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INTRODUCTION 

This review is intended to cover the literature on the inorganic coordination chemistry of 

niobium for the year 1991. To keep the review to a managable length, we have chosen to limit the 

study to low nuclearity inorganic coordination systems only, consequently several areas have had to 

be omitted. Specifically, organic/organometallic chemistry, high-nuclearity cluster chemistry 

(including polyoxometallates) and solid state and materials science have been excluded unless there 

was a strong reason to include them ftom an inorganic/coominadon chemistry viewpoint. 

This review covers the Chemical Abstracts from volumes 114 (July-De@, 115 and 116 (Jan- 

June) respectively. 

The layout of the review focuses on the diffemnt oxidation states of niobium which range 

from +5 down to -2. However, most compounds of niobium in oxidation states lower than +5 am 

found to be stabilised by carbon-based organic ligands and as such lie outside the scope of the 

present review. Consequently it has proven more efficient to separate the +5 obtidation state from 

the others since most coordination chemical studies have inevitably dealt wijh the former state. 

Within each main section the subsections ate organised according to the nature of the coordinated 

ligands; halogens from group 17, chalcogens from group 16 and pnictogens fmrk~ group 15. Within 
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these broad boundaries however, there are areas of overlap where ligands from more than one group 

am present but these species will he covered in at least one of the relevant sections. 

For background material the readers’ attention is directed to a comprehensive review of the 

coordination chemistry of niobium and tantalum covering the years 19851987 especially for areas 

of cluster chemistry, solid state and mate&s related science [ 11. 

7.1 NIOBIUM (V) 

7.1.1 Complexes with group 17 figan& 

Niobium(V) is a hard Lewis acid and consequently forms complexes readily with hard 

Lewis bases such as halide anions. Many such homoleptic halide complexes have been studied in 

detail previously, but there is still current interest in these species, in for example electrochemical 

studies, electrosynthetic methods and for their ability to afford highly crystalline complexes with 

novel cations. some of these applications am outlined below. 

A general method for the electrosynthesis of anionic fluoride complexes has been reported 

viatheoxidationofsacrificialmetalanodesin~aqueousHFsolutionatroomtemperatureandat 

an applied potential of 2-8 V [2]. In this manner, KzlNbF71 was synthesised 

The. vibrational frequencies of [Nbx61- (X = F, Cl, Br, I) have been calculated and shown to 

model closely those observed by experiment [3]. 

Duff and Heath have studied the M(V)/M(IV) reduction potentials (Etn) for the mixed 

chloro-acetonitrile complexes [NbCb.u(CH3CN)alm and deduced that as more chloride ions are 

replaced by acetonitrile ligands, so the reduction potentials increase in steps of 0.45 V per ligand 

replaced [4]. Thus the reduction process becomes easier, a result which seems reasonable on 

electrostatic grounds as the overall charge on the niobium(V) species becomes progressively less 

negative as chloride ions am exchanged for acetonitrile ligsnds. 

~zclz 
[PPh4J[NbCi6] + (Mea%@ - [PPh412mw)q1.2C~2 (1) 

C&Q 
[PPh&NbBrel + (Me&).$ - W41WWWbl (2) 

Along a mom synthetic line, homoleptic halide complexes of niobium(V) have found use as 

pmcmsom to tbiohalide species as shown in equations 1 and 2 [5]. These reactions will be 

discussed further in Section 1.2. but the study illustrates that halide complexes are often useful 

synthetic precursors on account of their solubility and structural pqerdes. The same workers, in 

the same paper, described also the X-ray crystal structure determination of N&[NbClej in the space 
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group P21/n [5]. The lattice is composed of discrete cations and anions, the latter having the 

expected octahednd structw with niobium-e distaoces ranging fn~ 2.339 (2) A to 2.39 (2) 
A 

Two papers have dealt with the use of hexahaloniobate anions to stabilise unusual cations. 

