
Coordination Chemistry Reviews, 71 (1986)113-138 
Elsevier Science Publishers B.V., Amsterdam-Printedin The Netherlands 

113 

3. ZIRCONIUM AND HAFNIUM 

ROBERT C. FAY 

CONTENTS 

Introduction ............................... 113 
3.1 Zirconium(IV) and hafnium(IV) compounds ............... 114 

3.1.1 Halide complexes ....................... 114 
3.1.2 Complexes with oxygen-donor ligands. ............. 119 
3.1.3 Complexes with sulphur-donor ligands ............. 124 
3.1.4 Complexes with selenium-donor ligands. ............ 126 
3.1.5 Complexes with nitrogen-donor ligands. ............ 127 
3.1.6 Complexes with phosphorus-donor ligands. . _ _ . _ _ . _ . _ . 130 
3.1.7 Hydride and borohydride complexes. .............. 131 

3.2 Zirconium(II1) compounds. ...................... 132 
3.3 Zirconium(II) compounds ....................... 134 
References .............................. ..13 5 

Follawing previous practice in this series, this review atten@s 

comprehensive treamt of the coordination chemistry of zirconium and hafnium; 

oryanornetallic and solid-state aspects of the chemistry of these elmts are 

treated selectively. Comprehensive, annual reviews of the organomtallic 

chemistry of zirconim and hafnium may be found in the Journal of UrganometaZZic 

Chemistry; a review of the literature for 1980 appeared during the past year 

Dl . A review of the chemistry of zir~nccen e has also been published 

recently 123. On the solid state side, Alberti and Costantino have reviewed 

the structure and intercalation properties of layered zirconium phosphates [3]. 

Also published during the past year is Volume 2 of Inorganic &action Chemistry 

[41, which includes a ST of the reactions of aqueous Zr(IV) and Hf(IV) 

with a variety of analytical reagents. 

Tk present review covers the major journals for the 1982 calendar year 

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

Abstracts, volume 95, Number 19 through Volume 97, Numker 20. 

OOlO-8545/86/$9.10 0 1986 Elsevier SciencePublishers B.V. 
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3.1 ZIRCWRJM(Iv) AND HAFNIUM(Iv) C0MDYJNDs 

Electron diffraction data for the ZrF4 and H~FI+ molecules have been 

reinterpreted, yielding the equilibrium internuclear distances re(Zr-F) = 

l-886(4) and re(Hf-F) = 1.893(5) .k Force constants and the missing 

vibrational frequencies (cm-i) v1 = 633(20) and ~2 = 185(6) for ZrFk and VI = 

659(20), \)2 = 187(6), and VQ = 179(6) for HfF4 have also been determined [5]. 

a-ZrF4, the high temperature polym>rph of zirconium(IV) fluoride, has a 

tetragonal structure in which {ZrFs} triangular dodecahedra are linked together 

by sharing comers along the a and b directions, and edges and corners 

alternately along the c direction. The Zr-F bond lengths vary from 2.031(2) 

to 2.190(2) i {r(Zr-F) = 2.108 & [6]. 

A high-temperature mass spectrometric study has shown that the complex 

molecules AZrF5 and AZrzFq (A = K or Cs) are present in the saturated vapour 

of the AF-ZrFt, systems [7]. Ethanoic acid is a convenient medium for synthesis 

of anhydrous potassium fluorohafnates. KzHfFs and KHfFs.MeCWH have been 

isolated from the KF-HfF$-MecoOH system, and have been characterised by chemical 

analysis and X-ray diffraction patterns. At 108 "C, KHfF5.MeCOOH loses 

ethanoic acid yieldinq anhydrous KHfFs [B]. The arnnonium fluorometallates 

[NW+)2 [MS61 (M = Zr or Hf) react with XeF2 at 150 OC yielding [NHLIMFs, HI?, 

dinitrogen, and xenon {equation (I) 1 [9]. A variety of potassium 

[NH,+]~[MF~] + nXeFz --+ [NH4]MF5 + 0.5N2 + 4HF + 1.5Xe + tn-l.5)XeF2 (1) 

in a 6; M = Zr or Hf) 

fluorosulphatczirconates have been obtained from the ZrOz-SO3-KF-H20 system 

DOI. 
Crystals of the ethylenedi~nium salt [H3NC2H4NH3j3 [ZIF~)~.~H~O contain 

~WJ crystallographically independent mnocapped trigonal prismatic [ZrFT) 3- 

ions {r(Zr-F) = 2.059 iI [11]. The structure of MnzZrF8*6H20 is built up frm 

layers of pentagonal bipyramidal {Mn(OH2)3F+) and square antiprismatic {ZrFe} 

polyhedra {r(Zr-F) = 2.11 $. The polyhedra are linked together by a sharing 

of F atoms and by a system of hydrogen bonds [12]. The structure of 

primitive-cubic YbZrF-/, prepared by rapid quenching from 1000 'C, has been 

determined by X-ray ti neutron diffraction. This material is a disordered 

fluorine-excess I&OS-type phase in which the coordination number of the metal 

is increased from six to seven. No ordering effects are observed on heating 

to near 200 OC, but near 400 OC there is a slow transformation to the 
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rmnoclinic YbZrF7 structure [13]. 
The following guanidinim and aminoguanidinium fluorozirconates have been 

isolated from aqueous media and have been characterised by chemical analysis, 
X-ray diffraction, IR spectroscopy, and TGA: [CN~HGI~Z~PG, [(3Wb13ZrCr 

[C&H712ZrF:F6, [CN4Hs]ZrFs.0.5H20, and [CN+H~]ZrF6+H20. IRspactraof these 
conpounds and related compounds of known structure indicate that [CN~HS]~[ZITFF?] 
and [CN+H7]2fZrE',] contain mnonuclear [ZrF,13- and [ZrFs]'- ions, respectively, 
while the other compounds contain polynuclear anions havkg Zr-F-Zr bridges. 
The IR spectra suggest the presence of [Zr2F1214- ions in [CN3HslZrF6 and 
polymeric chain anions in [CNbH8]ZrF6.H20. Thecrystalstructureof 
[CN+H~]ZrFs~0.5Hz0 contains tetranuclear [ZrbFzkJ '- units. The?LllUl 
deccinposition of the [CNQH~]Z~F~-TZH~O ccqmmds involves loss of water at 
loo-120 OC and el imination of HP at 130-190 'C; the latter process yields the 
pentafluorozticonate [CI$H7]ZrF5 [14]. 

