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Cyclic voltammetry shows that [ Nb(q-C,H,Me),] undergoes both one-electron reversible reduction 
and oxidation; chemical oxidation with AgBF, in the presence of PR, (R = Me, R, = Me,Ph) yields 
[Nb(q-C,H,Me),( PR,)] BF,. The X-ray crystal structure of [Nb(q-C,H,Me),( PMe,)] BF, has been 
determined and shows the molecule to have the bent bis(q-arene) structure. Reduction of 
[ N b(q-C6H,Me,-2,4,6),] with potassium and treatment with carbon monoxide yields [ Nb(  CO),] -; 
reduction in the presence of 18-crown-6 (1,4,7,10,13,16-hexaoxacyclo-octadecane,L) gives 
[ KL][Nb(q-C6H,Me,-2,4,6),1. 

Metal vapour synthesis provides unique access to a wide 
range of bis(q-arene)metal(o) complexes of the early transition 
elements.' Whilst considerable studies have been made on the 
bis(q-arene)tungsten system,' the analogous niobium com- 
pounds have not been examined. We therefore set out to 
explore, in particular, the oxidation and reduction chemistry of 
the paramagnetic, 17-electron bis(q-arene)niobium complexe~.~ 

Results and Discussion 
Cyclic voltammetry of [Nb(q-c,H,Me),] in tetrahydrofuran 
gave two fully reversible one-electron waves at chemically acces- 
sible potentials: an oxidation at -0.90 V and a reduction at 
- 2.46 V (us. the saturated calomel electrode). Treatment of the 
deep red-brown tetrahydrofuran solution of [Nb(q-C,H,Me),] 
with one equivalent of silver tetrafluoroborate at - 78 "C gave 
no  tractable product; however, repeating the reaction in the 
presence of certain tertiary phosphines gave bright red air- 
sensitive crystals of [Nb(q-C,H,Me)2(PMe3)]BF4, (l), or 
[Nb(q-C,H,Me),( PMe,Ph)]BF,, (2). These results parallel 
the chemistry of the isoelectronic zirconium compounds: [Zr(q- 
C,H,Me),] decomposes above - 100 "C, but the phosphine 
adduct [Zr(q-C,H,Me),(PMe,)] is a table.^ 

The compounds (1) and (2) are sparingly soluble in tetra- 
hydrofuran, and decompose rapidly in other polar solvents. 
Proton n.m.r. spectra could be obtained from very freshly 
prepared solutions in CD,Cl,, but even then decomposition 
was evident. The data characterising (1) and (2) are given in the 
Experimental section. 

Bright red prisms of [Nb(q-C,H,Me),(PMe,)]BF,, (l), 
were obtained by slowly cooling a saturated tetrahydrofuran 
solution. The crystal structure of (1)  has been determined; the 
molecular structure and labelling scheme of the cation of (1) is 
shown in the Figure,' and the final positional parameters are 
given in Table 1 and bond lengths and angles in Table 2. 

The central niobium atom of the cation is found to exhibit 
distorted trigonal co-ordination geometry, with the centroids of 
the phenyl rings and phosphorus lying coplanar with niobium. 
The toluene ligands are inclined at 142.3' and their methyl 

t Supplemmtur?, datu muilable: see Instructions for Authors, J.  Chem. 
Soc., Dultori Trans., 1988, Issue 1, pp. xvii-xx. 

C(7) 
Figure. Molecular structure of the cation of (1). Hydrogen atoms have 
been omitted for clarity 

substituents are staggered by approximately 133" and pointing 
away from phosphorus. This arrangement is presumably due to 
packing considerations and is comparable with that found in 
[W(q-C,H,Me),H]+ where the interplanar angle of 157(2)" 
accommodates the smaller hydride ligand (W-H 1.82 A). 
Longer Nb-C(ring) distances are observed for the atoms closest 
to phosphorus [C(l), C(5), C(6) and C(11), C(12), C(13)] and 
the perpendicular metal-ring plane separations are 1.904 and 
1.914 A. The methyl groups deviate by 0.10 and 0.23 8, [C(7) 
and C(14), respectively] from the mean planes of the rings away 
from the metal. One toluene ring is found to be bent by 3.8" 
[planes defined as C(lO), C(11), C(12), C(13) and C(8), C(9), 
C(lO), C(13)] as observed in other toluene comlexes.' The 
niobium-phosphorus distance, 2.689(2) A, is comparable with 
those [2.678(1) and 2.787(1) A] found in [Nb(q-C,H,)Cl,- 
(Ph,PCH,PPh,)].8 There are a number of anion-cation 
contacts (H F) of about 2.5 A, being less than the sum of their 
van der Waals radii, but otherwise no short intermolecular 
contacts. 

