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INTHXUXICN 

The 19&l literature on zirtiniun and hafnium covers a broad spectrun of research 

ranging fran organic chenistry at one extreme to solid state physics at the other. 

'Ihis review attenpts canprehensive coverage of the coordination cbtitry of 

zirconiunandhafniwn; o rgananetallic and solid-state aspects of the c&m&try of 

these elknts are treated selectively. For a canprehensive treatawmt of the 

organanetallic chemistry, the reader is referred to the annual reviews by Labinger in 

the Journal of Organan&allic C&m&try; a review of the literature for 1979 has 

appearedwing the past year [l]. ‘Cn the solid state side, Qrbett has reviewed the 

structural chemistry of reduced binary halides of early transition metals, including 

such wqxsunds as ZrCl, ZrCl2, Zr&l12 and ZrCls [2]. Other review that have 

appearedduring dealwithmetal atansynthesis of zerovalentarene cutqounds [3], 

thechemistryof organoimido(NR) caupounds [4], and the mechanisns of reduction of 

carlxm monoxide by zirconiun hydrides [5]. 

The pmentreview covers themajor journals forkhe19SO calendar year and the 

lesser kncwn and/or koreign journals for the period covered by QemicaLl Abstracts, 

Volume 91, N-r 21 through Volune 93, Number 18. 
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3.1 tmKfxtuM( IV) AND HAFNIuM( IV) 

3.2.1 Halide comptexee 

l'he ethylenediamnonium fluorozirconates [er&](ZrF6)6&0, [en&](ZrF6) and 

[enH6]6[ZrF~]6.2&0 have been prepared in aqueous solution by reaction of various 

molar ratios of [enH:!]F6.HF and HaZrF6.2HzO. These cxqounde have been characterised 

by chexnical analysis, X-ray diffraction, IR spectroscopy and TGA. On the basis of the 

IR and X-ray studies, the authors believe that [en&](ZrF6 12 .HzO 

[6]. 

Solid state reactions of BaF6 with ZrFII at 400-860 'C afford several new phases in 

addition to the already known polymorphic foins (~1 and B) of BaZrFs. The new phases 

include a- and WaZr2F16, Ba6ZrF16, Bao.66Zr6.66F2.76 , and two non-stoicheianetric 

phases, Ba,_xZrzF,+, (0~~50.10) and Ba 
4+4-&%+z/aF18 

(O~zsO.232) [?I. 'Ihe latter 

phasehas astructureintiichthe Zr ions ares urrounded by eight fluoride ions 

at the vertices of a distorted bicapped trigonal prism. 'Ihe Zr-F distance to one of 

the capping sites (2.288 A) is appreciably longer than the other seven Zr-F distances 

(2.00-2.09 A> [S]. In the SrF6-MFr (M = Zr or Hf) systars, the following conpounds 

have been identified: a- and k%@6, a- and B-SrnMFe, and SrddE’lo [9]. 

X-ray diffraction studies have shown that lanthanide fluorides react with HfFr at 

SO0 'C (150-200 h annealing tinxe) to give cuqxxmds having ccqxeition LtG'a.nHfFs 

(n = 1,2 or 3). 1:l curlpounds, I‘nHfF7, are obtained for all of the lanthanides. The 

lighter lanthanides (Ln = La-Nd) form, in addition, uqounds of canposition 

LnHf2FIl, while the heavier lanthanidee (Ln = &n-Lu) and yttriwi give ccqxxmds of 

the type Ln(HfF6)6. Lattice parameters have been reported for LnHfF7 and Ln(MF6)6 

(M = Zr or Hf) [lo]. 

Zhe crystal structure of MnZrF6.5H60 has been refined fran neutron and X-ray data 

in order to locate the hydrogen atam and define the systan of O-H...F and O-H...0 

hydrogenbonds. 'Ihe zirconiumatcxns aresurroun ded by a triangular (Dad) dodecahedron 

of eight fluorine atam with the (ZrF6) group being linked into infinite chains by 

sharing of the dodecahedral a edges. 'Ibe Zr-F bonds to the dcxiecahedral A sites 

(;; = 2.21 1) are appreciably longer than those to the B sites (i; = 2.03 A) 1111. 

A mass spectranetric study has shown that the saturated vapour in the NaF-ZrFb 

systan contains not only the pure canponents but also the cunplex ttolecules NazZrF6, 

NaZrF6, (NaZrF6)2, and NaZr6F6[12]. The negative ions [MF~]- and [Hf6F6]- have been 

detected in a mass spectranetric study of the saturated vapour of the KF-Hf& 

systenl [13]. 