An electron diffraction study of the HfC14 mlecule at 470+15 X has 
established the follming values of the internuclear distances and man 
vibrational amplitudes: r(Hf-Cl) = 2.316(5), Z(Hf-Cl) = 0.058(5), r(Cl**.Cl) = 
3.759(13), and Z(c1 -.-Cl) = 0.164(11) i. A combined analysis of the electron 
diffraction and spectral data in the harmnic approximation has been used to 
determine the equilibrium internuclear distance p,(Hf-Cl) = 2.305 i and the 
complete force field [15]. 

Several studies of metal tetrachloride adducts with Lewis bases have been 
reported. Procedures for preparation of the tetrahydrofurau adducts, 
[MCl4(CGH8)21 (M = Zr or Hf), in 90% yield have appeared in Inorganic Syntheses 
I161. The moisture sensitive phosphoryl isothioqanate adducts, Mc11+*20P(tVCS)3 
(M = Zr or Hf), have been symthesised and have been characterised by chemical 
analysis, IR spectra, and X-ray diffraction [17]. Zirconium(IV) chloride 
reacts with 5-arninoindazole (1) to give the 1:2 adduct [ZLC~L,(C~H~N~)~]; the 

“2N 

(1) 

IR spectrum of this compound suggests that 5-aminoindazole ccordinates to 

zirconimn through the pyrrole nitrogen atom [18]. 
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Cl 

C’. I 
,NMe2. 

NMe2 

./ 

C&<N,e, )T’\ 

CI IdMe 

(3) 

l(cp)2Ti(OPh)~l + E1cl4 + [(cp)zciCl21 + IMG(OPh)21 

[(cp)TiCl(OPh)21 + MC14 + [(cp)TiC13] + [MClp(OPh)21 (3) 

The formation of gas-phase cmplexes ZrAlC17 and ZrAlpC110 has been 

studied by mass spectrometry. Thenmdynamic quantities for reaction (4) are 

ZrCL+(s) + 0.5A&.c16(g) + ZrAlC17(g) (4) 

Af298 = 74 kJ and 0 LE 298 = 111J K -' [24]. The electrochemicalbehaviour of 

HfC14 in AlCl3-NaCl malts has been investigated and an electrochemical method 

for efficient separation of zirconium from hafnium has been devised. 

Controlled-potential electrolysis of an approximately equirmlar mixture of 

ZrC14 and HfCL, in a slightly acidic AlCl3-NaCl melt (50.5 mol% AlCl3) at 

0.09 V m. an Al(III)/Al reference electrode in a malt of the sama composition 

results in reduction of the zirconium(IV) to solid ZrCls with relatively little 

reduction of hafnium(IV). !Phe atomic ratio Hf/Zr in the product is ,( 0.005 

[Xl. 
Eguilibrium constants for the stepwise solvolysis of ZrC14 in propan-l-01 

and butan-l-ol have been determined by conductivity measurements [26]. 

wZrI4 has an orthorhombic structure, space group ~ea2i, in which CzrIg] 

octahedra are linked by sharing edges [27]. Evidently, this is a different 

modification of ZrIb than the rmnoclinic phase, space group P2/c, studied 

earlier by Krebs et aZ. [28]. 

Csp [ZrIG] aud Cs2 [HfIc] have been prepared by reaction of stoicheiometric 

amunts of CsI ard the appropriate metal tetiaicdide in an evacuated silica 

ampoule at 600 'C. These amqounds crystallise in the Kz[PtCls] structure; 

the lattice parameter of the cubic unit cell is 11.613(3) i for Cs2[ZrIsl and 

11.609(3) i for Cs2E-If161. A single-crystal X-ray study of the hafnim 
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compound has established a Hf-I bond length of 2.829(2) i [29]. Phase 

diagrams have been determin ed for the I&I-ZrIb and CsI-zrI4 systems. The only 

congruently malting cmpounds formed in these systems are Rb2 [ZrIs] (q 737 "C) 

and Cs~[ZrIsl (mp 788 "C). These compounds have been characterised by chemical 

analysis a.nd X-ray powder patterns 1301. Far IR spectra of A2 [ZrIs] and 

Az[HfIb] (A = Li, Na, K, Pb, or Cs) have been reported in the region 450-35 

cm-l. The zirconium coqcmnds display a strong baud in the region 195-175 

CmI; the hafnium analcques exhibit a similar band at 165-145 cm-' 1311. 

Several studies of organozirconium and organohafnium halides have been 

reported. [(cp)ZrC131 has been prepared in almost quantitative yield by 

photoinduced chlorination of [(c~)~zLc~~] {equation (5)). The product is 

hv 
I~cp)2ZTclzI + 3Clz ------+ [(q$zrC131 + l,2,3,4,5-CsHsCls (5) 

CClll 

insoluble in non-coordinating solvents, but it dissolves in benzene or 

chloroform upon addition of two equivalents of Lewis bases (L) such as NEt3, 

pyridine, ether, or thf. 'H NMR studies of the I(cp)ZrCl3L2] adducts indicate 

that stereoisomer (4) is the preferred product. An ether suspension of 

CP 
CL I Cl / 

- z/ Cl& L 

L 

(4) 

I(cp)ZrC131 rapidly reacts with aryllithium reagents yielding [ (cp)ZrRj] (R = 

Ph, 3-&HbMe, or 4-CsHt+Me), which also Tom soluble adducts with Lewis bases 

[=I. Li(C#es) reacts with Q-Cl+ in toluene to give [(~5-CsMes)ZrC13]z. The 

trialkyls [(n5-C~Mes)ZrR31 (R = Me, C&Ph, or Ph), the dialkyl 

[(ri5-C&a~)zrCl@le)~jr and the alkyls [(T')~-C&?~)Z~C~~R]~ (R = Me or C&Ph) have 

been prepared by reaction of [(~~-C#e~)ZrC1~1~ with a stoicheimtric amount of 

RMgX (X = Cl or Br) 1333. 

