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INTRODUCTION 

This chapter reviews the coordination chemistry of zirconium and hafnium published 
during 1994. It was compiled by surveying work detailed in the major journals and less prominent 
sources were reviewed using the online searching facility of the Univc;sity of Bath (BIDS). 

The coordination chemistry of Zr and Hf involves many complexes with organic ligands. 
Cyclopentadienyl complexes are especially common. For the purpose of this review it was decided 
to include references to complexes having at icast one donor atom other than carbon. These 
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references may also be cited in a complementary review of the organometallic chemistry of Zr and 
I-If for 1994 and therefore some overlap may occur. 

The first section of the review is organ&d according to donor ligand going from left to 
right across the periodic table for compounds of Zr and Hf formally having ar Jxidation state of 
IV. This is followed by a section involving low oxidation state complexes. The latter half of the 
review is concemed with the solid state chemistry of Zr and Hf. It includes a subsection on layered 
phosphate and phosphonate complexes of Zr and Hf. The characteristic structural properties of 
these materials may find application in important areas such as ion exchange and catalysis. The 
final section deals with the reactions of Zr and I-If specifically related to catalytic processes. It is not 
intended as a comprehensive survey of the field but serves as a brief summary of the catalytic 
behaviour of Zr and Hf coordination complexes published during 1994. 

II.1 ZIRCONIUM(N) AND HAFNItJM(fV) 

An extensive review has appeared on the chemistry of bisqclopentadienylzirconium(IV) 
and hafnium(IV) complexes with a variety of donor ligands including transition metal-centred 
anionic ligands [ 11. 

1 I .I w i Complexes with hydrogen donor l&ads 

The dimerie compound [Zr$Lt(BH4)s(PMe3)4] (1) has been prepared by the reaction of 
Zr(BH& with 16 equivalents of PMe3 in pentane at 195 K. The crystal structure showed it to 
consist of two Zr atoms linked by four igamls. Each Zr is ligated by two PMe3 

distance of 2.979( 1) A is significantly shorter 
ed dimer [Zr3#3(RH&(PMe3)2] (Zr-Zr = 

-25 contact distances on increasing the 

mpounds of the form l&2], /~~Cl6L2]~ IZrzQHL21 and /znc1&21 (L = 

by the reaction of zirconium chloride and the deprotonated 
diphosphinoph~p~de, P(CH$H2PMe&H. The complexes have been characterised bj ,ar!.:Sytical 

ctroscopic techniques. The crystal structure of [Zr$4(~Cl)(~H) (P(CH$!H2I%ez)z)z] 
It is dinuclear and contains chloride, phosphide and hydride bridges. 

th hydride and dialkylphosphide groups are rare for early transition metals 

Compounds of composition H&$!ltz(PR3)~ have been prepared by the reaction of ZrCl4 
with EJu3SnH (1:1.60) followed by 1 mole equivalent of PR3. Compounds with PR3 = PMe3 (3), 

Ph (5) were characterised by X-ray crystallography and IN and 3tP( tH) NMR 
ttWCopy~ The eomgounds all have five Zr atoms arranged to form a distorted pyramid with a 

tWIular base. Apart from the hydrogen atoms they all have core geometry 
~5(%Z(P~3)5 F41. 
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(1) Reproduced from ref. [21 with permission. 

(3) Reproduced from ref. [41 with pcrmoslon. 
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(4) RcprcxMxi from ref. 141 with permission. 

Silica-anchored kyiridc complexes, [Zr]S-H, have been synthesised 
enolysis of a tris(neopentyl)zitr3nium surface complex, 

by the controlled 
prepared from 

ntyl)zirconium and dehydr~x~~~ted SiO2. The hydride complexes have been 
spectroscopy. Their chemical reactivity has been compared to related 

h reactivity and thermal stability of the complexes were considered to 
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be related to the presence around Zr of the ‘solid’ ligand. The influence of the ligaud is discussed in 
terms of electronic and immobilising effects [S]. 

Silica-anchored alkyl zirconium complexes [Z&-R (R = cyclooctyl, Pr or Me) have also 
been prepared by the reaction of [Z&-H complexes with the relevant alkanes. Their stoichiomeuic 
reactivity towards molecules such as carbon monoxide and olefins was investigated in order to 
determine the potential of such systems to activate and funcrionalise alkanes catalytically [6]. 

I1 .I.2 Complexes with carbon donor ligands 

The compound Cp*ZrCl3 (6), prepared from the reaction of ZrC4 with Cp*SiMe3, has 
been shown by crystallography to consist of dimeric units. The two Cp*zrC13 moieties are related 
by a centre of symmetry with two chlorine atoms bridging the two metals. The Zr-Zr 
intramolecular distance (4.119A) and Zr-Cl(bridging) distances are similar to those found in 
CpZrCl3 which exists as a linear polymer [7]. 

(6) ~cprsduced (room ref. [7] with permission 

The half-sandwich compounds M($-CgMe7)Cl3 (M = Zr, Hf) have been obtained by 
addition of l-(~methylsilyl)h~~~t~~~~~t~y~indene (CgMe7SiMe3) to a suspension of the anhydrous 
halides MC4 in thf. Replacemcut cf a further Cl group yielding the metallocene derivatives M($- 
CgMe7)$.$ was achieved by treatment of MC4 with 2 equivalents of lithium heptamethylindenide 
(LiCgMe7). An X-ray structure determination carried out on the Zr derivative, (7), showed the 
indenyl ligands to be symmetrically @bonded to the metal. The heptamethylindenyl rings assume 
a partially staggered arrangement with respect to each other and are oriented away from the chloride 
ligands resulting in a significant distortion from planarity of the rings by folding at the bridgehead 
carbon atoms as shown in figure (7) [g]. 

The first examples of arrsa-bis(fluoreny1) complexes of group 4 metals have been prepared 
and their structures determined by X-ray diffraction (see figure (8)). The complexes, (Ct3Ha- 
C2H4-C13H8)MC12 ( M = Zr, Hf), were obtained from the reactions of MC4 with the dianion 
[Ct3Hg_C$&Ct3H&, synthesised from 1,Zdifluorenylethane and MeLi in a 12 stoichiometric 
ratio. The Zr derivative was found to show a high activity as a homogeneous polymerisation 
catalyst in combination with methylalumoxane (MAO) [9]. 



(7) Rep~&~ced from ref. [8] with permission. 

(8) Rca from ref. [9] wilh permission. 

The recently reported complex [ ( Me2C(~5-CsW4)(112-C9H6))Zr(r15-C~H5)C11 1 has hen 
home- and hetero-dimetallic complexes of 2k and Hf. The complexes isolated 

~(~a-69~))M*Cl2(tlZ-CsHs)) (M = Zr, M* = Zr, Hf; M 

2((rlS-CsHs)CMez(~S-C9~~))ZrC12(r\a-CgMeg)l. K$- 
Cs~s)~12((~S-Cs#4)CMe2(~5-C9~))Rh(C0)21 and [(“r15-CsPts)ZrC12((r(s-CsH4)CMe2(~S- 
C9&))Mn(C0)3). The preparations of the complexes are detailed and results of *H and ‘36 NMR 

iven. The results of the X-ray crystal structure of I are reported [lo). 
thane (TMM) complexes of zirconium have been synthesised and their 

by X-ray diffmction to study the effect of the TMM2- ligand as a dianionic 
mimic for the [CsR+ ligand in early transition metal chemistry [ 1 I]. The structure of the complex 
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Cp*(TMM)ZrCl2Li(tmeda), (9), prepared from the reaction of equimolar quantities of Cp*zrC13 

and TMM(Li.tmeda)s, has an overall geometry analogous to that of bent metallocenes. The TMM 
ligand is bound in a pyramidal $-QVI manner and the angles around the Zr atom are fair!y normal 
for a bismetallocene type complex supporting the view that the TMM ligand acts as an isoelectronic 
but dianionic mimic of the Cp ligand. A further complex Cp*(TBM)ZrCi2Li(tmeda)2, (lo), was 
prepared by slow addition of LiZ(TBM)(tmeda)q (TBM = tribenzylidenemethane) to Cp*ZrCl3. 
The X-ray structural study carried out on (10) showed that it is best described as a salt consisting of 
[Cp”(TBM)ZrCl2]- anions with tetrahedral [Li(tmeda)z]+ cations. It was assumed that 
coordination of the more bulky TBM ligand to Zr prevents a zwitterion arrangement as in (9) and 
the negative charge on the ion increases the distances between Zr and the carbon atoms of TBM 
relative to the Zr-TMM distances in (9) and results in significant distortion. High MW polyethene 
was obtained when (10) was treated with methylalumoxane (MAO) co-catalyst and ethene. 

(9) Roptiuceu fmm ref. [ 1 I] with permission, 

(lo) Reproduced fmm ref. [ 1 I] with permission. 
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A detailed synthetic and structural report has been made on substituted acetophenone- 
Cr(C0)3 enolate complexes and their complexation by [Cp3ZrCl]+ cations with 
diastereoisomerism [ 121. 

The first example of linear symmetric -X-M-X-M- chains in which the metal has a do 
configuration has been reported [13]. Three convenient syntheses are reported for 
chlorotrineopentylxirconium, Np3ZrCl(ll) according to equations (i)-(iii) (Np = Me3CCH3-). The 
X-ray crystal structure of (11) showed that the compound crystallises in polymeric chains with a 
linear symmetric repeating -Cl-ZrNp3-Cl-ZrNp3- unit. The Zr atom adopts a trigonal bipyramidal 
geometry and the angles between the chlorine atoms and the neopentyl ligands are 90’ indicating 

that the Zr-Cl bonds are perpendicular to the plane fotmed by the Zr and three ct-carbon atoms. 

ZrC4 + 3NpLi + Np3ZrCl+ 3LiCl (0 
ZrC4 + 3Np4Zr + 4NpgZrCl (ii) 
Np4Zr i- HCl + Np3ZrCl+ Np-H (iii) 

NP 

1 

NP NP 

\ 
S _F 

Zr - Cl - 2;’ - Cl 
‘.., 
x_ % I f 

NP NP 
_ 

GP 
n 

(11) 

