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The 1981 literature on zirconim and hafnium is extensive and diverse. 

Pollcaving previous practice in this series, this review attempts oanprehensive 

coverageof the coordinationchemistryof zirconiunandhafniun; organomstallic 

and solid-state aspects of the chemistry of these elements are treated selectively. 

For a canprehensive treatment of the organanetallic chemistry, the reader is 

referred to the annual reviews by Labinger in the Journal of Organwetallic 

Chemistry; the most recent review, for the year 1980, appeared in early 1982 

[l]. 01 the solid state side, Cbrbett has reviewed structure and metal-metal 

bonding in halides of early transition metals, includingthe reducedhalidesof 

zirconium [2 1. Other reviews that have appsaredduringthepastyear are an 

article on hafnium and hafnium caqounds in the Kirk-Otbmer Encyclopedia of 

Chemical Technology 131 and a review of selected aspects of the chemistry of 

zirconiun and hafnium by Cbeknarev [41. 

lhis year has seen several new developnents, including the preparation of 

sane of the first discrete polynuclear canplexes in which zirconium or hafnium 

is attached to another metal via a metal-metal bond and the first chemical 

applications of zirconi~91 NMB spectroscopy. 

OOlO-8545/83/$09.60 0 1983 Elsevier Science Publishers B.V. 
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The present review covers the major journals for the 1981 calendar year and 

the lesser known and/or foreign journals for the period covered by Chemical 

Abstracts, Volme 93, Eurrber 19 through Voltnne 95, Number 18. 

8.1 zIRcoNIIJM(Iv) AND HAmIIlM(Iv) CCMmUNm 

8.1.1 Halide and pseudohaZide complexes 

X-ray crystal structures of a nmber of fluomzirmnates have been published 

within the past year; the coordination ntier of zirconim(IV) in these cma~muncfs 

ranges fmn six to eight. 'Ibe zirconium(IV) atcm is six-coordinate in both high- 

and low-temperature form of FeZrF6. The high-tempeYature, cubic phase is of the 

ordered R&-type (space group ET&I) with r(Zr-F) = 1.991(2) 1. 'Ibe low- 

temperature, hexagonal form crystallises in the Li8bF~ structure (space group 

R&) with r(Zr-F) = 1.995(10) A. lhe linear Fe-F-Zr bridges of the cubic form 

are bent (164.4') in the helragonal form [51. Crystals of ethylenediamnoniun 

hexafluorozirconate [enH2]ZrF6 contain centrosyrnnetric [Zr2F1214- ions in which 

two distorted pentagonal bipyramidal {ZrF,} groups share a ccernon equatorial edge. 

As expected, the ten&al Zr-F bonds &(Zr-F) = 2.027 I> are appreciably shorter 

than the bridging,Zr-F bonds @Zr-F) = 2.150 % [61. 

PbDb3ZrFla has an anion-excess fluorite-related structure in which {ZrF,} 

square antiprisms IF(Zr-F) = 2.10 11 share faces with {pbF1l) canplex polyhedra 

171. The structure of PbsZrF 10 is one me&er of a hanologous series of anion- 

excess fluorite-related structures having general formula AnB2Xzn+8: other 

members of this series are a-BaZrFB and probably FbSZrFli, [8]. The transport 

properties of the disordered fluorite-type solid solution Pbl_SZr,Fa+z, 

(0 < 3: < 0.18) and of the ordered canpounds W5ZrF1,, (x = 0.167), Fb3ZrF1,,, and 

PbZrFs have been investigated. 'Ihe disordered phase Pbo.90Zr,,.10F2.20 is a 

fairly goal anionic conductor [91. A quasi-continuous series of one-dimensional 

superstructures with carrposition varying fran (Zr,U)(0,F)2.100 to (Zr,U)(0,F)2.11*3 

has been prepared by solid state reactions of Zr&, U308, and III?+ at temperatures 

fran 875 to 1200 'C. A structural model for these phases has been proposed [lo]. 

'Ibe structure of Cd,ZrF,.6H20 consists of {ZrF,} square antiprisms and 

cCdl?~(OH2)3~ pentagonal bipyramids which are linked together by sharing of F...F 

polyhedral edges Cr(Zr-F) = 2.114 81 [ill. ZrFti(Hz0) has a three-dimensional 

network structure in which {ZrF~(OH~)~) dodecahedra share six corners with six 

adjacent dodecahedra. 'Ibe bridging groups are the water trolecules 

ir(Zr4) = 2.132(l) 11 and four of the fluorine atans (r(Zr-F) = 2.058(2) and 

2.170(2) 11; the two terminal Zr-F bond lengths are 2.100(3) 2 [12]. It is 

interesting to note that the better T-donor ligand (F-) prefers the dodecahedral 



287 

B sites, as expected for a cunplex of a do metal ion 1131. 

'Ihe following peroxofluorides have been isolated fran acidic, neutral and 

basic aqueous solutions: anoqzhous Zr(02)Fp.2H20 at pH 2-3; crystalline 

Wr2(02)2F7, [~1,13zr2(02)2F7, K2ZrF.F5(OCH), and KzHfFs(OCH) at pH 5-7; and 

M3M'3(H202)1,(UH)FsOl, (M = NIL, or K, M' = Zr or Hf) at pH 9.3. These ccmpounck 

have been characterized by chemical analysis, vibrational spectroscopy, and 

X-ray diffraction patterns 1141. A broad-line lH and "F NMR study of 

K2ZrF,(OOH) indicates that this cmpouad contains fluorine-bridged, dimeric 

b2F10 (OW 2 14- ions. Each zirconium(IV) atam is attached to two bridging 

fluorine ataas, four terminal fluorine atans, and a bidentate peroxo ligand 

[15]. Zr(02)F2.2H20, obtained by reaction of ZrF1,.3H20 with H202, has been 

further characterised by IR and 'H NM8 spectroscopy 1161. 

lhe heat of formation of gaseous [ZrFs I- has been determined by a mass 

spectrometric method: AHi 298 = -2334.7 kJ sol-' 1171. 

Several studies of me&i tetrachloride adducts with Lewis bases have been 

reported. Zirconium(IV) chloride reacts with indazole (I) to give a solid 

[ZrCl,L,] adduct that has been assigned an octahedral trans structure on the 

basis of a single v(Zr-Cl) band at 348 cm-'. A low-frequency shift of the 

v(N-H) band of indazole upon cunplexation and the lack of a shift in the 

u(C=N) band indicates that indazole coordinates to zirconium through the 

pyrrole nitrogen atan [18 1. Reaction of e&molar amounts of ZrCls and 

SiMez(NMe2)2 in benzene gives inmediate precipitation of a white, aoisture- 

sensitive 1:l adduct [ZrC11,{(NMe2)2SiMe2]]. An octahedral cis structure having 

a {ZrNnSi] &relate ring has been proposed. lhe presence of two &methyl 

resonances in 'II NMR spectra of [ZrCls{(NMen)&Msz]]suggests the presence of a 

non-planar {ZrN2Si] ring; the two resonances coalesce to a broad singlet at 

elevated temperatures (373 K) owing to a rapid ring-inversion process [19]. 

The ccmplexes MClr.FCC13, MC11,.2FCC1~ (M = Ti, Zr, or Hf), and HfC11,.31%C13 

have been studied by 35Cl Iql spectroscopy. The electron acceptor strength of 

MClb decreases as the metal varies in the order Hf > Zr > Ti [Zo]. 

Zirconium(IV) chloride reacts with freshly prepared (OCN)2 in dichloranethane 

at -70 'C to give the 1:l adduct ZrC11,{(No)2]. IR spectra of this canpound 

suggest that the PKD-CCN ligand is attached to the metal thra@ the nitrogen 
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atoms. 'Ibe nitrogen atcm appear to occupy cis positions in the {ZrClkN2} 

coordination group, but it is not known whether this ccqmund is a rmnatxx or a 

polymer [211. In contrast, reaction of %-CL, with freshly prepared (SeCN)z in 

CS2 at -60 'C yields the substitution product ZrCls(NCSe) (equation (1)). IR 

spectra suggest that the SeCN groups act as arrbidentate bridging ligamls 

ZrCls + (SeCN)2 - ZrCl3(NCSe) + ClSeCN (1) 

uia coordination through the nitrogen and selenium atam [22]. 

