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1. introduction 

This  review is in tended  to cover  the l i tera ture  on  the coo rd ina t i on  chemis t ry  o f  
n iob ium and  t a n t a l u m  th rough  the year  I994 as reflected in the Ba th  I n f o r m a t i o n  
and  D a t a  Services, Science C i t a t ion  Index  database .  Searching was per formed 
t h r o u g h  keyword  analys is  us ing the s t r ing [n iob ium/ t an t a lum + complex*-organo*] .  
To keep the review to a m a n a g e a b l e  length  we have  chosen to l imit  the  s tudy  
further ,  in a s imilar  fash]o~ to the i993 review, to low nuclear i ty  inorgan ic  
coord ina t ion  systems only;  consequen t ly  several  areas  have  h a d  to be omit ted .  
Organ ic /o rganometa l l i c  systems have  been omi t t ed  unless there  was  good  reason  for  
their  inclusion on accoun t  o f  the n o n - c a r b o n  based c o m p o n e n t s  o f  the coord ina-  
t ion  sphere. 

The  layout  o f  the review focuses on  the  range  o f  different ox ida t ion  states. M a n y  
c o m p o u n d s  in ox ida t ion  states lower  than  + 5 are found  to be stabil ised by  ca rbon-  
based organic  l igands  a n d  consequent ly ,  m a n y  such c o m p o u n d s  lie outs ide  the scope 
o f  the present  review. I t  has  p roven  more  efficient, f rom a presen ta t iona l  po in t  o f  
view, to separa te  the + 5 ox ida t ion  state  f rom the o thers  since mos t  coord ina t ion  
chemical  studies have  inevi tably  deal t  wi th  the fo rmer  state. Wi th in  each m a i n  
section the sub-sect ions are  organised  accord ing  to the na tu re  o f  the coord ina ted  
l igands;  ha logens  f rom group  17, cha lcogens  f rom group  16, pnic togens  f rom g roup  
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15 and ligands with other donor atoms. Within these broad boundaries however, 
there are areas of overlap where ligands from more than one group are present; but 
these species will be covered in at least one of the relevant sections. 

The readers' attention is directed to a comprehensive review of the coordination 
chemistry of niobium and tantalum covering the years 1985-1987 especially for areas 
of cluster chemistry, solid state and materials related science [ 1 ] and to the compan- 
ion review of niobium and tantalum coordination chemistry for 1993 [2]. 

1.1. Niobium (V) and tantalum (V) 

1.1.1. Complexes with group 17 donor ligands 
Among the most important uses of halide complexes of niobium(V) and 

tantalum(V) is displacement chemistry in the pre~ence of suitable ligand~;. Ilhus it 
has been shown that sequential removal of chloride ions from [0/s-CsHs)NbCL] 
may be realised using antimony(V) chloride in acetonitrile under controlled 
stoichiometry. Under these conditions, a variety of cationic species including 
[0/s-CsHs)NbCI(MeCN)4] 3+ and [(r/S-CsHs)Nb(MeCN)6] 4+ [3] have been 
synthesised. 

In a similar vein, refluxing [NbCls] and excess 7-azaindole (Haza) in benzene 
yields a solid mixture containing [NbCls(Haza)], [NbC14(Haza)2], the azaindolium 
ion (Hzaza) + and the azaindolylazaindolium ion (H2aza-aza)+. The neutral (Haza- 
aza) molecule was obtained from the hydrolysed mixture and shown by X-ray 
diffraction (monoclinic, P21/c, a= 10.025, b=  13.758, c=8.416 A; 13= 102.89°; Z = 4 ,  
R--0.035) to result from the coupling of two azaindole units [4]. This compound 
was the only oxidation product detected, but concurrent formation of other niobium 
and/or azaindole-containing products keeps the yield of Haza-aza low. Dark green 
c,'3,stals of [Cu40(aza aza)]Cl2" 6.5 H20 were obtained from Haza-aza and CuCIz 
in wet methanol, and a single crystal X-ray diffraction study of this material has 
been reported [4]. A related study by the same group reported that the reaction of 
[NbC15] and [TaCIs] with 7-azaindole (Haza) at room temperature in benzene or 
dichloromethane yielded [MCls(Haza)] addition compounds [5], the tantalum deriv- 
ative being formed under more forcing conditions. With [NbCIs] some reduction to 
Nb(IV) was observed and [NbCls(Haza)], [NbCi4(Haza)2] and the (H2aza) + ion 
were identified in the reaction mixture by infrared spectroscopy. Oxidative coupling 
of two azaindole units also took place during the reaction, since the 7-(azaindoI- 
6-yl)azaindolium cation was found as the counter-ion in the crystal structures of 
two complex salts [5]. In the crystals of [(H2aza-aza)][Nb(O)Cl4 
(Haza)]-0.5 CH2C12 containing cation (1), the anion is composed of the roughly 
octahedral [Nb(O)Cl4(aza)] species containing a neutral N7-coordinated azaindole 
trans to the N b = O  bond. The [Nb(O)CIs] z" salt contains a distorted octahedral 
anion. Infrared spectroscopy suggests monomeric octahedral structures for the 
[MCls(Haza)] and [NbCl4(Haza)2] complexes. A tH-NMR spectroscopic study 
reveals that [NbC15(Haza)] is not dissociated in CD2CI2 solution [5]. 

To study complex formation of group 5 elements in aqueous HCI solutions at 
medium and high concentrations, the electronic structures of anionic complexes of 
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these elements [MCI6]', [M (O)C14], [M (OH)2CI,~]- and [M (O) C15] 2" have been calcu- 
lated using the relativistic Dh'ac-Slater Discrete-Variational Method [6]. The charge 
density distributional analysis has shown that tantalum occupies a specific position 
in the group and has the highest tendency to form the pure ha|ide complex, 
[TaCld.  This fact, along with the high covalency of this complex, explains its good 
extractability into aliphatic amines. Niobium has a similar tendency to form pure 
halide [NbCI6]" and oxyhalide species, [Nb(O)Cls] 2" at medium and high acid 
concentrations. 

Electrechemical studies continue to be a rich source of study for group 5 elements. 
The electrochemical behaviour of tantalum in the form of K2[TaFT] in an LiF- 
NaF-KF eutectic melt has been studied by linear voItammetry in the temperature 
range of 560-815°C with and without the addition of Na20 [7]. An amperometric 
titration has been performed by measuring the heights of the cathodic and anodic 
peaks. It was shown that at a molar ratio of Na20/K2[TaF7] = 1, the predominant 
complex in the melt is [Ta(O)Fs] z-, whereas with an Na20/K2TaF7 molar ratio of 
2 it is [Ta(O)zFx] (~'l) probably in the form of [Ta(O)zF4] a', Increase in the 
Na20/K.,[TaFT] molar ratio in excess of two, leads to a decrease of tantalum 
concentration in the melt and precipitation of K[TaO3] occurs. Both the fluoro 
complex and the monooxofluoro complex were reduced to metal in a single, five- 
electron step. The fluoro complexes, m the temperature range 625-8 t 5~C with poten- 
tial scan rates <0.5 Vs "~, discharge quasi-reversibly, but at potential scan rates 
> 0.5 Vs "t they discharge irreversibly. Monooxofluoro complexes discharge irrevers- 
ibly at all temperatures and scan rates studied [7]. The diffusion coefficient (D) of 
the tantalum fluoro complex depends upon the temperature as log D =-2.55-(2044/T) 
with an activation energy of 39.1 kJ mol "~. For the monooxofiuoro complex the 
dependence is log D=-2.35-(2293/T) with an activation energy of 39.1 kJ tool -~. 