1-3) formed accordin 
allowed to react w osuceinimide (NBS) and m~ehloroparben 

tion was proved to have taken place with the 

viour of (Cp$QCl)&$$& with 
~~~h~~~~u~~inirnid~ which resuhed in total decomposition to 

~~rnpIe~es containin carbon-donor ligands with boron are discussed together below. In 

order to understand the tale of Lewis acidic co-catalysts such as MAO the organoborane B(C&)3 

n used as an effective alternative cocatalyst capable of yielding isolable and character&able 

s with group 4 metallocenea The compound B(Q&)3 is a relatively strong molecular 

Lewis acid and can form a variety of characterisabb Lewis base adducts. 
The reactions of a series of zirconocene dimethyl complexes, L3ZrMeg (L =$-CsHs 2, 

~~mC~H3M~2.9, @-C3Me~ 4, r\s-CsH3((CH3)3Si)3 5 with B(CgF5)3 in hydrocarbon solvents 
W found to yiel se-free cationic zirconium alkyl complexes [LzZrMe]+[MeB(C6FS)3]-. 
When PBuzCsH 3)aZrMe~ was used, the cationic metallaeyclic product 
1CrBuzC~N3)[‘BuCsH3C~e2CH2]Zr)+( MeB(CgFS)3)- 6 was obtained from a presumed 
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intramolecular C-H activation process. Complexes 4 and 6 were found to undergo rapid 
hydrogenolysis to yield the corresponding cationic hydrido complexes 
[(MesCs)2ZrM]+[MeB(C6~~)~]- 7, [(MesCs)2Z’Hl+[HB(C6Fs)3]- 8 (stepwise) and 
[(‘su)zCsH3)2zrH]+[MeFiC6;5)3]- 9 respectively. Complexes 3-6 and 8, have been characterised 
by X-ray diffraction. Complex 3 was found to undergo slow conversion to 
([(Me$!~H&$rMe]~(~-F)I+I~~B(~F~)3]- ‘.n QDe in an inert atmosphere at 25’C. The X-ray 
structure of this complex was also detemlkd. Complexes 2-5,7 and 8 were shown to be highly 
active homogeneous catalysts for the polymerisation of ethene with activities comparable with 
MAO-based zirconocene catalysts [ 151. The same complexes were found to be active in the atactic 
polymerisation of propene. 

The reaction which is generally held to yield monomeric cationic 1Celectron complexes 
used as polymerisation catalysts (see equation (v)) has been shown to be incomplete in describing 
the course of the reaction and can be shown to lead to dimeric complexes as the major products 
depending upon the reaction conditions [lo]. 

[CpMW + PhMW@~)41 - KP~M-WN%WI + PWJR 0.9 

The reaction of the methyl complexes [CpzMh. 31 IOU-~ with [CPh3]+[B(C&)4]- at 
-WC in CD&Y2 led to the formation of dinuclear bridged complexes Ila-d (scheme 1). In the 
presence of trimethylaluminium the cations [Cp’zMMe]+, 12a-e formed preferentially the 
heterodinuclear complexes [Cp’2M(p-Me)2AlMe$ (13&e, scheme 2).The equilibria established 
between these dimeric homo- and heterodinuclear cationic complexes and their monomeric forms 
have been investigated in order to attempt to understand their catalytic activity. 

I Oa-d 

lOa, M -0 Zr, Cd = C51-15 
lob, M = Hf, Cp’ - CgHg 
lOc, Cp’2 = Me2Si(lnd)2 
1 Od, Cd2 = C2Hq(Indh 

-Pl13CMc 

lye ye 1 
+ 

Cp’,M--Me-MCp, IWWW41’ 

llr-d 

I 
-PII~CMC 

2 [Cp’,M--iMel+ P(C,F,),l 

scheme 1 
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[Cp’2M(CH3)2] “~~~ 
ii!3 ,q + 

3 I 1 c”2”“; -A? 
c( CH3 

12a-e H3 

13a-e 

12a,M=Zr,Cp’=C~H5 
12b, M = Hr, Cp’ = CsHs 
i tc, M = Zr, Cp’ = Me$i(Ind)z 
ltd, M = Zr, Cp’ = C2Q(Ind)2 
12e, M = W, Cp’ - h@C(C9(Flu) Ind = indenyl 

Flu = fluorcnyl 

Me 
Me 

13e scheme 2 

rtion into the half-sandwich salt complex 
H2Ph)(CI42Ph)][ 

crystal structure of (12) was shown to possess an unusual ‘back-biting’ qe- 
stability oF the compound towar& either 

. The structure, (figure (12)), consists of 
]- anions. The zjr atom, rather than being highly electron 

deficient ns the Formula of the complex would suggest, is saturated by intramolecular qe- 
coordinntion with the phenyl ring. There is thereFore no significant cation-anion bonding interaction 
unlike in [CpZr$H2Ph)2][BCH2Fh)(C&)3] in which coordination to Zr of the Ph rings of the 
anion was observed. The coordination around the Zr atom is pseudo-tetrahedral by the two C 
atoms and the centmids of the Cp* and Ph rings. 

A group of aminoborollide derivatives of zirconium and hafnium having both Lewis acidic 
and basic sites in relatively close proximity h en prepared. The compounds Cp*[l\s- 

~N{CHMe2)2]M~~.~iCl (M = Zr, Hf) have n obtained by treatment of Cp*MCl3 with 
~N~~HMe2)2].~F in toluene. The X-ray crystal structure OF the bis(diethyletherate) 

of the zirconium complex, (1 ), was determined and revealed that the botollide ligand is 
und to zirconium and the bulky (N(CHCMe2)2) group is rotated to the side of the 

e SO that it points away from the Cp* ring and one of the coordinated ether 
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molecules. The two methine C atoms, the N, and the B of the borollide are co-planar which allows 
pz-pa interaction between the B and N atoms with the possibility of a resonance structure. 
Protonation of the borollide nitrogen of (13a) or the Hf analogue with 1 equiv. of HCl yielded the 
zwitterion dichlorides, Cp*(C$-IqBN(H)i~)MCl~ (scheme 3). The X-ray structure of the hafnium 
derivative, (13b), was determined and showed the borollide ligand was also qs coordinated but in 
this case the N atom is pyramidal not planar as in (13a). There was some uncertainty in the location 
of the H atom, but protonation of the N atom as in (13b) eliminates any contribution from a 
resonance structure as in the case of (13a) [ 181. 

I 11 
-/“-f 

a p% P 
Me 

C’ 

” Me 

% 

Me 

Me Me 

(12) 

(13a) M = Zr (13b) M = Hf 

Cp*(C&BNR2)MCl.LiCl(Et20)2 
HCI a 

-LiCI 
M = 23, Hf 

(13a) 

Cp*UUWM-WWMCl 

(1W Scheme 3 

Interest in the applications of 1.1.dimetallo compounds of zirconium, especially in olefin 
polymerisation reactions, has resulted in the isolation of the first Zr boronic ester l,l-dimetallo 
compound, chlorobis(cyclopentadienyl)[ l-( 1,3,2-dioxaborinane-Zyl)hexyl)zirconium(IV) (14). 
The synthesis of the compound from alkenyl boronic ester, and 3 equivalents of [Zr(Cp)$l)H] is 
outlined below in scheme 4. The structure of the compound (14) was found to consist of 
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approximately tetrahedral 4-coordinate zirconium ligated by two Cp rings, Cl and the aliphatic C( 1). 
No inter- or intra-molecular interactions were detected between Zr and the B or 0 atoms [ 191. The 
compound was found to be effective in catalysing the polymksation of styrene without a co- 
catalyst. Further analytical information concerning these compoutds has been reported [20]. 

-do 
‘0 

+ 3Zr(Cp)2(CliH - +--XT 

b 3 

scheme 4 

from ref. [ I91 with permission 

the first examples of stable 1,1 -dimetalloalkenes of bomn and 
zkonation Feactions usin (H)CI as shown in scheme 5 

structure of the tert-butyl derivative Ma was determined by X-ray crystall 
molecules, whose configurations are identical but differin in conformational detai 

r asymmetric unit. tn th molecules the coordination spheres around the Zr atoms were almost 

Mb: R = n-h krcp$l - 
Sckeme 5 
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I1 .I .3 Complexes with silicon containing ligands 

The X-ray crystal structure of [C$H2(SiMe3)3]2ZrC12 has been determined [22]. The 
complex was found to be monomeric in the solid state and crystallises with two independent 
molecules, the structures of which differ mainly in the relative staggered orientation of the 
[CgHz(SiMe3)3] rings. The tris(trimethylsilyl)cyclopentadienyl rings were found to be staggered 
due to steric congestion resulting in a Cp(centroid)-Zr-Cp(centroid) angle of 135.4(2)’ and 
relatively short Z&l bond lengths. The Cl atoms are symmetrically placed between the Cp rings in 
the plane containing the Cp ring centtoid and the Zr atom. ESR spectroscopic evidence for a zr(III) 
species was observed following reduction of [C&H2(SiMe3)3]2ZrCl2 with sodium amalgam. 

The reaction between [ (Zr(qCOT)Cl2]2] [COT = l-4-bis(trimethylsilyl)cyclooctatetraene] 
and [LiCH(SiMe?)p] in diethyl ether at -78’C yielded the dinuclear complex [(q - 

C$Ie(SiMe3)2)Zr( CH(SiMe3)2) (C1-rl8:rl2-CsH4(SiMe3)2)Zr( CH(SiMe3)2)] (15). The X-ray 
crystal structure shows a bridging cyclooctatrieneyne ligand arising from double hydrogen 
abstraction from a COT ring. The diamagnetic nature of the complex suggests a zwitterionic 
structure involving cationic Zr(IV) and anionic Zr(II), or cationic Zr(IV) and also anionic Zr(IV) 

1231. 

(15) Reproduced from ref. [23] with permission. 

11 .I .4 Complexes with nitrogen donor ligands 

The compound Cp2Zr(=N-tBu)(thf) 25~ has been found to undergo a formal [2+2] 
cycloaddition reaction with benzaldehyde N-phenylamine to give the 2,4-diazametallacyclobutane 
15b (scheme 6). 156 reacts with a second molecule of N-phenylamine to give the related 
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heterometallacycle 25~ with the release of benzaldehyde N-tert-butylamine. A preliminary study has 
been made of the action mechanism. The reaction proceeds, in analogy to olefin metathesis, by an 
initial dissociative process that generates a transient imido complex intermediate. The imido 
complex is trapped by alkynes, and even more efficiently by imines. Identical values for the 
saturation rate constant kt were obtained for the reactions of ZSb with imine and two alkynes, at 
high imine or alkyne concentrations, where diazametallacy& cleavage is rate determining. This 
evidence supported the mechanism proposed in scheme 7 [24]. 

,Ph 

h 
Ph 

>lir 
h 

Reproduced from ref. [24] with pemksion. 

PM 
Scheme 6 

N ,t&l 

C&Z,< 
> 

Ph _ 
kl w 

+ [Cp#=NPh] + i 

Y 
k.1 h 

Ph H 
Ph 

JR 

Ph 

8 h 

1Jc 

Reproduced from ref. I241 with pcnnissien. 

Scheme 7 

The formation of $9imine-zirsonocane complexes, Cp$r(NRtCR2R~), by elimination of 
R4)(NR’CHR~R$ has n investigated with regard to the variation in Rt, R2, 

Hammett type structun&ate correlations (Rt, R2, R4 
e; RI, p =t 3.2; R2,p = 0.5; R4, p = -1.6). Tue data 

clometalilhtion involving daptotonation CE to nitrogen by (R$. The 
te of reaction and the structure of the amine shows a marked dependency 
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uaaq aAeq saxaIdwo3 auy.yZlr ieql auqi iuy aqi s! s!ql waa33a opals putt 3ywaaala qloq uo 
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206 and 21 can also be formed directly by the reaction of the metal amides with two moles of 
cyclopentadienes, The products were characterised by lH, l3C and 2gSi NMR. The twofold 
bridging and steric bulk of the phenyl substituents did not cause substantial distortion of the 
framework. Metdlocenes 20 therefore display the same characteristic features of common 
metallocenes such as [(C5H5)2ZrCl2] and [Me2Si(Q$-&ZrC12]. The structure of 20~. figure 
(17), shows the distance of the Zr atoms from the Cp ring centroids, 2, (2.21 and 2.22 A) are in 
the typical range for Z-Zr distances. The Z-Zr-Z angle agrees well with the usual values of 125.4- 
128.3’. The aasa analogue metallocene 21 has a dynamic structure in solution like Ti, Zr and Hf 
complexes of [M(C5H5)4]. The *H and t3C NMR spectra feign fourfold q5 coordination. The X- 
ray crystal structure, figure (18), has been determined. It is (t\5)2:(q*)2 coordinated as in 
[M(C5H5)4] (M = Ti, Hf). The presence of a bridging bis(cyclopentadieny1) ligand is new 
caordination behaviour for metallocene chemisuy. 

= 

- 2 HNRp I------ 
180, M=Zr,R=Et.Y=NPh 
IUS, M=Hf,R=Me,Y=NPh 
?P, M=Zr,R=Et,Y=C,H, 

- 4 HNRD 

M=Zr,Y=NPh 
M=Hf,Y=NPh 
M=Zr,Y=C,H, 

Rep&uced fr0m ref. [ZS] with pcnnission. 
Scheme 8 
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Reproduced from ref. [281 with permission. 

(17) 
Reproduced from ref. [28] with permission. 

(18) 

The first early-late heterodimetallic bridging imido complex Cp2Zr(p-N-tBu)IrCp* 22 has 
