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3. ZIRCONIUM AND HAFNIUM

ROBERT C. FAY
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INTRODUCTTION

Following previous practice in this series, this review attempts
conprehensive treatment of the coordination chemistyy of zirconium and hafnium;
organometallic and solid-state aspects of the chemisiry of these elements are
treated selectively. Comprehensive, annual reviews of the organometallic
chemistry of zirconium and hafnium may be found in the Journal of Organometaliie
Chemistry; a review of the literature for 1980 appeared during the past year
[1]1. A review of the chemistry of zirconocene has also been published
recently [21. On the solid state side, Alberti and Costantino have reviewed
the structure and intercalaticn properties of layered zirconium phosphates [3].
Also published during the past year is Volume 2 of Trorganic Reaction Chemistry
[4], which includes a summary of the reactions of agueous Zr(TV) and HE (TV)
with a variety of analytical reagents.

The present review covers the major jowrnals for the 1982 calendar year
ard the lesser known and/or foreign journals for the period covered by Chemical
Abstracts, Volume 95, Mumber 19 through Volume 97, MNMurber 20.

0010-8545/86/$9.10 © 1986 Elsevier Science Publishers B.V,
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3,1 ZIRCOWIUM(IV) AND BAFNIUM(IV) OOMPOUNDS
2,107 flelide corplexes

Flectron diffraction data for the ZrF, and HfF, molecules have been
reinterpreted, yielding the ecgiili_brimn internuclear distances 'ﬂe(Zr—F] =
1.886{4) and re(Hf-F) = 1.893(5) A. Force constants and the missing
vibrational frequencies (cm™!) w; = 633(20) and vy = 185(8) for ZrFs and vv =
659(20), vz = 187(6), and vy = 179{6) For HIF, have also been determined [5].
0~ZrFs, the high temperature polymorph of zirconium{IV} fluoride, has a
tetragonal structure in which {ZrF;- triangular dodecahedra are linked together
by sharing corners along the ¢ and b directions, and edges and cornoers
alternately along the ¢ direction. The Zr-F bond lengths vary from 2.031(2)
£o 2.190(2) A {»(zr-F) = 2.108 A} [6].

A high-temperature mass spectrometric study has shown that the conplex
molecules AZrFs; and AZr;F. (A = K or (s) are present in the saturated vapour
of the AF-ZrF, systems [7]. Ethanoic acid is a convenient medium for synthesis
of anhydrous potasgium flucrchafnates. K.HfF, and KHfF::MeCOOH have been
isolated from the KF-HEF,-MeCOOH system, and have been characterised by chemical
analysis and X-ray diffraction patterms. At 108 °C, KHEP.-MeCQOOH loses
ethanoic acid yvielding anhydrous KHfF:; [8]. The ammonium flucrometallates
fNE. 1> [MFe] (M = Zr or Hf) react with XeF. at 150 °C yielding {[NH.]MFs, HF,
dinitrogen, and xenon {equation (1)} [9]. A variety of potassium

[NH,] 2 [MFs] + n¥XeF, —» [NHy]MFs + O.5N,; + 4HF + 1.5¥e + {r=1.5)1XeF, {1)

[n 2 6; M= Zr or Hi)

flucrosulphatoziroonates have been obtained from the Zr(Q,-S0;-KF-HO system
[1oj,

Crystals of the ethylenediammonium salt [HaNC:H NH3] 3 [ZrF»]2-2H,Q contain
two crystallographically independent monocapped trigonal prismatic {[2rF.] %"
ions ir(Zr-F} = 2.059 .gx] f11]1. The structure of Mn,ZrF;-6H.0 is built up from
layers of pentagonal bipyramidal {Mn(CH)qF.} and square antiprismatic {ZrFgs}
polyhedra fr{Zr-1) = 2,11 Z(;}. The polyhedra are linked together by a sharing
of F atoms and by a system of hydrogen hords [12]. The structure of
primitive-cubic YbZrFr, prepared by rapid guenching from 1000 °C, has been
determined by X~ray and neutron diffraction. This material is a disordered
fluorine-excess BeQ:-type phase in which the ccordination number of the metal
is increased fraom six to severn, No ordering effects are obhserved on heating
to near 200 °C, but near 40C¢ °C there is a slow transformation to the
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monoclinic Yb2rF; structure [13].

The following guanidinium and aminoguanidinjum flucrozirconates have been
isclated fram aqueous media and have been characterised by chemical analysis,
¥-ray diffraction, IR spectroscopy, and TGA: [(M3He]:2xFg, [(N3HglaZ2rFq,
[(NWH]}222F;, [CNuHp]2rF:+0.5H,0, and [CN4Hg]ZxrFe+H:O. IR spectra of these
cormpounds and related compounds of known structure indicate that [CNyHg] [2rFg]
and [CN.H7];: [2rF;] contain mononuclear [ZrF,]%" and [ZrFs]?~ ions, respectively,
while the cother compounds contain pelymuclear anions having Zr-F-2r bridaes.
The IR spectra suggest the presence of [ZriFi1,]1"" ions in [CN:Hg]ZrFs and
polymeric chain anions in [CNyHg] Z¥Fs «HoO. The crystal structure of
[(NuHg 1 ZrF *0.5H:0 containg tetranuclear [ZryF2,)% units. Thermal
decamposition of the [CNyHp]ZrFe+nH:Q compounds involves loss of water at
100-120 °C and elimination of HF at 130-190 °C; the latter process yields the
pentaflucrozirconate [CNWH,]1ZrFs [14],

An electron diffraction study of the HECl, molecille at 47015 X has
established the following values of the intermiclear distances and mean
vibrational amplitudes: r(HE=C1) = 2.316(5), Z{Hf-C1) = 0.058(5}, r{Cl--+Cl) =
3.759(13), and 1(C1---Cl) = 0.164(11) 2‘1 A corbined analysis of the electren
diffracticn and spectral data in the harmonic approximation has been used to
determine the equilibrium internuclear distance r (HE-C1) = 2.305 A and the
complete force field [15].

