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Abstract 

This review is d~tokd IO the inorgamc and organonelalhc chematr) of Group 5 melal 
complexes conlaining hydridotri:L -yrazolyl )~CC~ILS. Thr first p3r1 ol rbe review dewibcs the 



1. Irm.odiiction 

Although the coordination chemistry based on poly(pyrazolyl)borato ligands has 
been reviewed in compreheosive texts [I]. chiefly by Trofin~enko who discovered 
them. Ihis shcrter review devoted io tlte chemistry of the Group 5 metals (V, Nb, 
Ta) has clear purposes. The most important one is that. since ihe 9ast review which 
appeared in 1993, poly(pyraz01yl)borate chemistry of the Group 5 metals, and 
particularly that of niobium, which was clearly underdeveloped, has slafted to 
blossom. In addition to the previous comprehensive reviews, shorter texts describing 
in more depth some particular areas and applicatiuns of the chemistry are valuable 
[2]. The chemistry of the Group 5 metal complexes also serves !o illustrate nicely 
fundamental and widespread aspects of the utilization of poly(pyrazolyl)borato 
ligands. One aspect 1s bioinorganic chemistry wlterL 1 the tris(p~razolyl)borato cotn- 
plexes arc :!sed as models probing the Itistidine(imidazole)metal interactions in 
severs1 types of metalloproteins. These ideas have give:1 the main impetus to the 
vanadium chemistry wluch is presented in the first sect;,Jn of the review. The second 
aspect has found most of its applications in organomela!Lc &emistrg, where the 
tris(pyrazolyl)borates ~2 tibed as alternatives lo the cyclopeniadicnyl iigaztds. This 
aspect is parlicularly dealt with in the second main section ~4 t!te rrview describing 
the chemistry of niobium and tantalum complexes. 

We will follow the nomenclature used by Trofmenko [lb]. Heitcc ale sbbrzvi- 
ations Tp, Tp* and pzTp stand for unsubstituted hydridotris(pyrarolyI)borate. 
hydridotris(3,5-dimethylpyrazolyI)borate and letrakis(pyrazoIy1 )borate. respec- 
tively. These are the only Iigands which have as yei given siabie con?pl~w~ of !L:F 
Group 5 metals, with the Tp and Tp*’ compieses being by far the more common. 
Other ligands of the family have been used in some instances, but with 1ei.s *:uccesz. 
These monoanionic iigands are formally six-electron donors with f 17 s~‘~iX~t~~ 

which will coordinate to a metal via the nitrogen atoms in the ?-position. The shape 
of the poly(pyrazoiyl)borates is particularly we19 suited to ihe ociiphedrvl coordina- 
tion. Three facial sites of coordination w-21 tend to be occupied leaving the three 



Vanadium tris(pyrazolyi)borato complexes have been described for ol;ida.tion 

states bei\veen II and V. with the chemistry of vanadiumi ) being by far the least 
developed. An important aim of the vaIIadiu;n chemistry is to model ranadium- 
histidke interactions thought to be present in the enzyme bromoperoxidase. in these 
studies, the V=O unit is ubiquitcus. Hence. for the sake of clarity and homogeneity, 
complexes that do not exhibit the oxo function&?y are described first, while those 
with the V=O unit follow. All of the carbox~iam-bridged complexes. containing 
either V=O or \I--Q--V nnits, are described in this latter section. 

2.1. I. vk7iKldiuirl (II )  

Ts,e first vanadium compiexes (oxidation states ii and IHi containing hydridot- 
ris(pyrazoiyl)borate were syntheskd ir, 1975. with the aim ofcompz;ing its ligating 
properties with those of the qcloper~tadienyl fragment [3]. The ssnhlimabie ToCpV ~ 
is isolated as z green crystaiiine material m 47 96 yieid from 2 mixture of prodnets 
following the reaction of CplVCi and KTp in THF. Obviously the mechanism is 
unclear, with both reductior ,:f the vanadium and &and exchange being involved. 
TpQV is paramzgnetic, with ~~(r= 3.59 pu. and it absorbs visible light at 6% EII 
is= 102 1 m&’ cm- f I? ’ i THF. As compared to isoelectronic CprV. 1.pCpV is o:lly 
slowly aiv-oxidized f3]. The analogous cornpa!,md Tp,V has been synthesized via 
reaction of VBrz with two equivalents of KTp in hot ethazloi [4]. No yield is 
repo*.ted for this reaction. The vaiue of the magnetic moment (pica= 3.X2 kIej aild the 
electronic spectrum (dichiorome?hane, 54 1 ( 100). J22 &hi. 385 [ 54%): 35: (shi. 270 
(sh), 250 (7150) ml) are consistent with a high-spin, (4” octahedrai configoration. 
Surprisingly, there is no repo:t describing the acalogmbi i‘p:V. 



The coordination chemistry of ihis oxidation state is n~~r’c extensive, and several 
of the products that xr described have served, or may xrvc, as usefu! starting 
materials for further cleveioprnents. fn these synthesec, vanadium trichloride VCI,, 
either complexed of not. is the metal reagent of choice. 

The first synthesis ( 197.5) tnvolved reaction of VC),(THF), with KTp in THF to 
give the sparingiy soluble green complex ‘TpVC12(THF) (I) in 92X yield [3]. 
Physicochemical properties are in accord with an octahedral hiphqin d” confgura- 
tion. Surprisingly. despite the ease and the high yield of its preparation, no chemistry 
has been described with this complex. Furthermore, mozt of the syntheses reported 
subseyuently (except the one which is described dtLcct., ‘r- ’ 1~ LxIow), sutkr hiem extensive 
decomposition, rcsuhing in low yields. 