been synthesised in 65% yield by the sequential addition of nBuLi and Cp*IrN-tBu to Cp2ZrC12 
[29]. It was characterised by an X-ray diffraction study. The Ir-Zr bond distance was found to be 

2.598(2) A, and the Ir-N (1.887( 13)A) and Zr-N (2.084( 13) A) bond distances are comparable to 
those found in analogous homonuclear imido dimers. Cooperative reactivity studies, carried out on 
22 showed it to undergo addition of both polar N-H, O-H, S-H and non-polar H-H, S-H, C-H 
bonds across the Ir-Zr bond. Reaction ot 22 with p-toluidine gave CpzZr(NHAr)(p-N-tBu)(p- 
H)IrCp* (23,60% yield), with p-cresol gave Cp2Zr(OAr)(p-N-tBu)(kH)IrCp* (24u, 56% yield) 
and tert-butyl alcohol gave CpzZr(O-tBu)(p-N-tBu)(P-H)IrCp* (246,74% yield). Complexes 23 
and 24~ have been characterlsed by X-ray crystallography. Addition of diphenylphosphine and 
cyclohexylphosphine to 22 resulted in the unusual insertion of phosphide (PR2) into the Ir-N rather 
than the Ir-Zr bond to give CpZZr(p-N(tBu)P&)Ir(H)Cp* (2&r, 63% yield) and Cp2Zr(p- 
N(tBu)PHCy)Ir(H)Cp* (256,506 yield). An X-ray diffraction study of 25a found an Ir-Zr bond 
distance of 2,Q42(1) A, similar to that in 2~. With methyl triflate (MeOTf) the tert-butoxide 
complex 246 gave CpZr(O-Qu)(OTf)(y-H)Q.t-N-tBu)IrCp* (26, 62% yield), ab a result of the 
replacement of a single Zr-bonded Cp ligand with a triflate ligand. An X-ray diffraction study 
confimred that the trlflate ion was covalently bonded to zirconium. 

The reaction of [M(@-C5H$Cl3(MeCN)2] (M = Zr, Hf) and SbCls in CH3CN solution is 
a convenient route to cationic monocyclopentadienyl metal species following halide extraction. 
The hexachloroantimonate(V) salts [M(q5-CsHS)C12(MeCN)3][SbCi6], [M(tj5- 
C5H$Cl(MeCN)4][SbC16]2 and [M(q5CgHg)(MeCN)t$[SbC16]3 were isolated and characterised. 
The structure of [Hf($-CsHs)(MeCN)6][SbC16]3CH$12 has been determined, and the cation is 
shown in figure (19). It is monoclinic and comprises two independent [Hf(?j5-CgHS)(MeCN)6]3+ 
cations, six [gbCl6]’ anions and two lattice CH2C12 solvent molecules. It has seven-coordinate 
metal geometry, with an axial Cp ligand. Only a few cationic monocyclopentadienyl complexes 
have so far been structurally characterised [ 301. 
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(19) Reproduced from nf. 1301 with pemission. 

Chid %&$?k(q~-pyrid-2-y1)+ (ChCp2 = chiral arrscbiscyclopentadienyl) species derived 
from Brintzingers Q-symmetric ansa-zirconocene complexes (EBI)ZrC12 (27, EBI = 
ethylenebisindenyl) and (EBTHI)ZrC12 (28, EBTHI = ethylenebis(tetrahydroindeny1)) undergo 
highly regio= and stereospzzciiic alkene insertion reactions [31]. For example, protonolyis of ruc- 
(EBI)ErMez and rut-(EBTHl)ZrMe2 with [HNnBu3][BPhg] in the presence of 2-picoline gives 
the ion pairs roc-[(EBI)Zr(@-6-Me-pyrid-2-yl)(2-picoline)]]BP~] 29, n = 4.91%) and rac- 
[(EBTHI)Zr(~2-6-Me-pyrid-2-yl)(2-pieoline)][BPhs] (29, n = 8, 91%). The complexes are 
obtained as mixtures of ‘N-inside’ and ‘N-outside’ isomers which differ in the orientation of the q2- 
pyridyl ligands, figure (&; At 23’C in CH$l2,29 (n = 4,g) both insert propene and I-hexene to 

a=b=H,c=Me,Bu 
und 29 (n - 8) reacts similarly, but with lower de. The 

major diastereomer. 

H) in which the ar-Ph 
). The stenoselectivity of these 

m 

R=Me R=Me 
(20) Replga ftom nf. [311 with pmission. (21) 
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(22) Reproduced From ref. 1321 with permission. 

(CgH5)2ZrQt-2,4-hexadiyne)BAr3 betaine reacts with benzonitrile to give a Zr/B bridging 
methylenecyclopropene derivative, figure (23), formed by intramolecular alhyne insertion into a 
Zr-C(sp2) u-bond (scheme 11). The structure of (23) was determined by X-ray diffraction. It 
contains a substituted methylenecyclopropene framework bearing two methyl groups, a B(C!&)3 

substituent and an N-metallated ketimino functionality. The complex is best described as an 
organometallic zirconium boron betaine 1331. 

Roproduccd fiem ref. 1331 with pctmission. 
Sekme II 

The (~fo~~ldehyde)(Cp~Z~l)2 complex [(CpaZrcl)2(~:rlt(Q),~a(C,8)-C~20~] reacts 
with alkyl isocyanides RNC (R = CHzSiMe3, CMe%) with insertion into the Zr-C bond and 

tallaoxirana unit by cleavage the &jacent&Obnd togive &'N-i&d&($- 

iminoaeyl) zirconocene complexes [(CR2 Cl)(CH2CZrQ&l)sNR)]. The compound 

%Cl)=NC~2SiMe3)1 was character&d by X-ray diffraction [34], 
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(23) Reproduced from ref. 1331 with permission. 

Multiple C-C coupling of isocyanides has been demonstrated by the ambient-pressure 
reactions of CNMe with CpzM(N(CMe3)CC(=NCMe3)CH$iMc$H2) and the high pressure 
reactions of CNCMe3 with Cp2M(CH$iMe$!H2) which give the compounds CpzM(N(Me)C- 
C(=NCMe3)C(=NCMes)CH2SiMezCHZ) and Cp2M(N(CMeg)C(=C=NCMe3)C(=NCMe+ 
CHzSiMezCHz) (M = Zr, Hf’) respectively [35]. 

The formation and structures of some cationic pyrazole and pyrazolyl zirconocene 
complexes have been reported [36]. On treatment of dimethylzirconocene with 1 molar equivalent 
of pyrazole, methane and (pyrazole-N)methylzirconocene 35 were formed. Treatment of 35 with 
tributylammonium tetraphenylborate gave cationic (rl2-pyrazolyl-N,N’)(tetrahydrofuran)- 
zireonocene 36, isolated as the tetraphenylborate salt in >60% yield. The related (q2-pyrazolyl- 
N,N’)(tjl-pyrazolyl-N)zirconocene tetraphenylborate salt was obtained by treating the 
methylzirconocene cation [Cp$ErCH~(thf)]* with pyrazola in CH2612, Cationic complex 36 reacts 
with acetylacetone by proton transfer to give (acetylacetonato)(rll-pyrazole-N)zirconocene 
tetraplrenylborate (37) Complexes 36 and 37 were characterised by X-ray diffraction. Complex 36 
was used as a Lewis-acid in !he Mukaiyama aldol reaction between 
[(trlmethylsilyl)oxy]cyclopentene and benzaldehyde. 

A new class of organotitanium(IV) and organozirconium(IV) chelates with biologically 
active monofunctional didentate semicarbazones having the ON donor system has been prepared. 
CpzTiClz and Cp$?rCl2 were allowed to react in 1: 1 and 1:2 stoichiometric proportions of the 
appropriate ligand, prepared by condensing heterocyclic ketones and semicarbazide hydrochlorides 
in the presence of NaOAc. Trigonal bipyramidal and octahedral structures were suggested for the 
1:l and 1:2 (M:L) complexes of Ti(IV) and Zr(IV), respectively, on the basis of spectral analysis 
1371. 

The reaction of Cp2ZrCl2 with HL (HL = 2,3-dihydroxypyridine, 2-amino-3- 
hydroxypyrldine) in water, followed by addition of K+[ROCS2]- produced the xanthate salts 
[Cp2ZrL]+[ROCS$ in 67-69% yields (R = Me, Et, Me2CH). The salts were character&d by 
elemental analysis, conductance measurements, and IR and 1H NMR spectroscopy [38l. 
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Bis-[(tert-butylamidodimethyls~lyl)cyclopentadienyl]zirconium, (QH9N-SiMe2- 
C5H&Zr, is formed as a spiranoide zitconacyclus by reaction of ZtCl4.2thf with (K&HgN-SiMeZ- 
Csb)Li2, irrespective of the molar ratio of the starting materials. The complex was investigated by 
means of tH and t3C NMR spectroscopy [39]. 

A series of silylamido complexes of zirconium, Cp$&(X)(NtBuSiMe2H) (X = H, I, Br, 
Cl, F) have been ptepated. The complexes exhibit agostic Psi-H interactions with the metal centre, 
and have been character&d by spectroscopic and structural methods. Data obtained from NMR 
spectroscopy provided evidence for the interaction of the Si-H G-bond with zirconium. The 
spectroscopic data also established a definite trend for the strength of the non-classical Zr-H-Si 
interaction in CpzZr(X)(NtBuSiMe2H): X = H > I > Br > Cl > F. This ordering directly reflects the 
relative electrophilicity of the zirconium centre. X-ray diffraction studies of the hydride and chloride 
complexes were also consistent with the coordination of the Si-H bond to the metal centre. Short 
Zr-Si distances and acute Zr-N-Si angles suggested severe bending of the siiy! group towards 
zirconium, and the location of the amid0 group near the centre of the metallocene equatorial wedge 
is consistent with a Cp#L3 coordination environment, not the Cp2ML2 geometry Indicated by the 
formula Cp$r(NR2)(X) (401. 

N-N lJOl(3) A 

tr--NI 1.920(3) A 

Zr-N-N 1 700 

D-N’ 2308(3) A 

used from ref. [41] with permission. 

(241 

N-N 1.548(T) A 

2r-N 2.024(4) A 

Zr-Nl 2.1X5(3) A 

Repr~!uced from ref. [Sll with permission. 

(25) 

The vibrational properties of the bridging dinitrogen ligand in two different dinuclear 
zirconium complexes known to contain unusually long N-N bonds have been investigated by 
resonance Raman (RR) spectroscopy [41). X-ray crystallography has shown that 

I)(’ HzSiMe%)zN)~(rls-e~H~~)z(Y-llt:9t-Nz) (24), exhibits ‘end-on’ bridging dinitrogen, 
whilst I[(iBrzBCPiaSiMezhN]Z~l);b(C112:rl~-N2) (25), exhibits ‘side-on’ bridging dinitrogen. 

m of (24) showed a single intense peak at 1211 cm- 1, corresponding to the v(N- 
stretch, The peak shifted to 1172 cm== 1 in the tSN2-enriched isotopomer. This value 
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corresponds to an N-N bond order between 1 and 2, consistent with the 1.301 A N-N bond length 
in the crystal structure. Solid state and toluene solution spectra correlated well, indicating the 
structures are nearly identical. The solid state RR spectrum of 25 showed a peak at 731 cm- 1 
which was assigned to v(N-N). The low frequency of this stretch compared with that of v(N-N) in 
N2Hq implied that the N-N bond order is less than 1. Solution RR spectra in thf were more 
complicated, but the presence of isotope sensitive bands below 1111 cm- 1 also supported an N-N 
bond order of less than 1. This is consistent with the 1.548 A N-N bond length in the crystal 
structure. 

The synthesis and structure of the first zirconylcomplex of the unsaturated P2N4S2 ring 
(26) which exhibits a novel I$N,S bonding mode has been reported. The reaction of the 
dilithocomplex (27) (R = tBu) with 2 equivalents of Cp2ZrCl2 in thf at O’C yielded 
[Cp2ZrCi(Ph4P2N&tBu)] (28) as highly air sensitive crystals. Complex (28) was character&d 
by tH, t3C and 31P NMR, and X-ray crystallography. The crystal structure showed that the 
[P~~P~N&~Bu] ligand is cardbated to Zr via adjacent S and N atoms (T$N,S). This renders the 
Zr-S and Zr-N bonds highly susceptible to cleavage by electrophiles, and results in the production 
of P2N4S2 rings with S-halogen0 and N-H functionalities which are more difficult to make from 
the parent ring complex [42]. 

Ph 
(27) 

(28) Rcproduccd from ref. [42] with permission. 
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Complexes of the type MC~$JI(P~~PZN~SQR) have been prepared by the reaction of 
[Li(Ph&N4QR)thfjz (R = Me, tBu, Ph, CH2PPH2) with the metallocene dihalides MCp2C12 (M 
;; Ti, Zr, Hf) in thf [43]. The X-ray crystal structure of ZrCpaC1(Ph4P2N4SztBu) has been 
determined. The Ph4P2N4S2%- l&and is attached to zirconium via adjacent sulphur and nitrogen 
atoms of an NSN unit on the opposite side of the ring from the tBu group. The resulting three- 
membe& metallacycle (zirconathiaaziridene) has the dimensions d(Zr-S) = 2.634(2) A, d(Zr-N) = 
2.206(S) A, d(S-N) = 1.697(6) A. Treatment of zrcp2Cl(Ph4PzN4S$Bu) with electrophiles 
xesulted in the regiospecific functionalisation of the P2N4S2 ring. With methyl iodide or bromide it 
forms the unsymmetrical S,S’-diorgano derivative Ph4P2N4(StBu)(SMe) and the S-bromo 
derivative Ph4P2N 4( StBu)(SBr), respectively. By contrast, the reaction of 
ZrCp$l(Ph4p2N4S$Bu) with 2 molar equivalents of HCl gas produces [P~~P~N~S$BUH~IC~ in 
which the two nitrogen atoms, separated by the two-coordinate sulphur in the Ph4P2N4SztBu- 
anion, hzve been protonated. [P~~P~N~S$BUH~]CI was characterised by 3tP and *H-lsN HMQC 
