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3. ZIRCONIUM AND HAFNIUM
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INTRODUCTICON

The 1980 iiterature on zircomiun and hafnium covers a hroad spectrum of research
ranging from organic chemistry at one extreme to solid gtate physics at the other.
This review attempts camprehensive coverage of the coordination chemistrxy of
Zirconium and hafnium; organometallic and solid-state aspects of the chemistry of
these elements are treated selectively. Tor a comprehensive treatment of the
organametallic chemistry, the reader is referred to the anmal reviews by Labinger in
the Journal of Organametallic Chemistry; a review of the literature for 1979 has
appeared during the past year [1j. On the solid state side, Corbett has reviewed the
structural chemistry of reduced binary halides of early transition metals, including
such compounds as ZrCl, ZrCl,, ZrgCl;, and ZrC3; [2]. Other reviews that have
appeared during 1980 deal with metal atam synthesis of zercvalent arene compounds [3],
the chemistry of organoimido (NR) campounds [4], and the mechenisms of reduction of
carbon monoxide by zircomiun hydrides [5]. _

The present review covers the major jouwrmals for the 1980 calendar year and the
lesser known andfor foreign journals for the perlod covered by Chemical Ahstracts,
Volune 91, Nurber 21 thrcugh Volume 93, Number 18.

0010-8645/82/0000—0000/405 .50 © 1982 Blsevier Scientific Publishing Company
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3.1  ZIROONIUM(IV) AND HAFNIIM(IV)
3,1.1 Halide complexzes

The ethylenediammonium fluorozirconates [enH:](ZrFs)q .HaQ, [enH:1(ZrF:} and
[enH, }, [2rFr ]; . 2H:0 have been prepared in eguecus solution by reaction of variocus
molar ratios of (enH; ]JF: .HF and HaZrFs.2H:0. 'These canpounds have been characterised
by chanleal analysis, X-ray diffraction, IR spectroscopy and TGA. On the basis of the
IR and X-ray studies, the authors believe that [enH,](2rFs):.Hi0 probably has a
polymeric structure in which the zirconium atoms are bridged by fluorine atoms,

{enH, ](2rF¢) contains dinuclear [Zr,Fi»1%" anions in which two pentagonsl bipyramidal
{ZrF,}3" groups share a cammon edge, and [enH;]:[2x¥F;]; . 2H,0 contains discrete
mononuclear [ZrF;]3" anions [8].

Solid state reactions of BaF; with ZrF, at 400-880 'C afford several new phases 1in
addition to the already known polymorphic forms {a and 8) of BeZrFs. The new phases
include a- and 3-BaZr,F,., BasZrF;s, Bagss2rossFzze , ahd two non-stoichelametric
pheses, Be, ZrF, . (0srs0.10) and 354_32.r2+z saF10 (0<250.232) {7]. The iletter
phase has a structure in which the Zr” lons are surrcunded by eight fluoride icna
at the vertices of a distorted bicapped trigonal prism. The Zr-F distance to one of
the capping sites (2.288 &) is appreciably longer than the other seven Zr-F distances
(2.00~2,09 ) [8]. in the SrF,-MF, (M = Zr or Hf) systems, the following compounds
heve been identified: o- and B-SrMF;, a— and A-SraMFs, and SrsMF;, [9].

X-ray diffraction studles have shown that lanthenlde fluorides react with HfF. at
800 "C (150-200 h annealing time) to give compounds having campasition LaFs.nHEF,
{n=1,2ar 3), 1:1 compounds, LoHfF;, are cbtained for all of the lanthanides. The
lighter lanthanides {ILn = La-Nd) form, in addition, ccmpounds of camosition
LaHf,F;;, while the heavier lanthenides (Ln = Sm-Lu) and yttrium give compounds of
the type Ln{HfFs};. Lattice parameters have been reported for LnHfF; and Ln(MFs)s
{M = Zr or HI) {10].

The ¢rystal structure of Mn2rFe.5H.0 has been refined from neutron and X-ray data
in order to locate the hydrogen stoms and define the system of O, ..F and 0-H...0
hydrogen bonds. The zirconium atars are surrounded by s triangular (D2 d) dodecahedron
of eight fluorine atams with the {ZrFy} groups being linked into infinite chains by
sharing of the dodecahedral az edges. The Zr-F bonds to the dodecahedral A sites
(r = 2.21 k) are appreciably longer than thoge to the B sites (¥ = 2.03 &) [11].

A mass spectrameiric study hes shown that the saturated vapour in the NaF-ZrF,
Bystem containg not only the pure campanents but also the complex molecules NazZrFs,
NaZrFs, (NaZrFs);, and NaZr,Fs[i2}. The negative ions [HfFs]™ and [Hf,Fa]~ have been
detected in a mass spectrametric study of the saturated vapour of the KF-HfF,
system [13].
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Zirconhum{IV} chloride reacts with benzofurcxane (1) and 3,4-benzoguincline {(2)

i @
/H\
"y /o @ O
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1 (3

to give solid [2rC1,1;] addusts’ that have been assigned octehedral oig and trame
structures, respectively, on the besis of the mmber of v(Zr-L} or v(Zr-Cl) banxis in
their IR spectra [14,15]. The benzofurcxans ligand 1s attached to the metal through
the mcyclic cxygen atam {14]. With 5,68-benzoquinoline (3), an insoluble ZrCl,L

Do

{3

adduct has been obtalnad; the IR spectrum of this 1:1 camplex suggests a chlorine-
bridged polymeric structure [18]. The remction of 2ZrCl, with triphenylphosphine
sulphide in benzene at reflux also affords a 1:1 adduct; this compound has been
assigned a dimeric y;-Cl bridged structurs, {(PhyPS)CL:Zr(u-C1)22rC13(&Phs)), on the
basis of molecular weight, canductance and IR data {17].

Raman spectra of ZrCl,-PCls mixtures reveal the presence of at least one
chlarozirconete( IV) species in eddition to {2rC1s]¥”. The new Ramen frequencies
have been attributed to [ZrCls]”, which 1s formed as a result of equilibrium (1) {18].

(2rC1:}2" + [PC1,]Y e {2xC14]” + PCLs Q)

The electrochanical reduction of 2rCl, in AlC1,-KC1l, AlCls-NaCl, and A1C1,-KC1-NaCl
eutectics has been studied by Basile et al. [18].

Hefnium{IV} bremide and jodide react with excess trimethylamine in o sealed system
to glve [HIX,(MMe:),) adducts that have been assigned a trana-octahedral structure
on the basis of single, intense w(Hf-Br) and v(Hf-I) IR bands at 280 and 1€5 cm'l,
respectively. Benzene solutions of [HfX.(NMes)2] (X = Cl, Br or I) are useful
precursors of other [HfX,L,] camplexes which are difficult to prepare by direct
reaction. For example, addition of thf to a benzene solution of {HPCL, (Mo )2 ] gives
irmediate precipitation of trans-{HfCl.(thf).] [20].
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Organozirconium and organchafnium halides can be synthesised by electrochemical
oxidation of the metals in a cell containing an organic halide RX (R = alkyl or arvyl;
X =¢1i, Br or I), The products are conveniently isolated as Me(N or 2,2'-bipyridine
adducts; the most comrnly isolated products are [RoMX.ls] (M = Zr or Hf; L = MeCN
or ibipy) [21].