The complexes (1) and (2), together with [M(q-C,H,Me),- 
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Table 1. Atomic co-ordinates with estimated standard deviations (e.s.d.s) in parentheses for complex (1) 

Xla 
0.233 24(5) 
0.421 8(1) 
0.069 4(6) 
0.0 18 6(6) 
0.063 3(7) 
0.163 8(7) 
0.215 O(6) 
0.168 O(6) 

0.217 2(8) 
0.143 2(6) 

0.012 l(10) 

0.200 7(7) 

Ylb 
0.144 Ol(4) 
0.232 9(2) 
0.186 4(5) 
0.126 8(7) 
0.017 6(7) 

0.030 3(5) 
0.137 7(5) 
0.300 5(9) 
0.071 7(6) 
0.171 3(8) 
0.274 9(6) 

-0.028 9(5) 

ZIC 
0.377 04(3) 
0.48 1 4( 1) 
0.471 O(4) 
0.399 4(4) 
0.381 2(4) 
0.43 1 4(5) 
0.504 O(4) 
0.523 8(3) 
0.496 l(6) 
0.233 3(4) 
0.236 4(4) 
0.265 4(5) 

Xla 
0.329 7(6) 
0.399 6(6) 
0.342 8(8) 

0.478 3(7) 
0.574 3(8) 
0.379 O(9) 
0.746 3(4) 
0.854 l(5) 
0.652 3(5) 
0.717 6(8) 
0.761 7(8) 

0.161 l(13) - 

Ylb 
0.276 8(5) 
0.177 2(7) 
0.075 5(6) 

0.156 O(7) 
0.269 l(9) 
0.370 l(7) 
0.109 O(4) 
0.052 O ( 5 )  
0.065 6(6) 
0.098 7(11) 
0.219 3(5) 

.0.037 8(9) 

ZIC 
0.284 O(4) 
0.278 7(4) 
0.256 3(5) 
0.191 7(9) 
0.579 7(5) 
0.439 6(5) 
0.524 9(6) 
0.204 O(4) 
0.191 9(5) 
0.151 7(5) 
0.287 3(4) 
0.185 O(8) 

Table 2, Bond lengths (A) and angles (") with e.s.d.s in parentheses 

Nb-P 
Nb-C( 1) 
Nb-C(2) 
Nb-C(3) 
Nb-C(4) 
NbC(5)  
Nb-C(6) 
NbC(8)  
Nb-C(9) 
N b C (  10) 

Nb-C( 12) 
Nb-C( 13) 

Nb-C( 11) 

P-C( 15) 
P-C( 16) 
P-C( 17) 

C( 15)-P-Nb 
C( 16)-P-Nb 
C( 16)-P-C( 15) 
C( 17)-P-Nb 
C( 17)-P-C( 1 5 )  
C( 1 7)-P-C( 16) 
C(6)-C( 1)-C(2) 
C(7)-C( 1)-C(2) 
C(7)-C( 1)-C(6) 
C(3)-C(2)-C( 1) 
C(4)-C(3)-C(2) 
C( 5)-C(4)-C(3) 

C(5)-C(WC( 1) 
C(6)-C(5)-C(4) 

2.689(2) 
2.380(6) 
2.331(7) 
2.337(6) 
2.3 3 1 (6) 
2.380( 5) 
2.399(5) 
2.359(6) 
2.324( 6) 
2.310(7) 
2.387(5) 
2.424(6) 
2.389(7) 
1.825(8) 
1.827(8) 
1.8 1 l(8) 

119.5(3) 
121.4(3) 
98.9(4) 

11 1.7(3) 
102.2(4) 
99.8(5) 

