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INTRODUCTION

This review is iniended 10 cover the literature on the coordination chernistry of niobiem and
tantalum through the year 1993 as reflecwed in Chemical Abstracts volumes 118, 119 and 120. To
keep the review within manageable length, we have chosen to Himit the study, in a similar fashion to
the 1992 review, 1o low nuclearity inorganic coordination systems only; consequently several areas
have had to be omitted. Specifically, organic/forganometallic systerns have been omitted unless there
was good reason on account of the non-carbon based components of the coordination sphere, high-
nuclearity cluster chemisiry (including polyoxometallases) and solid state and materials science have
been excluded unless again there was a sttong reason to include them from an
inorganic/coordinadon chemiswy viewpoint.

The layout of the review focuses on the different oxidation states of niobium and tantalum
which range from +5 down to -2. However, most compounds in oxidation states lower than +5 are
found to be stabilised by carbon-based organic ligands and consequently, many such compounds lie
outside the scope of the present review. Ii has proven more efficient, from a presentational point of
view, to separate the +5 oxidation state from the others since most coordination chemical studies
have inevitably dealt with the former state. Within each main section the sub-sections are organised
according to the nature of the coordinated ligands; halogens from group 17, chalcogens from group
16, pnictogens from group 15 and ligands with othet donor atoms, Withio these bread 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.
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The readers’ astention is directed to a comprehensive review of the coordination chemistry of
nicbium and tantalum covering the years 1985-1987 especially for areas of cluster chemistry, solid
state and materials relaied science {1] and to the companion reviews of niobium and tantalum
coordination chemistry for 1992 [21.

2.1 NIOBIUM(V) AND TANTALUM(V)
2,11 Complexes with group 17 donor ligands

As in many previous studies, the pentahalides of niobium and tantalum have found use as
precursors o other derivatives of 40 niobium and tantalum salts viz reaction with suitably donating
ligands. Thus, the reaction of (EiC)2P(=S}OMe) (L) and PhzP(=8}OEt) (L") with MFs5 (M = Nb,
Ta) has been studied by 19 and 'H NMR spectroscopy ia dichioromethane (CHoClp) and
acetonitrile (MeCN) solvents, The first stage of reaction occurs with coordination of the ligands to
the MFs through the sulfur atoms with formation of octahedral MFsL.. After this, thione—thiol
isomerisation of the coordinated ligands occurs as a result of which the oxygen atom becomes the
donor atom. The rate of isomerisation involving the methoxy group is greater than that involving the
cihoxy group [3]. A seven-coordinate intermediate is formed in which the ligands are coordinated to
the central metal through sulfur and alkoxy oxygen atoms. I the solvent is rot rigorously parified to
remove dissolved oxygen, thea besides the thione—thiol isomerisation, oxidasion of the ligand
occurs with separation of elemental sulfur. From a comparison of 1H NMR chemical shifts of the
uncoordinated and coordinated ligands and the values of the shift of the absorption bands of
v(P=0Q) in the IR spectra, conclusions are drawn on the greater acceptor capacity of NbFs with
respect to TaFs toward the phosphoryl-containing ligands [3].

Along similar lines to the work above, highly pure Nbidpm);Clz [Hdpm =
dipivaloylmethane} has been synthesised by the reaction of Hdpm with NbCis using anhydrous
sclvents under an atmosphere of highly pure argon gas {4]. The formation of Nb{dpm);Cl3 was
confirmed using elemental analysis, FT—IR, 'H and !3C NMR and thermogravimetric-differential
thermal analysis {TG—DTA). Vaporisation of impurities was not found to occur in the TG
experiments. Nb(dpm}Cls vaporised at 180—340°C withous residue and is a promising new source
material of metalloorganic chemical vapour deposition (MOCVD) for the preparation ef photo-
integrated circuit thin films [4],

The reaction of [PhoP(=0}]2C=CHz (L) with PF5 and TaFs has been studied by 31P and
19F NMR spectroscopies. The compounds PFs.L, [PFslz.L, [PF4.Li(PFg], TaFs.L, [TaFa.Lj*, mer-
Ta(O)F3.L and [TaF3.L]20 were reported to be formed |5).

Spectroscopic studies on molten salt solutions continue to be a major feature of investigation
for group 5 metal halides. Raman spectra have been obtained at temperatures in the range 375-
65G K and pressures of up 10 four atmospheres from GaCl3—NbCls and GaClz—TaCls binary
mixtures in the liguid and vapour states. The data indicate formation of NbGaClg and TaGaCig
liquid and vapour dinuclear addition complexes. The spectra were interpreted in terms of a Cpy
configeration for the MGaClg (M = Nb, Ta) molecules consisting of an MClg octahedron sharing
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2.12  Complexes with group 16 donor ligands

Since both niobium and tanialum are highly oxophilic metals, there is always a significant
literature devoted 10 compounds in which these metals are bound to oxygen and {0 a lesser degree,
sulfer. In most cases, the metal alkoxo and thiclawo functions [M—XR] and the oxo or thio
functions [M=X] (X = O, S} form the basic structural motifs with the eshereal dative bond [M—
OR2] being a feature of more loosely bound ether molecules as found in precursor compounds.

The aryloxe compound TaCly(0-4-'Bu’sHa)s was synthesised by reacting TaCls with HO-
4-'BuCgHj, in a 1:3 molar ratio in dry CgHg under reflux and was characterised by elemental
analysis, conductance, IR, NMR and mass spectrai studies. The reaction of TaClx{Q-4-1BuCgHan
with equimolar amounts of hydroxy-containing substrates having labile protons (L) such as benzoin,
2-hydroxyacetophenone, salicylaldehyde in 1:1 molar ratio afforded the six-coordinate compounds
TaClHO-4-1BeCgHa)s.L [9].

Aryloxe compounds have also been obtained from the reaction of dimethylamido complexes
of titanium, tungsten and aiobium with HO-2,4-1Bu-6-Ph-CgHa. Three new mixed amide-aryloxo
compounds were isolated [Ti{(Q-2,4-1Bu-6-Ph-CgH7)2{NMe2)2], (Nb{O-2,4-‘Bu-6-Ph-
CgHa)a(NMe2)3) (3) and {W2(0-2.4-1Bu-6-Ph-CgHabz(NMe3)4) and strucworally characterised.