Several spectroscopic studies of [{cp);MI1,] compounds have appeared during the
past year. Far IR and Raman spectra of solid and gaseous [(ep):MCl;] (M = Zr or Hf)
have been reported; ring and skeletal vibrations have been assigned, and barriers to
restricted rotation about the M—cp bonds have been determined [22,23]. H and *3C
chamical shifts have been published for a series of bis{alkyl-substituted
cyclopentadienyl )zirconium( I¥) dichlorides, [{n®-RCsH,);ZrCl;] and
[(n5-RR'CsH; ),ZrCls |; the 2°C chemical shifts can be predicied on the basis of
additive contributions fram the alkyl groups {24], He-I and He-II photoelectron
spectra have been reported for [(CsMes).ZrCl,]; the specira exhibit two low-energy
bands assignable to ionisations from MO's with dominant cp(r) character and a group
of higher energy bands assignable to ionisations from M3's with deminant C! 3p
character {25].

The cyclic voltenmogram of [{ep)aZrCl:] in thf-[BusN][PF¢] at a carbon electrode
provides evidence for reversible electrochamical reduction to [(ep).ZrCl:} [26].

3.1.2 Complexes with O—doror ligands

In this section, campounds are discussed in order of increasing complexity of the
g—donor ligand. Oxametal camplexes are considered first, complexes with momodentate
ligands next, and complexes with polydentate ligands last. Discussion of complexes
with polydentate ligasnds that contain other donor atoms in addition to oxygen is
deferred to later sections dealing with the other elament.

Oxozirconium{ IV} triphenylphosphine oxide and tetramethylene sulphoxide complexes
of the type [ZrOL:X:] (L = PhiPD or tmsc; X = C1, Br or ND3}, [ZrOLs )72, and
[2x0OLs ](C10w }; bave been prepared by reaction of Phi;PO or tmso with a methanol
solution of the appropriate zirconyl salt. Molecular weight and conductance
measurements in nitrobenzene indicate that the [2r0ls.X:] camplexes are monameric
nonelectralytes, while the [ZrQL, ]I, and [ZrOLe }{C104]: complexes are 1:2 electrolytes.
The thiccyanate complex [ZrOL,(NCS},] is 2 monomeric nonelectrolyte when L = Ph,PO,
but appears to have the more complex formulation [{ZrQOL,(NCS)},][NC2], when L = tmso.
IR spectra of these campounds indicate that (i) Fh,PO and tmso are attached to
zirconimm vig the oxygen atam, (ii) nitrgte behaves as a bidentate ligand, (iii)
perchlorate is ionic, and (iv) when thiocyanate is attached to zirconium, it is
coordinated through the ¥ atom. A weak IR band at 900-960 an ! has been attributed
to w(Zr=0), and the coordination number of zirconium in these compounds has been
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assigned as five or seven [27,28]. In view of the rarity of both five—coordinate
zirconium and the Zr=0 group, the structures of these compounds should be investigated
by Z-ray crystallographic techniques.

ZrOC1(OCHMe; ) . 2CHMe,0H reacts with nitrogem and oxygen bases (L = py, quin, bipy,
dmf, dm or phthalimlde) to give adducts of the type ZrOCL{O0CHMe,).L; with L = dmso,
the product is 2ZrOCl(OGMe: ).3dmso. The corresponding dialkoxides ZrQ{CR)..ROH
{R=Ma, Et or (Me; } fail to react with these bases. The Zr0C1{OHMe;}.L adducts
are nonelectrolytes in nitrobenzene. They exhibit a fairly intense IR band at
650-660 an * that is probably due to bridging Zr-0-Zr groups [29].

Bis{benzeneseleninato)oxozirconium(IV) camplexes, ZrQ(0,3eC.HX), (X = 41, 3-C1
or 3Br) and ZrO(C;SeCeH,~3-N0; ), . 2H,;0, have been synthesised in aquecus solution by
reaction of a 1:4 molar ratio of Zr{NJ3;), and the sodium salt of the ligand. IR
spectra indicate an 0,0'-bidentate attachment of the 0:SeCsH,X ligunds and an
oxo-bridged polymeric structure. The presence of just one v(2r-0-Zr} IR band
(739-750 an ') and two v(Zr-O) bands for the bonds to the 0;SeCeH,X ligands (405-504
an ) suggests a trans-octahedral enviromment for the zZirconium atam {30}.

Thiomalic acid, HOOCCHCH{SH)ODCH reacts with MOCY; (M = Zr or Hf) in agueous
solution to give insoluble 1:1 complexes of composition M C.H,0,5).4H.0. IR spectra
suggest bidentate coordination of the carboxylate groups and indicate that the SH
group remains intact and relatively unperturbed by complex formation. The
M C,H,0,8) . 41,0 camplexes are believed to be polymeric, but no unambiguous
assigmment of v(¥-O-M) frequencies could be made [31].

Two forms (1liquid and crystalline} of zirconium isopropaxide have been shown to
exiet, and their physicochemical properties have been investigated. Upon desolvation
of solid Zr(OCHMe:)s .CHMe,(OH at 90-120 °C and 1 Torr, Zr(0CHMe:)s is obtained as &
viscous, slightly yellowish, extremely hygroscopic liquid, b.p. 160 °C)‘0.1 Torr.
This liguid does not solidify on standing for one year. However, when liquid
Zr{0C¥e; ) is treated with GMe:(H, heet is evolved and a powder is deposited, which
also analyses for Zr(CCHMe:)s, . Upon recrystallisation from CS; , the Zr(OCMe;). is
obtained as fairly large crystals, m.p. 135 oC; the crystals end the powder have
identical X-ray powder patterns. When solid Zr{OCHMe:), melts, a non-crystallisable
liquid is formed which has an IR sp&:tnm identical to that of the liquid
Zr(OCHMe, ), obtained by desolvation of Zr(OCHMe,),.OMe,C(H. IR spectra of the
liquid and crystalline forms of Zr{OOMe,), differ only slightly in the w(Zr-0)
region. The existence of two forme of Zr(00HMe;), is presumably due to a difference
in molecular camposition; attempis to determine the degree of association by
cryoscoplc measurements were unsuccessful owing to the extremely high hygroscopicity
of Zr{OCHMe,), solutions {221.

Conductometric titration of ZrCl, with K[CPh] in nitrobenzene has indicated the
formation of Zr(CPh),, ZrCl,(CPh), and 2rCl,{(Ph),, which have been isolated and
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characterised by chemical analysis. The Lewis acidity of Zr(QPh), and ZrClz(Cl’l'l)2
has been egteblished by isolation of adducts with py, bipy, phen, and thelr r-oxides

[33].

The reactions of Zr{CCHMe,),.CHMde,(H with hydroxy esters (4)-¢8) in 1:1, 1:2, 1:3
or 1:4 polar ratios in benzene at reflux afford light yellow to brown, viscous

H O Y R i
R—(!‘J-C}Iz-({'.!-{]-]t )y <L

R “_OIIZr{OCHHez)‘_n
{d; R ca"n’ R' = H) Et0 A

{5; R

(B; R =

Ph, R' = H)
Ph, R’ = Me)

{(F; n=1,2,2 or 4}

1iquid complexes of the type (7)), where the value of n depends on the stoichelcmetry
of the reaction mixture. These compounds heve been characterised by chemlcal
analysis , IR and :'H NMR spectroscopy. They are monomeric in bolling benzene, which
indicates that the zirconiun atam has a coordination mmbar of five, six, seven or
elght when n 1s 1, 2, 3 or 4, respectively. The camplexes that contain (CHMe,
groups can be converted to the corresponding tert-butomide derivatives by reaction
of (7} {n =1, 2 or 3) with Me,0H 1in benzene at reflux [34].