Righly explosive ZrC13(Ng) is obtained from the reaction of ZxClr, with 

iodine azide in dichloranethane (equation (2)). IR spectra indicate that this 

zrC11, + IN3 - ZrCl3(Ng) + ICl (2) 

ccqound is polymeric having both azide and chlorine bridges. The reaction of 

ZrCls with one and two moles of DFh,l[N~l yields the themlly and mechanically 

stable camlexes [P%+~~[IZ~C~~(N~)}PI and [PF&12[ZrCl~(N~)21. An X-ray study 

of DP~~I~[IZ~C~I,(N~)~~I has established that this ccmpound contains centrosymnetric, 

dimric [~ZrCl~(N~))~12- anions (2) in which the zirconium atom are linked by 

N 
I 

Cl 

(2) 

the a-nitrogen atom of the nearly linzar azide groups {F(Zr-Cl)= 2.407 8; ,. 
r(Zr-N) = 2.203 A; N-Zr-N = 66.7'; Zr-N-Zr = 113.3'1. IR spectra indicate that 

the anion in kPhl,l,[ZrC11,(Ng)21 has an octahedral trans structure [231. 

Ramn and far IR spectra and nom1 coordinate analyses have been reported 

for crystalline zirconium(IV) chloride and bromide [241. 'Ihe results are in 

accord with the X-ray structure of crystalline ZrCls which consists of extended 

chains of distorted IZrCls) octahedra with two bridging chlorine atam between 

adjacent zirconium atans [25,26]. The electrochemical reduction of ZrCll, in 

mlten NaCl, C&l, and KCl-LiCl has been studied by Rasile et ~2. [27]. 

'Ihe compound [SC13]2[ZrC16] has been prepared by reaction of stoicheicmetric 

amounts of sulphur and ZrCll, with a 1% excess of chlorine. TneRamanspectrum 

of the product exhibits the vl(Alg), w2(Eg), and v5(T2a) bands expected for 
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[ZrCls]'- at 324, 258, and 154 a~-', respectively [28]. 

Crystalline HfIs has been shown by X-ray diffraction to have a novel &-type 

structure consisting of folded infinite chains of edge-sharing {HfIsl octahedra 

with a period of four fonmla units: none of the shared edges axe tram to each 

other. The chain structure differs fran those in the &WI+, ZrClr,, and ZrL, 

structure types. As is often found for AJ3$-type structures, the teminal Hf-I 

bonds (2.678 and 2.682 1) are shorter than the bridging Hf-I bonds that are trans 

to bridging iodine atoms (2.848 and 2.853 1) which are in turn shorter than the 

bridging Hf-I bonds that are tram to terminal iodine a-tam (3.002 and 3.007 I). 

Mass spectra show that sublimation gives HfII, molecules and that the HfL, does 

not form a gas-phase coqlex with Al13. IR and F&man spectra of crystalline 

HfII, have also been reported [2~1. 

K2[Zr16] has been prepared by reaction of ZrL, with KI at 600 'C, and has 

been characterised by chemical analysis, X-ray powder diffraction, and TGA. When 

heated above 200 OC, the cmund d ecomposes with loss of gaseous ZrI,, [301. 

The KI-ZrI1, system has been studied by IOTA, chemical analysis and X-ray diffraction, 

and its equilibrium phase diagram has been constructed. K2[ZrIgl is the only 

congruently melting compound in this system [31]. 

Several studies of organozirwnium and organohafnium halides have been 

reported. [(cp)ZrC13(dme)l has been prepared by reaction of sublimed ZrC& 

and Tl[cp] (2:l sole ratio) in 1,2-dimethoxyethane at 0 'C. 'Ihe unsolvated, 

insoluble and presumably polymeric (cp)ZrC13 is produced by photolysis of 

[(cp)eZrClpl in Me3cC1. [(cp)ZrC13(dme)l has an octahedral structure in which 

the chelating dme ligand spans axial (trans to cp) and equatorial coordination 

sites [32]. 

He-I and He-II photoelectron spectra of [(ns-C&les)2MX21 (M = Zr, lh, or U; 

X = Cl or Me) have been recorded and ccq~ared. 'Ihe bonding in the zirconium 

and the actinide ccmplexes is rather similar, the major differences arising fran 

metal-ligand bonding involving metal 5f orbitals in the actinide canpounds [33]. 

'Ihe substituted aetallocene dihalides [(n5-CsH4R)2MC121 (M = Zr or Hf; 

R = Me, Et, CHMe2, CMe3, or SiMe3) have been prepared by reaction of Mcll, with 

tv.o equivalents of Li(CSH4R) in thf. [(n5-CSHkCMe3)2HfC121 was converted to 

the corresponding dibranide upon treatment with HEW3 in dichlomthane [34]. 

'Ihe chloro-alkyl complexes [(r15-CSHrR)2ZrCCH(S~3)2)C1] (R = Me, Et, CBfen, C&3, 

or SiMe3) have been synthesised by reaction of [(n5~s~r~)2~121 with an 

equimolar amount of Li[CH(SiMe,),] in diethyl ether. As illustrated in the 

Newman projection (3), these caqxnrnds adopt a conformation in cDc13 solution 

in which the SiMe3 and n5-C5HkR groups are diastereotopic. Variable temperature 

'H NMR studies afford values of AG* for rotation about the Zr-C(o) bond in the 

range 59.8 to 65.5 kJ ml-'; in general, AG* increases with increasing steric 





291 

In the course of attempts to prepare alkylidene zirconium conplexes by 

a-hydrogen atcm abstraction, several new neopentyl halides of zirconium have 

been synthesised. Zr(CH~CMe3)2X2 (X = Cl or 9r) complexes were prepared in 

ether and were isolated as dietherates (yellow-red oils). The ether can be 

displaced with ligands L (L = pMe3, Me&h, NUB, &%tpe, or &nen) giving orange 

to yellow adducts [Zr(CHInCW3)2X2L2]. [Zr(CHDle~> 3Cll was prepared by 
reaction of [Zr(CH2CMe3)zC12(OEt2)2] with 0.5 equivalents of Mg(C%I12CMe3)2 and 

was isolated by sublimation; upon addition of I&Se3 or tmen, it disproportionates 

to [Zr(CXIAMe~)l,l and [Zr(CHDde3)2C12L21. E(~5-C5Me5)Zr(CH*CMe3)Clnl, 

(115-C5Me5)Zr(CllpCMe,)2C11, and [(~3~-C&e~)Zr(ClWMe~)~l were obtained by 

reaction of [(~5-CsMes>ZrC131 with Mg(C&cMe3)~ 1381. 

8.1.2 CompZexes with O-donor ligands 

'Ihe kinetics of the hydmgen ion induced tetramer to mncmr conversion 

[Zr~(OW8(&0)~61 
a+ 

[Zr(H20)814+, abbreviated Zrs Zr, in HClO4 

solutions fol1o.v the simple rate law 

k,(25 "C) = 0.95 x 1O-3 M-l s-l, AH* 

k,[H+][Zr,]; at ionic strength 2.0 M (NaClOb): 

= 55.2 f 0.8 kJ II&', and A3* = -117 f 

8 J K-' MA-'. 'Ihe rate determining step could involve cleavage of the first 

I.r-hydroxo bridge (equations (4)-(5); k,= kK) or cleavage of the second bridge 

Zrim \Zr 

\a/ + H+ _ zr/H20\zr K 

‘al’ 
(4) 

ZrjHzo\Zr + Hz0 

'GI' 

a2 H20 

- Zr' 'Zr k 

‘a/ 

(5) 
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(equations (6)-(7); k, = kK). Acids, HX, such as H$Q+, H&Ob, HF, etc., also 

Zr/oH\Zr + H+ + HP0 & zr’ 

f3Hn H20 
\ 

'OH' \,Izr 

OH2 H20 

Zr' 
\ 

\,IZr 

k 
- products 

(6) 

(7) 

induce the Zrr - Zr conversion, giving the rate law k,[H+][Zrb] + kHx[HX][Zr41 

[391. 