NMe
eh , NMegpy,
Bu O//Nb\ 'Bu
NMep
'Bu By
(3)

Compound 3 possesses a monomeric distorted migonal bipyramidal geometry in which two
of the amido ligands occupy mutually trans positions, The distortion from idealised geomeiry
results from the opening up of the angle between the two formally equatorial aryloxe ligands to
144.9(1)° which is presumably a reflection of the steric interactions between these two bulky
ligands. Indeed, the extent of this distortion is such thar the molecule is beginning to approach a
square-pyrarnidal geometry. The conformation of the amido groups in 3 is interesting since it can
shed light on the possible contributions o pn-dr bonding between the planar nitrogen atoms and
the metal. The x-bonding of three NMe; groups arranged in a T-shape about a &0 metal centre, as in
3, will be maximised with all three NC7 propellers orientated mutvally perpendicular thus allowing
each nitrogen atom to donate into a different available metal 4-orbital. However, in 3 this is not the
Case as the two mutually trans asides are paratlel and the resulting competidon for d-orbitals results
in a significant lengthening of the Nb—N axial bonds [2.032(3) and 2.036(3)A] over the
corresponding equatorial distance [1.94(3AL. Itis possible that steric effects are responsible for this
or electronic effects due to competitive p-bonding between the metal and the aryloxo oxygen atoms.



LC. Vites et af. /Courdination Chemistry Reviews 146 {1995) ]-281 21

Heating of these compounds for extended periods did not lead to cyclomezallation of either the aryl
or tert-butyl group of the aryloxo ligand [10).

The use of metal compounds containing sterically demanding aryloxo ligands as catalysts
for the polymerisation of unsaturated organic substraies has been examined by the group of
Nakamura [11]. Thus, the system comptising WCIL(0-2,6-MeaCsHa)g q and EtvigBr (n = 1-4) has
been examined as a catalyst for the polymerisation of 1-alkynes in toluene solvent at -20°C o
+60°C for 24 h. The system WCl4{0-2,6-MeaCgH3)o/Etz Al polymerised IBuCCH to a very high
molecular weighs polymes (Mp, > 2 x 105} with a narrow polydispersity index (My/My, ca. 1.2). By
increasing the number of aryloxo ligands, less buiky 1-atkynes were polymerised 1o high molecular
weight polymers. Thus, 1-buiyne gave an orange polymer with My = 9.4 x 104 and My/My = 3.5.
Simslar results were obtained when the corresponding niobium and tantalum systems were exarnined
[11].

A variety of other mixed metal and mixed alkoxo compounds have been prepared by the
Mehrotra group including XSn{Al(OWPr)s}, XSn{Zm(OiPrie}, XSn{M{QiPr)s]},
f ANOIP4 }Sn{ Zra(OfPrig} and {NB{OIPr)g}Sn{ Ta(OPr)g) (X= Ci, OiPr, OtBu; M = Nb, Ta).
These compounds were characterised by elemental analysis, molecular weight measurements and
murktinuclear (1H, 13C, 27A1 and 11%Sn) NMR analyses [12]. In a similar fashion, the compounds
Cla.xSn{MIOWPrYg ) (M = Nb, Ta; n = 1-3) have been synthesised by the reactions of SaCls with
an appropriate salt K {M{OiPr}g} in the necessary molar ratios. These chiore precursors were then
used to obtain (RO)2Sa{M(OPrigla (R = Me, iPr), {Ta(OPr)gl25n[Nb{OPrig}2 and
{AI{OP1)432CISn {NDB(QiPr)s}2 by halide atom replacement with the appropriate potassium
alkoxide salt. Characterisation of these compounds was provided by etemental and alkoxo group
analysis, IR, molecular weights and multinuclear (1H, 13C, 27A] and 1198n) NMR spectrascopic
analyses [131. A variety of other mixed metal alkoxo systems based on tert-butoxide have been
characterised using the same techniques by the same rescarch group. Some examples
include FeClz{Al{OBut}4}s, Fe(CBul)2{ Al(OBuYs}2, Fe{AOBRu)y} {Nb(OWPr)g}s and
Fe[AOBul)s}2{ Nb(OPrig} which were synthesised by merathetical reactions. Alcoholysis of
Fe{Al(OBuY4}2{ND(CiPrig) with an excess of MeCQH and ‘BuOH produces
Fe{ Al(OMe)s}2{ Nb{OMe)s} and Fe{ Al{OButy }2{ Nb(O'Pr)n(OBut)y | respeciively {14].

MCk + PPh, + R'RECO
(M = Nb, Ta)

IR'RZC(PPh;)OMCLICI )

The formation of the [M—O] bond via the interaction of metal halides and tertiary
phosphines with carbonyl subsiraies has been reporied [15). This reaction (2) is a form of
phosphorium ion formation and bears a remarkable resemblance to the Pudovik and Abramov
reactions of organophosphorus chemistry [16]. Thus, eatment of aldehydes and ketones with one
mole equivalen: of a Lewis acid such as TiCly, NbCis or TaCls and one mole equivalent of PPhs
affords the derivatives [RICH{(PPhaR2YOMCI,]C! and [RIR2C(PPhyR2YOMCILICH (M = Nb, Ta: n
=4; R = various organic groups; R2 = Ph) as air and moisture sensitive sofids [15). On the basis
of NMR spectroscopic studies, some of the adducts obtained from aldehydes exist in solution as
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ixtures of isomers or oligomers whereas the ketone derivatives aze in equilibrium with free ketone
and NbCls.PPha,

As well as alcohols, carboxylic acids have been used as a versatile source of the [M—0O]
bond. Thus, it was found that the products from the interaction of MCls (M = Nb, Ta) with RCOH
(R = Ph, 4-MeCgFls, 4-FCgHa) included {{TaCly{p-O3{02CCeHsMe-4)14] (4) which contains a
[ Ta404] core, INbCl3(02CR)2(1-0)] and [TaClg(O»CRY] [17). In a similar fashion, reaction of
NbCls with aryl carboxylic acids yields the oxo-niobium carboxylates [NDCl13(O2CR)2(U-O)] (R =
Ph (5), 4-MeCgH4, 2-MeCgH4, 4-FCgHy, 4-CiCgHa, 2-FCgHa, 2-CiCgHa, 2-BrCgHy, 2,6-
MesCgH3) [18). A single crystal X-ray analysis of the benzoate derivative (5) shows a p-oxo-bis{yt-
carboxylato)dimetal core in which each niobium atom is in a distorted octahedral eavironment, the
other three sites on each metal being occupied by chlorine atoms, Spectroscopic data suggest similar
structures for the remaining derivatives.

