar-
otta, G. Yap, L. M. Liable-Sands, A. L. Rheingold, J. Chem. Soc.
Chem. Commun. 1997, 643 ± 644; c) H. Kawaguchi, K. Tatsumi,
Organometallics 1995, 14, 4294 ± 4299; d) V. J. Murphy, H. Turner,
Organometallics 1997, 16, 2495 ± 2497; e) P. T. Witte, A. Meetsma, B.
Hessen, P. H. M. Budzelaar, J. Am. Chem. Soc. 1997, 119, 10561 ±
10562; f) M. Moore, S. Gambarotta, C. Bensimon, Organometallics
1997, 16, 1086 ± 1088.

[3] a) Y. Doi, N. Tokuhiro, M. Nunomura, H. Miyake, S. Suzuki, K. Soga
in Transition Metals and Organometallics as Catalysts for Olefin
Polymerization (Eds.: W. Kaminsky, H. Sinn), Proceedings of an
International Symposium, Hamburg (Germany), 1987, pp. 379 ± 387 ;
b) F. J. Karol, K. J. Cann, B. E. Wagner in Transition Metals and
Organometallics as Catalysts for Olefin Polymerization (Eds.: W.
Kaminsky, H. Sinn), Proceedings of an International Symposium,
Hamburg (Germany), 1987, pp. 149 ± 161.

[4] H. J. De Liefde Meijer, G. J. M. van der Kerk, Recl. Trav. Chim. Pays-
Bas 1966, 85, 1007 ± 1017.

[5] a) C. Boisson, J.-C. Berthet, M. Ephritikhine, M. Lance, M. Nierlich, J.
Organomet. Chem. 1997, 531, 115 ± 119; b) P. T. Witte, A. Meetsma, B.
Hessen, P. H. M. Budzelaar, J. Am. Chem. Soc. 1997, 119, 10561 ±
10562; c) I. Kim, Y. Nishihara, R. F. Jordan, R. D. Rogers, A.
Reingold, G. P. A. Yap, Organometallics 1997, 16, 3314 ± 3323; d)
N. A. H. Male, M. Thornton-Pett, M. Bochmann, J. Chem. Soc. Dalton
Trans. 1997, 2487 ± 2494; e) I. Kim, R. F. Jordan, Macromolecules 1996,
29, 489 ± 491.

[6] S. Scheuer, J. Fischer, J. Kress, Organometallics 1995, 14, 2627 ± 2629.
[7] R. Choukroun, B. Douziech, C. Pan, F. Dahan, P. Cassoux, Organo-

metallics 1995, 14, 4471 ± 4473.

[8] R. Choukroun, B. Douziech, B. Donnadieu, Organometallics 1997, 16,
5517 ± 5521.