A spectrophotanetric method for determination of zirconium(IV) that er@oys 

liquid-liquid extraction of zirconium(IV) from nitric acid solutions into molten 

trioctylphasphine oxide-benzophenone has been developed [40]. The influence of 

the hydration of zirconium(IV) and hafnium(IV) in nitric acid solutions on their 

extraction by tributyl phosphate has been studied by Dnitriev et al. [411. 

Precipitates of canposition Zr(OH)8(aXCH=CHCXXl ) and Zr(CH)&(XGH4,CCOII) 

have been isolated in a study of canplex formation of zirconium(IV) with maleic 

and phthalic acids. The insolubility of these ccslpcxlnds and their IR spectra 

suggest that they are polymeric due to bridging by carboxylate and/or hydroxide 

ligands [421. 

The linkage isers [RzZr(ONO)21 and [R2Zr(N0,),l (R = cp or n5-indenyl) 

have been prepared by reaction of [(c~)~ZrCl~] with A&8X2 and N.aN02, respectively, 

in thf at reflux, and have been characterised by chemical analysis and IR spectra 

[43]. Di-tert-butyl nitroxide reacts with alkyl zirconocenes and hafnocenes, 

[(cp)&&l, by a rate determining displacement of alkyl radicals, to give the 

IV,&di-tert-butylhydroxylaminate canplexes [(c~)&R){ON(CM~~)~}I plus RON(CMe3)2 

[441. 

Zirconoxy carbene co@exes of niobocene hydride, phenyl, and alkyls, 

[(cp)2(R)~OZr(H)(n5-C~Me~)21 {R = H, Me, a2%, a2Cd4-, ph, 

CFI&Zr(H)(n5-CsMes)2}, have been prepared by reaction of the corresponding 

niobocene carbonyls [(cp)2Nb(CO)R] with [(n5-C&e5)2ZrH2]. The kinetics of 

hydrogen and alkyl migration from niobium to the.carbon atan of the zirconoxy 

carbene have been studied 1451. Treatment of a solution of [(cp)2WH21 and 
[(~p)~ZrMe~l in CsDs with Co (1 atm) leads to formation of the bimetallic complex 

[(cp)z(H)KH(Me)OZr(Me)(cp)21, which decves to [I(cp)2Zr(Me)1201, 

[ (cp) 2W(C2H4 ) I, PluS (34 ami Wk. ‘Ihe deccsposition reaction is believed to 

proceed via an intermediate tungsten-carbene complex [(c~)~W=C(H)(M~)I. Reaction 

of [(cp)2WH21 with [(cp)2ZrCC(O)Fh1Fhl yields the analogous bimetallic phenyl 
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derivative (6) {equation (8)). In the case of carpound (6), themlysis affords 

the carbene canplex [(cp),W=C(H)(Ph)l as an isolable, crystalline solid. The 

/" 
H Ph 

(cP)2wH2 + (cp) Zr - 0 
2 \C// 

- (cP)2w< 
\ 

/ 
Zr(cp), (6) 

Al 

Cm+)0 

(6) 

X-ray crystal structure of [(cp>~W=C(H)(Ph)l has been detemined [461. 

B-Diketonate chelates of zirconim and hafnium continue to be the subjects 

of active investigation. [Et4N][ZrF,(dbz?n)] (dbpn = dibenmylmethanate) has 

been prepared by reaction of [Zr(dbm)41 with ~,NI~Ez~F~~ at 140 OC, and has 

been characterised by IR and NMR spectroscopy and by electrical conductance 

measurements [471. [(cp)Zr(dbzm)#Jl can be synthesised by ligard-exhange 

reactions between [(~p)~ZrCl~] and either [Zr(dbm)l,l or I(cp)zZr(dbm)21 

{equations (9) and (10)): analogous isopropoxy and fluoro carplexes have teen 

obtained nia reactions (11) and (12) 1481. 'II and "C{'H) M spectra of the 

five-coordinate compourrls [(cp)2Zr(dbm)Xl (X = Cl or ClPh) have been .interpreted 

[(cp),ZrCl;!l + [Zr(dbzm)bl - 2[(cp)Zr(dbzm)Kll 

[(cp),ZrCLl + [(cp)zZr(dbzm)~l - 2[(cp)Zr(db=@zCll 

[(cp)Zr(acac)2Cl] + CIlMe2CH + Et3N - [(cp>Zr(acac>d0CHMe2)1 

(9) 

(10) 

+ [Et3NB]Cl (l-l) 

[ I(cp)Zr(acac)21201 + 2BF - X(c~~XWacac)zFl + H20 (12) 

in tern of a mixture of four stereoisaners having trigonal bipyramidal geanetry, 

and 13C{'H) NMR spectra of [(cp)2Zr(dik)Br(H20)] (dik = dbm or acac) have been 

attributed to a mixture of four octahedral stereoisaners -1491; further investigation 

of these system is needed. 

[Zr(acac)2C12] reacts with two equivalents of PhMgBr or one equivalent of 

Ph2M (M = Mg, Cd or Hg) in thf at lcw temperatures yielding PhZr(acac)2C1. 

Because only one of the two chlorine atoms could be substituted, [Zr(acac)2C12] 

and PhZr(acac)zCl were fomilated as chlorine-bridged dimers, 

[X(acac>2Zr(~-Cl)2Zr(acac)2X] (X = Cl or Ph) 1501; hcwever, [Zr(acac)2Cl2] is 

kncxvn to be a mnaner in nitrobenzene solution [51], and no molecular weight data 

for PhZr(acac)&l were reported 1501. Reaction of PhZr(acac)2Cl with four 

equivalents of PhLi results in phenyl-substitution of the chelate ring (equation 

(13)). (PhC&)&(acac)2 was obtained when (PhCH2)sZr in Et20 at -40 'C was 

treated with two equivalents of Hacac [501. 
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PhZr(acac),Cl + 2PhLi - PhZr(3-Phacac),Cl + 2LLH (13) 

The heterocyclic tetrakis(6-diketonates) [Zr(pe-bzp)+] and [Zr(lxrrtfp)+] 

@tbzpR = 1-phenyl-&aethyl4benzoylpyrazole-5-one (7); pntfpH = 

1-phenyl-3-methyl-4trifluoroethanoylpyrale-5-one (8)) have been prepared, the 

former complex by extraction of zirconium(IV) fran RN&, HCl, or H$04 solutions 

(7; R q Phi 

(8; R = CF3) 

with a trichloranethane solution of the pyramlone, while the latter co@ex was 

synthesised by reaction of stoicheiomtric amunts of anhydrous ZrCll, and the 

pyrazolone in CCll, at reflux. These ccqounds have been characterised by 

chemical analysis and IR spectroscopy [52,53]. 'Ibe rate of extraction and back- 

extraction of [Zr(pIJ3zp)b] in aqueous sulphate-trichloranethane systems has been 

investigated 1541. Several solvent extraction studies of hafnium(IV) in mixed- 

ligand systems containing thenoyltrifluoroacetone and sane other canplexing 

agent, such as tributylphosphate 1551, a dialkyl sulphoxide [56], or 

furoyltrifluoroacetone [57], have also been reported. 

The ultraviolet spectra of M(acac)pXz (hl = Ti, Zr, Ge, or Sn; X = halide) 

cceplexes are due to ligand II - n* transitions perturbed by different amounts 

of metal-ligand T-bonding. There is considerably more metal-diketonate n-bonding 

in the titanium canplexes than in the zirconium, germanium, and tin analogues 

1581. 
Arylhydroxamato- complexes (9) have been prepared by reaction of the 

19; R = Ph or CHzPh; n = 1, 2, 3 or 4) 
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appropriate hydroxamic acid with Zr(OCIlMe2)lt in benzene at reflux; the value of 

n depends on the stoicheicnmtry of the reaction mixture [59]. 

1:l and 1:2 cunplexes of hafnium(IV) with glycolic, tartaric, and citric 

acids and l:l, 1:2, and 1:3 canplexes with lactic and malic acids have been 

identified and their stability constants determined in a 1.0-3.0 M HClOs medium. 