1.1.2. Complexes with group 16 donor ligands 
The interaction of MeI with the complexes, [Nb(qS-CsH4SiMea)XCSz-C,S] ( X  = 

C1, Br) affords cationic complexes containing a methyldithiocarboxylate group, 
[Nb(ffs-CsH4SiMe3)XC(S)SMe-C,S] (X=CI ,  Br) as a result of the electrophilic 
attack of MeI at the exo sulfur atom of the coordinated CS2 molecule [8]. In 
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contrast, the trihydride complex, [Nb(qS-C5H4SiMea)Ha] interacts under mild condi- 
tions in thf solvent with phosphites and other ligands giving rise to new hydrido- 
niobium(lII) complexes [Nb(qS-CsH4SiMe3)HL] [L=CO,  P(OMe)3, P(OEt)3, 
P(OPh)3] which undergo subsequent insertion reactions with CS2 to give products, 
the nature of which are highly dependent upon L. When L=CO,  the product 
obtained is [Nb(q5-C~H4SiMe3)SCHS(CO)], whereas with L=P(OMe)3, P(OEt)3, 
P(OPh)3, the products are [Nb(qS-CsH4SiMe3)(SCHSSS)]. Using several electro- 
philic synthons of group 11 metals, two different families of early-late heterodimetal- 
lic complexes have been prepared. The compound [Nb(qs-CsH4SiMe3)CIC(S)S - 
C,S] reacts through the exo-sulfur atom of CS2 with [MPPh3]PF 6 to give cationic 
heterodimetallic complexes [Nb(qS-CsH4SiMe3)CI(~t-CS2)(C(S)S-M(PPh3))][PF6] 
( M = C u ,  Ag, Au) [8]. In a similar manner, the complexes [Nb(q 5- 
CsH4SiMea)HL] [L=P(OMe)3, P(OEt)3, P(OPh)3] react with [AuPPh3]PF6 to 
afford a species containing a hydride bridge, [Nb015-CsH4SiMe3)L(~t-H) 
(AuPPh3)][PF6]. 

A synthetic and vibrational spectroscopic study on a variety of adducts of 
[NbC14], [Nb(O)C13] and [Nb2(O)3Ci4] with a range ofdidentate oxygen and nitrogen 
donor compounds has been reported [9]. 

The reaction of [Nb(O)(SzCNEtz)3] with boron sulfide has been investigated 
under a variety of conditions [10]. The major product in all cases was found to be 
yellow [Nb(S)(S2CNEtz)3]. in CH2C12 solvent at room temperature, orange 
[Nb(S2)(S2CNEt2)3] and orange-brown [Nb2(la-S2)2(S2CNEt2)4] were also formed. 
At higher temperatures, the same products were formed but a higher proportion of 
[Nb(S)(S2CNEtz)3] was observed. Crystals of [Nb(S2)(S2CNEt2)3]-0.5 CH2C12, 
(2).0.5 CHzCI z, were monoclinic (space group C2/c with a=16.360(2), b=  
10.959( 1 ), c = 30.637(3) A;/i  =92.34( 1 )°, Z =  8). The eight-coordinate complex dis- 
plays an mmmm dodecahedral structure analogous to that of its tantalum counter- 
part. 

S~.. S 

'~k. ~,,~" N b " ~  S 

NEt2 
(z) 

NEt2 

Stereospecific heteroatom and hetero-group transfer from oxiranes, thiiranes and 
aziridines mediated by a simple alkyl tantalocene have been reported by Bergman's 
group [ 11 ]. 
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A mixed-metal tantalum-zinc oxoisopropoxide complex (3) has been prepared 
and studied by single-crystal X-ray diffraction [12]. 

PrO i 
-2"''Or,,,... ~ ,,,,~ OiPr - -  

"Ta"" ~Pr 

" - 0 . , , ,  .... / 

iPrO/ .~,%ipr O~,pr 
(3) 

Th . . . . .  ,;,-,., ,.,¢ b,,,,~, . . . . . .  ; . . . . . . . .  ;rio ,x~ith twn eauivalents of triethanolamine 
leads to a novel "diatrane" complex H3La[(OC,H4)aN],; its reaction with 
[Nb(Oipr)s] provides a soluble and volatile mixed-metal species [La,Nba] whose 
molecular structure is based on a central diatrane core with eight-coordinate lantha- 
num whilst all the niobium centres are six-coordinate [13]. 

The infrared and 13C-NMR spectra of t,I-disubstituted chlorodicyclopentadieny- 
loxoniobium complexes have been recorded and their features correlated with struc- 
tural and substituent effects [ 14]. Optimized MMX force field and EHT methods 
have been used to calculate the optimal geometry and charge densities and these 
have been correlated with corresponding spectral data. In all correlations, a reverse 
substituent effect was observed, leading to the conclusion that the oxo ligand in 
chlorodicyclopentadienyloxoniobium complexes exhibits a strong electron-donor 
effect supported by a through space interaction between the oxygen atom and the 
two cyclopentadienyl tings. 

The complex, [(~/5-CsMes)Ta(PMea)(H)~0/2-CHPMea) ] reacts with aryl isocya- 
nates RNCO ( R - - C 6 H  5, 4-lb|eC6H4) to afford the hydtido-fon-namido complexes, 
[(~/5-CsMes)Ta(PMea)01-OCHNR ) (H)(r/2-CHPMea)] (R as above) which exist in 
two tautometic forms in solution [ 15]. The interconversion of these isomers proceeds 
via an intramoleeular rotation of  the (OCHNR) moiety analogous to the 
equilibration of syn and anti hydrogens of an ~/a-allyl ligand. The complex 
[(~/s-CsMes)Ta(PMea) (H)=(~2-CHPMea)] inserts two equivalents of CO_, to afford 

5 I 2 2 [(r/-CsMes)Ta (PMe3) (r / -OCHO) ( t / -OCHO) 01 -CHPMeE)], a compound contain- 
ing both r/~ and rfl-formamato ligands. 

