Coordination Chemistry Reviews
156 11996) 201 236

Hydridotris{pyra:-iyl)borato complexes of the Group 5

metals: inorganic and organometallic chemistry

Michet Etienne’

Laboratoire de “Fimie de Coordination du CNRS. U PR 8241, 208 Route de Narbonne,

F-31077 Towdouse Cedox, France

Reccived 10 July 1995 tevised 31 October 1995

Contents
Abstract . . . ... .. .. e . - 20!
LoIntroduction . . . ... ... e 0
2ovanadium ... L. e e e e 03
2.}. Vanadium complexcs without the V=Omowety ... ...... 03
200 VamadionmtHl) . ... e e ROX]
22 VamadiumtM) ... oL 204
213 Vanadium(IVyand (V) ... . ... ... .. ..o oL 205
22, Vanandium complexes with the V=Omoiety ... . .. ... ... ... ... 20k
220 Vanadium(IV) ...l a7
2220 Vunadivm(V). .. ... ... e 1
223, Cazboxyiato-bridged vansdium complenes ... . .. .. 0oL RiR]
3. Niobiumand tamtalwn . .. .. .. .. .. e e e 218
31 Niobium and tantalum(IV)and (Vy . .. e e 205
32 Niobium(HY} . . . . . e 29
320, Michlorofalkyne) comploxes and alky.c alhylation reactions . . . 219
332 Hydracarbyl derivatives . .. ... ... ... .. e 24
323 Alkyne coupling ceactions . ... .. ... L L 28
4. Recont work andeonclusions . . . ... 2
Note udded duspg revision . . ... ... .. ... .. e e 13
Acknowledgements . . ... ... . e e e e hAC ]
References . . . ... ... ... ...... F 4
Abstract

This review is deroted to the inorganic and organometathe chemisiry of Group 5 metal
complexes containing hydridotsiz ~yrazolyljbarates. The first part of the review describes the
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advances made in the chemistry of tris{pyrazolyl)borato vanadium complexes. The physico-
chemical properties of these complexe« are being studied mainly to model vanadium-histidine
interactions which occur in metalloproteins such as bromoperoxidase, Although most of the
complexes studied to date are oxu vanadinm species, some other simple hydridotris(pyrazo-
lyl}borato vanadium complexes have alse been synthesized. but their organometailic chemistry
remains undeveloped. The second part of the ruview focuses on the organometallic chemistry
of hvdridotris(pyrazolyl}borato niobium and tantaium complexes. The main advances have
been made in the field of tour-electron alkyne ninbium complexes. The structural data available
are described ard, as far as possible, correlated with the observed organometallic chemistry.
Throughout, comparison with known Group 5 slkyne and related {such as imido, etc)
complexes containing cyclopentadienyl ligands is emphasized. Although very few articles have
yet appeared. the results indicate clearly that a rich and promising organometallic chemistry
can bhe expected.

Keywords: Groap 5 Hydridotris(pyrazolvljborato compounds

1. Introduction

Although the coordination chemistry based on poly{pyrazolyl)borato ligands has
been reviewed in comprehensive texts [ 1], chiefly by Trofimenko who discovered
them, this shorter review devoted to the chemistry of the Group 5 metals (V, Nb,
Ta) has clear purposes. The most important one is that, since the last review which
appeared in 1993, poly(pyrazolyliborate chemistry of the Group § metals, and
particularly that of niobium, which was clearly underdeveloped, has started to
blossom. In addition to the previous comprehensive reviews, shorter texts describing
in more depth some particular areas and applications of the chemistry are valuable
[2]. The chemistry of the Group 5 metal complexes also serves to illustrate nicely
fundamental and widespread aspecis of the utilization of poly(pyrazolyl)borato
ligands. One aspect 15 bioinorganic chemistry where the tris(pyrazolyl)borato com-
plexes are ased as models probing the histidine(imidazole)-metal interactions in
several types of metalloproteins. These ideas have given the main impetus to the
vanadium chemistry which is presented in the first section of the review. The second
aspect has found most of its applications in organomelaliic chemistry, where the
tris(pyrazolyl)borates are used as alternatives to the cyclopentadienyl ligands. This
aspect is particularly dealt with in the second main section of the review describing
the chemistry of nicbium and tantalum complexes,

We will follow the nomenclature used by Trofimenko [1b7]. Heucc ihe abbrevi-
ations Tp, Tp* and pzTp stand for unsubstituted hydridotris{pyrazolyl}borate,
hydridotris(3,5-dimethylpyrazolyl)borate and tetrakis(pyrazolyl)borate, respec-
tively. These are the only ligands which have as yet given siable complexes of il
Group 5 metals, with the Tp and Tp* complexes being by far the more common,
Other ligands of the familv have been used in some instances, but with less success.
These monoanionic ligands are formally six-eleciron donors with 4, symmetry
which will coordinate to a metal via the nitrogen atoms in the ?-position. The shape
of the poly(pyrazolyl)borates is particularly well suited to the octahedral coordina-
tion. Three facial sites of coordination will tend to be occupied leaving the three




M. Etiense]Coordination Chemistry Reviews 156 0 19%6) 201-236 263

other cis sites a#vaslable for other ligands and chemistry. Tp and Tp* have different
siereoclectronic properties, and this will be ilustrated in the review.
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2. Vanadium

Vanadium tris{pyrazolyljborato complexes have been described for oxidation
states between II and V, with the chemistry of vanadium({Ii} being by far the least
developed. An important aim of the vanadiuim chemistry is to model vanadiom-—
histidine interactions thought to be present in the enzyme bromoperoxidase. In these
studies, the V=0 unit is ubiquitous. Hence, for the sake of clarity and homogeneity,
complexes that do not exhibit the oxo functionality are described first, while those
with the V=0 unit follow. All of the carboxylato-bridged complexes, containing
either V=0 or V-0O-V units, are described in this latter section.

3a

2.1. Vanadium complexes wirhout the V=0 moiety

2.1.1. Vanadium( Il )

Tue first vanadium compiexes (oxidation states H and i1} containing hydridot-
ris{ pyrazolyl)borate were synthesized in 1975, with the aim of comparing its ligating
properties with those of the cyclopeniadienyl fragment {37, The sublimable TpCpV
is isolated as & green crystalline material in 47% yield from 2 mixture of products
following the reaction of Cp-VCi and KTp in THF. Obviously the mechanism is
unclear, with both reductior »f the vanadium and ligand exchange being involved.
TpCpV is paramagnetic, with pe=3.59 gy,. and it absorbs visible light at 688 pm
(e=102 1 mol 'cm ™!} in THF. As compared to isoelectronic Cp,V. TpCp¥ is only
slowly ajr-oxzidized [3]. The analogous compound Tp,V has been synthesized via
reaction of VBr, with two equivalents of KTp in hot ethanol [4]. No yield is
reported for this reaction. The vatue of the magnetic moment (jr=23.82 pp} and the
electronic spectrum {(dichloromethane, 541 (100}, 422 {sh), 385 {5450}, 351 {sh). 270
(si1}, 230 {7150} nm} are consistent with a high-spin, d° octahedral configuration.
Surprisingly, there is no report describing the analogous TpiV.
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2.1.2. Vanadivm( 11T }

The coordination chemistry of this oxidation state is more extensive, and several
of the products that are described have served, or may serve, as useful starting
materials for further developments. In these syntheses, vanadium trichloride VCij,
either complexed or not, is the metal reagent of cheice.

The first synthesis {1975) involved reaction of VCI{THF ), with KTp in THF to
give the sparingly soluble green coemplex TpVCL(THF) (1} in 92% yield {3].
Physicochemical properties are in accord with an octahedral high-spin d configura-
tion. Surprisingly. despite the ease and the high yield of its prepatation, no chemistry
has been described with this complex. Furthermore, most of the syntheses reported
subsequently {except the one which is described dircetly below), suffer from extensive
decomposition, resulting in low yields.
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Green TpVCL(DMF) and Tp*VCI,{DMF) are obtained on a § g scale from VCI;
and either KTp or KTp* in DMF in 58% yield [ 3]. Tp*VCL(DMF) was reported
earlier by the same authors and found to crystallize from a variety of solvents [6].
Purple Tp*VCL{DMF}{H,0), analytically characterized, is suggested to contain a
bidentate Tp* with one dangling pyrazole arm, the vanadium(IIl) being six-
coordinate overall. However, upon crystallization from benzene, the green complex
Tp*VCL{DMF) (2) is obtained as the benzene solvaie. Its structure has becn
determined by X-ray diffraction. Physicochemical daia are consistent with the
observed distorted octahedral coordination, the Tp* being tridentate. Brief mention
is made of the hydridotris(3-phenylpyrazolyliborato and hydridotris(3-rert-
butylpyrazolyl)borato analogs [6].
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When the reactions between VCl; and KTp* are carried out iu less basic solvents
such as dichloromethane and THF, complex mixtures of products are formed, with
obvious degradation of the Tp*, presumably via acid cleavage of the B-N bond.
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This decomposition pathway is nowed in several other instances and particularly
in the Group 5 chemistry (see below). The ionic vanadium(II} complex
KITp*VCiy(Me,pz)] is structurally characterized with further oxidation leading to
the dinuclear species { VOCI,(Me,pz),], THF, also characterized oy X-ray analysis
[6]. A similar decomposition is observed upon mixing VCi; and K [HB(3-‘Bupz), ]
in acetonitrile and exposure to air [7].