Several studies of metal tetrachloride adducts with Lewis bases have been
reported. Procedures for preparation of the tetrahydrofuran adducts,

[MC1, (OC3Hg) 2] (M = Zr or Hf), in 90% yield have appeared in Inorganic Synthesges
[16]. The moisture sensitive phosphoryl lsothiocyanate adducts, MCL,-20P(NCS) 3
(M = Zr or Hf), have been synthesised and have heen characterised by chemical
analysis, IR spectra, and X-ray diffraction [17], Zirconium(IV) chloride
reacts with 5-aminoindazole (1) to give the 1:2 adduct [2rCl,{C;H-+N3):]: the

HyN

(1)

IR spectrum of this compound suggests that S5-aminoindazole coordinates to
zirconium through the pyrrole nitrogen atom [18].
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IR (4000-180 cm ') and Raman (4000-10 or 4000-50 cm ') spectra of
[MC1, (NMe) 2], IMCL, (NCCD3):], and [MCL,{OPCl3);} (M = Zr or Hf} have been
reported, and normal coordinate calculations have been performed using a
modified Urey-Bradley force field. For each compound, four v(M-Cl) frequencies
are observed in the region 375-305 cm !, consistent with an octahedral 4o
structure. The values of the M-N and M0 stretching force constants indicate
that M-N bonding in the ethanenitrile adducts is stronger than M-0 ponding in
the POCl, adducts [19,20].

Reaction of ZrCl. oxr HECl, with semicarbazide in ether affords moisture
sensitive 1:1 adducts [MC1, {H:N-NH~-CO-NH;)] (M = Zr or Hf). IR spectra
suggest that the semicarbazide acts as a bidentate ligand, coordinating through
the oxygen atom and a nitrogen atom of the hydrazine residue. Thermochemical
measurements indicate that the hafnium complex is more stable than the zirconium
analogue [21]. A 'H NMR study has established that ZrCl, and HfCl, form 1:l
complexes [MCly (ngd)] with tri-teré-~butylphenyl-1,2-naphthoquinonediazide— (2)-
S5-sulphonate (2; ngd). Eguilibrium constants and thermodynamic parameters

0

S04R

{2: R= Cst(CME‘3)3)

for complex formation indicate that the stability of [MCl, (ngd}] complexes
increases as the metal tetrachloride varies in the order TiCl, < 2rCl, < HECl,.
Rapid exchange of ngd ligands occurs by an associative mechanism; rate
constants and activation parameters for the exchange process have been measured
{22].

Alr and moisture sensitive solid adducts, MCly-Ti{NMe;)s (M = 2r or Hf) and
ZrCly - Ti (CFh) , have been prepared by displacement of MMe: from pentane
suspensions of MCl,-2NMes. IR spectra of the MCl,-Ti{(iMe;), complexes suggest
an octahedral ¢fs structure about zirconium or hafnium in which Ti(NMes) .,
behaves as a bidentate chelating ligand (3). In contrast, the reactions of
MCl.-2NMes (M = Zr or Hf) with [(cp)2Ti(OPh) ;] or [{cp)TiCl(CPh):] in hexane or
pentane result in phenoxide—chloride ligand exchange {exuations (2) and (3);
{23].
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cl NMe,
Cl NMey
\\\rL/, \“Ti/
a” | \NMez / \
(3)
[ (cp)2T1(0Ph) o} + MCL, —> [(cp)2TiCl;] + (MCL, (OPh) 5] (2)
[(cR)TACL(OPh) 2] + MCL, —> [(CP)TICLa] + [MCL, (OPh) ;] (3)

The formation of gas—phase camplexes ZrAlICl; and Zral,Cli;; has been
studied by mass spectrometry. ‘Thermodynamic guantities for reaction (4) are

ZrCly (s) + 0.5A1:Cle {g) —> ZrAlCl,(g) {4)

A%, 96 = 74 KT and 857345 = 111 J K [24]. The electrochemical behaviour of
HECl, in AlC13;-NaCl melts has been investigated and an electrochemical method
for efficient separation of zirconium from hafnium has been devised.
Controlled-potential electrolysis of an approximately equimolar mixture of
ZrCl, and HfCl, in a slightly acidic A1Cli-NaCl melt (50.5 mol% A1Cl:) at

0.09 V vs. an Al (III}/Al reference electrode in a melt of the same camposition
results in reduction of the zirconium(TV} to solid ZrCls with relatively little
reduction of hafniim(IV). The atomic ratio Hf/Zr in the product is £ 0.005
[25]F.

Equilibriunm constants for the stepwise solwolysis of ZrCly in propan-1-ol
and butan-1-cl have been determined by conductivity measurements [26].

o-ZrI, has an orthorhombic structure, space group Poc2), in which {Zrls}
octahedra are linked by sharing edges [27]. Evidently, this is a different
modification of ZrI. than the monoclinic phase, space group F2/c¢, studied
earlier by Krebs et al. [2B8}].

Css [ZxrIe] and Cs, [HEIg] have besn prepared by reaction of stoicheiometric
amounts of CsI amd the appropriate metal tetraiodide in an evacuated silica
ampoule at 600 °C., These conmpourkds crystallise in the K [PtCli] structure;
the lattice parameter of the cubic unit cell is 11.613(3) g for CsalZrIz] and
11.605%{3} .?A for Cs,; [HfI;]. A single—crystal X~ray study of the hafhium
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compound has established a Hf-T bond length of 2.829(2) A [29]. FPhase
diagrams have been determined for the RbI-ZrI, and CsI-Zrl, systewms. The only
congruently melting compounds fomned in these systems are Rb; [ZrI.] (mp 737 °C)
and Csp [2rIg] (mp 788 °C). These compounds have been characterised by chemical
analysis and X-ray powder patterns [30]., Far IR spectra of A, [ZrIg] and
Az [HfTe} (A = Li, Na, ¥, Rb, or Cg) have been reported in the region 450-35
am . The zirconium compounds display a strong band in the region 195-175
em *; the hafnium analogues exhibit a similar band at 165-145 an™® [31].
Several studies of organczirconimm and organchafnium halides have been
reported. [(cp)2rCls] has been prepared in almost guantitative yield by
photeinduced chlorination of [{cp)-2rCl,] {equation (5)}.  The product is

hv
[{cp)2xCl;] + 3Cl; ———— [{cpl2rCia] + 1,2,3,4,5-CsHsCly (5)
cCly,

insoluble in non-coordinating solvents, bt it dissolves in benzene or
chlorcform upon addition of two equivalents of Lewis bases (L) such as NEt,
pyridine, ether, or thf. H MR studios of the [{cp)ZrCliL:] adducts indicate
that stereoisomer (4} is the preferred product. An ether suspension of

