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INTRODUCTION 

The 1979 literature on zirconium and hafnium is extensive and diverse, 
including reports of compounds in which the metaI exhibits ah possibIe in& 
gral oxidation states from +4 to zero. The chemistry of these metak in their 
lower oxidation states is a subject of expanding interest and importance. 
Among the more significant developments in this area during the past year 
are: (1) synthesis and characterization of the first B(O) and Hf(0) compounds; 
(2) preparation and spectroscopic characterization of [(?&JI~R),Zr(N,)- 
{CH(SiMe&}] (R = H or Me), the first compounds that contain a “side-n” 
attached dinitrogen Iigand; and (3) X-ray structuraI studies of ZrC12, a layer 
compound in which Zr exhibits trigonal prismatic coordination, and [(q- 
C,H,)$If(CO),], the first hafnium carbonyl. The stereochemistry of eight- 
coordinate Zr(IV) and Hf(IV) chelates continues to attract attention. Several 
X-ray structures have been reported, and the first NMR studies yielding-infor- 
mation about the stereochemistry. and rearrangement kinetics of eightcoordi- 
n&e Zr(IV) and Hf(IV) complexes in solution have been carried out_ Anespe- 
ciaUy interesting development in the area of Zr hydride complexes is the syn- 
thesis of hydride ‘%rconoxy” carbenes, ~(~-~~H~)~~=CHO~(H) (_sl-CJMe&] 
(M = Cr, MO, W or Nb(H)). 

This review covers the major journals for the 1979 calendar year and the 
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lesser known and/or foreign journals for the period covered by Chemical 
Abstracts, Volume 90, No. 1 to Volume 91, No. 20. Comprehensive coverage 
of the coordination chemistry of Zr and Hf is attempted, but organometallic 
and solid-state aspects of the chemistry of these elements are treated selec- 
tively and, usually, in connection with some other theme. For a comprehen- 
sive treatment of the organometallic chemistry, the reader is referred to the 
annual reGiews by Labinger in the Journal of Organometallic Chemistry; 
reviews of the literature for 19’77 [I] and 1978 [2] have appeared during the 
past year and a review of the 1979 literature is forthcoming. On the solid 
state side, Whittingham has reviewed the chemistry of intercalation com- 
pounds of transition metal chalcogenides, including the sulphides and selenides 
of Zr and Hf [3]. 

3.1 ZIRCONIUM(IV) AND HAFNIUM(IV) COMPOUNDS 

3.1.1 Halide and pseudo-halide complexes 

The structures of gaseous 1ZrF.J and [HfFG] have been determined by 
electron diffraction at 975 and 1025 IS, respectively. These molecules have 
regular tetrahedral structures with bond distances P(ZrFf = 1.9n2(4) A and 
P(Hf-F) = 1.909( 5) A [ 41. The complex fluorides [E&N] s[MF6] - 2 Hz0 
(M = Zr or I-If) have been prepared by direct electrochemical oxidation of zir- 
conium or hafnium anodes in PhCN solutions that contain [EtdN] F - 3 HF 
[ 51. The hydrolyses of Kz[ ZrFh] and K,[ HfFJ in the pH range l-4 have 
been studied by paper chromatography [6]. 

Tuck has reviewed methods for direct electrochemical synthesis of a large 
number of inorganic and organometallic compounds including MC, [MS- 
(MeCN)2] and [Et4N],[MX,J (M = Zr or Hf; X = Cl or Br) [7]. The 35Cl 
nuclear quadrupole resonance spectra of ZrC& and I-If& exhibit two equally 
intense lines of widely different frequency [8 1, consistent with the crystal 
stnmture of ZrC&, which shows the presence of bridging and terminal chlo- 
rine atoms [9,10]. 

ZrCla reacts with Lewis bases to give solid adducts of the type ZrCL,L and 
ZrC14L2. Mixtures of ZrC& and the pyrazolone ligands antipyrene (1) and 
Caminoantipyrene (2) afford insoluble [ ZrCLLz ] complexes that have been 

(l;X= I-I) 
(2; X = NH=) 

as$ned an octahedral truns structure on the basis of IR spectra; the pyrazo- 
lone ligands are coordinated through the carbonyl oxygen atom 111 J . 

The pseudo-halogen ICN adds to ZrCl., to give a 1 : 1 adduct in which ICN 
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is attached to Zr through the N atom; a dimeric Cai, structure (3) has been 

proposed on the basis of IR and Raman spectral evidence [12]. Vibrational 
spectra indicate that Z&l4 adducts with S(CN)2 and Se(CN)2 adopt rather 
different structures. 1 ZrCl,, {S(CN),),] has been assigned an octahedral cis 
structure in which the S(CN)2 ligands are bonded to Zr through the S atoms. 
[ ZrCl,{Se(CN)z}], a 1 : 1 adduct, appears to contain an N-bonded Se(CN)2 
ligand, and a chelate structure (4) has been suggested [x3]. However, oligom- 

se 

(4) 

eric structures in which Se(CN), acts as an N-bonded bridging ligand may be 
more likely in view of the geometry of Se(CN)2 [14]. The pseudo-halogen 
IOCN reacts with Z&l,, in dichloromethane at -30” C (eqn. (1)) to give 
ZrCl,(NCO) as a white solid; IR spectra indicate that the cyanatc ligand is 

ZrCl, + IOCN -+ ZrC&(NCO) + ICl 

attached to Zr through the N atom [ 151. 

