Coordination Chomistry Reviews

.él.SF.IF.R 15601996 201 234

Hydridotris{ pyraz-iyl jborato complexes of the Group 5

———

metals: inorganic and organometallic chemistry

Miche Etienne'

Loberabore e 7 Fiie de Coordwneten die CNRS. L PR 8231 205 Ropre dv Narbouiy,

F-TNZY Tomdenese s, F ey
Reterved 10 Juby 9935 revised 31 Ocloher 1995
Contemts

Abstract .. ... ... ... ..

1. Introduction .. ... ... ... ..., ...,

2 Vanadium .. ... L. e e
21, Vanadivm complexcs without the VaO maery .. ... ..

L1 Vumadivmithy ..o ... .. e e e

202 Vamadiomitll) ... .. e e
213 Vapadium(b¥ramd (V) ... ... L
Vapandium cnmplexes with the V=0 minietr . .
23E Vamadium(IVy .. .. ... o .
223 Vamadm(Vy. .. oL P
223 Cuboxviato- hndpcd vanudium -:nrnpic\c\ ..........
3. Niobiom and lantabisn .. L -

31 Niobium ast lannlnm|l\‘|.md|\| e L

1.2 Niobjumi !y T

(X
L5}

. Ikltloro(zlk;m] comploses ard atkvae alhslation reactions - .

332 Hydrocarbyl denvatines . .. ... oL
323 AMlsne coupling Tactions . . .. Ca .
4. Recont work and conclusions . . .. ..o L
Note added duing revisiom . . L
Acknowledgerments . . L
References . . .. ... ... .. ... ...

Absiract

This review is deroled 1o the morganic end erganematalhe chemisirs of Group 5 metal
complexes vontaining hydridatri: ~yrazolyl)baraies, The first part of the review describes the
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advances made i the ehemisiey of teisd pyracolyl oo vanadiom comipleses, The physico-
chemicu] properiies of these complexes nre heing sludicd niaisly ip mrodel vanadium- hstiding
inieractions which ogour g melabliopioiems such as hromoperosidiase. Although most of the
complexes ttugied 10 duic are oxe vanadiom species, soe other simple hydridotris{ pyrozo-
Iyl borato vanadium complines have atse heen synihesized. but their organometadlic chentistry
remains undeveloped. The second part of the rvaiew focuses on the organometsliic chemistry
of hedridutris{pyrazolyitborato nioblum aad fartiium complexes. The mabn advanees have
B en coade e The BEeld of lour-eleetron alkyne niebiun: complexes, The structural data availabic
are deseribed ard, az far ay possibie, correlated wath the observed organsmetathe chemistry.
Throughout, comparisotr with knowr Group 3 olkyne and related such os imido, eted
complexes containing cyclopentadivny] lgands is cinphasized. Although very few anicles have
vet appeared. the resulls indicote cicardy that a seh and promsing orgenometaltic chemisiey
can be expected.

Keywords: Groap S Hydridetrieg prrazolvliberato compounds

1. Introtduction

Although tie coordimation chemistry based on polvipyrazoly)borato ligands has
been reviewed in comprebonsive toxts [1]. chiefly by Trofinwenko who discovered
then. thi: sherer review devoted o the chemistey of the Group 5 metais {V, Nb,
Ta has clear purposes. The most imporlant one is that, smce the last review which
appeared in 1993, polyipyrazonyliborate chemistry of the Group 5 omeials, and
particularly that of niobium. which was clearly underdeveloped. has staited 1o
blossom. 1n addition 10 The previous comprehensive reviews, shorler texes describing
in more depth some pariicalar arcas and applications of the chemistry gre valuskle
[27. The chemisiry of the Group § melal complenes also serves (o ilustrate nicely
fundamental and widespread aspeeis of the wtilization of polyipyrazolvltborato
ligands. Ome aspect i blotnorganic chemistry where the tris{pyrazolylYborato com-
plexes are used as modcls probing the istidine(unidazoic) metal interactions in
severul types of metalloproteins. These ideas have given the main impelus to the
vanadium chemistry which is presented in the first secton o the review. The second
aspect has found most of its applications n organomeiatie Jhemistry, where the
trisi pyrazolyl Yborates 3r2 wsed as aliernatives 10 the cyclopeniadienyl figands. This
aspect is particularly deall with in the second main section uf the review describing
the chemistry of nicbium and tanialum compleses.

We will follow the aomenclature used by Trofimenko [1b]. Heuce the abbrovi-
ations Tp. Tp* and pzTp stand lor upsubstineted hydoidotris{pyrazotyhiborate.
hydridotris{ 3.5-dimethylpyrazoiyliborate and tetrakis{pyrazclyhiborate.  respec-
tively. These are the only ligands which have as vci piver siebic copplese: of iiw
Group 5 metals, with the Tp and Tp* complexes being by far the more comimos,
Gither ligands of the lamily have been used in some instances, but with less <uctess.
These monoanionic ligands are formally six-eleciron doacrs with ., syamery
which will coordinale to a metal via the nitrogen atoms in the X position. The shape
of the polv{pyrazoiviiborates is particularly well svited to the oclobedral ceordina-
tion. Three facial sites of coordination will tend to he nceupied leaving the 1hree




M. Eziovne Conrediesthun Uhentivary Reviows 156 7 190650 24156 I3

oiher cis sies cvaskable for other ligands and chemistry. Tp and Tp® have different
siectronic propertics. and this will he Hostrated in the review,
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2. Vanadiem

Vanadium (ris{pyrazolvliboraia complexes have been deseribed for oxidation
states beoween Bl and V. with the chemistry of vanadiumi{l}; being by far the least
deveioped. An important aim of the venadium chemisiry is o model varadiom-
histidiue interactions thought to be prasent in the enzyme bromoperoxidase. o thiess
studies, the V==1) unit is uhiguitous. Hence. for the sake of clariy and homogeneiiy,
complexes that do not cxhibit the oxo functionairv are described first, while those
with the ¥V =0 unit folow. All of the carboxyluto-bridged complexas. containing
either V-—Q or V-0 ¥ unmuts, are deseribed in this latier s2ction.

2 Vapadium complexes without the ¥—=0 moicir

21 Vanadiwm{ Il

Tuc first vanadium complexes (oxidation states {1 and il containing hydridoi-
nis{pyrazolyl thorate were synthesized in 1975, with the alm of comparing s Hgating
properties with those of the cyclopeniadienvt fragment [37. The sublimable TpCpV
s solated as & green crysiabline material in 47% yield from 2 misture of praduos
following the reaction of Cp-VCi and KTp in THEF, Obviously the mechanism is
vuclear, with both reductior f the vanadium aad ligand exchange being invalved.
TErDY 15 paramagnetic. with pq= 339 1. and i obsorbs visibie light af 638 rin
(=102 1mol "am '}in THE As compared to seslectronic Cp: V. TpCpY is caly
slowly ar-osklized [3]. The znalogous compound Tp. ¥ has been synthesized via
reaction of VBv, with (wo eguivalents of KT in kot cthanoi [47. No vigld is
reparied for this reaction. The value of the magnetic moment (i = 3,82 pry,j and e
glectronic speatrum (dichloremethanc, 341§ 100), 422 izhi, 385 154504, 351 (shi 270G
{si}. 250 {71503 nm} are consisteni with a high-spin, d° ociahedrad configuration.
Surprisingly, there is no report deseribing the anatogous Tpiv,
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212 Vamadinomi {11

The ceordination chomisiry of this maidalion stare iy maore extensive, and soverul
of the produects that are deseribed lave served. of may serves as useful starting
muterials for further doesclopments I these syntheses, vanadinm trichloride VL,
cither complexcd or noi. is the metal rengent of choice.

The first synthesis (19751 mvotlved reaction of VOL{THEFY with KTp in THE to
give the sparingly soluble green complex TpVCLITHEY {15 iu 9% yield [3].
Physicochemical properties are it accord with an octahedra! high-spin df configura-
tion. Surpitsingly. despite the ease end the high vield ol its prepusation, no chemisery
has bern deseribed with this complex, Ferthermore, most of the syniheses reporied
subseguently fexcept the one which is deseribed dizectly below) suiler [vom extensive

decompasition. reslfting in low yields.

Green TpVCLIDME) and Tp*VCL{DMFE} are abtamed on a 5 g scale from VCI,
and cither KTp or KTp* in DMFE in 38% yield £3]. Tp*VCLIDMF] was reported
earlier by the sume suthars and lound to crystallize from a variety of solvents {6].
Purple Tp* VL DMF L H,Q), analyticaily characterized. is supgested to contain 4
bidentaic Tp* with one dangling pyrazole arm, the vanadiomt D being sis-
coordingte averall. However, upon cryswiilization from benzene. the green comples
Tp*VCLIDMF) {2} is obtained as the benzene solvaic. N strogture has heen
determined by X-ray diffraction. Physicechenneal dain are comsstent wath the
chserved distovted actabedral coordination, the Tp® being Gidentate. Bricl mention
ts madz of 1he hydridows(3-phenvipyrazolylibovate and  hydridotsis(3-rerr-
butylpyrazolyiiborato analogs [6].