Cl\ -S'Cl C'l’. /Cl
e Ta™" ° ““-’:‘I‘a T
0 A

&

{5)

The preparation and crystal structure of Nb{HTRENCAM).DMSO [HsTRENCAM =
hexadentate ris(catecholamide) (6] has been reported, revealing a cavitand-like arrangement of the
three catecholamide groups with the protonated non-binding aitrogen aiom directed inwards to the
niobium atom, The geometry around the niobium atom (shaded) resembles a distorted mono-capped
trigonal antiprise (7) [19].
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OH
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N\/\N
HO H HO
HO OH
O
{6)

The use of sterically demanding alkoxo ligands has continued to provide a rich seam of
chemistry, especially in the field of low coordinate metal species containing d-electrons. Such low-
coordinate metal centres are particularly susceptible towards oxidation addition and cyclisation
reactions with enormous potential for the manipulation of both saturated and unsaturated organic
substrates and indeed, as model systems for the investgation of mechanistic features of important
industrial reactions such as the Fischer-Tropsch process. The reduction of Ta(SILOX)3Cls (STLOX
= [Bu38i0-) with Na/Hg in thf under Hy afforded Ta(SILOX):2H: [(8); 43%]. Compound (8)
underwent a thermai cyclometallation 1o TaH(SILOX);0SiBuyCMeCHy (9) but was reconstituted
by weatment with Hy (6 days, 3 aim). Treatment of (8) with CoHg, neat CCly and Mel in
diethylether generated Ta(STLOX3HEL (63%), Ta(SILOX)3HC! (63%) and Ta(SILOX)3HI (62%)
respectively. Reduction of Ta{SILOX)3HI with Na/Hg in thf produced a ring-opened thf compound
I(SILOX)3TaH]2fu:m-(CH23301 (58%). Photolysis of Ta(SILOX),ClaCHoPh gave
[(SILOX)»TaCl)2{-H)s, C7Hg and & trace of dibenzyl. Reduction of Ta{STLOX);Cla with Na/Hg
under 1 atm. Hy over the course of 15 days yielded an unbridged Dog dimer [{SILOX);TaH2)2
(83%) which possessed a [Ta—Ta] single bond with a length of 2.720(4)A by single crystal X-ray
diffraction {20]. Subsequen: exposure of [(SILOX)2TaH2]7 to 2 equivalents of HCL, 1 equiv. O
and 1 equiv. Me3NO provided [(SILOX);TaCll2(u-H)y (78%), [(SILOX ) TaHl2{(n-O) ({10,
95%] and [{(SILOX}TaH]a(pt-H)z(-O) [(11); 67%)). Derivatisation of (10) with CaHy gave
{SILOX )y TaEtia(u-0)s (39%). Compound (11) exists as a mixture of two O symmetric isomers;
the hydrides of one isomer exchanged with an energy barrier of AG ca. 8 koal mol—! whilst those of
the other isomer exchanged coincidentally with isomeric interconversion {an energy barrdier of AG
ca. 11 keal moi~! was measured). Dihydride (8) undergoes 6-bond metathesis with Dy forming
initially Ta(SILOX}3HD and the exchange of (8) with hydrogen was measured directly using spin
saturation transfer techniques. Carbonylation of (8) and Ta(SILOX)3HE! afforded 7)2-aldehyde
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complexes of the general forrn Ta{SILOX)31(n-RCHO). Treatment of [(SILOX ) TaCl]2(l-H)2 with
CO yielded [(SH.OX)7TaCl]a(p-H){p:m2:m2-CHO) [(12); 56%)] whilst exposure of dimeric
[(SILOX)TaH3]2 to 1 equivalent of CO afforded [(SILOX ) TaHla{1-CH2)(u—0) ({13); 67%).
Subsequently, ((STLOX)»TaH}(1:n2n2-CHO) N m2-CH20)[ Ta(SILOX ;) (14) was isolated in
55% yield and converted to [Ta(SILOX)21a2(p-0)2(n-CHMe) [(15); 61%)]. The sequence
[(SILOX);TaH3]2 + CO going to (13) then (14} then (15) exhibits the critical bond breaking and
the C—H and C—C bond making events of the Fischer-Tropsch (F-T) process. Extended
exposure of [(SILOX)2TaHz]z or (14) 1o 1 atm. CO provided [(SILOX)2Talz(u:nlin!-
CH=CHO)(11:n1:n2-CH30)(1-0) {16; 50%). Carbonylation of [(STLOX);TaH}2{u-0)3 (10)
generated [(SILOX)2Talx{p-0)2(1-CHHO) as the major product (70-90%), while weatment of (11)
with CO afforded first [{(SILOX)>TaH]2(u-O[TaMe(SILOX}] (90%) and then [(SILOX)2Tala(j-
0)2(L-MeCHO) (90%). 13CO labelling studies were used to follow the (13)-(15)-(16)
conversions, thus providing a basis for mechanistic interpretation. Dimeric structures allow
oxygenated fragments to remain coordinated to two tantalum atoms throughout the sequence.
Insertion into [Ta—H) bonds may initiate ¢ach carbonylation process. Stereochemical
consequences of SILOX ligation are discussed in relation to the structures and dynarnics of the
dinuclears, while the electrophilic tantalum centres are important in H/D exchange and carbonylation
chemistry. The carbonylation chemistry underscores three critical points regarding the F-T process:
(iy hydride transfer 1o CO is a reasonable alternative to CO dissociation; (ii) adsorbed hydrocarbyl
and oxygenate fragments are related by reversible C--0 bond breaking and bond making events;
(iii} oxygenate and hydrocarbyl adsorbates can be removed protolytically, akin to hydrogenation
[20].

Metal-oxe species are again well represenied. CsBCOg (B = Sh, Nb, Ta; C = Te, Mo, W, 1)
have been prepared from CsNOjz and the respective metal oxides or UQ2(NQ3)2.6H20 by the
ceramic method. All of the compounds have a perovskite structure except CsNbUOg which is
monoclinic, space group P21/c, Z =4 (21].