Thus, [C&]+[NbF& has been studied by X-ray diffraction [6]. It belongs to the orthorhombic 

system, space group Pccu. The niobate anion has the expected octahedral structure. In a similar 

fashion, the crystal structure of the complex [Se$U$Wl]+[NbF~ has been solved [7]. containing the 

unusual 3-chlo1~1,3,4,25_thiadiselenadiazolium cation (1). Presumably it is a combination of their 

ability to provide both high crystallinity and high thermodynamic stability that makes 

hexahaloniobatessousefulinstabiEngEactivecations. 

Crystal structure of [SqN#Xl]~&j (1). 
Repmdwedwithpexmissionfmmref.7 

7.1.2 Complexes with group 16 ligatuis 

This area of niobium chemistry has continued to be one of major interest with many studies 

focusing on the chemistry of systems containing the -1 and [Nb-OR] moieties. 

The oxyhalide complex of niobium, K2[Nb(O)F&H20 has been pmpared via the same 

electrochemical procedure to that used in the synthesis of K#JbF71 as decribed in Section 7.1.1 

121. Similar oxyfluorides of niobium(V) have been prepared by reaction of -05 with metal 

fluorides or oxides in NH4HF2 or M’HF2 (M’ = alkali metal) melts [8]; analo@us methods apply 

also to tantalum systems [9]. Another high-temperature route to oxyhalides has been reporwd, by 

heating a stoichiometric mixture of CsX and mO5 to 85OW the compounds, t&[Nb(O)X5] (X = 

F, Cl) can be prepared [lo]. Mixed-metal oxofluoroniobates have been observed by vibrational 

spectroscopy in a high temperature melt comprising LiF-NaF-KF-KzNbFT-NbOs [ll]. The 
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species are believed to be of the form [Nb(O)F,J(n-3~ where n is probably 5. Vibrational data are 

consistent with the presence of [Nb(O)F#-, (v(Nb=O) = 921 cm-l observed in the Raman 

spectrum) [Ill. Addition of further quantities of oxide to the melts result in the formation of 

species believed to be [Nb(0)$n](n-l)-. The vibrational specta of these species show two bands 

assigned to metal-0x0 stretches (symmetric and asymmetric) at 879 and 809 cm-l (in the infrared 

spectrum) and 878 and 815 cm-l (in the Raman spectrum) [ill. One of the polyoxofluoro 

complexes present was proposed to contain the [Nb(O)$4]3- anion. Addition of even more oxide 

results in other polyoxohalo complexes, @b(0)~rJ(n+l)-, which apparently polymer& [ 111. 

The oxalate complexes, [Nb(O)(C204)2(H20)2j and [Nb(O)(C204)31 have been isolated 

from acidic solutions of mO5 in oxalic acid [ 121 where it was demonstrated that the equilibrium 

between the two species is dependent upon the pH, the oxalic acid concentration and the niobium 

concentration. 

The high temperature and electrolytic syntheses for oxyhalide compounds of niobium 

described above are not the simplest to perform, mquiring sophisticated equipment. Consequently, 

there is a need for convenient, low-temperature solution routes to oxyhalide and thiohalide 

complexes. One of the most promising and general of these solution methods involves the use of 

(Me$i)zO and (MegSi)zS as reagents for introducing the [O] and [Sl moieties into the metal 

coordination sphere as illustrated in equation 3 [S]: 

m5 + W-_&S - Nb(S)CI, + 2 MqSiCl (3) 

Here, the thermodynamics ate in favour of the forward reaction since two strong (Si-Cl) bonds are 

formed at the expense of two weaker @i-S) bonds and two molecules of Me$Wl are released for 

every molecule of (Me#i)2S that reacts thus providing an entropic driving force. Moreover, since 

the product thiohalide species are frequently less soluble than the starting pentahalides, the 

precipitation of the former from solution is another thermodynamic driving force for the forward 

reaction. The MesSi group acts as a proxy for a hydrogen atom in the above reaction, which can also 

be performed using H2S although in this case the reverse reaction is likely to be more facile than 

that using (MegSihS and is best accomplished in the presence of a base as HCl acceptor (equation 

4) PI. 