Attempted selective synthesis of methoxo complexes from these DMF complexes
proved unsuccessful. Upon mixing Tp*VCI,(DMF) with sodiam methoxide in tolu-
ene, a mixture of the mono- and di-methoxo comypiexss is obtained [8]. Crystals
were hand-separated and the Xoray crystal structure of Tp*VCHOMe)}{ DMF) (3
determined. The molecule contains a short V-OMe bond (1.829(4) A), compared
with the -2 bond (2.086(3) A) between the vanadium and the DMF. In
Tp*VCL(DMF)LCH, the vanadium-oxygen distance is 2.082(5)A [6]. The
vanadium~-methoxo-oxygen bond length is also less than the sum of the covalent
single-bond radii of vanadium and oxygen, suggesting muitiple-bond character for
this interaction, consistent with the n-donating properties of alkoxo ligands [81.
Typical vanadium-oxygen double bonds are in the range 1.59-1.63 A: see Scction 2.2,

The last type of vanadium(IIl} compound currently known is the analog of the
vanadocenium cation. Both [Tp,VI[BPh,] and [ TpiV I BPh,] are prepared from
VCly and KTp or KTp* in hot acetonitrile [5]. Yields exceed 60%. The crystal
structures of [ Tp,VIIBPhy] and [Tp¥VI[OMel have been determined. Shightly
distorted octahedral coordination is observed. with vistually identical bond lengths
in the two cases, indicating little steric interaction, as observed elsewhere (see
Section 2.2). The V-N bond lengths range from 2.055(2) to 2.095(2) A, averaging
2.079(2)2\ in the iwo independent molecules of {Tp;V}[EPh4], whereas for
[Tp*VI[OMe] the average V-N bond length is 2.083 A [5]. These V' cations
cannot be oxidized at potentials up to 2.0 V. One-electron reduction forms reversibly
the corresponding stable V' complexes. As expected, the methyl-substituted
[Tp3VIBPh,] is more difficult to reduce than [ Tp,V][BPh,] (E°=—0.69 V and
~0.42 V, respectively). The high stability of the V™ and V" oxidation slates is
attributed to the sandwich structure which encapsulates the metal. Note that Tp,V
has been prepared previously [4] {see Section 2.1.1).

2 1.3, Vanadium(IV ) and (V')
To our knowledge, excluding oxo complexes, there is only one example described
to date for each of these iwo oxidation states.
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The dark purple-brown vanadium{IV} complex TpVCl, is obtained in 38% yield
after mixing VCl; and KTp in dichioromethane. Ounly limited analytical data are
reported. The compound is rapidly decomposed by air oxidation and hydrolysis {97.

In oxidation state V. the recently described reaction of VCL(N-'Bu) with K1p*
in THF vields green Tp*V(N-1-Bu)Cl, (4} in 56% yield [10]. The niobium and
tantalum analogs are reported (see Section 3.1) as well as other oxo- and <ers-
butylimido complexes of Groups 6 and 7 with Tp* as a coligand. An IR absorption
band at 1207 cm ' is assigned to the V=N-C vibration. A more detailed discussion
of imide complexes is provided in Section 3.I. No chemistry starting from
Tp*V(N-1-BujCl, has been described (see however Section 4).

2.2. Vanadium complexes with the V=0 moiety

As briefly stated in the introduction, the studies of complexes containing the VO
moiety are related largely to modeling histidiie-vanadium interactions that could
be present m enzymes such as bromoperoxidase ( V-BrFO). The cecurence of vana-
dium in living systems and the relevant chemistry have been reviewed [11-131 A
paper specifically reviewing marine haloperoxidases hus appeared recently [ 14].

V-BrPO is a vanadium(V)-dependent enzyme found in marine algae. It catalvzes
reaction (1)

RH + H,0,+ Br~ —RBr + H,0 + OH" (1

A model has been proposed for the vanadium environment in the enzyme based
on several physicochemical techniques such as EPR. EXAFS, UV-vis and *'V NMR
spectroscopies. V-BrPO exhibits a high-field 'V NMR chemical shift [ 157, partially
consistent with n*ligands such as glutamaie or aspartate [16]. A vanadate-
dependent shoulder around 315 nm is present in the UV-vis absorption spectrum
of the enzyme [17]. From EXAFS studies [18]. the vanadivm(V) may be in a
distorted octahedral coordination geometry with three unidentified light-atom
doners {prebably oxygen or nitrogen) at 1.72 A, two pitropen dopors at 211 A,
almost certainly from histidine (imida.ole) nitrogens, und a single terminal oxo group
at 1,61 A. In the inactive, reduced enzyme, which would be in a similat environment,
the main difference is a lengthening of the vanadivm-light atom bond length to
1.91 A. The reduced enzyme gives a pH-dependent anisotropic axial EPR spectrum,
consistent with nitrogen/oxygen ligation [197. Accortingly. water or hydroxide have
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been proposed as ligands. but aspartate and glutamaite are also good candidates, as
well as alkoxo ligands from deprotonated serine or threonine,

Following these guidelines, the tris(pyrazolyl)borates, among several other species
{11,127, have been utilized to build models whose physicochemical studies might
lead 10 a better understanding of the coordination of the vanadium in V-BrPO. The
groups of Collison and Mabbs and of Carrano have used this approach extensively,
As usual, subsections are given lor each oxidation state of the metal, eg. IV and V.
Cnrboxylato-bridged dimers are described separately.

221, Vanadivm(IV )

Two general approaches have been followed for the synthesis of oxovanadium(1V)
species. One involves the oxidation of a non-oxo tris(pyrazoly! Yboratovsnadium{ i)
complex and the other one utilizes a preformed oxovanadium{iV; com;.ox to which
the tris{pyrazolyl}borate is added by metathesis.

The simple vanadyl complexes (2 Tp*H)VOC, [ 6], Tp*VO{CIH{DMF) [6]. and

TpVO(CIHDME) [5] have been obtained bv the first method. As stated in
Section 2.1.2, the reaction of ¥Ci, with KTp*, leading to the corresponding Tp*vt¥
complex, is highly solvent-dependent. Similarly, when these reaction mixtures are
exposed to the air, different prodncts are obtained, depending on the solvent. From
THF, a peculiar VIV complex (i>-Tp*H)VOCI, (5} is isolated in ini. unspecified
yield [ 37, According to X-ray erystallography, the complex contains & five-coordinate
vanadium and a bidentate Tp*H with one dangling protonaied pyrazole ring. The
vanadium is then in a sqoare-pyramidal eavironment. The compound is markediy
different from the octahedral oxo-niobium(V) and oxo-tanialum{V) complexes
Tp*MOCI, reported more recently (see Section 3.1) [10]. From DMF in air,
TpVO(CHDMF [ 5] and Tp*VO(CHIDMY [ 6] are isolated 1 61% and 30% yield,
respectively, and fully characterized.

The second approach has been used to synthesize Tp*VO(CIH Me,pzH) from
KTp* and VOCL{MeCN)L(H,0) [207. The low yield (20-30%) and the presence
of bound dimethylpyrazole are obviously due to some decomposition of the Tp* via
B-N bond cleavage, 4 teaction observed in other instances. Addition of silver
benzoate via a metathesis reaction leads 1o the 5'-benzosto-complex Tp*VO(y'-
0,CPh){Me,pzH ). This constitutes one of the rare reactivity studies on the basic
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complexes [20]. From sodivm mulonate, a bridged dimer is obtained, whose
description is to be found in Section 2.2.3.

Chelated complexes in the p-diketonate series are also synthesized. starting from
VO(f-diketonzto), and KTp or KTp* TpVOiacac) is obtained in 53% yield from
methanol [5.6]. Independently. six different fi-diketonato complexes, including
Tp*VO(acac), are isolated from toluene reaction mixtures [ 21,227, Dithiocarbamato
complexes are also known [ 23,247, although in this case no [udl paper has appeared.

Selected geometric parameters derived from Xeray crystal structures are provided
in Table . Tp*VO(CHH DML (6) shows a disiorted octahedral geometry for the

vanadium(IV). The oxo-vanadium bond lengrh is L649(5) AL consistent with 2

Table |
Selected bond distances (A} from X-ruy diffraction analyses of pseudo-octabedial TpVO compounds

Compound V-0 V-0 VoON® Ref.
Vanadium({1V}
Tp*VO{CHHDMF) 1.649(5) 204304 2.326(6) [6]
2O
275
Tp*VOin'-0,CPh){Me,paH) {5008} 19966} 2.I85(8) 130]
240607
2.005¢7)
Tp*VO(CHiMe;pzH) 1599143 2,355(4) 203
21076y
2H07(4y
Tp*VOiacac) LA96{ 2 200441 22280 2
2003h R ET
2NN
TpVO(acac) ° v N (57
To*VO(S,ONTea ) 13894y 244228 2438(4H {247
24592y 2.108¢4}
2092¢3)
Vanadium{V)
Tp*VO{Q-p-C H, Bry, 1.57914) LE22H 23105 [25)
LR3714) 2I9S)
2088(5)
TpVO(CHO-i-Pr) 1.587(%) 17194y 22595 sl
214246y
20905
TpVO(CIHD-1-Bu) 1.63143) 1.726(3) 22754 (83
23834
2.106(4)
Tp*VGCHHO-t-Bu) 1.592(8) 175447y LA 181

2230
ERRLiIL)

S 1 from hydeidotris(pyrazolyl borato.

* Data not provided {57, reported to be close to those for Tp*V(ONacac) { 21 7.