NMR spectroscopy and by X-ray crystallography, which showed that it exists as a hydrogen 
bonded dimer in the solid state. An X-ray structural determination of Ph4P2N4(SPh)(SBr), 
prepared by the bromination of [Li(Ph.4P2N4S2Ph)thflz or [ZrCp$Y(Ph4P2N4SzPh)l revealed a 
relatively long S-Br distance of 2.573(5) A. Attempts to replace the Cl ligand in 
ZrQqCl(Ph4P2N4S2tBu) with strong nucleophiles such as Li(Et3H) or LiMe were unsuccessful. 

An inter vt?rsus intra isotope effect study has n carried out to determine whether methane 
binds to do (tBu$iNH)2Zr=NSitBu3 prior to C-H bond activation. Both mechanisms are 
plausible, but cam’s razor favours the smooth pathway for C-H versus C-D activation, given the 

t supporting methane binding [44]. 
by the reaction of Zr(OH)4, formed by the 

controlled hydrolysis of ZrOCl2, and excess H.4dota (H4dota = 1,4,~,lO~tetr~z~y~l~~~ane- 
N,N’,N’,N”-teaaacetit: add The solution strucfure of the complex has been determined by II=1 

est that the structure is of lower symmetry than the mono- 
smatic structure shown by the solid state crystal structure of 

inor iso the Zr complex was also observed [45]. 
iMea)a ;2 has been used to prepare a range of Zr(IV) 

on N,IV’-bis(trimethylsilyl)benzamidinate ligands by various routes. Reduction of 
the dichloride using Na/Hg gave a compound with empirical formula 

r.0.2S(hexane), which on analysis by X-ray means proved to be 
ZPhCNSiMe3)(~NSiMe3)jz (2% In the molec.ule, each 6 coordinate Zr 

atom is bound t o bridging imido ligands, an q%minoacyl ligand and a didentate 

compound [(Zr(rl-CsMe5)[~-sPh(N(SiMeJ))a](Cr-Cl))al[B(C6Fs)4]2 (30) was 
?-CsMes)(rl-GPh[N(SiMea)la)Me~] and [CPh3][B(QFg)4] in 

with resultant abs n of cl from the solvent to give the unexpected chlorine bridged 
~-CsHsb(rl-~Ph[N(SiMeg)l?)Mez] with [CPh3][B(C!&$4] in CH2Cl2 
- fsm the U3(C33l41- anion in addition to chlorine abstraction from 

65Hs)[r(-CPhIN(SiMe3)}2](~Cl))2] [B(C&&Me]2. The reaction 
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of [Zr(q-C!5Hs)(q-CPh[N(SiMe3)]2)Me2] with the neutral molecule B(QFg)3 in benzene gave 
[((rl-CsHs)[ll-CPhIN(SiMe3))2](Cd;s))Zr(~-MeB(C~5)3)] (31). in which the C&F5 group has 
been transferred from B to Zr. 

(29) Reproduced fmm ref. [46] with permission. 

(30) Reproduced from ref. [47] with permission. 
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(31) Reproduced ftom Fef. 1471 with permission. 

The $-aza-ally1 [Li(LL’)]z ([N(R)C(tBu)CHR]- = ([LL’]-); R = SiMej), prepared by the 
reaction of LiCHR2 with tBuCN, was allowed to react with ZrC!lq to give the Zr(IV) -I$-l-aza-allyl, 
[Zr(LL’)&!l2] [--#I]. The Wketinimates [MI N(R)C(tBu)C(H)C(Ph)NR)Cl3] (M = Zr, Hf) were 
obtained from &i(LL’))2 with 2PhCN via MC4 (scheme 12). The X-ray structure of the Zr 

The Zr atom was found to be five coordinate in a distorted trigonal 

Ph K 

HC 

2 

I I 
2[li4(N(R)C(tBu)C(H)C(PhjNR}Cl~] 

scheme 12 

ctivity of zirconium hydtazido complexes containing @oxide ligands 
Me)@-NPhNHPh)] (Art3 = 2&ditettbutylphenoxide) was 
] with 1 equivalent of I,2-diphenylhydrazine in hydrocarbon 

solvents at ambient temperature; 1 equivalent of methane is eliminated. Reaction of 
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[(ArO)2Zr(Me)(~2NPhNHPh)] with 1 equivalent of tBuNC led to a mixed hydrazido, iminoacyl 
complex [(ArO)$r(r$NPhNHPh)(@-tBuCNCH3)] (33). The crystal structure of this complex 
shows both hydrazido and iminoacyl groups to be @-bound to the metal with a PhN-NHPh 
distance of 1.47(2) A [49]. 

“\ /Cl 

&\Cl 
c- - 

C v \ 
C- N 

(32) 

(33) Repnxiuced fi0m ref. 149) with permissim 

Homoleptic 1,2:5,6-di-0-isopropylidene-a-D-glucofuranose (HL) complexes of 
aluminium and group 4 metals (Ti, Zr or Hf) have been synthesised by ligand displacement from 
AlEt3 and [M(PhCH2)4] (M = Ti, Zr or Hf) with HL. The products were character&d by tH and 
t3C NMR spectroscopies whic& showed the sugar ligands to be equivalent and free to rotate about 
the M-O bond, even at 193 K. Pyridine adducts of all the complexes were obtained. The X-ray 
crystal structure of the zirconium adduct [ZrLq(py)z] was determined. It is monomeric, and 
coordination around the Zr atom is pseudo octahedral, involving four carbohydrate and two 
pyridine ligands in a cls configuration [SO]. 

Complexes of the general formula ZrQ.DAD have been obtained by the reaction of 1,4- 
diazabutadienes (DAD = RN=CPh-CPh=NR; R = C&, CH3CbH4, CH3OQH.4) with ZrC4.2thf 
as shown in equation (vi). When the products were allowed to react with lithium diazadienides, 
LizDAD, deep coloured complexes of formula Zr(DAD)3 were formed as in equation (vii). The 
complexes were characterised by elemental analysis and IR, tH and *%I! NMR spectroscopy [511. 
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CH Cl 
ZrCL+2thf + DAD 5 2IrQ.DAD + 2thf (vi) 

ZKL+DAD + 2LizDAD “20 Zr(DAD)3 + 4LiCl (vii) 

The first substituted bis(porphyrin) complexes Zr(porph)(porph-X) (X = N02, NH2, 
where X replaces one of the P_pytrole hydrogens) have been prepared. Electronic spectroscopy and 
cyclic voltammetry provided evidence that introduction of an electron withdrawing or donating 
group alters the electronic structure of the molecule. The electronic spectra of the x radical cations 
and dications confumed that the interporphyrin rc-lt interactions are affected by b-substitution. tH 
NMR spectroscopic studies of Zr(porph)(porph-X) show that the two porphyrin macrocycles do 
not rotate with respect to one another even at ISOC [52]. 

The dialkyl chlorides (Mc3SiCH2)2MCl2(EtO)2 (M = Zr, Hf) synthesised from 
stoichiometric amounts of alkyl lithium and MC4, have been used to prepare (P)M(CH#iMe3)2 
derivatives (PH2 = tetra-p-tolylporphyrin or OEPH2) in good yields by reaction with the dilithium 
potphyrate. NMR spectroscopic studies carried out on the complex show that the Zr atom is 
displaced out of the porphyrin plane and that the ligands ate cis to each another. Protonolysis of the 
OEP derivatives with one equivalent of [HNMeZPH][BPh4] generated the cationic species of 
[(O~P)M(CWZSiMeg)l[BPh41 [53]. 

r$lg(PMe3)4] (34) has been obtained hy the reaction of ZrC14 with 2 
equivaletttr of PMa3 in nzene. The Zr atoms are bridged by Cl atoms forming bipolyhedra 

face capped . In the same study 
lsxes, the complex truns 14(PMe2Ph)a] (35) was 

t with two equivalents of PMezPh in benzene. This complex is 
nd I-Zr-p angles are nettr to the octahedral 

mans to each other 1541. A related Zr(III) complex, 

The reaction of Cp($$!K12 (Cpu =t\S-CgMeqEt) with one or two equivalents of 
LiPH(2,4,6-Me$ZsHa) in thf yielded Cp”$Zr( P(2,4,6-Me3CgH2)P(2,4,6-Me3C6H2)) as dark 

phy showed the trans-(2,4,6-Me$&H~)P~P(2,4,6-Me&$i~) 
This ligand is unstable when not coordinated to c h;retal centre, 

zr(B(2,4,6-Me3CsWz)P(2,4,6-Me3C6H2)) has two identical Zr-P bond lengths of 2.6!50(3) 
P-P bond length of 2.188(3) A. The P-P bond length corresponds more closely to 
values for P-P single bonds, rather than for P-P double bonds [55]. The same group has 

t%td the reaction of Cp$rC12 with solvent free LiP#(2,4,6-tBu3CgH2). The terminal 
&conoeene phosphido complexes Cp$Er(CI)( PH(2,4,6JBusC6H2)), were formed by a 1: 1 
reaction, tend [PH(2,4,6-tBu3~$Hz)lz by II 1:2 reaction. ~2Zr[PH(2,4,6-tBu3CbH2)]2 is 

ily obtained by the reaction of Cp22rCl2 with H2P(2,4,6-tBu$&H~) in the presence of 
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hlg. The X-my structure of Cp$r[PH(2,4,6-tBu$&H6H2)12 (36) showed almost identical Zr-P bond 
lengths of 2.681(S) and 2.682(S) A. Both complexes exhibit dynamic 1H NMR behaviour 
indicating rotation about the P-C bond and inversion of the phosphido group [56]. 

Reproduced from ref. 1541 with permission. Reproduced from ref. [541 with permission. 

(36) Reproduced from ref. [561 with permission. 

The compounds Cp2M ((PR)3) (M = Zr, R = Ph 38, Cy 39 ; M = Hf, R = Cy 40) and 
Cp*2Zr((PCy)3) 41 have been prepared by the known reactions of the metallocene dihalide with 
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pimary phosphide salts [57]. Complexes 38,39 and 41 were also prepared by activation of the 
P-H bonds of a primary phosphine by zirconocene. Stabilized metallocene(II), C&Zr(SMe2)2. and 
metallocene(II) generated in situ by the reduction of Cpz@Cl2 or Cp*zzrCl2, were both Used. The 
compounds were characterised by tH, 13C( tH), 3tP and JIP( ‘H) NMR spectroscopy. 
Identification of the intermediates of these reactions was attempted. The reaction of cp2~12 with 
LiPHPh in the presence of NEuBr gave [Cp2ZrBr(PPh)z][NEt.u142. These results suggested a 
mechanism of formation of the M(PR)3 derivatives involving phosphinidene M = Pr and 
M((PR)Z) intermediates. Complexes 3862 have been characterised by X-ray crystallography. 

The synthesis, structure and bonding in zirconocene primary phosphido (PHR-), 
phosphinidene (PRZ-) and phosphide (P3-) derivatives have been investigated [58]. 
Cp2Zr(PH(C6W2-2,4,6tBU3))Cl 43 and Cp2Zr(PH(CaH2-2,4,6-Me3))Cl44 Were p=paI’ed from 
LiPHR and Cp$rCl~ (1: 1). In reactions of PH2(C&-2,4,6-Me3) or PHzSiMe3 with GpQrHCl, 
the respective bridging phosphinidine derivatives (Cp2ZrC1)2(pz-PC6H2-2,4,6-Me3) and 
Cp2~(CL2-PSiPh3)(~2-9t:rlS-CsH4)ZrCpC145, having planar phosphorus atoms, were obtained. 
Reaction of PH(CgHz-2.4.6~tBu3) with excess Cp$rHCl resulted in the formation of planar, 
trinuclear (Cp$&)2(l.~-Cl)(p3-P)(ZrCp~Cl) 46, which could also be prepared by the addition of 
PH(C&l2-2,4,6-tBu3) to a mixtum of Cp$ZrQ and Mg. It is a mixed valent compound, having an 
EPR spectrum typical of Zr(Bt)-P species. Diamagnetic (CpZr(p2-qt:qsC5H4))3(p-3P) was 
Obtain under similar conditions, but with prolonged exposure to Mg. This complex was shown 
to be pyramidal at the phosphorus, in contrast to 46. The terminal phosphinidene complexes 

g-2,4,6-tBu~))(PMe3) and Cp$Zr(P(C zMej)(PMea) were formed by the reaction 
KH and PMea. The X-ray crystal ctum of 43.45 and 46 were determined. 

ha&tic as ts of the chemistry 
c+Phosphino enolates hav en prepared by depratonation of acyldiphenylphosphines 

Hz)CPPh2] and 
s pure B- and Z-isomers. The 

.thfl gave the dimetalllc a-phosphins enolato 
phile ‘CN2’ unit is maintained 
O(CHMe)CPPh2] and 

character&A by X-ray crystallography [59]. 
Hydride abstraction carried out on a mixture of CpzZr(PMe3) complexes resulted in the 

FOrmation of a zirconium complex of tropyne. Reaction OF the Cp$!r(PMe3) complexes with 2- 
butyne Followed by hydddo abstraction gave the First example of a transition-metal metallacycle 
with the tc Framework of an azulene l&B]. 

The (~*~phOsphatabenzyne)dicyclopentodienylzirconium- trimethylphosphine adduct 
zr(~p)~(PMe3)~5HPMe2 was obtained as a stable complex by the thermal loss of RH from a 
Cpa%r(R)-2-substitu phosphine (R = Me or Ph) in the presence of PMe3. Insertion of alkynes 
and ketones was found t0 take place selectively into the ZrQ(ring) bond of 

[6 11. 

4 with lithium phosphinomethanimides have been investigated [621. 

~)(SiMe3)~)~ 47 a mixture OF compounds C4.,Zr[CH(PMe2)(SiMe3)ln 
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(n = l-4) 48a-d was obtained and characterised by NMR spectroscopy. With 
(tmeda)(Li[CH(PMeZ)(SiMe3)2])2 49, only the disubstituted product, Cl$Zr[C(PMe2)(SiMe~)2]2 
50 was obtained in good yield. In toluene solution, insertion of CO into the Zr-C bond of 50 

occurs, and after a subsequent 1,2-silyl shift, forms a phosphino enolato complex which dimerises 
to (C12Zr[C(PMe2)(SiMe3)2][OC(SiMe3)=C(SiMe3)PMe2]]2,51. Compound 50 also undergoes 
insertion of CO in thf solution. Spectroscopic evidence suggested the formation of the phosphorus 
ylide (Me#i)(Me3SiO)C=C(PMe2)(PMe2=C(SiMe&), (L), 52 and LzrCl2. With the lithium 