Green TpVC12(DMF) and Tp*VC12(DMFj are obtained on a 5 g scale from VCI, 
and either KTp or KTp* in DMF in 58% yieid [S]. Tp’VC12(DMF) was reported 
earlier by the sarnz authors and found to crystallize from a variety of solvents [6]. 
Purple Tp*VCl,(DMF)(H,O), analytic~tily characterized, is suggesteci to contain a 
bidentate Tp* with one dangling pyrazoie arm, the vanadium(fI1) being six- 
coordinate overall. However, upon crystallization from benzene. tbc green complex 
Tp*VC12(DMF) (2) is obtained as the benxne soivate. Its structure has been 
determined by X-ray ditCaction. I’hysicorhemical data are consrstent wtth the 
observed dIstorted octahedral coordination, the Tp* being tridentate. Brief mention 
is made of the hydridotris(3-phenylpyrazolyl)borato and hydridotris(3-rert- 
but)ilpyrazolyl)botato analogs [63. 

When the reactions between VCI, and KTp” are carried out in icss basic so!vents 
such as dichloromethane and THF, complex mixtures of products are formed, with 
obvious degradation of the Tp*, prerumnbly via acid cieavagc of the 13 -N bond. 



This decomposition pathway is ncled in several ot? ,:t ins!nnces and particularly 
in the Groap S chemistry (see belowj. The ionic vanadium{ 11 I) complex 
K[Tp”VC13( h4e2pt)] is sfructu~aliy chardcterized wth further oxidation leadiilg to 
the dinuclear species [VOC‘I,( Me,pz),],.TWF. also characterized bq’ X-ray analysis 
[6]. A similar decomposition is observed upon mixing VCiJ and K [HB(3-‘Hupz),] 
in acetouitrile and exposure to air [7]. 

Attempted selective synthesis of methoxo complexes from these DMF‘ complexes 
proved unsuccessful. Upon mixing Tp*VCi,(DMF) with sodium m&oxide in tolu- 
ene, a mixture of the mono- and di-methoxo com~~ex,s IS obtained [i;]. Crystals 
wete hand-separated and the X-ray crystill structiire of T~‘“VCI(OMS)(DMF\ (3) 
determined. ‘% moiecule contaills a short V -OMe bond (1.829(/i) A), compared 
with the 3 bond (2.056(3) A) between the vanadiam and the DMF. In 
Tp*VCI~(DMF).C,H, the vanadium--oxygen distance is 2.082(.5) A [6] The 
vanadium-methoxo-oxygen bond length is a!so less Ltn the sum of the covalent 
single-bond radii of vanadium and oxygen, shtggesting ma;tiple-bond character for 
this interaction, consistent with the n-donating properties of alkpxo lipands [8’J. 
Typical vanadium-oxygen double bonds are in the range 1.53--1.63 A: see Section 2.2. 

3 

The last t.ype of vanadium(lII) compound currently known is the analog of the 
vanadocenium cation. Both [Tp,V][BPh,] and [TprV]jBPh,] are prepared from 
VCI, and KTD or KTu* in hot acetonitrile I5l. \i~eids exceed hO%. The crvstal 
str&ures of iTpZV][BPh,] and [T@‘][OMe] haue been dc!ermine:i. Siightly 
distorted octahedral coordination is observed. with J,;;tnal!y identical bond iengths 
in the two cases, indicating little steric interaction. as observed elsewhere (see 
Section 2.2). The Y-N bond lengths range from 2.055(Z) to X95( 2) A, averaging 
2079(2)W ir! !Le two independent molecules of [TphV][EPh,], whereas for 
[Tp*V][C)Me] the average V-N bond length is 2.083 A [5]. These V’” cations 
cannot be oxidized 31 potentials up to 2.0 V. One-electron reduction forms reversibly 
the zorresponding stable V” complexes. As expected, the methyl-substituted 
[Tp;V][BPh,j is more difficult to reduce than ;TpZV][BPh,] (E”= -0.69 V and 
-0.42 V. respectively). The high stability of the V”” and V” oxidaiion states is 
Ptt:ibuted to the sandwich structure which encapsulates the metal. Note that Tp2V 
has been prepared previously 1411 (see Section 2.1.1). 

2 I .3. IQrnadimrrl IV! cd ( I’ i 
To our knowledge, excluding 0x0 complexes, there is only one -xample described 

to dale for each of these two oxidation states. 



IN’--V=N--CMe, 

4 

As briefly stated in the introductio,l, the st rldics nfcompJex~~ ccntalning !hc V---O 
moiety al’s related la&y lo modeling hislidi;:c ~va;iadium intcraknzs :!~ai couiti 
be present in enzymes such as bromoperoxidase (V-f& PO). The ~)ccu~cncc of vaca- 
dium in living systems 2nd ihi: reievant chemisiry have hoer. reviewed [i iLI3]. A 
paper specifically reviewing marine haloperoxidases has appeared recently [ 141. 

V-BrPO is a vanadium( Vi-dependent enzyme found in mnrinc algae. Ii cntafyzes 
reactiorr (1): 

RI-Ii-H,O,+Br- -RBri-!-I@+Of-I- (j! 

A model has been proposed for the vanadium environment in the enzyme based 
on several physicochemicnl techniques such as EPR EXAFS, UV -vis and “V NMR 
spectroscopies. V-BrPO exhibits a high-field “V NMR chemical shift [ li], partially 
consistent with g’-lignnds such as giutamak or aspartate [ 161. A vanadate- 
dependent shoulder around 315 nm is present in the UV---vis absorption spectrum 
of the enzyme [i’ij. From EXAF S sttidies ClS]. the ssnadit?m( V) may be in a 
distorted octahedral coordination gcome~ry with thr+e uniclen~ified light-atom 
duncrs (probably oxygen or ni!rog.:n! a! 1.72 A. two z?itr.q=zrl donors at 3.1 E A, 
ahnnst certainly frum hislidinl? (imida.,ole) mtroge;ls, and a si::Je terminal oxo group (1 
al I.61 A. 1n the inactive. reduced enzyme, which would be m a simiiar eilvironment, 
the ndain difI’erenee is a lengthening of the vanadium-light atom bond length to 
1.91 A. The reduced enzyme gives a pH-dependeni anisotropic axial EPR spectrum, 
consistent with nitrogen/oxygen ligation [19]. Accnr+ingly. \;~ater or hydroxide have 