CHaClz 

NbC15 + NEt$H - ww[ws)~41 + m341wJQl (4) 
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There is reasonable flexibility in the nature of the niobium starting material that can be 

accommodated by this synthetic method. Thus, equations 1 and 2 show how hexahaloniobates can 

be used in place of NbC15. The larger size of the bromine atom results in the formation of a 

tetrabmmothioniobate anion as opposed to the pentahaloniobate as observed in the analogous chloro 

system [S]. 

A number of X-ray diffraction studies have been reported on oxyhalide compounds of 

niobium(V). Thus, Cs2[Nb(O)F5] has been shown to possess the Cs2[ZrFe] structure and 

Csz[Nb(O)Cl51 has the same stmcture as K#tCb] on the basis of powder diffraction work [lo]. 

The single-crystal X-ray analysis of [PF%&[Nb(S)Cl5]. 2CHzC12 reveals a positional disorder of 

the sulfur and chlorine atoms, a phenomenon that makes definitive structure elucidation in 

thiohalides particularly problematic. However, it is mported that [pph4]#Jb(S)Cl5]. 2CH$l2 has 

the same structure as @-[AsP~&[UC~~].~C!H~C~~ [5]. As with the hexahaloniobates. mixed 

oxohaloniobates have been used as stable counter-ions for unusual cations. 

[C(NH2)3]+2[Nb(O)F5]” crystal&d in the monoclinic system from an aqueous solution of 

mO)Fd- and [C(NH2)3]+ (2). h&red spectm~~py located the v(Nb=O) stretching vibration at 

900 cm-l (I<Br disc) [ 131 in a region typical of terminal Nb=O moieties. 

NMe2 

Al 
+ 

0 
NMe2 

Inasimilar manner, the X-ray crystal StlUCtUE Of [C$,NH2)3]+[Nb(O)f&(H20)]- has been 

mported [14]. The complex is synthesised from the reaction between MC1 and NbCl5 in 

concentrated aqueous HCl (where M = tire 1,2,3-uis(dimethylamino)cyclopropu@um cation). The 

cation is as shown above (2), whereas the niobatc anion (3) has the expected octahedral-based 

geometry with a coordinated water l&and in a position rrutrs to the 0x0 ligand The PI’bO(Hfl)] 

distances am quite long, 2.370 (2) A and 2382 (2) A respectively. for the two crystaKographicahy 

independent molecules in the unit cell, these are similar to values observed for [NbO(tbf)] in 

niobium(v)-thf adducts 1141. The N~=O distances in (3) are 1.702 (2) A d 1.705 (2) A 1141. 

These vahles are representative of such niobium oxygen distances in niobium(V) systems. The x- 

ray crystal struuure of the complex [bis(lS-cmwn-5)Na]+[Nb(O)Ckt(CH~~]- has been shown 

to be monoclinic with the space group P21/c [15]. The niobate anion has the expected pseudo- 

octahedral structure as illustrated in (3). where the water molecule rrf2tt.r to the niobium-hound 0x0 

group is replaced by a molecule of acetonitrile. The niobium-oxygen separdon is 1.682 (7) A HJ]. 
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(3) 

The unusual niobium(V) pemxo complex, KzN@Fs. Hz0 has been analysed by single- 

crystal X-ray diffkzdon and shown to belong to the monoclinic system (space group C2) [ 161. The 

anion has a distorted monocapped octahedral geometry in which one of the peroxo oxygen atoms 

occupies the capping position (4). The oxygen-oxygen atom separation is, at 1.45 A, comparable to 

those of other transition metal pemxo complexes [ 161. 

2- 

(4) 

Tertiary phosphine complexes of [Nb(X)C13] (X = 0, S) have been investigated and a 

number of complexes prepared which have the general formula [Nb(X)Cl3(PMe3)31 [17]. 