diphosphinomethanides (D)Li[C(PR2)2(SiMe3)] (D = nothing, R = Me, 49a ; D = tmeda, R = Ph, 
49b ; D = tmeda, R = Me, 49c) the hexacoordinate complex C12Zr[C(PMe2)2(SiMe3)]2 53 and 
ionic species [(tmeda)2Li](C13Zr[C(PR2)2(SiMe3)]2) 54,(R = Ph) and 55,(R = Me) with 
heptacoordinate Zr were obtained. Complexes 50,52,54 and 55 have been character&d by X-ray 
crystallography [62]. 

I1 .I .6 Compounds with arsenic donor ligands 

The zirconocene arsenido complexes [Cp’ZZr( As(SiMeg)Z)(CI)] (Cp’ = C$I4Me) (37) and 
[Cp$&{As(SiMe3)2)2] (38) have been obtained by the reaction of [Cp’2ZrQ] or [Cp$rC12] with 
Li(thf)2As(SiMe3)2. The complexes were both characterised by IR, NMR and mass spectroscopy. 
The structures have been determined by X-ray crystallography. The values of the bond lengths in 
[CpzZr( As(SiMe3)2)2] suggest the presence of one single and one double Zr-As bond at the 
central Zr atom which is in a distorted tetrahedral environment. In the monoarsenidocomplex the 
As(SiMe3)2 group was thought to be singly bonded to the Zr atom [63]. 

(37) Reproduced from ref. 1631 with permission. 
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(38) Reprcxiuced from ref. 1631 with permission. 

11 .1.7 Complexes with oxygen abnor ligands 

The reactivity of Zr and Hf a-bonds towards silanols has stimulated investigation into 
zirconium silanol complexes. There is evidence to suggest that silanols on Si surfaces promote 
catalytic activity and it is assumed that incorporation of Zr would heave a cooperative effect in 
activating the substrate by forming a metal-siloxy complex. Compounds resulting from the 
interaction of silanols with metal containing moieties are of interest as models for metal to surface 
interaction in hete eneous silicon-oxide based catalysts. This work has resulted in the isolation of 

h@) (Zip) has been prep d from the reaction of Cp$&C12 
thy1 ether in the presence of piperidine (pip) accordin 

ned by X=ray crystallography, was found to consist 
les differing only slightly in geometry. An average 

nd distance of ~t%!l(&)A, with a LZr-O-Si of 

Cp2ZrCl2 + Ph$iOH + pip + Cp&CI(OSiPhg) + pip.HCl (viii) 

The reaction of Cp2MMe2 (M = Zr, Hf) with Ph$i(OH)z yields the eight membered ring 
[Cp2M(Cr_OSiPh20)]2. A single crystal X-ray determination of the structure of the Zr analogue 

(40) showed the g-membered ring to be non-planar, the Cp$Zr units being bent by 28’ out of the 

SizOs plane to give a “chaise-longue” conformation. The 22-O distances of 1.974(2)A and 

wepe found to be significantly longer than those reported in other Zr-0-Si compounds. 

HMO calculations earri out on the structure found evidence to support the known reactivity of 
s complexes containing Zr-C or Hf-C o-bonds [66]. 
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(39) Reproduced from ref. [65] with permission. 

(40) Reproduced from ref. [66] with pcrmission. 

The dihydrofuran 56 (scheme 13), upon exposure to di-rerr-butyl acetylenediearboxylate in 
n-hexane, undergoes cleavage of bis(trimethyl)silylacetylene and acetone and the resultant “Cp$r” 
moiety reacts with two equivalents of acetylenedicarboxylate according to reaction scheme 13. The 
product was not the expected substituted metallocyclapentadiene. Instead, insertion of an ester 
carbonyl group from the second molecule of alkyne produced the zirconadihydrofuran 57 [67]. The 
X-ray crystal structure of the thf adduct of this molecule was determined and showed the central 
structural element to consist of a near planar zirconadihydrofuran ring with two Cp ligands and a 
coordinated thf molecule. When 56 was treated with bis(trimethylsily1) acetylenedicarboxylate only 
one alkyne molecule per zirconocene unit underwent reaction to yield the dimeric 
zirconadihydrofuran complex 58 as shown in reaction scheme 14. In the reaction the trimethylsilyl 
group undergoes an unusual 1,3migration to a carbon atom. The X-ray crystal smtcture of 58 was 
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also determined and was shown to consist of a centro-symmetric four membered 2%0-Zr-0 
planar ring. Possible mechanisms are cited for the intramolecular migration of the trimethylsilyl 

group. 

+ 2 t Bu02CE CCO2r Bu 
W 

- (CH3)2C+ - Me3SiE CSiMef 

56 

c: 
III s 
CO, tBu 

51 
scheme 13 

Me@, 

Cp*,/%’ 
&Me3 

‘O-C! A&I:eZ 

Me3Si02C~~+c~C~o 

+ Mc3SiOKCE CCO2SiMe3 Cl++ 
W 0.5 

~CH3)2CSO.-Me3SiC~CSiMe3 
p--+pz 

0 c * \C+cNC02SiMe3 
\ 

Me3& 

56 58 

Scheme 14 

1 ClSiR3 (R = Me, i-R) 

,cF2N 
cp+!+ - 0-S$ 

Cl 

,SR3 

- ,0-C% 
Q2% 

Cl 

60 59 61 

scheme 15 

The zimnocena ($-formaldehyde) dimer, (Cp@.rOCH2)2, was found to react with the 
tiakylch ilanes, RsSiCI (R = Et, Me, i Pr) to yield the (rl2-(aiallcylsiloxyl)methyl)zirconocene 
complexes, Cp@XlCH20SiR3,59. The complexes were found to have the metalloxirane 
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structural type with inttimal O-coordination. Thermolysis of 59 (R = Me and $r) at 110 led to 
equilibration with the isomers 60 and 61 as shown in reaction scheme 15. Complexes 60 are the 
acyclic Cp$rClCH2OSiR3 isomers of 59 whereas the complexes 62, Cp2ZrClOCHzSiR3, are 
formed from dyotropic rearrangement. The kinetics of the thermally induced rearrangement are 
reported 1681. 

Reaction between Cp2ZrCl2 and the 4,4’-biphenolate ligand, (Me4BIFOHz), (41) in toluene 
resulted in the bismetzlllocene chloride complex Cp2ZrQkqBIPO)C1[69]. 

Formation of C-C bonds from feedstock CO is a fundamental reaction in organometallic 
chemistry with only one previous report to date of CO reduction to the ketenylidene (CCO) ligand. 
However the reaction of the i%(U) complex, [Cp$Zr(CO)2], with [Zr(O&NR2)4] (R = Et, i Pr) in 
toluene has been reported to yield colourless crystals of the diamagnetic p-ketenylidene complexes, 
IZ~~2(~CNR2)6(~3-0)(~2-CCO)], according to equation (ix). Investigation of the IR speck of 

R = Et, 62 R = i-Pr, 63 

62 and 63, shown in equation (ix), revealed that an absorption at 2013 cm-t shifts to 1951 em-1 in 
lied compounti (prepared using [Cp2Z@C0)2]) indicating that the C atoms of the p 

ketenylidene ligand ~ri inate from the carbonyl group of the Zr(I1) complex. The formation of the 
kketenylidene ligand by internal reduction of the earbonyl gmups results from oxidation of ZNI) 
within the carbonyl complex. Th discovery rendered complexes of the type 62 and 63 as possible 
models for CO reductive cleav on metal surfaces and supports suggestions that ketenylidene 
might act as a surface bonded species. The X-ray crystal structure of 63 has been determined and 
was found to consist of a ~3-0 bridged triangle of zirconium atoms as shown in figure (42). Two 
of the metal atoms (Zr2 and Zr3) are coordinated to bridging carbamates and to the cyclopentadiene 
ring and p-CC0 ligands. The third zirconium atom (Zrl) has bridging and terminal carbamato 
ligands. The )I-ketenylidene ligand is substantially linear [C-C-O = 179.1’]. In an analogous 
reaction to that of the u-C atom in organic ketenes the Zr(IV) ketenylidene complex 63 reacts with 
substrates containing the >C=O group to give the p,-0x0 complex [Zr$p2(02CNi+r&(Cr3_O)(p2 
O)]. The structure is similar to that of 63 except that the p?CCO group in 63 is replaced by the p2 
0x0 ligand [70]. 

The adduct formed between CpZrCl3 and a biaryl lactone, (43), has been studied in toluene 
solution by Zr K-a X-ray absorption spectroscopy. Results showed the adduct, 



446 EM, Pug& S-A, WassKoordination CheJnistp Reviews 152 (19%) 41 I-466 

[CpZrCl&ctone)(p-C1)12, to be dimeric in toluene with each Zr atom pseudo octahedrally 
coordinated to the metal at a distance of 2.14A [7 I]. 

Rcproduccd from ref. 1701 wiA permission 

(42) (43) 

Complexation of Zr(fV) by acetic acid has been studied by NMR, IR and Raman 
spectroscopy in zirconium oxide chloride aqueous solutions. The position of the v(C-C) stretching 
band of the acetic acid group suggested that only one type of acetate complex was formed. 
C~mplexation is thou ht to weeur through simple 0x0 bridges from acetic acid to the zirconium 
atom with the formati n of 1: 1 complexes, as supported by evidence from Raman and l3C NMR 

and Hf(SO#Q, has been achieved by 
oxidation of the metal po l)peroxide, S$&$2, in fluorosulfuric acid. 

ss HSQP at 23°C was not successful in producing completely 
ucts, The vibrational spectra of the products were recorded but the fluorosulfates 

HSOJF to allow conductivity or NMR spectroscopic studies to be 

Attempts to produce a Zr analogue of the well known molybdenum Mo=S chromophore 
has stimulated interest in zirconium sulfur chemistry. Acidification of Zr(BWsh by ‘BUSH resulted 
in the formation of the polynuclear clusters Zr~Sa(tBuS)z(BH4)4(thf)2 and 

hen Zr(CHzPh)4 was used as the source of the metal, the cluster 
n a similar reaction. In each complex the sulfido group is derived 

Qu%- ligands as a result of C-S bond activation followed by heterolytic 
tween Zr(CHaPh)4 and PhSH was carried out in the presence 



E. M. Page, S.A. WasslCoordination Chtwistty Review 152 ( 1996) 41 l-466 447 

of H$!PhMgCl a cluster with the formula (Mg(thf)&&(SPh)7,2(CH2Ph)t.&.3thf, in which the 
S2- ligands have been lost, was obtained. The difference in behaviour was attributed to the stronger 
C-S bond in the Zr coordinated PhS- ligands. In (Mg(lh~s)[zrz(SPh)7.2(CH2Ph)t.8]2.3thf the C-S 
bond does not undergo a cleavage reaction to generate Sz- ligands [74]. 

The first complete set of terminal chalcogenido complexes of zirconium, (qs- 
CsMe4R)@k(E)(NC!sHs), ( E = 0, S, Se, Te: R = Me, Et) has been successfully prepared by the 
reactions of ($-C~MQR)$~~(CO)~ with either N20 or the elemental chalcogen in the presence of 
pyridine. The Te complex reacts instantly with N20 to give the oxo-derivative. The 
hydridochalcogenido derivatives ($-CsMes)$Q(EH) (q’-OC(Ph)=CH2 1, have been obtained by 
reactions of (q%sMes)2Zr(E)(NC5H5) with PhC(O)CH3 (equation (x)), thus demonstrating the 
basicity of the chalcogenido ligand in these complexes. The X-ray crystal structures of the 
complexes (q5-CsMe4Et)zZr(E)(NCsHs) (E = 0 , 5. SC, Te), 64, and hydridochalcogenido 
complexes, 65, (E = 0, S, Se) have been determined. The aim was to compare the Zr-E single and 

Cp* $?rQE 
PhC(O)CH 3 EH 

a 
4 Cp**Zr 0 

NCJHS 
- CSHsN 

‘0 . 
(-9 

64 

(E- O,S,Sc,Te) 
I-- 

Ph 

65 

Zr=E double bond lengths with respect to the differences in the single and double bond 
covalent radii in the chalcogens. This leci p.; the conclusion that the double bond covalent radius in 
the [(@-CsRs)2Zr] system is about 0.07A shelter that the single bond covalent radius, Values of 
23-B and Zt==E could be predicted fairly we!1 for the heavier chalcogens (S, Se, Te) on the basis of 
the SUM of covalent radii. However, for oxygen both the 25-O and Zr=O bond lengths are 
anomalously short which is consistent with a coulombic stabilisation from an ionic contribution of 
the form Z$+-Q~- which is more significant for the smaller more electronegative elements than 
heavier ones ]7S], I’he same authors have also reported the syntheses and structures of the first 
complete series of terminal chalcogenido complexes of hafnium, (rl5-CSMeqR)2Hf(E)(NCsHS), 
(E = 0, S, Se, Te; R = Me, Et). For E = S, Se or Te, the method used to prepare the Zr 
chalcogenido complexes was adapted (equation (xi)) and led to the hafnium derivatives (I$- 
QMe4R)2Hf(E)(NQH5) in cu. 70 to 95% yield. The hafnium 0x0 complex was obtained by 
reaction of the tellurido derivative (t$CsM~R)2Hf(‘Te)(NCgH5) with N20 at room temperature in 
an analogous reaction to that of the Zr complex. The structures of the series of complexes (t$- 
C5MeqEt)2Hf(E)(NC!gHg) (E = 0, S, Se, Te) have been determined by X-ray diffraction. The 