Dicklorotris(4-tert-butylphenoxo)tantalum(V) has been synthesised by reacting 
tantalum(V) chloride and 4-tert-butylphenol in a molar ratio of 1:3 in dry benzene 
solvent under reflux and has been charaetetised subsequently by elemental analysis, 
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conductance, infrared and NMR spectroscopies and mass spectrometric studies [ 16]. 
Reaction of dichlorotris (4-tert-butylphenoxo) tantalum (V) with equimolar amounts 
o~" hydroxyl-containing substrates having labile protons, such as benzoin, 
2-hydroxyacetophenone and salicylaldehyde (L) in 1:1 molar ratio, afforded 6- 
coordinate complexes of composition [TaCI(OCsH4-But)3(L)]. 

The esters [Ta(O)(OR)3] [(R=tBu, C~H3H 2 (Mes*)], [Ta(O)(SR)3 ] (R=tBu,  
4-MeC6H4) have been prepared by the reaction of [Ta(O)Ci3] and [Ta(S)CI3] with 
the corresponding lithium reagents, LiOR and LiSR. The reaction of [TaCIs] with an 
excess of LiOMes* affords the compounds [TaCI3(OMes*)z] and [TaClz(OMes*)3] 
[17]. The synthesis of [TaCI2(q-C4H9)(OMes*)2], [Ta(S-4-MeC6H4)5] and 
[TaCI2(OEt)3]'NCsH5 are also described. Upon prolonged heating under reduced 
pressure in benzene solution, [Ta(O)(OMes*)3], [Ta(S)(OMes*)3], 
[TaCl3(OMes*)2] and [TaC12(n-C4Hg)(OMes*)2] all decompose to release 2,4,6-tri- 
t-butylphenol, n-butane and form a cyclometallated product of tantalum(V). A 
single crystal X-ray diffraction analysis of [TaCIz(OEt)3] is also reported, the com- 
pound existing in the solid state as an ethoxo-bridged dimer [17]. 

The tantalum n-butoxide complex of [(qs-CsMes)Ta(StBu)3(OnBu)] (4) has been 
isolated as a minor product from the reaction of [(qs-CsMeDTaCI4] with LiStBu in 
thf solvent. The crystal structure of (4) reveals two crystaliographically independent 
molecules with distinctly different Ta-O-C angles, where a larger angle is associated 
with a longer Ta-O bond and vice versa. Extended HOckel molecular orbital calcula- 
tions on the model compound [(r/5-CsHs)Ta(SH)3(OH)] showed that the potential 
energy curve against the Ta-O-H angle is in fact fiat while the Ta-O overlap popula- 
tion decreases as the Ta-O-H bond bends [18]. 

tBuS l~."'"'~Ta '"".t  S t B 

,oo/ o ° 

(4) 

The 1:1 and 1:2 reactkms of [TiCI4] with Me3SiO-2,6-(CH3)2C6H3 produced 
{TiCI3[O-2,6-(CH3)2C6H3](thf)2} and {TiCI2[O-2,6-(CH3)2CgH3]2(thf)2} respec- 
tively which both possess 6-coordinate titanium geometries. In the complex, 
{TiC12[O-2,6-(CH3)2C6H3]2(thf)2} the two phenoxo ligands are disposed in a eis- 
geometry with thf coordinated trans to the phenoxo and chloro iigands [19]. 
Similarly, the 1:1 and 1:2 reactions of [NbCls] with MeaSiO-2,6-(CH3)2C6[-I3 
affords the two complexes {NbC14[O-2,6-(CH3)2C6H3](thf) } and {NbCI3[O-2,6- 
(cn3)2C6H3]2(thf)} respectively, again having octahedral coordination geometries 
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around the metal centre. Again, the phenoxo ligands are orientated mutually cis 
and the thf ligand in { NbCI4[O-2,6-(CHa)2C6H3](thf)} is disposed trans to a phe- 
noxo ligand. 

I. 1.3. Complexes with group 15 donor ligands 
Diazoacetates NzCHCO,R ( R = E t ,  tBu) react readily with [(qs-CsHs)2NbH3] 

to afford [(r/s-CsHs)zNb(ql-N2CHCOzR)H] as the first identifiable product by 1H 
NMR spectroscopy. The complex [(qs-CsHs)zNb(q1-NzCHCOzEt)H ] converts via 

a stepwise process into a unique dinuclear nioboeene complex, 
{[qS-CsHaCH(CO2Et)=N-~t-N](CsHs)2Nb}2 which is in fact a product of the 
Cp-!igand functionalised by the diazoacetate group. Mechanistic features of this 
transformation are also reported [20]. 

A derivative spectrophotometric method has been developed for the simultaneous 
determination of microgram amounts of Nb(V)  and Ti(IV).  The method is based 
on fifth order derivative spectra of ternary metal systems with hydrogen peroxide 
and 2-(5-bromo-2-pyridyazo)-5-diethylaminophenol (5-BrPADAP) [21]. For meas- 
urements of the derivative values, the most suitable is the "zero-crossing" technique. 
The method is selective for Nb(V)  and TiC IV) when they are separated as complexes 
with N-benzoyl-N-phenylhydroxylamine (BPHA). The full procedure including such 
preliminary extraction allows the determination of  up to 10 mg of Nb(V)  and 15 mg 
of Ti(IV ) in the presence of large amounts of other ions. Niobium and titanium in 
standard steel and Buffalo River sediment were determined with good precision and 
accuracy. 

5-Chloro-2,3-pyridinediol (CPD) has been used as a sensitive and selective reagent 
in some analytical techniques (such as spectrophotometry and potentiometry). A 
survey of the literature revealed that an omission existed with CPD. This has 
subsequently been rectified recently by examination of the polarographic behaviour 
of Nb(V)  and Ga( l I I )  with CPD. It is reported also that with this complexing 
agent it is not necessary to employ a maximum suppres:-:r and the method has 
found use in the determination of niobium in rock samples [22]. 

The ~t-agostic n-ethyl and n-propyl niobium aikyne complexes [NbL(CI)(I~-H- 
CHR)(PhC = C R')] (L = hydridotris-3,5-dimethylpyrazolylborate; R = Me, Et; R ' =  
Me, Et, "Pr) undergo a thermolyt;c exchange of the niobium and alkyne-bound 
alkyl groups to afford NbL (Cl) (R) ( PhC = CR')]; first order kinetic parameters have 
been obtained when R - - R ' = M e  (AH= 113 kJ mol'l;  A S = 4  J K "I tool "1) [23]. 