Under these conditions, ccmplex fonration occurs with loss of one proton to give 

five-membered chelate rings in which the hy&xy and carboxylate groups of the 

hydroxy acid anion coordinate to the hafnium atom [60]. Stability constants 

have also been reported for 1:l and 1:2 canplexes of oxozirconium(IV) with lapachol 

{2-hydroxy-%(%nethyl-2-butenyl)-1,4-naphthoquinone~ [61]. 

Several %A, IYlGA, and DIA studies of the thexmal decanposition of divalent 

metal oxozirconium(IV) oxalates have been reported. The canpounds investigated 

include MgZrO(CnOs)2.7H20 [621, CaZrO(C20s)2.5H20 [631, CaZrO(C201,)2.7R~0 L641, 

SrZrO(C20b)2.4H20 1641, BaZrO(C201,)~.4H20 [621, BaZrO(C204)2.7H20 [651, 

CdZrO(C20#,)2.5H20 [661, and l%Zr0(C201,)2.4H20 1621. The decanposition of most 

of these canpounds involves three major processes: (i) dehydration of the hydrated 

canpounds; (ii) decunposition of the oxalates to carbonates; (iii) conversion of 

the carbonates to metal zirconates MZrO3. The thermal decanposition of 

[Rkh,]$?hO(C20~)2.3H20, HpZrO(C20s)2.3H20, and ZiO(CnOs).5.5H20 has also been 

studied 1671. 

A trifluoroethanoate complex having cunposition Zr2(CF3C00)5(CH)3(H20)3 

has been synthesised by reaction of ZrOC12.SH20 with excess trifluoroethanoic 

acid and characterised by IR and F&man spectroscopy and by 'IGA. This cunpound 

reacts with l,lO-phenanthroline in aqueous EtOH yielding Zr(~,C00)2(phen)(CH)2(H20>2 

[681. 

8.1.3 Mixed-metal oxides and oxyanion salts 

Intermediate phases of orthorhaxbic symnetry in the HfOz-Tap05 system having 

canpositions ranging fran 5Hf02.Ta205t07Hf02.1&05 have been prepared by heating 

the co-precipitated metal hydroxides at temperatures up to 1400 'C. 'Ibe unit cell 

parameters of these phases have been determined by powder X-ray diffraction 1691. 

'Ihe IR and Raman spectra of the canpounds A2B207 (A = IA or Nd; B = Zr or Hf) 

having the pyrochlore structure have been assigned on the basis of normal coordinate 

analysis [703. New quaternary oxides ABrBB'O7 (A = Fb or Cd; B = Zr or Hf; B' = 

Nb or Ta) with the pyrochlore structure have been synthesised fran Al% and RrB'O~ 

by solid phase reactions at 1000-1300 OC [71]. 

An X-ray diffraction study of the double sulphate Hf(SO~)2.2Na$SO~.ZH20 shaa 

that the crystals contain [Hf(S04)4(H20)2]4- anions, connected by sodium cations. 

The hafniumatanis dodecahedrally ccordinatedby eight oxygen atoms fran two 
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bidentate sulphate ligands, two monodentate sulphate ligands, and two water 

rrolecules Ir(Hf-0) = 2.09-2.33 1) [72]. A rather different structure has been 

found for Hf(S04)2.Na2SOs.3H20. In this canpound the hafnium atcm is again 

surrmnd& by eight oxygen atcm fmn fcnm sulphate ligands and two water a-olecules; 

however, two of the sulphate ligands are bidentate bridging, giving infinite 

spiral chains in which the repeating unit is [Hf(SO~)3(H20)212- (r(Hf-0 = 

2.08-2.26 L. The chains are held together by sodium cations and by water 

nolecules [731. 

Seven different potassium zirconium sulphates have been isolated in the 

KCl-ZrO,-H,SO,-H,O system at 20 'C! [741. The theme1 decotrposition of the cmpounds 

isolated in the Rb2S04-Hf02-H&G+-H20 system, viz.. RbnHf202(SOlt)3.6H20 , 

Rb2Hf20(SOb)I,.4H20, Rb2Hf(S0b)3.2H20, and RbJIf(SOb)+,.H20, has been studied by IJIA, 

IR, and X-ray diffraction measureme nts 1751. 

A powder X-ray diffraction study has established that Zr(SeOB)2 and Hf(SeOB)2 

are isostructural. Lattice parameters of the orthorhor&c unit cells have been 

reported 1761. 

Zirconium phosphates continue to be of interest as inorganic ion exchangers. 

This axea will not be reviewed here; however, several leading references to the 

adsorption [77], intercalation [78], and ion exchange [79-841 properties of these 

materials are noted. XPFS investigations of a-Zr(HPOs)2.H20 and y-Zr(HF0,)2.2H20 

have been reported 1851, and the stereochemistry of transition metal ions in 

partially exchanged forms of zirconim phosphates has been studied [861. 

Considerable progress has also been made in the synthesis and characterisation 

of new organic derivatives of zirconium phosphates 187-921. 

'Ihe conditions for isolation of crystals of Cs&(Mc01+)~ and CYs$d(Mo0~)~ (M = 

Zr or I-If) fran caesium polymlybdate melts have been investigated, and the X-ray 

crystal structure of CssZr(MdL+)6 has been determined. It consists of [ZrMo60241*- 

units that are linked together by the caesium cations to give a three-dimensional 

framework. Tne zirconium atoms are octahedrally coordinated by six oxygen atcuns 

&(Zr-0) = 2.10 2 (4x) and 2.12 1 (2x) which are corner-shared with six distorted 

IMc&)tetrahedra [931. 

8.1.4 Complexes with S- and Se-donor Zigands 

Five-coordinate fluorenyl N,N-disubstituted dithiocarbamatc- complexes of the 

type [(~5-C13H9)2Zr(S2CNR2)Cll and [(~'-C13Hs)2ZT(S2~')Cll (R = Me, Et, or 

CHMe2; RI = Ph or C6Hrl) have been prepared by reaction in dimethoxyethane of 

equinolar amounts of [(n5-C13H9)2ZrC121 and the appropriate anhydrous sodium 

II:&disubstib.rted dithiocarbamate. These coqxnu& are n-onomeric in boiling 

benzene, and nonelectrolytes in nitrobenzene. Their IR spectra indicate a bidentate 





8.1.5 Complexes with H-donor Zigunds 

[(cp)&-(N(SiMe3)2]2]has been prepared by reaction of [(~p)~ZrCl~l with two 

equivalents of Li[N(SiMe3)2] in Et20. Owing to steric crowding arcund the zirconium 

atom, this corqmmd exhibits paimise inequivalence of the four SiMes groups in 

'H and 13C{'H] IWR spectra. The barrier, AG*, to rotation about the Zr-N bond, 

determined from the 'H NMR spectra, is 75 kJ ml-' at the coalescence temperature 

of 85 Oc. Reaction of equimlar mounts ](cp)nZr(H)(Cl)l and Li[N(SiMe3)21 occurs 

with facile y-hydrogen elimination, yielding the zirconim metallacycle (10) 

[106]. 

YH2\ 
(Opfpa‘\ NfB2 

I 

(10) 

polymeric mrphous solids having composition {(c~)~W(CN)~]~ (M = Zr or 

Hf; M' = Pd or Pt) have been obtained by reaction of [(cP)~MI~] and [BLI~N]~[M'(CN)I,] 

in ethanenitrile. IR and Raman spectra of these materials point to a cyanide- 

bridged structure (II) that has tmns square-planar geometry about the palladia 

or platinum atom 11071. 

r 

M -NC-NM'-CN- 

/ 

L 

(Ill 

'n 

Treatment of a hot methanolic solution of appropriate zirconyl salts with 

l,lO-phenanthroline mm+&oxide (phenlW), in the presence of the dehydrating 

agent 2,2-dimthoxypmpane, yields the oxozirconium(IV) complexes ZrO(phenKQX2 

(X = Cl, Br, NCS, or FQ), zro(phenNO)212, or ZrO(phentW)3[ClOs]2. In dmo or dmf, 

the ZrO(phenW)Xz ccqlexes are nonelectrolytes while ZrO(pherQD)212 and 

ZrO(phenNO)3[C10~]2 behave as 1:2 electrolytes. 'Ihe structures of these cmplexes 
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are unknown. However, several conclusions have been drawn on the basis of IR 

studies: (i) phenNCl behaves as a bidentate ligand, coordinating through the N 

and 0 atom; (ii) the Ncs ligands bond to zirconim through the N atom; (iii) 

the nitrate ligands are bidentate; and (iv) the perchlorate coqmunds contain 

uncoordinated [CIOs]- ions. A weak IR band at 950-980 cm-' has been assigned to 

v(Zr=O) [108], but this assignment is open to question in view of the lack of evidence 

for the existence of the Zr=O group in oxozirconium(IV) conpounds. 