(1) 

t-Butylisonitrile inserts into a Hf-Cl bond of HfC14 yielding [ {HfCL(C- 
(C1)NCMe3)(CNCMe&], which is believed to be dimeric on the basis of a 
molecular weight measurement on the more soluble titanium analogue. The 
inserted isonitrhe probably bridges to the second Hf atom through the 
imino-nitrogen atom; IR spectra show the presence of inserted (y(CZN) = 
1606-1750 cm-‘) and terminal (v(CZN) = 2225 cm-‘) isonilzile ligands. 
Attempts to induce further isonitrile insertion by reaction of [ {HfCl,(C(Cl)- 
NCMe3) (CNCMeJ))2] with chelating ligands such as bls(diphenylphosphino)- 
ethane (dppe), S-quinolinolate (80-quin), and NJV-diethyldithiocarbamate 
led to displacement of isonitrile ligands; dppe and 8-Oquin displace the ter- 
minal isonitrile ligands yielding [ HfCL (C( C1)NCMeJ)(dppe)] and [ HfCl,- 
{C(Cl)NCMe,)(S-0-quin)], respectively, while [Et2NCS2]- displaces all of the 
iso,n$ril.fording [ Hf( Et,NCS,),] f IS]. 

“‘1 NQR spectra have been reported for MBr, and MI, (M = Zr or 
Hf) [S]. The tetrabromides exhibit two intense resonances having frequencies 
in good agreement with a previous report 1173 ; however, the spectra are com- 
plicated by the presence of additional weak resonance lines. Spectra of the 
tetraiodides’are even more complex and suggest the presence of several crys- 
talline modifications. X-ray diffraction studies of %I4 crystals obtained by 
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condensation of Zr14 vapour revealed the presence of at least two kinds of 
crystals (orthorhombic and tetragonal) [S]. Monoclinic crystals of ZrI, have 
been grown by annealing a sample of ZrI, at 503 K in an evacuated glass am- 
poule. The structure of this modification consists of infinite chains of {Zr&) 
octahedra that share non-opposite edges so as to give a helical arrangement 
with an identity period of six octahedra along the chain. This structure is 
different from the cr-NbL, ZrCl, and &ReC14 chain structures, and it appears 
to be the first AIS4 structure of its type. !&--I bond lengths vary from 
3.69261) to 3.030(l) ai; Zr --- Zr distances along the chain are quite uniform 
(4.394(l) and 4,416(l) W) [lS]. 

jsCl and 79Br NQR resonance frequencies for [(~-CsHs)2ZrC12] and [(?I- 
CSH&ZrBr2] are Z&-30% lower than for the analogous Ti compounds; this 
result has been interpreted in terms of more metal-halogen ir bonding in the 
Zr complexes than in the Ti analogues 1191. I(r)-CSH&Zr(NCO)J has a dis- 
torted tetrahedral st.ructure that contains approximately linear 2i~N-C-0 
moie$es, with T(Zr-N) = 2.110 A;F{Zr--(centroid C,H,)] = 2.194 A; 
N-&-N = 96.4”; and (centroid C,H,)-Zr-(centroid C,H,) = 130.9’. The 
IR spectrum of [(TJX&H&H~(NCO),] is very similar to spectra of the iso- 
structural Zr and Ti analogues, and therefore it seems likely that the Hf com- 
pound also contains N-bonded cyanate ligands [ZOj. 

3.1.2 Complexes with O-donor ligands 

Dichlorophosphates of the type ZrC13(OZPC12) - POC13 and MOCl- 
(OzPC12) - POCls (M = Zr or Hf) have been prepared by reaction of the metal 
tetrachlorides with C&O in POC13 (eqns. (2) and (3)). IR and Raman spectral 
studies suggest that ZrCls(02PC12) - POCls has a centrosymmetric dimeric 

ZrC14 + 2 POC13 + CizO + ZrC13(02PC12) - PO& + 2 Cl, (2) 

MCI, + 2 POCI~ + 2 Cl,0 + Mocl(~~Pcl*~ - POCls + 4 Cl* (3) 

structure (5), while the very insoluble MOCl(O,PCl,) - PO& compounds are 
ci 

C13P0 
\/’ 

o/ \* =’ 

=’ \ =/ I q/= 

Cl ’ I’0 O/ I ‘a 
CL \,/ OPC13 

cr’ ‘CL 

(5) 

assumed to have an oxo-bridged polymeric structure, (6) [Zl]. 