° V-8 bond lengths.
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somewhat jong double bond. The dative bonding between the vanadium and
the DMF leads tf» a V-O bond length of 2.04%4)A [67. In the »'-benzoato
complex Tp*VOin' waP‘l}(ML pzH) (7). the vanadium--O--carboxylato “single”
boud lengih is 1.996(6)A and the V2O bond lengih is L 590(8) A, In
Tp*VO(CHH{Me,pzH ) (8). 2 V=< O bond length of 1.599(4) A is observed [ 201, These
compounds thus provide an opportunity to compare mmmm vanadinm{ V) -oxygen
bond types in closely refated svstems. Vanadium(V)- oxygen bond ‘:zwlh\“ are com-
pared in the next section. In all of these structures the Tp* is y-bound to the
vanadivm with the V- N bond trans to the oxo group markedly longer than the two

other V-N bonds. whatever the other higands. This illustrates the strong trans
influence of the oxo lgand.

e N

6 7 8

Yirtually all of the complexes reported have al
of different {echnigues. The data are consisteni with psendeociahedral !
vanadium¢iV) structures. Detatled studies of molar conducitner. magneiic proper-
des, UV-vis, IR, EPR and Xeray diffraction data on the Tp and Tp* compleses (see
Tables | and 2) indicate that. in general, the methyl groups in the Tp™ ligand have
the expected modest electron-releasing effect, but that they have only a smail. if any,
influence attributable to increased steric demand {57, The cases of the chloro{DME)}
and acac complexes arc typical. and some relevant physicochemical data reperted
in Table 2. Perhaps the most interesiing phenomena can be observed in the electio-
chemical behavior of these pairs of complexes. They all show quasi-reversible one-
electron oxidations on the cyclic voltammetry time scale (v==200 mV 37 ') As may
be expected from the electron-releasing propertics of the methyl groups, the oxidation
of Tp* complexes occurs at less positive poteniials. However, as pointed out [57],
the main difference resides in the kinetic stability of the oxidized species. The bulk
oxidation of the acac complexes only gives a moderately stable, deep biue
oxovanadivm( V) complex with Tp* as the ligand [ 5,257, Similar behavior 1s observed
for the non-chelated TpVO( "i)(DM Fiand Tp*VO{CH{DMF). Bulk oxidation of
*VOUCIHIPME} generates a deep biue oxovanadium{ V) complex (4., =570 nm,
e=1200 { mol 'om™ ') whose cyelic voliammogram is identical to that of the
starting material. This suggests the siarting vanadium{1V} complex is very wmmr
in sivuctyre to the vanadium{ V) species. The rapid reduction of this oxidized specics
regenesafes the original vanadivm(IV) complex. The osidized unsubstituted Ty

50 been charactenzed by a number
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Tatie 2
Phsicochemical data of some mononuclear pseudo-octahedna TRV comnounds

Compound iR UV - vish v EPRY Ref
TpVOLCIHHDME) T 5 1.33 1972 (499 [51
RSN NI
453 {sh, 30
Tp*VOCHDMIE} 965 T2 48) 12 1971 (1003 [5.6]
389(27)
390 (sh, 47)
TpVOiacac) 750 (36) 121 1972 {1000} [5
54117}
304 (sh, 43
Tp*VO(acac) 937 775 (36} 107 L971(100.0) {51
560 (13 LF
2451
903 763 ¢54Y 1.14° 1.972 (98.9) {213
568 (11)
413050y
RERERH
313 (8680)

FEBL v Y O)em L

VOHLTL, A e Dol em ')

© CH,C!, | yuasi-reversible processes, 117 (V vs. SCE).
S CHGCL,, prnaipal or isotropic g t4, Gauss).

¢ in MeCN.

" In tolucne.

complex directly gives yellow decomposition products thought 1o be dimers with
both terminal and bridged oxo ligands [57. Thus, the bulky Tp* ligand clearly
shields the metal more efficiently than Tp itself, providing 2 higher kinetic stability
io the complexes. Recall here that Tp* has a cone angle of 224°, whereas that of
Tp is 1847 [267. The authors emphasize the obscrvation of the highly colored
vanadium (V) complex [ Tp*VO(CIHDME)]™ [5]. This LMCT transition is obvi-
ously due to the chloro ligand acting as a n-donor. Halide ions might be cxpected
to bind to vanadium(V) during the catalytic cycle involving V-BrPO [ 141

he family of Tp*(fi-diketonato) complexes has been the subject of detailed spectro-
scopic studies [21-237. As judged from X-ray crystal structures, there are virtually
no differences between Tp*VOi(acac) (9) [217 and TpVO(acac) 5] {Table 1}, Both
the electronic and EPR spectra reflect 1lie low symmetry of the complexes ( Tabie 2).
The observation of four d-d bands on the one hand and rhombie EPR symmetry
on the other is consistent with either a distorted Dy or o ¢, symmetry [21]. Single-
crystal EPR siudies on these and related dithiocarbamato complexes have been
described briefty 22,237, but no full paper has been published. The crystal structure
of Tp*VO(S,CNPr,) {(10) also shows approximate C symmetry [ 247, witha v=0
bond length the same as that in Tp*V(QO)(acac).
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The #'-benzoaio and chioro complexes Tp*VO(y'-0,CPhliwie,pzH) and
Tp*VO(CH(Me,pzH) have also been characterized speciroscopically (electronic
spectra and simulated X- and Q-band EPR spectra). Cyclic voltummetry indicates
reversible one-clectron oxidation (v==200 mV s~ '\, with that of the y'-benzoato
complex being 200 mV less positive than that of the chloro complex, consistent with
the better n-donating properties of the fuumer [207. As far as modeling of V-BrPQO
is concerned (see Introduction}, the V-0 bond length of 1.996(6) A observed for the
vanadium{1V)}#'-O,CPh kond compares reasonably well with the 191 A bond
length between the vanadium center and /.2 “light atom™ in the reduced form of the
enzyme. However, Tp*(carboxylato) complexes in the oxidation state V, which could
serve as more accurate models, are lacking.

2.2.2. Vanadivm¢ V')
The known stable oxo vanadium(V) complexes are ail neutral, with alkoxe or
phenoxo figands. Their syntheses involve either oxidation of Tp or Tp* vanadivm(1V)
alkoxo complexes or preparaiion of oxovanadium{V}) alkoxe species prior to
addition of Tp or Tp*

A series of para-substituted phenoxo complexes has been prepared in 30% vield
from Tp*VO(CIHDMF) and the appropriate phenoxide salt followed by air-
oxidation, according to Eq. (2) {251

0,

TprVOCHDME) + 2NaG-4-C H X — Tp*VO(O0-4-C H X ), + NaCl - (2)
toluene
+ DMF
where X s H, Me. t-Bu, Br, NO,.
Monoalkoxo complexes have been obtained in 75% vicld according to the second
procedure depicted in Eq. (3) [8]

enfans

YOCT + HOR 25 vOCLIOR) — 5 TpvO(CHOR) %

(]
—

where R s Me, Et Pr, -Bu.

The bis(isopropoxe} complex TpVO{O-i-Pr), is formed from KTp and
VO{O-i-i1)y. There is extensive decomposition when starting from the cxychloride
compound [ 8]
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With Tp*, the bis{alkoxo) derivatives are isolated only with R as Me or Et,
presumably because of the bulk of the other alkoso ligands. The synthetic approach
in this case involves the preparation of vancdium(1V) alkoxo complexes followed
by oxidation with a silver salt and deprotonation with a non-nucleophilic base; see

{4). Typical yields are 30% [81.

R )xl Ldl

Tp*VO(CIH DMFE) + AgiNO, > Tp*VO{OR), -+ AgCi (4

As noted above, Tp* us compared to Tp gives these complexes a higher kinetic
stability. The Tp compiexes are readily hydrolvzed to give oxo-bridged species. The
X-ray crystal structure of the tetramer [ TpVQ, )4 has been determined {87

In the 'H NMR spectra of the bis{alkoxo) and bis{phenoxo) complexes, the 1:2
intensity pattern for cach type of Tp or Tp® protons indicates the presence of a
plane of symmetry. The X-ray structures of several derivatives (11, 12) have been
obtained, and relevant metrical parameters are compiled in Table [. An important
feature of these molecular structures is that the vanadium-alkoxo-oxygen bonds are
only 0.10-02.15 A longer than the vanadium—oxo double bonds. This is attributed to
the high n-donor character of the aikoxo ligand. The average length of vanadium—
phenoxo-oxygen bonds is 1.84 A, 0.1 A longer than vanadium-alkoxo-oxygen bonds,
There are small differences in bond lengths between TpVOCHO-t-Bu) and
Tp*VOCHO-1-Bu). As for vanadium{1V) complexes, the oxo group exerls a strong
trans influence, lengthening the vapadium-nitrogen bond trans to it. Finally, as
generally observed, the vanadium—oxo bond length is virtuaily independent of the
oxidation state IV or V in these complexes.
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These complexes have also been studied by means of UV-vis absorptivn spectro-
scopy, cyclic voltammetry, 'V NMR spectroscopy and, for some of them, EXAFS,
The deep green to dark blue phenoxo complexes exhibit three absorption bands in
their optica spectra, with molar extiiiction coeffcients in the range 40008000 |
mol ™! . A blue-shift of the lowest enecgy band is observed as the eleciron-
wnhdmwmg power of the para-substiluent increases, indicaling a phenoxo-based
LMCT. A plot of 4,5, vs. Hammet ¢ constants is linear, the two extremes being the
4-methoxo (4,,,=8000m, £=4540 1 mol"'cem™') and the 4-nitro complexes
{Anax =030, ¢ 8750 1 mol™'em ™) [25]. A similar trend is observed for the
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quasi-reversible one-electron reduction of these complexes. The 4-nitrophenoxo is
the easiest to reduce (E®=0.510 V) and 4-methoxide substitution shifts the redox
process to a more negative value by about 600 mV (E°= —6.125 V) {257 The
alkoxo complexes are red to yellow, with low-intensity transitions in the biue region
of the visible spectrum. The lowest energy band around 400 nm is atiribuled to a
LMCT transition (¢=450-20001 mel "t em ™'} involving a pr orbital on the alkoxide
oxygen. The transition for dialkoxo complexes oceurs at higher energy than for
monoalkoxe complexes {8].