The second approach hns been used iG synthesize Tp*VO(Cl)(MeZpzH) from 
KTp” and VoC’l,fMeCN),(i-I,C) [Xl 1. The low yield (X- XW0) and he pt’esewx 
of bound dimetbylpyrazolc arc obviously due to some decomposition of !he Tp* via 
B-N bond cleavage, a rz,iction ohscrved in other iristances. Addition of silver 
bemoatc via a metathesis reaction leads to the rl’-benzo;irr,-ciltnplev Tp*VO(q’- 
OLCPb)( MezpzH ). This coristiitttes one of the rare reactivity stu&es AI tire basic 



Var;xiium[ IV j 
Yp*vo(C‘I)(DMF~ 





complex clireclly gives yellow c?ccomposi tlon p*odricts thought to be dimcrs with 
both bxminal and bridged oxo iigands [S]. Thus, the btilky ‘Tp* &and ciearly 
shields the mcta! more eficiently ihan Tp itself, providing a higher kil:etic stability 
to the complexes. Recall here that Tp* has a cone an& of 22-F . whereas that of 
Tp is 184:’ [Zh]. T-he authors emphasize the obscrvalion of the highly colored 
vaoadium(Vj compIcx [Tp*VO(Ct)( L)MF‘)]+ 151. This LMCT transirioti is obvi- 
ously due to the ch!oro ligand acting as a z-donor. Halide ions might be expected 
to bind to vanadiam( V) during the cat&,& cycle involving. V-BrPO [ 141. 

The family ofTp*(/I-diketcnato) complexes has been the subject of detailed spectro- 
scopic studies [21-D]. As judged from X-ray crystal structures, [here are ktually 
no differences between T’p*VO(acac) (9) [Zl] ancl TpvO(;icac) [S] (Table 1). Roth 
the electronic and EPR spectra reflec! ::ii‘ low symmetry of llli: compieues (Table 2). 
The observation of four r/--d bands on the CHIC hand ;ind rhombic EPR symmetry 
on the other is consis!mt wilh tither II distorted D,?,, or a c’:: symmcrry [Zi]. Single- 
crystal EPR sriidics on lhcsc and rcln~ed dlthic,cnrbalnato complcxos !lave been 
ticsci~ibcci brtdiy [ 2:,23], but no full paper has been published. The crystal structure 
Of l’p*VC)(S,C’NPr,) (IO) also shows approximate C, symmetry [24], tvilh a $ =O 
bond leogth the same as Ihat in Tp*V(O)(acac). 









Tp*vOCl(MezpzH) and sndium malnnate. II is formulated as Tp”VO(/(- 
maIonatojVO(Me,fH jTp* (13) on ~he basis of an X-ray crystal structure determi.. 
nation [Xl. The bridging dicarboxyhtte is monodetltate to he Tp*VO( MelpzH) 
moiety, a bridging carboxylate between Tp”VO( Me,pzH) and Tp”V0 units and a 
six-membered chelating carboxylate lo ttie Tp*VO unit. It is the first occurrence of 
such a coordinat;on mode in an isolated dinuclear structure. This complex shows a 
1 S-line pattern in its liquid-soiution EPR specirum wiih A,,, (SO.5 6)  being about 
i~alf A,,, in mononuclear \anadium(l Vi c0mplcscs (A,,,,= 101.2 G for the I!“-benzoato 
complex). Weak .::itilcric?i?lagnetic coupling bctwecn tl:,: VLl~i~dil!l~l (aboul 3 cili I) 

is abservcd. 

Two Tp(~-oxoj(/l-carboxyiato) V”’ dmuciear species have also been isolated and 
the exchatlge coupling in!eractions have been studied. Green Tp2V-(/c-Oj(~~- 
‘H,CO,) exhibits weak fcrromagnctic cxchangc coupling wit!] g== XZ( 1 ). .I = 
t S(l) cm‘ I, The vatlle of&",, per  v"' atom incr,,iases from 3.18 I(,$ at 298 K to 
3.36 pa at 98 K [2&r]. Later, very strong kmwnagnelic coupling was found in related 
triaz:1cyciono1~a1~e complexes [28b]. The ,u-pr”Pioaato-ana!og has also been full! 
characterized and found lo exhibit similar ferromagnetic coupling (S = 2 ground 
stale) with ;I.~~= 3.46 i~tr per- V”’ atom. However, the hr-hydroxo cation afforded by 
protnnation [Tp,V,(~r-OH[)(~(-C’H,C‘II,CO,)]IC’F;,SO,~ exhibi&s antifcrrcmagnetic 
beilaviorwithanS=U~roundstat~(g=2,01(!);J= -31.3(2)cm~‘j[28].TheX-ray 
crystal slructures of both neutral /c-0x0 i 14) and cationic p-hydroxo (15) cumptexes 
have been obtained. Upon protonation, the vanadium-bridging oxygen bond kugth 
increases from I.777 A to 1.933 A. Unexpectedly, the V--O-V angle decreases from 
133” to 123”. The authors suggest that there is a change in the hybridization of the 
oxygen bridge Some sp character at the oxygen in the neutral dimer, caused by n- 
bonding with the oxophilic vanadiums and reinforced by the cobridging of the 
carboxylate. is lost upon protonation. From orbita: considerations. the switchover 
from ferromagnetic to acltiferron7;igi,elic coupline is proposed to resu!t f-on-i the 
decrease of the bridge angle , .LII <..t rng increased ::Iltifcrrorniigtrelic coupling, and from l:a*,r> .’ 
the incrcasc o: the V---O bond lengths favoring decreased ferromzgnetic coupling 
f2cJ]. Mention t.rf rciatcd studies involving substituted triazacyclononanes, which 



