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2 ZIRCONIUM AND HAEFNIUM
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INTRODUCTTON

Following previous practice in this series, this review attempts
comprehensive treatment of the coordination chemistry of =zirconium and
hafnium. The solid-state chemistry of these elements is treated selectively,

and organometallic compounds are included only when the compounds contain

0010-8545/87/$09.10 © Elsevier Science Publishers B.V.
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bonds to elements other than carbon.
The present review covers the major journals for the 1983 calendar year
and the lesser known and/or foreign journals for the period covered by

Chemical Abstracts, Volume 97, Number 21 through Volume 99, Nimber 21.

Z.1 ZTRCONTUM( TV} AND HAFNEUM( V) COMPOUNDS

2.1.1 Halide complexes

The reaction of hafnium(1V) fluoride and caesium fluoride in anhvdrous
acetic acid yields two solid compounds, either CsHfFg or Cs,{HfFg], depending
on the molar ratio of the components. This approach to synthesis of anhvdrous
CsHfFg is convenient since aqueous preparations yield the hydrate, CsHfFg H,0
f11]. Heating of K, HfFg reveals complex polymorphism; six different phases
have been identified by X-ray powder diffraction {2].

The thermal properties and coordination environment of the zirconium
atom in crystalline and vitreous M"7rFg (M" = Ba, Sr, or Pb) have been studied
by differential thermal analysis and Raman spectroscopy, respectively, The
DTA data suggest that low- and high-temperature moditications are present for
PbZrkFg, as well as for BRa/rFg and SrZrFg. Comparison of Raman svmmetric
stretching frequencies Ve (Zr-F} and available structural data for metal
florozirconates indicates that Vg (Zr-F) cannot be utilized as a reliable guide
for identifying the coordination number of the zirconium atom in
fluorozirconate complexes of unknown structure. However, the Raman spectra of
vitreous M"7ZrFg (M" = Ba, Sr, or Pb) exhibit similar features to those found
for the erystalline form of M"7rFg that contains chains of a-edge-shared Zrfg
dodecahedra [3]. An eight-coordinate environment for zirconium in BaZrFg and
Pb7rFg glasses is also consistent with X-ray radial distribution analyses [4].

Time differential perturbed angular correlation measurements (15-380 K)
on NH,Hf,Fg indicate that the hafnium atoms occupy two inequivalent sites [5].

Following an earlier X-ray study {6], a neutron diftraction study [7] of
Cug (72rF;), 16H,0 has identified the location of the protons. The structure
contains [Cu(Hy0)gl2%, [Cuy(Hy0),01%%, and [ZraF, .18~ ions that are linked by
a dense network of hydrogen honds. The [Zr2F14]5‘ ion is a centrosymmetric
dimer in which two ZrFg square antiprisms share a common s polvhedral edge
{r{Zr-F terminal) = 2.048-2.107 A; r{Zr—F bridging) = 2.171, 2.185 A}.

The oxide fluoride PbZrgF,,0, consists of a three-dimensional framework
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of 7ZrF;0 square antiprisms, which enclose two kinds of cavities. The smaller,
cuboctahedral cavities contain one ‘'extra’ fluorine atom, while the larger
cavities contain (12 + 6}-coordinated lead atoms {8].

Equilibrium decomposition pressures of Cs;MClg (M = 7Zr or Hf) {equation

(1)} have heen measured, and thermodynamic parameters for decomposition of the
Cs,MClg(s or 1) === 2CsCl(s or 1) + MCl,(g) (1)

solid compounds have been derived from the temperature dependence of the
vapour pressures. X-ray powder patterns of M’',HfClg (M’ = Na, K, or Cs) have
been reported. K HfClg and Cs,HfClg are cubic (a = 10.036(3} and 10.394(4) A,
respectively), but Na,HfClg is tetragonal (a = 15.99, ¢ = 13.21 A) [9]. The
reaction of gaseous ZrCl, with ammonia vields ZrCly-2NH; at 300 'C;
ZrCl,-2NHy, ZrCIN, and NH,C1 at 350-700 'C; ZrCl,-2NHy, ZrCIN, ZrN., ZraN,,
and NH,C1 at 750 "C; ZrCIN, ZrN,, ZrgN,, and NH,Cl at 800-950 "C; ZrN,, ZrgN,,
and NH,1 at 1000-1050 C; and ZrN, (x = 1.28-1.12), NH,Cl, and HCl at
1100-1400 "C. ZrCl,-2NH; has a cubic unit cell with a = 10.13 A [10}.
Zirconium(IV) chloride forms solid 1:1 adducts with aminopyrine (1) and

acetone thiosemicarbazone, Me,C=NNHCSNH,. Infrared spectra indicate that

Me ;N Ph

(1)
both ligands are bidentate. Aminopyrine coordinates to zirconium through the
carbonyl oxygen atom and the dimethylamino-nitrogen atom [11], while

thiosemicarbazone coordinates through sulfur and the azomethine nitrogen atom

[12].

2.1.2 Complexes with O-donor ligands

Vibrational spectra of ZrOCl,-8H,0 and its deuteriated analogue have
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been studied in  the solid state and in aqueous =solutions, Mo bands
attributable to the zirconyl group (ZrzO12t were obhserved in the region
800-1000 em~1, A characteristic infrared band near 1000 cm~!, which shifts to
lower frequency upon deuteriation, has bheen assigned to a S(7rOH) mode of the
hydroxo-hridged, tetramiclear {7rg(OH)g(H50),618% ion. Raman spectra of 2.5 Y
ZroCl, in & M HCL exhibit V(Zr-OH} bands at 580 and 150 em™l, with a shoulder
at ca. 420 em™! tentatively assigned to a V(Zr-OHy) vibration. lipon addition
of NaOH, the 420 cm™! hand decreases in intensity and a new bhand appears at
ca. 530 em™!; the Jlatter band may he due to W(Zr—OH) vibrations of the
terminal hydroxyl groups in a more highly hydrolyzed species such  as
[Zr  {OH) g {OH) 4 (Hx0}, - 1*% [13].