The 'V NMR cpectra yield no unusuai chemical shifts due to alkoxo or phenoxo
coordination. The chemical shifts are i the range 6 484 10 & — 588, with Tp*VO{O-
4-C H,OMe), and Tp*VO{O-4-CgH,NO, )y, respectively, as the two extremes [§
Tp*VO(C1H{O-~t-Bu) ard TpVO(CINO-1-Bu) give resonances at § — 559 and & ~'172
respectively. Controlled hydrolysis of several alkoxo derivatives gives a species tenta-
tively described as the bis(hydroxo} complex Tp*VO{OH),. It gives a signal at &
580 [8]. The tetramer [ TpVO,], gives a tesonance at § ~694. Typical chemical
shifts and trends for vanadium{ V) oxo species have been compiled and analyzed [27].

EXAFS data for Tp*VO(OMe), and Tp*VO{O-4-CH, Br), are reported {81,
those for the latter compound being consistent with the X-ray diffraction results
[257. This allows the authors to be confident of the analysis made for Tp* ‘VO(OMe;z
and V-BrFPO. The V-OMe distance, as dexermmed by EXAFS, 1s shorter (177 A)
than the V-0-4-C H,Br bond distance (1.848 A from EXAFS and X- -ray diffraction).
It should be noted here that chloro{aikoxo) complexes have even shorter vanadium—
alkoxo-oxygen bond lengths [25]. as seen {rom Table 1. A valuable compilation of
V=0 znd V-alkoxo-oxygen bond lengths as determined by X-ray crystallography
is provided [87]. The V-alkoxo-oxygen bond lengths cluster around 1.78 A. Analyses
of BXAFS data suggest that the vanadiuom in V-BrPO could have a coordination
number lower than six, and that the number of bound Imidazoke could be two at
most, The authors suggest that the models investigated may not be appropriate for
the overall structure [8].

In conclusion, and focusing particularly on the most recent results concerning the
modeling of the vanadium site in V-BrPO, alkoxo ligands could in some ways
account for the 1.72 A distance observed in the EXAF S studies of the enzyme. Also
the vanadiom(V) in this case is more difficult to reduce. and this correlates with the
high-energy LMCT. V-BrPO exhibits a LMCT trar\;i{ion as a shoulder near 315 am
{1771 When considering the reduced enzyme and g5'- -carboxylatovanadium(1V)
complexes, similar V-0 bond lengths of 1.91 A and 2.00 A, respectively, have
been observed, but there is no model carboxylato complex available in the Tp/" P
vanadium(V) serics [20]. However. there is no explanaton of the large high-field
shift in the 7'V NMR spoctrum of about & -~ 1200 in V-BrPO. Similarly, EXAFS
data on model compounds suggest that a five-coordinate structure might be present
in the enzyme [8 1.

-

2.2.3. Carboxylato-bridged vanadivin complexes
In Section 2.2.1, an 4'-benzoato-vanadium(IV) complex has been described. The
same authors have also obtained a peculiar asymmetrical j-malonato-complex from
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Tp*VOCl{Me,pzH) and sodium malonate. it is formulated as Tp*VO{p-
malonato)VO(Me,PzH)Tp* (13} on the basis of an X-ray crystal structure determi-
nation [20]. The bridging dicarboxylate is monodentate to the Tp*V({(Me,pzH)
moiety, a bridging carboxylate between Tp*VO(Me,pzH) and Tp*VO units and a
six-membered chelating carboxylate (o the Tp*VO unit. It is the first occurrence of
such a coordination mode in an isolated dinuclear structure. This complex shows a
15-line pattern in its liguid-solution EPR spectrum with 4, {50.5 G) being about
half A, in mononuclear vanadiumiV) complexes (A, = 101.2 G for the n'-benzoato
complex). Weak antiferremagnetic coupling between the vanadium {about 3cm ™)
is observed.

i3

Two Tp(u-oxo){p-carboxylato)V™ dinuclear species have also been isolated and
the exchange coupling interactions have been studied. Green Tp,V /u-Ojlu-
TH,C0,) exhibits weak ferromagnetic exchange coupling with g=2.2(1}, J=
+5{1)om ™, The value of g per V' atom increeses from 318 py at 298 K (o
3.36 pgat 98 K [28a]. Later, very strong lerromagnetic coupling was found in related
triazacyclononane complexes [28b]. The u-propionato-analog has also been fully
characterized aud found to exhibit similar [erromagneiic coupling (S=2 ground
state) with p =346 iz per V" atom. However, the u-hydroxo cation afforded by
protonation [Tp,V,(u-OH)(u-CHCH,CO,)j[CF;80;] exhibits antiferromagnetic
behavior with an S =0 ground state (g=201{1);J= —31.3(2) cm "'V [29]. The X-ray
crystai structures of both neutral p-oxo (14) and cationic p-hydroxo (15) complexes
have beenr obtained. Upon protonation, the vanadium-~bridging oxygen bond length
increases from 1.777 A to 1.933 A. Unexpuctedly, the V-O-V angle decreases {rom
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 orbital considerations, the switchover
from ferromagnetic to antiferromagnetic coupling is proposed to result fFom the
decrease of Lhe bridge angle, fuvoring increased antiferromagnetic coupling, and from
the increase o the V-O bond lengths favoring decreased ferromagnetic coupling
[207. Mention of related studies involving substituted triazacyclononanes, which
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can be considered as neutral analogs of Tp and Tp* ligands, should be made here
[2830.31].

3. Niobium and tantalam

The early attempts to explore the chemistry of hydridotris(pyrazolylyborato com-
plexes of niobinm and tantalum were hampersd by several synthetic problems
identified by the few evoups then working in the area. These efforts were directed
toward the synthesis of complexes with the metal in oxidation state ¥V or V. Howewver,
the more recent investigations into the area of niobium(111) alkyne complexes have
been meore successful. For these historical and chemical reasons, the chemistiy of the
oxidation states 1V and V is presented first, the oxidation state 11 being dealt with
later. As far as we are aware. no data have cever been published on other oxidation
states for these two metals. We are excluding from the discussion the somewhat
related bis(pyrazolyljhorato [32,33] and tris(pyrazolylymethane complexes [ 347

3.1. Niobium and rantalumi FV' ) and (V')

The first complex described with the heavier Group § metals TpNbO(OMe), was
unexpectedly obtained from {NbCI;(OMe); ], and KTp in 41% yield. Ether elimina-
tion is proposed o occur. A W(Nb=Q) at 920 cm "' was observed. However, the 'H
NMR spectrum between —45 and +607C revealed only one type of pyrazole ring,
which argues against the proposed tridentate facial coordination of Tp [35]. This
facial coordination leads to a 1:2 intensity pattern for the pyrazolyl protons as
ohserved for Tp*MOCI, (M is Nb or Ta) {see below).

Later reports showed that dirict reactions of the pentahalides with either KTp ov
KTp* give complex mixtures of products involving either reduction or side-reactions
such as B-N bond cleavage. In the case of NbCl; and KTy, the impertance of the
solveni and reaction temperature for the success of the syntheses is stressed [36].
The use of toluene or THF leads to unidentified oxo species. whereas dichloro-
methane and acetonitrile, either singly or as mixtures, give better results. Remarkably,
only tonic niobium{V) species are obtained from the reaction mixtures. Thus,
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K[TpNbCls] is obtained in 58% vield according to Eq(3). This salt precipitates
during the course of the reaction, and the niobium(IV} dimer Tp,Nb,Cl, remains
in sclution,

\1:(’\—50 <

NbCl +KTp K[ TpNbCl; ]+ TraNb,Clg (5)

The niobium{1V) dimer can be obtained in better yield (72%) from NbCl; and
KTp in dichloromethane/acetonitrile mixtures under reflux, or from NbCi, and KTp
in acetonitrile. If NbCl (MeCN}; is used in the reaction with KTp, the ionic product
K{TpNbCL,] is formed in 7£% yield. The niobium(IV} dimer Tp,Nb,Cl, can be
oxidized in situ with CCl,, precipitating TpNbCl, (16} in 88% yield as dark red
crystals. Despite this seemingly straightforward access to what should be a very
attractive starting material, no further work on this compound has ever been
reported.

The 'H NMRK spectrwm of TpNbCl, implies equivalent pyrazolyl groups, with
doublets at & 8.27 and ¢ 8.12 for the 3- and 3-protons. respectively, and a triplet at
& 6.81 assignied to the 4-proton. This spectrum suggests the heptacoordinate niobium.
The need for highly pure CD,CN solvent for the NMR analyses is emphasized.
Traces of water induce B-N bond cleavage. as evidenced by a characieristic pyrazole
NH signal.