Cp

ct el

S
S

4 -
CI/I\L
L

{4)

[{cp)2rCls] rapidly reacts with aryllithium reagents yielding [(cp}ZrR;] (R =
Ph, 3-C HMe, or 4-CgH,Me), which also fom soluble adducts with Lewis bases
[32). Li(CsMeg) reacts with ZrCl, in toluene to give | .".S—C‘_,Mesl?lrf,‘lglx. The
trialkyls [{n°-CsMes)ZrR:] (R = Me, CH,Ph, or Fh), the dialkyl
[(1°-CsMes) ZrCl (Me) ,]1, and the alkyls [(r}"—cbr-mes}zml:}z]x (R = Me or CH,Ph) have
beon prepared by reaction af [{r15—C5Me|J)2rC13]_r with a stoicheicmwetric amount of
RMgX (¥ = Cl or Br} [33].

The 1,1'-ring-substituted metallocene dichlorides [({n ~CsH,EMz3) MCl,)
(M= 2r or Hf; E = 5i or Ge) have been synthesised by reaction of Li({CsH,EMe3)
with the appropriate metal tetrachloride in pentane-thf [24]. The
[{n°-CsHySiMes) :MCl,] complexes have been reported provicusly [35].  The
reaction of Li(C:H,CH:CH,PPh,) with ZrCl, vields [ (= -CsH,CH,CHoPPh,)»72rCL,].
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This compounds reacts with [Mo{C0).(CsHi,)] and [{Rh(u~Cl) (CO) (C2Hy) 2],
respectively, to give the new heterchimetallic complexes

[C122r (n°~C5HuCH2CHo PPy ) sMo{C0) 4] (6) and

[C122r (n*-CsHyCH,CH,PPh, ) ;R (COICLY . The latter compound is probably a
dimer (#) in which the zirconium complex acts as a bridging diphosphine ligand

Clp
Zr
0 /777N
Cl th C thp Pth
co l a | _Co

RK RK
/ Nesty e [ Yo 0| a” |

Ph,P PPh,
\ Zr /
Cl;
(5) (6)

[36]. The heterobimetallic complex trans-[{ (cp) 2ZxCLl (CH2PPh,) }:Bh(CO)C1] has
also been prepared and has been found to react with @O to give uwexpectedly the
zirconium{IV) carbonyl complex {{ (cp)2Zr (COICL(CH;PPh,) }:Rh{COICL); reaction
of the uncomplexed [(cp):ZrCl(CH,PPh,)] with 00 yields the expected acyl
derivative [({cp):2rCl{Q0CH,PFh,)] [37].

3.1.2 Compleres with owygen-donor ligands

Infrared and Raman spectra of 2rOCl;+8H,0 in the solid state and in
acuecus solution are consistent with the presence of the hydroxo-bridged
tetrameric cation [2ry (OH) s (CH2)161%7. A v(Zr-O) band has been observed at
550 cn™? in the IR spectrum, and v(Zr-0) Raman lines have been identified at
580 an ' (polarised, v{Zr-OH) bridging), 450 cm ' (depolarised, v(Zr-OH)
bridging), and 420 e} {v(Zr-OH;)}. Mo bands attributable to the Zr=0 group
have been cbserved. Upon addition of alkall to aqueous solutions of
ZrOC1; - 8H:0, an additional v{Zr~0) Raman line is cbserved at ~530 aul; this
frequency has been assigned to stretching of the nomrhbridging Zr-OH bonds of
the hydrolysis product [Zr, (OH) ¢ (OH) . (OH,)1,1%* [38].

Oxozirconium(IV) hexamethylphosphoramide complexes of the type
(2rOX; (hmpa) 2] (X = C1, Br, NCS, MOz, or EPhy), [2xO(hmpa)y}Iz, and
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[Zro (hmpa) 4] [C104]; have been prepared by reaction of hmpa with a methanol or
propancne solution of the appropriate zirconyl salt. Molecular weight and
conductance measuraments in nitrcbenzene and dmso indicate that the
[Zro{hmpa) 411, and [ZrO{hmpa) 5] [C10:]; complexes are 1:2 electrolytes, while
the [2rCX; (hmpa).] complexes are monomeric non-electrolytes., This result is
puzzling for ZrO(BPhy); (thmpa) s - IR spectra of these oompounds indicate that
(1) hmpa is attached to zirconium via the oxygen atam, (1i} perchlorate is
icnic, {iii) thiocyanate coordinates to zirconium through the nitrogen atom,
and {iv) nitrate behaves as a bidentate ligand. A weak IR band at 200-980
cn”! has been attributed to v(2Zr=0}, but the existence of the Zr=0 group in
these compounds needs to be confirmed by X-ray diffraction [39]. Solvent
extraction of ZrCl, and HfCl, from hydrochloric acid solutions by dipentyl
sulphoxide, dioctyl sulphoxide, and diphenyl sulphoxide has been studied, and
optimum conditions for separation of zirconium(IV} and hafnium{IV) have been
reported {40].

ZrCl, and HfCly react with LiCAr {OAr = 2,6-di-tert-butylphenoxide} in
benzene or diethyl ether to give the aryloxide complexes [MC1(OAr)s] (M = Zr or
Hf}., Attempts to prepare the corresporkling MCl, {QAr) compoundq were
unsuccessful. [BfC1 (Car) ;] has a sterically congested, tetrahedral structure
(Figure 1} with bond distances »(Hf-Cl) = 2.365(1) and »(HE-Q} = 1.938(3),

Fig. 1: A view of the [HECL{OCgH: ((Mes}:=2,6}5] molecule, reproduced by
permission from L. Chamberlain, J.C. Huffman, J. Keddington, and
I.P. Rothwell, 7. Chem. Soc., Them. Jomemn., (1882) 805 [41}].,

1.825(2), and 1.917(3) A. 'The Hf-0-C bond angles are opened ko 152-159°,
which helps to relieve steric strain, Lowtemperature “H NMR spectra exhibit
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inequivalent teri-butyl groups praximal and distal to the Cl atam owlng to a
slawing at v —60 °C of rotation abocut the Hf-O-Ar bonds. At -90 °C, restricted
rotation of one of the teri-butyl groups is observed. Because the sterically
bulky teri-butyl groups termd to protect the metal atam from nuclecphilic attack,
the [MC)(QAr)i] complexes are not easily alkylated though [HECL (OAr)a] does
yeact with LiMe to give [Hf (Me) (OAr).] [41].