Several dinuclear zirconium compounds that contain oxo-bridges have heen
reported during the past year. The reaction of zirconium(IV) chloride with
excess triechloronitromethane affords INO],[7r,(T1g] in 90 % vield

{equation (2)]). Tnfrared spectra of this compound exhibit V(NO) bands at

27rC1, + 20C15(NO, ) ———  [NO]L[7Zr,001g] + CCH, + CO01, (2)
2198 and 2180 em™!, V(ZrOZr) bands at $05 and 584 cm !, and V{7Zr-Cl)} bands at
280-390 em~! [14]. The reaction of [{{MegSi) N} ,%Me, ] with carbon monoxide

{equation (3)} yields the oxo-bridged complex (2). In the crystal, compound

3[ {{Me5S1) N} ,7rMe, ] + 200

(3)
[{[(Me381),N]52rMe} 0] + [ ((MesSi)aN},7r{0C(Me)=(Me,) (Me) |
(2)
(2) is centrosymmetric with r(Zr-0) = 1.950(1) /-\, r{Zr-C) = 2.225(3) ;\,

r(Zr-N) = 2.08t + 0.001 ;\, and 7r-O-7r = 180° [15]. [{{cp),7r™Me} 0], obtained
by exposing a stirred benzene solution of [(ep),ZrMe;] te the air for sixteen
hours, has as oxo-bridged structure with r(Zr-0}) = 1.948(1) A and Zr-O-7r =
174.1(3)° [18].

Solubility measurements in the Al(OCHMe,)s3-7r{0OCHMe;),~1. (L. = fthf or
HOCHMe ;) systems have confirmed the existence of the bimetallic alkoxide

ALZr(OCHMes } 7, but failed to provide evidence for Al Zr(OCHMe,),4 [17].
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The volatility and thermal decomposition of the 1,3-diketonate chelates
[M(acac) i, (M(tfacar), ], and [M{CF5CF,CF000H0CH, ) 4] (M = Zr or Hf) have
been studied by Volkov et al. [18]).

A variety of complexes of the type [(cp),Zr(dik) JIS;ONRR!] {dik = acac
or brzac; R,R’ = alkyl or aryl) have been prepared by mixing agqueous solutions
of [{ep),y?r(dik}]Cl and the appropriate sodium N,MN-dialkyldithiocarbamate
{19,20]. A similar procedure has been used ta synthesize the corresponding
bis(n5-indenyl) and (N®-indeny1) (NS-pyrrolyl) derivatives,
[ (n®-CgH,) 7rtacac) | [S,ONRR! ] and [(MS-CgH;) (NS-C4H,N)Zr (arac) J{S,CNRR |
[(21,22], and the alkylxanthate salts, [(ep)2Ze(dik) J{S,00R] (dik = acac or
bzac; R = Me, Et, or CliMe,) [23]. All of these complexes behave as 1:1
electrolytes in nitrobenzene. Tetrahedral coordination about zirconium has
been proposed on the basis of TR and 1H NMR spectra, which show that the
1,3-diketonate ligands are bidentate and the dithiocarbamate and xanthate
groups are uncoordinated.

1,3-Diketonate-  and nitrate-containing complexes of  the types
[(cpM{dik) -(NOg)] and [(ep)M(dik)(NOg),) (M = Zr or Hf; dik = acac or dbhzm)
have been prepared hy reaction of nitric acid with appropriate zirconium or
hafnium 1,3-diketonates in dichloromethane or 1,2-dichloroethane. Typical

reactions Aare given in equations (4) and (5). Reactions of [(cp)M(dik),Cl]

-35 'C
[(epIMidbzm) 4] + HNOy ——————  [(ep)M{dbzm), (NOy) ] + dbzmH (4)

20 °C

[ (ep)M({dbzm),{NO5} ] + IINO, — | (cp)M(dbzm) (NO3) ] + dbzmh (5)

with nitric acid led to the formation of two or three products (equation (6)

1NO,
{{epiM{dbrzm) 501 ] ———  [(ep)M(dbzm) 5 (NO3) | + {cp)MCIL,(NOg) -4H0  (6)

-35 'C
(M = 7r or Hf) 5 °C

and (7)). The new compounds (epIMC1,(NO5) -4H,0 (M = Zr or Hf) can be

HNO4
[{ep)Zr{anac),Cl] -————— [(cp)Zr(acac),(NOg)] + [{cp)Zr{acac)(NO5) 5]
0 (ep)ZrCl, (NOg ) - 4,0 (7)

reconverted to 1,3-diketonate complexes upon treatment. with 1,3-diketone

{dbzmil or Hbhenzac) and triethylamine (equation (8)). The [(cp)M(dik),{(NO3)]
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(ePIZrCl,(NOy) - 4HR0 + 2dikH + 2EtyN ———  [(cp)Zridik),(NOz)]  (8)
+ 2[EtyNHIC1+ 4H,0

and [(cp)M(dik}{NO;),] complexes are essentially non-electrolytes in
tetrahydrofuran. TR spectra indicate that the 1,3-diketonate ligands are
bidentate and suggest that the nitrate ligands are probably bidentate as well
[24,25].

Heterocyclic tetrakis(l,3-diketonates) of the type Zr(dik),(OCHMe,),_p
{dik is the anion of 4-acyl-3-methyl-1-phenyl-2-pyrazol-5-one (3) and

R
Me —0
N/
N\'T| 0
Ph

(3; R = Me, Et, Ph, 3-ClCgH,)

n=1, 2, 3, or 4} have been prepared by reaction of stoicheiometric amounts
of the pyrazolone and Zr(OCHMe,), HOCHMe, in benzene at reflux. These
complexes are monomeric in boiling benzene, except for the compounds of
composition Zr(dik)(OCHMe, )5, which tend to dimerize. The Zr(dik),(OCHMe,)}4—n
complexes exchange alkoxide ligands with MejCOH yielding Zr(dik) ,(OCMes)4.p
analogues, and they react with phenyl isocyanate giving the insertion
products, Zr(dik),{NPhC(O)OCHMe,l;_p, (n = 1, 2, or 3) {26].