Interestingly, different coloured products are obtained in these systems depending upon the 

synthetic method used (equation 5): 

When base-free [Nb(O)Cl3] is used in equation 5. the resulting adduct is yellow and when 

[Nb(O)Cl3(CH3CN)21 is used in the synthesis, the isolated adduct is &nen. Both products appear 

to be identical in all but the infkared stret&ing frequency of the (Nb=O) groups, which am 882 cm-l 

(yellow) and 871 cm-l (green) respectively. The assignments of these vibrations have been 

confirmed by 180 labelling experiments (5). It was initially believed that the differences in colour 

and IR stretching fnquencies resulted from different geometries in the solid state but single-crystal 
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X-ray diffraction analyses of both phases confirmed the same geometrical arrangement, (a), viz. a 

mono-capped trigonal anti-prismatic structure with the oxygen atom capping the trigonal face 

formed by the three phosphorus atoms. Although the different coloured materials show the same 

basic X-ray structure, there is a signifiiant difference in the (Nb=O) bond separations, 1.78 l(6) A 

(yellow) and 1.929 (6) A (green). ‘fhe thiohalide analogues also display the same type of behaviour, 

with two different coloured products (orange and green) which appear to have the same structure 

based on single-crystal X-ray diffraction but which have different (N&S) distances; 2.1% (2) A 

(orange) and 2.296 (1) A (green). Again, IR spectroscopic analysis of the two materials reveals 

identical spectra (7) apart from the vibrations assignable to the v(Nb=S) moieties. Two discrete 

vibrations ate observed in CH2Cl2 solution, qarated by 34 cm-l [ 171. It is not yet clear how these 

observations can be explained, but the problem of isomorphous replacement of [0] or [S] by [Cl], 

either intramolecularly or as a result of co-crystallisation of [NbQ(PMe3)3] with 

[Nb(X)Cl3(PMe3)31. was discussed by the authors as a potential explanation for the variation in 

metal-O(S) distances. However, the authors drew attention to the unusual IR spectroscopic 

behaviour as being incompatible with the isomorphous replacement theory and could not rule out the 

possibility that the compounds described may be examples of so-called “bond-stmtch” isomers 

WI. 
l% and 93Nb NMR spectroscopic studies have been reported for [Et3NH]2[Nb(O)FS] in 

CH3CN solvent at temperatures ranging from 270 K to 320 K [ 191. Within the temperature range 

246-282 K, an exchange process is observable between the fluoride ligands in axial and equatorial 

sites in the niobate anion. 

A thermogravimetric analysis of [NH4]3[Nb(O)Fe].lSH20 revealed that this complex 

decomposed in four main stages as illustrated in equations 6-9, where the predominant intem&iates 

are formed by sequential loss ofH20 and l’R&tF, to yield ultimately, [Nb(O)$j 1201. 

N%l3WWWjl.l.5%0 - [NHd3[Nb(0)F,].H,0 + 0.5 Ha0 (6) 

[~13[~(o)P,IH20 - PJ&l2[WWsl.H,O + W 01 

DW,l#JWYWW - [NH43[Nb(0)F&H20 + Nf$F (8) 

[NH41[Nb(0)F~H20 - ]Nb(O),fl + 2 HF + WF (9) 

Complexes containing the lNb(O)F#- anion show high luminescence effiiency due to the 

high energy position of the UV absorption band. Thus, the complex Cs2[Nb(OjF5] absorbs at 260 

nm in the W due to a chargetransfer band and re-emits in the visible region at 470 nm [lo]. 
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Structure of the isomorphous series [NboClg(PMqh] (6). The one shown hex has X = S. 
Reproduced with permission fmm ref. 17. 
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(5) IR spectra (Nujol mull, Cd. cm-l) for yellow (a) and y n (b) isomers of PWO)Q3PMe3)31. 
(c) is a mixture of the two farms and (d) a mixture of the 80 labellcd forms. The asterisk denotes 

bandsamibutedtoNb-PMc3strctchingandbcr~Iingmodcs.(7) IRS traforgxeen(a)and 
OranBe (b) isomers of [Nb(S)Cl@Megh]. c) is a mutture of the two AT& s. 

permission from ref. 17. 
Reproduced with 
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In addition to the studies conducted on systems containing lNb=O] groups, there have been 

several that concern the [Nb-OH21 and [Nb-OR] moieties. The former are unusual for early 

transition metals such as niobium in that the oxophilicity of the metal often results in condensation 

to terminal [Nb=O] or bridging BW+O-Nb] 0x0 units. One example has already been mentioned 

above, [C2(NH2)3][Nb(O)CLt(OH$] [14]. Other reported examples include the cluster 

compounds, [(Nb6X12)(H20)&].4H20 (X = Cl, Br) [21] which contain relatively labile water 

molecules; they are displaced by the mom strongly basic alcohols, ROH (R = Me, Et, ‘Pr, iBu). 