The X~ray crystal structure of {n®-cyclooctatetraenyl) (n®-allyl)-tert-
butoxyzirconium has been determined.  Strong Zr—0 bonding involving
O{pﬂ)ﬂ*Zr (d,”) interaction is indicated by a short Zr-0 bond length (1.321(2} and
1.900(2) & in the two crystallographically independent molecules per asymmetric
unit) and a large Zr-G-C bond angle (166.6(3) and 172,9(2)°) [42).

Propylene oxide inserts into the Zr—Cl bords of ZrCl, and [{cp).ZrCl.] to
give 2~chloro-iso-propoxy and 2-chlorc—rn-propoxy compotnds {equation (6)} in

ZMC1 + ) —> SM-OCHMe + SM-OCH,-CHMe (6)
,\Of\
g * CH,C1 Cl

<] o
(o-ring opening) (B-ring opening}

relative amcunts that depend on the substituents on the Zr atom. 30% o and
70% p-ring opening iz observed for Zr(l,, while 90% o— and 10% p-ring opening
is cbtained for [{cp)aZ2rCl.] {43]. [{cp):2rCl:]) reacts with a—naphthol or
B-naphthol in benzene solution at reflux in the presence of triethylamine to
give [{cp).Zr(o,B-0C1oH7)CLl] or [(cp}:Zrin,RQC14Hy):], depending on the
stoicheiometry of the reaction mixture. The [{op).Zr{w,R~0C1¢Hy):] complexes
have also been synthesised in aquecus solution by reaction of [icp).ZrCl;] with
the sodium salt of o— or f-maphthol. These complexes have been characterised
by chemical analysis, IR and H MMR spectroscopy. They are monomeric in
boiling benzene and non~electrolytes in nitrobenzene [44].

The vapour pressure of anhydrous, crystalline hafnium{IV) perchlorate has
been measured in the temperature range 30-61 °C: log p (mm Hg) = 14.407-4272/7.
Thermodynamic gquantities for sublimation are AH® = 8244 kJ mol™!, AS® = 220410 J
mol K™Y, and AG°zes = 165 kI mol™l.  The IR spectium of gaseous [HE(ClO4)4)
is not significantly different from that of crystalline [HE(ClOu),] indicating
no significant change in melecular structure upon vapourisation [45].  The
(perchlorato) hafnates Rbn [Hf[Cqu}4+?z} {n = 1 ar 2} and Csrz [Hf{ClO;.]4+ﬂ] (n =1,
2 or 3) have been prepared by reaction of [HE{(ClOu)y} with MC10y (M = Rb or Cs)
in HC1O, containing 20-30% free Cl:0; (perchloric oleum). The same compounds
can be synthesised in KC10,-Cl:0; by using HfCl, and MC1 as starting materials.
IR spectra suggest that, as n ircreases, the number of bidentate perchlorate
ligands decreases and the number of mohodentate perchlorate groups increases,
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thus maintaining a coordination mumber of eight for the hafnium atom [46].

The heterccyclic carboxylato—complexes Zr (OgCR}_E(OCZ-]I“IE:?_}‘;_?3 (R = CyH:0,
CaHgN or C11H1:N;y n = 1, 2 or 3) have been prepared by reaction in benzene at
reflux of stolcheiometric amounts of Zr{OCHMe:) «-CHMe OH and
furan-2-carboxylic acid (7}, indole-3-acetic acid (#}, or indole-3-hutyric

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

“H>COOH (CH2)3COOH
[ ! @ @
0 {COOH r\{ N
H H

(7) (8) (9)

even when an excess of the carboxylic acid was used. IR spectra of the

2r (0,CR), (OCHMe:),  complexes exhibit an 80-120 a! separation between the
v, (C0;) and Vs {002} stretching modes, suggesting a symmetrical bidentats
attachment of the carhoxylate ligands [47].

New tetrakis(f-diketonato)zirconium(IV) <omplexes of the type
[Zr (RCOCHCOR' ) u] (R = aryl or 2-thienyl; R' = CHF,, (Fi;, C:Fs or CiF:} have
been prepared by reaction of stoicheicmetric amounts of Zr(NQs),-5H,0 and the
appropriate f-diketone in hot ethanol-toluene. In benzene solution, these
complexes are monoreric, and large dipole moments (5~7 D) point to highly polar
structures. Low-temperature 1°F MMR spectra indicate fluxional behaviour down
to =100 °C [48]. [M{ROOCHCOR} 4] (M = Zr or Hf; R = (Me:} complexes have been
synthesised by reaction of dipivaloylmethane with the metal tetrachlorides in
absclute methanol., The stability, melting points, volatility, and X-ray
diffraction patterns of these compounds have been studied [49,50].

The He-II excited photoelectron spectrum of [Zriacac),] has been reported
[51]. Comparison of the band intensities with those in the He-I spectrum [52)
irdicates some mixing of the zirconium 4d  ard 4.f ~orbitals with the
cut—of-phase combination of the oxygen 10;; pairs E.SCated in the plane of the
ligand {51]. [Zr{acac) ] reacts with polystyrene resin functionalised with
2,4-pentanedionate groups to give a polvmer—bound zirconium complex [53].