Zirconitnr(IV) chloride reacts with benzofuroxane (1) and 3,4-benacquinoline 

0 cx9 00 
N 

4s 

0) 

(1) (2) 

to give solid [ZrCl&] adducts’that have been assigned octahedral ois and tram 

structures, respectively, on the basis of the nuMer of v(Zr-L) or v(Zr-Cl) bends in 

their IR spectra [14,151. Tbe benmfuroxme llgmd is attached to the metal through 

the acyclic oxygen atan [14]. With 5,6-benzcquinoline (S), an insoluble ZrCl,L 

adducthaa beenobtained; the IRspectmnof this1:1caaplexsuge;~sta achlorine- 

bridged polymeric structure [Ml. The reactloh of ZrC14 with triphenylphcsphine 

sulphide in benzene at reflex also afforde a 1:l adduct; this cuqmund has been 

assigned a dImeric u2-Clbridged structure,[(PhsPS)ClJZr(l.l-Cl)nZrCls(SPPZls)], on the 

basis of mlecular weight, conductance and IR data [17]. 

Ramanspectraof ZrC14-pC15 mixtures reveal thepremnceof at leastone 

chloroeirconate(IV) species in addition to [ZrCls]“. The new Raman frequencies 

have been attributed to [ZrCls]-, tiich ia formed es a result of equilibrium (1) [18]. 

[zxClsla- + [FClJ’ w [ZrClJ + PC15 (1) 

‘Ihe electrochenical reduction of Zr& in AICIS-XC1, AICls-NaCl, end AU&-XClaaCl 

eutectica hae been etudied by Basile et aZ. [19]. 

Rafnlum(IV)branide and iodide react with excesstrimethylamlneln asealedsystem 

to give [R~x~(NM~S)~] adducta that have been assigned a trane-octahedral structure 

on the basis of single, intense v(Hf-Br) and v(Rf-I) IR bar& at 290 and 165 cm-‘, 

respectively. Benzene solutions of [Hfxr(NMe~)2] (X - Cl, Br or I) are useful 

precursors of other [IifX4L2] caaplexea v&i& are difficult to prepare by direct 

reaction. For exanqle, addition of thf to a benzene solution of fRfClr(NMes)2] gives 

inmediate precipitation of trune-[RfClr(thf)21 [ZOI. 
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Organozirconium and organohafnium halides can be synthesised by electrochemical 

oxidation of the metals in a cell containing au organic halide RX (R = alkyl or aryl; 

X = 61, Br or I). The products are conveniently isolated as MeCN or 2,2'-bipyridine 

adducts; the most camxmly isolated products are [R2MX2L2] (M = Zr or Hf; L = MeCN 

or fbipy) [21]. 

Several spectroswpic studies of [(cp)#&] ccqouuds have appeared during the 

past year. Far IR and Reman spectra of solid and gaseous [(cp)pMC&] (M = Zr or Hf) 

have been reported; ring and skeletal vibrations have been assigned, and barriers to 

restricted rotation about the M-cp bonds have been determined [22,23]. 'H and 13C 

chemical shifts have been published for a series of bis(alkyl-substituted 

cyclopentadienyl)zirwnium(IV) dichlorides, [(ns-RCSH+)2ZrC12] and 

[(n5-RR'CSH3)2ZrC12]; the 13C chemical shifts can be predicted on the basis of 

additive contributions fran the alkyl groups [24]. He-I andHe- photoelectron 

spectra have been reported for [(C5Me5)2z1c12]; the spectra exhibit t%o low-energy 

bands assignable to ionisations from MO's with dcminant cp(li) character and a group 

of higher energy bands assignable to ionisations frcm W's with dcminant Cl 3p 

character [25]. 

'Ihe cyclic voltamnogratn of [(c~)~ZrC12] in thf-[BubN][PFs] at a carbon electrode 

provides evidence for reversible electrochemical reduction to [(cp)nZrClz]- [26]. 

3.1.2 Complexes with 0-domr Zigands 

In this section, ccmpounds are discussed in order of increasing cunplexity of the 

O-donor ligand. C&metal cuqlexes are consider& first, complexes with rnonodentate 

ligands next, and complexes with polydentate ligands last. Discussion of complexes 

with polydentate ligands that contain other donor atans in addition to oxygen is 

deferred to later sections dealing with the other element. 

Oxozirwnium(IV) triphenylphosphine oxide and tetramethylene sulphoxide canplexes 

of the type [ZrOL2X2] (L = Ph3PO or tnso; X = Cl, Br or IT&), [ZrOL4]12, and 

[ZTTOL_~][C~O~]~ have been prepared by reaction of Ph3pO or tmso with a methanol 

solution of the appropriate zirwnyl salt. Molecular weight and conductance 

measurements in nitrobenzene indicate that the [ZrOL2X2] cunplexes are monaneric 

nonelectrolytes, while the [Z~OLS]IP and [ZrOL~][C101,]2 cunplexes are 1:2 electrolytes. 