The (n5-cyclopentadienyl)(~5-indenyl)(8-quinolinolato)- mlexes 

[(cp)(n'-CsH7)Zr(&O_quin)]X (X = Cl, Br, I, ZnCls(HzO), or HgC13) and 

[(cp)(~S-CgH,)~(8-O-quin)]2[CdC11,] have been synthesised in aqueous media; IR and 

'H WR spectra and electrical conductance measurements .supIzort fomlation of these 

canpounds as ionic salts that contain four-coordinate [(cp)(n5-CsH7)Zr(8_0_quin)]+ 

cations [109,110]. 

N-(2-pyridyl)salicylaldimine (12; pysalH) reacts with Zr(CCHMen)4.CHMezC%I in 

benzene at reflux to give ~Zr~m~)n(~2>,_n I complexes, where the value of 

n = 1, 2, or 3 depends on the stoicheicmetry of the reaction mixture. Molecular 

weightmeasureme nts in benzene point to monomeric cuqlexes in which the 

coordination nunber of zirconium is 5, 6 or 7 for n = 1, 2 or 3, respectively. 

Prolonged heating under reflux of a 4:l molar mixture of pysalH and 

Zr(CCHMen)~.CBMe2OH did not yield the fully substituted complex [Zr(pysal)s] 

[llll. Related N-arylsalicylaldiminato- complexes ZxO(Arsal)Cl and ZrO(Arsal)n 

have been prepared by reaction of 1:l and 2:l stole ratios of the Schiff base and 

Zr0&.8H20 in MeCH-Et20. The ZrQ(Arsa.l)Cl complexes can also be obtained fran 

a 1:l:l solar mixture of ZroCl2.8H20, salicyladehyde and aranatic amine [112]. 

Reaction in methanol of ZrOC12.8H20, sodium ethanoate, and the tridentate 

Schiff bases (13; H2L) yields new Schiff base ccqlexes of the type ZIQ(BL)~. IR 

spectra indicate that the Schiff bases behave as monobasic ONO-tridentate ligancLs, 

bonding to zirconium through the phenolate oxygen, azcmethine nitrogen, and 

hydroxylic oxygen atans. Tbe conplexes are tnoncmeric in biphenyl, and they exhibit 

a amdium intensity IR band at 880-925 an-', which has been attributed to v(Zti). 

If these ccnpounds do contain a Zr=O group, the zirconiun atan would be seven 

coordinate [113]. The dibasic tridentate Schiff bases (14; H2L) react with 
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(13; H2L; X = H, S-Cl, 5-Br, 5-N02, 4-M&5-MeO, 

3-EtO, 3,5-Cl2 or 5,6-benzo) (14; H2L; X = H, CZ or Brl 

aqu?ous zirconium nitrate to give cmplexes having ccqosition Zr(CX3)2(L)(H20). 

IR spectra of these conpounds support an ONO-tridentate attachment of the (L)2- 

anion 11141. 

Cmplexes of the type [{Zr(OU3&2)2(L)~21 ard [Zr(L),] containing ON&donor 

tridentate Schiff base ligands derived fran S-alkyldithiocarbaz ates (15; H2L) 

have been prepared by reaction of stoicheicmtric anmnts of Zr(WHMe2)s.CRMe2~ 

Q- 0 
OH 

P -N SH 

H 
\ 

N- 
< 

'SR 

(15; H2L; R q Me or CH2Ph) 

and H2L in benzene at reflux. Molecular weight measurements in boiling 

trichloranethane indicate that the [Zr(L)z] canplexes are mnaneric, while the 

[{Zr(Oaraae2)2(L)lal analogues are dimeric. Six-coordinate structures (16) and 

(17) have been proposed. 'Ihe [(Zr(031Me2)2(L))2] cunplexes undergo an alkoxide 

exchange reaction with 2-methylpentan+2,4-diol (CdI1402) yielding the 

[Zr(CsHr202)(L)] coqlexes, which appear to be monomeric and therefore five- 

coordinate [1X5]. 

(16) (17) 
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A glossy red polymer (18), having molecular weight of approximately 

20,000-40,000, has been synthesised by condensation of tetrakis(salicylaldehydato)- 

zirconium(IV) and 1,2,4,5_tetraaminobeuzene in dry dmso 11161. 

The new meso-tetraphenylporphyrin ccqlex [Zr(TPP)C&] has been prepared by 

reaction of TPF& with ZrCll, in boiling benzonitrile. lhe electronic spectrum 

of [Zr(TPP)C12] at-d the kinetics of TIT dissociation in acidic media suggest that 

the zirconium atom lies considerably out of the plane of the TPP ligand with both 

chlorine atare being located on the same side of the Tpp plane [177]. 

8.1.6 Hydride compZexes 

The binuclear zirconocene hydride corrplex [E(rlS-CSHsMe)zZrH(~-H))2] has 

been prepared by reaction in thf of [(r)5%!~H&e)2ZrC12] with tuo equivalents of 

Li[AlH(OCMe3)3] and has been characterised by chemical analysis, IR and 'H NMR 

spectra, and single-crystal X-ray diffraction. 'Ihis cclnplex has a centrcsymnetric 

structure in which two I(n5-CsH&)&rH] units are linked by two three-centre, 

two-electron Zr-H-Zr bonds. Important distances and angles in the region of the 

planar CZr2H,,) core (19) are: r(Zr-Ht) = 1.78(2) ii,; r(Zr-Hh) = 2.05(3) 2; 
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r(Zr-Hl~) = 1.94(2) ~; Ht-Zr- ~ : 70(1)° ;  Hb_Z~r_I~ = 60(1)° ;  Ht_~r_H1 ~ = 130(1) ° 
Z r - t t b - Z r '  = 120(1)  ° [118] .  

8.1.7 Organometallic compounds 

This section reviews selected studies of organozirconium(IV) and 

organohafni~n(IV) c~unds that have not been discussed in previous sections. 

Substituted metallocene-dialkyl, c(xDplexes of the type [ (n S_CsH~R) 2~(EH2SiMe 3 ) 2 ] 

(M = Zr and R = Me or E~e3; M = Hf and R = ~, Et, or E~le2) have been 

synthesised by reaction of [ (n S_C slieR) 2MCI 2 ] with two equivalents of Li [ CH2Si~ 3 ] 

in Et20. Reaction of [(cp)2MCI2] (M = Zr or Hf) with one equivalent of 

Me3SiE~2MgCI yields the alkyl-chloro- ~xnplexes [(cp)2M(CH2Si~.~3)CI] [34]. 

Dialkyl- complexes of the type [(cp)2l~R' ] (M = Zr or Hf) have been prepared, 

where R and/or R' is a neopentyl-type ligand, viz. EH2C~$~3, CH2SiMe3, EH2Sr~,~3, 

or EH(SiMe3)2. Carbon monoxide inserts into the Zr-C bend of [(cp)2ZrR2] (R = 

CH2E~Ie3 or EH2SiMe3) to give the ~2-acyl cxx~ounds [(cp)2Zr(COR)(R)]. In the 

case of the mixed-alkyl complex [(cp)2Zr{EH(SLMe3)2}~], CO inserts into the more 

hindered (and weaker) Zr-C bend yielding [(cp)2Zr{COEH(S~3)2}~]. Single-crystal 

X-ray studies of [(cp)2Zr(CH2(~e3)2] and [(cp)2Zr(C~2SiMe3)2] indicate that the 

Zr-C and Zr-(centreid cp) distances are slightly longer in the case of the c~aplex 

that contains the sterically more demanding neopentyl group; however, the differences 

in the distances do not appear to be significant [36]. 