/r\ 
(6) c’ =’ 





TABLE 1 

Kinetic data for methyl or t-butyl group exchange in Zr(IV) fl-diketonate complexes a 

[ Zr(acac)g 1 b [Zr(acac)2WOsh 1 b Wr(dmhh I c 

Tc (“Cl -145 -144 -116 
k250C <s-l 1 4.7 x 10s 1.4 x 106 1.7 x 10s 
k-,2,-=&-‘) 2.0 x 102 2.9 x 102 6.8 

AG* (--125OC) (kJ mol-‘) 28.9 f 0.3 28.5 & 0.2 33.1 t 0.1 
e mol-z (kJ ) 17.2 + 1.3 18.8 z!z 1.3 23.0 + 2.1 
AS* moi-1 K-l (J ) -78.2 + 10.5 -63.6 rtr 10.5 -67.8 + 12.1 
Ea (kJ mol-* ) 18.4 * 1.3 20.1 tt 1.3 24.3 * 2.1 
log A 8.8 + 0.6 9.5 f 0.5 9.4 -+ 0.6 

a In CHClF2 solution. Ail errors are random errors estimated at the 95% confidence level. 
b Methyl group exchange. 
c &Butyl group exchange. 

the direction of a bicapped trigonal prism. The 21~0 bonds fall into two 
symmetry-inequivalent sets having averaged lengths 2.X53(7) and 2.19269) A. 
The C&O, portions of the chelate rings are planar, but the rings are appre- 
ciably folded (by 21.7 + 2.2” ) about the edges (0 q-e 0) of the antiprism; all 
four rings are bent away from the quasi-‘8 axis of the antiprism [28]. 

Several new cyclopentadienyl zirconium @diketonate complexes have 
been prepared by reaction of P-diketones with dizirconoxanes. Reaction of 
[ { (~J-C~H~)~ZJC~},O] with two equivalents of dibenzoylmethane (dbzmH) 
cleaves the dizirconoxane bond giving the formally fivecoordinate complex 
[(q-CsHs),Zr(dbzm)CI], while reaction with an excess of dbzmH cleaves, in 
addition, the bond to one QI-C~H~ group, affording [ (q-CsH,)Zr(dbzm)&l’j - 
~(~-C~~~)*~(dbzrn)~l] hycjrolyses in the presence of triethylamine to form 
the dizirconoxane [ I(~-C,H,),Zr(dbzm)},O], which can be converted to the 
presumably seven-coordinate [(@&H,)Zr(dbzm)s] by reaction with four 
equivalents of dbzmH. Preliminary ‘H and 13C N&lR spectra of [(+&H&Zr- 
(dbzm)Cl] are said to indicate the presence of at least three stereoisomers in 
solution, but the nature of the isomerism is not at all clear [ 291. 

Tetrakis(3-mesitylpentane-2,4-dionato)zirconium(IV) has been prepared 
and its ‘H NMR spectrum reported in connection with a study of the mag- 
netic anisotropy in metal fl-diketonate chelate rings [ 303 _ 

Neutral his-chelate complexes of the type [ {fuc-(OC),Re(CH&O)3)2Zr-j 
and f ffac-(OC)sRe(CH&O)2(RCO))2Hff (R = Me, CMe2H or PhCH2) have 
been prepared by reaction of [RC(0)Re(CO)Sf with MeLi in tetrahydrofuran 
(thf), followed by addition of a thf soiution of ZrCl, or HfCl+ The [fuc-(OC), 
Re(CH,CO),]” dianion is-the formal, metalla analogue of the triethanoyl- 
methanate anion. The Zr and I-If complexes were obtained in rather poor 
yields as pale yellow, air-sensitive solids. IR and ‘H NMR spectra are consis- 
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tent with tridentate coordination (7) of the triacetylmetallate ligands [31]. 

(7) 

The tetrakis(catecholato)hafnate(IV) anion in crystalline NaJHf(O&~H& 1 * 
21 Hz0 occupies a site of 2 symmetry and has a dodecahedral structure in 
which the bidentate catecholate ligands span the M edges of the coordination 
polyhedron. A 0.026 A difference between the two inequivalent Hf-0 bond 
distances @If-O* = 2.220(3) A; Hf-0, = 2.194(3) A) is attributed to non- 
bonded repulsions along the short (2.554(5) A) a edges of the dodecahedron. 
The isostructural [ M( O&&H&] 4- complexes of the larger Ce(IV) and Th(IV) 
ions exhibit no significant differences between the M-OA and M-Oz bond 
lengths, but the U-CA bond distance in fU(0,CJ-14),]4- is longer than the . 
U-O, distance by 0.027 A,; the latter difference is attributed to a ligand field 
effect of the f electrons in the f* U(IV) ion 1321. Equilibrium constants for 
formation of 1 : 1 complexes between zirconium and azo-derivatives of pyro- 
catechol have been measured in aqueous dioxane 1331. 