T'ne 1,1'-ring-substituted metallocene dichlorides [(T)~-C&,EM~~)~MC~~] 

(M = Zr or Hf; E = Si or Ge) have been synthesised by reaction of Li(C5H4E&le3) 

With the appropriate metal tetrachloride in pentane-thf [34]. The 

I(~5-CsH~SiMe3),MC121 complexes have been reported previously [35]. The 

reaction of Li(C5H4CH2CH2PPh2) with ZrC%, yields [(~s-CsH4CH2CH2PPha)2ZTC1~1. 
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respectively, to give the new heterobimetallic ccmplexes 

[C12Zr(r15-CSH4~*CH2PPh2)~~(CO)Irl (5) and 
~C~ZZ~(~~-C~H~CH~M~PP~~~~IU~(CO)C~I~. The latter compound is probably 
dimer (6) in which the zirconium complex acts as a bridging diphosphine 

(32 

0 
Ph2 C Ph7 P PPh7 

a 
ligand 

I Cl 

oc,yhH’ 
1 ,co 

Cl /T’ 
Ph2P 

\ -& Y” 

(32 

(5) (61 

1361. The heterobimetallic corq+x tmns-[{(cp)~ZrCl(CH2PPh2))2W(M)Cll has 
alsobeenpreparedandhasbeen foundto reactwithcOto giveunexpectedly the 
zirconium(IV) carbonyl complex l{(cp)22r(03)Cl(CH2PPh2))eRh(CO)Cll; reaction 
of the unco@exed [(cp)2ZrCl(CHzPPh2)1 with CC yields the expected acyl 
derivative C(cp)2ZrCl(CDC'H2PPh2)] 1371. 

3.1.2 CompZexes with oxygen-donor Zigands 

Infrared and Riman spectra of ZroC1~~8H20 in the solid state and in 
aqueous solution are consistent with the presence of the hydmxo-bridged 
tetramric cation [Zr4 (OH)8 (CH2)1618+. Av(ZsO) baud hasbeenob~er~ed at 

550 m-l in tk IR spectrum, and v(Zr-0) F&man lines have been identified at 
580 cn-' (polarised, v(Ek-OH) bridging), 450 m-l (depolarised, v(Zr-Cm) 
bridging), and 420 cm-l {v(Zr-OH2)~. NobandsattkbutabletotheZr=Ogroup 
have been observed. Upon addition of alkali to aqueous solutions of 
ZrOCl2*8H2O, an additional v(Zr-0) Raman line is observed at sS30 CTD-'; this 
frequenq has been assigned to stretching of the non-bridging Zr-OH bonds of 
the hydrolysis product [Zr4(OH)s(~),(OH2)1214' [381. 

Oxozirconium(Iv) hmthylphosphoramide complexes of the type 

kOX,(hmpa)zl (X = Cl, Rr, Ncs, No3, or BEhI, IZrOOu-va)4112, and 



[ZrO(hpa)6] [Cl01+]2 have been prepared by reaction of hmpa with a methanol or 

propanone solution of the appropriate zirconyl salt. Molecular weight and 

conductance measurements in nitrobenzene and dmso indicate that the 

[ZrO(hmpa)+]12 and [ZrC(hmpa)~][ClO+]~ complexes are 1:2 electrolytes, while 

the [ZrC& (hmpa)~] complexes are monomeric non-electrolytes. This result is 

puzzling for ZrO(FB?h~+)~(hmpa)~. IR spectra of these compounds indicate that 

(i) hmpa is attached to zirconium via the oxygen atcm, (ii) perchlorate is 

ionic, (iii) thiocyanate coordinates to zirconium through the nitrogen atom, 

and (iv) nitrate behaves as a bidentate ligand. A weak IR bard at 900-980 

cm-l has been attributed to v(Zr=O), but the existence of the Zr=O group in 

these compounds needs to be confirmed by X-ray diffraction [39]. solvent 

extraction of ZrCl+ and Hfc11, from hydrochloric acid solutions by dipentyl 

sulphoxide, dioctyl sulphoxide, and diphenyl sulphoxide has been studied, and 

optimum conditions for separation of zirconium(m) and hafnium(IV) have been 

reported 1401. 

zrC11, and Hfc11, react with LiOAr (OAr = 2,6-di-tert-butylphenoxide) in 

benzene or diethyl ether to give the aryloxide complexes [MCl(OAr)3] (M = Zr or 

Hf). Attempts to prepare the correspndinq K12(OAr)2 compounds were 

unsuccessful. [HfCl(OAr)3] has a sterically congested, tetrahedral structure 

(Figure 1) with bond distances r(Hf-Cl) = 2.365(l) and ra(Hf-0) = l-938(3), 

Fig. 1: A view of the [HfCl[OCsH3(CTde3)2-2,6}3] molecule, reproduced by 

permission from L. Chamberlain, J.C. Huffman, J. Keddington, and 

1-P. Rothwell, J. C&m. Snc., C&m. Commun., (1982) 805 [41). * 

1.925(2), and l-917(3) A. The Hf-C-C bond angles are opened to 152-159", 

which helps to relieve steric strain. Low-temperature 'HNMR spectraexhibit 
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inequivalent tert-butyl gxmps pr oximalanddistalto the Cl atcmowingto a 
slowing at 'L -60 'C of rotation about the Hf-C-Ar bonds. At -90 OC, restricted 
rotation of one of the tert-butyl groups is observed. Because the sterically 
bulky tert-butyl groups tend to protect the metal atom frm nucleophilic attack, 
the [Mcl(OAr)~l complexes are hot easily alkylated though [HfCl(OAr)~l does 
react with LiMe to give D-If&e) (OAr)31 1411. 

The X-ray crystal structure of (~8-cyclooctatetraenyl) (q3-allyl)-tert- 
butoxyzirconiumhaskendetemined. strong zr-obondinginvolving 
O(pn)+Zr(dT) interaction is indicated by a short 2~0 bond length (l-921(2) and 
1.900(2) i in the two crystallographically indepehdent nmlecules per asynmatric 
unit) and a large Zr-O-C bond angle (166.6(3) and 172-g(2)') [421. 