1 19.4( 3) 
120.2(3) 
120.3(3) 
120.1(3) 
120.5(3) 
119.6(4) 
1 19.9( 3) 
120.4( 3) 

C( 13)-C(8)-C(9) 
C( 14)-C(8)-C(9) 
C( 14)-C(8)-C( 13) 
C( 10)-C(9)-C(8) 
C( 1 1)-C( 10)-C(9) 
C( 12)-C( 1 1)-C( 10) 
C( 1 3)-C( 12)-C( 1 1) 
C( 12)-C( 13)-C( 8) 
F(2)-B-F(1) 
F( 3)-B-F( 1) 
F( 3)-B-F(2) 
F(4)-B-F( 1) 
F(4)-B-F( 2) 
F(4)-B-F(3) 

1.38 1 (7) 
1.402( 6) 
1.529(8) 
1.40 1 (7) 
1.385(7) 
1.39 3 (7) 
1.396(7) 
1.4 1 O( 8) 
1.3 55( 8) 
1.536(8) 
1.419(7) 
1.378(7) 
1.388(7) 
1.3 7 1 (7) 
1.347(4) 
1.337(4) 
1.3 38( 5 )  
1.340(4) 

120.2(3) 
120.4(4) 
11 8.8(4) 
119.5(3) 
118.6(4) 
120.0(3) 

120.1(4) 
109.51(9) 
109.44(9) 
109.43(9) 
109.48(9) 
109.48(9) 
109.48( 9) 

12 1.4(4) 

(PMe,)], M = Zr or Hf,4 and [W(q-C6HsMe)2H]+,6 complete 
a series of isoelectronic (d4)  bent bis(q-arene) complexes of the 
transition-metal groups 4, 5, and 6. No first-row congeners of 
bent bis(q-arene) complexes are known. This may reflect the 
smaller size of the first-row transition metals, which would give 
rise to a destabilising interaction between the q-arene rings. We 
note that the methyl groups of the q-C6H5Me rings in (1) show 
significant deviations from the planes of the aromatic systems, 
away from the metal atoms. 

Anionic bis(q-arene) transition-metal complexes are 
extremely rare, being confined to [Ti(q-c,H,Me),]- and 
[V(q-C&),] - . lo Since the cyclic voltammetry results 
indicated that [Nb(q-arene),] - was a stable species in solution 
on the electrochemical time-scale, we were thus interested in syn- 
thesising this anion chemically. Exposure of a tetrahydrofuran 
solution of [Nb(q-C6H3Me3-2,4,6)2] to a potassium mirror led 
to a rapid disappearance of the characteristic 10-line e.s.r. signal 
of the starting material, but no tractable product could be 

isolated from the resultant solution. However, repeating the 
reaction in the presence of a stoicheiometric amount of 18- 
crown-6 (1,4,7,10,13,16-hexaoxacyclo-octadecane, L) afforded 
deep maroon, pyrophoric crystals analysing for [KL][Nb(q- 
C6H3Me3-2,4,6),], (3). Complex (3) is insoluble in hydro- 
carbons, sparingly soluble in tetrahydrofuran, and rapidly 
decomposed by more polar solvents, thus precluding n.m.r. 
studies. The i.r. spectrum (Nujol mull) shows bands at 370 and 
380 cm-', assignable to the antisymmetric metal-ring stretch 
and antisymmetric ring-tilt modes respectively {by analogy with 
the spectrum of matrix-isolated [Nb(q-C6H,Me3-2,4,6)2] in 
which these bands occur at 275 and 410 cm-' respectively ">. 

Further evidence for the existence of an unstable anion in 
solution came from the reaction of [Nb(q-C6H3Me,-2,4,6)2] 
in 1,2-dimethoxyethane with a potassium mirror in the presence 
of carbon monoxide, which led to a colour change from red- 
brown to orange. From the solution were isolated yellow 
crystals whose i.r. spectrum displayed a strong CO stretch at 
1 851 cm-', characteristic of the [Nb(CO),]- ion.12 Since 
[Nb(q-C6H3Me,-2,4,6),] is known not to react with carbon 
monoxide," the presence of its anion as an intermediate is 
implied. The q-arene rings in the anion are clearly very 
substitution labile and readily displaced by a better n-acceptor 
ligand such as carbon monoxide. 