Measurement of the hyperfine quadrupole coupling parameters in a series 
of Hf(IV) chelates having a dodecahedral (HfOs) coordination group has pro- 
vided evidence for metal-ligand ‘IT bonding. 7r bonding arises from charge- 
transfer from the ligand 7r orbit& to the metal ~i~2_~2 orbital and involves 
primarily the ligand atoms in the dodecahedral B sites. The charge transferred 
into dx2_,z has been estimated at -20% of the overall charge donated by the. 
ligands in tetr~(~-be~zoyl-~-pheny~y~oxyl~inato)h~nium(IV) (8) 
and -16% in tetrakis(N-nitroso-N-phenylhydroxyl~inato)hafnium(IV) (9). 

(8) (9) 

The overall charge donated by the ligands into the metal valence orbitals is in 
the range -0-7 to -1.2 e; thus the Hf-0 bonds are still quite highly ionic 
1341. 

The stepwise thermal decomposition of several zirconium and hafnium car- 
boxyfates has been studied by thermogravimetric and differential thermal 
analysis. SrZrO(C204)2 - 6 Hz0 and BaZrO(C204)z - 4.5 Hz0 undergo step- 
wise loss of Tivater followed by conversion to carbonates and then zirconates, 
SrZrOp and BaZrOJ [ 35,361. Ha&Gum compounds with hyclroxycarboxylic 
acids (e.g. hafnium mandelates and salicylates) decompose in a stepwise man- 
ner to monoclinic Hf02 [37]. 
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Several solvent extraction studies have been reported in which Zr(IV) or 
Hf(IV) was extracted from an aqueous phase into an organic phase owing to 
complex formation with the anions of @liketones [38,39], salicylic acid 
[40], or dinonylnaphthalene sulphonic acid [ 411. A new solvent extraction 
method for clean separation of Hf from Zr employs pure mesityl oxide 
(4-methyl-3-pen&me-Z-one) as the organic phase [42]. 

3.1.3 Zirconates(IV), hafnates(IV) and oxyanion salts 

Alkaline earth and rare earth zirconates(IV) and hafnates(IV) are of interest 
as high-temperature refractory materials. They are generally prepared by 
high-temperature solid-phase reaction of ZrOz or HfOz with the appropriate 
metal oxide or carbonate. Syntheses of MZrQ (M = Ca, Sr or Ba) are appre- 
ciably accelerated when the reactions are carried out in the presence of Na,- 
[C0,]/K2[COa] melts [43], The crystalline hydrated zirconate BaZrOs * 1.8- 
2.3 Hz0 has been prepared in aqueous solution by absorption of Ba(OH)z on 
zirconium(IV) hydroxide followed by ageing the mixture at 100°C [44]. The 
rare earth zirconates and hafnates Ln,MzO-, (Ln = La or Nd; M = Zr or Hf) 
have been synthesized from the oxides and have been characterized by X-ray 
diffraction, electron microscopy and IR spectroscopy. These compounds are 
very high melting (m.p. 2230-255O”C), and they have cubic pyrochlore 
structures with lattice parameters a = 10.808 A (La$&O,), 10.774 A 
(LazHfzO,), 10.668 A (Nd,Zr,O,) and 10.635 a (NdzHfzO,) [45,46]. 

Anhydrous hafnium(IV) perchlorate has been prepared by reaction of 
HfCl, with a solution of C1207 in anhydrous perchloric acid at -10°C. [Hf- 
(ClO,),] sublimes in vacua above 7O”C, melts at 105°C and decomposes to 
HfO(C10,)2 in the range l30-160°C. IR and Raman spectra have been inter- 
preted in terms of an eight-coordinate structure that contains bide&ate per- 
chlorate ligands; the low melting point and high volatility suggest that the 
h~nium-pe~clllo~te bonds have an appreciable degree of covalent character 
1471. 

Lattice parameters and space groups have been determined by X-ray dif- 
fraction for alkali hafnium and ammonium hafnium double sulphates of the 
types Hf(SO& - M,SO, - n H20, Hf(SO,& - 2 MzS04 - n H20, Hf,O(SO& * 
MzS04 - n H20, and 2 HfO(S04) - MzS04 * 6 Hz0 (M = Rb, Cs or NH4) [48,49]. 
The thermal decomposition and characteristic features of the structures of 
hydrated zirconium and hafnium oxide nitrates, MO(NO,), - n Hz0 (M = Zr 
or He n = 2 or 6), have been studied by Erokhina et al. [50,51]. IR and 
broad-line ‘H NMR spectra indicate that the nitrate groups and the water 
moIecuies occupy both coordinated and uncoordinated sites; in addition, 
these compounds contain one hydroxide group per metal ion. Procedures 
have been reported for synthesis of PbZr(PO& [ 521, LiNaZrS&O, 5 [ 53 ] and 
Hf(OHf2M0207 * 2 Hz0 1541, and the lattice parameters of these oxyanion 
salts have been characterized by X-ray diffraction. 