A number of derivatives in which the metal contains a formal {M=0] unit have been
reporied. Thus Nb(O)Cisz L (L = PMes, PMePhs, PPha, PEts), Nb{O)Cl3.(PhaPCH2CH,PPhy) and
Nb(O)Cl3(PMezPh)a were prepared by reaction of either [NB(OYCl3],y or Nb(O)Cla(thf)2 with a
stoichiometric amount of the phosphine in CHCly solvent, The influence of the different ligand
fields on the IR stretching frequency of the metal-oxo unit was discussed in terms of the geometry
of the complex and the stereo-electronic properties of the attendant ligands. Thus, the more
phosphines attiached to the metal and the more electron-donating the phosphorus centre, so the lower
the [Nb=0] stretching frequency [22]. On the basis of similarities in the IR and other spectral data,
it was envisaged that Nb{O)Cl3(PMe;Ph)3 possessed a similar monocapped trigonal anti-prismatic
geometry 1o Nb{O)Cl3(PMes)z but there was no evidence for the former existing in different,
apparently isomeric, forms unlike the latter.

Moving to ligands based on sulfur denor atoms, aspects of the coordination chemistry of
dithiophosphates have been examined. Thus, M(OTPD3[S2P(OR)2]2 (M = Nb, Ta; R = Pr, iPr, iBu,
Ph} were prepared by reacting MCla{OiPr)3 with the requisite molar ratio of Na or NH;[S2P(OR)2]
in thf solvent. The monomeric products are viscous liquids which are soluble in common organic
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solvents and highly suscepiible to hydrolysis; they have been characterised by IR and NMR
spectroscopies which indicate a didentate mode of attachment of the dithiophosphato groups to the
raetal [23).

A number of transition metal complexes containing ligands based on the 1-substitused-2-
tetrazoline-5-thione scaffold (17) have been reported including complexes of niobiam and aantalum.
These complexes have been characterised using elemental analysis, conductance measurements, IR
and UV-VIS spectral studies. The Ph, 3-MeCgHa, 4-MeCgll4 and 4-CICgHy4 derivatives of 1-
substituted- 2-tetrazoline-S-thione are coordinated through the thione tautomeric form with VO,
MoO2%*, WO,2+ and ZrO2+ species but interact via the thiol form in the cases of Nb5* and Ta%*
resulting in deprotonation of the thiol. The metal-ligand vibrations in the far-IR region have also
been examined [24].

A facile (C—8] bond cleavage reaction has been reporied 10 take place in the reaction
between NbCls and 3 equivalents of LKTPDT) (HpTPDT = 3-thiapentane-1,5-pentanedithiol)
followed by a cation exchange with PhyPBr to afford, (PhaP)[NB(SHEDTXTPDT)I,
(PP} NBEDT)(TPDT)] [(18); H2EDT = 1,2-ethanedithiol) and (PhyP)Nb{OWEDTHTPDT)]
[25]. The crystal structure of (18) is also reported {monoclinic, space group P24/, @ = 14.031(2), &
=9.140(2), ¢ = 28.030(4) A; B =107.28(1)° and Z = 4) and is found (o contain a seven coordinate
mixed dithiolate complex anion (shown below), in which the primary coordination sphere of the
ntobium centre is composed solely of sulfur donor atoms with a distorted pentagonal-bipyrarmidal
geomertry.

tsﬁu,' ‘\\
&——nb )

s/l\

{18} Hydrogens omitted for clarity

213  Complexes with group 15 donor Hgands

Because of the highly electrophilic nawre of niobium and tantalum, most studies in this field
have focused on ligands containing elecmonegative nirogen donor atoms.

The complex Ta(=CH!Bu)Cli{thf)2 is one such precursor compound which adds
iminoboranes tBuB=NMes in a 1:2 molar ratio to afford the cyclobuiane compound (19) [26].
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(19}

As in previous years, amido [M—NR2} and imido [M=NR] compouads have formed the
bulk of niobium and antalum systems studied with group 15 donor ligands.

The reaction of Cp*TaCly (Cp* = CsMes) with 2 eguivaleats of LINHAr (Ar = 2,6-
iPrCgH2) in thf solvent affords the imido compound Cp*Ta(NARCl,. Upen reaction of Cp*TaCly
with 4 equivalents of LiNHAr in diethylether sclvent the isolated product is
[Cp*Ta{NAT)2CI[LIOEL] (20) {27]. The corresponding thf adduct is obtained when reactton is
performed in thf solvent or when Cp*Ta{NAr)Cl; is reacted with 2 equivalents of LINHAT in thf
solvent. A single crystal X-ray diffraction siudy on (20) reveals a [LiOEtz]* moiety bridging the
imido nitrogens. [a solution, the two tantalum-bound imido groups arc equivalent with restricted
rotation about the [Ta—N—Cjpg0] bonds implying an intact [LiOEtz])* bridge. The compound
Cp*Ta{NAr¥NEwz)C1 (prepared from Ta(NAr}{(NEt2)Cl2(thf); and LiCp* reacts slowly with
LiNHAY in refluxing thf to afford [Cp*Ta(NArCl[Li{thf)].

20}

Muitidentate Bigands have proved a popular theme for study. Thus, it has been reported by
Schrock and co-workers that TaCls reacts with Liy(NiN) [((N3N) = (MesSINCH;CHRCH 13N o
give Ta(N3N)Cl; which reacted with LIPHR {R = Ph, Cy, [Bu) in E20 to give Ta(=PR)}(N3N) (21).
Aldehydes react with (21) to afford Ta(=0XN3N) and RP=CHR'{(R = R'=‘Bu; R = Ph, By, R’ =
ferrocenyl, Fc; R = R' = Ph} {28). The phosphaalkene ‘BuP=CHFc¢ dimenses to the corresponding
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1,3-diphosphetan. Cyclopentadiene adds 10 unstable PhP=CHFc to afford the Diels-Alder adduct.
Compound (21) (R = cyclohexyl) has been examined by X-ray crystaliography and is found to be
orthorhombic, space group Pra2y, with Z =4, a = 19.754(2), b = 11.862(1), ¢ = 12.993(}) A