Experimental 
All manipulations of air- and/or moisture-sensitive materials 
were carried out in an inert atmosphere achieved by the use of a 
dual-vacuum nitrogen (or Ar) line using standard Schlenk tech- 
niques or in a Miller Howe dry-box under an atmosphere of N, 
(< 5 p.p.m. water, < 1 p.p.m. 0,). Reactions involving neat 
PMe, were carried out in glass ampoules equipped with grease- 
less taps. Nitrogen, Ar, and CO were purified by passage 
through a column containing BTS catalyst and 4A molecular 
sieves. All solvents were thoroughly deoxygenated before use 
by repeated pumping followed by admission of N, (or Ar). 
Solvents were dried and purified by refluxing over a suitable 
drying agent, followed by distillation under a nitrogen atmos- 
phere. Toluene was dried over molten sodium; 1,2-dimethoxy- 
ethane, tetrahydrofuran, and light petroleum (b.p. 8&100 "C) 
were dried over molten potassium; light petroleum (b.p. 40- 
60 "C) was dried over sodium-potassium alloy (1 : 3 w/w). Tri- 
methylphosphine was prepared by the method of Schmidbauer 
and Wolfsberger. ' The bis(q-arene)niobium complexes were 
prepared on a ca. 5-g scale using a large-scale metal-vapour 
synthesis apparatus, as previously described.' Tetra-n-butyl- 
ammonium tetrafluoroborate was dried under vacuum for 12 h 
prior to use. All other reagents were used as received. 

Cyclic voltammograms were recorded in a two-compartment 
three-electrode cell at a platinum working electrode. The sup- 
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porting electrolyte was 0.2 mol dm-, NBu",BF, in tetrahydro- 
furan and all measurements were made under an atmosphere of 
dinitrogen. Potentiodynamic control was by a Hi-Tek DT-101 
potentiostat in conjunction with a Chemical Electronics wave- 
form generator, type 01. The voltammograms were recorded on 
a type PM 8043 Philips X-Y recorder. 

Elemental analyses were obtained from the microanalytical 
departments of the Inorganic Chemistry Laboratory, Oxford 
and the School of Chemistry and Molecular Sciences, Brighton, 
or from Alfred Bernhardt Ltd., Germany. Nuclear magnetic 
resonance spectra were recorded on a Bruker AM-250 instru- 
ment at probe temperature: chemical shifts ( 6 )  are relative to 
internal solvent. Data are presented as: chemical shift [relative 
intensity, multiplicity (J  in Hz), assignment]. Electron spin 
resonance spectra were recorded on a Varian E-line spectro- 
meter at ambient temperature. 

Bis(q-toluene)(trimethylphosphine)niobium Tetrajuoroborate, 
(l).-The compound [Nb(q-C,H,Me),] (0.276 g, 1.0 mmol) 
in tetrahydrofuran (30 cm3) was cooled to -78 "C and tri- 
methylphosphine (ca. 1 cm3) was added by distillation in uacuo. 
Silver tetrafluoroborate (0.195 g, 1.0 mmol) in tetrahydrofuran 
(25 cm3) was added dropwise with stirring. Over 2 h a silver 
mirror developed and the solution turned red-brown. The 
solution was filtered, concentrated under reduced pressure, 
and cooled to -30°C. Red needles of [Nb(q-C,H,Me),- 
(PMe,)]BF, separated and were collected and dried in uacuo. 
Yield 0.250 g, 0.57 mmol, 57% (Found: C, 46.3; H, 5.6. Calc. for 
C,,H,,BF,NbP: C, 46.4; H, 5.7%). 'H N.m.r. data (CD,Cl,): 
5.76 (2 H, m, p-H), 4.54 (8 H, m, 0- and m-H), 2.33 (6 H, s, 2 Me 
of 2 q-C,H,Me), and 1.36 [9 H, d, J(PH) 7.6, PMe,]. 