Among the compounds which contain the [NbOR] unit, the most common am those where R is an 

organic residue. However, hydroxo complexes (R = I-I) have been reported as the products of 

isolating l%(V) from aqueous HCl and H2SO4 solutions by extraction into a chloroform solution 

containing the complexing ligand 3-hydroxy-2-methyl-1-(4-tolyl)4pyridone (I-W). In solutions of 

low chloride concentration, the species extracted is presumed to be Nb(OI-I)3Y2 and at high chloride 

concentrations the species produced is Nb(OHhYCl[22]. 

There have been several reports dealing with allcoxo complexes of niobium(V), many of 

whichcamefromtheMehrotragroup.Thesewoainrsha~isolatedandcharacterisedawidevariety 

of complexes, home- and hetem-polymetallic alkoxides in which niobium is present invariably as a 

hexgallcoxometallate anion. characterisation has been provided by elemental analysis, IR, UV-VI!I 

spectmscopies, magnetic and molecular weight measutemen ts. The following materials have been 

p=Polred ~eW0WDW@Ml 1231, [FcNbc12(OiPr)6]l, [FeNbzChOiPr)12], rFeNb2(OiPr)13], 

[PeNb(OiPr)g]. [AlZPeNb(OiPr)l& [AlFeZrLNb(OlPr)lg], [A1FeNbTa(OiPr)t6], 

[AlzFeNb(OMe)l4], [A12FeNb(OiPr)6(0tBu)gl [24], [Ni(OR)][Nb(OiPr)6], 

Ni[Al(O’Bu)41[Nb(OiPr)6], Ni[Al(OR)4][Nb(OtPr) (R = ‘Pr. Et), Ni[ik2(OiPr)s][Nb(OiPr)6] 

WI, [A1(OEthl~ CoWb(Oipr)d 1, Bn(OiPr)gl (CoWb(OiPrkl 1, [Ga(OiWdCo[A1(O’Buhl. 

k(Oipr)s] (Co[Al(OtBu)4]} and [Nl@Pr)~ (Co[Al(OtBu)4]) the latter five compounds have 

been prepared by reaction of either ClCo[Nb@r)6] or ClCo[Al(OtBu)4] with the reagents 

K[Al(OEt)& K[Zr@Pr)g], K[Ga(O@r)4] and K[Nb(O@@J [26]. Other groups have investigated 

the reactions of Nb(O)C13 with alcohols to prepare mixed oxo-alkoxides of niobium (equations 10 

and 11). 

Nb(O)Cls + 3 NaOEt - Nb(O)(OEt), + 3 NaCl (10) 

Nb(O)(OEt), + 3 ROH - Nb(O)(ORh + 3 EtOH (11) 

(R = Me, ‘Pr, Bu) 

The crystal structures of these species have not been investigated but Nb(O)(OMe)g was 

~~tobeamorphousandtheotherstobegelatinousma~als.Allofthesematcrialsdisrmrtate 

upon heating in the gas phase to afforxl Nb(OR)s and Nb(Oh(OR) and decompose with the 

formation of R20 [27]. During an attempt to grow crystals of Nb(O)(OEt)p suitable for X-ray 

analysis, the mixed oxo-allcoxide cluster NbaOlu(OEt)~ was isolated and its crystal structure 

determined. This compound is monoclinic, space group P2l/n with a cyclic dligomeric stmcture 



164 

containing bridging 0x0 and alkoxo ligands. This product is also the known hydroysis product of 

Nb(OEt)5 r271. 