Me.Si “ S‘Mes " 38 \ l SlMe3
e i)
. o N S M
N\ /Tla\N\ SiMe, \N Ta ! iMes
21 E=Se(225Te2d)

Along similar lings, Amold and co-workers have independently examnined the same systems
in relation to their interactions with group 16 donor ligands. Thus. TaCls reacted with (HN)3N in
EzC to give Ta{N3N)Clz, which reacted subsequently with (thf);LiESi(SiMes)z (E = 8, Se, Te) at
—78°C to afford Ta(=E)}N3sN). Both Ta(N3NICl2 and Ta(=E}N3N) were characterised by IR,
Raman, 'H, 13C(1H}, 778e{1H), 125Te{1H} NMR and mass spectroscopic technigues.
Ta(=Se}(N3Nj} (22) is orthorhombic and Ta(=Te)(N3N) (23) monocliric, both compounds
possessing the same distorted trigonal bipyramidal geometry as compound (21} with the selenium
and teliurium atoms in axial positions with respect io the tertiary nitrogen atoms [25].

Ci By Me,

A/

Ta n—"— i

i

MeoN

(24)

The ;1 reaction of TaCly(2,6-{MeaNCH2);CeH3J(CH'Bu) with ‘BuCH»ZnCl affords the
dimetallic compound (24) in high yield. The five-coordinate tantalum metal centre has a
coordination geometry between trigonal bipyramidal and square pyramidal, whilst the zinc centre has
a distorted tetrahedral ligand array. The alkylidyne function and the aryl ipso-carbon bridge between
the zin¢ and tantalum centres. The p-orbital at Cipgo of the aryldiamine ligand forms a 2-electron
bond te the zing centre, thus functioning as an 8-electron donor. The reaction of (24) with tmen at
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60°C leads to elimination of ZnCl3 and the formation of (25}, which results from an alkylidyne-
mediated activation reaction of a methyl C-—H bond in a dimethylamino group [39]. In the presence
of [Pd{2-MesNCH2CsHa)(p-X)12 (X = CI, ), the reaction of {25) with tmen appears & generate
TaClp[2-MeaNCH>CgH3 CBu)[2,6-(MesNCH2)7C6H3] and as such, is an unanticipated, new
palladium-mediated alkylidyne functionalisagion reaction.

The addition of TaClzMes 10 2 equivalents of LINHSIR 3 (R = 1Bu) in hexane solvent results
in the liberation of methare and isclation of Ta(=NSitR3}{NHSiR3}Mez (26) in 63% vield [31].
Thermolysis of (26} in benzene resulied in disproportionation but in pyridine and thf solvents,
Ta{=NSitR3)};LoMe (L = pyridine 6§8%; thf 13%) and methane were produced. The bis-adduct is
considered to form vig a 1,2-elimination of methane from Ta(=NSi'R1){NHSiR 1)Mezpy which is
cblained from (26} and pyridine at 25°C. 1H and 13C NMR specira of the bis-adduct indicated
equivalent pyridine ligands but a single crystal X-ray structure determination revealed rigonal
bipyramidal pseudo-Cy sterecisomer with an axial methy] group and equatorial imido ligands that
reflects the steric requirements of the bulky R38iN= units. Rather long [Ta=N] distances
[1.810(13) and 1.819(13)A] support electronic arguments suggesting that the imides donate a
maximum of 6-¢lectrons to the metal centre, Addition of TaCls to 4 equivalents of LiNHSiR3 in
Et20 at -78°C afforded Ta(=NSi'R3)}{NHSiR3)2Cl and R3SiNHj. Alkylation of
Ta{=NSiR3){NHSiR3)7Cl with AlMes in hexane, PhLi in Et;O/hexane, PRCH2K in toluene and
RCHzLi in Et20 provided Ta{=NSi'R1}{NHS{R3}2R (R = Me 78%; Ph 64%; CHaPh 51%; CHyR
39%). Addition of R38iNH; or R3SiOH to {26) yielded Ta(=NSi'R3)}(NHSiRi)}2Me or
Ta(=NSi'R1)(08iR3)2Me (52%) and methane. Thermolysis of Ta(=NSi'R3}¥NHSiR1):R effected
1,2-RH elimination to form transient Ta(=NSiR3}NHSiR3)2 which is capable of adding one C—H
bond across one imido linkage. Ground state information was obtained via the approach o
equilibrinm of Ta(=NSi'R3)}(NHSiR3);Ph and CHa but observation of a ditanzalum species
[{R3SiNH}2Ta{=NSiR3}l2(1t:m1,n-1,4-CgHs) complicated the measurements. Simulation of the
approach to equilibrium yielded rate constants consistent with the previously measured 1,2-RH-
elimination rates and showed that Ta(=NSi'R1}{NHSiR3)?R possessed relatively similar ground
state free energies. Equilibration of Ta(=NSi'R3}NHSiR3);CH2Ph o the aryl complex
Ta{=NSi'R3)(NHSiR1}»CgHsMe in toluene at 182° gave similar results. The data portray differing
1,2-RH-eliminadon rates that result from significant ransition state energy differences, nuling out a
late transition state despite a rough correlation of raie with the C—H bond strength of the eliminated
alkane/arene. The implications of these measurements, including the possibility of dC-alkane or
arene complexes as intermediates and differences in [Ta—C] bond strengths are discussed in great
detail [31].

Among the studies with nicbium(V) and tantalum¢ V) and phosphorus donor ligands other
than the phosphinidine species (21), it has been reported that Ta(QArpCh(HNPMesPhy (HOAr =
2,6-diisopropylphenocl} reacts with 1, 2 or 3 equivalents of organic isocyanides to produce a
sequence of organomgetallic products resuliing from the inital insertion into the [Ta—H] bord and
subseguent coupling reactions [32]. These products contain a number of unusual nitrogen based
ligands as iflustrated in Scheme 1.