The dimethyl tanta!,,~m c~mplex [Co*TaCIzMe,] (Cp*= qs-CsMes) reacts readily 
with isocyanide CNAr (Ar=2,6-Me2C6H3) to form the azatantalacyclopropane 
derivative [Cp*TaCI2(q2-NArCMez)2] which may be alkylated subsequently with two 
equivalents of MeLi to afford the corresponding dimethyl complex of the form 
[Cp*TaMez(q2-NArCMez)z] [24]. Reaction of both [Cp*TaCl_,(qZ-NArCMez)J and 
[Cp*TaMez(q2-NArCMe,~2] with an additional equivalent of  isocyanide leads to the 
imido complexes [Cp'~TaCI2(NAr)] and [Cp*TaMe(NArCMe=CMe_,)(NAr)] 
respectively, The latter complex is also obtained by reaction of [Cp*TaMe4] with 
two equivalents of isocyanide and the same reaction with [Cp*TaC1Me3] leads to 
[Cp TaCI(NArCMe=CMe2)(NAr)] .  The complexes have been characterised by 
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NMR spectroscopic studies (~H, ~3C and t3C-CP MAS) and the crystal structure 
of [Cp*TaCI2(NAr)] (5) has been determined by X-ray diffraction methods. The 
dynamic behaviour and kinetic parameters were calculated from dynamic 
~H-NMR spectroscopic data. 

A series of dineopentyl tantalum and titanium complexes which contain phosphi- 
noalkoxide Iigands has been prepared. The corresponding alkylidene complexes are 
formed readily upon expulsion of neopentane [25]. The molecular structure of one 
of the tantalum complexes (6) has been determined by single crystal X-ray 
diffraction. 

~° .~  

~, ,~.'ia ..... ',nCi 
N 

el 

[vie 

ph2p. m i ~  
~ .... ,~',xx PPh2 

,,,..Ta _~ t 

CI 
(5) (6) 

Hydrido-trispyrazolylborate complexes of elements from groups 5-7 have been 
prepared by reaction of d°-metalloyl chlorides [M(Y),Clm]x (Y=O,  NR) with 
KTp* [Tp*=HB(3,5-Me2Pz3)] [26]. Thus, [Nb(O)CI3] and [Ta(O)C13] are con- 
verted into monomeric and weil-characterised oxo complexes [Tp*Nb(O)CI,] and 
[Tp*Ta(O)C12] respectively. Molybdenum and tungsten derivatives are prepared in 
a similar way. tButylamine has been found to react with [NbCIs] and [TaCIs] in the 
presence of pyridine to afford the imido-pyridine complexes [Nb(NtBu)C13(Py)2] 
and [Nb(NtBu)CI3(PY)2] in excellent yield. These species react subsequently with 
KTp* to afford pyrazolyl derivatives, [Tp*~,,I(NtBu)C12] (M=Nb,  Ta). Similar 
derivatives of molybdenum and tungsten are available via similar synthetic routes. 
From the same laboratory has come a related study in which the half-sandwich 
complexes [(r/5-CsRs)M(NtBu)CI2] (R =H,  Me; M =Nb,  Ta) have been prepared 
by the reaction of [(r/5-CsRs)MCi4] with :BuNHz in the presence of" bases 
s~,~'~ :; '~uNi~z, L,:'~ ~:~ aJ~d LiN:BuSiMe3 [27]. These complex,.=~ ~ :  ~tartin~. 
materials for the preparation of the corresponding methyl complexes 
[(~/s-CsRs)M(NtBu)Me2] and of d°-niobocene and tantalocene complexes 
[01s-Cs Rs)zM (N tBu)C1 ] and [(v/5-CsHs) (qs-CsMes) M (N t Bu)Cl ]. The most efficient 
syntheses of [(r/5-CsHs)aM(NtBu)CI] make use of the reaction of readily available 
pyridine imido complexes, [M(NtBu)C13(py)z] (M---Nb, Ta)with NaC~Hs. With 
MeLi, the compounds [(qs-CsHs)zM (N tBu)Cl ] are converted into the methyl deriva- 
tives [(r/s-CsHs)2M(NtBu)Me]. One-electron reduction of the compounds 
[(qs-CsHs)M(NtBu)CIa] leads to diamagnetic, dinuclear complexes with bridging 
imido ligands of the form [(qs-CsHs)M(I.t-NtBu)CI]2 (M =Nb,  Ta). Similarly, the 
reduction of the d°-niobocene imido complex [015-CsHs)zNb(NtBu)C1] results in 
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the formation of a dinuclear complex [(r/s-CsHs)zNb(NtBu)]2 with spin coupling of 
both d t-metal centres [27]. 

Reaction of [Cp[Nb(v/Z-PhRCCNPh-CN)] (R = Ph, Me, Et; Cp '=  ~/s_ 
CsH4SiMe3) with one equivalent of [Cp2Fe]+[X] (X = PFr, BPh4) in the presence 
of nitriles (MeCN) or isonitriles (tBuNC) produces a variety of cationic ketenhnine 
niobocene complexes, [Cp~Nb(r/Z-PhRCCNPh-CN)(L)][X ] (where L = nitfile or 
isonitrile ligand) in essentially quantitative yields [28]. Electrochemical oxidation 
processes were investigated in the same study by cyclic vottammetry. In most cases, 
the solution state structures have been determined by NMR spectroscopy and in 
one case, the solid state structure (7) has been examined by single crystal X-ray 
diffraction (triclinic, a=9.468(3),  b=  10.641(2) and c=  19.852(2) A; g=86.30( | ) ,  
fi=85.79(1), 7=74.64(2) °, Z = 2 ,  R=0.069).  

The molecular ztructure reveals a typical bent-sandwich geometry around the 
niobium atom with the ketenimine and MeCN ligands arranged in the plane between 
the two cyclopentadienyl rings. Those catioiiic ketenimine complexes isolated as 
nitrile adducts are readily converted to isonitrile adducts by trcatment with an excess 
of isonitrile. However, the reverse reaction does not occur under the same co~dit,_'ons. 
Several of the ketenimine complexes react with the water in wet acetone or methanol 
to produce hydroxo and alkoxo iminoacyl complexes [Cp~Nb (q2_ 
PhRHCCNPh-CN)(OR')][BPh4] ( R ' = H ,  Me). 

1.1.4. Cvmplexes with other donor ligands 
The nucleophilic cyclocarbene 1,3-dimethylimidazolin-2-ylidene (L) (8) reveals 

universal ligand properties in metal coordination chemistry. In addition to the well- 
known stabilisation of low oxidation state transition metal fragments, this particular 
class of carbenes also coordinates with metal halides and metal oxides thus resem- 
bling the properties of conventional ether (O), amine (N)  and phosphine (P) ligands 
[29]. Complexes of titanium(IV), zirconium(IV), hafnium(IV), vanadium( II ), 
niobium(V) and tantalum(IV) having the general form [MXnL~] are reported. 

Magic angle spinning 31p NMR spectra of solid niobium half-sandwich com- 
pounds are shown to yield values of 93Nb-a~P coupling constants which are not 
accessible from solution state spectra and also provide more accurate values of 
chemical shifts. Results are reported for eight compounds and the general value of 
~ 77.~ :~ec~ra of solids for these and similar cases is emphasised [30]. 