49 

3.1.4 Zirconium(I V) phosphates as ion exchangers 

Zirconium(IV) phosphates are of great interest as inorganic ion exchangers 
[55,56]; they have layered structures which are capable of adjustment to 
incorporate a wide variety of hydrated and non-hydrated cations. Because of 
their thermal stability and their stability in the presence of high doses of radia- 
tion, they offer advantages over organic ion exchange resins. Z~conium(IV) 
phosphates are already used in renal dialysis f57] and in the treatment of 
radioactive wastes [ 581, and further applications in removing cations from 
industrial waste solutions are likely [ 59 J. In addition, the intercalation prop- 
erties of zirconium(IV) phosphates make them possible supports for catalytic 
processes [SO]. 

The two most important forms of crystalline zirconium(W) phosphate are 
the alpha phase, Zr(HPO& - Hz0 (cu-ZrP), which has a small (7.55 A) inter- 
layer spacing [61], and the gamma phase, Zr(HPO& * 2 H,O (r-ZrP), which 
has a larger (12.2 a) interlayer spacing [SZ 1. During this past year the ion 
exchange properties of o-Y&P E63-67 J and its alkali metal exchanged forms 
168,691 have been extensively investigated. One of the more interesting 
developments is the intercalation of amines [59,70 1, alkynols and glycols 
[60] into the interlayer spaces of ar-ZrP; the amine intercalated cu-ZrP has 
relatively large interlayer spacings and readily exchanges with large cations 
which do not ordinarily exchange with a-ZrP 159 1. The ion exchange prop- 
erties of the isomorphous zirconium(N) arsenate, Zr(HAsO,+)z - H,O (cu-ZrAs) 
and its alkali metal exchanged forms have also been studied [ 70,711. The con- 
ditions for formation of r-ZrP have been determined, and a structural model 
for this phase has been proposed in which the {ZrO,} octahedra and (P03- 
(OH)) tetrahedra are more densely linked than in the known structure of 
a-ZrP [7!2]_ r-ZrP promotes ring cleavage of l,Z-epoxyethane to give the 
layered phosphate ester, Zr(~O~~H~OPO~)~ - H20, from which fHO&Ha- 
OPO,] ‘- anions can be removed by exchange with phosphate ions f 731. The 
exchange of alkali metal ions on r-ZrP 1741 and the thermal behaviour of 
y-ZrP 1751 have also been investigated. 

3.1.5 Complexes with S-donor ligands 

Alkyl thioglycolate complexes of the type Zr(OCHMe2)zG and ZrGz (G = 
[SCH=C(OR)O]‘-; R = Me or Et) have been synthesised by reaction of 
Zr(OCHMe& with stoicheiometric amounts of the alkyl thioglycolate, HIG. 
The isopropoxy groups of Zr(OCHMe,),G are replaced by t-butoxy groups 
when the isopropoxy complex is heated under reflex with an excess of 
Me&OH in benzene. IR spectra and molecular weight me~~ernen~ indicate 
that the Zr(OR)2G complexes have alkoxy-bridged dimeric structures. In both 
the Zr(OR)*G and the 2X& complexes, the alkyl thioglycolates act as dinega- 
tive, bide&&e ligands [ 76 1. 

Russian workers have reported the melting point, density, microhardness., 
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magnetic susceptibility, and electrical properties of rare earth thiohafnates(IV) 
of composition Ln&IfS5 (where Ln is La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er 
or Y); these compounds are stable toward organic solvents, boiling water and 
aqueous base, but they are converted to rare earth hafnates(IV) when treated 
with HCl or HzS04 [?‘I]. Europium(II) thiozirconate(IV) EuZrSs has been 
synthesised by heating EuS and ZrSz in vacua at 1050-125O*C; this com- 
pound has an orthorhombic unit cell and is isostructural with SrZrSl [ 783. 

The cubic spine1 phases Ag,J_MzxZrz_,)S, (where M = In or Y) have been 
prepared by heating mixtures of ZrSl and AgMSz at 850°C. These phases have. 
a range of composition 0.40 < x < 0.50 (for M =I In) and 0.37 < x < 0.50 
(for M = Y). The Ag” ions occupy the tetrahedral sites of the spine1 structure, 
while the M3+ and Zr4+ ions take the octahedral sites. Activation energies for 
ionic conductivity in these materials have been determined by complex impe- 
dence measurements [ 791. 

3.1.6 Complexes with N-donor ligunds 

Bis ~~-{~-~-buty~ido)~ te~a~(dimethyl~ido~~z~conium( IV) and dihaf- 
nium(IV) (10) have been prepared by heating a hexane solution of MfNMe,), 

c-3 
I 

Me2N\M/N\ 
d 

NMe2 

Me N’ \N’ 2 ‘NMe 

I 
2 

CMei 

(M = Zr or Hf) under reflux with 1 equivalent of Me&NH*, followed by 
removing the solvent and subliming the residue at 150°C in vacua. The 
dimeric structure of (10) has been confirmed by an X-ray study of the Zr 
complex. The geometry about Zr is roughly tetrahedral, with the Zr-N bonds 
to the nearly planar dimethylamide ligands and the symmetrically bridging 
f-but.ylimide ligands being nearly identical (F(ZrN) = 2.060 and 2.066 W, 
respectively). The molecule is centrosymmetric, and the Zr,N, ring is planar 
rfw. 