Propylene oxide inserts into the Zr-Cl bonds of Z.rClh and [(cp)2ZrC121 to 
give 2-chloro-iso-propoxy and 2-chloro-n-propxy campounds {equation (6)) in 

(6) 

relative amunts that depend on the substituents on the Zr atom. 30% a- arid 
70% B-ring opening is observe5 for ZrCl +, while 90% c1- and 10% B-ring wning 
is obtained for [(cp)~ZrClz] 143). [(cp)2~~lzl reacts with cl-naphthol or 
B-naphthol in benzene solution at reflux in the presence of triethylamine to 

give ~(co)~Zr(cx,E+OC1oH7)Cll or t(cp)2Zr(C(,B-CCioH7)21r deeding on the 
stoicheiomatryof tk reactionmixture. ‘Ibe ((~~)~ZL.(~,B-CE~OH~)ZI cor@axes 
have also been synthesised in aqueous solution by reaction of ?(cp)~ZrCl21 with 
the sodium salt of w OK fknaphthol. These mlnplexes have beencharacterised 
by chemical analysis, IR and lH F&B spectroscopy. They are momeric in 
boiling benzene and non-electrolytes in nitrobenzene [441. 

The vapour pressure of anhydmus, crystalline hafnium(Iv) petchlorate has 
been rreasured in the temperature range 30-61 'C: log p (mn Hg) = 14.407-4272/T. 
Thermdynamic quantities for sublimation are AHo = 82f4 kJ mlkl, AS' = 220flO J 
rml-iR1, and AGo298 = 16f5 kJ ml-l. The IR spectrum of gaseous [Hf(ClOb) 1,1 
is not significantly different from that of crystalline [Hf(C101+)41 indicating 
no significant change in n-olecular structure upon vapourisation 1451. The 
(perchlorato)hafnates *n[Hf(C10~)4+n] (n = 1 or 2) and CSn[Hf(C10+)4+n] (n = 1, 
2 or 3) have been prepared by reaction of [Hf(C104)41 with MC104 (M = Rb or Cs) 
in HClOt, containing 20-30% free Cl207 (perchloric oleum). The same compounds 
can be synthesised in HC104+1207 by using HfCl+ and ml as starting materials. 
IR spectra suggest that, as n increases, the nmrker of bidentate perchlorate 
ligands decreases and the nmkr of monodentate per-chlorate groups increases, 
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thus maintaining a coordination number of eight for the hafnium atom [461. 

The heterocyclic carboxylato-complexes Zr(0~CR)n(CCHMe2)4_n (R = C4H30, 

C9HsN or CilHIPN; n = 1, 2 or 3) have been prepared by reaction in benzene at 

reflux of stoicheiometric amounts of Zr(@Ci?i+le~)~~CHMe20H and 

furan-2-carboxylic acid (7), indole-3-acetic acid (8), or indole-3-butyric 

acid (9). Only three of the four isopropoxide groups could be substituted, 

QjJ’3cooH 

(7) (8) 

even when an excess of the carboxylic acid was used. IRspactraof the 

Zr (02W n (-2 1 4-n complexes exhibit an 80-120 cm-l separation between the 

vS(CQ) and waS(c02) stretching ties, suggesting a symmetrical bidentate 

attachment of the carboxylate ligands [471. 

New tetrakis(B-diketonato)zirconium(IV) complexes of the type 

~Zr(RCKHCOR')~] (R = aryl or 2-thienyl; R' = 'J-IF*, CLFSr CZFS or C3F7) have 

been prepared by reaction of stoicheiometric amounts of Zr(N03)4*5H20 and the 

appropriate B-diketone in hot ethanol-toluene. In benzene solution, these 

complexes are monomeric, and large dipole moments (5-7 D) point to highly colar 

structures. iLow--temperature igF NMR spectra indicate fluxional behaviour down 

to -100 'C [48]. [M(RCXXHGDR)~l (M = Zr or Hf; R = Qle3) complexes have been 

synthesised by reaction of dipivaloylmethane with the metal tetrachlorides in 

absolute methanol. The stability, melting points, volatility, and X-ray 

diffraction patterns of these compounds have ken studied [49,50]. 

The He-II excited photoelectron spectrum of [Zr(acac),+] has been reported 

[511. Comparison of the band intensities with those in the He-I spectrum [52] 

indicates some mixing of the zirconium 4dXz and 4d yiz orbitals with the 

out-of-phase combination of the oxygen lone pairs located in the plane of the 

ligand (511. [Zr(acac)k+] reacts with polystyrene resin functionalised with 

2,4-pentanedionate groups to give a pol~yrner-bound zirconium complex [53]. 

Solvent extraction of hafnim(W) with various benzoyl-substituted 

1-phenyl-3-Ethyl-4-benzoylpyrazol-5-ones (10) has been studied by Navratil 

and Srmla [54]. The lithium salt of the nickel(II) corqAex with the Schiff 

base derived from 3-formylsalicylic acid and ethylenediamine (12) reacts with 
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Ph 

(10; X=2-Cl, 4-MeO, 3-NO2, 4-NO2 > 

[(cp)zZrCl~l in refltig methanol or ethanol yielding the heterobimkallic 
CmIIplex (22) 1551. 

TGA, LYlGA, and DTA studies of the thermal deccaqmsition of the divalent 
n-&al zirconyl oxalates, MZIXI(C~O~)~-~H~O (M = Be or Cd) and ZnZrO(C204)2*6H20, 
havebeenreported. Tkse coqmunds de-se via three major steps: (i) 
dehydration; (ii) deccqmsition of the oxalates to carkxmates; (iii) 
conversion of the carkxmates to mtal zircanates MZx-03 [56,57]. 