Among the compounds formed in the Hf0,-M,S0,-H,O systems (M = Na, K, Rb,
Cs, or NH,) are complex sulfates of the ‘type MyHF(S04)5(H;0)y,
M4Hf(SO4)4(H20)X, and MgHf (SO, )5(H,0), [27). IR spectra of the sodium hafnium
sulfates have been investigated [28], and the X-ray crystal structure of
[NH; 14 [HE(SO4) 4 (H;0)51-2H,0 has been determined [29]. This compound contains
complex anions in which the hafnium atom is dodecahedrally coordinated by
eight oxygen atoms from two bidentate sulfate ligands {r(Hf-O) = 2.223,
2.283 A}, two monodentate sulfate ligands {r(Hf-0) = 2.067 A, and two water
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molecules (r(Hf-O) = 2.196 A}. The bidentate ligands span the dodecahedral a
edges, and the monodentate sulfate ligands and water molecules occupy the B
sites.

Standard enthalpies of formation at 298.15 K have been determined by
calorimetric measurements for Hf(SO,), (AHF = -2230.1 £ 3.4 kJ mol™!) and
HE(SO4)5-4H,0 (AHp = -3492.8 ¢ 3.3 kJ mol-%) [301].

Zirconium(IV} fluorosulfates, Zr(SO4F)},, ZrO(SOgF);, Zr(0;CMe) , {SO5F),
and Zr(0,CMe);(SO3;F) have been synthesized by reaction of fluorosulfuric acid
with Zr(O0,CCF4),, anhydrous ZrOCl,, or Zr{0,(Me),. On the basis of IR
spectra, the fluorosuifate ligands appear to be bidentate in the first three
compounds and tridentate (Cg, symmetry) in Zr(0,CMe);(SO,4F). All four
compounds are good Lewis acids and form coordination complexes with
triphenylphosphine oxide, pyridine, and 2,2’-bipyridine [31].

The trifluoromethane sulfonato-compliex [(cp),Zr(CF805),(thf)] has been
prepared by the reaction of [{cp),ZrCl,] with AgCF,80; in tetrahydrofuran.

This complex has a five-coordinate bent metallocene structure (4) in which

F3 cn

Y, o1 (473
c23 S,
c22 X
c21
4.
13 o4
€23 Zr
ci2
€22

o1

(4)
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the oxygen atoms of the two monodentate (1,504 ligands {r{Zr-0) = 2.219(6} A}
and the thf ligand {r(/r-0) = 2.278(9) A} lie nearly in a plane bisecting the
(cp)=Zr—{cp)  angle {rtZr-centroid  ep) = 2,208 and  2.214 A; (cent roid
(?p)—?r—(r:entr'oid op) = 128.1 ). The thf ligand is symnetirically flanked by
the (43S0, ligands {O(CF,805)-7r-0(thf) = 70.5(2) | [32].

The temperature dependence of  the vapour pressure of  [7r{C104),])
suggests the presence of two crystalline forms of this compound in  the
temperature range 25.0-35.7 (. The transition temperature is 49 ', and the
enthalpy for the conversion of the low-temperature form  to the
high-temperature form is 29 kJ mol™?t. [7r(C104),4]1 is highly volatile; the
vapour pressure varies from 0.8 mm Hg at 25.0 Coteo 210.8 mm Hg at 95.7 (.
IR and Raman spectra of gaseous and crystalline [Vr(Cl(,),} indicate that
there is no significant change in the structure upon vaolatitization [33].

Polymeric, insoluble basic carboxviates of composition
Zr(OH) g{OC(CH,) JOOHY (n = 1, 2, or 4) have been isolated from aqueous
solutions of zirconyl chloride and the dicarboxylic acid at pl 2-3 [33].

IR and pH titration data indicate that. carbonat o-complexes
[M(OH)z{(X)a)z]z* (M = Zr or Hf) are formed at pH > 7 in Na,CO5/MX'L, solutions
having a Na,(CO4:MOCH, molar ratio of 2-5 [35].

Diphenyl sulfovide complexes of the tvpe [ZrOX,(dpso),] (X = I, Br, T,
NCS, NCSe, or NO;} have been prepared by treating a methanol solution of the
appropriate zirconv! salt with three equivalents of dpso at 10 ", These
complexes are monomeric norn-electrolytes in nitrobenzene. IR spectra show

that:

{(a) the dpso ligands are attached to zirconium through the oxvegen atom,
(b}  the NOCS and NCSe ligands are each coordinated through the nitrogen
atom, and

(e} the nitrate ligands are bidentate.

A weak TR band in the region 910-980 cm™! has been assigned to the V{Zr=0)
mode:, but the presence of a zirconyl group in these compounds remains to be
established [36].

Several TGA and DTA studies of the thermal decomposition of the (kdonor
ligand complexes have been reported within the past year. Aamong the componrnds

studied are:

{a)  the above wentioned diphenyl sulfovide compleves  [ZrOng (dp=c), |

(N = I, Br, NS, or Nog) {361
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(b) aromatic amine M-oxide complexes of the type [ZrOX;L,] (X = Cl, Br,
NCS, or NOg) and LZrOLg J[C1O4 |5 (L = pyridine AN-oxide,
2,6=dimethylpyridine A~oxide, or ¥phenNO [1,10-phenanthroline
mono-N-oxide}) [37];

(e} dimethylmethanamide complexes of the type MOCI;(dmf),(H0),,
M{SO, ) 5{dmf),, MOSO4(dmf)(H,0), and MO(OH)(NOy)(dmf) (M = Zr or Hf)
[38].

The tetrakis(l-oxo-2-pyridonato)- complex, [Zr(CgHyNO5),]1-CHCl,;, has
been reported in connection with an X-ray structural study of the related

nine-coordinate thorium compound, [Th(CgHyNO,)4(H,0})] -2H,0 [39].

2.1.3 Complexes with S-donor ligands

Several papers have appeared during the past year which shed light on
the structure and molecular rearrangements of zirconium(IV) dithiocarbamate
and monothiocarbamate complexes. An X-ray study has established a
five-coordinate bent metallocene structure (5) for [(cp),ZrCl1{S,CNEL,}]
{M{Zr-centroid cp) = 2.216, 2.222 A; (centroid cp)-Zr-centroid cp) = 129.4°}.