When two equivalents of KTp are used, only dimeric niobium{IV) complexes are
formed. Starting from NbCl; in MeCN at —30°C, Tp,Nb,Cl{pzH), is isolated in
30% yield. demonstrating the ready B-N bond cleavage. From NbCl, under refluxing
conditions, Tp,Nb,Cl, is formed. This species is also available from three equivalents
of KTp and NbCl; under similar conditions [367. The niobium{IV) complexes are
formulated as dinuclear on the basis of the observed diamagnetism and the well-
resolved "H WNMR spectra. Vapor-pressure osmomeiry and mass spectrometry data
are also consistent with a dimeric formulation. These dinuclear species all exhibit g
1:2 intensity pattern for the pyrazolyl protons in their 'H NMR spectrs, and
structures involving Cl bridges and bidentate Tp coordination have been proposed.
Related bis(pyrazolyliboratoniobiurm complexes hava been also described [ 367

Although very few details are provided, Tp*INbCi, is one of the producis {41%]
of the reaction between NbCl; and KTp* in dichloromethane {37] The salt
[HB(Me,pzl BH I NbCl,] is also obtained in 31% vield, the tantalum analog being
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crystaliographically characterized. C 3bv§oua?y, B-MN bon
occurring again and. as observed with Tp [ 36 1 the course of the reaciions is solvent-
dependent. The trispyrazolyl complex T;:s'- NE‘;CHM& 5 has been characterized by
'H NMR spectroscopy [377. No full paper has ap;:wmd,

The reaction of TaCl; with different pyrazolylborate salts gives mixtures of pro-
ducts [ 36-387. However, alkyltantalum{V} complexes have been obiained according
to Eq. (6}.

TaMe,Cl, + KRBpz', »RBPz, TaMe,C1+ K1 (6)

where RBpz'; is Tp. Tp®, p2Tp.

Slow addition of the pyrazolylborate salt to TaMe,Cl, in dichloromethane (K Tp*)
or diethylether (KTp, KpzTp} at low temperature gives R’Bgv’ Ta! ﬁch: m respect-
able yield {52-66%). These complexes are much less rea
burns in air. and also more stable thas ‘CpTaMew{‘i which dﬂcemp
of days. They are stable for
air [38].

Tp*TaMe;Cl is even less 1 :
PhCH,MgCl, KO-t-Bu or NaOMe has been noted. No reaction takes pl
added MeOH, -BuOH or +-BulNH,. Even C0 and CUN-t-Bu are nert [327.

The X-ray crystal structure of TpTaMe,Cl confirms the seven-coordination. The
geometry is that of a capped octahedron with 2 me 1yl group in the capping rsaé:&gﬁ
as shown {174}, The tantalum-carbon bonds vary baweﬁ 2.20(1} and 2.25(1; A

ithough there is no axis of symmetry. there are only minor deviations from an
idealized geometry.

174 7B
The same structure is ado
specirocopies reveal } 2 iptensit

%m{nymu a mar;e 0,

=
5N
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In structure 17B. each set of Tp profons gives rise to only one signal in the 'H
NMR spectrum, whereas in structure A a 1:2 intensity pattern is observed. The two
isomers are present at ~8"C. When the lemperature is raised. the first, lower-energy
process exchanges the Ta -Me resonances in isomer [TA, leaving the pyrazolyl signals
unchanged. A second higher-energy process scrambles ali the Ta-Me signals of the
two isomers. The low-energy process is proposed te be the rotation of the triangular
face formed by three methyl groups, whereas the higher-energy process would include
the <} in 2 similar mechanism. However pairwise exchange of one of the three
facial ligands with the ligand in the capping position was not excluded. There
is no exchange between coordinated and uncoordinated pyrazole rings in
(pzTpiTaMe, 1 [38 ]

No other reports of chemistry with Nb or T2 in the oxidation state V appeared
during the following ten years, presumably owing to the lack of easily accessible
starting material and to the high kinetic stalulity of the rare alkyltantalum com-
plexes known.

More recently. a new entry into the chemistry of this oxidation state has appeared.
A controlled synthesis of Tp* oxo and rer-butylimido complexes is reported [ 107,
Here again, the choice of the solvent is crucial for the success of the syntheses. The
reaction between [ NbOCL 1, and K Tp* in MeCN affords Tp*NbOCI, in 72% yield,
whereas a similar reaction starting from [Ta<{hL ], in DMF yields Tp*TaOCL in
68% yield. These complexes are characterized as monomers on the basis of the
observation of a molecular ion in the mass spectra (18},

B’/.\\

LA

/"C;

i
1I8M=Nb, Ta

The 1:2 intensity pattern in the 'H NMR spectra imply a symmetry plane ia
these complexes. In the IR spectra. v{Nb=0) and +(Ta=0) ar¢c observed at 336
and 932 em ™}, respectively [ 101, The analogous Cp or Cp* derivatives are unknown
for niobium (only clusters are known: see. for example. Refll [ 397), and [Cp*TaOCl, ],
is a dimer, unstable in solution [40]. The sulfidoniobium analog, Tp*NDSCl,, is
also mentioned in a footnote [ 107, but the assignment of 2o IR band at 852 em™F
to a v{Nb=3} is questionable. A reported strong absorption at 516 em ™' might be
a better assignment.

Reaction of MCl;py,{N-t-Bu) (M is Nb, Taj with KTp* in MeCN affords the
corresponding imide complexes Tp* MCL(N-£-Bu} {19) in 92% (Nb} and 56% (Ta)
yields {103, Analytical and spectroscopic chasacterization includes 2 strong
¥ Nb=14-C} band at 1231 cm ™! in the IR spectrum. The chenistry of imido com-
plexes has been reviewed [41,427, and this assignment is consistent with current
knowledge.
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1I9M=Nb, Ta

The difference Ad between the C NMR chemical shift of the quaternary carbon
Cx» bound to nitrogen and that of the methyl carbon Cff of mc reri-butyi mvde
group has been vsed to assess the amount of z-donation of i
an emply metal orbital {42,437, The Ad trend in the Group
is V(56.1)>Nb {4().!5}>Ta {.’)4.6} mz‘a the "aﬁadxgm W“ﬁmm s ¢xhibi

For the Cp complexes the observed Aé order is Nb .6§>Ta {3439, an
Cp* series Nb {38.4)>Ta (33.2) [44457, When comparing Cp, Cp” and
plexes, either no obvious trend (Ta} or else small differences {Nb1 are seen. and there
is clearly no obvious interpretation.
No further chemistry appeared with these oxo and mmido complexes unti early
1995. We have ourselves unsuccessfully iried 1o make dialkyl, diaryl, dihivdride ar
alkylidene oxo complexes starting from Tp*NbOCl,. but extenstve decompositio
reactions were observed in all cases {467, Because of the more fler erepzlectro
properties of the imido ligands. it is possible that more stable plexes might be
obtained in the imido series.

3.2. Niohwm¢ Il )

A convenient entry into the formally Tp*Nb™ chemisiry with internal alk
coligands has been discovered, and some chemistry. either at the
alkyne, is being explored. In most of these carp?ﬂ ies, the a?i{_t, e %;ﬁ
electron donor, eg both n-systems are involved in the hm
detailed review on such alkyne behavior in Group 6 meial com
{477, and basically all the conclusions are also valid f
Siructural comparisons have begn made of the different be
the Group 5 complexes [48].

The first subsection below is devoted 1o the dichlorofaik
Tp or Tp® as coligand, with a special emphasis on comg
with that of anazlogous Cp or Cp* complexes, Alkyne
included in this section since they directly correlate with
second section deals with hydrocarbyl complexes, and f
tions are described.

o

3.2.1. Dichlorofalkyne ) complexes am alkyne alkviagtion rea
Good vields {over 80%; of the re il
from the reaction of NbCI,{DME} {P;nf"
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Eq. (7). The original communication [49] describes the reaction of phenylpropvne
(R is Me). but other derivatives have now been synthesized with other alkynes (R is
Et, n-Pr or Ph, and 2-butyne) [ 507, More recenily. this reaciion scheme has been
applied to the synthesis of some unsubstituted Tp complexes TpNbCL{RC=CR’},
with RC=CR’ heing PhC=CMe, MecC=CMe. ~r Me,SiC=CS8iMe; [511.

(N

where Tp' is Tp or Tp*

The X-ray crystal structures of both phenvipropyne complexes {49,517 show that
the alkyne lies in the molecuiar mirror plane as shown (26.21), with an overall
octahedral coordination around the niobium If the alkyne is considered to occupy
one coordination site. As observed for some vanadium compounds, there are only
minor structural differences between the two structures. In Tp*NbCL{PhC=CMe},
the mobmm coordmated alk\me carbon bond lengths are [49] 2.050(9) and
2.083(9) A, averaging 2.07 A whereas in TpNbCl,{ PhC=CMe) these bonds lengths
are 2.065(6) and 2.071{6} VA [51]. The Nb-C bonds are short and approach the
range expected for nichium~carbon double bonds. Thev 2ve {vpical of four-electron

alkyne coordination [47], and compare well with thosz . analogous niobium and
taptalum atkyne complexes [48]. The coordinated C-C bond length of the alkyne
is L.31(1) A for the Tp* complex [49], and 1.301(8} A for the Tp complex [517].
The four-electron donor alkyne exerts some rrans influence, the Nb-N bond trans
10 it being at least 0.07 A longer than the other two. Although the niobium in these
complexes is formally d?, Nb™ with 16 valence electrons, the alkyne appears to be
substantially reduced, and metallacyclopropene tautomeric forms with a d°, NbY
configuration should be taken into account. For this reason and to make it clear
that the alkyne is not a conventiona! two-electron donor, the metaltacyclopropene
form will be adopted in the drawings; see 28 and 21.
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isoelectronic Cp or Cp* niobium and tanialum complexes have been obtained
previously in which the alkyne also behaves as a four-electron donor, The siructural
parameters for the metal-aikyne coordinastion do not differ significantly [52.537.
However, the overall geometry is different for the Cp and the Tp families. In the Cp
tor Cp*) case, the alkyne is found to be paraliel to the Cp plane as shown (22
{horizontal geometry). The only known exception is that of the Ta complex. which
possesses a benzyne lying in the molecualar plane [547. In the Tp family, the whole
phenylpropyne lies in the mel.cuiar mirror plane which bisects the CI-Nb-C! angle
(vertical geometry). The phenyl ring always siis between two cis-pyrazole rings. The
exact reason for these different ground-state geometries is not fully understood. The
initia! proposal in the Tp* case [49] favored steric interactions. even though the Tp
complex is much less sterically hindered. Preliminary extended Hiickel molecular
orbital calculations »n the model system TpNbCL{HC=CH) show that there is
only a very small energy difference between the verfical and horizontal geom-
etries, the former being more stable [55]. Similar calculations for horizontal
CpNbCL(HC=CH) have aiso been carried out, and the barrier toc acetylene
rotation computed to be about 6 keal mol ™! [537. Vertical coordination of alkene
and alkyne has been shown to result from orbital control in the d° iridivm
complex TplrH,(cyclooctene) [563, and in the d* tungsien complex
[Tp*W(CO),(PhC=CMe] " [57].