[(cp)2Zr(R*)2 ] cc~lexes containing the new, chiral alkyl ligand R* {R* = 

(H(SiMe3)(C6H~-2-Me)} have been prepared by reaction in Et20 of [(cp)2ZrCl2 ] with 

two equivalents of LiR*(tmen). The reaction product has been separated into 

meso- (20) and rac- (21) diastere(~ners by fractional crystallisation. The 

R R' R R' 

It 

(cp)2Zr (cP)2Zr 

R w R 

(20; R : SiMe3, R' = CsH4-2-Me) (21; R = SiMe3, R' = CsH~-2-Me) 

configurations of the diasterecmers have been assigned on the basis of their 

1H h~R spectra. Photolysis or controlled thermolysis converts the meso- 

diastereomer to the rac-diastereemer, the greater thermodynamic stability of which 

has been attributed to less repulsion between the sterically bulky Si~e3 groups 

[119] .  
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The first authentic exaqle of a difference in the structural chemistry 

of organozirconium and organohafnium canpounds has been fauid in the structures 

of the tetrakis(cyclcpentadienyl)- complexes. The structure of [(cp)2Hf(n'-C&)2] 

displays tm cr- and two a-bonded cyclopentadienyl ligands, while the structure 

of [(cp)gZr(n1-C5H5)] shows one IS- and three r-bonded cyclopentadienyl groups. 

The metal carbon(u) bond length is considerably shorter in [(cp)nHf(n'-CSHs)2] 

I2.38(2) % than in [(cp)3Zr(n'-C5Hs)] {2.447(6) I] [120]. 

The photochenical decoqosition of [(n5-C5Me5)2MFh2] (I = Ti or Zr) has been 

investigated. whereas decanposition of [(n5-C5Me5)2TiFh2] involves predaninantly 

reductive elimination of biphenyl, at least 75% of the decanposition of 

[(n'-CsMes)2ZrPh2] occurs by stepKise hoaolysis of the Zr-C(O) bonds. Fhotolysis 

in the presence of carbon nonoxide gives moderately large anounts of 

[(n5-C5Me5)pM(CC)2], suggesting that the metallocenes [(n5-C5Me5)2M] are 

intermediates. A further intermediate (22) is suggested by the presence of 

122) 

2,3,4,5_tetramethylfulvene and pentamethylcyclopentadiene among the reaction 

products L1211. 

Reaction of [ (~5-C5Me5)MCl3] (11 = Zr or Hf) withMeCH=CIIClWgBrat 1~ 

teaqerature gives the 1-methallyl- cc?nplexes [(n'-CsMes)M(CsH7)3], which are 

readily converted upon heating to the rrore stable 1-methallyl-butadiene ccplplexes 

[(175~5~S)~(~3~q~7)(~5~r~s)l plus truns-but-2-ene. Ally [(n5-C5Me5)Hf(C4H,)31 

could be isolated; it is fluxional and its IR and NMR spectra suggest that it 

consists of a cunplex mixture of isaners containing Q'- and n3-1-methallyl groups. 

The [(~~'-c~~~~)M(~~~_c~H~)(~~--cIIHB)~ ccnplexes also show fluxional behavior, but 

this is limited to the n3-l-methallyl group [122, 1231. 

'lbe X-ray crystal structure of the 2,3,4,5-tetraphenylzirconole [(cp)zZr(CQhti)] 

(23) has been determined. The metallacyclic ring is planar to within 0.05 i, 

and the r-electron density within the ring is largely localised Ir(C2-C3) = 

1.363(7) 1; r(C3-C4) = 1.500(7) 8; r(C4-C5) = 1.358(8) 1). The Zr-C, bond 

distances (2.265(6) and 2.250(5) 1) are ea. 0.06 X longer than the Hf-C distances 
in [(cp)~Hf(CGh~)l. A carparisan of Zr-C and Hf-C bond distances in the literature 

indicates that the Hf-C bond lengths are shorter for all canron carbon-atan 

hybridisations (C(sp), C(sp*), C(sp3), and C(n5)) [124]. 
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Ph 

3; 
Ph 

(w)*Zr 

Ph 

Ph 

(23) 

New em-unsaturated zirconacyclopentanes (24) and (25) have been prepared 

(241 (25) 

by reaction of allene or 1,3_dimethylallene, respectively, with 

[I(115-C5Me5)2Zr(N2))2(N2)l. Asynnetric substitution of the em-methylene groups 
in the Z- and 4-positions of the tnstallacyclic ring has been established for 

cunpcund (24) by single-crystal X-ray crystallography and by 'H and 13C NMH 

spectra of its solutions. IWR spectra indicate that the ethylidene groups in 

(25) are located in the synmetrically disposed 2- and 5-positions [125]. The 

reaction of trethylallene with [C(11-CsMeS)2Z1'(N2))2(N2)] in toluene at -45 OC 

produces a 70:30 mixture of tm isomsrs which have been identified as (26) and 

(27), respectively, on the basis of 'H and 13C EhiIR spectra. The configuration 

(26) (27) 

of the 4-ethylidene methyl group has not been established, but it is the same 

in both isomers. The mechanistic iaplications of these results have been 

discussed [126]. 

Tong-chain" alkylidene-bridged heterobimetallic mnplexes (28) and (30) 

have been prepared by either (i) addition of an organoaluminium hydride to an 
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alkenylzirconium cmplex {reaction (14)} or (ii) addition of [(c~)~Z~(H)(C~)] 

to the double bond of an organoalminium alkenyl {reaction (15)}. Addition to 

the double bond in the reverse direction produces mmpcunds (29) and (31), usually 

in snall mmnts. The direction of addition depends on the steric bulk of the 

R 

(cp)2Zr 
\ 

+ RAl(cH,cme,), + 

Cl R 

A 
. 

Cme2)2 + (cpl2Zr Al(CH2CHMe212 

'Cl' 

(14) 

(28; R = Me, Ru or C&&) (29; R = Me, Bu or CMes) 

R 

1 
(cp),WR)(Cl) + A1Me3 - 

R 

/( 

R 

(cp),Zr A*, + 

'Cl' 

(cp),Zr 

(30; R = Me, Em or C&3) (31; R = Me, RU or C&k,) 

substituent R. carpaund (28; R = CMe,) reacts with one eqUiK&?nt of either 

Na[CMel, NaDlel, Li[NEtsl, Li~PPbl, or Li[CH2C%3] inbenzme to give the 

ligand metathesis products (32) {reaction (16)) [127]. 

R 

/( 
R 

(cp)nZr Al(CH,CHMe,) x 
0c 

'Cl' 

(cp)2Zr, /UcH2~2)2 + a- 

X 

(15) 

(16) 

(28; R = -31 (32; R = Ode3; X = C&k, Sk, 

NEt2, m2 Ora2=3) 
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3.2 ZIRCONID?vl(III) COMFQUNDS 

CJs,Zr,I, has been prepared by reaction of CSI, ZrI,, and zirconium metal in 

sealed tantalum tubes at 750-850 'C. This conpound has the Cs,C!r,Cl, structure 

(space group P(j~lmnc). Close-packed CSI, layers are stacked in the hexagonal 

c direction with stacking sequence ARAW, and two-thirds of the octahedral 

interstices are filled with Zr3' . Ions in pairs so as to give [Zr21$- confacial 

bioctahedra. cS,Y,I, has the same structure. On going fran the do yttrium(II1) 

canpound to the d' zirconium(II1) md, the metal-aetal distance in the 

bioctahedra decreases frcm 4.052(9) to 3.129(4) 2 owing to formation of a metal- 

metal bond in the zirconium canpound. Accaqmnying this very substantial axial 

cunpression of the bioctahedra are yrrespondingly large changes in the bond angles 
_ 

in the M(u-I),M bridging region II-Y-I = 82.5' and Y-I-Y = 80.8' in Cs,Y,I,; 

I-ir-I = 93.9O and Zr-;‘-Zr = 65.0' in cS3Zr21g] [128]. 