This review does not include the chemistry of layered zirconiun plmsphates 
and the related zirconim alkylphosphonates. Hmever, several leading 

references to 1982 papers on tkse interesting mterials are mted [58-651. 
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3.1.3 CompZexes with sulphur-donor Sigands 

[(cpf2Zr(SPh)(Me)] has been prepared in 60% yield by reaction for one week 

in the dark at room temperature of equimolar amounts of [(cp)rZrMe:!] and PhsSPh 

{equation (7) 1 E66]. Tetramethylthiuram disulphide complexes ZrCX?& (X = 

Cl, Br, I, NCS or NO3; L = Me2NC(S)S-SC(S)NMez) have been synthesised and 

heptane 
[(cp)2ZrMenl + PhSSPh ___3 [(cp)zZr(SPh) (Me)1 + PhSMe (7) 

have been characterised by IR spectra and thermal decomposition studies [67]. 

Five-, six-, seven- and eight-coordinate dithiocarbamato-complexes of the 

type [M(SJCNRR')~C~~_~] (n = I, 2, 3 or 4; M = Zr or Hf; R = Et, R' = 

3-CsH1$!e; R = H, R' = cyclopentyl or cycloheptyl) have been prepared by 

reaction of stoicheiometric amounts of Mc11, and anhydrous Na[S,CNRR'] in 

dichlororrethane at reflux. These complexes are monomeric non-electrolytes in 

solution, and IR spectra indicate a bidentate attachment of the dithiocarbamate 

ligands. The v(M-S) frequency decreases as n increases, consistent with an 

increase in the coordination number of the metal from five to eight. The 

frequency of the band assigned to VWCl) also decreases with increasing value 

of n, but the variation in u&l-Cl) is surprisingly small (3-8 cm-r) and the 

values of w(M-Cl) are surprisingly high (380-400 cm-l) [68,69]. Relate5 

qlexes, [(cp)2Zr(SzCNRR')Cl] and [(cp)Zr(S2CNRR')3] (R = Et, R' = 3-CsH4Me; 

R = H, R' = cyclopentyl or cycloheptyl), have been synthesised by reaction of 

1:l and 1:3 molar ratios, respectively, of [(cp)2ZrC12] and Na&CNRR']. When 

a 1:2 molar ratio of reactants was used, only [(cp)2Zr(S2CNRR')C1] could be 

isolated. Molecular weight, conductance, and IR studies indicate that the 

[(cp)2Zr(S2cNRR’)Cll and [(cp)Zr(S2CNRR')3] complexes are five- and 

seven-coordinate compounds, respectively, that contain bidentate dithiocarbamate 

ligands [70]. Analogous [(cp)2Zr(S2CNRR')Cl] (R = Me, Et or CHMe2; R' = 

cyclohexyl) complexes have also been reprted [71]. 

Phenylhydrazinium phenyldithiocarbazate, [PhNHNHs] [S2CNHNHPh], reacts with 

eguimolar amounts of [R2ZrC12] {R = cp, n5-CsHbMe, ns-CgH7 (indenyl), or 

n5-C4H+N (pyrrolyl)?r in dichloromethane at reflux yielding the 

phenyldithiocarbazato-complexes, [RnZr( S2CNHNHPh)C1]. These compounds are 

KDnomeric non-electrolytes in solution, and a single v(C=S) IR band at ~1000 

an-" suggests a bidentate :;,:;-attachment of the dithiocarbazate ligand [72]. 

Tetrakis(thioacetylacetonato)zirconium(Iv), [Zr(Sacac)4], has been prepared 

by reaction of stoicheiorretric amounts of ZrClr, and Na[Sacac] in 

dichlororrethane. [Zr(Sacac) 41 has an eight-coordinate structure (Figure 2) 

in which the bide&ate thioacetylacetonate ligands span the :j edges of a 
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Fig. 2: The [Zr(Sacac)41 rmlecule viewed along the quasi-F! of the ZrS404 
coordination group [731. 

(necessarily distorted) Dqd -82m square antiprism. The unsymn&ricalligands 
are arranged so as to cluster the sulphur atoms ti all &a positions. The 
observed square-antiprismtic ssss-C2 stereoismer is distorted in the 
direction of the dodecahedral mgg-Cl and bicapped-trigonal-prismatic 
tltlpp2-Cl stereoiscmers. Consistent with the foxnxar distortion, the 
averaged W-0 and Zr-S bond lengths fall into tw classes: 

= 2.132 ;; r(Zr-SA) = 2.724 i; 
r(zr-OA) = 2.185 ;; 

~(Zr-0~) r(Zr-SD) = 2.665 i. [zr(Sacac)+I is 
a highly fluxional molecule; lH NMR spectra of [Zr(Sacac)41 in CHClF2 solution 
exhibit just tw methyl resonances dawn to -163 'C [731. 

The sulphur atcms are also clustered in all cis positions in the structure 
of tetrakisW-mthyl-4-thiotolylhydroxmato)hafnium(IV), PE~CGHICWN(OIM~)~I 
(Figure 3). An analysis of polyhedral shape parmaters for this rmlecule 
indicates that the coordination group most closely apl?roximates a C2v-bicapp& 
trigonalprism. The observed stereoisomer has the -W@ZPZ ligand wrapping 
pattern. Averaged metal-ligand bond distances are r(Hf-0) = 2.150 i and 
r(Hf-S) = 2.678 i [743. 



Fig. 3: Perspective view of the [H~{MEC~H&(S)N(O)M~)I+] molecule, reproduced 

by permission from K. Abu-Dari and K.N. Raymnd, Inorg. Chem., 21 

(1982) 1676 [74]. 

ZrP2S6, synthesised from the elements at 750-800 'C, has a tetragonal 

structure, space group Pa2/rn, in which Zr '+ cations are attached to four 

bidentate thiohypodiphosphate [PnSs14- anions. The [PZSS 14- anions in turn 

bridge between four Zr4+ cations to give an extended three-dimensional 

structure. The {ZrSo} coordination polyhedron is a slightly distorted D2~;2m 

dodecahedron {r(Zr-SA) = 2.875(2) i; r(Zr-SH) = 2.599(2) & 1751. 

HfCX has been Synthesised as yellow, translucent, octahedral crystals 

about 1 rmn in size by heating stoicheiomtric mounts of HfOz and HfS2 in the 

presence of small amounts of [NHI+]CL in a sealed tube at 900 T. The same 

approach arks for preparation of ZrOS and for the solid solutions Zrl_xHfxOS 

(a = 0.25 or 0.75) [761. 