When the reactions between VO and KTp*® are carried aur i fess basic sobvenis
such as dichloromethane and THF. complox mixlures of products sre formed. with
obvious degradation of the Tp*. presumably via acid cleavage of the B W bond.
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This decomposition pathway is oeted B several other instances ang paricularly
m the Group 5 chemistry tsee helowh The donmic vanadiumd 11} comulex
KETp*VOLIMena] s structurilly characterized with furither oxidaton leading 10
the dinucicar specics [ VOU,{Me,pa), 1, THE. also characierized oy Xeray anaiysis
[61. A similar decomposition 13 observed upon mixing Vi, and K{HB{3-"Hupz), ]
it acclonitsile and exposure 1o air {77,

Atlempted selective synthests of methoxe compleses front these DM coniplexes
proved unsaceessiul. Upon mixing Tp*VCL{DMF) with sodigm methoxide in (olu-
eic, a mixture of the mono- and di-methoxoe comsexcs s oMained {87, Crystals
were hand-sepurated and the Xoray crystal struciure of Tp*VCHOMeN DM (3)
determined. Thy molecule containg a short ¥V-OMe bond (1839031 AL comparcd
with the -7 bond (Z086{33 A} between the vanadiom and the DMFEF. o
Tp*VCi{DMFLCH, the vanadium-oxygen distance js 2082(S}A [6] The
vanadiam--methoxo-oxygen bond length is also less fan the sum of the covalent
single-bond radii of vanadivm and oxygen, suggesting muitinke-bond character for
this inleraction. consisient with the m-donaiing properiics of alkoxo ligands [&1.
Typicai vanadium-oxygen double bonds are in the range .49 163 Azsee Sceiiom 2.2,

The fast 1vpe of vanadiem{ 11} compound currenty known 5 the analog of the
vavadocenium cation. Both (Tp,V [f BPh,J and {TpiV ]I BPh, ] e prepared from
VO, and KTp or KTp* in hot acctomtrile {53 Yields exceed 60%. The crystal
stroclures of [ Tpa VI BPhy and {Tp#VI[OMe] have been determned Shighdy
distorted octahedral coordination is observed. with viaually identical bond jengihs
in the two cases, indicating livtle steric imicraction, as cobserved cisewhere (sec
Sectton 2.2). The V-N bond lengths range from 2.055(2) to 2095(2) A, averaging
20790 A it the two independent molecules of {Tp,VI[EPh,]. whereas for
[ Tp*VI[OMe] the average V-N bond length 15 2083 A {31, These V'Y cations
cannot be oxidized a2t gotentials up 10 2.0 V. One-clectron reduction forms yeversibly
the corresponding stable ¥" complexes, As expected, the methyl-substituied
[TpsVIBPh,] is more difficull to reduce than [ Tp. VI BPh, ] (£°=-06% V and
— 042 ¥, respectivelyl. The high stability of the V™ and ¥" oxidation siales is
#tiributed 1o the sandwich structure which encapsulates the metal, Note that Tp,V
has been prepared previousiy 4] (see Section 211

213 Vantdiumi IV ) and (V)
To our knowledge, excluding oxo compleses, there is only one exainple described
to date jor cach of these 1wo oxidation states.
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The dark purple-brown vanadium{TV} complex TpVCl, is ebtained in 38% yicld
after mixing VCi, and KTp in dichioremethanc. Only lited apalytcal datz are
reporied. The compeound is vapidly decormposed by air oxidation and hydrolysis [9].

Inn osidation state V. the reeently deseribed reaction of VOLIN-'Bu) with KTp*
in THI vields green Tp*ViN-BoyCiy (4) in 56% vield [H)] The niobium and
tantalum analogs are reported fsee Nccdon 1) aa well oy other oxo- and err-
buiylbmido c.om;m\ e of Groawps & and 7 with Tp® as a coligand. An IR absorption
Dand at 1207 ¢ ' 15 assig = N-C vibration, A more detailed dissosuim
af imido complexes s provided in Section L1 No chemistey starting {rom
To*V{N--BuCl; has been deseribed {see however Section ).
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220 Vanadivnr complexes with the V=0 meiety

As briefly stated 1 the introduction. the studics of complexes contiiring she V- O
maoiety are related largely o wodeling stidine vanadion mweiactbons that cookd
b prescut iy enzymed such as bramoperoxidase (VB PO The oocurancs of vang-
diunt in Hving systems and (he releviz chemislry bave heen reviewed {1131 A
paper specifically reviewing marine haloperoxidases has appeared cocenily (147,

Y-BrPO is a vanadium( ¥V -dependent criryme found inmarine alpac. Hocatalyaes
reaction (1

RH+H.Q;+Br —RBr+-H,0+0H (3}

A model has been proposed for the vanadiem environment o the enzyme hased
on several physicochermical techniques such as EPR. EXAFS, LIV visand ™'V NMR
spectroscopies. ¥V-BrPO exhibits a high-field ¥ NMR chemical shift [ 137 partially
consistent with #-ligunds such as glulamaie or asparfate T16]. A vanadate-
dependent shoulder arcund 313 nm is present m the UV-vis absorption spectrum
of the enzyme [17]. Fromi EXAFS studies [ 18], the vanediom( V) may be in a
distoried octahedral coordination geometsy with theve upidentificd hglt-atom
doners {prebably oxyper oF nitrogon) at 1,72 ", 1w pireran donpors al 217 A,
almast certaialy from hisiidine (imidacole} nitrogens, ioid a st ghe terminal oxo group
at 1.61 A In the inactive. reduced enzyiie, which would ben a stmilay cavironnent,
the main difference is 2 lengthening of the vanadinm-light atom bond lengih 1o
1.91 A. The reduced enzvme gives a pH-dependeni anisotropic axial LPR spectrum,
consisteitt with nitrogen/oxygen ligation [ 19]. Accordingly. water or hvdroxida have
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beci proposed as ligands, but aspartate and gotamaie ure also good candidaies, as
woil as atkoxo hgands from deprotanated serine or threonine,

Following these puidelines, the irisi pyrazeiyliborates, among several oty spevics
FHL12], have been utibized 1o build models whase physicochemica! stagivs might
cadd to o betler understunding of the coardimation of the vanedim in V-8B G, The
aronps of Collison and Mabbs and of Carrano hove used this approach extensively,
As usual, subsections are given for eacht oxidation stiale of the metul, eg. IV and V.
Crrboxylato-bridged dimers sre deseribed seporaiciy.

24 Fusadinnf IV )

Two generai approaches have been followed for the synthesis of oxovanadumif 1Y)
species. One involves the oxidation of a nop-oxo s prasoby iborstovenadinad T
camplex and the other one withzes a preformed oxovameam(iV; com o w which
the ris{pyrazalvl thorale s added by motathesis.

The simple vanadyl complexes &7 Tp HIVOC, {6 L Tpa VOO DM EF 8] and
TRVECIHDMYE) [3] bave been ohizined by the frst mothod As steted in
Scetton 2,12, the reaction of YOI, with £Tp*. leading to the corresponding Tprv'
complex. is highly selvent-deperdent. Sinilarly. when these reaction mixiores are
cxpeszd to the air, different products are obtaimed. depeuding on the <olvent, From
THE, a pecutiar V¥ compley - TedHIVOCT, (33 8 isolated in ie, unspecified
viekt [ 57, According (o X-cay erysiatlography, the comples contains o hve-coordinale
vanadium and g identate Tp*H with one dangling profonated pyrazole ring. The
vanadinm i then in o sguare-pyremidal witvironmest. The compotmd w markediy
different from the oclalicdral oxo-ndoblum(V) ard oxe -tdalinm{ ¥ complexes
TP MOCL, reported more recenily fsce Section 31y FIO) From DME in ar,
Tp¥OCHDME {57 and Tp=sVOICHIIME [ 67 are tsolated i 1% and 3% yield,

respectively, and fully characterized.

The second approzch hias been wsed to syathesize Tp*VOICH{ MepzH) from
KT and VOCOLIMeCNLEHO) TG The low yveid (20- 30%) and the presence
of bound dimethylpyrazele are obviously duw to some decomposition of the Tp® via
8 N bond cicavage. a teaction ohserved in other instances, Addition of silver
benzoale via a metathesis reaction leads 1o the ' -benzosio-comples. Tp* VO, -
O, PhiMe,pzH L This canstitules one of the vare reachivity stidies on the basie
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compleses [20], From sodium molosele, o bridged dimer ds abiainsd, whose
description 5 to be found in Section 323

Chelated comuoleses in the p-dilietomte series are ahbw syaithewzed, styming from
VOf-diketonatal: and KTp er KTp* TpVOuicsey i obininsd in 53%y yiekl from
methano! [567 lndependently. wiv different fi-diketonaio compleses, iucluding
Tp*¥Ortacach are solated from teluene reacoon misdwres 12022 Ditvocrbanate
compleses are also konown [ 23234 ] alethough i this coase o fdE paper has appeaned.

Seleated grametne paramulers derivert rom Xeray crvsil steuctores are pravided
i Table 1. Fp*VOLTTH DM (6} shows a distorted ociabhedral geomelry for the
vamamdimi IVE TThe oxe canadium bomd lengtin s a4 5 4. consistenl with a

Fiehiv |
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sofwew hat dong deuble bond, The dative bonding between the vanadivm and
the DMFE Jexcs 1o a V O bond leneth of 20433404 Tal In e g -bensoale
comples Tp*VO{ -0 MeapzH ) (7 the varddinm @ carboy
hond  lengih s 1990068 A umd the ¥ O I feaeil o ESTSAL
Tp*VOICHT MeapaH 8 0 V=0 boned tenpth of 1539500 A obsereed § 200 T8
compounds ilies provide an opposlunity o compare ditferenl vamidism {1V oy
Banid Lypres o closely relaied savsten, Yanadiemg 3y oxypen bood deogthe are ¢
pared B the next secton Dnoall of these slroctares the Tp? s -Bound 1o the
sanadivm with e VN boad trans to e ove
other ¥ N bonds, whaiover e other lgands

g markediy tengei han e two
Thiv Hlustrales the siroag e

influenee of the oao Hgaod.