Reaction of sodium bis(timethylsilyl)amide with !&Cl, or HfCl, affords 
the chloro silylamides (ClM {N(SiMe3)z}J] (M = Zr or Hf). These compounds 
are surprisingly inert to substitution reactions; they do not react with dioxy- 
gen, water, dilute mineral acids, aqueous AgNO$, LiCHzSiMe3, LiEBH,,] or 
excess Na[N(SiMe&]. However, they do react with methyllithium, giving 
lMeM CN(SiMe,)&] _ Th e methyl compounds are similarly stable toward 
dioxygen and water, and they are unreactive when treated with methanol, 
tetrafluoroboric acid or COz. The unusual stability of these compounds is 
attributed to the steric bulk of the silylamide ligands, which protect the 
metal atom from attack by potential reactants. The ‘H NMR spectrum of 
[ MeHf{N(SiMe3)z}3] at -40°C is consistent with a chiral structure of C3 



symmetry (11) [Sl]. The corresponding [ClzM{N(SiMe&j2] (M = Zr of Hf) 

Me3 Si, ,,SiMe3 

Me3SL_N / -\NASiMe3 

A : 
Sib+ SiMS?, 

(11) 

complexes are considerably more reactive than the [CIM {N(SiMe&)s] anal- 
ogues. The dichlorobis(silylamides) are air and moisture sensitive. They yield 
a precipitate of AgCl upon contact with acidic aqueous AgNOB, and they 
react with Li[BH4] in diethyl ether to give [ClM(B&){N(SiMe&),]. The 
latter complexes contain a tridentate [BH4]- ligand which is fluxional on the 
NMR time scale at -80°C. Reaction of [ClzM {N(SiMe,)&] with MgMez in 
diethyl ether affords the dimethyl derivatives [MezM{N(SiMe,),),]; [EtzHf- 
{N(SiMe&)J and [(Me3SiCH&Hf {N(SiMe&&] were prepared similarly. 
The diethyl complex is stable to @-hydrogen elimination, evidently because 
of the steric bulk of the silylamide ligands. The [RJX{N(SiMe&]J (R = Mp, 
Et or CH2SiMeJ) complexes take up COz, yielding the corresponding carba- 
mates [R,Hf{O&N(SiMe&jJ_ t-Butyl isocyanide inserts into the Hf-C 
bond of [R,Hf {N(SiMe&),] (R = Me or Et, but not C!H#iMes), giving the 
iminoacyl complexes [~{C(R)NCMe,)21N(SiMeJ)z)2] 1821. 

The t&rakis(pyrazol-1-y!)borate complexes of zirconium [ZrCl,(BPz&], 
[~Br,@Pz&l ad [ ~W’~&l h ave been synthesized by reaction of Z&l4 
or ZrBr, with stoicheiometric amounts of K[BPz,J in dichloromethane. ‘H 
NMR spectra indicate that the tetrakis(pyrazol-1-yl)borate ligand (12) behaves 

(1% W’z41-) 

as a tridentate ligand in the [ZrX,(BPz&] complexes, and therefore the Zr 
atom has coordination number eight. Presumably, [Zr(BPz,),] also has an 
eight-coordinate structure, with BPz, acting as a bidentate ligand; however, 
this compleir is stereochemically nonrigid and gives a time-averaged NMR 
spectrum [ 831. 

Reactions of Zr(OCHMe,), with the bide&ate Schiff bases (13) and (14) 

Q- 0 OH 

C=N 
i-4’ R R 

03) 04) 

(R = 2-Me or 4Me) in 1 : 1 and 1 : 2 mole ratios in benzene at reflux afford 
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1(NGH&W=CHOZr(H) (rl-C&le,)21 + 2 Hz + [(rl-CSH&WH21 

+ [(t7-GMedzzr(H) (OCWI (5:) 
E(vGH&W=CHOWW (rl-C&e&l * W-b 

-+ WI-C&W= CHO~W2Hs) frl-GMed21 (6? 
f (q-CSMe,),ZrH, ] reacts rapidly with methyl isocyanide at --65” C affording 

the formimidoyl hydride (17) (eqn. (7)), which can be converted to the 

‘;’ 

dimethylamide [(rl_C&Me&Zr(H)(NMe,)] by allowing a solution of (17) to 
warm from -80°C to room temperature under 1 atm. of Hz_ 2,6-Dimethyl- 
phenyl isocyanide also inserts into a Zr-H bond of [(q-C,Me,),ZrH,] to give 
the corresponding formimidoyl hydride. The implications of these results 
have been discussed in connection with the possibility of it&-a-molecular 
migratory insertion of CO into a Zr-H bond in the carbon monoxide adduet 
[(rl-GMe&ZrH#O)l WI. 
A low-energy path for hydrogen isotope exchange in [(?I-C&&ZrHzl (R =I 

H or Me) (eqn. (8)) has been suggested on the basis of EHMO calculations. 