Zirconium(II1) cmplexes of the type [IZXC~~(PR~)~)~] (R = Et, Pr, or Eu) 

have been prepared in high yield by reduction of [ZrC1,(PRB)2] with one 

equivalent of sodium amalgam [129]. lbe less soluble methyl derivative 

t(zrc1,(~!&)~)~] was obtained earlier by photolysis of IZr(CHKMe~)$l~(PMe~)~] 

1381. The butyl derivative has a chlorine-bridged dimeric structure (33) with a 

Zr-Zr bond length of 3.182(l) 1. Distortions fmn regular octahedral geanetry 

Cl Cl 

Bu3P. I ,Cl I , PBu3 

Bu3p 2++PE)u3 

Cl Cl 

(33) 

include a bending back of the four terminal Zr-Cl bonds away fran the central 

Zr(u-cl)eZr unit {(terminal Cl)-Z&teminal Cl) = 165.10]. The [{Z~C~~(PRS)~]ZI 

cm@exes react with ethene and propene to give the zirconium(IV) canpounds 

[(PR~)~Cl~zrcH~cHR'zrCl~(PR~)~] (R' = H or Me). Upon reaction with butadiene, 

[(Zfll3(PEt3):!]2] disproportionates to tZrClI,(PEt3),] and the bis-allyl- 

mplex [Zfl,(n6-CsH1,)(PEt,)1 W91. 

'Ibenmlysis of [(cp)zZrL2] (L = PMezPh or PMePh,) in toluene at 45-50 "C 

{equation (17)) produces approximately equtilar amounts of dihydrogen and 

diamagnetic, dimeric zirconium(II1) canplexes that have been fomlated as 

n',n5-C5Hk-bridged species (34) on the basis of their 'H and13C(1H] NMR spectra. 

The proposed route for formation of the [I(cp)(~-[rl',r15-CsHr])ZrL}Z] ccnplexes 
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(17) 

(34; L = PMe2Ph or PMePh,) 

involves phcsphine dissociation to give the 16-electron species [(cp)2ZrLl, 

follmed by two successive oxidative additions of Zr(I1) into the C-H bonds of 

cp ligands and subsequent mductive elimination of Hz. Dihydmgen and cmpaund 

(34; L = PM+Ph) are also produced when toluene or thf solutions of "zirconocene" 

are treated with excess PMe*Ph. This result suggests that "zirconocene" is a 

polymeric zirconium(IV) conpcund that contains hydride andn',n'-CsH4 bridges. 

Canpcund (34; L = PhkPhp) reacts with two equivalents of PRPh* yielding the 

substitution product[I(cp)(~-[n1,r15~:sH1,])Zr(PHPhP))nl and the PPh2-bridged 

zirconium(II1) c-d (35). Reaction of (34; L = PMePh*) with one equivalent 

of Ip affords the ClOHs-bridged zirconium(II1) ocnplex (36) [130]. 

Reduction of the metallocene -dialkyl complexes [(n5-~S~,,~)2~~'21 with 

sodium naphalenide in thf gives paramagnetic species that were once thought to be 

[(nS-C,~~~),~~q21- anions an the basis of their EPR spectra D311. lhe EPR spectra 

have new been reinterpreted in the light of cyclic voltanetry data, which indicate 

that the [($-CsH+R)2ZrR'2] canplexes undergo irreversible one-electron reduction 

yielding [&H,,R]- and [(n5-C&R)ZrR',l 1341. In contrast, the complex 

[(cp)lZr(R*)(C1)] IR* = ~(gi&?3)(C6H4-2-&?)) is reduced reversibly to 

[(cp)pZr(R*)(C1)1- [1191. 

A single-crystal X-ray study has shown that the catpound [(CsMes)3Zr3ClsI[A11Cl,]2 

contains trinuclear cations in which the zirconium atcms are located at the vertices 

of an equilateral triangle. E&h edge of the triangle is bridged by two chlorine 

atans. Ihe fifth coordination site cm each zirconium atan is occupied by an 

n6-C&% grcUp. In'portant distances are r(Zr-Zr) = 3.35 1, F(ZrXl) = 2.56 1, 

and &Zr-(centroid C@e,)) = 2.17 1. 'Ihe fonrntl oxidation state of zirconium 

in this ccnpound is +22/3 [132]. 
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8.3 ZIHamIuM(I1) AND I-IAmIuM(II) ammNm 

Zirconium(I1) cluster ccqounds Zr,X,, (X = Cl or Br), iscstructural with 

Zr,I,,* have been prepared by reaction of zirconium(I) halides with dihydrogen 

at ED-780 OC Lqration (18)). If alkali chlorides are present during the ZrCl-H2 

12ZrX(s) + 6H,(g) - ZrSX12(s) + 6ZrH2(s) (18) 

reaction, new iscstructural cunpamds M2Zr,C1 18 (M = Na, K, or Cs) are obtained 

(equation (19)). An X-ray study of the potassium caqxund shows that crystalline 

lGZrCl(s) + ml(s) + 9H2(g)-M2ZrTC118(s) + 9ZrHp(s) (19) 

K2Zr$l18 contains octahedral [ZrC1612- anions {r(Zr-Cl) = 2.474(2) & and [Zr&112] 

clusters. Tbe clusters consist of an octahedron of zirconium atats slightly 

ccqwessed along the 2 axis and edge-bridged by twelve chlorine atans {r(Zr-Zr) = 

3.224(l) and 3.178(l) 1; r(Zr-Cl) = 2.558 i$. Each zirconium atan of the cluster 

is attached, in addition, through a radially directed Zr-Cl bond (2.770 1) to a 

Cl atan of a neighbouring [ZrC1B]2- anion. ‘Ihus each [Zr,Cl,,l cluster is linked 

to six different [ZrClGj2- ions, and each [ZrCl~12- ion is in turn attached to six 

different [ZrsC112] clusters. Ibe fornula of this ccnpound may be written as 

ZrsC112.K2[ZrClsl. The potassimn ions occupy fairly large cavities with twelve 

nearest neighbarr chlorine atoms at distances of 3.47-3.66 i [133]. 

A second polymorph of zirconium(I1) iodide, a-ZrIP, has been synthesised by 

reaction of ZrII, with zirconium metal in a tantalum tube having a temperature 

gradient extending fran 850 to 750 OC. Black, lath-like crystals of c-ZrI2 were 

found in the 775 OC region of the tube. 'Ibis phase has a distorted CdIp-type 

structure in which the zirconium atars are displaced by 0.440 8 fram the octahedral 

centres, giving infinite zig-zag metal chains parallel to the b axis of the 

monoclinic crystal tr(Zr-Zr) = 3.182(3) s> 11341. 

'Ihe kinetics of the reaction of gaseous ZrI1, with zirconimn metal to give 

reduced zirconimnicdides on the surface of themetalhas been studied in the 

terrperature range 300-500 Oc 11351. 'Ibe pressures of gaseous ZrI1, over solid 

zirccmium iodides in the ccnpasition range ZrI to Zr have been measured by the 

torsion-effusion method [1361. tithalpies of fonration of Zr13, ZrIp, and ZrI 

have been estirrated fm data in the literature [1371. 

A new method for preparation of [(n5-C&e5)2M(CD)21 (M = 'Ii or Zr) has been 

reported; [(n5-C5Me5)&!Clzl in thf under an atmosphere of carbon mcnoxide is 

reduced with nagnesimn powder activated by mercury(I1) chloride. 'Ihe previously 

unknwn hafnium analog [(n5-CsMe5)nHf(CD)21 has been synthesised using "super- 



activated" R.iekemagnesium(prepaFed frananhydrous&C12 andpotassiummetalin 

thf). 'Ihe structures of all three I(n5-C&es)&l(03)2] carplexes have been 

determined by X-ray diffraction. lhemetal-carbonbondsto the carbonylligands 

{r(Ti-CO) = 2.01(l) 8; r(Zr-CO) = 2.145(9) 1; r(HfCO) = 2.14(2) 1) are shorter 

than those in the analogous [(c~)~M(C~)~I complexes, cwing to enhanced II backbonding 

in the pentamethylcyclcpentadienyl derivatives [1381. 