Virtnally ol of the cowplones reporicd e aisa been charactenzed by a numinn

of diffepent  cchnigues. The data are comaisieni wislt pscbdeocialdyal o

watddiuni V) strgviones, Prelalad stadics of modir cemdaeninee nae e proper-
des, LY vis, TG EPR and Mooy d
Tables | and 2} indicate thii. in :
the expected wwdest elactron-reicasing effeet. bag th

raciion dati on the T asd Tp® oo

crersl the methyd graueon e ' pe
z t t

LI RN
; frand have
at they have only a smadl o any.

inftuence atiribetaide 1o oereased sieri Jemand | 57 The cises of the chiero{ DME]
aned avae complexes are picel and some redevant physicochamdead data repoiied
1w Table 2 Povhupy e most interesgug phepomens can be ebsevved in the elecito-
chemivad behavior of these paivs of compieses, They alf shiew quosi
eleciron vxkdations on the evelic voltammetry dme scale (v = 200 mV
be cxpected from the electron-releasing propertics of the eyt sroups, the oxidit:
of Tp® complexcs o at less posiive potentials, Fowever
the main difference resides in the kinctie stability of the oxtdized species. Toe bulk
oxidution of the acac complexes only alves o moedenitely stable, deep biae
exovinadium ¥comples with Tp® ax the ligand | 8357 Similar Gehavion s observed
fap the non-chelaed TpYOUCIHEMF) and Tp*vOLCT DML Botk csidation of
T VOO I penerates o deep bius oxevanadivant V1 comploxn {2, =370 nm
= 12000 Lol Yems ') whose eyelic valinmmegian: 5 identival (o thay of the
starting meleri), This suegests the stardng vasadium IV comples i very sinlur
e shruclere o e vanadiony{ V) species, The rupid reduction of this oxidized spectes
regene.ites e otimnal vimadium(IV} complex. Tivwe onjdized umsabstituied T

voysible one-
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complex directly gives yellow decomposilion products thongit 1o be diners wilh
hoth terminal and bridged oxo ligends [5]. Thus. the bulky Tp* ligand cicudy
shields the metal more elficicntly than Tp dselfl providing » higher kinete stability
i the complexes. Recall liere that Tp* has o cone angie of 229 | wiwrcas that of
To s 184 [26] The anthors emphasize the observation of the highly colored
vanzdinm{Vi complexy [Tp*VOCH{DMF)™ (5] This LMCT transition s obvi-
ausly duc to the chloro ligand acting as a a-donor, Habide ions might be expected
to hind 10 vanadiupy V) during the catatytic cycle involving V-BrP G [ 147.

The family of Tp*if-diketonuio} complexes has been the subject of detatled speciro-
seopic studies [21-237 Ax judged from Xoray cryvsial struetures, there are virtuaily
no differences between Tp*V(acacy {93 121 and Tp¥Oiacac) {5} (Table 13 Both
the clectronic and EPR spectra reflect 1 Jow symmetry of the complexes {Table 23
The observation of four - bands on the oue hand wond rhombic EPR sywimeiry
on the other is consistent with cither 4 distorted By or o €, symmetey [21]. Single-
crystal EPR soadies on these and related dithiocarbamato complexes have heen
described brictty [ 22.237], but no lull paper has been published. The crystai struciure
of Tp*VOH{S,OUN Py {10) also shows approximade C, symmetry [ 241, with & ¢ =
bond length the same a8 that in Tp*V(ONacac).
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The o -henvoaio and chlote compleses TpPVORL-0,0Phicde,prtl) and
Tp*VOLCIH MaeapzH ) bave also been cliwracierizen specivvscopically felogtronic
specira and simuolated X- and G-band EPR speotral. Cyaolic volimmelry tudicates
revessicle one-clectran oxidetion (v==200 mV = '\ with that of the »'-henroato
complex being 200 mV less positive thun that of the chlore complex, consistent with
the hetter m-donuting properties of the Foomer {26 As far as modeling of V-BrPO
is concerned jsee Entrodaction). the V- bond length of 1996161 A observed jor the
vanadium {1V )y -0,CPh bond compares reasanably well with the 191 A bond
lenpth between the vanadiunt center nnd 1 “light atom™ in the reduced form of the
enzyme. However, Tp*{carboxylato) somplexcs in the oxtdabion state V. which could
forve d4s more accurate models, are Deking

222 Vanadiume V)

The knows stabie oxo vamadinmi Vi compleses are ail neairal, with alkoxo or
pheaoxe higands, Theiv syatheses involve etther oxidastion of Ty oor Tpt vamadivm($v)
hoxe complexes or picpavziion ol osovanadium{ ¥V} alkoso species prioy to
wldition of Ty or T,

A serics of pori-substituied phenoxo complexes has boen preparcd it 307y yigid
from Tp*VO{CIHDME} and the approprinte phenesade sabt followed by air-
oxidation. according 1o By a2 {251

VOO DM E Y+ 2Na0-A-C 5 X ot PP VOI0-4-CL X0, + NaCl (28

toducir
+ Dty

where X is H, Me r-Bu, BBr, NO,,
Monoalkoxo complexes have been obliined in 75%, yicld according (o the second
procedure depictea m g (3 [8]

th

YOOI, - HOR LETVOCL0R) -5 B TpvOiCIOR) (3
where Rois Mo, b, Prooe-Ba

The bistisoprepoxol compiex TpVOIO-RPrY, b formed from KTp and
VO{O--i 0y, There i3 eatensive decomposition whes starting fronn the exyeidoride
compaund T8,
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Wiih Tp® tie bisjolkoso) derivarves g solated only aith B as Mo or Ew
preswmably beeawse of the bulk ol the other alloxvoe figands. The syathetic approach
in this case involves the preparation of vincdiumiiVy alkoxn complexes followed
by oxidatton with @ silver salt and deprotonaiion with i non-nucleaphilic base see
Eq. r4). Typical yiehids are 3% [8].

[LERTEN ST

T VOrChRDME T - ApNO; — 2 TpEVIHORE 4 Ax( ih

Ay noeted above, Tpt as compared Lo Fpogives these compleaes o hpher Kinetic
stability. The Tp compiexes are readify hydrolveed to give oxo-lridged species. The
Noray erystal sirvcture of the wetramer | TpVid, ], as been determined {8 .

In the 'H NMR speetre of the bisfathovo! and bis{phenoso) complexes, the 1:2
iniensity pattern for cach type of 1poor Tp® protons indicittes the presence of a
plane of sviametry. The Xeray sicoctures ol severgl derivalives (£ 12) have boen
obtined, and refevaimt metrical pm'umclcrq are compiled in Table I A important
feature of these moleculur structures is 1hat the vanadium-alkoxe-osygen bonds are
only .10-49.15 A lopg=r than the vanadinn -oxo doubie bonds. This is autributed o
thir high w-donor characicr of the alkoxo figand. The average kength of vanadivm-
phenoxe-oxygen bonds is [ .84 At A longer than vanadium- alkexo-oxygen bonds.
There are smafl differences 0 bead lengths between TpVOCIHO-1-Bu} and
Tp*VOCNO--Bul. As ror vunadium {1V compiexes, the oxo group exerls a strong
fraps infwence, fengthening the vanadium- nittogen bond prans to it Finaily, as
geaerally observed, the vimadinm . oxo hond length is virtsaily independent of the
oxidation state 1V or ¥V oin these compleves,

If-
2 \N' -
g C
Y :
[ e
% ~ Wl
O
M, B
11 12

These complexes have alsa been studied by mcwns of UV vis aimon o specire-
seepy, cyelic voltgmmetey, 3% NMR spearescopy and. for seme of them, EXAFS,
The deep grecu io dark blue phenoxo compleses exhibit thres ahsorption bands in
their optical specten. with molar extiction coeli'ionts o the range 49000 8000 |
mal em ' A blue-shift of the Jowest enespy Band is observed as the wieciron-
withdrawing power of the pura-substiluent teeresses. indicating & phenoxo-based
LMOT. A plot of £, v Hlammel o constants is keear, the twa extreries being the
d-methoxe (x,,, = 800 mm, -4‘340 I mol " em ') and the 4-nitro cormplexes
(7o =6300m, £ 8730 1 ol Pem ' {257 A similar trend is observed for the
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quasi-revessibie ope-clectron reduction of these complexes. The d-nitrophenoxo s
the casiest to reduce (E*=035H) ¥ ano 4-metioxide substiution shifis the redox
process to a more negative value by about 600 mV IE®= —6125 V) [35]. The
alkoxo complexes are red to yellow., with low-intensity transitions in the bue region
of the visible spectrum. The lowest cncrgy pand around 400 nm s aticibuled o 2
LMOCT transition (o= 4502000 Lmol o™ involving o pr arbital un the alkoxide
oxygen. 1he transition for diclkese compleses ceenrs o higher enerpy than Jor
moioalkoxa complexes {5 ]

The 'V NMR spectra sield no onusugi cheratonl shifls due (o alkoxo or phenoxo
coordination. The chemical shifts are in the range d —-d8%104 - 388 with Tp*VOi0-
4-C H O e); and T VOO 4-C NGO, b, respeeiin ey, as 1 twe exiremes [(§.35]
Tp*YOICH{O-r-Bularg TpVO{UHIOQ--Bu) give resonanves at § - 55 and & — 372
respectively, Controlied hydrolysis of several alkoxo denvatives gives i species tenta-
tively described as the bis{hydroxe) complex Tp*VOUO),. I gives a signal ol &
-~ 580 [ 8. The tetremer {TpVO, ], gives a tesonaues 2t § —604. Typical clenueal
shifts and trends for vanadiumi ¥ oxo species have boen compiled and analyzed [277.

EXAFS data for Tp*VO(OMe), and Tp*VOI0-4-0 H, Bri, sire reported {87,
thase for the latter compound being comistent with the Xeray 2iffraction reandts
[ 357, This allows the authors 1o be confident of the anaiysis made for Tp*vOUOMe,
and V-BrP'O. The V-OMe distance. as deiermined by EXAFS, is shorner (1,77 ;\]
than the V- 0-4-C, H,Br bond distance { 1.848 A from FXATS and X-ray dilfraction).
[t should be neted here that ehlorotalkoxo) complexes have cven shorler vanadinm:
a=E}:o\o-mchn bond lengils F257. as sevn rom Tuable 1 A valiable compilation of
V=0 znd Voatkoxe-oxygen bond lengihs s determined by X-ruy orystadlography
is provided {87 The ¥ sitkoxo-osypen bond lengths cluster around 1,78 AL Analyses
of EXARFS duta segpest thar the vanadiva o VoBrir0) could have 2 coordination
number Tower than stk and that the number of bownd nidasole coaid e ino at
mast, The authors supeest ihas the modads investigated may not be apprepriate for
the overall siraciure [87.