The early attempts to explore the chemistr)~ of hyd!-idotris( p)razolyl)borato corn- 
plaxes of niobium aild tantalum were hampered by several synthetic probLx.s 
identified by the few groups then workin, 0 in the area. Thest- &forts were direr:ed 
toward the synrhesis of complexes with the metal m oxidation slate IV or V. Hoover, 
the more recent investigations into the area of niobiumi Iii) alkyne compiexes hav,: 
been more successful. For these hlstoricol al?d chemical reasons. the &en&l y of tlx 
oxidation states IV and V is presented first, the .xida!ion state 111 being dealt with 
hter. As far as wz are aware. no data have cscr been published on other oxidation 
stales for these tu.0 metals. We are cxciuding prom the discussion the somewhat 
rclared bis(pyratoly1 jborato !33.i3] anti t~i:;fpyrarol~lirrletharlc complexes 1341. 

The first complex described with the hcavicr Group 5 metals TpNbO(QP&+ v:as 
unexpcctcdly obtained fi-om [NhCI,IOM!:),S], and KTp in 419’0 yield. Ether climina- 
tion is proposed to occur. A v(Nb==0) at ~?OCI~~-~ was &served. However. he ‘PI 
NMR spectrum between -45 and -I- 60 C revealed oAy cme type of pyrazole ring, 
which argues against the proposec! Iridentate facial coordinat;an of Tp [3S]. This 
facial coordination ieads to a 1: 2 intensity pattern for the p;;iazoiyl protons as 
observed for Tp*iWX& (M is Nb or Ta! ~see !,elnw). 



The niobium(W) dimer can be obtained in better yield (72%) from NSCI, and 
KTp ia iiichloromethane/‘aceto~tirriIe mixtures nnder reflux, or from NbCI, and KTp 
in acetonitrile. If NbU,(MeCN), is used in the reaction with K’Tp the ionic product 
K[TpNbCI,] is formed in 75% yield. The niobium(KV) dimer Tp,Nb$& can be 
oxidized iu siru with Ccl,. precipitating TpNbCl, (16) in 88% yield as dark red 
crystals. Despite this seemin& straightforward access to what shoulci be a very 
attractive starting material. no further work on this compound has ever been 
reported. 

The ‘1-I NMR specirun of TpNbCI, implies equivalent pyrazoIy1 groups, with 
doublets at 6 8.27 and 6 8.12 for the 3- and Sprotons. respectiveig, and a trip!et at 
6 6.81 assigned to the &proton. This spectrum sii ggests the heptacoordil?ate niobium. 
The need for highly ptire CD,CN solvent for the NMR analyses is emphasized. 
Traces of water induce 8-N bond &avage. as evidenced by a characteristic pprazoie 
NH signal, 

When Tao equivalents of KTp are used. on@ dimeric niobiumf JV) compiexes are 
Formed. Starzing from NbC& in MeCN at -SO’C, Tp2Nb,CI,(pzH)2 is isolated in 
30% yield. demonstrating the ready B-N bond cleavage. From Nbfl, under r&UXiilg 
conditions, ‘Tp,Nb,C14 is formed. This species is also avaiiab!e from three equivalents 
Of KTp and NbCE, tmder similar condiions [35]. The niobium(IV) CCXli~lW,~S are 
FormuIateci as dinuclear on the basis of the observed d~~rnag~etis~~ and the well- 
resolved “H NMR spectra- Vapor-pressure osmomctry and mass spectrometry data 
are also consistent &ii a dimeric formulation. These dintickar species ail exhibit a 
I :2 intensiiy pattern rbr the pyrazolyl protqrs In their “El NMR spectra. and 
structures involving C! bri&= -,s and bidentate Tp roordina?ion have been proposed. 
Related bislpyrazoIy1 !boratoniobium cornpiexe2 hue ‘been atso described [3&j. 









Ecj. (7). The originai communicarion i49] describes the reaction of phenylproTvne 
(R is Me). bur other derivatives bavc now been synthesized with other alkynes (R is 
Et, PI-Pr or Ph. and Z-bu!ync) [W]. Mom rrcemiy. thib reaction scheme has been 
applied to the synthesis of some unsubstituted I i” cm~pIe:~i:~ T’pNbCI,(RC~-CR’I, 
with RC--CR’ hei:ag PhC~rCM~, hlEcC.~~CR/Ee .-r Me,SiC-CSiMe, [5l]. 

The X-ray crystal st.ructures of both pheil~lprop~ne COillpleXS [49,51] show that 
the alkyne lies in the molecmar mirror plane as shown (20,21), with an overah 
octahedral coordination around the niobium if the aIkyne is considered to occupy 
one coordination site. As observed for some vanadium compounds. there are only 
minor structural dih’erences between the two structures. in Tp*NbC12tPhC-CMe), 
the niobium-coordinated alkyne carbon bond lengths are [49] 2.050(9) and 
2.0f:3(9) A, averaging 2.07 A. whereas in TpNbCI,l PhC=CMe) these bonds lengths 
are 2.065jh) and 2.071(6! A [51]. The W--C bonds are short and approach the 
rang expec?ed for niobium-carbon doub!e bonds. They are t.,r%al of four-electron 
aikyne coordination 1471, and compare cveli with thus: I,,. :.hdtogous niobium and 
tantalum aikyne complexes [4X]. The coordinated C-C bond length of the alkyne 
is 1.3ijl)A for the i-p* complex [49]> and 1.301(8)1~ for the Tp complex [Sl]. 
The four-e!ectron donor aikyne exerts some VUI~S intiuence, the Nb-N bond WUJ~S 
to it being at least 0.07 A iorger than the other two. Although the niobium in these 
complexes is formally d’. Nb’r’ with 16 valence electrons. the alkyne appears to be 
substantially tedaced. and metailacycloprol?eae tautomeric forms with a d”. Nb’ 
configuration should be taken into account. For this reason and to make it ckar 
lhat tlie aikyne is not a conventional two-electron donor, tile metallacycloprcpene 
form vvili b’e adopted in the dravcings; see 20 and 21. 