Zireonlum(IV) camplexes with the potentially tridentate 3-cyancpentane-2,4-dionate
ligend have been prepared by reaction of ZrCl, with 3-cyanopentane-2,4-dicne in
dichloromethane. Di-, tri-, and tetra-substituted products, ZrI..n01 it (L = 3-{Nacar;
n =2 3or4), were isolated depending on the stoichelametry of the reaction
mixture, The cyclopentadienyl derivative [{cp)ZrLl;] was obtained fram the reaction
of [{ep)2ZrCl:] with a benzene solution of 3-cyanopentane~2,4—dicne and triethylamine,
IR spectra of these complexes show that the 3-CNacac ligands are coordinated to the
metal through both oxygen atams, However, in Zrl,Cl; and Zrl,;Cl, the cyano group of
ohe 3-(Nacac ligand appesars to be coordinated as well; this ligand bridges to a
second zireonium centre. 1H MR spectre of ZrlaCl,, ZrlsCl and [Zrl,} at 35 °C in
OXCly exhibit a single methyl rescnance, indié.ative of stereochemical non-rigidity,
In comtrest, [(cp)2rLl;] shows three methyl resconances, consistent with a pentagonal
bipyramidel structure in which the methyl groups of the equatorial ligands are
undergoing rapld exchange [35]. Similar kinetic behavicur has been cbserved for the
corresponding [Zr(acac)ﬂCli_ﬂ] and [(cp)Zr{acac),] complexes [36-38],

Benzoylacetonate, dibenzoyimethanate and 8—quinolinolate complexes of the type
{cp}BrlX (L = benzac, dbzm or 8-0-quin; X = Br or (Ph} have been syrnthesised by
reaction of the acid form of the 1ligand HL with the dizirconoxanes {{{cp);ZrX},0]
[38].
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The diethylammonium salt of the tris(tetraphenyldisiloxanediolato)zirconate{IV)
anlon (B) has been obtalned in very low yleld frum the reaction of Zr(NEt,), with

— - 2=

O—B:L:\
2r /0
0 —si;
{ e
Ph

(8}

diphenylsilanediol in thf. The ligand results, under the baslc reaction conditiomns,
frvm condensation of two Ph, 81((H), molecules. Anion (8) has an octahedral
tris-chelate structure with a twist angle (46.8 °) that indicates some distortiaon
towards a trigonal prismatic gecmetry [40]. '

Zirconium(IV) trichlorcethancate, Zr(CCl,00;),, has been prepared by reaction of
Z2rCl, with an excess of hot trichloroethanoic acld. With py, pyNO or Ph,BO,
Zr(CCLls00; )y behaves es a lewls acld, forming Zr{CCl,00, ), I, adducts. The IR spectra
and the low solubility of Zr{CCl; ) ), and its adtucts suggest that these camplexes
rey be polymeric [41].

Zirconium(IV) alkyls of the type ZrR,Cl, (R = CH,SiMe,) or ZrR, (R = CH,SiMe, or
(H:Mey) react with nitrogen oxlde, NO, to give the aslx- or eight—coordinate
N-alkyl-¥-nltroechydroxylaminate complexes (8) or (10), respectively [42].

R ' R
0-..._“/ 0"'-..}:/
Clzzr } 2r |
) O#N O#H
2 4
(8 {10}

Carbonylation of [(cp)22rR; ] complexes at low temperatures evidently inwvolves OO
attack at a lateral, rather than an interlor, coordinpation site since the klnetic
ingertion product is the ni-acyl complex (11) that has the oxygen atam in e lateral
site {equation (2)}. Subsequent iscmerisation of (11) gives the thermodvnamically
favoured isamer (12), which has the oxyren atiam in the interlor coordination site.
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cp cp
\ R \ R
2r—C0 —» Zre—0
/ \R / \c/)
cp cp N\
¢ < R
\z __R (12)
;
/ TR A (2)

cp
\ cp cp

\ R \ R g

Zr—R —_— e —c
/ \Co / \0//

(1)

Isamers (11) and (12) are separated by a substantial energy barrier when R = aryl
(8G" o 65 kJ mol™* at ca. 60 °C), but a smaller barrier when R - Me (AGT o 47.7

kI ml™! at -123 °C) [43]. Equilibrium constants for insertion of O into
{{cp)2ZrieX] {equation (3)} decrease in the order X = Me > C1 > OEt. This result can

[(cp)e2rMeX] + 0 === [(cp)22r{C(O)Me}X] (3)

be understood in terms of competition between the m-donor orbitals on X and the
axygen donor orbital of the n’-ethanoyl group {44].

A new type of fluxional process {equation (4)} has been reported for the dinuclear
airconium complex [(cp),CIZrOCHREXCI(cp)e] (13; R = GH,EH ). 'H and “c Nm
studies indicate that the rearrangement involves simultaneous exchange of (i) the
inequivalent (ep).Zr groups, {ii) the diastereotopic methylene protons of the
cyclohexylmethyl group, and (iii) the diastereotopic carbon atams in the cyclohexyl
ring. The proposed mechanian features a CS transition state, (14), with a bonding
pattern which resembles that of the nz—carbonyl unit in mononuclear acylzirconium(IV}
complexss. Passage through this transition state effects simultaneous exchange of
the O- and C-bonds to the two zirconium atoms and inversion of configuration at the
asymwetric carbon atam [45].

3.1.3 Orides, mized-metal orides and vzyanion salts
Phase transformations in ZrQ, and EfO, have been investigated in the pressure

range 80-300 kbar at eq., 1000 °C. Zr0; and HfO, transfomm to a cotunnite—type
structure (orthorhambic, space Eroup Prmb} at pressures greater than 100 and 150 Khar,
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¢
cp ® H o R
\ / \/
\ AO—Zr—=cp cp / cp
CpmmZr—(C* —— \\Zr"" ) "Zr’/
/1w« ep ] 0 [ “Sep
Ci R Cl Cl
(13) (14)
CH CH 1[ @
H 2— .
A \z
Hoo\ cp
cp——Zr—-o\ ,I P
C'——Zr-—cp
Ci H” !
R Cl
y
(137)

respectively, and are the first oxides known to adopt this structure. At 1000°C or
below, it is suggested that the sequence of high-pressure polymorphism in both ZrO,
and HfO» is baddeleyite {momo:zlinic) -+ tetragonal + cotunnite with increasing
pressure; the coordination number of the metal iocm in these polymorphs increases
from seven to eight to nine [48].

The X-ray crystal structures of several mixed-metal oxides have been published
during the past year. The structure of K,ZrsO;, contains zirconium(IV) both
octahedrally and trigonal prismatically coordinated by osxygen. It consists of
perovskite-like layers (three octahedra deep} with sheets of hexagonal rings of
edge-shared trigonal prismatically coordinated zirconium ions inserted between every
third and fourth layer of the perovskite-~like structure. The trigonal prisms are
face-shared to octahedra above and below [47]. BaQZriniSli)s has a tetragonal
perovekite structure with an ordered distribution of the vacancies [48]. UZr Fo,,
crystallises in an ordered excess-anion flucrite-related structure {49].