In both the Tp and Tp* series the vertical geometry is retained in solution. For
the Tp* complexes containing non-symmetrical alkyne, two discrete isomers are
observed by NMR spectroscopy at room temperature. The ratio of the two isomers
depends on R, but the major isomer aiways has the phenyl group towards the cis-
pyrazole rings. In the ﬂhenv]pmpyn“ case, no broadening of the "H NMR signals
of the two isomers in toluene-dg is observed up to 373 K [497, whereas in the
2-butyne case, two alkyne methyl signals are observed at room temperaturs
coalescence is reached at 338 K, giving a barrier to 2-butyne rotation of 163 keal
mol ™’ [50]. In the Tp case. the phenylprepyne and E-butme show a single set of

occurs at 273 K| leading to a barrier o alkyne rotation of i" k aﬁ mol ! (511
The deshe]ded coordinated alkyne carbon resonances in the 0 NMR 51&:::4 of
the complexes clearly prove that the alkyne also behaves as a fo )1’-@36&:"0“ donor
in solution. The empirical criterion was first proposed by Templeton and Ward [ 58]
and applied to other Group 6 metal complexes [477]. For Tp*NbCl{ ~CMJ.
the resonances are found at § 264.5 and 218.7 {major isomer} or & 247.6 and 2326
{minor isomer) [497. For the analogous Tp complex they are observed at & 253.8
and 231.8 {517, Values at higher fleld, with chemical shift values never higher than
about ¢ 160, are found for two- e@cclro'} alkyne ligands [597. In the Cp family with
either niobium or tanialum, similar ¥*C chemical S;};f;& are erved [52.537.

From the structural and spectroscopic data. there are obviously few differences
between the Tp and Tp* ligands in these dichlore complexes with the e cﬁmimﬂ of
nadium,

the height of the barrier to alkyne rotation. However. as observed wi
there are notable differences in the electrochemical behavior. T b {
undergoes a reversible one-glectron reduction at —L1% V with a pe
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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 [50]. This is consistent
with Tp* being more electron-rich than Tp, bui also with the idea that Tp* imparts
more kinetic stabifity than Tp, undoubtedly mainly for steric reasons.

That steric influence is a significant part of the unique ligating properties of these
ligands also manifesis itself in the only comparative reactivity study available to
date. Indeed Tp*NbCL,{PhC=CMe) does not react with NaCp-DME, whereas a
smooth reaction is observed in the case of TpNbCI,(PhC=CMe), Eq. (8). giving
yellow TnCpNbCH{PhC=CMe) (23) in 75% yield [51].

TpNbCL{PhC=CMej+ NaCpDME — (8}
TpCpNb{CIHPhC=CMe}+ NaCl+DME

This complex now has a ¢” configuration with 18 valence electrons for the niobium.
The Cp ring is 4>-bound, u sir-le 'H NMR line being observed down to 193 K. The
alkyne now behaves as a two-electron donor, as shown by the higher field shift of
the coordinated carbon atoems (& 163.5 and 1529). Two discrete isomers ina 1:5
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 determination 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 CI, Nb and coordinated alkyne carbon atoms are
nearly coplanar, so that the geometry is fully reminiscent of that observed in the
bent metallocene series Cp,MX{RC=CR’} (M is Nb or Ta), a typical example of
which is (1°-CsH,SiMe, ),NbCI(PhC=CPh} [ 59]. The two-electron donor behavior
of the phenylpropyne in TpCpNbCH(PhC=CMe) is inferred from longer Nb-C
bonds {2.146(3) and 2.165{3) A) and a shorier C—C bond (1.254(4) A as compared
to those in TpNbCL(PhC=CMe} [51]. Surprisingly here, either Cp or Tp can
independently dictate the ground-state geometry in the 16-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 Hiickel calculations, the reasons for this are still under debate [51].

Lot

23

Attempts to functionalize the alkyne diastereoselectively, taking advantage of the
vertical coordination in chiral Tp*Nb(Cl){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 [61-6.7, and
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Tp*NbCL{PhC=CMe) can be cleanly deprotonated with Li-n-BuTMEDA at Jow
temperature. Subsequent aadition of Mel or PhUH,Br gives good vields of ihe
alkylated alkyne complexes Tp*NbCl(PhC=CCH,R} (R iz Me. CH,Ph), Eq. (9).
Despite the known high reactivity of Nb-Cl bonds towards anionic nucleophiles, no
side-products are formed. Other bases such as Li-n-Bu, Li---Bu and LilN{SiMe,}, do
not promote clean reactions [60].
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Similar resulis are obtained from the chiral complex Tp*Nb(CH(OMe)
(PhC=CMe), the characterization of which is described below, Suwariing from
Tp*NB{CLH{OMe) PhC=CCH,Me), ".udition of the base and then PhCH,Br gives
Tp*Nb(CH{OMe)[ PhC=CCHMe(CH,Phi] in 90% vyield as a 4.1 mixture of two
diastereomers A and B. Starting from Tp*Nb{CH{OMe) PhC={CCH,CH,Ph] and
adding Mel to the deprotonated complex gives the same complex Tp*Nb{Cl)-
(OMe)f PhC=CCHMe(CH,Ph}] with a 1:6 diastereomeric ratio {A:B). Hence the
chiral auxiliary Tp*Nb(CH{OMej allows for some minimal diasterenselectivity in
these alkyne alkylation reactions. This may be ascribed to the existence of alkyne
rotational isomers and to a low facial discrimination due to the similar size of chioro
and methoxo [60]. Similar diastercoselective reactions have been performed fully
using the chiral auxiliary Tp*W(INCO) [64]. An X-ray diffraction study [or
Tp*Nb(CHOMe PhC=CCHMe{CH,Ph}] (24} gave an unexpected result. iio
stereogenic propargylic carbon atom 15 trigonal planar. and the methyl group
attached to it has a large thermal eilipsoid, the principal axis of which is perpeadicular
to the plane around the propargylic carbon. This disorder may be accountied for by
the fact that both configurations of the propargylic carbon are present it the crystal
for a given niobium confguration. The 'H NMR specirum on a solution of the
single ¢rystal used for the X-ray diffraction study showed both diastereomers in 2
ratio oi about 1:3 [60].
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3.2.2. Hydrocarbyl derivatives

Both mono- and di-hydrocarbyl compiexes have been synthesized. starting from
the dichloro(alkynej complexes or from the chloro{methoxo) derivatives which are
the original starting materials.

The orange-yellow chloro{methoxo) complexes To*Nb(CljiOMe) PhiC=CR) are
obtained straightforwardly in high yield by reaction of Tp*NbCL{PhC=CR) with
sodium methoxide in THF [657]. These are chiral molecules with the aiobium as the
stercogenic center, as shown by a 1: 1:1 intensity paitern for each type of Tp* proton
and carbon atom. Although the alkyne still behaves as « four-electron donor, the
resonances of the coordinated alkyne carbon atoms are shifted to higher field in
the C NMR spectra. This undoubtedly reflects the good n-donating ability
of the methoxo, which reduces the alkyne contribution to the electron density at
the metal. For example, the niobium-bound alkyne carbons resonate at § 264.5 and
& 2187 in Tp*NbCL(PhC=CMe), but they are found at & 2193 and & 189.6
in Tp*Nb(CIHOMe}l PhC=CMej [65].

Methyl-niobium and phenyl-niobium species (25) are formed readily in high yield
from Tp*Nb{C1}{OMe}( PhC=CR) and the appropria ¢ lithium reagent [657. In the
3C NMR spectrum the carbon attached to niobium gives rise 1o a broad quartet
at  38.2 {1y =120 Hzj for Tp*Nb{MelOMel PhC=CFEt) and as a broad singlet
at § 198.1 for Tp*Nb(PhHOMe} PhC=CEt). The diastereotopic methylene alkyne
protons in Tp*NbXY(PhC=CEt) are inequivalent in the 'H NMR specirum in all
combplexes, whatever X and Y, except for Tp*Nb Ph(OMe){ PhC=CEt), in which
they appear as a single quartet. Although rotation around the niohium-phenyl bond
can be ‘rozen out, the single quartet is independent of solvent and temperature.
There is nc snitable explanation for this deceptively simple spectrum [657. These
hy. ‘ocarb,! species undergo some reactions, described in Section 3.2.3.

2N

o
{ Ph
\ww'm—-wbﬁl
l—, R
o
re—0

25, R'= Me, Ph

Longer-chain. linear alkyl groups also form stable complexes, aithough f-hydride
elimination is common for that kind of alkyl. Furthermore, some of these complexes
exhibit ¢-agostic interactions (3-center, Z-electron bond) virtually unknown when
f-hydrogen atoms are present [66,67].