Although it is well known that cisplatin has been developed into one of the most 
frequently used and most effective cytostatic drugs for the treatment of solid carcino- 
mas, numerous other metal compounds containing platinum, other platinum group 
metals and even non-platinum group metals have been shown to be effective against 
tumours in man and experimental tumours in anh-nals. Among these me~als, niobium 
has featured strongly along with gallium, tin, bismuth, titanium, vanadium, molyb- 
denum, rhenium, ruthenium, rhodium, copper and gold [31]. 

Regioisomers of the first tantalum boryl complexes, endo- and exo-[(q s- 
CsHs)2TaH2(BOzC6H4)] 9, have been reported [32], whilst anionic bis(diearbollide) 
complexes of bent-sandwich tantalum(V) such as 10 have also been reported [33]. 

The telluroformaldehyde complex [(r/s-CsMes)zTa(r/2-TeCH2)H has been prepared 



264 T.P. Kee / Coordination Chemistsy Reviews i62 (1997) 255-273 

NCMe / 
Cp2Nb "-- -~ NPh 

ph~p h 
(7) 

Me 

Me 

(8) 

by the PMe3-catalysed addition of tellurium to the [T~.=CH2] double bond of 
[(r/S-CsM%)zTa(CH2)H] [34]. Of the two limiting resonance structures, i.e. metal- 
telluroformaldehyde versus metallateUurirane, the Te-C bond length of 2.21 (2)A 
suggests that the latter description might be the more appropriate description for 
the [ Ta (r/Z-TeCHz)] interaction. The compound [(I/s-CsMes)zTa(rIZ-TeCHz)H ] is con- 
verted to its more stable tellurido-methyl isomer [(r/S-CsMes)2Ta(Te)CHa] at 130°C. 
The ditellurido and tellurido-hydrido complexes, [(r/5-CsMes)zTa(~/2-Te2)CH3] and 
[(ris-CsMes)2Ta(Te)H] have also been prepared [34]. 

C "  _ ..,,,,~,,H / O 
p a~a.~ B I II 

(9) 

The coupled agostic distortion of two methylene groups in the model trigonal 
bipyramidal complex [TaHs(CH2)2] has been studied by means of extended Htickel 
calculations where it is shown that the conrotatory and outward disrotatory pivoting 
is unfavourable. These results are discussed using a fragment molecular orbital 
(FMO) analysis and compared to the experimental structure in which coupled 
distortion of the two alkylidenes is eonrotatory [35]. 
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Reaction of [(r/5-CsMes)Ta(~Z-PhCCPh)Me2] with tert-butyl or methyl 
isocyanides gives high yields of the iminoacyl complexes [(~5-CsMes)Ta(~z- 
PhCCPh)0/2-MeCNR)Me] (R=tBu, Me) [36]. When heated in refluxing toluene, 
[(qs-CsMes)Ta(q2-PhCCPh)(q2-MeCNtBu)Me] gives the coupled product azatanta- 
laeyclopentatfiene, [(qs-CsMes)Ta(CPhCPhCMeNR)Me ] in high yield. A shn~ar 
reaction of CO with [(qs-CsMeDTa(~/2-PhCCPh)Mez] gives the corresponding metat- 
lacycle, [(~5-CsMes)Ta(CPhCPhCMeO)Me], the molecular structure of which reveals 
a fiveomembered [TaC30]-ring folded 124 ° alo~:g the Ca-O axis and containing an 
alkylidene. Other three-legged piano-stool alkyne complexes of the form 
[(qs-CsMes)Ta(qZ-PhCCPh)XY] (X=CI,  Y=Me; X=C1, Y=NMez) were 
prepared and characterised spectroscopically. Reduction of [(qs-CsMes)Ta(~12- 
PhCCPh)MeCt] with Na/Hg gives [(~5-CsMes)Ta(~2-PhCCPh)CI2] as the only isola- 
ble product. The complex [(rfl-CsHs)Nb(q2-PhCCPh)Me2] reacts with isorfitfiles, 
RNC (R = tBu, CHzPh) to produce the corresponding niobium iminoacyl complexes 
[(qs-CsHs)Nb(r/2-PhCCPh) (~/Z-MeCNR)Me]. 

The new ethyl complexes, [Tp'NbCI(Et)(PhCCR)] Tp'= hydddo- 
tris(3,5-pyrazolyl)borate (R=Me,  Et) are shown to exhibit an ~-hydrogen agosfie 
interaction. The reason why the ~-hydrogen agosfie interaction is preferred over a 
more conventional fl-agostic interaction is proposed to lie on stefic grounds [37]. 
Accordingly, the bulkier benzyl figand in [ Tp%lbCl (CHzPh) (PhCCMe)] coordinates 
in an ~/Lmanner whereas the good re-donor methoxy tigand in 
[Tp'Nb(OMe)(Et)(PhCCMe)] weakens the ~-agosfic bond. 

The early-late heterodimetallie complex, [CpzTa(~tZ-CHz)zPdCp] has h~n  pre- 
pared and aspects of its reactivity invest':gated [381. Reactions with phospbfines, 
including the preparation, structural charactefisation and reactivity of a 
[Ta-Pd] cationic complex beating a naked cyclopentadienyl counter-ion have been 
detailed. The complex [Cp2Ta(~tZ-CHz)zPdCp] was prepared by the reaction of 
[CpzTa(CH2)Me] with [CpPd(C3Hs)]. Subsequent treatment of 
[Cp2Ta(~t2-CH2)aPdCp] with PMe3 or P(OMe)3 ( 1 equiv.) in CH,.Clz solvent resulted 
in the formation of [CpzTa(Ia2-CH2)2Pd(L)CI] [L=PMe3, P(OMe)3] and half an 
equivalent of CpzCHz. Mechanistic studies indicated that the first step in these 
transformations is the formation of the respective his-phosphOric adducts 
[CpzTa(IaZ-CH2)2Pd(L)z]CI. The reaction of [CP2Ta(~tZ-CHz)zPdCp] with two eqtfiv- 
alents of PMe3 or P(OMe)3 or one equivalent of Me2P(CH2)zPMez (drape) led to 
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the isolation of [Cp2Ta(p2-CHz)zPd(L),]CI [L=PMe3, P(OMe) 3, dmpe], the latter 
dmpe complex being the subject of an X-ray diffraction analysis. Addition of 
P(OMe)3 to [Cp2Ta(IttZ-CH2)2PdCp] in acetonitrJle solvent gave the product 
[Cp2Ta(laZ-CH2)2Pd { P(OMe)3} 2(CHaCN)] which again proceeded through a bis- 
phosphite adduct. Indeed, each of the reactions of [Cp2Ta(~t2-CH2)_,PdCp] with 
phosphines suggests the formation of intermediates bearing a free cyclopentadienide 
ligand. The complex [Cp2Ta(la2-CH2)2Pd(dmpe)]Cp was isolated from the reaction 
of [CpzTa(~t2-CH2)2PdCp] with dmpe in acetovitrile and was characterised by X-ray 
diffraction. Reactions of this compound with electrophilic reagents are similar to 
those ob~.erved for sodium cyclopentadie,aide. Thus, the addition of FeCI2 to the 
complex [Cp2Ta(la2-CH2)2Pd(dmpe)]Cp resulted in the formation of half of an 
equivalent of ferrocene and [Cp2Ta(p2-CHz)2Pd(dmpe)]C1, whereas treatment of 
[CpzTa(p.-'-CH2)2Pd(dmpe)]C p with 1,2-dibromoethane led to the quantitative for- 
mation of half an equivalent of spiro[2.4]hepta-4,6-diene together with the bromide 
salt [Cp2Ta (~t2-CH2)2Pd (dmpe)] Br [ 38]. 