In conclusion. and focusing particulary on the most recent results concerning the
nlodeling of the vanadiom site in V-BrPQ, adkoxo ligands cowld in some wiys
asceound for e 172 A distance ebserved in the EXAES stadies of the enrymie. Adso
the vanodinn ¥ (s case s more diffondt (o redace. and this correlaies with the
high-energy LMCT, V-BriO exhibits 2 i.MOT ir::milion as a shoubder oear 315 nm
[17]. When considering the reduced enzyme and g’ :.mlum\!timamdmm{l\f
complexes, shmilur ¥ O bond jengihs of L91A and 200 A. respuctively, bave
heen observed, but there 15 ne model carboxylaio complex availabie in the Tp)7
vinmactivia [ V) aories [ 20, Howeven there & ono explanation of the furpe bigh-tield
shilt in the *'V MMR spoctrum of about & - 1200 t0 V-BePO, Similariy. EXAFS
ditta o model compounds sugpest thal g ilve-coordinate stricture might be presems
i the enzyme {81

2230 Cavbevvlara-brideed vanadius coniple ves
in Scciion 221, an g'-benzoalo-vanadinmi V) complex Tas been describad. The
same quthers Iun-'u alse obtained a4 peeuline asymmetrical panalonato-complex from



1= M B Cordinatinn Clrernister Beviews 10 0 { iy 200230

Te*VOCOH Me.pzH ) and  sedinm malonate. i iy formuobied oz T VO{(u-
malonato)VOiMe, P7HITp* (13} on the basis of ar X-ray crysial structure determi-
nation [ 20]). The bridging dicarboxyiate is monodentate o the Tp*VO{Me,pzH}
molely. 2 bridging carboxylate hetween Tp*VO({Me.pzH) and Tp*VO units and a
six-membered chelating carboxylate 1w the Tp*¥O unit. I is the first oceuwrrence of
sitch a cosrdingt.on mode in an izolated dinuclear structuve. This complex shows a
I5-line paitern in its liguad=soiution EPR spectrum with 4, 1305 G) being abowt
hall A, in mosonuclear vanadiuma Vi comalexes (A, = 1.2 G lor ihe p'-benzoato
complea), Wenk anhierremagnetic contpling between the vanadium (about 3em Y
15 observed,

Twe Tple-oxojy-carboxylate) V" dmuclenr species have also been isotated and
the excharge coupling mreractions have been studied. Green Tpo Vo -t
CHCG) exhibits weak ferromagnetic exchanee coupling with g==22715 J—=
+5(em t The value of w por V' ko ineveses from 318 pp at 298 K to
330 g 0t 9B K [28a]. Later, very strong lerromagnetic coupling was foand in related
triazacycionehane complexes | 2Kb]. The p-propionato-analog has alsa been fulh
characterized and found te exhibit stmilar ferromagnetic coupling (S =2 ground
state) with =346 jy per V¥ atom, However, the p-hiydroxo cation alforded by
prolonation [ Tp,Va(p-OH Hj-CHCHLCOL G CF;50;] exhibits anviferromagnetic
behavior with an §=0 ground state (g=201{ 15 )= --31.3{2) am ""1[29]. The X-ray
arystat strnctures of both acutral n-oxo (14) and cationic g-hydroxo {158) complexes
have been oblained. Upon protonation, tre varadivm -bridging oxygen bond length
increases from L7727 A (0 1933 A, Unexpactedly, the V- O-V angle decreases from
133* to 123", The avthors suggest that there is a chunge in the hybridization of the
oxyyen bridge. Some sp character ai the oxygen in the netiral dimer. caused by -
bonding with the oxophilic vanadiums and reinforced by Lhe cobridging of the
carboxylate. 15 lost upon protonation. From orbital considerations. the switchover
from ferromagactic 10 antiferromegnelic coupling is proposed to result Fony the
decrease of the bridge augle, Sveriag increased antiferrontagnetic coupling, and from
the increase o the V-0 bond lengths favoring decreased farromagnetic coupling
£20]. Memion of related studies involving substituled trinzacyclononanes. which
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can be considered as neviral analogs o) Tp and Tp? ligunds, shoubd be made here

{28300,

3. Niohiem and tantalnn

The early attemipts to explore the chemistry of hvdridotris{ps razeiyliborato com-
plexes of mobrim and fantalum were hampered by several svathetic probloms
wleniificd by the few eroups then working m the arca, These offors were direcied
ioward the synthesss of compieses with the metal in oxidation siate IV or V. However,
the more recent investigations into the area of niehiomi TH) pikyne complases have
been mors successful. For tese storicn) and chemical reasons. the chentisty of tie
axidation states 1V and V is presented Hivst, the oxidation state 11 being dealt with
ter. As Tar as w2 are awace, no data have cver been pubbishivd on other oxidation
stakes for these twa metals. We are excluding from the discession the samewhial
related bis{pyrazolyiiborato [ 32337 and wigdpyiorolvihmethane compleses {347

3.1, Niobitm and featolwmi £37 ) aad 0V )

The fivst complex deseribed with the heavier Groon S wietals TpMEQUOMel, was
uncspectedly obtained from [ NbCiiOMel ). and KT in 41% vield. Ether 2limina-
tion is proposed to occur. A vi ND Oy ai 920 om ! was oheerved. Howaver, the '
NMR spectrum beiween - 45 and +60 € reverled oaty one type of pyrazale ring,
which argues against the proposed irdentale fucial cnordination of Tp [35]. This
factal conrdination jeads 1o & 117 indensity pattern {or the piarniyl protons as
observed for Tp*MOCEH (M is Nb ar Tai {see below).

Later reports showed that divict resctions of the pentakalicde: with enbigr KTp or
KTp* give compiex mixtures of products involving cither reduction er side-renctians
such as B N bond cleavage. bo ihe Case of NhCL, and K'Tp. the inportance of the
solvent and reaction temperature for the suceess of the syntheses 15 sivessed [30].
The use of toluene or THY feads to unidensified oxo species. wherens dichiore-
methiane and scelontinie either siagly oF as misturcs, give botter rosaits. Romarkably.
orly wme uobiom{ V) species are oblained from the reactton mixlures. Thus,
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K{TpNbC1 ] is obtained tn 58% yicld according 1o Eqd3h This salt precipilates
during the conrse of the reaction, and the nlobiumd IV dimer Tpaléb,Cl, romains
moscluicn,

\..l \

NbCl. +KTp CK{TpNBCIL T+ T, Nb,Cl, {5}

The niebizm(IV] dimer can be abtained in better vield {729} from NBCl and
KTp in dichloromethane acetonitile mixtares under reflux. or from NbCl, and KTp
i acetonitrite. H NBCL I MeCN, 15 used in the reaction with K1 p, the jonic produst
KETeNbCH ] s formed ia 77% yicld. The atobiem{lV) dimer Tp,Nh. Ol can be
oxidized i siry with CCl,. precipitating TpNbdCl; (16) tn 88% yield as dark red
crvstals, Despite this seemingdhy straightforward access o what shoulo be a very
ailractive siarting natenial. ne furihber work on tus compound has ever heen
reported.

The *H NMK specitwm of TpNbCi, anplics cquivalen pyrazoiy! groups, with
doublets at & 827 and & 8.12 for the 3- and S-protons. respectively. and a tnplet at
4 6.81 assigned to the d-protoa. This specirnm sugpests the keplacoardingiz niobium.
The need for highly pure CDON solvent {or the NMR analyses i+ cmphasized.
Tracer of warer inauce b-N bond civuvage. es evidenced by a characieristic pyrazoie
NH signal.

When two equinalents of KTp are vsed. only dimeric niobium{ IV} compicies are
formed. Starzing from NbCi: in MeCN at - 30°C, Tp.Nb,ClneHY, Is solated 1
30" vield. demonstrating the ready B-N bond cleavage. From NGCL under refluxing
comditions, Tp,Nb,Cl, is formed. This specizs is also svaliable from three equivalents
of KTp and NhClg under sbnifar conditions [367. The niobium{IV) compiexes are
formidated 23 dinuciear on the basis of the observed diamagnetism and the weli-
resolved 'H O NMR specira. Vapor-pressure osmorrelry aud 1dss spectrometiy datu
dre also consistent with a dimerie formulation. These dinuciess species adl cxhibil a
I:2 intensity pattern tor the pyrazolyl protans in their 'H NMR spaeirs. and
structures invelving C bridges and bidentate Tp ruordination hava heee proposed.
Relared his(pyrazolyliborsioniobium complerss heve boen also deseribed [367]

Although very fow detajts are provided, Tp*NbCl, i one of the products {41%¢)
of the reaction between NBCl and KTp* in dichloromethane £37]. The ssit
THBi{Meapz),BHITNDCL 1 §s also obtained fit 31% vieid. the tantatum analog being
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ciysizllographically characterized. Obviousiy, B ™ kond closvase veactions are
occurring sgain and. as observed with T § 367 the vourse of the rezcijossy s solvent
dependent. The trishyrazolyl complex T‘:r*'\h( Tiddcapz)y has haen charactorizad by
TH NMR spectroscopy {371 No Tull neper has appeared

The reaction of TaCl, witk different pyrazoiviborate saits gives mixwares of pro-
ducis {36-38]. However, alkyanialurat Vicompleves have hoen chinined according
to Eq. {6}

TaMeo,Cly+ KRBpz'y -+ REPZ TaMe, Ot KOO if

where RBez'y is Tp. Tp®. pzTp.

Slow addition of the pyrazolviborate szt Lo Tad e Ol in dichloromethane (K Tp*s
or diethylether (KTp. KpzTpi et Jov tempereivre givas REpz'yTe Me O in respeet-
able yield (32-66%). These complexses are much s e than Talde Tl which
buras i aiv. and also more stable than CpTadie Ol which deeompeses cuver o neriod
of days. They ure stable for months under dinitrogen and may be handled briziy ia
air [38].