Ethyl and n-propyl complexes of the type Tp*NB(CIMEtYPh{=CR) and
Tp*Nb(CL)(n-Pr}i PhC=CR} (R is Me, Et, n-Pr. Ph) (26) are synthesized in 80%
yield from dichloro precursors and the appropriate Grignard reageni in
toluene [68,69]. The 'H NMR data show that one proton of the niobium-bound
methylene group is notably deshiclded, while the other is shielded. In
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To*Nb(CH{CH Me)(PhC=CMe) these protons appear at § 3.84 and & 037 as
doublets of quartets [68: while in Tp*Nu(CHICH,CH, Me} PhC= CMel they are
found at ¢ 3.69 and § 0.58 [69]. The large chemical shift difference is noteworthy,
but evidence for the z-agostic interaction comes from the PC NMR srectra
Small 'Joy values indicate a weakened C-H bond. and this is one of the most
reliable  indications of agostic interactions in  solution [66.67]. For
Tp*Nb{CIHCH,Me}{ PhC=CMe), the s-carbon atom produces a niobium-
broadened doublet of doublets at § 86.5 with 'Joy 108 and 129 Hz {681, For
Tp*NB{CIHCH,CH, Me}{ PhC=CMe). the z-carbon atom resonates at § 959 as a
doublet of doublets with *J; of 106 and 125 Hz [697. More recently, measurement
of the *Jgoy from the C satellites in the 'H NMR spectrum of
Tp*NY{CIH{CH,Me)(PhC=CPh) indicated that the shielded proton is associated
with the low 'Jg; [70], consisient with an x-agostic interaction [66,67]. The -
agostic interaciion anpears to be static, the 'H MNMR data being femperature-
independent between 213 and 323 K.

- —\“‘\
B e
{ 2
e

o R

Ph

g

e H
H

26, R'=Me, Et

An X-ray crystal structure of Tn*‘\‘;(‘“l){CHAAe‘{P‘xCE ‘Et) also suggesis that
the a-agostic interaction is pnsem in the solid state [ 687. As 2 result of this three-
center, two-electron bond, the Nb~Cx bond 13 shortened and t3e Nb-Lo-Cf angle
is opened. The Nb—Cx bond length is 2.17(2) A and the Nb-Cs- Zfangleis 126(1).
These parameters can be compared to Nb—C single bonds of 2.5156(8) and 2.31(11 A
and to Nb-Ca-Cp angles of 118.6(7) and 121{1Y, in Cp,Nb{H Mey{C,H, [71
and Cu,Nb{CH,Me}{MeC=CMe) [72] respectively, in which no, or weak
interactions are present. Otuer x-agostic alkyl Group 5 complexes have similar
structural features. In CoNb{IN-2.6-CgH;-i-Pr, HCH1- EL}Z, with lwo z-agostic inter-
actions, the Nb~Cx bond lengths are 2.174(3} and 2. 215(37 A and the Nb—Cx-Cf
angies are 131.2{2) and 132.5(3)° [ 73]. Unfortunately, ths accuracy of the struciure
of Tp*Nb(CIH{CH, Mey PhC=CEt) is not high. and hydrogen atoms have not been
focated. Also, no reduced v(C-H) could be safely assigned in the IR specira of these
complexes [68].

The x-agostic interaction has been probed in other alkyl derivatives. & he benzyl
complex Tp*Nb{CIHCH,Ph) PRC=CMe) is not agostic. [ shows a br d“temmai-
shift difference for the methylene prowons of the benzyl group (Ad=0.74 ppm) and
the a-carbon resonance is a triplet at & 89.6 with a normal Yoy o Hz. The
ethyl{methoxo) complex Tp*NB{OMeCH, M) PhC=CMe) does
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clear-cut situation. The triplet feature (1Jo, = 116 Hz) of the a~carbon atom observed
at room icnperature vanishes at 183 K, suggesting a2 dynamic process averaging one
large and one small 'Jy. Any z-agostic interaction here is much weaker than in the
chioro(ethyl) complexes [ 68 ]. The reasons for this are probably electronic, although
the benzyl case may also be the result of some steric contribution. Methoxo is a
better n-donor than chloro, and therefore competes more efficiently with a Co-H
bond for the available niobium orbital. Similarly the pheny! group may lower electron
density at Ca. 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 x-agostic interaction is preferred over a
more common f-agostic interaction. Undoubtedly, this is due to the bulky Tp*,
since f-agostic interactions require considerable space to bend the Cz round, whereas
only a small distortion of the ethyl group is needed for the ¢-agostic interaction to
occur [66,67]. A similar preference for wa-agostic interaction is observed in
[Cp*HI(CH,CHMe, )(PMe;)]™, whic is obviously a crowded molecule [74]. B-
elimination itself is usually more facile than s-abstraction in Group 5 metal complexes
[75], although competition between the two processes has been observed [76].
Although Cp or Cp* Nb or Ta alkyne complexes are known, only methyls have
been described in the hydrocarbyl series [ 54,77,787, so that no direct comparison
can be made between Tp* and Cp or Cp* ligands. However, given the similarity in
bonding interactions between alkyne and imido (for recent examples and references,
see Refs. [79,80]). the f-hydride elimination, leading to CpNb(N-2,6-C H;-i-
Pr,)(PMe; J(C, H,) from CpNb(N-2,6-CyH;-i-Pr,)Cl,, ethyl Grignard and PMe;, is
noteworthy [81].

Chloro{methyl) complexes Tp*Nb{Cl}{ Me)(PhC=CR) from the rearrangement
of a-agostic phenylpropyne complexes (see below) have been characterized, but their
direct synthesis from Tp*NbCL(PhC=CR) and the methy! Grignard is a tedious
procedure, the compound being contaminated by remaining dichloro 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 AICI; [787.

The w-agostic species Tp*Nb(CHH{CH,RWPhC=CR’) (R is Me or Et) undergoes
a thermally induced rearrangement which exchanges the w-agusiic alkyl group
bound to the niobium with the alkyl group = the alkyne [697. When R’ is Me, the
reaction goes to completion and the methyl(niobium) derivatives
Tp*Nb(CI}{ M e PhC=CCH,R) are formed [Eq.(10)]. Some Tp*NbCl,-
(PhC=CCH,R} is also formed, but no Tp*Nb(lL,(PhC=CMe). The rearrangement
follows a clean first-order kinetic rate law with activation parameters (R is Me)
AH'=1134+5kI mol "' and AS'=4+121 K~ mol™!. There is no dependence upon
the migrating n-alkyl group since the rate constants for ethyl and propyl groups
are equal, k(343K)=30x107" s~!. When the two migrating alkyl groups are
able to form o-agostic bonds, an equilibrium is reached. Heating pure
Tp*Nb(CIHEtYPhC=C-r-Pr) in toluene gives a voughly 1:1 mixture of
Tp*Nb(CIH{ Et){ PhC=C-n-Pr) and Tp*Nb(Ci}{n-Pr)(PhC=CEt) [Eq. (11}]. A con-
trol experiment starting from Tp*Nb(CI}{n-Pr){PhC=CEt} yields the same result.
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Here intramolecular C-C bond activation is realized. Overall the reaction is a
metaihesis of niobium-carbon and carbon-carbon bonds. That the w-agostic bo nu
is needed for these rearrangements to occur is further supported by the fact the #*-
benzy! complex merely decomposes under similar conditions. A mechanism based
on alkyl migration to alkyne giving an #%-viny! intermediate has been proposed.
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Some unpublished results from t,ra,ppinn experimenis confirm that alkyl migra-
tion indeed occurs, but g'-vinyl not y’-vinyl compleses are isolated. Heating 2
mixture of Tp*Nb{CI{E){PhC=CEt) and PhC=CMe vields Tp*Nbi{Clig'-
CPh=CE,;}{PhC=CMge} [Eq. {12}], in which the enizing phenylpropyne ‘@«_’peve%
as a four-electron donor (13C NMR, 6 249.7 and 224, 3) and the viny! group is '~
bound to the metal (Cx, § 204.9) [82]. The y*-vinyl coordination with a two-electron
donor alkyne is not observed.
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Other trapping experimenis also show that a ¥
[Eqg. {13)]. Propylene oxide and ot 5
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{13}

These rearrangements are noteworthy for several reasons. First, alkvi migration
to a four-electron donor aikyne in Group 6 metal complexes (s unknown, although
#°-vinyl complexes are formed {rom nucleophilic atiack at an alkyne carbon atom
[477. Similarly, Tp*NbMe,{ PhC=CR) [49] and the isoclectronic Cp complexes
{777 are thermally stable. The reactions reported here are also rare examplzs of
alkyne insertion into a transition metal-alkyl bond, the first step of alkvne polvimer-
ization via a vinyl pathway. Furthermore, a-agostic assislance has been demonstrated
and the near-zero AS' value implies a transition state closely resembling the x-agostic
complex. It has been suggested that g-agostic interactions assist alkyl migration to
a bound olefin in Ziegler—Natta type polymerizations [67,83].

Finally, dimethy! derivatives are known [49]. Thermally stable dimethy! com-
plexes are formed in high yield from Tp*NbClL(PhC=CR) and iwo equivalents of
methyllithium. A similar reaction of Tp*NbCL(PRC=CMe) with two equivalents
of benzyl Grignard vields the dibenzyl complex Tp*NB{CH,Ph),(PhC=CMe) [84].
As already mentioned, analogous Cp/Cp* nioblum and rantalum dimethyl complexes
are known [771. The reaction of two equivalents of ethyl Grignard with
To*NbCL{PhC=CMel does not lead to a diethyl species but to a metaacyclic
complex. This is described in the following sect.on.