4.C. Vites et al./Coordination Chemistry Reviews 146 (1995} 1-28F 29

PhMe,P, MasP,
. A ‘ A
,q;o:,,__r-)‘ Phdag Ath..Kr—/N '
2~ () a— ¢t
ao” L oMepn MO (I:L

4
BNC | - PMasPh

Xy
2 XyNC PMe,Ph
Ta(OANCLIHNPMePhl, ——— —— - (ArO}EClzTa\
- PMezPh N
Xy

3'8uNG | -2 PMayPh

'Bu
2
(ArSCI T
,I
Bu

22 LOWER OXIDATION STATES OF NIOBIUM AND TANTALUM

N'Bu

Schema 1 (R = Ar, xylyl Xy, 'Bu)

221 Complexes with group 17 donor figands

The study of solutions of [(TagX 12)(H20)4X2].4H20 (X = Cl, Br) in methanol-
Ha/raethanol-D4 {1:5 viv) by 1H NMR spectroscopy has been reported. Within the region 3.7—3.8
ppm, the spectra reveal a complex multipler characieristic of methyl groups in coordinaied methanol
[33]. The ten resonances observed in the bromo system can be assigned to the nine species,
including cis and trans isomers, which car be formed in the substiution series [{TagX12)(H20)6.
*{MeOHKI2* with | < x < 6. A model for predicting the chernical shift and intensity of each methyl
resonance in the series was derived for the case where H20 and MeOH compete on an equal basis
for the six terminal coordination sites of the TagBri7 cluster unit. The 1H NMR spectrum of
[{TagCl2)(H20)4Cl2).4H20 in methanol changes slowly with time and achieves the equilibrium
condition after ca. three days. This spectrum is more complicated becavse of competition of Ci-,
along with H20 and MeOH, for the terminal coordination sises. This is supported by specific
conductance dala in methano) and quantitative detection of free chloride ions using 33C1 NMR
spectroscopy [33].

222  Complexes with group 16 donor ligands
Since a decrease in metal oxidation state commonly results in a lowered electrophilicity, the

lower oxidation states of niobium and tantalum tend to be stabilised more by the lower congeners of
group 16 rather than by oxygen. Nevertheless, an oxochloroniobium(IV) complex has been isolated
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by zinc reduction of NbCls in concentrated HCI solution. The product, 2n extremely moisture and
oxygen sensitive intense blue solid, was assigned a dimeric structure (H30)*3[Nbp(OClg] based on
elemental analysis, IR, UV-VIS spectroscopy as well as magnetic and conductimetric measurements
(34].

In the arca of surface oxo-bound crganomeiallics, the reduced metal species has been shown
to have important catalytic applications. New niobium dimers on four different kinds of silica
(5i04), prepared by the reaction between [NbM3-CsHs)(H)--(n3;11-CsHa) ]2 and surface hydroxo
functions followed by chemical treatments, have been found 1o have different structures with
different bond distances and coordination numbers associated with the [Nb—Nb] bond [35]. These
results have been gained by EXAFS analysis. Subsequentty, it was found that these niobium dimers
are active in the dehydration of ethanol; indeed, the activity appears to be selective for this alcohol.
The rate constant for ethene formation was found to be influenced by adsorbate-adsorbate or
niobium-niobium interactions. The ratio of rate constants for intra- and intermolecular dehydration
was also controlled by changing the niobium structures. On a 8iQ; surface, the direct niobium-
niobjum bond was not observed while the dimeric structure with bridging oxygen was formed after
exposure 10 ethanol at 523 K. Probably, on this catalyst, ethanol dehydration proceeds in
conjunction with the formation and breaking cycles of the niobinm-niobium bond [335, 36].

Turning to sulfur chemistry, tantalum sulfide cluster ions (TapSm*; n < 9; m < 30) have been
produced by direct laser ablation of a mixture of tantalum and sulfur powders, and have been studied
with a tandem time-of-flight mass spectrometry. The tantalum sulfide clusters in maximum
abundance were found to be [TapSme7]* (n = 1-9) detected in the first stage mass spectra. The main
dissociation path of the UV-photolysis (248 nm) of tantalum sulfide ions is a sequential 87 loss.
For cluster ions with n > 3, the photolysis yields Ta384% or TagSg* as the major product [37].

Continuing on the theme of sulfur clusters, the dimeric species CsqNbaS4{NCS)g has been
reacted with NaS2CNEt) in water to afford the compound Nb284(S7CNEt2)4 (27) which has been
shown 1o crystallise in the monoclinic system, space group C2/m, g = 21.181(8), b = 6.958(1), ¢ =
16.623(6) A; B = 133.95(2)% Z = 2 [38]. The compound contains the [Nba(u2-S2)2]4* core in
which the metal ions are in the formal +4 oxidation state, the remaining valency resulting in the
formation of a [Nb—Nb] bond with a distance of 2.890(2) A. The dithiocarbamate ligands,
| S2CNEt12] coordinate in a didentate fashion and along with the $72- ligands form a distorted square
antiprismatic gecmetrical arrangement around each niobium atom.

EtzN NEt2
S(,, \\\S
N
EGN NEt,

27)
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A multi-unit system based on nicbium sulfide clusters and containing [MSa4]3—; FeCly,;
NaSEt (M = V, Nb) has been shown to undergo heteronuclear self-assembly in MeCN solvent to
afford the clusters, [V2FegSa(SEt)o]3, [NboFegSg(SEtg|3- and [NbzFegSg(SEt)g]5~ which were
isolated as Et3NH* salts {39], These clusters have the iriply-bridged double cubane stereochemistry
{IMFe3S4(SE3)2(u-SE1)3}3-, as demonstrated for the M = V cluster by single-crystal X-ray
diffractien. These clusters, together with others previously reported, form a set [M>FegSg(SEg]3-
whose members (M = V, Nb, Mo, W, Re) possess the same charge, identical ligands and essentially
congruent structures with only small metric differences, This condition permits the examination of
changes in heterometal on cluster propertics. Redox potentials for the reversible couples
{M2FesSg(SEt)g)34- and |M;FegSx(5Eng]4-/5- decrease in the order M = V< Nb=Mo < W =
Re. Reductions become more difficult as the ferrous character of the core increases. Redox reactions
are accompanied by changes in electron density that largely occur in FesS4 cluster portions. The
concept of cubeidal Fe354 as a cluster ligand is considered in terms of isomer shifts of heterometal
clusters. The shifts of the majority of such clusters are close to those protein-bound [Fe3S4]0/1-,
providing an apparent definition of oxidation states. Isotropic shifts of ligands at iron sites provide a
convemient indicator of the ground spin state of the clusters. Cubane-type MFe154 clusters are of
renewed interest in view of the occurrence of the cuboidal cluster fragment MoFe3S3 in the co-factor
of nitrrogenase, The possible relation of these results to the FeMo-co-factor and the FeV-co-factor of
nitrogenase is noted [39]. If the co-factor of vanadium containing nitrogenase has an analogous
structure, properties derived from the heterometal cuboidal fragment may be influenced by vanadium
in a manner similar to that for the cubane-type clusters.