The thiocyanate ccqlex [ZrOL,(NCS),] is a rnonaneric nonelectrolyte when L = Ph,Fo, 

but appears to have the more complex formulation [{ZtiL,(Ncs)},][NCS], when L = tnso. 

IR spectra of these cunpounds indicate that (i) Ph,pO and tmso are attached to 

zirwnim via the oxygen atan, (ii) nitrate behaves as a bidentate ligand, (iii) 

perchlorate is ionic, and (iv) when thiocyanate is attached to zirwnim, it is 

coordinated through the N atcxa. A weak IR band at 900-960 an-',has been attributed 

to v(m), and the coordination n&r of zirconium in these wmpounds has been 
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assigned as five or seven [27,28-J. In view of the rarity of both five-coordinate 

zirconium and the 2~0 group, the structures of these cunpounds should be investigated 

by X-ray crystallographic techniques. 

Z~~C~(CCHM~Z).~CHM~~~H reacts with nitrogen and oxygen'bases (L = py, quin, bipy, 

dmf, dma or phthalimide) to give adducts of the type ZrCC1(aI-lMe2).L; with L = dmso, 

the product is 2ZrCCl(CYCHMen).3dnso. The correspondingdialkoxides zrO(OR)z.RCH 

(R = Me, Et or CHMe2 ) fail to react with these bases. The ZrCCl(WHMe2).L adducts 

are nonelectrolytes in nitrobenzene. lhey'exhibit a fairly intense IR band at 

650-660 cm-l that is probably due to bridging Zr-O-Zr groups (291. 

Bis(benzeneseleninato)oxozirconium(IV) cuaplexes, ZrO(02SeCsH~X)2 (X = 4-C1, 3x1 

or 3-Br) and ZIO(O&C~H~-~-NO~)~.~H~O, have been synthesised in aqueous solution by 

reaction of a 1:4 molar ratio of Zr(NO3)1, and the sodium salt of the l&and. IR 

spectra indicate an O,O'-bide&ate attachment of the OG%C~HQX ligands and an 

oxo-bridged polymeric structure. !Ihe presence of just one v(Zr-&Zr) IR band 

(739-759 cm-') and two v(Zr-O) bands for the bonds to the 02SeCcH1,x ligands (405-504 

c&l) suggests a trans-octahedral environment for the zirconiLan atan [30]. 

'Ihianalic acid, m2CH(SH)aXXI reacts with ml2 (M = Zr or Hf) in aqueous 

solution to give insoluble 1:l canplexes of ccmposition MO(C~HI,O~S).~H~O. IR spectra 

suggest bidentate coordination of the carbovlate groups and indicate that the SH 

group remains intact and relatively unperturbed by cunplex formation. The 

MO(G+H40~S).4Hz0 cunplexes are believed to be polymeric, but no una&iguous 

assignment of v(M&M) frequencies could be made [31]. 

'lko forms (liquid and crystalline) of zirconiwn kopropoxide have been shcwn to 

exist, and their physicochemical properties have been investigated. Upon desolvation 

of solid Zr(CCHMe~)~.CHMe2OH at 90-120 'C and 1 Torr, Zr(OCHMe2)s is obtained as a 

viscous, slightly yellowish, extremely hygroscopic liquid, b.p. 160 'C/O.1 Torr. 

'Ihis liquid does not solidify on standing for one year. However, when liquid 

Zr(WHMe2)s is treated with CHMezoH, heat is evolved and a powder is deposited, which 

also analyses for Zr(CCHMe2)s . Upon recrystallisation fran a~2 , the Zr(CU-lMep)s is 

obtained as fairly large crystals, m.p. 135 OC; the crystals and the powder have 

identical X-ray pwder patterns. When solid ZrlOCHMe2)b melts, a non-crystallisable 

liquid is formed which has an IR spectrmn identical to that of the liquid 

Zr(ocIIMe2)1, obtained by desolvation of Zr(CCHMe2)4.CHMe2CH. IR spectra of the 

liquid and crystalline font-s of Zr(o(31Qbe2)~ differ only slightly in the v(Zr-0) 

region. The existence of two forms of Zr(OCHMel)o is presumably due to a difference 

in molecular canposition; attempts to determine the degree of association by 

cryoscopic measureme nts were unsuccessful aving to the extremely high hygroscopicity 

of Zr(OCRMe,), solutions [32]. 