Isoelectronic Cp or Cp* niobium and tan- l‘hlii comphmi hare beer! c~otained 
previously in which the aikync also behaves as a four-electron donor. The structural 
parameters for the metal -alkyne coordination do not dif%r significanlly [52.53j. 
However, the overall geometry is dif%rent ficir the fp and the Tp families. In the Cp 
(or Cp”) case, the alkync is found to be parallel to the Cl) plane as shown (22) 
(horizontal geometry). The only known exception rs that of the Ta complex. which 
possesses a benzyne lying in the nolecular plane [54j. In :hc Tp family. the whole 
phenylpropyne lies in the mai~~war mirror plane v:htch bisects the Cl -Nb-Cl angle 
(vertical geometry). The phenpl ring always si:s keiwea tivn cis-pyrazole icings. 7% 
exact reason for these dil?Lreni ground-state geoil?etiies is oat fully understood. Tbc 
initia! proposal in the Tp* case 1491 favored steric interactions. even though the Tp 
complex is much less stericallp hindered. Preliminary extended I-HOckel molecuiar 
orbital calculations ‘)I? the mndei system Tp?JbCl,(l-fC=-fH) sh~.~w that them is 
only a very small energy difterence between the vertical and IwrtzontaI geom- 
etries, the former being more siabie 1557. Simiiar calculations for horizontal 
C’pNbCl,(HC~CW) have also been carried out. and the barrier to acetylene 
rotation cozmputed to be about 6 kcal mol -i [ 5.q. Vertical coordlnazion Of alkelx 
and alkyne has been shown to result from orbital controi in the cd6 iridirrin 
complex TpIrIi,(cyclooctene) [5hj, and in the d’ tungsten camI&; 
[Tp*W(COh(PhC-CCR~e)j + [5?j. 

IO both the Tp and Tp* series ilme verttzal geometry is retained m ~~lirtion. For 
the Tp* complexes containin g non-symmetrica alkgne, two discrete isomers are 
observed by NMR spectroscopy at room temperature. Th, I 0 -ario (Ii the two iiomrrr 
depends on R, but the major isomer always has the phenyi group rowrds tbe cis- 
pyrazole rings. In the phenylpropyne case. no broadening o f the ‘f-I NMR sipnaE5 

of the two isomers in toluene-ds is obserwd up to 373 ii [49]. wherecs in the 
?-butvne case. two alkyne me&vi signals are observed at room _ temperature. and 
coaiescence is reached a1 358 K. giving a barrier to 2-butyne ro:a?ion of 16.3 kcal 
mol.-’ [SO]. In ?he Tp case. the phen:;lpropyne and 2-burl;ne show a single set of 
signais, whereas. for TphlbCl,i~e,SiC-CSihle,?, coalescence of the meihyI signals 
QCCLI~S at 273 K. leading to a bartier to alkyne rotation of 12.3 kcaa mol-” [Si j. 



separation of 0.15 V and a peak intensity ratio of 0.9, whereas for the Tp complex 
these parameters are -0.93 V. 0.25 V and 0.5, respectively [SO]. This is consistent 
with Tp* being more electron-rich than Tp, l~i also with the idea Lhat Tp* imparts 
more kine!ic stability than Tp, undoubtedly mainly for steric reasons. 

That steric iufiuencp is a significant part of the unique ligating properties of these 
ligands also manifests itself in the only comparative reactivity study available to 
date. Indeed Tp*NbClz(PhCWMe) does not react with NaCpDMEI whereas a 
smooth reaction is observed in the case of TpNbCI,(PhC=CMe), Eq. (8). giving 
yellow T;+ZpNbCl(PhC=CMe) (23) in 75% yield [Sl]. 

TpNbCl,[PhC-CMe)+NaCpDME- 

TpCpNb(C!)(PhC=CMe)+NaCI+DME 

This complex now has a d’ canfiguration with 1% valence electrons for the niobium. 
The Cp ring is $-bound, ;L .;i!?:le ‘I-! NMR line b&g observed down to 193 K. The 
alkyne now behaves as a two-tlectlon donor, as shown by the higher field shift of 
the coordinated carbon afcmh (b 163.5 and 15791. Two discrete isomers in a i : 5 
ratio are observed, with no indication of interconversion up to 373 K. The geometry 
of the complex is fully defined by an X-ray structure determinaticn which shows 
that the alkyne, except for the phenyl ring. is now parallel to the Cp plane, as shown. 
It no longer bisects the two cis-pyrazole rings. In this geometry the alkyne eclipses 
one Nb-N(pyrazolyl) bond. The Cl, Nb and coordinated alkyne carbon atoms are 
nearly coplanar, so that the geometry is fully reminiscent of that observed in the 
bent metallocene series Cp2MX(RCsCR’) (M is Nb or Ta); a typical example of 
which is ($-CSH,SiMe,),NbCl(PhC-CPh) [59]. The two-electron donor behavior 
of the phenylpropyne in TpCpNbCI(PhCSCMe) is inferred from longer Nb-C 
bonds (2.146(3) and 2.165(3) A) and a shorter C-C bond (1.254(4) Ai) as compared 
to those in TpNbCIZ(PhC=CMe) [51]. Surprisingly here, either Cp or Tp can 
independently dictate ?he ground-state geometry in the I6-electron, Nb”’ d* species 
containing a four-electron donor alkyne, whereas direct intramolecular competition 
between the two ligands leads to a Cp-driven ground-state geometry. In the absence 
of extended Htickei calculations, the reasons for this are still under debate [Sl]. 