[9] Crystal structure data of 2 [the data for 3, 4 are given in square
brackets]: Chemical formula [V{N(C2H5)2}2(C4H8O)4][B(C6H5)4] ´
C4H8O [[{V[N(C2H5)2]2}4][B(C6F5)4], [V(C4H8O)6][B(C6H5)4]2 ´
2C4H8O], Mr� 1174.04 [1018.4; 1981.84], monoclinic [triclinic, mono-
clinic], space group P21/n [P1, P21/n], a� 11.9261(8) [11.095(2),
12.557(1)], b� 13.2215(8) [11.181(2), 22.158(2)], c� 21.126(2)
[18.095(2), 15.648(2)] �, a� 90 [77.663(1), 90], b� 92.527(7)
[84.22(2), 106.368(8)], g� 90 [89.13(1), 90], V� 3327.8 [2171,
4177] �3, Z� 2 [4,2], 1� 1.17 [1.56, 1.58] g cmÿ1, m� 1.92 [3.38,
2.50] cmÿ1, F(000)� 1033 [1033, 1996], crystal size 0.32� 0.25� 0.05
[0.32� 0.25� 0.07, 0.4� 0.2� 0.05] mm3, crystal form: platelet [plate,
thin plate], crystal color: red [dark red, bright red], MoKa radiation,
l� 0.71073 �, T� 170 [180, 180] K, number of measured reflections:
20817 [17 214, 25545], number of independent reflections: 4508 [6422,
5741], Rav� 0.09 [0.05, 0.04], Ra� 0.059 [0.059, 0.056], Rwb� 0.064
[0.067; 0.063], weighting scheme Chebyshev, Ar coefficients: 3.67/ÿ
1.72/2.79/ÿ 0.081 [2.22/0.39/1.71, 2.75/ÿ 1.13/2.04/ÿ 0.336], GOF�
1.1 [1.1, 1.05], number of reflections used: 2174 [3033; 4870],
observation criterion I> s(I) [I> 1.5s(I), I> 3s(I)], number of
parameters 402 [472, 596]. The selected crystal, sensitive to air and
moisture, was protected in vaseline oil and placed in a capillary. The
data were collected with a STOE IPDS diffractometer. Whole
structures were solved by direct methods and refined by least-squares
procedures on Fo. In 2 disorder was observed on one ethyl ligand; the
electron density of CH3 groups is statistically distributed over two sites
with a 1:1 ratio. A similar situation has been observed for one
molecule of the thf solvent molecule of 4 for which one C atom is also
distributed over two positions. All non-hydrogen atoms were refined
anisotropically except for the C atom of free thf molecule of 4, which
was only isotropically refined. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-101 352. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (� 44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).

[10] C. P. Gerlach, J. Arnold, Organometallics 1996, 15, 5260 ± 5262.
[11] F. A. Cotton, S. A. Duraj, L. E. Manzer, W. J. Roth, J. Am. Chem. Soc.

1985, 107, 3850 ± 3855.
[12] P. Chandrasekhar, P. H. Bird, Inorg. Chim. Acta 1985, 97, L31 ± L33.
[13] D. G. Holt, L. F. Larkworthy, D. C. Povey, G. W. Smith, G. J. Leigh,

Inorg. Chim. Acta 1990, 169, 201 ± 205.
[14] S. J. Anderson, F. J. Wells, G. Wilkinson, B. Hussain, M. B. Hurst-

house, Polyhedron 1988, 7, 2615 ± 2626.
[15] C. E. Holloway, F. E. Mabbs, W. R. Smail, J. Chem. Soc. A 1968,

2980 ± 2984.
[16] The following reactions were investigated as an alternative approach

to provide assignable compounds. When 1 was treated with one
equivalent of the perfluoborate ammonium salt, the same EPR
spectra were observed (but we were unabled to isolate a vanadium
complex). After complex 1 was treated with one or two equivalents of
B(C6F5)3 in thf at room temperature, the EPR spectrum of 5 was
observed ; the signals disappear after three days to again give the EPR
signal of 1. This is probably due to a disproportionation reaction, but
we were unable, in both cases, to isolate any vanadium complex.

[17] This neutral VIII complex could react further with the ammonium salt
to give the cationic VIII species leading to 3 and 4. This possibility is
under investigation.

[18] R. Gomez, M. L. H. Green, J. L. Haggit, J. Chem. Soc. Dalton Trans.
1996, 939 ± 946.

[19] We did not observe the formation of the perfluorinated biphenyl
(C6F5)2, whereas C6F5H was identified in the reaction mixture (by
comparison with the 19F NMR spectrum of an authentic sample and by
a characteristic peak in its mass spectrum (m/z 168)). Nevertheless, the
formation of C6F5H was also observed by 19F NMR spectroscopy when
B(C6F5)3 and HNEt2 were allowed to react. Therefore, a redox
reaction could be inferred from the existence of C6F5H.

[20] Cucinella, A. Mazzei, Chim. Ind. 1971, 53, 653 ± 661; 748 ± 754; 934 ±
938.