Tp*TaMeClis even less reaciive. No chlonde replacement with Lidae, MedigCl
PRCH,MgClL KO--Bu or NaOMe has heen noted. Nooveaction lakes piace »
added MeOH, +-BulH or i-BoNH,. Even OO and ON-i-Bu are mwert {7

The X-ray crystal structure of TpTaMe,Cl contirms the seven-coord
geomelry is that of a capped octahedron with i
as shown (Y74}, The 1antalum—carben bonds
Altlicugh there 15 no axis of symmetrs. ;here
idezlized geometry.

< wre dstrciure I7AG Eiﬂd thi othor of
istrucinr: 1TBY
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n structure 17B. cach set of Tp protons gives rise (o only one signal in the 'H
NMR spectrom. waereas i structoee A a 12 imensity patter is observed, The two
izomers are present i — 8 C, When ihe Lpperatore s raised. the firsl bower-energy
nracess exchangas the Ta Me resonances inisomer [7A, leaving the pyrazofy] signals
unchanged, A second highor-energy provess serambles ali the Ta- Me sigrais of the
two fsommers. The fow-emesgy provess is sroposed (o be the rotation o e lriangabar
fzce formed by three methyl groups. whereas the higner-energy process would include
the O} in = wimiblar mechanism. However vawrvise exchapge of one of the thres
facial Hgands ith the Hgand in the capping position was not cicivded. There
is no hange belwesn coordinzted sud  uncoordimated  pyrazole rings in
{pzTpiTaMe, T {58 ]

No other reporis of chemisiyy with Nboor Ta i the exidation state V appeared
during the following ten years. presumably owing to the lack of casily accessible
suariing material and to the high kinetic siability of the rare alkyltantzbum com-
plexes known.

More recently. a new entry into the chemistry of this osidation state bas appeared.
A comralied svnthesis of Tp* oxo and tere-butylimido complexes is reporied {187
fHere again, the choice of the solvent 1s crucial fov the success of the synrheses. The
reaction hetweenr [ NbGCLL 1, and KTe* in MeON wffords Tp*NBGC), in 72% yielgd,
whereas a similar reaction staviing from [ Ta 000, in DM yields Tp*TaOCH 0
68% yicld. These compleves are characterized as monomers on the basis of the
observation of 3 molecular ion in the mass spectya (18).

e

N

1 k>
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183 =Nb. 12
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The 1:2 hlensity pattern in 10e 'H NMR spectrs imply 2 symmerey plane in
these complexes. In the IR spectra. v NB—O) and v{Ta=0 ere observed ar 235
and 932 ¢ ™Y, respectively [10]. The analogous Cp or Cp* derivatives are unkaown
for niohiwm {only clusters arc known see. for example. Ref [ 391 and [Cp*T2OC 1,
is a dimer, anstable in solution [40] The sulfidoniobium analog. Tp*NESCLL. is
alse mentioned in a footnote L1070, but the assignment of 20 IR band at 882om™F
0 a viNb=8) s guestionable. A reported strong absorpion at 516 em ™! might be
4 better assignmeni.

Reaction of MClpy {N-i-Bu} (M is Nb. Ta) with KTp* in MeCN affords the
corresponding imide complexes Tp*MCILIN-t-Fu; (19} in 928 (Nb} and 56%, { Tal
yields Tif1]. Anaiytical and spectroscopic chasscterizairen inclades 2 strang
riNb=1-Ci hand ai 1231 em ~" in the IR speoirum. The chen.isiry of wnide com-
plexes hus baen reviewed [41.42], and this assignment is consisten! with current

knowledge.
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The difference Ad between the C NMR chemicol shifl of the guaternsry carbon
Cz bound o nitrogen and Lhat of the meihyl carhon CFf of the tari-hu
group has been vsed 1o assess the amoun: of m-donation of the imidn fone p i
an emply metat orbita! [42.37 The Ad trend i the Group £ Tp% imide compleres
5 V(56,0 > Nb (40,751 > Ta {34.5), with the vanadiom comple o oxiibhivng & maee
elecirophilic imido nttrogen [ 107, The analogous Cp and Cp* compleses are known.
For the Cp complexes the ohserved A¢ order is Nb {39.6)>Ta 1343, and in ibe
Cp* series Nb {38.4)1=Ta {332 [44.43]. When comparing Cp, Cp™ and Te" com-
plexes. zither no obvious irend {Ta} or clse small differences { Nbr are sasn, und thers
is clearly no ohvicus mierpreiation.

No further chemistry appeared with these oao and inido contpleses uati carly
1995. We have oursclves ansuccessfully tricd to make diaiksh dlarl, dilivdrids and
alkylidene oxc complexes starting from Tp*NbOCT,, but extensive dacompost
reactions were observed in il cases [45]. Breause of the mone 8erible srorzasioot
properties of the izmdo ligands. 1t is posstble that more stabl. Comeleses mighi

abtained in the imido series,

3.2 Niohivmi il i

A copveniemt entry into the formally Tp* Nb chemiziry wilh internal sikyaes 23
coligands has been discovered. amd seme chemistry, etther al
atkyne. is being explored. Tn most of these complexes. the atky
elactron donor. e.g. both m-systems are fnvoived in the bon
detailed review on such aikyne behsvior in Group 6 mizial com :
(473, and basicaily all the conclusions are aiso valud for the Group 5
Structurel comparisons have bzen inade of the difierent behavior of afkynes
the Group & complexes [487].

The first subsection befow is devoled io the dickiorofatis
T oor Tp* as eoligand, with a special emphasis on comgp
with that of analegous Cp or Cp” comploies. Alkyne
ipgiuded in this section sinee they directly coree
scopnd section deals with Bvar
tions are described.

el complenes with etiher

faie with

1

300, Dickiovaralhyune complexes wid

R

Geod vicids fover 80%) of the red-p Tn” G PRO =R can be obiginad
from the rzaction of NG (DMEyPRC=CRy with KTp* in THF zccording to
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Ly. (7). The orightal commuanicatian (497 describes the reaction of phenylprapune
{R is Ma) but othor derbvatives have now been syndhesired with olher atkynes (R s
EL »-Pr or Ph asd 2-butyne) [ 507 More recendly. tus reaction schome has been
applied 10 the synikews of some unsubsiduted 10 compleices TpNBCOLIRC=CR’),
with RO=CR Boing PO = CMe, MeC = Cvle - MeaSiC= CSiMe, (51 ]

“RTp —-—-npl\b(n{f’h( CRY4- KO- DML
7

NbCELAYMEN Ph =

where T is Tp or Tp*

Tiwe X-rav crysial siructures of hoth phendpropyne complexes {49,517 show thai
tie atkvne lies i the molecular mirror pianc as shown (20211 with an overall
ociahedral coordinaiion around the siobinm i the alkyne is considered to cccupy
ong courdination sile. As observed for some vanadium compounds. there are only
miner structural differences beiween the two struciures, in Tp*NbCLIPhC-=CMel.
the niobinm-coordinated alkvne carbon bond lengths arc [49] 20549) and
2.053:9) A, averaging 2.07 A, whereas in: TpNbCiL PhC = CMe) these bonds lengths
are 2.065(6) and 207161 A [51]. The Nb € bonds are short and approach the
range expected for nichium- carbon double hoads. Thev sre ¢ pical of four-slectron
alkyne coordimation [471 and compare well will: thos: . iaslogous niobium and
tuntalum alk) ne complexes [487]. The coordinaied C-C bond length of the alkyne
is L3N A for the Tp* complex [49], and 1.301(8) A for the Tp complex [51].
The four-clectron donor alk¥ne exerts some trans inflaence, the Nb-N bond trans
to it being at least 4.07 A longer thain the other two. Although the niobium in these
complexcs is formally @, Nb% with 16 valence eiectrons. the alkyne appesrs to be
substantially reduced. and melaliacvciopropene tautomeric forms with a d*. NbY
confipuration should be taken ini1o account. For this reason and to make it clzar
that the alkyne is not 2 conveniional two-electron donor. the metallzeyclopropone
form will be adoptad in the drawings seg 20 and 21
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{soelecivonic Cp or Cp* niobium and tan:alum complexes have Deen cotine
previousty m whuch the aikyne also Behaves as o four-electron donor. The siructural
paramelers for ihe metal alkyne covrdinaion do not differ signtficantly {52537
Hoveever. the overali geometry is difierend for the Cp and the Tp [emilies. 1 the Op
tor Cp*} case. the alkyre is found to be paraliel to the Cp plane a5 shown (22)
fhorizontal geemetry). The only known exception is that of the Ta complex. which
possesses a benzyne lying in the molecalar ptane {347 In the Tp lamily. the whole
pheylpropync lics 2 the mokoowiur mirror plang which bisects the C1-Nb- C angle
(vertical geomeiry), The phenyl ring always sits hetween two eis-pyrazole rings, The
exact rezson lor these ¢iffierent ground-stale geometnies is not fully undersivod. The
initiz! proposal is the Tp¥ case [ 397 favored steric nteractions. even though the Tp
complex is wmech less sterically hindered. Preitminary cxiended Hicke! molecujar
orbital calculation: »n the model system TaNbULITHC = CHY show dhat there is
anly & very small cosrgy ificrence between the vertical znd herzontsl geom-
etrigs. the former being more siable [557. Simifar eaicutations for horirontai
CpNBCLIHC=CH) have also been carried ont. end the bharrier o acelvienc
rotation coniputed 0 be about & keal mol ! [83] Veniica! comrdinaiion of alkens
and alkyne has been shown to result from orbital centrui in the 4° iridium
complex  TpirH.cycloacteney [567. and in the 4 tungmen  complex
[T W{COLIPhC=CMer] - {571
In both the Tp and Tp* series the verbical geometry is retained in solulion. For
the Tp* complexes containing non-symmatrical alkyne (wo discreiz bsomers wre
observed by NMR spectroscopy at room tomperatzie. The ratio of the twe isamers
depends on R, but the major somer aiways has the phenyi group towards the eis-
pyrazole rings. [n the phenvilpropyne cese. no breadening of the 'H NMR signalk
of the iwo isomers in loluens-dz 15 observed up to 373 K [49]. wherens in the
2-butyne case. two alkyne methy! signals are observed a1 room lemperature. and
coalescence s reached av 338 K. giving @ bagrrler 1o 2-butvag rotation of i8]
mol "7 E301. Ta the Tp case. the phenyipropyre and 2-butine show a single
signals, whereas. for TpNbClyiMe,5iC=C8iMe; ). coulescence of the methyl s
ocours al 273 K. leading to a barrier 10 alkvae rotation of 12.3 m:a.! moi
The deshielded coordinated alkyne carbon resonances in the WU NMR ‘-EJ\.L;
the complexes cleariy prove that the alkyne also hehaies us a four-clectron do
in solution. The empirical criterion way first proposed Iy Templzion and Ward
and applied to other Group 6 metal compiexes }4*] For Tp*NbCi i PRC=CM
the resonances are found 2t § 264.5 and 218.7 imajor somert o5 §
frninor isoroer) [497. For the analogous Tp comnlex thoy are -:}:'3.
and 231.8 [51] Vaiues ot higher Geld, with chomical shift vaju
shout o 160, are found for two- c[e(.l'oru aikvae ligands £39]. Ia the Cp family with
either niobivm or taniatum, similar 1°C chemica! shifts are obwerved 1
From ihe siroctaral and spectroscopic datn, there are ohviously SYENLCS
betwsen the To and Tp® ligands in incse dichlore comvolexes with the exvepiion of
the height of the barrier to alkyne rolatton. However. as ovservad with vanadiam,
there sre notable differences m 1ie clectrochemicsl behuvips TpeNoTL{ PRCO=CMe:
undergoes a reversible onc-clectron reduction at —11% V with a psak-ie-peak
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separation of (.15 V and a peak imrensity ratio of 0.9, whereas lor the Tp complex
these parameters are —{0.93 V. 0.2% V and 0.5, respectively [50]. This is consisient
with Tp* being more electron-rich (han Tp, hui alzo with the idea hat Tp* imparts
more kinetic stability than Tp. undoubtedly mainly for steric reasons,