23 

Attempts to functionalize the alkyne diastereoseiectiveiy, taking advantage of the 
vertical coordination in char-! Tp*NbrCl)(OMe)(PhC=CR), have been made using 
deprotonation-alkylation sequences [60]. Propargylic protons of four-electron 
donor alkynes in Group 6 metal complexes are acidic [Sl--6:“], and 



Cl 

Similar results are obtained from the chirai complex TpVb(Cl)(OMe) 
(PhC=CMe), the characterization of \vhich is &scribed below. SIarGng from 
Tp*Nb(C!)(OMe)(Phf~CCCMZMc?, ,,;idriion of the best and then PhCH& gives 
TpYNb(Cl)(U~~e)[PhC~CC~~~~(C~~~b~] ir. 90% yield as a 4: i mixtur:: o: two 
diastereomers A and B. Starting from Tp”N;b(CI)(OMe?tPht’-CCIizCH,Pl?j and 
adding Mel to the deprotonated complex gives tbie same corrmlex Tp”Nh{C1,]- j 
(OMe)[PhC-CCHMe(CH,Ph)? with a 1 : 6 diastereomeric FZitiQ (A:NI. Hence the 

chirai auxiliary Tp*Nb(CI)(OMe) allows for some minimal diasrerc~selectivity in 
these alkyne alkylation reactions. This may be ascribed to the existence of alkyne 
rotational isomers and to a low faciaP discrimination due to the similar size of chioro 

and methoso 1601. Similar diastereoselectl;, ‘~a XiiCtiOI?!, brie been perfOrmed fully 
using the chiral auxiliary Tp*W(I)(CQ! [Q-I]. An X-ray diiTr;raction study h- 
Tp”Nb(C1)(OMe)tPhC-~CCHMetCH,Ph)] (24) gave an iinexpected result. i 2: 
stereogenic propargylic carbon atom is trigona! planar. and the methyl group 

attached to i: has a iarge thermal ellipsoid, the principal axis ofxhich is perpendicalar 
to the plane around the propargyiic carbon. This disorder maj be accounted for by 
the fact rhat both configura+ions of the propargylic carbon are present ILL ?he crystntl 
!br a given niobium eon&+sation. The 1f-f NMR SpeCErU” OR a soitition 3f the 
single crystal used ibor the X-m? di.KraCikXl study 5110uied both dii3StCXeOITCE it1 3 
ratio o, about I : 3 [hO]. 



Both mono- arid di-hydrocarhyl cornpifxes have been synthesized. starting from 
the dichioro(aikyne) complexes or from the chloro(mcthoxn) dernatives which are 
the original starting materials. 

The orange-yeliow chloro(methoxo) complexes To”‘Nb(Cl~ii>McilPhC-CR) are 
obtained straightforwardly in high yield by reaction of Tp”NhCl,(PhCzCRj with 
sodium methoxide in THF [65]. These are chiral molecules with the ,tiobium as the 
stereo~enic center, as shown by a 1: 1:l intensity paitern for each type of Tp* proton n I 
and carbon atom. Aithotigh the a!kyne still behaves as a four-electron donor, the 
resonances oi’ the coordinated alkyne carbon atoms are shifted to higher fie!d in 
the t3C NMR spectra. This undoubtedly reflects the good ri-donating ability 
al’ the mcthoxo. which reduces the alkyne contribuiion to the eiectron density at 
the metal. For example, rhe niobium-bound alkyne carbons resonate at 6 264.5 and 
5 218.7 in Tp”NbC12(PhC~CMe). but they are found at 8 2i9.3 and 6 189.6 
in Tp*Nb(C1)(OMe)(PhC~CMe) [65]. 

Methyl-niobium and phenyl-niobium species (25) are formed readily in high yield 
from Tp*Nb(Cl)(OMe)( PhC-CR) and the appropria r !ithium reagent [65]. In the 
13C NMR spectrum the carbon at:ached to niobium gives rise to a broad quartet 
at 6 38.2 (‘Jew= 120 Hzj for Tp”Nh(Me)(OMe)(PhC~CCEtj and as a broad singlet 
at 0 198.1 for T~~N~(Ph)(Qh~e)( PhCECEtj. The diastereotopic methylene alkyne 
i>rotOr!s in Tp”NbXY(PhC~CEtj are inequivait;rt in the ‘H NMR specirum in all 
complexes. wkdever X and Y. except for Tp”N i- ‘Ph)(OMej(PhC=CEr), in which 
they appear as a single quartet. Although rotation around the niobium-phenyl bond 
can be rrozen out. the single quartet is independent of solvent and temperature. 
There Is KG suitable explanation for this deceptively simple spectrum [65]. These 
by< ,ocarb, t species undergo some reactions. described in Section 3.23. 

25, R’ = IMe, fh 

Longer-chain. linear alkyl groups also form stable complexes. aithough b-hydride 
e!imination is common for that kind of aikyl. Furthermore, some of these compPexrs 
exhibit a-ago&< interactions 1%center, Z-electron bond) virtually unknown when 
#S-hydrogen atoms are present [66,67]. 

Ethyl and n-propyl compiexes of ihe type Tp*Nb(C!t( Et/(PhCsCR) and 
Tp*Nb(Cl)(f?-Prj(PhC-CR) (R is Me, Et, n-P?. Ph) (26) are synthesized in 80% 
yield from dichioro pr~ursors and the appropriate Grignard reagent in 
tofuene [6X,69]. The “H NMR data show that one proton of the niobium-bound 
methylene group is notably deshielded, while the other is shielded. In 
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clear-cut sttuation. The triple? feature (‘J,,, = 116 Hz) ol’the z-carbon atctm observed 
at TOUiil d  nperature vanishes at 183 K, suggesting 2 dynamic process averaging one 
large and one small tJ,,,. Any x-agostic interaction here is much weaker than in the 
chioro(cthy1) complexes jh87. The reasons for this are probably electronic, although 
the benzyl case may also be the resuit of some steric contribution. h/Iethoxo is a 
better n-donor than chloro, and therefore competes more efhciently with a (la- H 
bond for the available niobium orbital. Similarly the phenyl group may lower electron 
density at Cr. Other substitutions at Ca have been attempted, but only rearrangement 
products have been observed so far (see Section 3.2.3). 