The standard enthalpy of formation of anhydrous Zr(CLO, ), at 25 °C ( ﬁH; =
-723.1 £ 1.7 kJ mol > ) has been determined by calorimetric measurements [50].
Alekseeva et al. have reported equilibrium constants for the formation of
cuter-sphere and irmer-sphere comlexes of zirconium(IV) and hafnium(IV} with
sulpnate at 25 C, pH 1-2, and metal ion concentrations of 107% 1076 ¥ ; under these
conditions hafnium{IV)} forms 1:1 and 1:2 imner-sphere conplexes, [Hf(CH}2(S0,)] and
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[HE(CH)(804 )21 , while zirconium(IV) forms anly & 1:1 camplex [5i}. A thermal
study (‘TGA, DTGA and DTA) of crystalline hydrates of zirconium sulphsete,
2r(80, )z .nH20 (n = 3.5, 4.0, 4.5 or 5.5), suggests that these campounds should be
formilated as monchydroxo camplexes, Zr(CH)(HSO,}(80y).{(n~1}H,0, and that they
decompose thermally according to the scheme set out in equation (5) {52]. An X-ray

Zr(CH)(HSO0, ) (S04 ). (n-1)H0 —S2=1IH20 o o cpty (HS0, ) (804)

=-3H;0 1Zr,0(HSO: )2 (S0: )2 _-—"'HL AZrz0(8207 (804 )2

e ZrO(90.) —8 . 700, (5)

diffraction study of the double sulphate HE(SO, )a.3NR2S0, . H,O shows that the structure
containg [HE(30,)s(CH;}}®" anions connected by Na* cations and hydrogen bonds. The
hafnium atam 1g surrounded by elght oxygen atoms from two bidentate sulphete groups,
three mohodentate sulphate groups, and the water molecule; r{Hf-0) = 2.10-2,33 A.

The geametry of the {HfO,} coordination group does not closely approximate to any of
the camon eight-coordination polyhedra [53].

IR and Raman spectra have been reported for ZrP»0r, and a normml coordinate
analysis has been carried cut assuming that the [P20;1%" ion has D,, Symetry. The
exclusion rule applies, indicating that [P,0; }4-' is centrosymmetric; sgreement
between the cbserved and calculated frequencies is satisfactory {541,

Crystalline zirconlum(IV} phosphates continmue to be of interest as inorganic ion
exchangers. This area 1s beyond the acope of the present review; however, soveral
leading references to the synthesis [55,56) , reactivity [57,58], dehydration [59],
thermodynamic properties [60], and ion exchaenge behaviour [61-64] of these materials
are noted.

ZrO(03}.2H,0 has been synthesised under high pressure by reaction of hydrous
Zr0, with (D, (4000 atm) at 150 °C [65]. The formation of zirconium~carbonate
complexes 1n agueous solutions of zirconium{IV) sulphate and sodium carbonate has
been studied by pH titration end IR spectroscopy. Evidence is presented for the
formation of {Zr(Q)2(Ms)1*", [Zr(OH)(0:)s1%" and [Zr(00;). 1% {66].

3.2.4 Compleres with S-donor ligands

2rXy (X = F or Cl) reacts with the sodium salt of piperazine-1,4-dicerbodithicate
to glve camplexes of composition ZrF,{S,CN(CH,CH,),NC(S)SH}, and
Zr2Cle {5, ON(CH,(H, },NCS, }, respectively [67,68]. On the basis of IR evidence, the
flucride complex has been assigned a trans—octahedral structure in which one CS;
group of each piperazine-1,4-dicarbodithionte acts as a bidentate ligand while the
other CS; group is attached to a proton [67]. IR spectra indicate that the
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piperazine-1, 4-dicarbodithicate bahaves as a tetradentate llgand in the chloride
complex [68], Agqueous solutions of MOCl; (M = Zr or Hf) react with dithiocarbamate
1ligands to glve compounds of carmpoaition lD{SzQIBz)z.ZHzO; these complexes appear to
contain bidantate dithlocarbamate ligands, but their structures are unknown [69].
Fve-coordinete cyclopentadienyl ¥-aryl-substituted dithiccarbamato conplexas of
the type [(cp):Zr(8:QHAr)C1] have been prepared by reaction of equimolar amounts
of [(cp)22rCl.] and anhydrous [NH,}{S:QNHAr] in dichlorcmethane at refiux. These
complexes are roaoreric nonalectrolytes in solution, and IR spectra indicate
bldentate attachment of the dithiccarbsmate ligands, A trigonal bipyramidal
structure with the twe cyclopenmtadienyl ligands in ¢rane positione hag been suggested
an the basis of a single cyclopentadienyl ‘H MYR rescnance (70]. However, such a
gtructure is unlikely; a single—cryatal X-ray study has established that the
corresponding [(cp)Zr(S:0NEt,)CLl] complex hes the expected bent metallocens
structure (15y [71].

cp\ ,Cl
z:’—-a .
/N
cp

{15}

Seven-coordinate [(cp)H(S:(NBz)s] (R = Me or BEt) complexes have beem synthesised
in boiling CHzCl: or thf by reaction of [{cp):HfCl;] with three equivalents of
anhydrous NalS:QR:]. These complexes have been assigned a capped octahedral
geanetry on the besis of two equelly intense methyl 1H NMR rescnances for
{(cp)HE(S:OMe2)s] [72]. A capped octahedral structure is unlikely in view of the
steric bulk of the cp ligand and the established pemtagonal bipyramddal structures
of the analogous [(cp)Ti(S:(WMe2):] and [(op)Zr(5:(Me:)s] conplexes [73,741. In
support of a pentagonal bipyramidal structure for [(cp)Hf(S:ONMe;)};], we note an
unpublished report {75] of a higher resolution 4 RR spectrum which exhibits three
methyl rescnances of relative intemsity 2:1:3. Moreover, the resonance of relative
Intensity three exhibits saome asymmetry, in accord with the 2:1:2;1 intensity
patterm expected for a pentagonal bipyramidsl structure.

New [{cp);¥8:] (M = Zr or Hf) camplexse have & six-membered chair conformation
similar to that reported previously for M = Ti, 'H NMR studles show that the
barriers to MSs ring inversion {equation (8}} decrease as M varles in the order
T™ > Zr > Hf, The [{cp):MS;] complexes are best prepared by reaction of [(ep)MC1,]
with 14,5, and sulphur {761.
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HOS has g cubic structure in which the hafnium atam is attached to three oxygen
atoms {r(Hf-0) = 2,078 A} and four sulphur atoms {r(Hf-S) = 2,706 & (3x) and 2.593 &
{1x}}. The {HfO.S5,} coordination polyhedron is a monocapped octahedron with one of
the sulphur atoms capping a face bounded by three oxygen atoms [77]. Binding
energies of the metal and sulphur core electrons in ZrS;, NbSps and MoS: have been
measured by X-ray photoelectron spectroscopy. The results indicate that the ionic
character of the metal-sulphur bond decreases in the order ZrS: > NbSys > MoS, [78].