values for Hf=E bond lengths were found to be very similar to those of the analogous Zr 
complexes as would be expected on the basis of lanthanide contraction [76]. 

(q5-~sMe4WWCO)2 
B/C5H5N/80-100°C 

) (@-CsMe4R)zHf(E)(NCgH5) 00 
(E = S, Se, Te; R = Me, Et) 
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The reactions of Cp2HfCl2 with 2-thiophenecarboxylic acid (2-TCH), 2-thiopheneacetic 
acid (2”TAH), 3-thiophenecarboxylic acid (3-TCH), 3-thiopheneacetic acid (J-TAH) and 4-(2- 
thienyl)butyric acid (2-TBH) in various stoichiometric ratios have been investigated. Magnetic 
susceptibility measurements carried out on the complexes CpzHf(L)Cl and CpHf(L)zCl (L = 
didentate thiophene carboxylate ion) formed showed them to be diamagnetic [77]. 

The compound [Cp*ZrF3] when used with methylalumoxane (MAO), has been shown to 
have catalytic activity in the polymerisation of ethene. In order to explain the catalytic activity, 
selective exchange reactions of the fluorine groups in [Cp*2ZrF3] by alkyl groups have been 
studied [78]. Reaction of [Cp*ZrF3] with AlMe in a I;1 molar ratio resulted in methyl group 
transfer from the Al to the Zr with the formation of a Zr-AI-C cluster, [(Cp*ZrMeF3)2(AlMezF;)2], 
(44). 

n to be a Zr-Al-P cluster FZr and Zr-PA1 bridges. 
e Zr atom is in a dktort ml and the Al in a di 1 environment, 1% NMR 

spectra showed only the cls form to be obtained. Reaction of either [Cp*ZrF31 or 

121 with excess AlMe to immedhtte elimination of methane and the 
uster, ~(Cp~Zr)~A~Me H)5(CH&], among other intractable products. 

)5(CH2)2] total replacement of the F atoms has occurred giving a 
ZrsAlt$7 cluster which is remarkable for some very short metal-metal contacts (mean Zr-Al = 

which leads to inner halide exchange in M&12 clusters. Using 
a Lewis base chloroalumi ImCVAlCl3 melt with ZrgBrt4Fe at 160X! for 2-3 hours the 
compound (Im)-&&Fe)Clt~] was isolated (ImH = imidazole). The X-rity structure of the product 

that both inner and outer bromide atoms had been replaced by chlorides. In extending the 
to other Zr cluster compounds (Im)#?&Mn)Clt& l.SCH3CN has been obtained from 
1lsMn and w& structurally characwrised (791. 

atene complexes of Zr and Hf in oxidation 

with those of Ti. Cationic Zr complexes of 
and neutral complexes of the type (46a) and (46b) were considered. 
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The general conclusion made was that the stability of the arene complexes increases with increasing 
substitution of the arene ligand 1801. 

-1 
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Zirconium and hafnuim hexachloro salts, [TeC13]2[MCle] have been formed from the 
reactions between TeC14 and MC4 (M = Zr, Hf) [81]. The complexes were found to be 
isostructural and orthorhombic with M-Cl distances in the range 2.41-2.49 A. 

11.2 LOW OXIDATION STATE COMPLEXES OF ZIRCONIUM AND HAFNIVM 

The alkyl Zr(HI) complex, [(OEP)ZrCH$iMe3], (47), has been obtained in an 
unprecedented hydrogen reduction reaction of the Zr(IV) compound [(OEP)Zr(CH$iMe3)2] in 
toluene according to equation (xii). The X-ray crystal structure of (47) showed the Zr atom to be S- 
coordinate with the alkyl group in the axial position. The Zr atom is displaced by 0.63A out of the 

[(OEP)Zr(CH$iMe3)2] ---& WEI))~~b$iMe31 (xii) 

mean plane of the N atoms of the porphyrin ring. The distance is rather short compared with the 
analogous length in the dialkyl precursor [(OEP)Zr(CH2SiMe3)2] (cf. 0.93A). The difference is 
ascribed to a relief of steric strain brought about by loss of the ci.r-ligand [82]. 

(47) Repreduced from ref. 1821 with permission 

IV) derivatives with N,N’-bis(trimethylsilyl)benzamidinate ligands has been 
prepared with [PhC(NSiMag)&ZrQ as the starting material. Reduction of the dichloride in the 
presence of excess diphenylaoetylene gave [PhCN(SiMe3)2]Zr($-QPh4). Orange crystals of the 
Lr_imido-r$iminoacyl species, ( [PhCN(SiMeJ)2]Zr(f12-PhCNSiMe3)(kNSiMe3)]2 (48), were 

in the absence of acetylene 1831. In the complex each 25 atom is six coordinate being 
imido ligands, an $-iminoaeyl and a didentate [PhC(NSiM@z] ligand. In 

the solid state the Z&N2 four membered ring is almost planar. 
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(48) Reproduced from ref. [831 with permission 

The compound [Hf(q4- 1 -methylcyclohexa- 1,5-diene)(PMe3)$12] has been prepared by 
reduction of HfC4 in the presence of trimethylphosphine and 2-methylcyclohexa-1,6diene. The 
divalent zirconium compound [Zr(l16-C~6)(ll-C3Hs)2] was prepared by the reaction of [Zr(q4- 
cycohexa- 1,3-diene)(PMe3)$12] with allylmagnesium bromide at O’C. The divalent hafnium 
compounds [Hf(ll6-C~sR)(q-C3Hg)2] (R = H, Me) were prepared in a similar manner (scheme 
16). Analytical and spw~~scopic data are reported 1843. 

R 

Me P’/ ?’ ,yv,e 
3 Cl et 3 

1: R1 = Zr, R = H 
2: hl ??Hf. R = H 
3: Iv1 = Hf. R = hlc 

4: hl ??3. R = H 
5: hl = Hf. R = H 
6. hl= Hf. R = Me 

Reproduced from ref. [841 
with permission. 

Scheme 16 

The dinuclear Zr(III) compound Zr$&(PMe& has been recrystallised from benzene, and 
an X-ray structure examination showed evidence for a single Zr-Zr bond [SS]. The compound 
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~C!L@-&HsPMea)2(PMe~Ph)2 has been prepared by the reaction of ZrCLt with PMezPh in 
the presence of Na/Hg amalgam in toluene. The compound consists of two identical units 
(PMe2Ph)Cl&Er(t$CgH~PMe2) connected by the coordination of the P atom of each (‘I$ 
Q&PMe2) moiety to the Zr atom of the other. The structure is similar to those reported in 1991 
of Hf2Br@-C&PMe2)2(PMe2Ph)2 and 7szLl(~6-eaHsPMe2)2(PMeZPh)2 [I%]. 

A cyclic voltammetric study of the Hf and Zr phthalocyanines, (OH)2MPc(Cl) ([(Cl)Pc]2-) 
= chlorinated phthalocyanine dianion, M = Zr, Hf) has been carried out and showed that one 
oxidation couple and two reduction couples exist in the presence of a variety of solvent electrolyte 
systems, All the redox processes we= found to be centred on the Pc ring rather than the metal [87]. 

IIJ SOLID STATE COMPLEXES OF ZIRCONIUM AND HAFNIUM 

1 I ,3. I Compounds with layer struczutes containing phosphate and phosphonate iigands 

Considerable interest has been shown in the preparation and characterisation of layered 
zirconium phosphates and phosphonates. Compounds of this type often have ion exchange 
properties which enable them to imitate the reactions of zeolites and other microporous solids. They 
also have expandable pore size, in one direction, owing to the weak interactions between layers. 
These properties make them of interest for a number of applications, including as catalysts, catalyst 
supports and separation materials. The use of layered metal phosphonate compounds to prepare 

anic materials with predetermined solid state structures has been reviewed [88]. 
tetravalent metal ions, especially iW,IV). The synthesis and optical properties of 

formb of compounds, mic rystalline solids, multilayer thin films and porous solids, are 

0 crystal Structure of the totall phase of a-zirconium phosphate, 
diffraction data. The crystals are 

up PI. The layer structure was found to be similar to that of the parent et- 
in terms of metal coordination and the bridging nature of 

e parent compound has monoclinic symmetry. The lower triclinic 
urn compound occurs as a result of rearrangement of the layers. There are 

four independent Na+ ions in the molecule, although the empirical formula is Zr(NaPO&.3H20. 
The Na+ are surrounded by the 0 atoms of both the water molecules and the phosphate groups 
]891* 

The compound Zr(POs)F(OSMe2) ha% been prepared by adding a solution of 
ZrOCl2.8HzO in aqueous HF to a solution of H3PO4 in dmso and heating at 120X! for several 
days. The crystal structure was solved ab initio using X-ray powder diffraction data, and af’lned by 
the Pierveld method, ~~4)P(O8Me2) crystallises in the tetragonal space group P4/n. It has a 
Iaye smuW$ with the metal atoms and phosphate groups being almost planar. The 0 atoms of 
the phosphate up are involved in metal coordination. The axial sites of the metal octahedra are 

by the charge neutralising fluoride ion and the 0 atom of the dmso molecule [go]. 
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The compounds (M1)(Zr)2(P04)3 and (M1)(Hf)2(P04)3 (M = Ag, Cu) have been 
synthesised in solid state reactions at temperatures between 9(M)-1OOCVC (M = Ag) and looO_ 
12OO’C (M = Cu) for 3-4 days. The compounds have Nasicon-like structures. Cell parameters, 
vibrational spectra and ionic conductivities are given. These materials are of interest as ionic 
conductors, ceramics with low thermal expansion, and luminescent materials [91]. 

Structural models have been proposed for the Cu complexes of two intercalated compounds 
of c+Zr(HPO&.H20 with l,lO-phenanthroline and 2,2’-bipyridyl. The models were calculated by 
consideration of unit-cell geometry changes undergone by a-Zr(HPO&.H20 upon insertion of 
fast the organic molecules and then Cu using the comparison method [92]. 

The first incorporation of a crown ether, N-(2-ethylphosphonic)aza-1%crownd, into ‘y- 
zirconium phosphate has been reported. 3tP NMR spectroscopic data and powder XRD pattern are 
given [93]. 

The oxidative polymerisation of aniline has been accomplished using both the copper 
zirconium phosphate CuZr(PO4)2, and the mixed zirconium phosphonate 
Zr[O3P(CH2)3COOH]u,75(03POH)t.25 as catalysts. V+tith CuZr(PO&, the non-conducting 
emeraldine base form of polyaniline (PANI) formed on the surfaces of the phosphate 
microcrystals. When exposed to HCl, the solid CuZr(PO&.PANI turned from violet to green, 
indicating the formation of a protonated conducting polymer. With 
Zr[03P(CH2)$!OOH]u,75(03POH)t.~s a violet product was also obtained, with the interlayer 
spacing of the solid increasing significantly, indicating polymerisation within the interlamellar 
region. The solid product did not teact with HCl. I,R spectra indicated a slightly different fotm of 
PAN1 included in Zr[03P(CH2)3COOH]u.7s(03POH)t.~~ than on the surface of CuZr(PO& 

I.94 
Several zirconium phosphates, Zr(03PR)z (R = (CH2)3COOH, CH2Ct$Is, (CHz)zCl, 

CH=CH2, (CH2)2C!H=CH2) with reactive functional groups have been sv.sthesised and structurally 
characterised, Small molecules and ions from solution could not be incorporated into the structure 
despite relatively weak interlayer interactions. Some mixed phosphonates of composition 
Zr(OaPCH2C&Is)x(0~PCH3)2_x and Zr(0~P(CH&$!OOH)x(O~POH)2.x, where x varies from 1 

to 2, were also prepared. These compounds were found to crystallise with ineffic&nt interlayer 
ordering, resulting in porous structures 1951. The X-ray powder structure aa,a!ysis of 
[Zr#O4) (03PCH2N(CH$O2H)2) (03PCH2N(CH2CO2H)(CH2COz)) (H20)21, a new mixed 
phosphate/phosphonate layered zirconium compound, has been reported [96]. The light atoms were 
located and refined using synchrotron powder diffraction data collected with a Ge(ll1) 
monochromator and Ge(220) analysing crystal. The phosphate group is situated nearly in a plane, 
and bridges four Zr atoms which are arranged slightly above and below the plane. The octahedral 
coordination of each Zr is completed by an ox:bgcn atotn from each of 2 phosphate groups, the 

three oxygen atoms of a phosphonate group, and the oxygen atom of a water molecule. 
lZrZ(PO4) (03PCH2N(CH$02H)2) (03PCH2N(CH2C02H)(CH2C02) 1 (H20)21 has an unusual 
Zr:P ratio of 2:3. However, it shows some similarities to well-known a- and y-zirconium 
phosphates. The bridging by the phosphate resembles y-ZrP, while the bonding of the phosphonate 
group to the metal atoms is similar to a-ZrP. The structure contains an additional H2P04 @NJ 
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which links to only two metal atoms. The compound 