Salvent extraction of hafnium(IV}) with various benzoyl-substituted
1-phenyl-3-methyl-4-benzoylpyrazol-S—ones (7¢) has been studied by Navratil
and Smola [54].  The lithium salt of the nickel (II) camplex with the Schiff
base derived from 3-formylsalicylic acid and ethylencdiamine (77) reacts with



CgHyX
Me — 0,
/ H
N
\
Ph

(10, X=2-Cl, 4-MeQ, 3-NOy, 4 -NO;y)

[{cp).2xCl.] in refluxing methancl or ethancl yielding the heterchimetallic
complex (12) [55].

o 0 o 0
i 1 c
. P
N ‘/0 OLi N _/0\ [0
[ /N:\ [ NI\ Zr\
N~ o  OLi N 0710
l | P
N0 =0
() (12)

TGA, DTGA, and DTA studies of the thermal decampositicn of the divalent
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metal zirconyl oxalates, MZrO([C.04)3-4H;O0 (M = Be or C4) and ZnZrO(C.04) ;- 6H.0,

have been reported. These compounds decampose vig three major steps: (i)
dehydration; (ii)} decamposition of the oxalates to carbonates; (iii)
conversion of the carbonates to metal zirconates MZrO; [56,57].

This review does not include the chemistry of layered zirconium phosphates

and the related zirconium alkylphosphonates. However, several leading
references to 1982 papers on these interesting materials are noted {[58-65].
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& 1.3 fomplexes wiith sulphur—doncr Ligands

[{cp)»2r(SPh) (Me)] has been prepared in 60% yield by reaction for one week
in the dark at room temperature of equimolar amounts of [(cpl:ZrMe;] and PhSSPh
{equation (7} [66]. Tetramethylthiuram disulphide complexes ZrOX;L: (X =
Cl, Br, I, NCS or NO3:; L = Me;NC(S)S-SC(S}NMe:) have been synthesised and

heptane
[ (cp} ZrMe,] + PhSSPh —— > [lcp) :Zr{3Ph) {Me}] + PhSMe {7}

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

Five—, six-, seven- and eight-coordinate dithiccarbamato-complexes of the
type [M(SQC:NRRI}HC14_?E] in =1, 2, 3or d; M=Zr ar Hf; R = Et, R' =
3-CecHuMe; R = H, R' = cyclopentyl or cycloheptyl) have been prepared by
reaction of stoicheiometric amounts of MCl, and anhydrous Na[SCNRR'] in
dichlovomethane at reflux. These camplexes are monomeric non—electrolytes in
solution, and IR spectra indicate a bhidentate attachment of the dithiocarbamate
ligands. The v M-8} frequency decreases as » increases, consistent with an
increase in the coordination mumbor of the metal from five to eight. The
frequency of the band assigned to V(M-Cl} alsc decreases with increasing value
of #, but the variation in v(M-Cl) is swprisingly small (3-8 cam~ ') and the
values of v(M-Cl) arc surprisingly hiqh (380-400 cm™!) [68,69]. Related
complexes, [{cp),Zr(S,;CNRR"}CL] and [(cp)Zr{S.CNRR'):] (B = Et, R' = 3-CiHuMe;
R = B, R' = cyclopentyl or cycloheptyl), have been synthesised by reaction of
1:1 and 1:3 molar ratios, respectively, of [{cp).ZrCl:;] and Na[S.CNRR'l. When
a 1:2 molar ratio of reactants was used, only [{cp):2r({S,CNRR')}C1] could be
isolated. Molecular weighl, conductance, and IR studies indicate that the
[{cp)Zr(S:CNRR')C1) and [{cp)Zr(5:CNRR'}:] cammlexes are five- and
seven—coordinate compounds, respectively, that contain bidentate dithiocarbamate
ligands [70]. Malogous [{cp) 22r (8, QRR'ICL] (R = Me, Bt or CHMe;; R' =
cyclohexyl) complexes have also been reported [71].

Phenylhydrazinium phenyldithiocarbazate, [PhIEDNH:] [S:CNIBEPL], reacts with
eguinelar amounts of [R;2rCl;] ‘R = cp, n°-CsHuMe, n"-CqH; (indenyl), or
r*-CyHyN (pyrrolyl)? in dichloromethane at reflux yielding the
phenyldithiocarbazato-complexes, [Rz2r(S:CNHNHPh)C1]. These compounds are
monomeric non-electrolytes in solution, and a single w(C:=8) IR band at ~1000
™t sugdests a bidentate o, s-attachment of the dithiccarbazate ligand (727,

Tetrakis (thicacetylacetonato) zirconium{IV) , [Zr(Sacac).}, has been prepared
by reaction of stoicheiacmetric amounts of %rCl, and Na[Sacaci in
dichloromethane. [2r{Sacac) s] has an eight-coordinate structure (Figure 2)
in which the bidentate thicacetylacetonate ligands span the o odges of a
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Fig, 2: The [Zr(Sacac),] molecule viewed along the quasi-@ of the Zr5,0
coordination group {73].

(necessarily distorted) D, ~82n square antiprism. The unsymmetrical Lligands
are arrargjed so as to cluster the sulphur atoms in all efe positions. The
observed sguare-antiprismatic zsss-C» stereoisamer is distorted in the
direction of the dodecahedral mmgg—C1 and bicapped-trigonal-prismatic
tit1pzp2=C1 stereciscmers. Consistent with the former distortion, the
averaged Zr-0O andOZr-S bord lengths fa?:l into two classes: °1~ {Zr-OA] = 2,185 i:
r'{Zr-{)B] = 2.132 &; r(Zr—SA} = 2.724 A; r'{Zr—SB) = 2.665 A. [Zr{Sacac),] is
a highly fluxional molecule; ‘H NMR spectra of [Zr(Sacac},] in CHCIF,; solution
exhibit just two methyl resonances down to -163 °C [73].

The sulphur atoms are also clustered in all e7s positions in the structure
of tetrakis (F-methyl-4-thioctolylhydroxamato)hafnium(IV), LHE {(MeCsHLCISIN (O} Mely]
(Figure 3}). An analysis of polyhedral shape parameters for this molecule
indicates that the coordination group most closely approximates a sz-bicapped
trigenal prism.  The obzerved sterecisomer has the #i1tipop»> ligand wrapping
pattern. Averaged metal-ligand bond distances are r(HE-O) = 2.150 A and
r(HE-S) = 2,678 A [74].



1286

Fig. 3: Perspective view of the [HE{MeC:H.C(SIN(O)Mel,] molecule, reproduced
by permigsion from K., &bu-Dari and K.N. Raymond, Tnorg. Lhem., 21
{1982) la76 [741.