3.1.6 Complepes with W-donor ligands

The chlorotris(silylamido)- camplexes [MCI1IN(SiMe;):};] (M = Zr or Hf) have been
prepared by reaction of MCl, with an excess of Li{N{SiMe:):]. X-tay and MMR studies
indicate the presence of considerable steric crowding in these canpounds due to the
bulky N{SiMe;); ligands. In the solid state, the [MC1{N({SiMe;):}s;] complexes have
crystallcographically imposed C3 symmetry and a distorted tetrahedral geometry
{r{(Zr-C1) = 2.394 &; »(Zr-N) = 2.070 &; r(HfC1) = 2.436 &; r(Hf-N) = 2.040 &}.
Crowding is evidenced by CI-M-N being 10-13° less than N-M-N and by M-N-Si proximal
to C1 being 8-10° less than M-N-Si distal to Cl. TH NMR spectra, which exhibit two
equally intense resonsnces below the coalescence temperature of 4-5 °C, are
interpreted in terms of restricted rotation about the M-N bonds. A higher
conlescence temperature in {TiCL{N(SiMes),},] (34 °C) is consistent with less
congestion in the zirconium and hafnium complexes than in the titanium campound [793.
A convenient method for the preparation of analogous halo- and pseudohalo- hafnium
camplexes [HEX{N(SiMe3):2}s] (X = Br, I, [N:] or [(N]) utilises the reaction of
[HfC1{N(SiMes;)2};] with trimethylsilyl balides or pseudohalides {equation (7)}}.

[RECI{N(SiMe;);) ;] + Me SiX —e  [HFX{N(SiMe;)o}ai]l + Me:SiC1 (7)

Isplation of the product is trivial since Me;8iCl can be removed in vacwun and the
product crystallised from toluene or dichlorcmethane [80].

The alkylchlorobis(silylamido) complexes [HfRC1{N(SiMe,),},] (R = Me,0CH, or
Me,5i(H,) and unsymmetrical dialkyibis(silylamido) complexes [HIRR'{N(SiMe;}z},]
{R* = Me or Et)} have been synthesised in pentane—diethyl ether sglution {equations
{8) and (9)}. The trimethylsiloxo derivative [Hf{(SiMe,)CI{N{(SiMe,;),},] has been
obtained by reaction of [HfClz{N{SiMei):}z] with Na{OSiMes], and has been converted
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[HECL, (N(SiMes)o1.] + IMeR, — [BERCL{N(SiMes)o1.] + MeCl, (8}
[HfRC1{N(SiMes).}2] + iMgRZ —=  [HERR'(N(SiMe;)2}.] + #MeClo  (9)

to [Hf(QSiMes)R'{N(SiMes);},} by reaction with Mghj (R' = Me or Et) [81].

Imido complexes of the type Zr'(OC![-lltiF.-z}4_?‘(1*11-10.'1!5{)?‘I {n=1,2 30r4d; R=Me, Ph
or CsHuN) have been prepared in quantitative yield by reaction of Zr(0CHMe; ), . CHMe,(H
with stoicheicmetric amounts of acetamide, benzamide or nicotinamide. These
campounds are insoluble in comon organic solvents, nonvolatile, and probably
Folymeric. IR spectra show unperturbed v(C=0) vibrations, indicating that the NHIXR
ligands coordinate through the nitrogen atom {82]. An X-rey study of
[Zr{(MMe; ).SiMe, )}, ] has established a spirocyclic structure of approximate D,
symetry with planar {Zm¥zS7} rings {r(Zr-N) = 2.053 &; N-zr-N = 77.9°} [83].

The pyrrolyl cmplexes {(cp)2Zr(n?-NCyHy )2} and {Na(thf)s ], [Zr{n'-MC4H. )s ] have
been prepared by reaction of [(cp)2ZrCl:] with (pyrrolyl)sodium in thf at Toan
temperature and at reflux temperature, respectively. These compounds have short:
Zr-N bond lengths (2.169 and 2.188 A, respectively) and Zr-N-(centroid ni-NC,H.)
angles near 180° (~164° and 179°, respectively). Both features point to
considersble d -p, character in the Zr-N bonds. [{cp}EZr(n‘A-mqu.}z} exhibits
distorted tetrehedral geometry about the zirconium atcm (N-Zr-N = 95.7°;

(centroid cp)-z}-(cmtmid ep) = 128.5°), while the [Zr(n'-NCuHy)s1% ion is
octahedral with N-Zr-N angles near 90° [84].

Schiff base camplexes of the type [(cp),ZrCI(LY], [(cp).Zr(L),1, [{ep).Zr(L'}],
[{ep)2Zr(L) ] and [{({cp),ZrCl}, (1) ] have been synthesised in thf by reaction of
stoicheiametric amounts of [{ep}.ZrCl,], triethylamine, and any one of several
bidentate (HL), tridentate (H,L') or tetredentate (H,L'") Schiff bases; an example
of each type of Schiff base is shown in (16)-(18), On the basis of elemental

Me
OH
H H / OF HO
—N OH
N\ Me — N N _
H Ph H H

{16; HL) (17; HzL‘) {18; HzL")‘

analysis, molecular welght and conductance measurements, and 1R spectra, these
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campounds have been assigned the five— and six- coordinate structures (19)-(23) in

cp N
\, R 43 D
z:;— N Zr< Zr—1H
/ No) /N o
cp cp Q cp
(18} (20} (21)
=
p\ ) CP\ P L /cp
/zr\._:- N) /Zr:-\—- ?) &—-/—zr
N N N
cp 0_) op \\cp
(22) {23)

which ell of the oxygen and nitrogen atoms are coordinated tc the metal [BS5].
Anelogous [({cp),2rCi(L)], ({cp):Zr{L).} and [(cp).Zr{L')] complexes containing
NS-donor bidentate and O¥S-doncr tridentate Schiff base ligands derived from
S-methyl-dithiocerbazate, for example (24) and (28), have been prepared by the same

Me
Ph., Oty H
20 2{ 7 OH
N ;1

SMe — SH

Ma r{N=<
SMe

{24; RHL) (28; H_LY)

&

procedure [86], X-ray structures of the [(cp)aZr{L}.] and [{cp):Zr(L"}] complexes
would be of interest since these campounds have been formulated [BE] as twenty-
electron complexes.

Zr(OCtMe: ) .CiMe:(H reacts in benzene st reflux with a varlety of dibasic
tridentate Schiff bases H:L in 1:1 and 1:2 mole ratios to give complexes of the type
f{Zr(o0MMe: 32 (L}}2 ] and [Zr(L):], respectively. The Schiff bases that undergo these
reectiong include azines (26) [87), samlcarbazones (27) {88], thiosemlcarbazones
(28) (80}, and other S—containing tridentate Schiff bases (29) [90}; one example of
each type of ligand is shown in (26)-(20), Moleculer weight measurements indicste
that the [2r{L).] complexes are monomeric in solution, while the [{2r(OCMe;)z{L)}.}
snalogues are dimeric, Six-coordinate structures have been proposed in which [le-
behaves as an ONO- or ONS- tridentate ligend, for example (30} and (31) far the azine
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Me H NH2
(2a) ' (27; B = 0) (20
(28; E = 8)
O % (O, OCHMe, ChY
¥\ ‘_/_‘_..N N \/focrm%\_ //N
| _-tr ! | _-2r i [
N"/ \ ¥ N / — OCHMe,, \ j‘
\o 0) \0 Q
HGZCHO
(30} (31)

complexes. Alkoxide exchange reactions of the [{2r(OCHMe;),(L)}s] complexes with
aleahols such aa Me (OCH, 2-methylpentane-2,4-diol (CgH140:), or benzene-1,2-diol
{CgHsQ2} afford the Zr{CQ¥e;)z(L), Zr(CeH;20:){L) or Zr{CeH,0:){L} derivatives,
respectively [87-9C].