1.2. Lower oxidation states o f  niobium and tantalum 

1.2.1. Complexes with group 17 donor ligands 
Electrogenerated bis(trimethylsilyl)cyclopentadienyl niobium(III) complexes 

[r/s-CsH4SiMe3)2NbX2] (X = C1, Br, I) have been shown to be effective catalysts for 
the reduction of acyl chloride R aR2CHC(O)C1 (R t = R e = Ph; R 1 = Me, R z = Ph) 
[39]. Indirect cathodic reduction yields ~-diketones (RaRZCHCO)2, ketones 
R 1R 2CHC (O)CHR ~R 2 and alkanes (R t R 2CH )2. The formation of these derivatives 
involves the homolytic cleavage of the acyl chloride carbon-halogen bond, giving 
an acyl radical. Several mechanistic aspects are discussed; an oxidative addition of 
R aR 2CHC(O)C1 to the niobium(IlI) complex is followed by a reductive elimination 
of the acyl radical. On a similar theme, the same group has reported the synthesis of 
the hydrido-sty rene complex of niobium (III ) [(qs-CsH4SiMea)2NbH 
(qZ-CHz=CHPh)] from the reaction between [0/5-CsH4SiMe3)2NbHa] and styrene 
or [(qs-CsH4SiMe3)2NbX2] (X as above) with PhCH2CHzMgBr [40]. The first 
method gives rise to two isomeric products (endo, where the olefinic substituent is 
central and exo, with the olefinic substituent lateral in the equatorial plane 
bisecting the two Cp-rings), while the latter leads exclusively to the endo isomer. 
The mechanism of the formation of the styrene complex 
[(r/s-CsH4SiMe3)2NbI-t(r/2-CH2=CHPh)] is discussed in terms of a model which 
implies a consecutive reaction with a reversible step and a first order rate dependence 
with respect to [(qs-CsHaSiMea)2NbH3 ]. Finally, the kinetics of the olefin-hydride 
insertion have been studied by ~H-NMR spectroscopy using coalescence techniques. 

The single crystal X-ray diffraction study on [(qS-CsHhBu)2NbCiz] has bee:: 
reported [41], in which it is revealed that the two tert-butylcyciopentadienyl ligands 
are bound in an asymmetric manner to the niobium atom. This asymmetry is 
accounted for in terms of the steric demand of the tert-butyl substituents. The 
pseudo-tetrahedral geometry is completed by two chloride ligands. 

The compound [Cp*NbCI4] (Cp* =CsMes) reacts with isocyanides to give the 
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pseudo-octahedral adducts [Cp*NbCL(CNR)] (R=tBu,  2,6-Me2C6H3) [42]. 
Reduction of these adducts or alternatively [Cp*NbCI4] in the presence of two 
equivalents of Na/Hg and stoichiometric amounts of isocyanides gives the diamag- 
netic pseudo-octahedral niobium(III) complexes, [Cp*NbC12(CNR)3]. A similar 
reduction of [Cp*NbCI4] in the presence of alkynes and dienes leads to the isolation 
of new niobium( III ) derivatives, [Cp*NbCI2( R'CCR")] ( R.'= R " =  variously Me, Et, 
Ph and SiMe3) and [Cp*NbClz(diene)] (diene = isoprene, methyl ;nethacrylate). These 
complexes can also be prepared by addition of acetylenes to the phosphine complexes 
of niobium (IIl ) [Cp*NbCI2(L)z] (L = PMe3, PMe~Ph) and by addition of acetylenes 
to the dichloro niobium(III ) dimer, [Cp*NbCI2]z. All complexes have been character- 
ised by mass spectrometry, IR and NMR spectroscopies and the molecular structures 
of [Cp*NbCI4(CNR)] 11 and [Cp*NbCI,(CNR)3] 12 (R = 2,6-Me2C6H3)determined 
by single crystal X-ray diffraction; both possess pseudo-octahedral geometries. 

The compound [Cp~NbCI2] (Cp'=r/5-CsMe4Et) has been synthesised from 
[NbCls]2 and a slight excess of LiCp' and NaBH4 [43]. Its electrochemical (two- 
electron, E1/2=-1.6 V) and chemical reductions (2 equiv., Na/Hg) were studied 
showing that peralkylation of the Cp'-ligand facilitates two-electron reduction com- 
pared to the less substituted Cp-derivatives [43]. The reduced solutions of 
[Cp2*NbCI2] (Cp* =rts-CsMes) and [Cp~NbC12] (Cp'= ~/5-CsMe4Et ) were shown by 
means of EPR spectroscopy to contain two new paramagnetic species for which 
bent niobocene and fulvene-like structures are proposed. The high reduction poten- 
tial of these species led to their reaction with HPF6 and to thz first stable difluoroni- 
obocene derivative [Cp~NbF2][PF6] in good yield. The molecular structures of this 
compound and a co-crystallate of [Cp~NbF2][PFr] and [Cp;NbCIz][PFr], analysing 
as [Cp~NbCI(CI/F)][PF6], were studied by s~ngle-crystal X-ray diffraction techniques. 
Comparison with the structure of [Cp~NbCI2] (Cp '= qs-CsMe4Et) reveals a marked 
decrease in the X-Nb-X angle from 102.3(4) ° in the case of X = F  to 85.2(1) ~ for 
X = CI. Electrochemical, one-electron reduction of [Cp~NbF2][PF6] gave rise to the 
formation of [Cp~NbFz] which exhibits a much lower potential (Et/2 =-2.38V ) than 
other niobocene dihalides. Reaction of [Cp~NbFz][PF6] with Li_,S2 gave 
[Cp~Nb(y/z-S2)F], whereas [Cp~NbCI2][PF6] was reduced by LizS2 to give 
[Cp~NbCIz]. 