3.2.3. Alkyne coupling reactions

Different types of reaction which all lead to similar alkyne-coupled products. e.g.
five-membered niobacycles, are desribed in this section.

The first is observed when excess carbon monoxide reacts  with
Tp*Nb{Me}(OMel{ PhC=CR} or Tp*Nbh({PhiOMe}{ PhC=CEt} {651, The result-
ing five-membered oxaniobacycles TpYMeO)Nb[C(PRIC(RIC(Me}G] (27} and
Tp* MeOINb[C(PhIC(E)C(Ph)O] are probably formed via undetected acyl {either
it or #*) alkyne complexes. Similar reactions have been observed in the Cp series.
The reaction of -BuNC with CpTaMe,(PhC=CPh} leads first to the iminoacyl
alkyne complex  CpTalMe’-MeCN---Bu)(PhC=CPh). which subseguently
rearranges io the azatantalacycle CptMoTa[C(PRIC{Ph)C{MeiN-i-Bu] [ 77]. The
samme reaction with substoichiometric amounts of CO gives tractable products only
in the Cp* case, and CpM MeITa[C(PRC(PRIC(MeI0] is isclated {787, No s-acyl
complex could be detected. These comparisons show simply how Tp* allows the
isolation of complexes not formed or less stable in the Cp series.

The second reaction type, which leads to & five-membered niobacycle containing
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four carbon atoms. was observed during a 5
in the y-agostic complexes Tp*Nb(CIHCH
reaction of allylmagr.sium chloride with 'ip*?wh(‘i~,€

allyl product. and the alkyne-coupled products Tp*CHNBITY &)h,»fn e HE
{28} are formed in moderate yield. Presumably an #'-allvl complex is formed £
and it couples with the alkyne and undergoes a 1.3-hydrogen shift. alio
closure [83]. Rearrangement of the a}!}ﬁ group 10 a prop-l-¢ i
coupling is unlikely. since stable »’-vinyl

alkyne complexes have been isolz
Section 3.2.21
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The last exampt. of five-membered-ring formation was observed when t
lents of ethylmagnesium chioride wure added to Tp*l (CLiPRC
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All these five-membered rings have similar 'H and 3C NMR properties. In
addition, X-ray crystal structures have been obtained for Tp*OMe)Nb[C-
(Ph)C(Me}C(Me)O] [65] and Tp*(CHYNb{C(Ph)C(Ph)CHCHMc] [85], and both
compounds exhibit the same basic structure. The spectroscopic and solid-state data
are fully consistent with the three resonance structures shown (36). They are charac-
teristic of a general class of unsaturated carbene ligand §"-C,R,+ 1, particularly well
known in Group 6 metal complexes [86-887]. These dara are similar to those of the
isoelectronic aza- and oxa-tantalacycles Cp(Me)Ta[C(Ph)C(Ph)C(Me)N-t-Buj [ 77]
and Cp*Me)Ta[C(Fh)C(Ph)C(Me)O] [78], which have been described as
metallacyclopentatrienes (31) like other, more symmetrical Group 6 and Group 5
complexes such as Cp(ChMo(C,Phy) [77,89], W{OR),(C,Et,) [90], and
Cp(PMe;) VIC(PRIC(PHYC(Me)C(Me)] [91]. It has been proposed that the oxa-
and aza- meta[]dc;(l% are forms intermediate between the two descriptions [§85].
The same structures are obtained in the Tp* series from seemingly quite different
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 metallacycle
can be considered to be a potential well.

/.
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4. Recent work and corclusions

While this review was being written, new 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 TpVQ(acac) or Tp*VO(acac) with P(OH),(OPh), in dichloro-
methane gives the dimers [ TpVO(u-PO,(OPh),)], (32) or [ Tp*VO(1-PO,(OPh), )1,
(33) in 79% vield. There is litile difference in the bonding parameters around the
vanadium atoms between the Tp or the bulkier Tp* complexes. However, the distance
between the two vapadium atoms in the dimers increases from 49%1(1)A in 32 to
5367(4)A in 33. This difference results principally from a flatlening of the
eight-membered ring constituting the bridge core, as shown. An almost ideal chair
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conformation is adopted with Tp, whereas the core is close to planar with Tp*.
[TpVO(u-PO,(OPh),}], exhibits weak ferromagnetic intradimer coupling. The EPR
data at room temperature consist of a 15-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. However, in DMF at room
temperature an eight-line pattern is observed, indicating dissociation of the dimer.
This spectrum is similar to that of [ Tp*VO(u-PO,(OPh),)],, whatever the solvent
(g=1.982, A=1060 G). At 77 K, an anisotropic eight-line spectrum is observed, with
no zero-field splitting effect (g =1.947, A=178 G; g, =1.986, A, =62 G). 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 el.ctron is achieved.
Orthogonality between the V=0 =n-orbital and its own magnetic orbital leads to
the ferromagnetic coupling. In the flattened structure of 33, the interaction of a
vanadyl unit with the neighboring vanadium decreases. Moreover, the ir-reased
V-~V distance induces only a weak direct exchange. Both these phenomena lead to
the observed uncoupled EPR spectrum {927
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A unified classification of the conformations available for cyciic (O)V{u-
OPO), V(O bridging units in phosphatovanadyl systems is provided. A clear correla-
tion between geometric distortions and magnetic properties is drawn. The rationale
behind this scheme seems to be general, and examples with sulfate and carboxylate
that fit the classification are described [92].

In an earlier study {937, the attempted synthesis of the vanadium(11I) analog of
32 starting from Tp,V,(u-O)(p-CH;CO,); and excess dipheny! phosphate was shown
to yield the tiimetallic complex { TpV [ u-PO,(OPh), 15}, Mg (34). The magnesiumyIl)
ion comes from magnesium sulfate used as drying agent. In the crystal, a lincar
centrosymmetric structure is observed. The Mg" ion is octahedrally coordinaied 1o
six bridging diphenylphosphates. Each TpV[u-PO,(OPh);1;” arion acts as a
tridentate chelite. Starting from the vanadivm(Ill} monomer Tp%CL{DMF} and
sodium monophenyl phosphate, a tetrameric complex {TpV [u-PG,(OPh)]}4 (35) is
obtained. The resulting cubane-like structure is formed owing to the tridentate
moni:pheny] phosphate which bridges three TpV™ uniis. Thus there is a clear
corrclation Letween open metal-coordination sites and bridging ligand denticity.
This allows a high degree of cluster size control. Comparison with the vanadium(IV)




232 M. Ericnne/Coordinasion. Chemisiry Reviews 156 ¢ 1995) 201 -236

cases is noteworthy, These studies illustrate new aspects of Tp chemistry, namely in
the study of solid-state materials {937
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The 16-eleciron complex Tp*NbCi,{ PhC=(CMe} is conveniently reduced by an
excess of sodium amalgalm under CO, yielding the niobium{1} dicarbonyl complex
Tp*NB{COL{PEC=CMe)} [947]. Alkyne carbon atom resonances are observed at
2594 and 212.2 in the *C NMR spectrum, consistent with a four-electron donor
description for this ligand. The d* niobium{1} achieves an 18-valence electron count.
The anzlogous 2-butyne complex gives a single '"H MMR signal for both methyl
groups, which splits into two below 208 K (AG'=9.6 keal mol ™!}, demonstrating
again that the alkyne sits in the molecular mirror plane (36). This sitwation
is akin to that found for the isoelectronic [Tp*W{COL(PRC=CMel}" [57] and
orthogonal to that observed for CpMNb{CO)L(PhC=CPh} [95]. One CO in
Tp*Nb{COL{FPRC=CMe} is readily displaced by added phenvlpropyne under
refluxing conditions giving the bis{alkynej complex. Tp*Nb(CO} PhC=CMe), {37)
[94]1. Coordinated ailkyne carbon atom resonances are cbserved at 4 172.1 and
165.6, at much higher field than for Tp*NB{COL{PhC=CMe}. A planc of synunetry
is evident from the *H NMR spectrum in the wmperature range 178 to 373 K, and
the X-ray crystal structure reveals the geometry slown below (37}, Both alkynes are
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parallel to the Nb-CO axis. mih the methyl gronps
Wh--alkyne carbon atom bond lengibs are 2.133¢ *?; A <{§3 li«iﬁu c;mi JRS(31A,
and the coordinated alkyne C-C bond le mz:*’% ay ] '37 (4) and 127604} A T
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splitting is dominated by CO in both structures.

These recent examples, frony incrganic vanadivm chemastry and ro
i< niobium chemistry, show the dramatic and current uthization of the
ris{pyrazolyvl}borates in the chemist:v ¢ the Group 5 transition metals. They al
summarize some of the important fee tures of the lig gating properties of the hydridot-
ris{pyrazolyl )borates. Comparison between Tp and Tn* %ﬂdzc::%:‘% that steric vara-
tions lead to subtle changes cutside the first coordin eres. changes th
have important consequences for the physicechemical p
From 2 kinetic point of view, Tp* leads to stabibi ‘
in the case of Tp. Similarly, Tp and Tp* clearly aliow
reactivities when compared to the family of cyclopentadie
relatively easy B-N bond cleavage which somelimes ocour
higher oxidation siates has 1o be kept in mind. Neveriheless
described in this review. further developments in the L“\,?’{E’Tj“
transition metals {such as the organovanadium chemis
iyliborato ligands are to be expected.

Note added during revision.
syntheses and crystal st
have been reported. In 1l
plane. both in
H ?xy MN-2.6- s 2
BT Mw=47000 an d o
mer, Mw=3800 and ¥
{977 (see also Section 2.1.35
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