This mechanism has been termed “direct hydrogen transfer”, and it features 
a transition state that has an ally&like (H --- H *a* H)- Iigand configuration. 
MO calculations suggest an analogous path for Hz-induced aIkane elimination 
(eqn. (9)) VW- 

l-l -ma 
CqZr< -H -CH, 2 

Y 
‘H 

Cp.g 
‘H 

(9) 

The molecular vibrations of [ Zr(BH,),] have been analysed on the basis o.F 
models having Td symmetry [ 901 and T symmetry [ 911. 

3.2 ZIRCONIUM(III) AND HAFNIUM(III) COMPOUNDS 

Published work on the preparation and disproportionation of the lower 
chlorides of zirconium has been reviewed, and a scheme has been proposed 
for the stepwise disproportionation of ZrC& (eqns. (10)-(13)). 

12 ZrCl,(s) 5 10 Z&l&~(S) + 2 ZrCLJ(g) (10) 
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10 ZrCl,.s(s) 3oooc 5 ZrC11.6(s) + 5 ZrCl,(g) (11) 

5 ZrCll.6(s) + 4 ZrCl(s) + ZrCl,(g) (12) 

4 ZrCI(s) 6z 3 Zr(s) f ZrC&(g) (13) 

Enthalpies of formation of the lower chlorides have been derived from the 
temperature dependence of the disproportionation pressure of ZrCl,(g) 1921. 

The I& spectra of gaseous ZrN and HfN have been observed, affording 
values for the ground state vibrational frequencies (936.6(20) cm-’ for ZrN 
and 919.5(20) cm-’ for HfN) and the rotational constants; both molecules 
have a ‘2 ground state [ 931. The preparation of single crystals of ZrN has 
been described; the crystals were grown on a tungsten filament at 2000- 
2200” C from a gas mixture of ZrC&, Nz, Hz and Ar [ 941. 

The Zr(II1) dinitrogen complexes [ (q-C,I&R)$Ar(N,) {CH(SiMe,),)] (R = 
H or Me) have been prepared by sodium-amalgam reduction of [(~J-&H~R)~- 
ZrCl {CH(SiMe&}] under an Nz atmosphere. These compounds have been 
assigned a structure (18) that contains a “side-on” $&nitrogen Iigand on 

the basis of: (1) EPR spectra down to -80°C that exhibit a 1 : 2 : 3 : 2 : 1 
quintet due to coupling to two equivalent “N atoms, or a 1 : 2 : 1 triplet 
for the lsNz isotopomers; (2) the absence of a triplet signal in the frozen 
(-140°C) solid Q-band EPR spectra, which rules out a bis(dinitrogen)-bridged 
dimeric structure; and (3) the absence of an IR band in the 2400-1500 cm-r 
region, the region characteristic of v(N=N) in complexes that contain “end- 
on” dinitrogen ligands. The g values and the 9’Zr and 14N hyperfine coupling 
constants suggest that a significant amount of unpaired electron density is 
delocalized onto the Nz ligand; the presence of negative charge on the Nz 
&and is confirmeci.by its protonation to yield NzH4 upon treatment with 
co:lcentrated HCl or HBr. Recrystallization of [ (r&,H,),Zr(N,) {CH(SiMe,),}] 
from toluene affords the violet, diamagnetic complex [ {(7$sH,)2Zr[CH- 
(SiMe&] }2(NZ)], which has been assigned a dinikogen-bridged sizucture 
(fZrN=N-E) on the basis of the absence of a v(N=N) band in its IR 
spectrum 1951. 

Reduction of [ (~-C&H&?XC&] with potassium naphthalenide at low tem- 
peratures in thf under argon gives the dinuclear Zr(II1) complex [ {(vJ-C~H& 
Zr},(C,,H,)H] (19) in which two (77’CsH&Zr moieties are joined by a 
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bridging q1 : TJ’ naphthyl group {r(Zr(l)<) = 2.459 and 2.662 A; r(Zr(2)- 
C) = 2.29 A; r(Zr(1 j!&(2)) = 3.307 A}. The bridging hydride ligand was not’ 
definitely located in the X-ray structural determination, but its presence was 
inferred from the *H NMR spectrum and the reaction of (19) with excess 
CH$, which yields 1 equivalent of CI& ]96]. Reduction of ](Q-C&&R)~MR; ] 
(M = Zr or Hf; R = II, Me, or CHMe,; R’ = Me, CH*Ph, CH,CMe,, CH,SiMe, 
or CHPh*) with sodium naphthalenide in thf affords the corresponding d’ 
anions ~(~-C~~R)~M~]-, which have been characterized by EPR spectro- 
scopy ]97]_ 