(5)

The zirconium atom, chlorine atom, and the two sulfur atoms of the bidentate
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dithiocarbamate ligand lie in a quasi mirror ptane that is nearly
perpendicular to the plane defined by the zirconium atom and the centroids of
the two symmetrically attached nS-cyclopentadienyl ligands. Because  of
crowding in  the ZrC1S,Cy 4 coordination group, the bonds to the lateral
coordination sites are unusual ly long {r{7r-C1) = 2.556(2) A
r{7r-S,) = 2.723(2) .Z\}; these distances are the longest terminal 7Zr-Clt and
7Zr-§ bond lengths yet observed for a zirconium(iV) complex. The 7r-S, bond
length is normal (r(Zr-S;} = 2.635(2) A}, A 300 MHz H NMR study has afforded
the following kinetic data for exchange of methyl groups in the analogous
[(ep)2Zr01{S,CNMe,) ] complex: k(25 °C = 8.6 s71;  AGF(25 () = B7.7
£ 0.3 kJ mol=Y; AHF = 67 + 8 kI mol~); aSt = -4 & 28 J mol-1 K-!. The
mechanism of this process involves rotation about the C—=N bond in the
dithiocarbamate ligand and may involve prior rupture of the 7Zr-S, hond. The
equilibrium geometry and the possibility of 7r-8, bond rupture have been
probed by extended Hilckel molecular orbital calculations [40].

The analogous monothiocarbamato-complex L{ep),ZrCL (SOUNMe, )] has  a

similar bent metallocene structure (6), with the monothiocarbamate 1igand

(6)

oriented so as to place the smaller oxvegen atom in the sterically more

congested, lateral coordination site and the larger sulfur atom in the less

congested, interior site adjacent to the chlorine atom {rH{Zr-Cl) = 2.350(2) f\;
r(7r=0) = 2.249(4) A; r(7r-S) = 2.641(2) A; r{Zr-centroid cp) = 2.230,
2.236 A; (centroid cp-Zr-centroid cp) = 128.5 5 S-Zr-0 = 62.0 Ty Cl-Vr-S =

76.1 E; Cl-Zr-0 = 138.1 ). [{cp)>ZrCL(SOCNMe, )] was prepared by reaction of
[(cp),2rCl,] with anhydrous NafSOCNMe,} in boiling dichloromethane [41}].
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Hatnium(1V) dithiocarbamates of the types [(cp)HFCL{S,CNRR' )] and
[(ep)HE(S,ONRR ) 51 (RR' = Et, 3-CgHMe; H, cyelo-CgHg; or H, cyelo-CsH, 5) have
been synthesized by reaction of [(cp)sHfC1,] and Na(S,CNRR’) in 1:1 or 1:3
molar ratio. All of these complexes are monomeric non-electrolytes in
solution; and R spectra suggest that the dithiocarbamate ligands are
bidentate [42]. Presumably, the [(cp) HFCI(S,ONRR')  complexes  have
five-coordinate bent metallocene structures like [(ep) ZrCl1(S,ONEt,)] [40],
and  the [(cp)Hf(S,(NRR’)3]  compounds are pentagonal bipyramidal like
[{cp)M(SCNMes )5 (M = Ti or Zr) [43,44]. Analogous bis(fluorenyl)-
-(ralkylvanthato—complexes, [{(n5-C; Hg),ZrC1I(S,COR)]) (R = Me, Et, or CHMe,)
have been prepared by reaction of equimolar amounts of [(n5-Cy;Hg),2rCl,;] and
K[S,C0R] in dimethoxyethane [45].

Low-temperature 1H NMR spectra of {Zr{S,CN(CHMes )5}4]1 exhibit two
equally intense isopropyl methyl doublets and two equally intense methine

septets, attributable to a ligand conformation (7) in which the methine

H
AN Me
S C\\\
/ \\ 93' ~Me
N /'C;:N‘C’
l' N
S c—H
Me™ 1
Me

Zr
4

(7)

protons of the inequivalent isopropyl groups are located in the plane of the
ligand. At higher temperatures, the methyl doublets and methine septets
coalesce to a single doublet and a single septet, respectively, due to
hindered rotation about the C-N single bonds. Rate constants for this process
range from 20 s~! at -25.0 C to 670 s~! at 21.0 C; AH* = 45 + 1 kJ mol=! and
As* = -39 £ 5 J mol~! deg1. [Zr{S,ON(CHMe,),} 4] was prepared by the reaction
of ZrCl,; with Na{S,CN(CHMe,),} in the presence of triethyl phosphite [46].
Low-temperature !H NMR spectra of the monothiocarbamato-complex
[Zr{SOCNMe,)4] can be interpreted in terms of four overlapping methyl peaks,
consistent with the spectrum expected for the C,,, dodecahedral stereoisomer

(8). Variable temperature H NMR spectra indicate the presence of two
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Oa Oa
OB Op
"'/
S T
B /S A B8
Sa
(8)
distinct kinetic processes:
(a) a low—-temperature process (L.TP) involving metal-centered

rearrangement, and
(b} a high-temperature process (HTP) involving rotation about the C—=N
partial double bond in the ligand.

Coalescence temperatures ('C) and activation parameters (kJ mol™! or

J mol~! deg=!) for the LTP are: T, = -53.5; AG*(-53.5 C) = 47.1 % 0.2;
AHF= 40 1; ASY = =34 £ 5. Corresponding values for the HIP are: T, = 78.Z;
acH(78.2 'C) = 82.7 x 0.5; AF = 99+ 5, as = 17 & 15. The greater

stereocchemical rigidity of [Zr(SOCNMe,),] in comparison with [Ti(SOCNMe,) !}
and analogous [M(S,CNR,),1 (M = Ti or 4r) complexes sugdests a polytopal
rearrangement. mechanism for the metal-centered process [47].
Moisture-sensitive 1:1 and 2:1 adducts of ZrCl, and HfCl, with thiourea
have been prepared by mixing stoicheiometric amounts of the metal chloride and
thiourea in ethyl acetate. IR spectra indicate that the 1:1 adducts contain
S-bonded thiourea ligands and both terminal and bridging chlorine atoms; a
dimeric structure [{{HsN),CSICI MCILMOL5{SC(NHy) 5] has been suggested [48].
The TR spectra and calorimetric measurements indicate that only one thiourea
molecule is attached to the metal in the 1:2 adducts; the second thiourea

molecule appears to interact with the complex via hydrogen bonds [48,49].