3.1.4 CompZexes with seleniwn-donor ligands 

The new phenylselen~camplexes [(n5-CsHbR)2Zr(SePh) (Me)] (R = H or cMe3) 

have been prepared in quantitative yield by reaction in the dark at room 

temperature of equimlar amounts of [(n5-C5H~R)ZrMep] and PhSeSePh 

{equation (8)). The products of reaction (8) do not react further in the dark, 
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1 ($-Cd-U) z_ZrMez 
heptane 

]+PhSeSePhF 1 (n5-‘X-W) ;?ZrKieW (Me) 1 + phseMe (8) 

but in the presence of W light, further reaction gives the kuown ccqmnds 
[(u~-C,H,R)~Z~(S~P~)~I (R = H or mes). The [(~5-CG-b+R)2Zr(SePh)21 ca@exes 
can also be prepared by irradiating a mixture of I(r15<5H4R]2ZrPh21 and 
PhSeSePh {equation (9)) [66]. 

uv 
[(T-I~-C~H~R]~Z~P~~I f Phseseph- [(n5-CsH~R]2Zr@ePh)2] + PhPh (9) 

3.1.5 Complexes &L% nitrogen-donor Zigands 

Rydrazine and substituted hydrazines react with ZrCXp in ethanol to give 
ccmplezes of the type 2-4X2 (X = Cl, Br, I, KS or NOS; L = N~HI,, PhNHNH2 or 

w2m2 1. The insolubility and therm1 stability of these ccqleres and the 
presence of a v(N-N) IR band at 960-1000 cn? suggest that these canpounds have 
polymeric structures containinsbridginghydrazineligands. Asubstantial 
variation in the v(M-N) frequencies indicates that the M-N bond strength 
decreases as L varies in the order b&NNHp > N2H4 > P-2. Thethermal 
stability of the ZroL4X2 complexes decreas es as X varies in the order 
Cl Z Br > NCS > I [77]. 

Reaction of tetrabenzylzirconium with au excess of imidazole in thf at 

50 'C yields Zr(CJN2H314 as a yellow crystalline solid (equation (1011 t783. 

ZrU%Ph)4+ 4C3N2H4 --% Zr(C3N2H3]4 + 4MePh (10) 

lYiS fpyraZOl-l-yl)b~l~S of the type [(RBPz3)ZrC13] (R = CRMe2 or Bu) 
and [{HB(3,5+&2Pz)3~ZrCls] have been prepared by reaction of sodium salts of 
the tris(pyrazol-1-yl)borates with bm equivalents of ZrQ. Treatmentof 
[(~(3,5-!'@Pz)3]ZrCl3] with one equivalent of NaaMe in toluene affords the 
methoxo-ax&ax [(HB(3,5-Me2Pz)3~Zr(~)C121. 'H aud 13C NMR spectra indicate 
that the latter canpound is stereochemically rigid at 35 'C [79]. 

Diphenyldiazcmethane reacts with [(cpj2ZrMe2] and [(cp)2Zr(H) (Cl)] 
inserting intc the Zr-C and Zr-H bonds, respectively {equations (11) aud (12)). 

P 
[(q~)~ZrMe~] + Ph2&=i + (cp]zZr-N-Me 

'N' 
\ 
CPh;! 

(11) 
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/ 
Cl 

[(cp)2Zr(H)(C1)] + PhzC=&=N ----+ (cp)zZr-N-H 

'N' 
\ 
Qh2 

(12) 

X-ray studies have shown that the resulting complexes contain n2-8,iv'-bonded 

hydrazonido(l-)-ligands [801. Moderately stable triazenido-complexes of 

hafnium, [(n5-C+&s)~HfH(NHNNR)] (R = Ph or 4-&H&Me) (23) have been prepard 

___ N-N 
___ 

N-N 

H' R’ 
(13) 

by reaction of [(n5-C5Me5)zHfHZJ with aryl azides RN3. Upon heating at 80 "C, 

complexes (23) lose dinitrogen yielding the arylamido-complexes 

[(n'-C,Me,)pHfH(NHR)], which can also be obtained by reaction of 

[(n5-C5Me5)2HfH2] and FtNH2. Interestingly, the 'H NMR spectrum of 

[(n5-C5Me5)2HfH(NHCsH4Me-4)] exhibits a single resonance for all thirty CsMe5 

protons, even at -65 OC at 500 MHz. The NHR ligand should lie in a plane 

perpendicular to the plane bisecting the (n5-CSMe5)-Hf-(rl"-CsMes) anqle if 

N(pn)+Hf(dr) bonding is important. Evidently, the barrier to rotation about 

the Hf-N bond is very small. Tr-eatmant of [(n5-CsMes):HfH2], 

[(n'-C~Me~)2HfH(NHNNR)] or [(n5-C&es)2HfH(NHR)] with excess RN3 results in 

rapid formation of [(n5-CsMes)2Hf(NHR)2] [Sl]. 

Reaction of Zr(CCHMe2)4 with N,P--diethylhydroxylarnine affords the 

colourless, crystalline tetrakis(hydroxylaminato)-complex [Zr(ONEt2)4]. An 

X-ray study of the analogous titanium(TV) complex has established an 

eight-coordinate dodecahedra structure in which the n"-:J,O-bonded 

hydroxylaminate ligands span the m polyhedral edges. The nitrogen atoms 

occupy the dodecahedral A sites, and the oxyten atoms take the B sites. The 

'H NMR resonances of the diastereotopic methylene protons of [Zr(ONEt2j4] 

coalesce at 42 'C owing to a rapid rate process (AG +_ - G9+6 kJ mol-') that 

involves cleavage of the Zr-N bonds [82]. 