3.3 !ZIRCONIUM(II) AND HAFNIUM(I1) COMPOUNDS 

The crystal structure of ZrClz consists of homoatomic layers of Zr and Cl 
atoms, sequenced Cl-Zr-Cl, with Djh trigonal prismatic coordination of Zr 
by Cl; ZrClz is isoelectronic and isostructural with 3R-MO&. Several sub- 
stoicheiometric dichloride phases having composition between ZrC11.5 (i.e. 
Zr,.,Cl,) and ZrClz have been prepared, and the structure of one of these, 
6T-Zr,.osClz, has been determined by X-ray diffraction. It has an ordered 
superstructure derived from the basic three-layer Cl-Zr-Cl slabs of 3R-ZrClz, 
but has an extra Zr atom every six slabs in an interslab octahedral hole with 
a partial occupancy of 0.28. The X-ray photoelectron spectrum of ZrCl? 
exhibits a narrow metal 4d band 1.2 eV below the Fermi level. Attempts to 
intercalate ZrCl, were unsuccessful [ 981. 

Zirconium and hafnium polonides, ZrPo and HfPo, have been synthesised 
from the elements at 380-6OO”C. They are isostructural with TiPo and have 
a hexagonal structure of the NiAs type [ 991. 

An X-ray structural study of the first hafnium carbonyl, [(~-CsH5)21-Jf(C0)2 J, 
has revealed the expec ed tetrahedral disposition of ligands with OC-I-If-CO 

a and (centroid C,H,jH -(centroid C,H,) angles of 89.3 and 141”, respec- 
tively, and F(Hf--CO) and Ti{Hf-(centroid CsHs)3 distances of 2.16 a. [(?I- 
C,H&-If(CO),] undergoes pho~che~c~y induced substitution reactions 
with L (= PPh3, PMe3, PF3 or dppe) to give [(~-CSH5)2Hf(CO)L]_ Attempts to 
replace both carbonyl groups with the chelating diphosphine dppe have thus 
far been unsuccessful. Photolysis of [(g-C,H&Hf(CO),] in benzene in the 
presence of 2 equivalents of diphenylacetylene yields the metallocycle (20) 

Ph 
Ph 

‘-3~ Hf 3: Ph 

Ph 

as the sole organometallic product. I(~-CsH,),Zr(CO),] undergoes an anal- 
ogous series of photochemical reactions [loo]. 

Reactive di(cyclopentadienyl)bis(phosphine)zirconium(II) complexes 



[(~-C5H,)2ZrL2] (L, = (Ph2PMe),, (PhPMe2) , dppe or dmpe) have been pre- 
pared by phosphine-induced reductive elim’ F ation of methylcyclohexane 
from the alkyl zirconium hydride [(r&H5 zZr(CHzC&III)H]. The [(Q- 
C,H&ZrL,] eomplexes react with CO (eq d . (14)) and diethylacetylene (eqn. 
(X5)), and they undergo very rapid oxida&e addition of MeX (X = OS02F, 
Cl or I) (eqn. (16)). They reversibly metallate aromatic soIvents to give aryI- 

(15) 

zirconium hydrides, which are not directly observable but can be trapped by 
reaction with propanone (eqn. (1’7)). Thermal decomposition of f(n-C,H,)2- 

[(a-C,HJ,ZrL,j -L pt-C&Z’L~ 

( t - PPh2Mc) 
+ 1 

II PhMr 

-L 

Me&=0 n 

(17) 

ZrL?] (L = PhzPMe or PhPMe2) involves loss of 1 equivalent of phosphine 
and 0.5 equivalents of Hz and results in formation of the diamagnetic, 
dinuckar Zr(II1) complex (21) [lOl]_ 

Reduction of [ ZrC14(dmpe)2] with sodium amalgam in thf in the presence 
of excess 1,8cyclohexadiene affords the Zr(I1) complex [ ZrH($-C,H,)- 
(dmpe)2]. This compound is thought to r ;sult from reduction of [ZrCL- 
(dmpe),] to the Zr(O) frag ment [Zr(dmpe)J, followed by insertion of 2% into 
the C-H bond of an ahylic methylene group of cyclohexadiene. [ZrH($- 
C&IT) (dmpe),] is an efficient catalyst for the disproportionation of cyclo- 
hexadiene to benzene and cyclohexene [lOZ]. 
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unsaturated [ Zr(rl_C,H,),(dmpe)] and free dmpe. The dimer reacts with CO 
at -45” C in toluene to give the yellow; thermally unstable [ Zr(q-C4H,),- 
(dmpe) (CO)], which loses CO on-warming in vacua. The resulting [ Zr(q- 
C,H,),(dmpe)], isolated as a violet crystalline solid, forms (in solution at low 
temperatures) brown add&s [Zr@-C4H&(dmpe)L] with L (= PMe3, PMezPh 
or PfOMe),). Equilibrium con&mix and the~odynamic parameters for 
adduct formation have been determined by NMR. In arene solvents, [ {Zr(q- 

C,H,),(dmpe))ztCr-dmpe)l is a catalyst for the hydrogenation of atkenes and 
aikynes f 102,105]. 
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