That steric influenee ia a4 significant part of the anigue ligating properties of these
ligands also manifesis itself in the only comparative reactivity study available to
date. Tndeed Tp*NOChL{PhC= CMe} does not react with NaCop-DME, whercas a
smooth reaction is observed in the case of TpNbCi,(PhC=CMe). Eq. (8} giving
yellow ToCoNCI{(PRC=CMej (23} in 75% vield {51}

TpNbCL{ PhC=CMe) + NaCp DME —— {8}
TpCpNb{CH PhC= CMej + NaCl+ DME

This complex now has a ¢~ <onfiguration with 1% valence cleetrons far the nicbium.
The Cp ring is n>-bound, & wir-le "1t NMR line being observed down 1o 193 K. The
afkvne now behaves as a two-clectron donor. as shown by the higher ficld shilt of
the coordinated carbon atoms (4 1635 and 152.9%, Two discrete tsomers ina 515
ratio are observed, with no indication of inlerconversion up 10 373 K. The geometry
nf the complex is [ully defined by an X-ray structie delermination which shows
that the alkyne, except for the phenyl ring, is now parallel to the Cp plane, as shown,
It no fonger bisects the (w cfs-pyrazole rings. In this geometry the alkyne eclipses
one Nb-N{pyrazolvl} bond. The Cl, Nb and coordinated atkyne carbon aloms are
nearlvy coplanar, so that the geometry is fully reminiscent of that observed in the
bent metalocene series Cp,MX{RC=CR’'} {M is Nb or Tal. 2 typical example of
which is t7°-CsH,SiMe,: L, NbCIPRC=CPh) [59]. The two-gleetron donor behavior
of the phenylpropyne in TpCpNbCHPhC=CMel is inferred from longer Nb-C
bonds (2.146{3) and 2.16513) AJ and 2 sherer € C band (1.254(4) A) as compared
1o those in TpNbCLIPhC=CMe} {51]. Sorprisingly here, either Cp or Tp can
independentily dictate the sround-state seomelry in the fo-clectron, Nb™ d* species
containing a four-electron donor alkyne. whereas direct intramolecular competition
between the two ligands leads to a Cp-driven ground-stale geometry. In tite absence
of extended Hiickei calcuiations, the reasons for this are stll under debate [51).
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Attempts 1o lunctionalize the alkyne diastereoselectiveiy, taking advantage of the
vertical coordinaion in choss! Tp*NDICHOMe){ PhC=CR,), have heen made vsing
deprotonation-alkylation sequences [60]. Propargvlic protens of four-efectron
denor  alkynes in Group 6 metal complexes are acidic [61-6-7, and



M. gt Conrdinarion Clressistey Reveen s T56 0 [0V, Ji0f 234 Ok

Tp*NbCH(PhC» CMu) can be cleanly deproionated with Li--Bu TMEDA 4 fow
temperiioen, Subsequent addition of Mel or PhOHBr gnes good yields of the
alkyluted aikyne complexes Tp*INbClaf PRC = CC H,R} (R i: Me. CH,Phi Eq. (9
Diespite the known high reactivity of Nb-C3 bonds towurds antonic nucleuphites, o
side-products are formed. Other bases such s Lien-Bu. Li-r-Bu and LilN{SiMs;)- do
not promeic clean reactions [60].
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Similar resulis are obtained from  the chiral complex TpsNBICHOMe
{PhC=CMel, the characterization of whick s described below. Stardng from
Tp*NB{CLH{OMelf PhC=CCH. Mey idition of the bess and thes PhOUH.Br gives
Tp*NBICL) O\f}e][PhC—-CCH\‘IL[CHzPH;] P 900 vieid as o 40 mixiure of twe
diastereomers A and B. Staring from TpsNbhi(COH{OMe] Pl = CCHLCH,FR] and
adding Mel to the deprotonated complex mives ithe same complex TptNBiCl)-
(OMe) PhC=CCHMelTH,Ph] with a 1:6 diastercomerie ratio (AB). Hence ihe
chirai auxtiiary Tp*NbiCinOne} allows for some minimial diasiorenselectivity in
these alkvne aikylation reaciions. ‘This may be ascribed o the existence of atkine
rotutional isomers and 10 4 iow {acial discrimination due o the similar size of chloro
and methoxo [60]. Simtlar diasterenselective reuctions hiave been verformed [ully
using the chiral avxiliary Tp*W{ITyHCOy {647 An Xeray diffraction qfui\ Tr
Tp*NbCHIOMe PRO=CCHMe!CH.PRY] (24) gase an umexpecied rosuln
stereogenic D;oparm!u carbon atom s trigonal planar. ang the methy] ore
attached 101t has o Jarge thermal ellipsoid. the principal axis of which is perpans
1o the plane around the propargyiic carbon. This disorder may be acmur‘mi far b\
ihe facl tha both configurctions of the prop’-&rvmh carbon are present fu the crystal
for g given niobium con¥guration. The *H NMR specirum on 2 solution of ibe
single crystal used for the X-ray diffraction study both disstorecmers in 2
raiio o, ahout 12 [60].

voshowed D
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22 Hydrocarhyf desteaiives

Both mono- and di-hvdrocarsy complexes bave beew synthesized. starting from
the dichloro(aikyney complexes or from the chloroimethosay dertvatives which are
the original stariing materials.

The arange-yeliow chiorofimethoasy complexes To¥NbiCHIOMed PhC=CR) are
obtained siraightforwardly in high yvield by reaction of Tp*NhCL{PhC=CR) with
sodium melhoxide in THF [657, These are chiral molecules with the siobium as the
stereogenic coler, as shown by a 1 i1 intensity paigern for cach type of Tp* proton
and carbon atom. Althaagh the alkyne sill behaves as o four-electron donor. the
resonances of the coordinated alkyne carbon atoms are shifled to higher field in
the "C NMR spectra. This undouttedly reflecis the good m-donating ability
of tite methoxo. which reduces the altkyne contribution to the clectron density at
the metal. For example, the siobtum-bound atkvne carbens resonate at 8 264.5 and
G MET i Tp*NLCOLIPRC=CMe). but they are found at ¢ 293 and & [8D6
in Tp*Nb{Cl{OMe) PhC =CMe) [637].

Methyl-miobiom and phenyi-niobium species { 23) are formed readily g high vield
fram Tp*NB{CTHOMel PhC -=CR} and the appraprio o lithium reagent [637. In the
B¢ NMR spectrum the carbon atisched 1o niobium gives rise 1o a broad quarte
at 0 382 (=120 Hz) for Tp*NbiMeliOMe) PhC=CEt) and as 4 brosd singlet
at & 198.1 for Tp*Nb{ PhOMel PRC= CELt). The diastercotopic methylene alkyne
protons ig TpoNBXY(PHC={_Ei) are inequivaleat in the *H NMR specirum in ail
compiexes, whatever X ond Y. excepi for Tp¥int "PhYOMel PhC=CE!). in which
thcy appear as & single quartet. Aithough rotation around the miohium -phenyl bond
can be frozen auwt the single quartet is independent of solvent and temperature.
There is rc suitabie explanation for this deceptively simple spectrum [65]. These

hy. acarb,' species undergo sumce reactions, described in Section 223

{ " “N P
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Me=—t

25, R' = Mg, Ph

Longer-chain. tnzar alkyl grovps also form stalte complexes. alihough f-hydride
elimination is commuon for that kind of alkyl. Fusthermore, some of thess compleses
exhibit z-ngostic interactions {3-center, Z-electron bond) virtnally unknown wiken
f-hydrogen atoms are present [66.67].