Conductcmetric titration of ZrCl, with K[Wh] in nitrobenzene has indicated the 

fomtion of Zr(OPh),, zrCl,(@h), and ZrCl,(CW,, which have been isolated and 
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‘I L 
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7.. hv 

(43) (42) (44) 

the (q~)~Zr unit fran one face of the diene to the other via a metallacyclopentane 

intermediate (44). This mechanism is suplmrted by the crystal structure of 

[(~p)~Zr(~~-a-~is-2,3-dimthylbutadiene)] which shows considerably stronger bonding 

to the diene terminal carbon atom (r(2r-C) = 2.300 & than to the diene interior 

carbon atms Ir(Zr-C) = 2.597 A). Thus, relatively little motion is required to 

form the metallacyclopentane intermdiate (44). The structure of the 

s-tram-butadiene complex [(cp)2Zr(s-trans-C,+H6)] has been confirmd by X-ray 

crystallography. This work demonstrates, among other things, that coordination 

of a conjugated diene in an s-tmns geunetry does not necessarily require two 

metal centres, as has been stressed in the literature [118]. 

Follaving an earlier cmmunication [119], a full paper [120] has been published 

describing the preparation and properties of the hydrido(u5-dienyl)bis~l,2- 

bis(dimethylphosphino)ethane~zirconim(II) complexes [ZrH(n'-cyclohexadienyl)(c#npe)~] 

and [ZrH(n5-cyclooctadienyl)(dmpe)*]. The latter canpound has a distorted octahedral 

geunetry with the hydride ligand trans to the C&H11 group. Five carbon atces of the 

CeHll group are coplanar and approximately the same distance (2.43-2.47 1) frcm the 

zirconium atan. [ZrH(n5-C6H,)(dmpe)z] catalyses the disproportionation of 

1,3-cyclohexadiene to benzene and cyclohexene, as well as a nun&r of related 

hydrogen transfer reactions. 

The reaction of [(cp)pZr&] with PhLi ( or [(cp)&Ph2] with M&i> in diethyl 

ether at 20 OC yields methane, benzene, cyclopentadienyllithium and MeZrPh.3Et20. 
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The zirconium canpound was isolated as brown, pyrophoric crystals, slightly soluble 

in organic solvents, suggesting a polymeric structure. Some of the reactions of 

MeZrPh.3Et20 are sumarised in equations (14) - (16) [121]. 

MeZrPh.3EtzO + 4HX ;E ) MeH + PhH + 3Et20 + HP + ZrXk (14) 

(X = OH, Cl or Mecoo) 

MeZrPh.3&0 + 4HgC12 8$E c MeHgcl + ph~g~l + ~g~c1~ 

+ z@&.%t20 (15) 

MeZrPh.3Ht20 + 202 A (MeCOS)Zr(KKPh).3Et20 (16) 

3.4 zIIKmIuM(I) Am HAmIuM(I) 

Zirconium monochloride has a layer structure in which four-layer Cl-Zr-Zr-Cl 

sandwiches stack along the hexa6rma.l c direction. The zirconium atam are 

surrounded by three zirconium and three chlorine neighbom in trigonal antiprimatic 

coordination [122]. Electronic band calculations on ZrCl indicate the presence, 

within the sandwiches, of strong covalent metalatal bonding involving zirconium 

4d orbitals. The Fermi level falls in a deep (but nonzero) trough in the density of 

states, consistent with the d-band metallic properties of ZrCl [123,124]. 

'Ihe disproportionation of solid HfCl to gaseous HfCL, aud hafnim metal has been 

studied by thermal analysis (TGA, IYlGA and M'A) and by the Knudsen effusion method 

[108]. 

3.5 zIHamuM(o) AND HAFNILJM(0) 

The q-cycloheptatrienyl-q-cycloheptadienyl canplexes [M(r&H~)(wC,H9)] (M = Zr or 

Hf) have been prepared by wcondensation of cycloheptatriene with zirconium or 

hafnium vapours followed by vacuum pyrolysis of the products at 120-160 'C [125]. 

The butadiene-containing cunplex [(Zr(r&~Hs)2(cknpe)}2(dmpe)] catalyses the 

dimerisation of alkenes. Oh the basis of product distributions, a mechauim 

involving fomation of a metallacyclopentane canplex has been proposed [126]. 

Finally, a new zirconium phosphide ZrNiP is noted, which is not easily classified 

in tern of formal oxidation states. This compound has a hexagonal structure, space 

group P6s/nm, in which the zirconium atans are hexagonal close packed with the 

nickel atans in octahedral interstices and the phosphorus atcm in paired tetrahedral 

interstices. Each zirconiuq atcm is surrounded by six nickel ataus and three 

phosphorus atam {r(Zr-Ni) = 2.82 1; r(Zr-P) = 2.18 1) [127]. 
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