Zr(OCHMe2)4~CHMe20H reacts in benzene at reflw with a variety of dibasic 

tridentate Schiff bases H2L in 1:l and 1:2 mole ratios to give complexes of the 
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type [(zr(CCHMez) z (L) 121 ad [Zr(L) 21, respxUvely. The Schiff bases are 
condensation products of pantan~2,4_dione, 2-hydroqacetophmne, 
salicylalckhyde or 2-hydroxy-l-naphthaldehyde with 3-hydroxy-l-propylamine or 
l-hydroxy-2-butylmine. ~lecularweightmeasurments indicate that the 
[Zr(L)2 ] ccanplexes are mxiomeric in solution, while the [{Zr(CXXMe2)~(L)l~] 
amlcgues are dimeric. Six-coordinate structures havebeenpmpxed inwhich 

Ll 2- behaves as an ONetridentate ligand. Alkoxide exchange xeactions of the 
[~Zr(EHMe2)~(L)l2l ccmplexes with 2-methyl-2,4-pentanediol afford the amcxneric 
[Zr(CsH1202)(L)] derivatives [83]. 

The reaction of hot aqueous solutions of zirconium nitrate with ethanol 
solutions of salicylidene 2-minobenzothiols (14; H2L) yields Schiff base 

X 

(14; l-y ; X=H, Cl, 5r) 

camplexes of the type [Zr(OH)q (OH21 (L) I. These compounds are mncmsric 
non-electrolytes in solution, and IR spectra indicate that the [Lj2- anions 
behave as OflS-tridentate ligmds [84]. 

The new Schiff base m,N'-disalicylidene3,4-phenylendiamine-l-ethylbenzoate 

(15; Hadspeb) reacts with Zr(OE%u)~*RuOH in absolute ethanol at reflux to give 

Et0 

(15 ; I-$ dspeb) 



the eight-coordinate complex [Zr(dspeb)2]. The presence in this ccqound of 
tm uncoordinated ester groups may facilitate the synthesis of coordination 
polymers. However, preliminary attempts to polymerise [zr(dspeb)21 with 
aromatic amines have beer-~ unsuccessful owing to decomposition of [Zr(dspeb)2] 
at the high temperatures required [85]. 

Substituted hydrasines and mercaptotriazoles such as (16; HL) and (17; 
HL) react with [(cp)~ZrCl~l to give complexes of the type [(cp)pZrCl.(L)1 and 
[ (cp) 2Zr(L)z], which are believed to contain N,O- and N, S-bonded bidentate L- 

H Ph 

(16 ;HL) (17;HL) 

ligands [86,871. Hydrazones such as (18; H2L') give related [(cp)zZr(L')l 
complexes E861. 

Ph 

(18 ; H2L’ ) 

Then-mTtynamic parameters for the formation of [M&(CH2COO)31 I+ (M = Zr or 
Hf) frm M!'+ and nitrilotriacetate ions have been determined frcm calorimetric 
rlEasurements [881. Potentiomtric measurements give pK = 25.65kO.01 for 
[Zrtedta)] at ionic strength 0.4 in 0.2 M perchlorate solution [89]. 

3.2.6 Complexes with phosphorus-donor Zigands 

[(cp)2MC12] (M = Zr or Hf) complexes react in dioxane/toluene or thf with 
dipotassium poly(organophosphanes) K2[(PR)n] (R = Me, Et, me3 or Ph; II = 3-5) 
to give, independent of the value of n, air-sensitive triphosphonato-chelates 
[(cp)zMI(PR) 3 II {equation (13)l. A Cs structure (29) with a folded chelate 
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[kp)zMc121 + Kz[(PR),] 4 kp)zM\ ,PR + $+Nm + ZV.3 
P 
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(13) 

R 

ring and equatorial R groups has been proposed on the basis of 31P and 'H NMR 
spectra [901. 

CP 

R 

(19) 

3.1.7 Hydride and borohydride compZexes 

[(cp)3HfXl (X = B or D) cor@axes have been prepared by reaction of 
~(cp)d-lfl with LiAlHt, or LiAlD, in thf 191,921, and IR and F&man spectra of 
solid [(cp)3MX] (M = Zr or Hf; X = HorD) havebeen studied. Thespectra 
are consistent with a C3V structure containingthree equivalent 
n5-cycl~tadienyl ligands. The frequencies of the WX {u(Zr-H) 1603 cm-i; 
VW-H) 1669 cm-'] and M-cp ties indicate that the strength of the metal-ligaud 
bonds increases on going frcm [(~p)~ZrXx] to I(~p)~Hfx] [921. 

The dimric mixed-ring hydride [{(~'-CsMes)(cp)ZrH~}2] (v(Zr-H) = 1540 and 
1270 cm-'] has been prepared by reaction of [(r15-C#e5) (cp)ZrClp] with LiRu in 
toluene under 1 atm of HZ. Reaction Of [($-cd’&) (Tl-1,2,4-CsH&%23)?k-?‘kz] With 

HZ (80 at-m) affords [(n5-CkMe~) (r15-1,2,4-CsH#e3)ZrHz] {v(Zr-H = 1585 cm-i]. 
I(n5-C&%)ZrC13]x reacts with excess LiBH4 in toluene to give 
[(n5-CGk~)Zr(BH~)31, which is converted to [{(.r15-C#a5)Zr(H)(EH~) (jkH))2] upon 
treatment with 8-10 equivalents of m3. The IR spectxmof 
[(~5-C5W5)Zr(BH4)3] indicates that all of the borohydride ligds are 
tridentate, while the spectrum of [((n5-C$les)Zr(H) (BH4) (k-H)}21 shows the 
presence of bidentate bornhydride, one te rminal hydride (v(Zr-H) = 1628 an-I], 
d one bridging hydride {v(Zr-H-Zr) E 1450 cm-l). The latter dimar fails to 
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reduce carbon monoxide [33]. 

F&IS-thf reacts with [(cp)2ZrMezl to give [(cp)~Zr(IS+) (Me)] and, ultimately, 

Ifcp)2Zr(BH4)21. An IlB NMR study has shown that these reactions proceed vice 
interx&hates containing coordinated [BH$Ie]- and [BH2Me2]-. Thus, the initial 
stage of the reaction involves formal insertion of BH3 into a Zr-Me bond (931. 