2.1.4 Complexes with N-donor ligands

Oxogzirconium(1V) complexes with M-heterocyclic ligands, ZroX, Ly
{L = pyridine, 2-methylpyridine, Z-aminopyridine, Z2,4-dimethylpyridine,

2,6-dimethylpyridine, quinoline, ¥(bipy), or ¥(phen); n = 4 when \ = Cl, Br,
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I, or ClO,; n = 2 when X = NO5, or NCS), have been prepared in methanol. All
of  these compounds are non-electrolytes in nitrobenzene except for the
perchlorate derivatives, which hehave as 1:2 electrolytes. Infrared spectra

indicate;

(a} the A-heterocyclic ligands are coordinate through the
hetero-nitrogen atom, and the amino-nitrogen atom of the
Z-aminopyridine is not attached to the metal;

{h)  the perchlorate compounds contain uncoordinated Cl0O,~ ions;

{¢) the nitrate ligands are bidentate;

{(d) the NCS™ li¢gands are coordinated through the nitrogen atom [50,51],

Nozireonium(TV) selenornyanate reacts with a variety of O- and N-donor
1 ignnds in  methanol vielding complexes of  the type  ZrO(NCSe),L,
(I. = antipyrine, pyridine M-oxide, Ph,PO, {BusSn) 50, pyridine,
2,4=dimethylpyridine, hydrazine, or phenylhydrazine) and ZrO(NCSe),L
(L = 4-aminoantipyrine, 2,2-bipyridine N,N'-dioxide, bipy, or phen). These
complexes are non-electrolytes in ethanenitrile, and 1R spertra indicate that
they contain A-bonded thiocyanate ligands [52].

Substituted-phenylhydrazido{1-) compl exes of zirconium(1V},
[NCGHNHNH G 1200 g _p{NENHC HLX) ) (X = €Y, Br, or 13 n= 1, 2, 3, 4, or 6),
are obtained from the reaction of 7Zrl, with XCgH4NHNH, or the corresponding
hydrazine hydrochioride. The thermal decomposition of these compounds has
been studied {53).

Diazoalkanes R’,0=N=N (R’ = Ph or (CO,Ft) insert into zirconium-carbon
and zirconium-hyvdrogen bonds of L{ep)27rRs) (R = Me or C(HyPh) and
{lep) ()01}, respectively, yielding tive-coordinate bent metallocenes that
contain A%2-AN, A’ -bonded hydrazonato{il-) ligands {equations (9) and (10)),
N-ray orystal structures of compounds (10), (11), and (12) indicate that the
lateral 2r-N bond is longer than the interior Zr-N hond
{F(Zr-NCR,) = 2.25-2.283 A; r(7r-NR) = 2.103(3) A in (10), 2.21(1) A in (11),
and 2.12(2) A in (12)}. The bond to the other lateral coordination site
{riZr-Me) = 2.357(6) A in (10), r(Zr-CHyPh) = 2.37(1) A in (11), and
MZr-C1) = 2.549(5) A in (12)} is also significantly lengthened because of the
nf-attachment of the hydrazonato(i-) ligand. The X-ray results and the IR
studies indicate T-electronic delocalization over the C-N-N unit {54].

Spiroevelice silyviamides, [M{(NSiMe5),8iMez).] (M = Zr or Hf), have been
prepared  in good yield by reaction of the metal tetrachloride with the

lithium-substitited bhis{amido)silane, MesSi{N{1.1)SiMes},. These wvolatile,
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(R’
// 2
N

a

[{ep)2ZrRs] + RTLOSN=N ————— (op)o7Zir—

N-R (9)
R

(9; R = Bz, R’ = Ph)
(10; R = Me, R’ = Ph)
(11; R = Bz, R’ = COQEt)

CPh,,
PRa

}’{(cp)zzr(H)m)n + PhoCzN=N ——— (op)oZr—-—N-H (10)

(12)

moisture-sensitive compounds have heen characterized by mass spectra, IR and
Raman spectra, and 1H and 2%3i NMR spectra. The spirocyelic complexes are
cleaved by  MCl, {M = Zr or Hf}, vielding amorphous polymeric
dichloro-monocyclic  compounds  {equation (11)}), which appear to contain

chlorine-bridges on the hasis of the IR spectra [55].
[M{(NSiMey)25iMes o] + MCl, ———— 2MCL{(NSiMey),SiMe,) (11)

Thermal decomposition of [R,Z7r{N(SiMey),},] (R = Me, Ft, or CH,SiMe,) at

60 © and 102 mm Hg vields a bridging carbene compound ,

[{mSiMea[N(SiP]ea)zjlzl, having a structure (13) 1in which three
fused, planar, four-membered rings adopt a "tub" conformation {r(7r-C) = 2.16
and 2.19 A; r(Zr-N) = 2.04-2.09 A}; the dihedral angles between the twn ZrNSiC
rings and the central 7Zr,C, ring are 111  and 124 . 1In the case of the
analegous hafnium compleves, [RHf {N(SiMegy),)51 (R = Me, Kt, or CHy81Mey ),

the decompnsition  product  was isolated as the pyridine adduct,

f {ﬁf‘(‘fHSiMengSiMeB[N(SiMeg)2 1(py)}-1 [56].
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Me, Si /H !\\IRZ,NR'
82 ]

N
RN SiMe,
Nzp—c”
o
RN H

(13; R* = SiMey)

Reaction of 1,2-bis(dimethy¥lphosphino}ethane (cdmpe) with
[ {MCH,SiMeNSIMes [N(SiMes) 21 2] (M = Zr or Hf) at room temperature or with

{RM{N(SiMey),lo] (M = 7r or Hf; R = Me, Et, or (HSiMes) at B0 "C affords

the his(metallacycle) [mm;:r‘\lﬁﬂma)z(dmpe)]. The zirconium complex has
an octahedral tris(chelate) structure of idealized €, symmetry (14) {r(Zr-C} =
2.316 A; TZr-N) = 2,088 A; PZr-P) = 2.852 A). Compound (14) reacts with
carbon monoxide (20 atm, 20 €) in pentane yielding compound (15); the
proposed structure of (15) is based on 'H NMR and 13C NMR spectra [57].