Ethyl and r-propyl compiexes of ithe iype Tp*NbhCE PR =CR) and
Tp*NB{Cl{n-Prit PhC=CR} 1 R is Mo En 2-Pi. Ph} {260 are synthosized in 80%
vield from dizhloro precursors and the appropriate  Grignard reageni in
toluene (68,69 The 'H NMR data show that enc proton of Lthe nicbium-hound
methylene group is notably deshielded, while the other is shiclded. in
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ToFNb{CH{CHMel PhC==CMe) these provons appear a2t 4 384 and d GAT as
doublets of guartets {634 while in Tp*NCl S HCH M ey PRO O bed they are
found a1 ¢ 3.6% and o 958 [697]. The large chemicsl «hifl Jifference s noteworihy,
but evidencs for the x-zgostic imteraction comes from the ¢ NMR < .
Small Yl valaes indizate o weakened C-H bond. ano this is one of the most
reltable  indications  of  agostic  jmteractions  in solution  [6667].  For
Tp*INKCIOHCHMe) PhC==CMel the z-carbon  atom  prodices a niobium-
broadened doubler of doublets at § 863 wiih Wey 105 and 129 Hz [68]. For
Tp*NPICIHCH O H Me PhC=CMe). the scurbon atom rescnates at 4 959 us a
doublel of doublets with 'Jy of 106 and 125 Hz | 697, More recontly, mesivrement
of the 'Jo from the 'C satellites fu she M NMR  specivum of
TrrNbtCINCH Me){ PhC == CFh} indicated that the shickted protow is associated
with the low ‘e [707, consisient with an v-agostic intcraction {6667} The »-
agostic interaciton @ pwors o be static, the 'H NMR dowe hoing temperature-
independent between 213 and 323 K.

25, R =Me, Ei

An X-ray crystai sirocture of Tp*NhICHICH Mey PROC = (0 alo sugzesis that
the 2-anoslic interaction is present in 1he solid sisic {683, As o result 01'1i'i1'~' :
center, two-electron bond. the No--Cu bond iy shorioned and e Nb-Cx-C
s opened. The Nbh Oz bond lengih is 2 l'*'u: A and the Nb- C3- U8 angle is 13".\[ ! }_ .
These parameters can be coimpared 1o Nb- single honds of 254681 and 2.31{1] A,
and to Nb-Cx-CH angles of 1186071 and 121V in G N HAMenCLH 1 1713
atd CooNhiCH Mt MeC = UMel [72] respectively, i wiitch a0, or weak
mteractions ave present, Otuer x-agostic alkyl Group § complesss have similar

struetural features. In CoNBIN-26-Cobl--Pro HOH - Buk, with 1wo a-agostic inter
actions, the Nb-Cx bond lengihs are 2 ] T4¢3) and 2235 A and the Nb-Ca-Ch
angies are 131.2{2 and 132.5(31° [ 73], Unfortunately. the accurucy of the structure
of TP NB{CH{CH:Mep P’ =CE1] is not high. and nydroges 2loms have not been
located. Also. no reduced +C Hicouid be sefely gisigned in the IR specirs of thess
co'l?pie\'cs [BR].

The z-agostic interaction has been prebed in aiber alksl dervvaiives & he by
compizx Tp*Nb{CH}{CH,PhH PhC = CMel is not agostie. B shows 4 smal] chemical-
shift differenee for the methylene prowns of the baneyi grovp (Ad=0.74 p pinl and
the a-varbon rzsonance i @ triplsl at & 89.6 wilh a pormel Ugy of (20 Hz The
ethylimeihoxo} complex Tp*NBOMatCH-Meji PRC=CM=2) does not present a
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clear-cul situation. The triplat featurve (Mo, = 116 Hzj of the z-carbon atom observed
ai rogal & nperaure vanishes 4t 133 K| suggesting 2 dynamic process averdaging onz
large and one small Loy Any x-agostic interaction here is much weaker than in the
chiorofethyl) complexes [ 68 | The reasons for this die probably clectronic, although
the benzyl case may alse be the resul! of some steric contribution. Methoxo is 2
better medonor then chloro. and therefore competes more efficiently with & Ca M
bord {or the available niobiom orbital. Sirularly the pheny] group may lower electrun
density al Co. Other substitutions at Ca kuve been attempted, but only rearrangement
products hiave been observed so far (see Section 3.2.34

However, the important poini is that an x-agestic inleraction is preferred over a
more common f-agostic intergetion. Undoubiedly, this is duc to the bulky Tp*,
since f-agostic interactions require ennsiderablz space to bend the C2 round. whereas
only a smal! distortion of the ethyl group is needed for the x-ugostic intecaction 10
ovcur [66.67] A similar preference for gagostic interaction s observed in
[Cp*HI(CH,CHMe, ) PMe;)]~ . whic. is obviously a crowded molecule [74]. f-
elimination tiself 15 usually moere facile than z-abstraction in Group 5 metal compicxes
£75]. although competition between the two procecsses has been observed [767].
Alihough Cp or Cp* Nb or Ta atkyne complexes are known, only methyls have
been described in the hydrocarby! series [ $54.77,787]. so that no direct compatison
can be made between Tp® and Cp or Op* ligands. However, given the similarity in
bondiing inieractions between alkyne and imido {for recent examples and refercnees,
see Rels. {79807 the f-hydride ehimination, leading to CpNb{-2.6-C H;-i-
Proy{ PMe ) (CLH, ) from CpNBIN-2.6-C H-i-P1,)Cl,, ctiyl Gripnard and PMe;, is
noteworthy [81].

Chlorofmethyl} complexes Tp*NWCHi Me PhC=CR)} from the rearrangement
of x-agostiz phenvipropyne complexes (see below) have been characterized, but theiv
direct synthesis {from Tp*NbCLIPhC=CRY and the methy! Grignard (s 4 tedious
procedure, the cempound being contasminated by remaining dichioro and dimethyl
complexes. Oniy one pure complex has been oblained in this way [69]. However,
Cp*TaiCli Me){ PhC=CPh} is formed when Cp*TaMe,{ PRC=CPh} is treated with
isopropy] chloride in the picsence of a catalytic amount of AICT, [ 787

The z-agostic speaes Tp*NBICH{CH,RUPhC=CR') (R is Me or Et) undergoes
a therimally induced rearrangemeni which exchanges the w-agostic slkvl group
bound to the niobium with the alkyl group ~7 the alkyne {6971 When R’ is Me. the
reaction  goes (¢ completion  and  the  mehyl{niobiom}  derivatives
To*NbCIH M PRC=CCH,R)  are formad [Eq. (1)), Some Tp*NbhCl.-
(PhC=CCH,R} is also formed, but no Tp*NBCl,{ PhC=CMe). The rearrangement
follows a clean first-order Kinetic rate v with activation parameters {R is Me)
AH'=113 15 ki mol "'and AS' =44+ 12 J K "' mol ', There is no dependence upon
the migrating p-alkyl group since the rate constants for ethyl and propyl groups
are equal. k{343K)=30x10"" :7'. When the two migrating alkyl groups are
able 1w form zagestic bonds. an equilibrium s rveached. Heating pure
Tp*NOICIHEYPhC=C-n-Pr} in totucne gives « roughly 11 mixture of
Tp*NB{CIHEt{ PhC=C-n-Pr} and Tp*Nb{Clin-Pr}{ PAC=CEt) [Eq. {11}]. A con-
trol experiment stacting from Tp*Nb{C{n-Pr){ PhC=CEt) vields the sanie resull.




M. Ftiene Cwordmaeiionn Chemesier e

Jope: i 240 327

Here intramolecular C-C bond aciivation is readizod. Quverall ihe reaction is a
metaihiesis of nioldum carbon and carbon-carbon honds. % hat the weagasie bong
is needed Jor these rearranpgements Lo occai ts Turiher suppuried by the fact the it
benuy: complex merely decomposes under similur conditions, A mechanism based
o alkyl migration 1o alkyne giving an y*-vinyi intermediaie hos besn proposed.

i

Some unpublished results from lrdppnw experiments conirm that alkvl migra-
tion deed occurs. but gf-vinyl net p-viny] compleies are
mixture of Tp*NWCH{ENPRC=CEG and PO ONe vizids ‘I‘p'
CPh— CEL{ PRC=CNMe) [Eq. {1211, in which the enicing phenylpropvng be
as a four-giectron dovor (3 NMRL § 2497 and 2241} und the 1iny! zroup is -
bound to the metal {Cx, ¢ 204.51 [ 827, The y7-viny] coordination with a two-slectron
donor alkyne is not observed.
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Thesa rearrangemients are notewoerthy or several reasons. Frst. alk vl migration
10 a Four-eleciron doner aikyne in Group 6 metsl complexes is unknown, afthoogl
g-vinyl compicxes are formed frem nucleophilic attack at an alkyne carbon atoin
(477 Swmilarly, Tp¥IWBMe i PRC - CRY (297 und the ssoclectronic Up complexcs
L777T are ihermaily stable. The reactions reponed hore are also rare exampls of
alkyne inscrtion into a transition metal alkyt hond, the firsl step of alkvne pelymer-
zation via a vinvt pathwin, Furibermore, s-agostic assislance has been demoustrated
and the near-zero AS® value implies & transitian state ciosely resembbing the z-agostic
complex. H has boen suggested that s-agostic interaciions assist aiky! mioration o
a bound ofefin m Zicgler-Nalla type polymerizations [67.83].

Finally. dimethyi denvatives are koown [497], Thermaily stable dimethy] com-
plexes are formed in high yield from Tp* NeCL{PRC=CR} and 1wo equivalents of
methylithinm. A similar reaction of Tp*NbCil{ PhU=Chie) with two equivaicnts
of benzyl Grignard vields the dibenzyvl complex Tp*NbCHLPhL PRC=CMey [847].
As atready mantioned, anaiogois CpCp® niobiuny and 1ama2lum dimethyl compicxes
noof two eguivalents of athyl Grignard with
ToFNbCL(PRC=CMet does not lexd ro a diethl species but to o metafacyelic
complex. This is desenbad 1n the following sect.on.

are known 777 The rop

3.2.30 Al iie coupling revctions

Differznt types ol reaction which ¢H lead o similar afkyne-ceupicd producis. ez
five-membared niobagycies. are der xribed in this section.