The reactions of Nb(OEt)s with salicylic acid hydrazide (HzSa) and anthranilic acid 

hydrazide (HAa) in different stoichiometric ratios in refluxing benzene have been qorted to afford 

[Nb(OEt)6_2n(Sa)a] (n = 1, 2) and [Nb(OEt)e_a(Aa)a] (n = 1-3) respectively [28]. Subsequently, 

[Nb(OtBu)e&Sa),J (n = 1,2) and [Nb(OtBu)e+(Aa)u] (n = l-3) were isolated by alcohol group 

exchange. In all cases characterisation was provided by elemental analysis, IR and NMR 

specaosoopies. X-ray diffraction studies were not reported and no attempt was made to assign 

sm~ctums to these compounds. 

Both 1H and 93Nb NMR spectroscopies have been used to probe the nature of the 

substitution reaction between NbCl5 and MeOH in non-coordinating solvents [29]. These 

investigations reveal evidence for all possible substitution products although in mixed methanol- 

aromatic solvents it was shown that [NbQ(OMe)]2 and [NbC12(0Me)312 are favoured over 

[NbC13(0Me)& In acetonitrile solvent, 9% NMR spectroscopic measurements distinguish 

between the non basacoordinated dimeric [NbCl5.,(OMe)& species and the adducts NbCl5_ 

x(OMe)x.MeCN. Therefore, %Ib monitoring of the solvolysis of NbCl5 by ROH (R = Me, Et, @r) 

is capable of identifying all NbCl5_x(OR)x species present and reveals that the solution composition 

depends upon both the concentration of reagents and the temperature [29]. 

The use of sterically demanding aryloxides as vehicles for promoting unusual reactivity and 

structums has continued to be explored. The reaction of NbCl#KZ&I3Ph2-2.6h with MgfBzMe- 

p)2 where BzMe-p represents para-methylbenzyl, results in the isolation of Nb(BzMe- 

p)3(OCtjH3Ph2-2.6)2 in which the two aryloxo ligands occupy mutually rruns positions 1301. 

Heating this material to 1JfPC results in the displacement of one equivalent of p-xylene and the 

formation of a cyclometallated product due to insertion of the metal into one of the ortho-phenyl 

gmups on the aryloxo l&and. 

A more inorganic approach has been taken by Sullivan et. al. by studying the reactions of 

NbCls with sterically demanding ttiarylsiloxides of the form [OSi(C&Me-2)31- (equation 12) 

[311. 

m20 
NbCl, + Li[OSi(C,$4Me-2)3] - NbC14[OSi(Ce~Me-2)3] 1.5EbO (12) 

Few studies on the coordination chemistry of sulfur containing ligands have been mported 

during 1991, but one has dealt with cluster species of the form Nb&S which have been synthesised 

by maction of I%& 1 or Nb& with a mixture of niobium and sulfur in a sealed niobium container. 

The product, Nb&S reacts with hydrogen to afford Nb,j[H]I@ in which the hydrogen atom is 

proposed to occupy an interstitial site within the cluster [32]. Sulfur complexes of lower nuclearity 

have been reported by Mehrotra and coworkers as products of the reactions between NbCls and 

alkali-metal thiopho@ams (equation 13) [33]. 

NMJIs + KRWWSlNa - NM313&WW (13) 
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In the above equation, sodium can be replaced by [NH4]+ and R = Ph. iPr, iBu. The 

products of these reactions are all orange-yellow viscous liquids which am soluble in polar organic 

solvents. characberisation has been provided by IR and NMR spectroscopies; in particular, a single 

resonance is observed in the slP NMR spectra in the range 8 77.6-86.8 ppm. Structural studies 

were not performed on these compound but the authors believed the ligands to coordinate in a 

chelating fashion [33]. 

The complexes [Nb(S)C13(PMe3)3] have been described above. 