After sulfur, tellurium ligands have been best represented in the lower valent coordination
chemistry of niobium and tantalum, Thus, & new infinite-chain niobium telluride iodide has been
prepared by reaction of the elements at 893 K. Nba{Tez)4Te4I (28) is monoclinic, space group C2fc,
with @ = 21.957(5), b = 6,147(3), ¢ = 19.925(4)A and B = 122.40(1)°. Compound (28) represents a
new, one-dimensional structure type. The structure consists of infinite chains of Nba{Te2)4Teal
which are formed by the tetra-nuclear butterfly cluster units shown below and int which iodine atoms
bridge different cluster units [40].

< Niobium
O Tellurium

lndine
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The complex [Ta(Tez)2]alPilg)lz (29) was synthesised from the elements at 680°C and its
crystal structure determined; space group P1, a = 16.831(1), &= 17.740(1), ¢ = 19.018(1)A and a =
93.57, B=954.08, = 102.09°. The structure of this qeasi-one-dimensional compound consists of
[Ta{Tez)21 chains separated by [Ptlg] groups and indine atoms [41] such that the tantalum atoms
adopt a square prismatic geometry as illusirated below. A formal oxidation state assignment
[(Ta5*)}(Te2)2l4[(P+)(I ) )(1-)2 indicates that semi-conducting properties are to be expected for

this material.
e<\ //\\ Y Te
Te</ \\/’ " Te
2
29 (X =Te)

223 Complexes with group 15 donor ligands

Among the lower oxidation states, the most common have been +3 or +4 with nitrogen or
phosphorus doror ligands. Thus, the single crystat X-ray analysis of TaClapyz [(38}; py = CsHsN]
has been reported [42). The compound was found to be monomeric with a distorted octahedral
geometry in which the two pyridine ligands occupy mutually trans positions. It is suggested that the
observed structure may be due 1o a combination of steric and electronic factors.

e

Cin, | WO

Ta
CI/ L\m

a
Sy
(30}

Lower valent complexes of tantalum have been demonstrated 0 be useful models for
homogeneous hydrogenation catalysts. It has been demonstrated that an 1 i(M}—n2(N.C) bonding
rearrangement of quinoline occurs upon reducing quinoline adducts of d9-Ta(V) to the formal &2
Ta(ill} oxidation state and that T)2(¥,C) coordinration allows selective hydrogenation of the
heterocyclic ring. In addition, the 12(N,C) coordination mode renders the Cq of a substituted
pyridine substrate susceptible io nucleophiiic attack resulting in C—N bond cleavage. This
demonstration of C—N band scission affords a more fundamental understanding of one way to
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cleave C—N bonds in hydrogenation catalysis. One feature of this reduced oxidation state tantalum
system is that, in comirast 1o osminm T2-pyridine systems such as {(n2-C,C-2,6-
MeaCsHaN)YOs(NH3)5]2+, the tantalum system binds heterocycles only in the NN,C) mode in the
d2-electronic configuration, thereby disrupting the aromaticity of the heterocyclic ring only {43].

The syntheses and crystal swuctutes of a number of moromeric tantalum(1V) amido halide
and dimeri¢ tantalem(TV) imido halide complexes have been reported by Hoffman and co-workers
f44]. Ta[N(S8iMea)2}2Cl3z was reduced by Na/Hg to afford Ta[N(SiMe3)2]2C12 (31).
Ta{NSiMe3)[N(5iMe3)3)Cly was reduced under analogous conditions to give {Ta(y-
NSiMe1)[NiSiMe3)21Cllz (32). Both compounds (31} and (32) have been characterised by single
crystal X-ray diffraction analyses where it was found that (31) possesses a severely distorted
tetrahedral geometry whilst (32) has an edge-shared tetrahedral structure with 2 tantalura-tantalum
separation of 2.621(1)A [44].

. SiMe:;
Me..Si Me,Si)N / ct
. a\ / N
(Me3SilN /N ol Me;SiI N{SiMs,),
(31) 30

A number of other amido complexes of group § metals in lower oxidation states have beea
teported by the same group, including Nb{N(SiMez)21>Cla and Nb{NPh)s, both of whick possess
tetrahedral geomeities, the former being isostructural 1o the tantalum anatogue (31) [45].

Treatment of Tp'NbCl(PhCCRY {R' = Me, Ety Tp' = hydrido tris(3,5-
dimethylpyrazolylborato)] with NaOMe gives good yields of the corresponding chiral chioro-
methoxo derivatives, Tp'NbCI(OMe)(PhCCR'). The methyl and phenyl-methoxo complexes,
TpNbR"(OMe}PhCCR") (R’ = Me, R" = Me; R’ = Et, R" = Me; R’ = Et, R" = Ph) are obtained in
high yields upon reaction of either Tp'NbCHOMeYPhCCR") (R' = Me, Et) with MeLi or PhLi
Tespectively [46). Due 10 the resultant chivality at the niobium atom, the ethyl groups in these
compiexes give rise to AMX3 type PH NMR spin systems althongh in some of the complexes,
deceptively simple spectra can be observed regardless of solvent of temperature even though rotation
about the (Nb—Ph] bond can be frozen out. The complexes, Tp'NBR"(CMe)(PhCCR'} (R' = Me,
R" = Me; R' = Et, R” = Me; R' = Et, R" = Ph) react with CO to form five-membered
oxoniobacycles Tp'Nb{OMe)[n2-C(PHCRIC(Me)O] [R = Me (33); Et] and Tp'Nb{OMe){n2-
CPRICEDCT(PhIO] respectively from regioselective coupling of the coordinated alkyne with an
acyl or benzoyl group. A single crystal X-ray diffraction study has confirmed the structure of (33),
wherein the metallacycle is folded in an envelope conformation about the Co—O axis with the Co—
Nb—O triangle constituting the flap. Examination of metric parameters within the ring and
comparison with related complexes indicate that an analogy between the oxonicbacycle and the
bonding description for 2 metallacyclopentatriene is appropriate {46].