ZrP,Se¢, synthesised from the elements at 750-800 °C, has a tetragonal
structure, space group P4,/w, in which 7%t caticns are attached to four
bidentate thiohypodiphosphate [P,Ss1*” anions. ‘The [P:Se¢]*” anions in tun
bridge between four 2Zr®*? cations to give an extended three-dimensional
structure, The {2rS:} coordination polyhedron is a slithly distorted D, d—sz
dodecahedron {r(Zr-S,) = 2.875(2) A; r(Br-Sp) = 2.599(2) At [75].

HFOS has been synthesised as yellow, translucent, octahedral crystals
about 1 mm in size by heating stoicheiometric amcunts of HFO, and HFS; in the
presence of small amounts of [NH,]Cl in a sealed tube at %00 °C. The same
approach works for preparation of Zr0S and for the solid sclutions Zrl_foxOS
(x = 0.25 or 0.73) [76].

3.1.4 Complemes with selenfum—donor ligands

The new phenylseleno—complexes [(n”-CsHyR}22r(SePh) (Me)] (R = H or (Me;)
have been prepared in quantitatiwve yield by reaction in the dark at room
temperature of equimclar amounts of [(r°-CsHyR) ZrMes] and PhSeSePh
{equation (8)). The products of reaction (8) do not react further in the dark,
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heptane
[{n°~CsHyR) 2ZrMe,] + PhSeSebPh ———— 3 [ (n°~CsHyR) ; Zr(Serh) (Me)] + PhseMe (8)

‘but in the presence of WV light, further reaction gives the known compounds
[(n°~CsHuR} 2Zr(SePh) 2] (R = H or (Me3). The [(n°-CsHyR)2%r(SePh)o] complexes
can also be prepared by irradiating a mixture of [{(n°=CsHyR}.ZrPh;] and
PhSeSePh {equation (9)} [66].

uw
[(n5-CsH4R) 22rPh;] + PhSeSePh ——3> [{n°-CsHyR).Zr(SePh),] + Fhph (9

3.1.5 Complexes with nitrogen—donor ligands

Hydrazine and substituted hydrazines react with ZrOX; in ethanol to give
canplexes of the type ZxCLiX; (X = Cl, Br, I, NCS or NOs; L = NoH,, PhMNIDH, or
Me;NNH:}. The insolubility and thermal stability of these camleres and the
presence of a v(N-N) IR band at 960-1000 cm ! suggest that these compounds have
poelymeric structures containing bridging hydrazine ligands. A substantial
variation in the v{M-N) frequencies indicates that the M-N bond strength
decreases as L varies in the order Me,MiH; > NpHy > PhNHNH:.  The thermal
stability of the ZxOL.X; camplexes decreages as X varies in the oxder
Cl > Br > NCS > 1 [77]).

Reaction of tetrabenzylzirconiom with an excess of imidazole in thf at
50 °C yields 2r(C;N;Hi), as a yellow crystalline solid {equation (10)} [78].

Zr {CH.Ph) 4, + 4CaNHy, —— 2r{C3;N,Hs), + 4MePh _ (19)

Tris (pyrazol-1-yl) borato—complexes of the type [(RBPz.)}ZrCl;) (R = CHMe; or Ba)
and [{HB(3,5Me,Pz)31%rCl;] have been prepared by reaction of sodium salts of
the trisipyrazol-l-yl)borates with two suivalents of ZrCl,. ‘Treatment of
[{HR({3,5-MeyPz) ;}2rCls] with one equivalent of NaQMe in toluene affords the
methoxo—complex [{HB(3,5-Me,Pz):}2r{tMe)Cl;]. 'H and *°C MMR spectra indicate
that the latter compound is stereochemically rigid at 35 °C [79].
Diphenyldiazamethane reacts with [{cp)22rMes] and [(cp)2%r (H) (C1)]
inserting into the Zr-C and Zr-H bonds, respectively {equations (11) and (12)}.

Me
+ -
[ (cp)28xMez] + PhC=N=N — '[CP)zZI'\—*—/N“‘Fb (11}

Y
CPh;
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cl

[{cp)2Zr () (C1)] + PhyCeN=N ——> {cp]22r\—7N‘-H (12)

¥~ray studies have shown that the resulting complexes contain ~?-j,&'-bonded
hydrazonido (l1-)-ligands [80]. Moderately stable triazenido-complexes of
hafnium, [{n°-CsMes) :HFH(NHMNNR)I] (R = Ph or 4-CiH.Me) (i) have been prepared

H H
l R L M
(Q—C5M95)2 Hf—-—-‘T or (I’]"C5M€*5)2 f‘;f—--[\l[
f\ll"_-:.' /N:N
H” R

(13)

by reaction of [{n°-CiMes):HfH,] with aryl azides RNs. Upon heating at 80 °C,
complexes (1) lozse dinitrogen yielding the arylamido-complexes

{ (n*~CyMes) :HFH(NHR) ], which can alse be obtained by reaction of

[{n®~CsMes) ;HfH:] and RNH;.  Interestingly, the 'H MMR spectrum of
{(n°~CsMas) o HEH (NHC;H,Me-4} ] exhibits a single resonance for all thirty CsMes
protons, even at =65 °C at 500 Miz. The MHR ligand should lie in a plane
perpendicular to the plane bisecting the {n°-C:Mes)-Hf- (r°~CsMes) angle if

N {pr]->Hf[d_JT) bonding is important. Fwvidently, the barrier to votation about
the HE-N bond is very small. Treatment of [{r°-CsMes) HfH:],
[(r°~CsMes ) HEH(NHMNR) ] or [ (n°-CoMes) HFH(NHR) ] with excess RN: results in
rapid formation of {{n°-CsMes)Hf(NHR).] [81].