Mixed-1igand complexes [Zr{L){L')] that contain dinegative aniona of two different
ONO—-tridentate Schiff bases have been prepared in benzeme at reflux by reactlon of
g 1:1:1 mole ratio of Zr{OCHMe,),.CHMe(H, H;L and HyL' {91], A varlety of complexes
that contain the dinegative anlons of ONS-tridentate Schiff bases and SAVS-
tetradentate Schiff bases have been synthesised by resction of Zr{OCHMe, ). .CMe,(H
with benzthiazolines {92].

Zirconyl chlaride (or ethanoate} reacts in methanpl at reflux with tridentate
Schiff bases H;L (32) or (33) to give 1:2 metal:ligand complexes that have been

By KL

(32; EBL) {33; ll’L)
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formulated on the basis of elemental analysis, molecular weight and conductance
measurements, and IR spectra as seven-coordinate ZrO(HL):; complexes in which the
Schiff base behaves as a monobasic OWO-tridentate ligand [93,94]. Formulation as
Zr{(H;){L). camplexes seems not to have been considered. In view of the lack of
evidence for the existence of the Zr=0 moiety in zirconyl compounds, the structures
of these complexes should be investigated. Zirconyl chloride reacts with
2,6-dipicolinyl dihydrazine (H.dpdh) yielding a i:1 complex that has been formulated
as ArG{(H,).{dpdh) or Zr{(H),{H.){dpdh} (34). The free NH; groups of campound (34)

0 R

N—NH, N—/N=—=
HO, |
N-—Zr-—0OH, N—Zr— OH,

| Yon oH
N—NHy N— N ==

0 R’
{34) (35)

condense with the carbonyl groups of B-diketones affording compounds (35) that are
believed to contain twelve—membered macrocyclic ligands [95].

3.1.6 Complewes with P-containing ligands

ZrCly; reacts with P(NJD); in benzene and with P{(N}: in benzene—diethyl ether to
give ZrCl,{P(NOD),} and ZrCl.{P{CN},}, respectively {equation {10)}. These
ZrCl, + DXy == 2:C1,(PX,) + CIX (10)
or NI
coamounds have been obtained as scmewhat impure, very hygroscopic 'solids. On the
basis of IR evidence, the P(NCO): and P{CN}: ligands are believed to be coordinated
through the phosphorus atom [98].

The phospha- and diphospha-zirconocene dichlorides, (35) and (37), have been
prepared as air-sensitive solids by reaction of the corresponding
1-phospholylmagnesium bramide with (cp)2rCl, and ZrCl, , respectively {97].

Trimethylmethylene phosphorane reacts with [{ep)2Zr({R){(H)] (R = cyclchexylmethyl)
in toluene to give methylcyclohexane and a green, thermally unstable, air- and
moisture sensitive zirconium(IV) ylide hydride camplex [{cp).Zr{({CH;},PMe;}H]
{equation (11)}. Deuterium labeling experiments suggest that the mechanism of this

{(epyZriR)(H)] + veb-TH, — {(cp)22r{((Hz).PHe;}H] + ERH (11}



57

Me Me
j,Me ?,Me
\ .C \ _-Cl

ya

/ r\u /zr\u

S 2
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(38) 37

reaction {equation (12)}} invoives formation of an unstable eightecn-electron complex
(38) which collapses to a zirconium(II) intermediate (39) via reductive elimination

. ) /C.Elz-ﬁieg
[ep)oZr(Ry(ny] Mol (cp)Zr =R
H
{38)
-RH (12}

[{ep)Zr{{CH, ). P2 1H ] e {(Cp)zz_]:‘—a'lz-sﬂes-l
(39)

of methylceyclohexane; the zirconium(II) centre then inserts into the C-H bond of a
methyl group an phosphorus. [{cp)zZr{(CH:).PMe;}H] reacts with methyl chloride
vielding methane and the mnalogous ylide chloride complex [{cp):Zr{(CH:},PMe,}C1].
MME data for the hydride and chloride complexes suggest structure (40}, which

cp X

Br— CH
2\..

cp o, FMe,

(40; X = H or C1}
contains bidentate pbosphonium dimethylide ligands and Inequivalent methylene groups.

The hydride camplex is steredchemically rigid up to 85 °C, where thermal
decamposition is rapid, but the chloride complex 1s fluxional, with equivalencing of
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the methylene groups at ea. 50 °c (ﬂ.G* = 65 kJ ml_l). A mechaniam involving Zr-C
bond rupture has been suggested. In a slower process, [(ep)Zr{((H;):PHe,1C1)
isomerises at 50 "C to [(cp).Zr(CHPMes)C1] [98].

The sixteen—electron camlex [{cp);2r(CH,PPh;}C1] has been prepared as a pale
vellow, crystalline solid by recaction of [{cp};ZrCls] with PhoP(HsLi.tmen in thf
at —-78 °C. The structure of this complex is remarkable in that the formally
open-shell zirconium atam and the phosphorus atom avold interacting with each other;
the Zr—C-P angle is unusually open (130.1°), and the Zr...P distance is 3.75 &.
[{cp)zZr{CH,PPh,; )C1] reacts with {Cr{C0)s(thf}] and with [Fes:({(M},s] to give
[(ep)Zr{CI YCH PPhsCr{ 0} s ] and {[(cp):Zr{C1)Y H.PPh,Fe((D}, ], respectively, in which
the phosphorus atom complexes 10 a second transition metal. Analogous alkyl- and
alkenyl- complexes, [{cp):2Zr{CH:PPh,;)}R}} (R = CgHi7 or {(H:),CH=CH.}, have been
cbiained as impure, thermally unstable oils. The bis{phosphinamethyl) complex
[(cp)zZr{CH,PPh, ) } has been isclated as a stable light brown crystalline solid [991.

3, 1.7  Complexes with Si-domor Iigands

[(cp)2ZrCi{5iMe;)] and [(cp).Zr{SiMe;), } have been prepared by the reaction of
[{cp)2ZrCl: ] with {Hg(SiMe,).] in boiling benzene. [{cp).ZrCi(SiMe;)] is unreactive
toward hex-1-yne {55-60 “C) and CO (350 psi), but the Zr-Cl bond is cleaved by
electrophiles such as €1, HeCl, and AlC1, [100].

3.1.8  Hydride and borohydrids complexas

Hydrogenolysis of the M—-CH; bonds of [(Rep):MMe,] (M = Zr or Hf; R = Me, CHMe,,
Me; or CHzPh), [(B*cp)zMMe;] (M = Zr or Hf; R* = MeCHEt(H, or Ph(HEtCH; ) and
{{R*cp)(cp)HfMe; ] (R* = Ph(iMe) gives the corresponding achiral and chiral dihydrides
[(Rep)sMH, ], [(R*cp),MH,] and [(R*cp)(cp)HfH:]. The hydride ligands of [(Rep).HfH,]
can be substituted by a variety of other ligands, including halides, alkoxides,
carboxylates and SPh. The dihydride complexes are good catalysts for the
hydrogenation of alkenes, but the chiral dihydrides give only poor asymmetric
induction in the catalytic reduction of prochiral alkenes [101].