CH,
Il
/C\
SlMe s
CHy ™ 2 0 SiMe,
Mez Me, /
NSlMe3 P,, NSiMe,
l‘l “\
/Zr\
: \ SlMEa P E NSiMG3
Mez - Me, - \
CHZ ] SlMez
SlM32 e
‘J
Hy
{(14) (15)

Reaction of the phosphorus containing disilylamide LiN{SiMe,CH;PR;),
(W= Me or Ph) with MCl, (M = Zr or Hf) vields [MC1(N(SiMeCH PR;} 12}
complexes as colourless, air- and moisture- sensitive crystalline solids.

14 NMR and  21P{lH} NMR spectra of these compounds are consistent with
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structure ({16}, which has been established hy X-rayv diffraction tor

Cl
Mez

TSI/
//,’M‘\\\ «*
RZP// Sy
N—si” \_,

R/
RoP

(16; R’ = SiMe,CH,PR,)

[ZrCl 5 {IN(SiMe,CHPMes ) 5t o], The bulky N(SiMe,CH,PR, ). ligands are hidentate,
with the two uncoordinated SiMe,CH,PR, groups being lorated on opposite sides
of the equatorial plane, The resulting distorted octahedral structure has
approximate C, symmetry and is chiral {7(7r—P) = 2.798, PIZr-N) = 2.096,
HZr-C1) = 2.460 A; Cl-Zr-Cl = 155.42(4), N=Zr-N = 119.1(1) '} [58].

[HFCL, {N(SiMe,CHPMe, ) 5} ] disproportionates in the presence of excess
HfCl,, yielding the "mono" amide complex [HfCI4{N{SiMe,CH,PMes ), ,HC, |y,
which can be converted to the monomeric complex [HE(BH.)3{N{8iMe,CH PMe,) )]
and [Hf(BH,),] by reaction with an excess of Li[BH,]. Treatment of
[HF (BH4) 3{N{SiMe,CH,PMe,) 1] with Lewis bases (NEt; or PMeg) gives the
dinuclear trihydride [{Hf[N(SiMe,CH,PMe,},]},(H)5(BH,)5]) [59].

Poly(pyrazolyl)borate tert-butoxide complexes of zirconium(IV) of the
type [ZrCLl, (OCMe5) (RBPz4) | (R = H, CHMe 5, Bu, or Pz} and
[ZrCl,(OCMe4 ) {HB(3,5-Me,Pz) 4} ] have been prepared by reaction of the
corresponding [ZrC15(RBPz3)] or [ZrCl;{HB(3,5-Me,Pr)4)}] complexes with one
equivalent of KOCMe; in toluene. The [7rC1,(0CMe3)}(RRPz5)] complexes are
fluxional on the NMR time scale (AG* = 56 + 2 kJd mol™! for R = Bu), while the
more sterically hindered [Zr(']1,(0CMeg) {HB(3,5-Me,Pz)5}] is stereochemically
rigid at temperatures up to 140 C. The preferred rearrangement mechanism is
a trigonal twist [60]. (7rCl1,(OCMey ) {(HB(3,5-Me,Pr) 43} ] serves aa a useful
starting material for the synthesis of stable alkyvl derivatives
[Zr{OCMe5 )R, {(HB(3,5-Me,Pz)3}] (R = Me, CHyPh, or C=(Me} [61]. Di- and
tri-tert-butoxide derivatives [Zr‘(‘la_n(()(fMes)n{HB(.'B,r"S—Mesz)a}] (n = 2 or 3)

have also been prepared [60,61].
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The 8-quinolinolato-complexes [(cp),Zr(8-O-quin)}{S;CNRR’} (RR’ = alkyl
or arvl) and [{(cp)zZr(8-O-quin)][8,C0R] (R = Me, Et, or CHMe,) have been
prepared by mixing aqueous solutions of [(ep)yZr(8-O-quin)]Cl and the
appropriate sodium N, N-dialkyldithiocarhamate [19,62] or potassium
O-alkylxanthate [23). These compounds are 1:1 electrolytes in nitrobenzene,
and are analogous to the 1,3-diketonato-derivatives [(cp),yZ2r(dik)]Y (Y =
S,CNRR’ or S,(0R) mentioned in Seetion 2.1.2.

NDichtorobis(indenyl)zirconium{IV) reacts with salicylaldimine Schiff

bares (17; HL) in the presence of triethyvliamine yielding complexes of the type

OH

=N
\
H CeHaR

(17; HL; R = H, 2-Me, 3-Me, 4-Me)

[(r\s—(‘,9H7)22rL(“1], which are non-electrolytes in nitrobenzene. IR spectra
indicate that the Schiff bases behave as AM2donor bidentate ligands {63].

A= (Z-pyridyl )salicylaldimine (HI.) complexes of the type
[7Zr{OCHMe, ) 4_pit) ] (n = 1, 2, or 3) have been prepared by the reaction of
7r((CHMes ) , HOCHMe, with stoicheiometyic amounts of the Schiff base in benzene
at reflux. These complexes are monomeric in boiling benzene, and TR spectra
suggest.  that  the salicylaldimine bhehaves as  an  No-hidentate ligand,
coordinating through the azomethine nitrogen atom and the phencolate oxygen
atom.  Therefore, the coordination mmber of the zirconium atom is 5, 6, or 7
for nz= 1, 2, or 3, respectively., Tt was not possihie to replace the fourth
isopropovide ligand; reaction of 7r{0CHMe, ), -HOXHMe, with four equivalents of
{2-pyrida i saliovialdimine gave Zr(OCHMeo) (1) 5 HL [64].