Following an earlier ccemunication [139], a fullpaperhasbeenpublished 

describing the preparation and reactivity of bis(n5-cyclopentadienyl)bis(phosphine)- 

zirconium(I1) conplexes [(~p)~ZrL~l (L = PK?Phz or Me&h; L = dnpe or dppe). 

lhese ccqxunds are produced by l&and-induced reductive elimination of 

methylcyclohexane fran [(cp)2Zr(CH&sH11)(H)] {equation (20)). Reactions of the 

[(~P)GWC&C,H,~)(H)I + 2L-[(cp)2ZrL21 + c~H~A%~ (20) 

[(cp)2ZrL2] carplexes with HP, CD, otherphcs*ines, alkynes, alkenes, arenes, 

and organic halides have been investigated. These reactions appear to proceed 

via an intermediate 16-electron [(cp)$rL] complex 11401. 

[(cp)PM(diene)] (M = Zr or Hf) ccsplexes have been prepared by reaction of 

[(~p)~MC!l~l with roagnesium dienes in thf. ‘lb@ variable tenperature iH NMR spectra 

of the zirconium and hafniun butadiene canplexes in toluene-ds are surprisingly 

different. [(cp)2Zr(C4Hs)] exhibits tenperature dependent spectra consistent 

with an n4-s-c& gearstry (37), with rapid exchange of syn an anti-protons at 

temperatures above cu. 10 OC. Hw.ever, the 'H NMR spectrum of [(cp),Hf(C,H,)] 

is essentially temperature independent over the range +80 to -90 'C. 'Ibis result 

has been interpreted in tenrs of a metallacyclopentene structure (38) [141]. 

Earlier, Erker et al. suggested that a zirccnacyclopentene is an intermediate in 

(37) (38) 

the exchange of syn- and anti-protons in [(cp)2Zr(n4-s-_Cis-C,,HS)] [142]. 

8.4 ZIRU.WIuM(O) AND HAl?NIuM(O) CKWOUNB 

[Hf(n5-C4Hs)p(dnpe)] has been prepared by reaction of aagnesiumbutadiene, 

Mg(C4Hs).2thf, with HfCL, and dqe in thf. An analogous synthesis using, 

ZrClb*2thf in place of HfCL, gives a mixture of [Zr(n4-CbHs)a(dape)] (65%) and 
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[Izr(r14-C~Hs)2(dnpe)}pcfrpel (35%). [Hf(n4-C~H6)2(~)l has a structure based 

on a distorted C2 octahedral geanetry. 'Ihe butadiene ligand is attached to hafnium 

in an n'-fashion; however, the Zr-C and CC bond lengths indicate sate distortion 

tawazd a metallacyclopentene structure [143]. 

'Co-condensation of zirconium or hafnium vapours, derived fran a positive hearth 

electron-gun furnace, with a mixture of toluene (or benzene) and trinethylphcsphine 

yields the bent bis(n6-arene) canplexes [(n6-~s~s~)z~(~3)l (M = Zr or Hf) and 

[(n6-CsHg)zHf(PEde3)l. lhese ccapounds have been isolated fran light petroleum 

ether as green-black crystals. They are extremely sensitive to oxygen and traces 

of water but appear to be stable indefinitely at roce~ teaperature. Apreliminary 

ccsrnunication of this work was published earlier [144]; a detailed description of 

the metal-vamr syntheses is naw available [145]. 

8.5 BINARY C0GCUES 

lhis section gives a brief Mention of the X-ray structures of two ccnpounds 

that are not easily classified in terns of formal oxidation states. Hf3Sb has 

the Fe+type structure (space grout 14) 11461, and ZrlsPg has a structure based 

on a canplex arrangement of nine inequivalent @Zr,} trigonal prisms with one to 

three additional zirconium atars located outside the quadrilateral faces [147]. 

8.6 a%!PLE.xESw1IHMETALMJ!TALBCNDS 

The d2 l&electron bis-arene complexes [(n6-C6HsMe)1M(Sn&3)2],(M = Zr or Hf) 

have been prepared by reaction of [(n6-C6H&)2M(P%k3)] with h examethylditin. An 

X-ray study of the ha&ium cuxplex has established a distorted tetrahedral 

structure, analogous to that of 18-electron [(cp)&X2] (M = Mo or W) ccnplexes, 

with a Sn-Hf-Sn angle less than 90° (81.14'). Bond distances to the hafnium atan 

are r(Hf-Sn) = 2.953(l) A and r(Hf-C) = 2.43-2.52 i [1481. 

The first conpound having a hafnium-transition metal bond, (cp),HfPe(CO),, 

has been synthesised fran [(cp)pHfCl,l and Nap[F'e(CO),+l. 'lhis canpound exhibits 

two v(Hf-Fe) a bands (at 184 and 138 cm-') and fcxlr u(C0) IR bands (in the 

2040-1940 cm-l region), consistent with a dimeric structure (39) having fcur 

terminalC0 groups and local Czv synrnetry attheiron atars. A minor product 

of this synthesis, also obtained follcwing dissolution of (~p)~HfPe(C0)~ in thf, 

sho,+s a v(C0) IR band at 1683 an-l, suggesting that it nay be the isocarbonyl 

canplex (40) 11491. 

The structure of the heteranetallic dinuclear alkyl [(cp)nZr(Me)Mo(CO)3(cp)] 

has been elucidated by IR and variable temperature "C NMR spectrcscopy. lhe 

spectral data, particularly a v(C0) band at 1545 cm-' and two 13C car-bony1 
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1391 (40) 

(41) 

resonances (relative intensity 1:2) at -80 'C, point to a strwture (41) haying 

a fcmr-electm ).+~',~2-carbonyl bridge. ?he carbonyl grcmps are nobile, with a 

barrier AG* of 40 kJ ml_1 for migration of the bridging carbonyl gmup to one 

of the two equivalent tenninal carbonyl sites. Ccopound (41) reacts rapidly with 

CO at roan temperature yielding the u'-ethanoyl ccnplex ~(~p)~~(~)*-~)~(~)~(cp)l. 

13C lahellingexperimnts have established that the carbmin the ethanoylcarbonyl 

group cm-es fran the added CO, not fran the bridging carbony group. Oh standing 

in toluene solution, [(cp)2Zr(~2XCMe)Mo(CO)~(cp)l slmly loses one equivalent of 

CO yielding the ethanoyl-bridged canplex (42) whose structure has been established 

(42) 

by X-ray diffraction. Ccqxmd (42) has r(Zr-Mo) = 3.297(l) 2 and C-O distances 

reflecting three different bond orders [teminal r(M) = 1.147(4) %; bridging 

r(C0) = 1.241(4) ii; et&may1 r(C-0) = 1.295(3) 1) [SO]. 
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8.7 ZIRaNIDM-91 NMR STUDIES 

?his last section notes the first chemical studies utilizing glZr NMR 

spectrcscopy. Tne 'lZr nucleus (I = 512; Q = -0.21 x 10-" m*) has a relative 

-dance of 11.23%. 'lZr NMR signals have been observed for [(cp)zZrX21 (X = 

Cl, Br, or I) and [(cp),ZrClBr] in thf, [NK,I~[Z~FS] in D,O, H,ZrCl, in cont. 

HCl, and [Zr(BH,),] in -toluene-d'. 'Ihe spectra were obtained at 8.37 MHz on a 

Bruker WI-I90 spectrarreter operating at 25 OC. lbe signals of the [(cp)2ZrX21 

(X = Cl, Br, or I) canplexes and the [~.r&l~- (X = F or Cl) ions exhibit an 

inverse halogen dependence, i.e. the resonances shift to higher field with 

increasing electronegativity of the halogen. Line widths at half-mximm 

amplitude for the [(cp)2ZrX2] and [ZrX612- canplexes are in the range 19-276 Hz. 

'lbe narmwest line observed so far (line width 5 Hz) has been fmnd in the 'H- 

and llB-d-pled 'lZr NM8 spectrum of [Zr(J?&)sl. 'H-decoupled and "B-decoupled 

'lZr spectra along with 'H and "B spectra of [Zr(BHs)+ 1 have yielded coupling 

constants J("Zr-'H obsd) = 28 Hz and j("Zr-"B) = 18 Hz. lhe spectra have been 

interpreted in tern of rapid rotation of the tridentate borohydride groups, which 

exchanges bridging and tent&al hydrogen atars [151,1521. 
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