7.1.3 Complexes with group 15 ligands 

Most studies have involved either nitrogen or phosphorus based ligands. Some of these have 

been metioned in other sections above such as ~s(l5-crown-S)Na]+[Nb(O)~(~~CN)I- which 

contains a nitrogen-coordinated acetoniuile ligand [ 151 and the complexes, Nb(X)Cl$PMe3)3 where 

X = 0, S [17] in which three coordinated trimethylphosphine ligands occupy the vertices of a 

trigonal face in a mono-capped trigonal anti-prismatic structure (6). However, since nitogen donor 

ligands are frequently harder donors than phosphorus based ligands most studies with niobium(V) 

havebeenconcer&withtheformerligandtypes. 

In the separation and detection of niobium(V) by reversed-phase HPLC with 

spectrophotometric detection at 540 nm, 4-(2-pyridylazo)resorcinol was used as a pm-column 

chelating agent [34]. Although it was not reported exactly how this compound coordinates to 

niobium, it was reasoned that nitrogen-ligantion via the 2pyridylazo moiety was involved 

It has been mported that reaction of PhN=CPhCMe=CPhNH(SiMe$ with NbC15 affords 

the compound IpllN=CPhCMe=CPhNH]NbbClq in which one equivalent of Me3SiCl is eliminated 

[35]. Structural studies were not reported but it is likely that the complex involves ligation from at 

leasttwositesontheamidoligand. 

Given the current level of interest in the chemistry of systems containing [M=O] and 

w=NR] moieties as models for metal-mediated oxidation and amination processes, much effort has 

been dimcted towards the chemistry of group 5 compounds containing the imido group [=NR]. A 

number of different synthetic routes to imido complexes of niobium(V) have been investigated 

including the elimination of two equivalents of Me3SiCl between a niobium poly-chloro species and 

a reagent containing a [N(SiMeg)d unit (equation 14) [36]. 

2-NC(&HJN(SiMe& + NbC& - [2-NC(C&I,)N=]NbCls (14) 

Unfortunately, X-ray crystallographic studies on the prcduct of this reactkm have not been 

mpor@butadimericoroligomerlcstmcture was considered probable [36j. A similar strategy has 

been used to prepare the complex, [MeZNC(S)SN=]NbC13 from NbClS and 

Me2NC(S)SN(SiMe3)2 [37]. Again, no structural investigations were performed on 

[Me2NC(s)SN=]NbCl3 but it was proposed that the imido group engaged in bidentate ligation 

througth the thio group marked in italics [37J. A somewhat diffemnt, although related c~metathesis, 
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strategy has been used to sytbesise Nb[=NSiMeg][N(SiMeg)&[OSiMe3] according to equation 

15. The yield of this product is only 36% but it obviously involves a novel rearrangement in which a 

trimethylsilyl group is transferred from nitrogen to oxygen. The product has been chamcterised by 

standand spectroscopic techniques [38]. 

Nb(O)Cb + 3 Li[N(SiMeg)~] - Nb[NSiMejl[N(SiMq)&[OSiMql (15) 

A related imido complex has been synthesised according to equation 16 [39]. In this case, 

the product is isolated as a salt by complexation with the added phosphonium chloride and pyridine 

(Py). 

Nb(O)Cls + ‘BuNH2 + [Ph$‘CH,Ph]Cl + Py 

[Ph3PCH,Ph][Nb(=N’Bu)C1&‘y)] (16) 

The crystal structure of [Ph3PCH2Ph][Nb(=~Bu)Clq(Py)] has been determined and shown 

to be monoclinic (space group P21/c) in which the niobate anion exists as a distorted octahedon with 

the imido and pyridine ligands mutually truns as shown in structure (8). 

Crystal structure of the complex anion present in [ph3pcH2Ph][Nb(NtBu)Cl@y)] (8). 
Reproduced with permission from ref. 39. 
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The (Nb-Cl) distances in the anion in (8) range from 2.425 (2) A to 2.446 (2) A. The (Nb-N)py 

separation is 2.479 (4) A and the @h~)imib separation is 1.731(3) A. The very short distance of 

the metal imido linkage coupled with the near linearity of this group (Nb-N-C = 176.4 (4)‘) 

suggests that the imido ligand is acting as a neutral four-electron donor ligand in this complex thus 

allowing the metal centre a valence-electron count of sixteen [39]. 