HE(OCHMe ) 4 HOXHMe;  reacts  in benrene at. reflux with stoicheiometric
amoumts af  the monobasic, Arbidentate benzoyl hydrazones (18; HL) and
AS-hidentate Schiff bases derived from S-methyl dithiocarbazate (19; HL)

vielding complexea of the type Hf{(CHMe )}, 1), (n = 1, 2, 3 or 4). The
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" |
(18; HL; R = Ph, C4H,0) (19; HL; R = Ph, CHz0)

corresponding dibasic ONO- and (ONS-tridentate lidande (20 and 21; H,L’) dive

OH OH

(20; H;L’; R = H, Me) (21; HL”)
products of  the type Hf’((YT‘HMPZ )2(]A’ Yy and RS Yoo Thegse complexes are
moisture sensitive, snluble 1in arganic solvents, and non-electroistes in
dimethyvimethanamide, A tridentate made of attachment of the ligands was
assigned on the basis of TR spectroscopy [65,66]. Only memo- and

di-auhstitution products could be obtained from reactions of HfCl, with

(18)-(21). The resulting HECI5{1), HFCI,(1),, and HFCI (1)) compleves are

inenluble in common organic salvents and are probably polymeric [67,681.
Zireconyl acetate reacts in methanol at  refluvy with Schitf bhases

(22; H,L') derived from substitoted salicylialdehydes and salievihydrazide 1o

OH

(22; H,L'; X = H, 5-C1, 5-Br, 5-NO,, 3-CEt, 5-OMe, 3,5-Cl,, 5,6-benzo)
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give monomeric 1:2 complexes of the ftype [ZrO(HL")s]. IR spectra indicate
that the Schiff bases  behave as monobasic ONO-tridentate ligands,
coordinating to zirconium through the carbonyl oxygen, aromethine nitrogen,
and phenolate oxyvgen atoms.  The complexes exhibit an IR bhand in the region
905-915 em~!, which has been assigned to V{(Zrz0), 1t these compounds do

contain a Z2r=0 group, the zirconium atom would be seven coordinate [69].

Z2.1.8 rompleves with P-donar ligands

The bis(diorganophosphide) complexes [(ep),M(PR;)>]1 (M = Zr or Hf; R =
Ft, cyeh, or Ph) have been prepared by reaction of [(ep)MC1,] with two
equivalents of LiPR, in tetrahvdrofuran. An X-ray structural study has shown
that [(ep)HE{PEL,),] is an eighteen-electron complex; the hafnium atom is
attached via an Hf-P single hond to a pyramidal (sp®) phosphorus atom and is
attached via an Hf=P douhle hond to a trigonal planar phosphine atom
{rOIf-P) = 2.682(1) A; r(Hf=P) = 2.488(1) A. 3P NMR spectra indicate that
interconversion of the Hf-P and Nf=zP bonds is fast on the NMR time scale; for
[{ep)MiPeveh),i.] (M = Yr or HF), the barrier to exchange is 25 £ 1 kJ mol~t
F701.

In a parallel study Wade et al. [71] have veported that [(ep),MCl,]
reacts with LiPR, to give [(ep)sMIPRy),) (M = 7Zr, R = Phy M = Hf, R = Ph or
cveh), but when R = Me;, the reaction products are the dimeric zirconium(ITI)
and hatnimm{1T1) complexes [{{ep)aM(PMey) }o ], Treatment. of [ (cp)72r(PPhy), ]
with one equivalent of PPh, (] gives the mixed-11igand complex
{{ep)o7rCHPPhy ) ] The reactions of the [(ep)M(PR,),] complexes with a
variety of protic and halogen-containing species result in cleavage of the
metal-phosphorus bonds.

The 1,7-hi=s{dimethyphosphino)ethane-containing complexes

[?\?—(?“1{281!‘192_?11%!‘193)2('dmp¢=~.)] (M = Zr or Hf) [57] were discussed in Section

2.1.4.

2.1.6 Hydride and borohydride complexes

1 NMR spectra of sparingly =soluble (op),7rH, in extremely dilute CgDg
and CDyCghg solutions at ambient temperature exhibit the expected CgHg

resonance at 8 5.75 and two triplets at % 3.85 and % -3.45, both with
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J = 7.3 Hz; the spin coupling was collapsed by irradiation of either triplet.
These data are consistent with a dimeric stracture [{(ep)Zri(p-}o], with
two bridging and two terminal hydride |igands. Calfapse  of  the hydride
triplets and intensity changes at elevated temperatures  were interpreted in

terms ot':

(a) rapid bridge-terminal hydride exchangs and

(b} a dimer-monomer equilihrium.

The veaction of [ {(epj.Zrii(u-1) -] with diphenviacetyiene yields H, and the
zireonacyelopentadiene  complex | (0p)221*((‘4¥‘lw4 y)oLre. [{ (Meep) S/rilitu=H 2]
reacts with diphenvlaretylene or phenviacetyiene vielding . and analogous
zirconacyclopentadiens complexes; however, 1f the reactions are carried ont
without the removal of ., appreciable hydrogenation of aretviene oocours |31

The dirmclear trihvdride [HHFIN{(SIMe,ClPMes o o (HI5{BH 51 and ite
precursor [HE(BH, ) 5 IN(STMeCH e ) o) ] [09] were disenssed in Section 2014,

A neutron diffraction study of Hf(1,), has shown that the cryaial
contains regular tetrahedral molecules, vhich ocoupy sites of cpyvetal lographio
43m (Tg)  symmetry. The [Blt, |7 ligands nare dridentate  and adopt  the
conformation in which the three Hf-If honds to one [BH, |7 Hgand are ataggered
with respect to the JIf-B  bonds to the aother  three [BH ™ Hdands
{r(Hf-B) = 2.281{8), r{Hf-Hp) = 2.130(9), r{B-H,} = 12350100,
riB=Hy ) = 1.150(19) \, where Hy, and i denote the bridging and terminal
hydrogen atome respectivelyt [71]).

The methyltrihydroborato-compley [Zr(Bl Me}, | has been cvnthesized by
reaction of VrCl, and LiBligMe in chiorohenrzone, It also has a ftetrahedrai
structure, with tridentate attachment of the [BlgMe]" Tigand=s.  The tollowing
hond lengths have been determined by Yeray diftraction: r(Zr=B) = 2033508,

Tl = 20068, T{R-Hy,) = t.14 A (75,

2.2 ZIRCONFUMOTIT)Y AND HAINIUMOTTE) COMPOUNDS

keductinon of [{ep) MIPR,) 1 (M = Yr oor Hf; R = Fi, cvch, or Phy with
sodium naphthalenide in thi at 25 ¢ vields thermally stable zireconium(Ii1)
and hafnium(TT1} compleves, [ Cop) MUIPR ) ZNa(thi) (. 2Ma hapertine aplittings
have been ohserved in FPR spectra of [(epiZr(PRINatrhE o} (R = 1t or oveh),
vhich suggests that these compleves have a phozphido-bridged structore (23)

[707.
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Ry
P
CP:H‘M// M(thE)
X
cp”” \P/
Ry
(23)

The red-brown [{(cp)M(PMe,)},] (M = Zr or Hf) complexes, obtained by
reaction of [(ep),MCLl,] with two equivalents of 1.iPMe,, are diamagnetic in
solution. 1 NMR spectra of these complexes exhibit a sharp singlet due to
the equivalent (gHg protons and a triplet due to virtual coupling of the PMe,
protons  to  two 3P nuclei. The spectra are consistent with a

phosphido-bridged structure (24), with significant Zr---Zr interaction.