[ ZQ(FQ) ( 03PCH2N(CH$02H)2 3 { O~PCH~N(CH~CO~H)(CH~COZ) I V-bOM is b&v4 to 
k the only &phosphate layer compound so far identified to contain a metal-coordinating water 

molecule. 
Pillared compounds of y-B(W) phosphates, Zr(tv)P04(H2P04).2H20, have been 

obtained by a topotactic reaction between the yzirconium phosphate and diphosphonic acids with a 
long rigid diphosphonate e.g. 4,4’-biphenyldiphosphonic acid. The aim was to identify stable 
phases with a concentration of pillars sufficiently low for creation of interlayer micropotosity. 
Samples, prepared under diffennt conditions, were characterised by chemical analysis and X-ray 
powder diffraction. Thermal stability was determined by thermogravimetry, evolved gas analysis 
(EGA) and X-ray difkaction with a high temperature camera [97]. 

The structure of the zilronium phenylphosphonate zr(O3PC&!5)2 has been solved using a 
combination of modelling techniques and Patterson methods. Powder diffraction data were 
collected using synchrotron radiation (a = 1.3087 A). In the c axis projection the structure was 
found to closely resemble a-zirconium phosphate. The phenyl groups are inclined by about 30’ to 
the c axis and tilted from the ub plane. The C-centre related phenyl groups form rows along the u 
axis in such a way that the adjacent rings are not in the same plane [98]. 

The intercalation of a,o-alkyldiamines H2N(CH2)aNH2 (n = 2-10) in layered zirconium 
(carboxyethyl)phosphonate, and the subsequent interlayer amidation have been investigated [99]. 
The intercalation and interlayer amidation propenies of the a,w-alkyldiamines were found to 

iflcantly on the number and parity of carbon atoms in the chain. Each alkyldiamine was 
found to form one or two intercala phases in which the diamine molecules are arranged as a 

r with their two ammonium termini bridging to the carboxyl groups of any two adjacent 
phospironste layers. The axes of the mol ules in the monolcryers 

layer by 1Y or 9 to form two ups of inte~~lates. Par diamines n 
chain tilt forms, and 
and 7, Par diaminea of chain lsn 7, only the high chain tilt form was 

monium exchanged solids were condensed into their amide- 
funetio~~li$ed forms, accom~nied by partial desorption of the amine guests. Amidat& phases 

into high or low chain tilt forms depending on the carbon chain length. Changes were 
interlayer distances. 

A series of zirconium polyimine phoophonates has been synthesised From mono- and 
diphosphonic acids of yamines in NC! with zirconyl chloride. The interlayer spacings for some 
tvmsentative complexes are repotted. For the monophosphonates the interlayer spacing was found 
to depend on the degree of protonation and the drying conditions used. The compounds showed 
excellent complexing aviour for anionic species or cation/anion pairs [ !@I]. 

Studies have n carried out on the role of a zirconium octadecylphosphonate Langmuir 
anisation of self-assembled organophosphonate monolayer and 

multilayer films IW. R and XPS that the template layer was well-ordered 
*P ratio of 1: 1. Polatised ATR-FUR measurements revealed that the 

alkyl chains were ti by 31’ from the surface normal. 0r;tadecylphosphonic acid was self- 
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assembled at the xlrconated LB template to produce a zirconium octadecylphosphonate bilayer. 
Spectroscopic measurements showed that the self-assembled layer was close-packed with a zS:P 
ratio of 1:2. The alkyl chains were in an all-tranr configuration. Every template Zt4+ site bound 
one octadecylphosphonic acid molecule from solution. The tilt angle of alkyl chains was 22’. 
Multilayer films of l,lO-decanediyldiphosphonic acid (DDPA) were also assembled at the 
zirconated LB template. ATR-FTIR spectroscopy showed that in the first few layers the 
diphosphonic acid molecules bridged the Zr template sites, but that a constant rabd of deposition 
was achieved after three or four layers. The rigid a ,o-diphosphonic acid 
quaterthiophenediphosphonic acid (QDP) was also self-assembled at the zirconated LB template. 
UV-VIS analysis indicated that the same amount of material was deposited after each deposition 
cycle. X-ray diffraction was used to demonstrate the layered nature of the fihn. 

Grazing angle X-ray diffraction and ellipsometry have been used to characterise the film 
thickness, thickness uniformity, density, and index of refraction of multilayer hafnium-l,lO- 
decanediylbis(phosphonate) (Hf-DBP) films grown on silicon wafers. The results indicated that 
Hf-DBP multilayers vary considerably in individual layer thicknesses from sample to sample, and 
are generally not as similar to the assumed structure of the bulk compound with respect to the 
density and mode of metal-phosphonate binding as was previously suggested by the analogous Zr- 
DBP films [ 1021. 

The synthesis and polar film formation of two nonlinear chromophores has been reported 
[ 1031. The two phosphonate-terminated polar azo dyes, one that is substantially rigid and the other 
with a large molecular hyperpolarizability, were designed and incorporated into some zirconium- 
based surface multilayers. Second harmonic generation (SHG) was observed from the multilayers 
as a function of incident and polarisation angles and compared with that from the previously 
reported aminophenylazaphenylphosphonic acid chromophore. The new dyes are analogous to 
moieties commonly used in electrir field-poled polymers, and comparisons were also made 
between the polymers and the multilayers. 

Il,3,2 Zirconium complexes formed with phosphoric acid a&phosphate extractants 

Using IR spectroscopic methods the following associations were found in extracts of 
zirconium by tributylphosphate (TBP): [(TBP)2H]+[Zr(NO3)$-, /TBP.H30(H~O)a]+[Zr(NOa)J1’ 
(n = 1.2) and Zr(N03)4(TBP)2. The concentration of Zr(NO3)4(TBP)z was less than those of 
[(TBP)2H]+[Zr(NO3)5]- and [TBP.H30(H20)n]+[Zr(NO$5]. The shift of the equilibrium: 

[(TBPhH]“[Zr(N03)5]- 0s [TBP.H30(H20)n]+[Zr(NOs)sl- 

towards [TBP.H30(H20)a]+[Zr(NO~# is caused by an increase of the nitric acid concentration, 
aI:d a decrease in the zirconium concentration [ 1MJ. 

The mechanism of zirconium extraction by di-2-ethylhexylphosphoric acid (HA) and solid 
extractant TVEKS-di-2-ethylhexylphosphoric acid (TVEKS-HA) has been studied using 3*P 
NMR spectroscopy [105]. With 0.3 or 1.875M solutions of HA in CC14, ZP+ in 2.2-8.1 M 
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aqueous nitric acid was extracted into the organic phase as zr(NO3)(HA)2 and ZrA(N03)3(HA)2. 
These two complexes were also identified during the extraction of I@+ by TVEKS-HA. The 
differences in the mechanism of zirconium extraction by HA and TVEKS-HA are discussed. 

113.3 Other solid state mmplexes 

The intercalated organometallic sandwich compounds Co(WW5)2, Cr(ll-CsHs)z, COO!- 
C5H4CH3)2, Mo(q-C&)23 W(T!-C~H~)(T!-CSH~CH~) and T!(WC8H8)(WCsHs) in Zrs2 have 
been investigated by X-ray spectroscopy, neutron diffraction and 2H NMR spectroscopy. The aim 
was to determine the orientation of guest molecules within metal chalcogenide layer hosts. The 
results suggest that the molecules all adopt a preferred orientation in which their metal-ring centroid 
axes lie parallel to the host layer planes [106]. 

Crystals of the new borate K2Zr(B03)2 have been grown, and X-ray analysis has shown 
that it crystallises in the trigonal structure of the mineral buetschliite. The K and Zr atoms are 
distributed between the planar sheets of B03 groups. The K atom occupies a distorted hexagonal 
base-trigonal base 0 environr-rent, and the Zr atom has a distorted octahedra! coordination. The 
biifringence of the material was found to be 0.026 [ 1071. 

KZr2(OtBu)g has been prepared by the reaction of KOtBu with Zr(OtBu)4 in a 1:2 molar 
ratio. The compound decomposed on sublimation yielding [KZr(OtBu)31n which can also be 

eguimolar KOtBu and Zr(OtBu)4. !KZr(OtBu)& was studied by single crystal X- 
ray diffraction. It is a dimer Zr2(OtBu)!a, composed of two five-coordinate Zr-eentres, each 

etry. The axes of the trigonal bipyramids are orthogonal and the 
I&- units ~n~~~sul~te th K atoms. Due to fluxionality, the species appears as a smglet in 

!nt~r~~nv~rsi~ns between, and possible dissociative 
tBu)3]2 wep$ tested experimentally [IO&Q 

The synthesis, characterisation, thermal decomposition and full hydrolysis of 
(OiPr)! 8 and Cuf!4 r40 g(OtPr) 18 have been reported, 

r4O(OtQr)!8. Cu!!4Zr403(OtPr)!g is formed by oxidation 
@r)!8 with dioxygen. The molecular structure of 

ut4ktO~OiPr)~~ consists of two [CU~(~~-OR)~Z~Q(!Q-OR)~(OR)~]+ fragments bound together 
by a pseudo-tetrahedron ~4-0 2- bridging the copper eentres. The X-ray strueture of 

03(Oihh8 consists of a planar Cu40(OtPr)24+ fragment capped by two Z~O(0tPr)82- 
I units. The central 0x0 of the copper fragment is rigorously squate planar. 

Magnetic and speetroseopic studies are reported [KS], 

The structum of Zr(OH)2S04.3H20 has been determined sb initis by conventional powder 
etrc;a. The struoture was found to consist of zig-zag chains in the (OO!] direction formed by 

Id coordinated zirconium polyhedra in the shape of a bkapped dgonal prism, The 
bridge within chains and a network of H-bonding stabilises interchain interactions 

to form oot’rugated sheets parallel to the [ 1OOJ plane. Free water molecules lie between the sheets 
which play tl major part in the H-bonding network [I to]. 
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The compound CSqZr3Tel6 has been synthesised at 900°C by the reaction of Zr with a 
CszTe$Te melt as a reactive flux. Single crystal X-ray data show that the structure of Cs,&QTet6 
comprises infinite one-dimensional chains of Zr-centred polyhedra that extend along the [ 1001 
plane and ate separated from each other by Cs+ cations. Each Zr atom is eight coordinate. There are 
four unambiguous Te-Te single bonds in the range 2.754( l)-2.768( 1) A, and further interactions in 
the range 2.930(1)-2.966(l) A. The wide range of Te-Te interactions means that no simple order 
can be ascribed to the bonding in the chain. The compound shows weak semiconducting behaviour 
along the zr/Te chains [ 1111. 

The only reduced binary hafnium telluride, Hf3Te2 has been prepared by the reaction of 
stoichiometric amounts of the elements in sealed Nb capsules [ 1121. The Nb capsules were sealed 
in evacuated and flame baked silica tubes, the temperature of which was increased uniformally to 
1000°C over five days. After heating for at least ten days at lOOo”C, Hf3Te2 was formed in 
quantitative yield. Single crystal X-ray crystallography studies have shown that Hf3Teq is formally 
an insertion phase related to that of the bulk body-centred cubic metal. After every three layers of 
hafnium, two layers of tellurium are inserted. This produces a layered structure in which slabs are 
made up from three square nets of hafnium and sandwiched between two layers of tellurium. The 
Hf-Te3-Hf sandwiches are stacked, with only weak interlayer interactions, to form the 3D structure. 
Within the net, the more oxidised metal centres are those bound to four tellurium atoms at the 
exterior of the layer, Each of these four metal atoms forms four bonds to hafnium atoms in the 
central net (3.1229(4) A) and one longer bond through the slab (3.4454(12) A) to a symmetry- 
equivalent atom. Each tellurium atom is five-coordinate with respect to hafnium atoms in the same 
slab. 

The Pd(I1) ternary fluorides PdMF6 (M = Zr, Hf) have been synthesised and exhibit an 
ordered J.,iSbF6 type structure, A structural phase transition was detected. 
form was characterised for Pd%rFg and PdHfF6. All three phases 
behnvlour I 1131. 

A cubic high temperature 
show antiferromagnetic 