Low-temperature {-70 OC) IR measurements have revealed that the carbonyl
stretching frequencies of [(CsMes ) ZrHz{C0)]} (2044 cm_l), [{Cs (D3 ¥shZrDy (00} ]
(2044 an™') and [(CsMes ) HFH,(00)] (2036 an ') are ca. 100 am™* lower than w(CD) in
carbon monoxide. The unanticipated reduction of w(CD) upon coordination to a d°
metal centre has been raticnalised in terms of w-backbonding from the filled MH»
honding orbital of b: symmetry [102].

The vibrational spectrum of Zr{BH,}, supported on an alumina surface has been
studied by the technique of inelastic electron tumneling spectroscopy. This
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technique has also been applied to investigate interactions of the supported
zirconium complex with D., D;Q, H:0, ethene, propene and ethyne [103-105].

3.2 ZIRCONITM(III) AND HAFNIUM(IIY)

Ultraviolet and X-ray photoelectron emission spectra of solid ZrCl, Zrll:, ZrgCli:
and ZrCl,; exhibit a metal-rich valence band at 1.1-1.5 &V which moves away fram the
Fermi level as the oxidation state of zirconium increases. These results are in
accord with decreasing metallic character on going fram ZrCl to ZrCls. On the basis
of Zr-Zr distances alone, one might have expected strong metal-inetal bonding in
Zrcl, [106].

The Zxr{II1}/Zx{IV) mixed valence compound Zr;;41,Cls; has been synthesised as
blue-black crystals fram a ZrCl,~Al;Clg-Zr reaction system at 200 °C. The chemical
properties of Zr,,A1,Cls, paraliel those of ZrCl,. A partial determination of the
structure by X-ray diffracticn reveals a moncclinic unit cell of corposition
{Zr, zcl3s}n+. Each zirconium ion is located at the centre of a trigonal prism of
chloride ions. and the zirconium icns are associated in triangles, each edge of which
is doubly bridged by chloride ions. The Zr; triangles are jolned by two chioride
ien bridges at each vertex to form a ring of six Zr; units which encloses an 11 A
diameter hole, In the three-dimensional structure the holes stack so as to glve an
unbroken channel parallel to the = direction. The holes have more than enough
volune to accomnodate the remaining fifteen chloride ions and four aluminium(III}
ions per unit cell, but unfortunately attempts to fix the position of these ions in
the channels were msuccessful owing to their disorder. The stoicheicmetry requires
that the {Zr,,Clse}”" {(n = 3) units contain nine zirconium(III} {d’} ions and three
zirconium{IV} (4%} ions. Since the zirconium ions occupy two different
crystallographic sites in the ratio 2:1, there is no way to rationally distribute
identifiable Zr{IIl) and Zr(l¥) ions in the unit cell. Thus the {Zr120135}3+ unit
mist be viewed as a mixed-oxidation state species with nine d electrons delocalised
over the twelve zircopium ions, which have an average formal oxidation state of 3.25.
Although the Zr-Zr distances {the shortest is 3.354 k) are considered to be too
long for direct metal-metal bonding, magnetic susceptibility measurememts indicate
the presence of cooperative interactions which decrease the susceptibility far below
that expected for a compound comtaining magnetically dilute zirconium(III} ions [107].

The disproportiopations of solid HfCl, {to HfCl, {s) and HfCl, (g} } and solid
HfBr; {to HfBr {s) and HfBr, (g} )} have been studied by thermal analysis (TGA, DIGA
and DTA)} and by vapour pressure measurements, Values of AH® and AS° for tbe
disproportionation reactions have been determined, and standard heats of formation
and entropies of the trihalides have been calculated [108,109].

ZrI; has been syntheslsed in a steel or quartz reaction vessel by reaction of
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ZrI, with metallic zireconium at 360-520 °c. Thermal analysls, vapour pressure and
X-ray diffraction measurements indicate that zirconium{III} iodide forms a phase of
variable compesition with a broad hamogeneity range, Lattice parameters of 2rlse

and ZrIag, (space group P6;/mem) have been determined, and the structure of Zrlse
has been refined from a two—dimensional projection. The jiodine atoms are in slightiy
distorted hexagonal close packing; the zirconium atoms occupy one-third of the
octanedral holes, forming chains of zirconium atams which extend along the o
direction of the hexagonal crystal {110}.

Reduction of a thf solution of [{cp)»Zr(CH,PPh,)C1] with sodium amlgem gives a
zirconium{ 111} species that exhibits an intense EPR signal =t g =~ 1.98 with hyperfine
splitting by one 8o nucleus (a = 13.5 G) and one 319 nucleus {a = 19.5 G}, The
3113 hyperfine splitting is consistent with a zirconium{III) camplex thet contains a
Zr-P bond, probably [(cp).2r{CH.PPh, )L, ' {n=0o0r 1) [99]. The meoo—
metallocycles [(cp):M{CH{SiMe; C:HGH{SiMe; )-2}] (M = Zr or Hf) can be reduced in
thf with sodium naphthalenide or electrochemically (in a gquasi-reversible
one—electron process) to give M(ITI) camplexes of probable formula
[(cp):M{CH(SiMe; YCsH,(H(SiMe; -2} ] . The M{III) species have been characterised by
their EPR spectra (g = 1.972 for M = Zr; g = 1,943 for M = Hf) [111].

3.3 ZIRCONIUM(II} AND HAFNIUM(II)

S0lid hafnium dihalides HfX; {X = Cl or Br) disproportionate at 620 °C or
470-480 °C, respectively, to give solid HfX and gasecus HfY,. Thermodynamic
parameters for the disproportionations have been determined from vapour pressure
measurerents, and the standerd heats of formation and entrcpies for the dihalides
have been calculated {108,109]. HfBr; was prepared as a fine, crystalline, almost
black powder by reacticn of HfBr., with hafnium metal at 460-530 ‘c. ‘The X-ray
powder pattern of HiBr; indicates that the crystals are tetragonal with unit cell
parameters « = 7,556 X and < = 18.20 & [109].

Zirconium{II} iodide has been synthesised by reaction of Zri, wvapour =t a
pressure of one atmosphere with metallic zirconium foil at 760-780 °Cc. An X-ray
diffraction study of single crystals of Zri,; showed the existence of polytypes of
a layer structure with orthorhombic cell parameters: ¢ = 3.74 .3‘, b =6.93 % and
e =n % 14.85 . For the polytype studied in most detail, »n = 24 and Z = 96 [110].

The electronic gtructure of ZrS8, with the NaCl- and WC-type structures, has been
investigated theoretically by band calculations and experimentally by photoelectron
spectroscopy and low-temperature heat capacity measurements [112],

The red, air-sensitive zirconium(II)} camplex {{cp):Zr{P{Cke);};] has been
prepared by condensing sodium atoms at -100 °C intoc 2 thf solution containing
[(cp):Z2rCl; ] and excess trimethyl phosphite. [(cp)ZZr{P{CMe)ﬂ;.] reacts cleanly
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with carbon monoxide in pentane solution at 25 °C/ 1 atmosphere to give
[{ep).2r{C0),] [113]. [{cp):2r{FPPh,Me);] reacts with CH,=PPh; to give
[(cp)2Zr{CH: )(FPh:Me)], the first example of a Group IV metal carbene complex.
{(cp)2Zr(CH, }(PPh Me) ] has been characterised in solution by “H, 1°C and 2'P MMR
spectroscopy [114}. {{cp).ZrL,] (L = PPhyMe or PMe,Ph) camplexes are oxidised by
alkyl halides yielding the formal oxidetive addition product [(cp)>ZrRX] and/or
[(ep)22rX;]. Experimental evidence has been adduced in suppart of an oxidation
mechanism invelving formation of alkyl Tadicals [115].