However, the important point is that an z-ago&c interaction is preferred over a 
more common B-ago& interaction. Undoubtedly, this is due to the bulky Tp*, 
since /&tgostic interactions require considerable space to bend the Cz round. whereas 
only a smal.! distortion of the ethyl group is needed for the a-agostic interaction to 
occur [66,67]. A similar preference for a-ago& interaction is obser\;ed in 
[Cp*Hf(CH,CHMe,)(PMe,)1 I. whii.2 is obviously a crowded molecule [74]. /I- 
elimination itself is usually more facile than a-abstraction in Group 5 metal complexes 
1753, although competition between the two processes has been observed 1761. 
Although Cp or Cp* Nb or Ta alkyne complexes are known, only methyls have 
been described in the hydrocarbyl series [54.77,78], so that no direct comparison 
can be made between Tp” and Cp or Cp* hgands. However, given the similarity in 
bonding interactions between alkyne and imido (for recent examples and references, 
see Refs. [74&I]); the P-hydride elimination, leading to CpNb(N-2,6-C,H,-i- 
Pr&PMe3)(C,H,) from CpNb(N-2,&C,H,-i-PrzfC1,, ethyl Grignard and PMe,, is 
noteworthy [Sl]. 

Chloro(methy1) complexes Tp*Nb(Cl)(Me)(PhC-CR) from the rearrangement 
of a-agostic phenylpropyne complexes (see beloar) have been characterized, but their 
direct synthesis from Tp*NbCfZ(PhC~CR) and the methy! Grignard is a tedious 
procedure, the compound being contaminated by remaining dichioro and dimethyl 
complexes. Only one pure complex has been obtained in this way [69]. However. 
Cp*Ta(Cl)(Me)(PhC=CPh) is formed when Cp*TaMe,(PhC=CPh) is treated with 
isopropyl chloride in the presence of a catalytic amount of AK?, [ 781. 

The sc-apostic species Tp*Nb(Cl)(CHzR)(PhC+CR’) (R is Me or Et) undergoes 
a thermally induced rearrangement which exchanges the n-agtistic alkyd group 
bound to the niobium with the alkyd group ;:’ the alkyne [69]. -Xben R’ is Me. the 
reaction goes to completion and the methyl(aiobium) derivatives 
Tp*Nb(Cl)(i\~e)(PhCfCCH,R) are formed [Eq. (to)]. Some Tp*NbCl,- 
(PhCzCCH,R) is also formed, but no Tp*NbClt(PhC~CMe). The rearrangement 
follows a clean first-order kinetic rate law u-ith activation parameters (R is Me) 
AHt=113&5 kJ mol-‘and &St=4112 J Km* mol-t. Thereis no dependence upon 
the migrating tt-aikyl group since the rate constants for ethyl and propyl groups 
are equal. k(343#)=3.0 x 1K5 s-t. When the two migrating alkyd groups are 
able to form a-agostic bonds, an equilibrium is reached. Heating pure 
Tp*Nb(CI)(Et)(PhC-ZC-c-fr) in toluene gives a roughiy 1: 1 mixture of 
Tp*Nb(Cl)iEt)(PhC-C-it-%) and Tp*Nb(Ci)(n-Pr)(PhC=&&) [Eq. (11 )j. A con- 
trol experiment starting from Tp*Nb(Cl)(tr-Pr)(PhC=CEt) yields the same rest&. 



IHere intramolecuiar C--C bond activa?ion is reaiir:d. Overal? the reaction is a 
merarhesis of niobium carbon rind carbowcarbon bonds. 1 ha: the ~;igo’slic bond 
is needed for these rearrangements to occu; is fur&r supported by the fact the “?I- 
be& complex merely dcccmposes under similar conditions. A n?e&a~mism based 
on alkyi migration to aikyne giving an $-vinyi intermediate has been proposed. 

Some unpublished results from trappinci experimests confirm shat a%$ mgra- 
tion indeed occurs, but q”-vinyl not $-v&l complexes are isoiared. Mcaiing a 

mixture of Tp*Nb(Cl)(~t)(Ph~IcEt) and PhC~CMe )-ields Tp”i<btCiliq’- 
CPh=CEt,)( PhC-CMe) [Eq. (12)3, in trhich the enzlng @wq$wcpg~ behaves 
as a four-electron donor (%Z NMR, 6 249.7 and 924.1) and the ~iny1 groug is $- 
bound to the metal (CX, 6 204.9) 182:. The $-vinyl c50rdipAa.ti~n iz-li. h a ?7N’O-dtXtFOn 

donor a?kyne is coi observed. 



These rearrangements xe noteworthy for several reasoos. First. alkg migration 
in a four-electron doiicr aikyae in Group 6 metai complexes is unknown. a!ihongh 
t$-vinyl campieses are foimed from nuc?eophilic attack at an alkyzre carbon atom 
[4/l. Similarly, Tp*NbMelfPhCzZCR) [49] and the isoeicclrnnic cp comp!excs 
[77] are thermaily stable. The reactions rcpnrred her-c are also rare cxampl~ of 
a!kyne insertion into a transition mcta! alkyl bond, the first step of alkvne pclymer- 
ization via a vinyl pathway. Furthermore. h ci-ngostic assistance has been demonsrrated 
and the near-zero AS* valne implies a transition state closely resembling the r-ago&c 
complex. Jt has been suggested that r-agostic interacrions assist aiky! migration to 
a bound olefin in Ziegler-Natta type polymerizatixx [6733]. 