The He-I photoelectron spectra of 2r(BHu)1, and Hf(BHb)$ are essentially 

identical, in agreement with an earlier repart by Downs et a!. [94]. However, 

the earlier assignments have been modified with the aid of an ICAC-HFS(Xcl) 
calculation on Zr(BH4)4. The factors that determine the relative stabilities 
of mono-, bi-, and tridentate attachment of borohydride ligands have been 
discussed in terms of a qualitative n~lecu1a.r orbital picture [95]. 

3.2 ZIWNIuM(III) CQMpouNDs 

Single crystal X-ray studies of ZrX3 (X = Cl, Br or I) and ZrIs.bo have 
confirmed that all four structures consist of chains of face-shared {Zr&j 

octahedra with equally spaced metal atoms (Figure 4). The space group 

Fig. 4: The chain structure of ZrX3 (X = Cl, Br or I) and ZrI3.40, reprcduced 

with permission from E.M. Larsen, J.S. Wrazel and L.G. Hoard, Inor'g. 

Chem., 21 (1982) 2619 [96]. 

is P6~/mcm. Bond lengths are r(Zr-Zr) = 3.0695(8) and r(Zr-Cl) = 2.5382(6) i 

in ZrCls, r(Zr-Zr) = 3.152(l) and r(Zr-Br) = 2.676(3) i in zrBr3, r(Zr-Zr) = 

3.334(2) and r(Zr-I) = 2.900(2) i in ZrI 3, and r(Zr-Zr) = 3.3365(6) and r(Zr-I) 
0 

= 2.8820(g) A in ZrI3.40. The formula of the partially oxidised ZrI3.1+0 may be 

written as Zro.48213 since 11.8% of the octahedral metal atom sites along the 
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chainarevacant. It is interesting to note that, despite the likelihood of 
metal-metal bonding in these d1 compounds, the CZrXs] octahedra are elongated 
along the chain axis. This effect, which is greatest for ZrCls, less for 
ZBr3, and negligible for ZrI3 and ZrI3.40, has been attributed to the need to 
reduce repulsive electrostatic interactions between nearest-neighbour metal 
ions [96]. 

Ziraonium(III) species have been observed by EPR spectroscopy in the 
oxrse of oxidative-addition reactions between alkyl halides and [(cp)zZrL2 1 

(L = wh,bfe). These reactions produce [(cp)2ZrRXl and [kzp)2ZrX2 1 by a 
propsedmxhanisrnoutlin~ inthe scherw below. The readion is initiatedby 

kp)2 ZrL2 

-L L 
IT 

kp)eZrL 

+ R' 

halogen atom abstraction producing [(cp)2Zr %XL] and R'. [(cp)2Zr1%Ll leads 

to [(cp12ZrX21r while capture of R' by [(cp)2ZrL] gives I(cp12Zr lllm] and 

eventually the oxidative-addition product [(cp)2ZrFW. primary alkyl halides 
strongly favour formation of [(cp)2zrRX]; tertiary halides give [(cp)2ZrX21; 
and secondary halides yield a mixture of the TV products. Thisr~chanisnis 
supported by observation of an EPR signal attribut4 to [(cp)2ZrCl(PPhpWl 
{g = 1.998; CT<~~P> = 21 G; a<"Zr> = 17 G] and a second signal assigned to 
[(cp)2Zrm(PPh2Me)l cg = 1.983; CT<~~P> = 28 G]. Thelarger 'lP hyperfine 
coupling constant for the latter ccmpound is consistent with an increase in 
spin density on the phosphorus atom upon replacing the electron-withdrawing 
chlorine atom with an electron-releasing butyl group [97]. 
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3.3 2IRC0NIuM(1I) azMKUNDs 

ZrgCli5 crystallises in the TaGClls structure, space group Ia3d, and is 

best formulated as Zr6C112C16/2. The formal oxidation state of zirconium in 

this ccmpound is +2.5. The crystal contains 1Zr6) octahedra Ir(zr-Zr) = 

3.199(3) and 3.215(4) A> edgebridged by chlorine atams (Figure 5). The 

Fig. 5: A perspective view of the Zr6C112C16/2 cluster, reproduced by 

permission from J.D. Corbett, K.R. Poeppelmeier and R.L. Daake, 

2. Anorg. AZZg. Chem., 491 (1982) 51 [98]. 

resulting Zr6Cli2 units are linked to adjacent clusters by six additional 

chlorine atoms that occupy exe-positions [98]. 

Syntheses of monoclinic ZrI 2, a-Zr12 [991, produce a second, orthorhombic 

phase, B-ZrIz, that is isostructural with WTe2, space group M21. B-ZrI2 

contains sheets in which infinite zigzag chains of zirconium atoms {r(Zr-Zr) = 

3.185(3) & lie between puckered hexagonal close-packed layers of iodine atoms 

{r(zr-I) = 2.894-3.103 %. The structures of w and P-ZrI2 are very similar, 

and evidently the two phases always intergrow with one another in various 

proportions (1001. 

Crystals of Zr61i2 (y-ZrI2) and CsZrsIrr, have been prepared by reaction of 

ZrI4, excess Zr strips, and for CsZr6114, CsI at 850-925 'C for 15-40 days in 

tantalum containers. Zr6112, space group R?, contains a slightly trigonally 

compressed {Zrg] octahedron (y7(Zr-Zr) = 3.204(2) and 3.194(l) ;I edge-bridged 

by twelve iodine atcans. The six iodine atoms that bridge the waist edges of 

the octahedron also occupy exe-positions in six adjacent {Zr6} clusters. Thus, 

the formula of this compound may be represented as Zr61GIE/216/?. CsZr6114, 
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space group Cmea, has a related cluster structure in which unsym&ric iodine 

bridging produces a tetragonally distorted (Zrg) octahedron {r(Zr-Zr) = 3.29 i 

(8x) and 3.35 ; (4x)). The structure is derived from that known for Nb~C114 

and Ta6114 by addition of caesium to a large interstice [loll. 

Although organomtallic chemistry is largely excluded from this review, 
we wish to note that 1982 has keen a particularly active year fox study of the 
synthesis, structure, fluxionality and reactivity of zirconium(I1) and 

hafnium(II) diene coanplexes, [(cp)2M(diene)] (M = Zr or Hf) [102-l.081. 
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