An X-ray crystallographic study of [{cp)2Zr{C0)2] confims the expected distorted
tetrahedral gecmetry; OC-Zr-C0 = B89.2°, (centroid cp)~Zr-{centroid cp} = 143.4°. The
Zr—(0 bond length, 2.187(4) &, is sliphtly longer than expected on the basis of the
Ti-C0 bond length, 2.030(11) &, in [{cp).Ti((0).] [116]. The dinuclear complex
{(ep)Co(00Y2Zr(n—CsMes )2 ], prepared by reaction of [(cp)Co(M0).] with
[(n-CsMes),ZrH, 1 or [{{n-CsMes),;ZrN.}.Nz1, has an interesting structure (41} ino

9]
/C/\\

{cp)Co
\C/

0

Zr {n-CgMeg)

(41}

which the two carbonyl groups exhibit different bonding modes. One bridges the two
metal atoms in B standard p, manner, while the other bridges in a pp-n®,n? fashion
via a o-bond to cohalt and an interaction of the OO n-bond with zirconium. The
unsymmetrical hridging arrangement and the presence of & Co-2r single bond {r{Co-Zr}
= 2.926 1} allow both metals to achieve closed-shell, eighteen-electron
configurations [117].

Photolysis of [{cp).2ZrPh,] at -30 °C in toluene sclution in the presence of
suitable conjugated dienes affords the corresponding monareric [{cp).Zr{n*-diene)]
camplexes. Some of these complexes were isolated as mixtures of two iscmers that
differ in the conformation adopted by the n“—diene ligand, viz. s—eis (42) or
a-trans (43); others were isolated as the c¢—is (42) or s—trans (43) isamer,
depending on the dlene. AGY for s-trans to s-cis iscmerisation {oquation (13)} is
76~95 kJ ml_l, and in most cases the s~ets isawer is more stable thermodynamically.
Bowever, the s—cic isomer (42) can be converted to the s-trae isamer (43)
photochemically., The two isaners are readily distinguished by NMR spectroscopy.
The two inequivalent cp ligands of the s—¢fs oamplexes (42), as well as the syn and
anti hydrogens on the terminal carbon atams of the dlene, undergo rapid exchange
(AGY = 3353 kJ I'I'Dl-l) by a process that is believed to involve rapid migration of
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cp cp

Zr—°CpP Zr—cp

4/";" =l 7

— s

‘____ A, slow

VT

7r hy y (13)

N fast
cp cp :—-——' —_—
~ | ~
/Zr Zr
cp \cp cp/ cp

€43) (42) (ad)

the (cp),2r unit from one face of the diene to the other via a metallacyclopentane
intermediate (44). Thizs mechanism iz supported by the crystal structure of
[{cp)2Zr{n*-g—cis-2, 3~dimethylbutadiene} ] which shows considerably stronger bonrding
to the diene terminal carbon atoms {r(Zr-C) = 2,300 i} than to the diene interior
carpon atoms {r(Zr-C) = 2.597 A}. Thus, relatively little motion is required to
form the metallacyclopentane intermediate (44). The structure of the
g-trans-butadiene camplex [{cp).2r{s-trans—CyHs)} has been confirmed by X-ray
crystaliography. This work demonstrates, among other things, that coordination

of a conjugated diene in am s-trans geameiry does not necessarily require two

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

Following an earlier communication [119]), a full paper [120] has been published
describing the preparation and properties of the hydridofn®-dienyl)bis{1,2-
bis({dimethylphosphino)ethane}zirconium(¥1) complexes [ZrH{n®-cyclchexadienyl)(dmpe)s]
and [ZrH(n®-cyclooctadienyl){dmpe).]. The latter campound has a distorted octahedral
geametry with the hydride ligand trans tc the CgHy: group. Five carbon atams of the
Cgll;; group are coplanar and approximately the same distance (2.43-2.47 f\} from the
zirconium atam. [ZrH{n*-C¢H;){dmpe}:] catalyses the disproportionation of
1,3-cyclohexadiene to benzene and cyclohexene, as well as a mumber of related
hydrogen transfer reactions.

The reaction of [{cp);ZrMe,] with Phli ( or {{cp),ZrPh,] with Meli) in diethyl
ether at 20 °C yields methane, benzene, cyclopentadienyllithium and MeZrPh. 3Et.0.
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The zirconium compound was isolated as brown, pyrophoric crysials, slightly soluble
in organic solvents, sugpesting 2 polymeric structure. Some of the reactions of
MeZrEn. 3Et,0 are summrised in equations (14) - {16) [121].

feZePh.JEL:0 ¢ 4HK —DSe——e MeH + PR + 3EL0 + Hp + Zrk, (14)
(X = GH, Cl or MeO00)
MeZrPh.36t.0 + 4HgCl, —pidi—+ MeHgCl + PHHCL + Hg:Cl,
+ ZrCl,.3Ft,0 (15)
MeZrPh.3Et,0 + 200 —ETP8 e (e(00)Zr(00CPh). 3Et;0 (18)

3.4 ZIRCONIUM(I) AND HAFNIUM{I)

Zirconium monochioride has a layer structure in which four-layer Ci-Zr-Zr-Ci
sandwiches stack along the hexagonal o direction. The zirconium atoms are
surrounded by three zirconivm and three chlorine neighbours in trigonal antiprismatic
coordination [122)., Electronic band calculations on %rCl indicate the presence,
within the sandwiches, of strong covalent metal-metal bonding involving zirconium
4d orbitals. The Fermi level falls in a deep (but nonzero) trough in the density of
states, consistent with the d-band metallic properties of ZrCi {123,124).

The disproporticnation of solid HfCl to gaseous HfC1, and hafnium metal has been
gtudied by thermml analysis {TGA, DTGA and DTA) and by the Knudsen effusion method
{108].

3.5 ZIRCONIUM(O) AND HAFNIUM(O)

The: n—cyclcheptatrienyl—n—cycloheptadienyl camplexes [M(n-C;H;){(n-C;Hs)} (M = 2r or
Hi) have been prepared by cocondensation of cyclocheptatriene with zirconium or
hafnium vapcurs followed by vacuum pyrolysis of the products at 120-160 °c [125].

The hutadiene-containing camplex [{Zr{n-C,Hs):(dmpe)}.(dmpe)} catalyses the
dimerisation of alkenes. On the basis of product distributicns, a mechanism
involving formation of a metallacyclopentane complex has been proposed [126].

Finally, a new zirconium phosphide ZrNiP is noted, which is not easily classified
in terms of formal oxidation states., This campound has a hexagonal structure, space
gEroup P63 /mme, in which the zirconium atams are hexagonal close packed with the
nickel atoms in octahedral interstices and the phosphorus atoms in paired tetrahedral
interstices. Each zirconium atom is surrcunded by six nickel atoms and three
phosphorus atoms {r(Zr-Ni) = 2.82 &; »(2r-p) = 2.18 4} [127).
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