4 1.C. Vites et al./Coordination Chemistry Reviews 146 (1995) - 281

N SN
Nbf'
Me Ph. / l .""IOM
e
N O
Me
33

Along similar lines, deprotenation with "BuLi in tmen at the propargylic site of the
coordinated atkyne in TpNoCH X} PhCCMe) (R = H, X = Cl, OMe: Tp' = as above) followed by
reaction with Mel or PRCH;Br affords the alkylated alkyne compounds Tp'NbCIXKPRCCCH;R)
(R = Me, X = Cl, OMe; R = CHzPh, X = Cl, OMe) in high yield, The addition of PhCH2Br to
deprotonated Tp'NbCI{OMe)(PhCCCHyMe) affords a 4:1 diasterecisomeric mixture of
Tp'NbClH{OMe)|[PRCCCHMe{CH2Ph)] whereas a 1:6 ratio is obtained under the same conditions
starting from Tp'NbCI{OMe)f Pl CCCH2(CHPh)] and Mel {47},

Moving on to phosphorus-bound systems, iwo examples of a new type of face-sharing
bioctahedral niobium complex that contain three bridging chloro ligands and two terminal
phosphines in a syn configuradon have been reported by Cotton and co-workers [48];
(BugN)[NbzCl#PEts)2] (34), the isostructurat complex (BugN)[NboCly{PMe3z)2].thf (35) and the
related mangular (MesPH}BugN3[Nb3Clip{PMe3)3(BF3i.thf (36) (the relevant mesal containing
anions are illustrated below). Compounds {34} and (35} have effective magnetic moments of 0.84
and 0.99 BM respectively al room temperature. Pathways of interconverting edge-shared
biociahedral [NbaClg{PEt3)4] 10 the face-sharing [Nb2Cl#{PEt3)2]~ and finally to the friangular
trinuclear [Nb3Clio(PEt3)3}— and even larger clusters is discussed [4R].

PMeg
Ci Cl
\NL/
ol N\ oY\ o
Nb————:Nb _
e ¥ / \ Vd \
RsP/ \Ciy \PR3 Me,P l cl l PM,
ClI o]
R =Et {34}, Mc (35) 36)

The monomeric, paramagaetic tantalum(ll} complex, TaBrp{PMesPh)s (37) has been
isolated from the reduction of TaBrs with LIBE3H in toluene solvent in the presence of PMesPh
ang characterised by single crysial X-ray diffraction techniques [49]. The coordination polyhedron
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15 essentially distorted octahedral with a mutally cis arrangement of bromo ligands. However, the
structure is severely disterted towards a bicapped werahedron with the angle Br-Ta-Br = 84.23(4)°.

/P..,, WL

Br R \ZQT_E:-‘ P
PEMeP., | Br (o /
’;Ta" b

PhiMe P | “pMe,Ph T S=P

PMe,Ph yd \

G E Fe(CO),

an (38)

The phosphido-phosphinidene coordination mode of a Pz ligand has been realised in the
trinuciear complex [(TaLl)3(P4}(P2)] (L = 1,3-Bu2CgH3) prepared by reaction of Tal{CO)4 with
white phosphorus (P4} in decalin solvent ar 190°C for 4 h. Structural proof was obtained by single-
crystal X-ray diffraction of the product of the reaction of [(Tal.)3{P4)(P2)] with Fea(C()o, namely
[{TaL)3{P4 (Fe(COM }(P2)] (38) {50].

The kinetics of the reaction of [Ta{COSiPri3)}(COMdmpe)z]. (dmpe = 1,2-
dimethylphosphinoethane} with Me3SiCl in thf to afford [Ta(MesSiOCCOSIPrisXCOXdmpe)xCl
have been studied using stopped flow spectrophotometric technigues {51). The rate is greatly
accelerated by the addition of the salts, [(n-pentyl)sNIC1 and [{n-butyl)sN}[BFhsl due to the
increased ionic strength of the soluticn. The rteaction is first order in both
[Ta(COSiPrig){CO)(dmpc)zl and Me3SiCl in the presence of excess [(n-bueyl)sN][BPhs]. Az
22(1)°C, a second order rate constant of 1.71(4) M-1s-! was cbtained. These results were
interpreted in terms of initial electrophilic atiack of the silyl reagent at the oxygen atom of the
carbonyl ligand in {Ta(COS8iPri3)(CO)dmpe);]. in order to model the iransition state or
intermediate of this rate-determining step in the [C—C] bond-forming reaction, AlEt3 was added to
the siloxocarbene complex [Ta(COSiBu'Phz){CO)dmpe),); speciroscopic and structural
characterisation of this complex revealed that coupling does not necessarily occur upon addition of a
Lewis acid; adduct formation appears to be the initial event resulting in the formation of
[Ta{COSiButPhy)(COAIEL {dmpek]. However, further discussion of the organemetallic aspects of
this work lies outside the scepe of this review.
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INTRODUCTION

This review surveys the coordination chemisuy of scandium reported during the year 1993
and follows a similar format 1o the 1992 review {1]. The literature has been searched by using
Current Contents and the Cambridge Crystallographic Data Base. Structural figures have been
redrawn using coordinates taken from the latter, implemented through the ETH, Ziirich [2].
Organometallic complexes have, in general, been excluded, although in section 3.2 some fullerene
chemistry is described,

A review which includes discussions of zero oxidation siate scandium compounds has
appeared [3].

3.1 SOLID STATE COMPQUNDS

The reaction of elernental scandinm with Sc03 and iodine in the solid state has been studied
by DTA. The product is ScOI, and the structure of this compound has been determined by X-ray
crystallography [4). The crystal structure of CsScS3 has aiso been elucidated [5).

32 FULLERENE DERIVATIVES

Members of a series of endohedral scandafullerenes have been characierised by mass
spectromewmic and ESR spectral data, In the same study, Shinchara er af. have shown that Sc@Cgp
can be separated from Sca@Cygy by using liquid chromatography with an ethanol-deactivated silica-
gel column [6]. The same workers have reported that Scp@C74, Sc2@Cs2 and Sc@Crs may be