Reaction of Zr{OCHMe:)., with ¥,/ ~diethylhydroxylamine affords the
colourless, crystalline tetrakis (hydroxylaminato)-complex [2r (OWEE-)u].  An
X-ray study of the analogous titanium(IV) complex has estahlished an
eight-coordinate dodecahedral structure in which the r’~#, 0-bonded
hydroxylaminate ligands span the » polyhedral edges.  The nitrogen atoms
occupy the dodecahedral A sites, and the oxyten atoms take the B sites. The
H MR resonances of the diasterectopic methylene protons of [Zv(ONEts).]
coalesce at 42 °C owing to a rapid rate process (477 = 6936 kJ mol™!) that
involves cleavage of the Zr-N bonds [82].

ar (OCHMe; } 4 -CHMe:OH reacts 1n benzene at reflux with a variety of dibasic
tridentate Schiff baseg H-1L in 1:1 angd 1:2 mole rativs to give cumplexes af the
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type [{Zr(OCHMe,) 2 (L) J.] and [2r(L).], respectively. The Schiff bases are
condensation products of pentane-2,4-dione, 2-hydroxyacetophenone,
salicylaldehyde or 2-hydroxy-l-naphthaldehyde with 3-hydroxy-l-propylamine or
I-hydroxy-2-butylamine. Molecular weight measurements indicate that the
[Zr(L) 2] complexes are moncmeric in soluticn, while the [{Zxr{OCHMes)z{L}}.]
analogues are dimeric. Six~cocrdinate structures have been proposed in which
[L)>~ behaves as an OFWO-tridentate ligand. Alkoxide exchange reactions of the
[{2r (OCHMe:}; (L) }2] complexes with 2-methyl-2,4-pentanediol afford the monomeric
[Zr (CsH1202) (L)Y derivatives [83].

The reacticn of hot aqueocus sclutions of zirconium nitrate with ethanol
solutions of salicylidene 2-amincbenzothicls (74; HpL) yields Schiff base

X CH

—N SH
H

(14 HoL, X=H, Cl, Br)

canplexes of the type [Zr{OHR), (OH;) (L)]. These compounds are moncmeric
nomrelectrolytes in golution, and IR spectra indicate that the [L}?~ anions
behave as ONs-tridentate ligands [84].

The new Schiff base N,¥'-disalicylidens-3,4-phenylendiamine—l-ethylbenzoate
(15; Hzdspeb) reacts with Zr (OBu).-BuOH in absolute ethanol at reflux to give

OH HO
— N N =
H H

—0
£t0

(15, Hydspeb)
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the eight=coordinate complex [Zr(dspeb).). The presence in this compound of
two uncocordinated ester groups may facilitate the synthesis of cocrdination
polymers. However, preliminary attempts to polymerise [Zr(dspeb).] with
arcmatic amines have becn unsuccessful owing to decomposition of [Zr{dspeb) )
at the high temperatures recuirsd [85].

Substituted hydrazines and mercaptotriazoles such as (7€; HL) and {I7;
HL) react with [({cp}22rCl:] to give complexes of the type [{cp)ZrClL({L)] and
[{ep)22r{I) ], which are helieved to contain ¥,0- and ¥,Z-bonded bidentate Lo

HN 0 HzN\N SH
N
\
/
H Ph F3 c&N,N
(16 ; HL) (17 : HL)

ligands [86,87]. Bydrazones such as (74; HL'} give related [lcp).2riL")]
complexes {86].

OH
‘_N\ 0O
H N—/<
7/
H Ph
(18, HyL")

Thermodynamic parameters for the formation of [M{N[C:HgOClCJ)—;:,}]Jr M= Z2r or

Hf) from M'"" and nitrilotriacetate iong have been determined from calorimetric

measurements [88]. Potentiometric measurements give pK = 25.65+0.01 for

[Zr [edta)] at icnic strength 0.4 in 0.2 ¥ perchlorate solution [89],
SN

LZ N )

Complexes with phosphorus—donor Ligands

[{cp).:MCl:]) (M = 2r or Hf) complexes react in dioxane/toluene or thf with
dipotassium poly {organophosphanes) Kg[(PR]”] {R = M, Bt, Me; or Ph; »n = 3-5}

to give, independenit of the value of n, air-sensitive triphosphonato-chelates
[{cp)2MI{PR}3}] {equation (13)}. A C_ structure (73) with a folded chelate
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R

AP

\“P/
R

[{P) :MC12] + K [{PR) ] ~—> (cp) zM PR + %E{Pmm + 2KC1 (13)

ring and equatorial R groups has been provosed on the basis of 3!P and H MMR
spectra [903.

3.1.7 Hydride and borohydride complexes

[(cp) sBfX] (X = H or D) complexes have been prepared by reaction of
{(cp}yHE] with LialH, or LiAlDy in thf [91,92], and IR and Raman spectra of
solid [(cp)sMK] (M = Zr or HE; X = H or D) have been studied. The spectra
are consistent with a C3 , Structure containing three egquivalent
n’-cyclopentadienyl ligands. ‘The frequencies of the M-X {v(Zr-H} 1603 ai";
V{Hf-H) 1669 cm '} and M~cp modes indicate that the strength of the metal-ligand
bonds increases on going fram [(cp):ZrX] to [(cp)sHEX] [92].

The dimeric mixed-ring hydride ({(n°~CsMes) (cp)2rH;}»] (v(Zr-H) = 1540 and
1270 cm ') has been prepared by reaction of [(n®-CsMes) (cp)ZrCl,] with LiBu in
toluene under 1 atm of H,. Reaction of [(n°-CsMes) {r-1,2,4-CsHsMe;)ZrMe,] with
H, (80 atm) affords [(n®-CsMes) (n°~1,2,4-CsH:Mea)ZrH,] {v(Zr-H = 1585 cm™*}.
[(1‘15'--(3511"1\95)ZJ:*Cl:g]:c reacts with excess LiBH; in toluene to give
[(n°-CsMes) Zr {BHy) 3], which is converted to [{ (n°-CsMes) Zx (H) (BH) (u-H) 13} upon
treatment with 8-10 egumivalents of NMe;. The IR spectrum of
[(n°-CsMes) 2r (BHy) 3] indicates that all of the borohydride ligands are
tridentate, while the spectrum of [{(n*-CsMes)2r{H) (BHs) (u-H)}.] shows the
presence of bidentate borohydride, cne terminal hydride {v{(Zr-H) = 1628 au™?},
and one bridging hydride {v(Zr-H-Zr) = 1450 cmi"!}. The latter dimer falls to
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reduce carbon ronoxide [33].