The first is  obseived  when excess carbon monexide  reacts with
Tp*Nbi MeOMe PhC=CR} or Tp*Nit PhOMey PhC=CED {6537 The resuit-
ing fhve-memberad oxaniobacycles TpH MeONb{CTIPRICIRICI MeOT 127 and
T MeOINDIC{PICT ELCT PRYO] tre probably formed vie undetected ac] feither
nt or 17} atkyne complexes, Similar resciions have besw observed in the Cp series,
The regotion of (BuNC with CptaMe,i PRC=UPh! leads st to the imincacy]
alksne complex CpTai Medn’-MeCN-1-Bui{ PhC 1

CPhio which  subsegquends
rearranges 1o the azitaniaivcycie Cpi Mo TalC PRI PRYT{MeiN-1-Bu] [ 77] The
sane resction wiil substoichiometric aimounis of CO gives tractable producis ceniy
n the Op* case. and Cp*MeiTe [ CiPICIPRICIMaOT is isclated [78]. No ylacsd
complex <ould be detected. These comparisons show sitnply how Tp* allows the
isolation of complexes ned formed or less stabis in the Cp series.

The sccomd reaction type. which leads 10 & Gve-membered niobacycle containing
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All these five-membered rings have similar 'H and *C NMR properties. In
addition. X-ray crystal siructurgs have been obtained for TpNOMe)Nb{(-
(PhICIMeICIMe)O] [65T and Tp*CIINBICIPIMCIPRICHCHMe] 851, and both
campounds exhibit tie same basic streture, The spectroscopic and solid-stute dara
are fully consistent with the three resonance structures shown (300, They are charac-
teristic of a peneral class of unsaturated carbene ligand 4"C, R, 41, particularly well
known in Group 6 metal complexes [86 88 |, These daja are similar 1o those of the
isoelectronic aza- and oxa-tantakacyeles CpiMefTa [C{PRICTPRIC(Me)N-r-Bu] [77]
and CpHMe)TalC{Fh}C{PRYCiMe)O] [78]. which have been described as
metalacyelopeniatrienes (31} like other. more symmetrical Group 6 and Group 5
complexas  such  as CpiChHMo(CiFhyy [77.69], WIORY,{C,EL) F90]. and
Cp{PMe, VT PIC{PICIMoC T Me)] £91]. [t has been propased (hat the oxas
and aza-melallacyelzs are formys inlermediale between the two descripiions [85].
The sama structures are ablained in the Tp* serics lrom 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. alterratively, this type of metallacycle
can he considered 10 be a potential well,

I
— Tp'tX}Nb/':-—-IH Tp’(X]Nb(
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4. Recent worli and cosclusions

While this review was being written, new aspects of vanadivim chemistry were
described, and some recent results from the Laborateire de Chimie de Coordination
on the cliemistry of niobiom(l) are worth mentioning.

Reaction of either TpVOiacac) or Tp*VO{acac) with P{OH):(OPh), in dichloro-
methune gives the dimers [ TpVO{g-POLIOPKLI]; (32 or [ Tp*VO{p-POL0Ph) ),
{33y in 799 vield. Theie s e diffcrence in the bonding parameters around the
vanadiem atoms between the Tp or the bulkier Tp* complexes. However. the distance
between the two vanadium atoms in the dimers increnses from 4931011 A in 32 to
5367¢0 A in 33. This difference results principally from a fluuening of the
cight-meinbered ring constituling the bridge core, as shown. An almast ideal chair
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conformation is adopted with Tp. whereas the core is close to planar with Tp*,
[ToVO{u-PO,{OPhY, )], exhibits weak ferromagnetic intradimer coupling. The EPR
data at room temperature consist of a 13-line spectrum in low-to-moderate polarity
solvents {g=1962, A =56 G, typical of an cxchange-coupled divanadyt complex.
Transitions within the wiplel are observed at 77 K. However, in DME a1 room
temperatare an cight-line patern is ohserved, indicating dissociation of the dimer.
This spectrum s similar 10 that of [Tp*VO(E-POL,{OPh),)],. whatever the solvent
{g=198z, A= 100 G) AU 7T K, an anisotropic ecight-line spectrum is obscrved, with
no zero-field splitting effect {g. = 1947 A=178 G: g, = 1.986. A, =62 G). The weak
ferromagnetic coupling in 32 is a direct consegquence of the geometry of the complex,
Because of the location of the vanadyl oxygen atom with mspect 1o the sccond
vanadium, the ready delocalisation of the unpaired cictron is achieved.
Orthogonality betwsen the V=0 m-orbital and s own magnetic orbital feads o
the ferromagnuiic coupling. In the laitened siructure of 33, the interaction of a
vanady! unit with (ke neighboring vanadium decreascs. Morcover, the i reased
Y-V distance induces only a weak divect exchange. Both these phenemuena lead o
the observed uncoupled EPR spectrum [92].
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A unified classification of the conformations avaiable for cyciic {O)Vip-
QPO VO bridging units it phosphatovanadyl systems is provided. A clear correla-
tion between geomine distortions and magnetic properties 13 drawn. The rationale
befiind (his soiene soems 1o be gencral, and examples with sulfzie and carboxylate
that fit the classifivaizon arve described [52].

In an carlier study {92], the attempted synthesis of the vunadiem({1li} analog of
32 stasting from TpaV, (-0} pe-CHLC0, ), and excess dipheny] phosphate was shown
(o yield tin: tuimetallic complex [ TpY [p-PO.(OPW, ], ) Mgt 24). The magnesimn{ I}
ion comes from mugnesium sulfale used as drying sgent. I the crystal, 2 lincar
centrosymmetric structire is obscrved. The Mg" ton is octaliedrally coordinaied to
sin bridging Jiphenyiphosphates. Each TpV[p-PO,0Ph];" anion acis as a
tridentate chelawe, Siarting from the vanadivm{Ill) monomer Tp%CLIDMF) and
sodiumt monopheny! phosphate, & tetramenic complex {TpVg-PGaOPLY}, (33) 55
oblatned. The reseiting cubane-like structure is formed owing to the tridentate
mon:-pheny! phosphate which bridges three TpVH umiis, Fluss there s a clear
corrlation between apen metal-coordination sites and bridging igand denticity.
This allews a high degree of cluster size control. Comparison with the vanadium{IV}
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cases 15 noweworthy. These siadies iHustrme new aspects of Tp chemistry. namefy in
the study of solid-staie materials {937
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The th-zlectron complex Tp*NDCLEPRC=CMe) is comentently reduced by an
excess of sodiom amezlpaimt under CO. yelding the niobivm! b} dicarbenyl complex
Tp*NB{COL{PhC=CMet [94]. Alkyne carbon alom resonances are obsenved at &
25394 and 212.7 in the 7C NMR spectrum, cousistent with & four-zleciron donor
description for this ligand. The & niobium{]} achivves an 18-valence siection count.
The analogous 2-hutyae complex gives a single 'H MMER w’ml for both meihyi
graups, which spiits inte 1w betow 208 K (AG'= 2.6 kel mol 7). demonsirating
again thal the aikyne sits in the molecular mircer plane (361 This sitcation
is akin 10 that frumd for the iscelectionic [ Tp*WiCORIPRC=CM2)]" [57] and
orthogonal w that observed jor CpNBICOLIPhC =CPl {93]. Onre CC i
Tp*Nb{COR{FEC=C%ej is readily displaced by added phenylpropyne under
refluxing conditions giving the bis{aikyne} complex. Tp*NbiCON PhC =CMe), {W ;
[94]. Coordinated aikyvpe carbon atom resonances are obzerved at & 1721 and
1635.6, at much higher field than for Tp™NbiCO),( PhC=CMe). A plane c!‘nmm clry
is evident from the *H NMR spectrum in the wmperaiire range 175 to 373 K. and
the X-ray crystal structure reveads the geometry sbown below (37} Both alkynes are
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parvallel to the Nb- CO axis. with the methy] groups divected 1wards the €O,
Nb- atkyne carbon atom bond eeerbs are 213330 2080 3 2148 Biand 2
and the coordmated alkyne C-C bond lengihs are 1372041 and LI78181 A,
ooservations. and the high-fleld shift of the alkyne carban atoms, indicate ;F~?‘> he
two atkynes now formaily contribute sy electrons 1o ilie totzl eleciron count. each
alkyne behaving as @ three-glectron denor 1477, The observed g omel
1o that previously ohserved for CpNoiCOp Pﬁ(--CPHu Tval. Prens
splitting s dominated by CO in both structur

These recent examples, from inerganic vanadinm chenusry 2
He ninbium chemistry, chow the dramatic and cuery 1
risipyrazolyliboraies in the chemisty of the Group 3 transiu
summarize some of the important features of the Hgatinz
ris{ pyrazotyl phorates. Comparison between Ty and Tt i
tions lead to subtle changes cutsds tne frst coordination
have imporiant consequencas for the physico chemical prope
From a kinetic point of wisw. Tp* leads 1o sizhilized pcm_
in the case of Tp. Similarlv. Tp and Tp® cleariy aliow fo
reactivities when compared (o the family of cvclopentad
refatively zasy B N bond cleavase which sor
higher oxidetion states hax to Le kepi in thind. |
described in this review,
transitior: metals (such as ihe org
lvl}borato ligands are to be expecied

Note gdded duving revision. Dui‘i“!iﬁ J.'-”:c fi"*e EE“:i\' E

syniheses and crystal siructur
have beon rzported. In thg
\JJ&Y‘L hoak in i
Tp ViN- ”F‘-LN-C s

L Mw =AT000 and
mer. M = 3800 20
{977 isee 2lso Semion 2130
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