1.2.2. Complexes with group 16 donor ligands 
Novel niobium(IV)complexes containing two cyclopentadienyl rings and DM|T,  

DMIO and DDDT ligands have been synthesised and their voltammetric behaviour 
investigated in acetonitrile and dichloromethane solvents [44]. These complexes in 
acetonitrile solution exhibit a reversible one-electron oxidation and a reversible one- 
electron reduction step, corresponding to niobium( V ) and niobium (III) respectively, 
without any complicating side or subsequent reactions. Among the three 
niobium(IV) complexes, the reduction potential of the complex with DDDT was 
notably less negative than those of the complexes with DMIT  or DMIO. This fact 
allows the preparation of the charge-transfer complexes with TCNQ. The 
n:,obium(V) DMIT and DMIO complexes with two cyclopentadienyl ligands were 
also isolated as iodide salts by the oxidation of the corresponding niobium(IV) 
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complex. These niobium(V) complexes gave one-electron reduction steps whose 
potentials were identical to those of niobium(IV) and niobium(III) DMIT  and 
DMIO complexes [44]. 

C l mwm ' ""  " ' i~ '"  

C 
C lm,, ..... .Ta .... , , ~ u C N A r  

ArNC ~ ' ' '  [ " ~ C N A r  
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( l l )  (12) 

The (arene)tricarbonylchromium (benchrotrenic) oxo compounds BctCOR 
(Bct = Cr(CO)aC6Hs; R = H, alkyl, aryl) undergo a reductive coupling reaction with 
[NbCl3(dme)] leading to the mono- and bis-metallated alkenes, Bct(R)C = C ( R ) A r  
and Bct(R)C =C(R)Bct ,  respectively. Such a mixture of mono- and bis-metallated 
products is obtained when the benchrotrenic ketones are used as substrates. Starting 
from benchrotrenic aldehydes, different products such as mono-tricarbonylchromium 
trans-stilbene are obtained, a process shown to occur in two steps. The niobium(iiI) 
induced partial Cr(CO)3 decomplexation of the substrate is followed by the reductive 
coupling, preferentially between the free aldehyde formed and the benchrotrenic 
aldehyde. The differences in the reactivity observed are explained in terms of the 
favoured in-plane s-geometry for the niobium(III)-Lewis acid activation of the 
carbonyl toward metalloxirane nucleophilic attack [45]. 

Metal alkoxides are often associated with more accessible precursors such as 
carboxylates, nitrates, fl-diketonates in chemical routes to complex metal oxides. 
The molecular constitution of such solutions has been examined for systems related 
to ferroelectrics and based on niobium, titanium or zirconium alkoxides. A variety 
of oxo and non-oxo mixed metal acetoalkoxides have been characterised in the solid 
state (X-ray diffraction) as well as solution (FT-IR as well as multinuclear NMR 
spectroscopy). Conversion from these molecules to the final material through hydrol- 
ysis-polycondensation has been estimated [46 ]. The amorphous and crystalline pow- 
ders have been characterised by thermogravimetric analysis and X-ray diffraction, 
respectively. Strategies for a control of the stoichiometry between the metals 
in the precursors are discussed. Homoleptic alkoxides [Pb6Nb404(OEt)24] and 
[BaTi4(OEt)t8] were used as m~dels for gaining insight into chemical 
transformations. 
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The synthesis, structures and properties of [(Et4N)4NbzS4(NCS)8], 
[(EtQuin)4NbzS4(NCS)8], [NbzS4(Etz-NCSz)4], [Nb2S4(ROCSz)4] (R = Et, Cy, iPr) 
and [NbzS4(iPrOzPS2)4] have been described [47]. The first two of the above com- 
pounds have been obtained by fusing together [NbSzCIz] and KNCS, dissolving this 
melt in water and adding the corresponding organic cations. In this manner, the 
complex [(EtQuin)4Nb2S4(NCS)8] 13 has been isolated and characterised by single- 
crystal X-ray diffraction. The anion contains 8-coordinate niobium atoms ligated 
by r/z:t/':~t 2 l}gands and eight terminal isothiocyanate ligands. The Nb-Nb distance 
is 2.913(2) A. The NCS ligands in 13 can be displaced easily to afford the complexes 
[NbzS4(Et2-NCSz)4] and [NbzS4(iPrOzPSz)4] 14, the latter being examined by X-ray 
diffraction. Just like 13, complex 14 possesses a [NbzS4] core with a Nb-Nb distance 
of 2.898(1),~. Each niobium atom is, in addition, coordinated by two chelating 
dithiophosphate ligands. Mass spectrometric data for 13 and 14 have also been 
collected and studied [47]. 

iPrO PrO~ 
. . ~.P ' " |  OiPr 
' P r O ~ " ' ~  I "  I sc~& NCS ~ s s 
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1.2.3. Complexes with group 15 donor ligands 
Reaction of the hydride complex, [TaH(CO)4(dppe)] (dppe=bis°l,2-dJ- 

phenylphosphinoethane) in benzene with trJs(p-tert-butyphenyI)methyl  radical 
results in the abstraction of the metal-bonded hydrogen atom and formation of 
tris(p-t-butyphenyl)methane and the 17-electron compound [Ta(CO)4(dppe)], the 
latter being the first tantalum(0) carbonyl compound to be synthesised and 
studied [48]. 

Previous interpretation of the EPR spectra of the d l-pseudo-D4h [NbCI4(PRj)z] 
complexes assumed that the unpaired eleetron resides in the b2g (d~y) orbital. In 
contrast, simple molecular orbital considerations suggest that the unpahred electron 
resides in the Jahn-Teller unstable % (d~y, dye) orbital. Ab in#io self-consistent field 
calculations, wbdch should be reasonably accurate for the relative energies of these 
various d t-states, predict the ground state to be the Jahn-Teller distorted 2Eg [49]. 
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(15) 

Although the predicted geometry of this state is in agreement with the X-ray 
structure, the calculated g-values for this and other possible states are incompatible 
with the experimental g-values. It is concluded that the observed spectra are due to 
some other species. 

The complexes, [NbX(CO)z(PRa)a] (PRo = PEt3, X = I; PRo = PMezPh, X = C1, 
Br, I) and [NbX(CO)4/2(dppe)l/2] (X = Br) have been prepared by oxidative haloge- 
nation of carbonyl niobate with pyfidinium halides (X = Cl, Br) or iodine (X = i) 
[50]. in the tricarbonyls, one CO and one PRo are labile and can be displaced by a 
four-electron donating alkyne to give all-trans [NbX(CO)2(RCCR')(PR3)2] 
(PRa=PMe2Ph; X=CI,  Br, I; R ,R '=H,  Et, Ph; R = H ,  R '=Ph;  PR3=PEta, X = I ,  
R,R'=Pr;  R = H ,  R '=Bu,  Ph; R=Me,  R '=Et) .  In the case of acetylene, 
[NbI(CO)(HCCH)(PEt3)2] is also formed. The phosphine ligands can be replaced 
with phosphites. In the tetracarbonyl, two CO ligands are replaced by two isonitriles 
to form [NbI(CO)z(CNR)2(dppe)] (R=tBu, Cy) or by one alkyne to form 
[NbX(CO)2(PhCCPh) (dppe)] (X = Br, l). in these complexes, the remaining CO 
ligands occupy cis-positions. The structures of [NbX(CO)2(dppe)2]" L (X = Br, L = 
thf; X = I ,  L~hexane), [NbI(CO)2(PEt3)z(MeC=CEt)] have been determined by 
X-ray diffraction. The alkyne complexes are best regarded as octahedral with the 
centre of the alkyne ligand occupying the positions trans to the halide and the 
[(2 = C] axis aligned with the [OC-Nb-CO] axis. The complexes, 
[NbX(CO)(H2CPhCH2CH2PPh2)2] • 1/2thf has also been determined. The geometry 
is pentagonal bipyramidal, with one of the bromine atoms and the CO on the axis. 
Some 93Nb spectroscopic data for the Nb(I)  complexes are presented and prelimi- 
nary observations on the reactions between ~z-alkyne complexes and Hz or H-are 
reported. 