BH;-thf reacts with {{cp).ZrMe.] to give {lcp).Zr(BH,) {(Me)] and, ultimately,
{{cp)Zr(BH4)»]. An ''B NMR study has shown that these reactions proceed via
intermediates containing coordinated [BH:Me] and [BH,Me;] . Thus, the initial
stage of the reaction involves formal insertion of BHy inte a2 Zr-Me bond [93].

The He-I photoelectron spectra of Zr (BHy), and Bf(BH,), are essentially
identical, in agreement with an earlier report by Downs o 2/. [94].  However,
the earlier assignments have been modified with the aid of an LCAD-HFS (Xa)
calculation on Zr(BHy)w. The factors that determine the relative stabilities
of mono—, bi-, and tridentate attachment of borohydride ligands have been

discussed in terms of a gualitative molecular orbital picture {95].

3.2 ZIRCONIUM(ITT) COMPOUNDS

Single crystal X-ray studies of ZrX: (X = Cl, Br or I} and ZrIi.sp have
confirmed that all four structures consist of chains of face-shared {ZrXq}
octahedra with equally spaced metal atows (Figure 4).  The space group

P

£
o

Fig. 4: The chain structure of ZrX: (X = Cl, Br or I} and ZrlIs.yg, reproduced
with permisgion from E.M. Larsen, J.S5, Wrazel and L.G. Hoard, 7narg.
ohem., 21 {1982) 2619 [96].

18 Fhs/meni.  Bond lengths are »(Zr-2Zr) = 3.0695(8) and r{Zr-Cl) = 2.9382(8) ;
in Zrcls, r(Zr-7r) = 3.152(1) and »(Zr-Br) = 2.676(3) A in ZxBr;, r{Zr-2r} =
3.334(2) and r(Zr-I) = 2.900(2) ng in ZrIs, and »(Zr-7r) = 3.3365(6) and »{Zr-T}
= 2.8820(9) ; in Zrls.ag. The formula of the partially oxidised 2rIs,.o may b
written as 2r; cz2ls since 11.8% of the octahedral metal atom sites along the
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chain are vacant. It is interesting to note that, despite the likelihood of
metal-metal bonding in these @' compounds, the {Zr¥;} octahedra are elongated
along the chain axis. 'This effect, which is greatest for ZxCl,, less for
ZBr;, and negligible for ZrIs; and ZrIs.zp, has been attributed to the need to
reduce repulsive electrostatic interactions between nearest-neighbour metal
ions [96].

Zirconium(III) species have been cbserved by FFR spectroscopy in the
course of oxidative-addition reactions between alkyl halides and [{cp):2rLs]
(. = PPh;Me). These reactions produce [(cp)ZrRX] and [{cp).2rX:] by a
proposed mechanism cutlined in the scheme below. The reaction is initiated by

{cp) 2 2rLs
(cp) 2 2rL \
(cp) 2z::(III) (ep) R Br {ITT)
L L
-L| 2% -L| RX
X R
. 7 .
{cp) z2r + R (cp)2r + R
\x \X
. , III . 11T
halogen atom abstraction producing [(cp).2r™ " "XL] amd R°. [(cp)22r " XL) leads
to [{cp):2rX:], while capture of R* by [(cp)-2rL] gives HCplzZrHIRL] and

eventually the oxidative-addition product 1{cp):2rRX]. Primary alkyl halides
strongly favour formation of [(cp)ZrRX]; tertiary halides give [(cp):ZrXq1;
and secondary halides yield a mixture of the two products. This mechanism is
supported by observation of an EPR signal attributed to [{cp) ;2xCl (FPhyMe) ]

{g = 1.998; a<®lp> = 21 G; a<®'7%r> = 17 G} and a second signal assigned to
[(cp) 22rBu (PPhoMe}] {g = 1.983; a<®'P> = 28 G}.  The larger *'P hyperfine
coupling constant for the latter carpound 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 ZTROONTUM({TI) COMPOIRDS

ZreClis crystallises in the Tar;Cl:s structure, space group faldd, and is
best formilated as ZrgCl::Cls/z. The formal oxidation state of zirconium in
this compound is +2.5. The crystal cohtains [Zrs' octahedra ir(Zr-7r) =
3.199(3) and 3.215(4) ;} edge-bridged by chlorine atoms (Figure 5). The

Fig. 5: A perspective view of the Zr¢Cl;»>Clgs/; cluster, reproduced by
permission from J.D. Corbett, K.R. Poeppelmeier and R.L. Daake,
Z. frarg. Allz. Thew., 491 (1982) 51 [98].

resulting 2rsCli, units are linked to adjacent clusters by six additional
chlorine atoms that occupy exo-positicns [98].

Syntheses of monoclinic ZrIl;, o-ZrI. [99], produce a second, orthorhombic
phase, #-Zrl;, that is isostructural with Wle:, space group frmii. p-2rl-
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
ir(Zr=1) = 2.894-3.103 g}. The structures of o~ and 3-ZrI. are very similar,
and evidently the two phascs always Intergrow with one another in various
proportions [100].

Crystals of Zreli- (v-Z2rl:) and C2Zrel;, have been prepared by reaction of
ZrIy, excess Zr strips, and for CsZrgIl:., C8I at 850-925 °C for 15-40 days in
tantalun containers. Zr:I, ., space group K3, contains a slightly trigonally
compressed {Z%rg! octahedron {r(Zr-Zr) = 3.204(2) and 3.194(1) ;x edge-bridged
by twelve iodine atams. The six iodine atoms that bridge the waist edges of
the octahedron also occupy exo-positions in six adjacent {2r:} clusters. Thus,

the formula of this compound may be represented as ZreTeIs/sT:/>- CsZrelis,
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space group Umea, has a related cluster structure in which unsymwetric iodine
bridging produces a tetrageonally distorted {Zr;} octahedron {r{Zr-Zr} = 3.29 A
(8x) and 3.35 A (4x)}. The structure is derived from that known for MoeCly,
and TagI:;y by addition of caesium to a large interstice [101].

Although corganometallic chemistry is largely excluded from this review,

we wish to note that 1982 has been a particularly active year for study of the
synthesis, strnicture, fluxionality and reactivity of zirconium(II} and
hafnium(IT} diene complexes, [(cp)M{diens)] (M = Zr or Hf} [102-108].
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