Bis(dimethylphenylphosphine)(q-to1uene)niobium TetrafEuoro- 
borate, (2).-The method was essentially identical as for 
complex (l) ,  except that trimethylphosphine was replaced by 
dimethylphenylphosphine. Yield 0.250 g, 0.56 mmol, 56% 
(Found: C, 52.4; H, 5.2. Calc. for C,,H,,BF,NbP: C, 52.6; H, 
5.4%). 'H N.m.r. data (CD,Cl,): 7.58 (5 H, m, P-C,H,), 5.66 
(2 H, m, p-H), 4.48 (8 H, m, 0- andp-H), 2.34 (6 H, s, 2 Me of 2 
q-C,H,Me), and 1.61 [6 H, d, J(PH) 7.2, PMe,]. 

( 1,4,7,10,13,16-Hexaoxacyclo-octadecune)potassium Bis(q- 
mesitylene)niobate, (3).-A solution of [Nb(q-c,H,Me,- 
2,4,6),] (0.060 g, 0.19 mmol) and 18-crown-6 (0.050 g, 0.18 
mmol) in tetrahydrofuran (20 cm3) was exposed to a freshly 
prepared potassium mirror. Deep maroon crystals precipitated 
immediately. The crystals were collected, washed with cold tetra- 
hydrofuran (2 x 5 cm3), and dried in uacuo. Yield 0.090 g, 0.15 
mmol, 802, (Found: C, 58.85; H, 7.55. Calc. for C,,H,,NbO,: 
C, 56.70; H. 7.60%). 

Reaction of Bis(q-mesity1ene)niobium with Potassium in the 
Presence o j  Carbon Monoxide.-Purified carbon monoxide was 
bubbled through a solution of [Nb(q-C,H3Me3-2,4,6),] (0.050 
g, 0.18 mmol) in 1,2-dimethoxyethane (20 cm3) exposed to a 
potassium mirror for 2 h, resulting in a colour change from red- 
brown to orange. The solution was filtered and light petroleum 
(b.p. 8&100 OC, 10 cm3) added to the filtrate. Concentration of 
this solution under reduced pressure gave a yellow crystalline 
precipitate. The crystals were collected, washed with light 
petroleum (b.p. 4&60 OC, 2 x 5 cm3), and dried in uacuo. Yield 
0.025 g, 0.10 mmol, 50%. 1.r. (Nujol mull): 1 851vs cm-', v(C0). 

Crystallography.-Crystal data. C, ,H2,BF,NbP, M = 
440.07, monoclinic, a = 10.595(1), b = 11.735(1), c = 15.343(4) 

A, p = 93.70(2)", U = 1903.6 A3, space roup P2,/c, Z = 4, 

cm-', F(0o0) = 896. 
Data collection and processing. A crystal of complex (1) was 

sealed in a glass capillary under argon and mounted on an 
Enraf-Nonius CAD4 diffractometer. Cell dimensions were 
obtained by least-squares methods from the positions of 25 
carefully centred reflections. Scan mode 0-28; 5 525 reflections 
measured (28,,,. = 150°), 2 972 unique [ I  > 30(/)], corrected 
for ab~orpt ion , '~  used in structure solution and refinement. 

Structure analysis and reJnement. Solution by heavy-atom 
and Fourier difference methods. Full-matrix least-squares 
refinement with all non-hydrogen atoms anisotropic. Phenyl 
and phosphorus methyl hydrogen atoms were included in 
calculated positions. Corrections were made for isotropic 
extinction and anomalous dispersion.' 

Disorder of the arene rings similar to that found by Prout 
et al., and of the BF, anion was observed. Attempts to 
model this disorder satisfactorily by partial occupancies were 
unsuccessful and these entities were refined anisotropically 
subject to geometrical constraints. After application of a 
modified Chebyshev weighting scheme l 8  with parameters 9.01, 
3.60, and 6.79, refinement converged at R = 0.068, R' = 0.083 

Solution and refinement used the Oxford CRYSTALS 
packagelg on the VAX 11/750 computer of the Chemical 
Crystallography Laboratory, Oxford University. Scattering 
factors were taken from ref. 20. Additional material available 
from the Cambridge Crystallographic Data Centre comprises 
H-atom co-ordinates and thermal parameters. 

D, = 1.54 M g  m-,, h(Cu-KK) = 1.5418 1 , p(Cu-KK) = 65.38 

CWFOI - I ~ c l ) ~ / ~ ~ ( l ~ 0 1 ) 2 1 + .  
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