MEZ

P
cp.,“M/ \M L CP

Me,

(24)

Reactions of the [{{cp),M(PMe,)},] complexes with halogen-containing species
result in cleavage of the metal-phosphorus bonds and oxidation of the metal to
give [(cp)oMXs] (X = halogen) |71).

Photolysis or prolonged heating at 75 ‘C of a benzene slurry of
[ {(Mecp)o7rH(4-H)}5] results in evelution of H, and formation of dark purple
salutions. EPR spectra of these solutions indicate the presence of a
paramagnetic zirconium(TTT)~hydride complex, which reacts with
diphenylacetylene to give another zirconium(71T)-hydride species, perhaps
[ (Mecp),7r (H) (FhC=CPh) ] [73].

Paramagnetic zirconium(T17T)-hydride complexes are alsoc produced swhen thf
solutions of [(Pp)ZZrCIZJ are reduced with magnestium. A *H hyperfine
splitting of 7.4 G, which is not observed when the experiment is repeated with

[(nS-CgDg},7rCl,], indicates that the zirconium{TTT)-hydride is produced by
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hydrogen abstraction from a cyclopentadienyl ring. Additional
zirconium(III)-hydride complexes were observed by EPR when [(cp),ZrCl,] was
reduced by magnesium in the presence of alkenes or alkynes [76].

Low~-temperature photolysis studies in toluene or methyl cyclohexane of
[{ep)oZrR,] (R = alkyl or aryl) or {{(ep),Zr(R)Cl] (R = H, Me, cp, or Cl) have
led to EPR characterization of a number of zirconium{(III) species, including
[{cp),ZrR]l, [(ep)o2rCl]l, and a zirconium(IIT) bhydride. The EPR spectra
suggest that the solutions contain [(ep),2r(PEt4)R] adducts when the
[(Cp)zerz] complexes are photolyzed in the presence of PEty [77].

2.3 ZTRCONTUM(I) COMPOUNDS

The layer structure of Zr{l and ZrBr can be intercalated with oxygen and
hydrogen atoms yielding interstitial derivatives of the monochalides. 2ZrX (X =

Cl or Br) reacts with ZrO, at ca. 980 ‘C according to equation (12), where x

ZrX + nlrO; ————— ZrXOy + nZrO, (12)

and y can take on values up to ca. 0.4. The pure monohalides have a structure
consisting of four-layer slabs with stacking sequence X-Zr-Zr-X. X-ray
studies have shown that in ZrXOy.the oxygen atoms are randomly distributed in
tetrahedral interstices between the double zirconium layers of an expanded ZrX
structure. Reactions analogous to equation (12) do not occur between ZrCl and
ZrC, ZrN, 7ZrF,, or Zry,,S, and attempts to intercalate ZrCl with several
small molecules were unsuccessful [78].

Guinier X-ray powder data indicate that the monohalide hydrides
ZrBrHg 5y, ZrBrH, and ZrClH also have expanded ZrX structures. Hydride
formation is accompanied by a progressive increase in the distance between the
adjacent zirconium layers; the hydrogen atoms are presumed to occupy the
tetrahedral interstices between the gzirconium atoms [791. X-ray and UV
photoelectron spectra of ZrXHg g, ZrXH (X = Cl or Br), and ZrH, 44 indicate an
appreciable amount of Zr-H covalency [80].

Trends in XPES data for zirconium, ZrCl, (n = 1-4), ZrBr, ZrXH, (X = Cl
or Br; x = 0.5 or 1), and ZrClO, , have been reviewed. The binding energy of
the zirconium 3dﬂ2 level exhibits a regular increase with increasing formal
oxidation state except for ZrCly and ZrCl,, where the binding energies are
displaced to higher binding energy by ca. 1.3 eV. The break in the trend,
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between oxidation state +2 and +3, occurs in the region where metal-metal

bonding and valence-electron delocalization disappear [81].

2.4 ZIRCONTUM{O) AND HAFNTUM(O) COMPOUNDS

The tris(2,2’-bipyridine) and tris{1,10-phenanthroline) complexes,
{M(bipy)3] and [M{phen);] (M = 7r or Hf), have been prepared in ca. 80% yield
by reduction of 7rCl; or HfCl, with sodium amalgam in thf solutions that
contain a stoicheiometric amount of the ligand. These complexes are dark

coloured, extremely air sensitive, monomeric, and diamagnetic [82].

2.5 COMPOUNDS WITH METAT-METAL BONDS

Heterobimetallic complexes of the ftype [(op).X/rM(CO),(cp)) (X = CI,
(XMegz, or Me, when M = Ru; X = (CMe; or Me, when M = Fe) have been synthesized
by reaction of [(ep)Zr(iX] with one equivalent of K[(cpIM(CO),] in thf. The
presence of a metal-metal bond in these compounds was confirmed by the X-ray

structure  of [ (ep) (Me3CO)ZrRu(CO) - {ep) ] . (25) {r{Zr-Ru) = 2.910(1) A,

‘“Zr
cp”™
Ru"“ Co
/o
cp
(25)

r(Zr-0) = 1.910(4) A; Zr-0-C = 169.6 "} [83].

The  complexes [(cp)aM(CO) 5] ™M = T or Zr) react.  with
[ (cp)W(=COgH,Me-4) ((0)5] in toluene at 55-70 ‘C to give the thermally stable
and relatively inert bimetallic compounds [(cp)zhl(u—}?EGH4Me—4)(u—C’())W((?O)(cp)J
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(26). The structure of the titanium compmuned, which features a Ti-W bond

C
cp'l“M/ \\w\\\CO

cp/\C’ \cp
Of/

(26)

bridged by the CCgHMe—1 Jigand and an nb.n%-carbonyi group, has  been

estabhlished by X-rav diffraction [81].
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