Siloxycarbyne complexes of the type [ Ta (= COSiRa) (CO) (dmpe)2] 
(R3=tBuPh2, Pha) have been prepared by routes analogous to those previously 
described for [Ta(= COSiiPra) (CO) (drape)2] [51 ]. Each of these compounds reacts 
with R ~SiCl to afford the acetylene complexes, [Ta(RaSiOC = COSiR ~) (dmpe)zC1 ] 
(R, R ' = a s  above). The mechanism of C-C bond formation in these systems has been 
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elucidated by stopped-flow kinetic studies of the reaction of 
[Ta(=COSiiPr3)(CO)(dmpe)2] with excess Me3SiCl in thf. Addition of 
(n-pentyt)aNC1 increased the rate of reaction between 
[Ta(=COSiiPrs)(CO)(dmpe)z] and excess MesSiC1, but produced the complex 
[Ta(Me3SiOC=COSiMe3)(dmpe)2CI] instead. A pathway for chloride-induced 
exchange of silyl groups between the starting material and excess MesSiCI has been 
elucidated. Addition of [BuaN]BPh4 also strongly accelerated the observed reaction 
rates but in this case the product formed was [Ta(R3SiOC=COSiR~)(dmpe)zC1] 
(R = Me, R ' =  iPr). The observed rate increases were attributed to an increase in the 
ionic strength of the solution. At a constant salt concentration of 23.grnM 
[BuaN]BPh4, the reaction was first order in both [Ta(=COSiiPr3)(CO)(dmpe)j 
and MesSiC1, with a second order rate constant of 1.71 (4) M l s l at 22(1 )°. These 
results are consistent with a mechanism involving electrophilic attack by the silyl 
reagent on the CO Iigand as the rate determining step of reaction [51]. Addition of 
AIEt3 to [Ta(=COSitBuPh,)(CO)(dmpe)z] allowed the isolation of the complex 
[Ta(= COSitBuPh2)(COA1Ets)(dmpe)z], a model for the initial species formed upon 
silylation of the CO ligand in the precursor tantalum complex. Comparison of 
the structural and spectroscopic properties of [Ta(=COSitBuPh2)(CO)(drnpe)z] 
and [Ta(=COSitBuPhz)(COA1Ets)(dmpe)z] revealed that C-C bond formation 
does not occur upon addition of this particular Lewis acid. The structure of the 
latter adduct revealed several important features, the most significant of which is a 
decrease in the C-Ta-C angle to 73.4(4) ° from the value of 89.1(3) ° in 
[Ta(=COSPBuPhz)(CO)(dmpe)2]. The corresponding angle in the reductively 
coupled product [Ta(RaSiOC = COSiR ~) (dmpe)2C1 ], the structure of which is also 
reported, is 36.5(2) ° [51]. 

Tantalum(III) silyl complexes [CpzTaL(SiR3)] (Cp = qs-CsH s, L = PMe3, CO) are 
reactive towards the C-H bonds of unhindered arenes such as benzene, toluene and 
m-xylene [ 52 ]. The stefically hindered silyl complex [CpzTa (PMea) (SitBuzH)] reacts 
in neat arenes to produce the corresponding aryl complexes [CpzTa(PMe3)Ar] in 
high yields. However, complexes with smaller silyi ligands give equilibrium mixtures 
of silyl and aryl complexes in which the silyl is favoured. Dynamic studies of this 
system have permitted the first direct comparison of Si-H and C-H bond activation 
by the same metal centre and allow the estimation of relative Ta-C and Ta-Si bond 
dissociation enthalpies (BDEs) [52]. It is found that the Ta-Si bonds in 
[CpzTa(PMea)(SitBu2H)] and in [Cp2Ta(PMe3)(SiMe3)] are resFectively 5.4 and 
7.9 keal tool "t weaker than the Ta-C phenyl bond in [CpzTa(PMea)Ph]. However, 
metal-phenyl bonds are generally much stronger than metal-alkyl bonds and the 
Ta-Si BDEs are probably comparable to or greater than the strength of a tantalum- 
alkyl bond. As expected, the bulkier silyI group exhibits the weaker BDE, but 
surprisingly, the lower stability of [CpzTa(PMe3)(SitBuzH)] with respect to the 
phenyl complex is primarily due to a large and favourable entropy change 
(34(3) J K -~ tool -~) resulting from the release of steric congestion upon converting 
the silyl into the phenyt complex. The high reactivity of tantalum s~yls towards 
arene C-H bond activation can also be combined with the facile reaction of 
tantalum alkyls with silanes to yield the silane-catalysed conversion of [CpzTaLR] 
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( R = a l k y l ,  L = P M e a ,  C H 2 = C H 2 )  complexes into the corresponding aryl 
complexes. Complexes [Cp2Ta(PMea)(SgBu2H)] ,  [CpzTa(CO)(SitBu2H)] and 
[Cp2Ta(CO)(SiMea)] have been structurally eharaeterised by single crystal X-r'~y 
diffraction analysis. 

1.2.4. Other donor sets 
The one-electron oxidation of  [Nb(Mes)]2 ( M e s =  1,3,5-trimethylbenzene) with 

~:zfrocenium te t raarylborate  produces the 16-electron cation, [Nb(Mes)2] + which 
adds disubstituted symmetrical alkynes to give the ionic compounds  
[Nb(Mes)2 (a lkyne) ]+[Y]  [ a lkyne=MeCzMe,  Y = B P h 4 ,  B(p-FC6H4)4, B[3,5- 
(CFa)2C6Ha]4; a lkyne=PhC2Ph ,  Y = B P h 4 ,  B(p-FC6H4)4] [53]. The latter complex 
has been examined by single-crystal X-ray  diffraction which reveals no startling 
discoveries. However,  thermal t reatment  in toluene results in mesitylene displacement 
and format ion o f  a neutral  species containing q6-aryI bonding ar rangement  of  the 
borate  anion such as in complex 15. This new type of  bonding is not  restricted to 
methyl or  phenyl-substi tuted alkyne derivatives, CO is also compatible with the 
arrangement ,  such as [Nb(q6-C6H4X)2B(C6H4X)z(CO)] which has also been the 
subject of  an X-ray diffraction investigation. 
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