Two reviews on recent developments in the uses of zirconium complexes in catalysis have 
been published in the past year [ 114, 1151. 

Both monocyclopentadienyl and dicyclopentadienyl Zr complexes have been used 
increasingly in many types of catalytic reactions. The catalytic activity of a range of metallocene- 
type mononuclear complexes of Zr containing mixed cyclopentadienyl or snsa-cyclopentadienyl 
ligands (Cp2MX2) (X = Cl, Me, CH$iMej, CH2PPh2, CHZPh, Ph, p-MeCGH4, PPh2) in the 
hydrogenation of different types of olefins has been studied [ 1163. 

The complex Cp2ZrC12 has been used to catalyst C-C bond formation reactions of diynes 
with EtMgBr in the first example of the formation of a C-C triple bond with EtMgBr. Certain 
diynes were found to react stoichiometrically with ethene zirconocene to give zirconacyclopentenes 
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with alkynyl substituents in the u-position with high regioselectivities as shown in scheme 17 
[117]. 

c4=-II + R1 X I= R2 R2 

Rt = R2 = Et, Me, Pr, Ph. SiMeg, t’Bu 
scheme 17 

In the course of investigations on transmetallation reactions the additions of alkenyl 
zirconocene complexes to zinc species have been investigated. I! was reported that the method 
significantly accelerates the addition of organozirconocenes to aldehydes, thus offering a new 
pathway to stereo-controlled C-C bond formation ( scheme 18) [ 1181. 

RI -I_ 
CP~ZWICI m z&p$l Me2Zn 

- RI - RI 

#&/zNe 

CW12, RT. dc! 0 

0°C K 
H 5 

OH 

irconium alkyne complexes and zirconaeyclopentenes have been used to catalyse 
nd formation in vinyl ether derivatives I 1191. The complexes, prepared in 
act with acrolein diethyl acetal to affotd vinyl eth etivatives in which C-C 

ace exclusively at the /3qmsition of the a$-unsat acetal, This was also 
reaetians of or&-unsaturated acctals with BtMgBr. The 

tion of tireonocene-1 -trimethylsilyl- I-oetyne-trimethylphosphine, (MegP)Cp$Zr- 
1$:CSiUe3, with (BtO)$lJ=KH:GH~ affords 75 ~&le$WH:C(C&Ht3)CH$Y.H:CHOEt. 

Methylalumoxane (MAO) activated rac[ 1,2-bis(qs-(9-fluorenyl))- l- 
phenylethane]zirconium dichloride has been used for propene polymerisation using a constant 

pressure at temperatures of 30, SO and 78’C. Isotactic polypropene having irregularities 
upon the polymerisation temperature was obtained [120]. 

Various copolymerisation reactions catalysed by Zr complexes on a MAO activator have 
n effected. For example copolymers of propene and the polar monomer QJbutyl-2-(1,l 

dimethylhept-Q-enyl)+methylphenol were obtained using rut-[l,l’-(dimethylsilylene)bis(q~- 
4,!%7-tetrahydo-l -indenyl)l zirconium dichloride as a catalyst on a MAO tictivator [ 1211. 

A series of seven new silyl-bridged zirconocenes has been synthesised and their 
t’fotmanCe as co-catalysts with MAO in the polymerisations of propene and ethene tested. The 

Present of aromatic substituents in appropriate positions in the zirconocene ligand frame was 
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found to result in superior catalysts to any zirconocene complexes previously tested [122]. The 
dimethylsilyl-bridged zirconocene complexes (CH3)2Si(benz[e]indenyl)@rCl2 and (CH&Si(2- 
methylbenz[e]indenyl)$ZrCl~ have been synthesised and their catalytic activity with MAO in the 
polymerisation of propene investigated. The former complex, (CH3)2Si(benz[e]indenyl)2ZrCl2, 
was found to be about 4 times more active in polymerising propene than its bis(indenyl)analogue. 
The polymerisation of the y-branched olefins 3-methyl-1-butene and 3-methyl-1-pentene by these 
catalyst systems was also studied. The X-ray crystal structure of (CH3)2Si(2- 
methylbenz[e]indenyl)&Cl2 was determined and found to be verv similar to those of the 
bis(indeny1) complexes [ 1231. 

Ethene has been co-polymer&d with 1-dodecerle and 1 octadecene to study the influence 
of the comonomer chain length on the rate enhancement effect using a catalyst system of 
stereorigid ~Pr[PluCp]ZrCl2 or Me$i[!nd]27KI2 combined with MAO [124]. 

A series of cationic Zr and Hf isobutyl complexes has been prepared to model the 
Cp2M { CHzCH(R)(R’))* and Cp2M (CH&!H(R)(R’)) (cc-olefin)+ intermediates in metallocene 
catalysed a-olefin polymerisations (R’ = growing poly(cz-olefin) chain) [ 1251. The synthesis, 
characterisation and reactivity of a series of cationic isobutyl species of general structure 
(CsR&M(CH$I!HMe2)(L)+ (M = Zr, Hf; L = thf, PMe3, ibutyl) are described. The studies 
provide insight into how electronic and steric properties of the CsRs and L ligands influence the 
structure of the MCHzCH(R)(R’) groups. The X-ray crystal structure of the Hf compound 
[Cp*$=If(CH$JHMe2)(thf)][BPlq] was determined and it was established that the isobutyl group 
is distorted but that Hf-H 01 agostic interactions are absent. 

Replacement of Ti compounds by analogous Zr ones was found to lead to lower yields in 
the preparation of syndiotactic polystyrene [ 1261. Carbon-carbon bond formation from multiple 
bonds using Zr and other transition metals has become recognised as a powerful synthetic method, 
particularly for the preparation of enynes, dienes and diynes. The reactions are known to proceed 
via fairly stable intermediate metallacycles from which highly regio- and stereocontrolled products 
can be obtained by treatment of the metallocycles with protons, halogens, isonitriles, CO and 0% In 
a new synthesis of IV-heterocycles, perhydroindole derivatives have been prepared from enynes by 
using Zr promoted reductive cyclisation [127]. The same group has reported the catalytic 
cyclisation of the diene 66 by Cp$ZrCl2 in the presence of BuMgBr to 67 and 68 according to 
scheme 19 [128]. The stereochemistry of the zirconacycle product formed under kinetic conditions 
was found to be different from that formed under stoichiometric conditions. 

Bn 

Bn = benq’ 

66 67 68 
S&me 19 
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A further report on the catalytic cyclisation of dienes by Cp$M!lz has been made. In the 
presence of excess butylmagnesium chloride this complex was found to be an effective catalyst 
precursor for the stereoselective cyclisation of non-conjugated dienes containing terminal alkoxide 
substituents. The products obtained are carbocyclic rings containing adjacent vinyl and methyl 
substituents with rrm stereochemistry [ 1291. 

In an attempt to investigate the mechanisms involved in the zirconocene-catalysed 
cyclisation of non-conjugated dienes with organomagnesium reagents a variety of methods 
including kinetics, stoichiometric model reactions and stereochemical studies have been employed 
(1301. The key step in the catalytic reaction is thought to involve the transmetallation of a 
zirconacyclopentane derivative. Thus the zirconacyclopentane derived from 9,9’-diallylfluorene, 
(49) was prepared and structurally chatacterised. The kinetics of the catalytic cyclomagnesiation of 
9,9’-diallylfluorene have been examined and the stereochemistry of the products was found to 
depend upon a variety of factors including the substrate, the magnesium reagent and its 
conccatration and the temperature. 

(4% 

zirconium-~r~rn~ted reductive cyclisation has been used to synthesiss the alkaloid 
bingr from (+)-ealvon hly stereoselective cyclisatian of 1,4,7-trienes has 

been nchieved uoin atoichiometric or catalytic amounts of zirconocene compounds. In the 
hereas in the catalytic reaction 
stereoselectivity of cyclise$ 

n in scheme 20 [132]. 

Scheme 20 

has been used catalytically to effect the intramolecular cyclisation 
aXCH2CH=CHa ( X = CH2, NPr, NPh; Y = PhO, MeO) to 2- 

methyl-l-vinyicyclopentane, I-methyl- 1 -propyl-3-vinylpyrrolidine and 4-methyl- 1 -phenyl-3- 
vinylpyrrolidine ns tively according to scheme 2 I [ 1331, 



E.M. Page, S.A. WadCoordination Chemistry Reviews 152 (19%) 411-466 

+@w$_,/k 
Cal. 

CP2X12 / 

“L, \ 

-i; 

n-BuMpCI 

X 
X = CH2, NF’r, NPh Y = OPh, PMe 

461 

scheme .?I 

A novel approach to the synthesis of aluminacyclopentanes and alumkacyckpentenes 
based on the cycloalumination of oletins and disubstituted acetylenes assisted by Zr catalysts has 
been reported [134]. The catalytic reaction is claimed to be a major achievement in 
orgRnoaluminium chemistry as it permits synthesis of 5 membered organoaluminium heterocycles 
with high regio- and stereoselectivity. Reactions to produce the cyclopentanes involved the 
treatment of the u-olefin (I-hexene, I-octene, 1-undecene) and AlQ cvith C!p$Xl2 (2 mol%) 
under an inert gas at room temperature. After 6-8 hours elimination of an equimolar amount of 
ethane occurred in a reaction which demonstrates a high selectivity for the formation of only 3- 
substituted aluminacyclopentanes as shown in scheme 22. 

AlEt + & 
[Zrl 

-c2H6 
Et-Al 

3, R 

R = nQH7, n-C5Hlt, n-CgHt7 
scheme 22 

The complex [Zr(tmtaa)(OTf)2], bistriflatedibenzotetramethyltetraazaannulene 
zirconium(W), prepared from the reaction of [Zr(tmtaa)CIZ] with AgOS02CFa in CH2Cl2, has 
been found to be effective in promoting aldol condensation reactions and allylations in reasonable 
yields [ 1331. 

A report has been made on the use of Zr (IV) ethoxide and other alkoxides as catalysts in 
the conversion af a range of carboxylic esters and acids to the corresponding alcohol by 
polymethylhydrosiloxane [ 136]. 

The chlorides Z&Y4 and HfC4 have been used successfully to facilitate the regioselective 
rearrangement of adducts between ketones and the anion derived from 
[(methoxymethyl)sulfonyl]benzene [ 1371. 

The unstable zirconium borohydride, Zr(BH&, stabilised on poly(4-vinylpyridine) as a 
supported polymer, has been used in the reduction of carbonyl compounds such as heptanal, 
benzaldehyde and acetophenone to alcohols, in good yields [138]. The supported polymer was 
prepared by the exchange reaction between the poly(4-vinylpyridine) supported zirconium chloride 
complex and lithium borohydride in dimethoxyether. 

Zirconocene derived catalysts have been used with tris(pentafluorophenyl)borane, 
(Cd;5)3B, in the dehydrocoupling of phenylsilane. Multinuclear NMR spectroscopic studies on the 
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catalytic species suggested that they are zitzonocene(IV) hydride bridged dimers, with a “cation- 
like” silyium ligand on each zirconium; C~~~SiHPh)(~-H)lz[Bu2(C6;5)2Bl2 11391. 

In an attempt to understand the mechanism for homogeneously catalysed carbon monoxide 
hydrogenation to polyols the reactions of anionic zirconocene ?‘12-aldehyde complexes with rite&l 
carbonyls have been studied. During the course of the investigations nine new dimetallic complexes 
were obtained. Reaction of the anionic formaldehyde or p-tolualdehyde complexes with 1 
equivalent of simple mononuclear metal carbonyls was found to proceed rapidly and quantitatively 
at RT in thf to give the heterudimetal!k complexes containing a newly formed carbon-carbon bond, 
according to reaction scheme 23 [MO]. 

HR 

X s 

,M(CO)n- 1 
cpq-0 + 

Me 

M(COh - WCO)s. Cr(co)6, 
Mo(CcV6, WV% 

M(CO)n thf D 
23T 

Cl%+0 R 
x Me 

R = tolyl, M = Fe R = tolyl, M = MO 
R = H. M = Fe R=H,M=Mo 
R = tolyl, M = Cr R = tolyl, M = W 
R = H, M = Cr R=H,M=W 

Scheme 23 

An in-situ IR spectroscopic study has been carried out on the interaction between group 6 
, Mo(C0)t-j and W(CO)6) with dehydroxylated active m. Two kinds 

2 support were identified as having different Lewis acid acceptor 
e adducts was found to labilise CO ligands and reversible 

observed on pumpin at RT. Hexacarbonyl 
into the cells. The stability of the adducts towards 

nylation was in the order W(CO)Q 3 
t te.nperaturcs of l(H)-4oo’C has 

i@(PO4)4 11421. An increase in reaction 
ith higher values of n. 
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