7.2 LOWER OXIDATION STATES OF NIOBtUiU 

72.1 Complexes with group I7 ligands 

As mentioned in the introduction, most chemistry dealing with niobium in lower oxidation 

states falls within the realm of organometallii chemistry and consequently outside the remit of thii 

article. However, some studies have been mported on coordination compounds. 

The vibration frequencies of mX& (X = F. Cl, Br, I) have been calculated and compared 

to experimentally determined values with which agreement is good [3]. 

The M(V)/M(IV) reduction potentials (El& for the mixed chloro-acetonitrile complexes 

tNbu6a(tzH3c2qajm have been studied as mentioned in Section 1.1[4]. 

Lower oxidation state coordination compounds have found use as precursors to 

organometallic complexes. Thus, NbCl&hf)2 can be converted smoothly to complexes such as 

tW+C7W(~3h and[Nb(r17-C7H7)(r14-C7H8)(PMe3)1 1401. 

The complexes M$%F6] (M = Rb, Cs) have been prepared as illustrated in eipUiOn 17. 

Both arc isostructural, hexagonal space group P3ml and &typic with KfieF6. Both compounds 

aremportedtobeparamagneticasexpec&forNb(IV)d~species[41]. 

2MF + NbF, - M*[NbF,J (17) 

[M = Rb (6%PC), Cs (6OO“C)] 

72.2 Coq&xes with group 16 l&an& 

Four complex of niobium(IV) containing sulfur have been reported and their crystal 

structure determined [42]. m(p-S)#14(PMe3)4 was isolated from the reaction between 

NbClu(thfh and L&S in the pmsencc of pMe3 and shown to possess the structure (9). 

The structure is based on an edge-shared bioctahedron with mutually eclipsed pairs of 

phosphine ligands occupying the equatorial plane. The (NbNb) separation, lat 2.869 (1) A, is 
consistent with a single bond [42]. Three complexes were found to be isostructural, [Nlq(p- 
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C1)2C4(W(PMe3hl, [N~20L-C1)2C4(tht)(PEt3hl ad [Nbz(~-Cl)zC4(tht)(thf)zl (10) f.431. In 

each case the tetrahydmthiophene ligand bridges the two niobium centres. 

Crystal structure of DWzWMXPMe3h1(%. 
Reproduced with permission from ref. 42. 

Crystal structure of Wz~Cr-UhC4W)Mkz1(10). 
Repmduced with permission from ref. 43. 

7.2.3 Complexes with group 15 ligati 

Apart from the complex Nb&-ShQ(PMe3)4 described above which contains terdary 

phosphine ligands, all other lower oxidation state complexes of niobium are organomctallic in nature 

and are not discussed hen. However, one interesting example worthy of mention is the complex 

[Nb(H)(HOCCOH)(dmpe)2QlC1 fonacd by treatment of Nb(Me$WCSiMe3)(dmpehCl with 

HClaq [44]. This species is formally a complex of niobium(II1) and contains the unusual 

combination of hydride and dihydroxyalkyne ligands. The tantalum analogue has also been 
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synthesised and its crystal structure determined (11). Presumably the niobium analogue has a 

similar structure. Thus this system illustrates how a combination of control over metal oxidation 

state and ligand field can stabilise unusual coonIi&on envimnments 

Crystal structure of [Ta(H)(HCKX!GH)(dmpe)$JllC1(11). 
Reproduced with permission from ref. 44. 

Nitmgen-based ligands can also stabilise lower oxidation states of niobium, especially if 

they are constrained within &late rings. Thus, the complex Tp’Nb@(F%C=CMe) is synthesised as 

shown in equation 18 [45]. (Tp’ is the 3,5-dimethyl hispyrazolyltito ligand). 

NbClg=m-e) + K-m - Tp’NbCl#‘hCCMe) + KCl (18) 

X-ray diffra&on and NMR spectrosoopic studies show that the alkyne ligand is orientated 

inthemalecularmimwplanewitharelativelyhighbaniertoligandrotati~ontheMMRtimescale 

WI. 
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