Finally. dimetbyi derivatives are known [39:]. Thermally stable dimethy: com- 
plexes are formed in high yield from Tp”NbCl,( PhCsCR) and two equivalents of 
methyllithium. A similar reaction of Tp*NbCf2( PhCWXle) with two equiva!ents 
of benz$ Crignard yields the dibenzyl complex Tp*l\‘b(CNzPb)ZbPhC--CMe) [S4]. 
As already mentic?ned. ana~ogow Cp,Kp” niobium and rantalum dimethyl compiexes 
are knowl? p71. The reaction of t\vo i eq2kdents oi‘ ethyl Cripnard with 
Tp*NbCf2( PhCrCMeE does not lead to a diethyI :,pecies but to a me!;:!iacyclic 
complex. This ic described in the Eollowing se&on. 





addition, X-ray crystal structures have been obtained for Tp*(QMe)Nb[C- 
(Ph)C(Me)C(Me)OJ [65] and Tp*(Cl)Nb[C(Ph)C(Ph)CHCHMej [SS], and both 
compounds exhibit the same basic structure. The spectroscopic and solid-state data 
are fully consistent with the three resonance structures shown (30). They are charac- 
teristic of a general class of unsaturated carbene Ii&and tf-C,,R, + 1, particularly well 
known in Group 6 metal complexes [86-f%]. These data arc similar to those of the 
isoelectronic aza- and oxa-tantalncycles Cp( Me)Ta[C( Ph)C(Ph)C(Me)N-t-Buj [77] 
and Cp*(Me)Ta[C(Fh)C(Ph)C(Me)Oj [78], which have been described as 
metallacyclopentat~ienes (31) like other. more symmetrical Group 6 and Group 5 
complexes such as Cp(CI)Mo(C,Ph,) 177,891, W(OR)I(C,Et,) [90], and 
Cp(PMe,iV[C(PIl)C(Ph)C(Mc)C( Me)] [St], It has been proposed that the oxa- 
and aza-metallacycl~es are forms intermedir?~e between the iwo descriptions [SSj. 
The same structures are obtained in the Tp* series from seemingly quite differen? 
rearrangements, so that formation of the folded five-membered rings can be consid- 
ered as a driving force for the reactions or, alternatively, this type of me!a!lacycle 
can be considered to be a potential weli. 

4. Recent work and ca&usiuns 

While this review was being written, ;lew aspects cf vanadium chemistry were 
described, and some recent results from the Laboratoire de Chimie de Coordination 
on the chemistry of niobium(l) are worth mentioning. 

Reaction of either TpVO(acac) or Tp*VO(acac) with P(OH)Z(OPh), in dichloro- 
methane gives the &mm [TpVO(u-POz(OPh),)j2 (32) or [Tp*VU(~I-PO,(oPh),)], 
(33) in 78% yield. There is little difference in the bonding parameters around the 
vanadium atoms between the Tp or the bulkier Tp* complexes. However, the distance 
between the two vanadium atoms in the dimers increases from 4.911( 1) A in 32 to 
5.367(4) A in 33. This difference results principally from a flaltening of the 
eight-membered ring constituting the bridge core, as shown. An almost ideal chaii 



conformation is adopted with Tp, whereas the core is close to planar with Tp+. 
[TpVO(p-PO,(OPh),& exhibits weak ferromagnetic intradimer coupling. The EPK 
data at room temperature consist of a lj-line spectrum in low-to-moderate polarity 
solvents (g= 1.962, A= 56 G), typical of an exchange-coupled divanadyl complex. 
‘Transitions within the triplet are observed at 77 K. tfowever, in DMF at room 
temperature an eight-line pattern is observed, indicating dissociation of the dimer. 
This spectrum is similar to that of CT’p*VO(~1-PQ2(oPh)2)Ii. whatever the solvent 
(g= 1.982, A = 1% G). At 77 K, an anisotropic eight-line spectrum is observed, with 
no zero-held splitting effect (g,, = 1.947, A= 178 G; g, = 1.956, A, -62 6). The weak 
ferromagnetic coupling in 32 is a direct consequence of the geometry of the complex. 
Because of the location of the vanadyl oxygen atom with respect to the second 
vanadium, the ready delocalisation of the unpaired electron is achieved. 
Orthogonality between the ‘v =O n-orbital and its own magnetic orbital leads to 
the ferromagnetic coupling. In the llattened structure of 33, the interaction of a 
vanadyl unit with the neighboring vanadium decreases. Moreover, the ir,.reased 
V-V distance induces only a 1% ;ak direct exchange. Both these phenomena lead to 
the observed uncoupled EPR spectrum [92]. 

A unified classification of the conformations available for cyclic (O)V([r- 
OPO),VflM b:idging units in phosphatovanadyl systems is provided. A clear corrcla- 
lion between gconctric distortions and magnetic properties is drawn. The rationale 
behind this s.%~rrc seems to be general, and examples with sulfate and carboxylate 
that fit the classificatton are described 1921. 

In an earlier srud~ [93]. the attempted synthesis of the vanadium(M) analog of 
32 starting from Tpz\iz(~t-O)(~t-CHjCO,)i and excess diphenyl phosphate was shown 
to yield ihi: trimsiallic complex (TpY[~-POz!OPl~)2],}~~g (34). The magnesium( II) 
ion comes from maguesium sulfate used as drying agent. In :he crystal, a linear 
centrosymmetric structure is observed. The ivIg ” ion is octahedra!ly coordinated to 
six bridging il:pitcil:~lphosphates. Each TpV[jl-PO,(OPh),],- anon acts as a 
rridentate cheli:re. Starting from the vanadium( III) monomer T~‘ICI,(DMFJ and 
sodium monophenyl phosphate, a tetrameric complex {TpV[p-PG,r~OPh)]}, (35) is 
obtained. The resulting cubane-like structure is formed owing to the tridentate 
mon~~,~henyl phosphate which bridges three TpV”’ units. Thus mere is a clear 
corrciatlon ?,r:tween open meta!-coordination sites and bridging ligand denticily. 
This alln*.vs a high degree of cluster size control. Comparison with the vanadium(W) 
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