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INTUODUCTION 

This nzview covers the literature published in 1991 on &co&m coo&nation complexes. It 

is comprehensive for the main journals but those references from more obscure sources were 

reviewed using Chemicul Abswacfs (vol. 114,115,116). Them is, necessarily, m ove-rlap with the 

chemistry of hafidum and this article should be read in conjunction with the accompanying chapter 

w~ch~ey~~~~~~~~f~~~~ As~of~~~c 

behaviour of these complexes has been incorporated into this review, but layered intercalation 

materials containing z&c&m, e.g. the structurally chara&&& chain compllex K4@Tc17, have 

notbeeninclud6dsOme~cchenristryhasbecn~l~inthissuvey. 

81994 - Elsevier Science S.A. All rights usserved 
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4.1 ZIRCONIUM(N) 

4.1.1 Complexes with l&a& containing boron 

Tetrahydmborate derivatives of zirconium(N) and titanium(IV) bonded to the bisphenoxo 

dianion (BP) (scheme 1) have been synthesised. Results of 1H and llB NMR spectroscopy showed 

1. NaH 
- H3C 

2 LiJw4 

2. x4 WI % l 
fi3 

scheme 1 

the complex to undergo rapid dynamic behaviour even at 193K. The solid state IR spectrum 

indicated the presence of one didentate and one tridentate Ba- group. This was confiied from a 

single crystal X-ray structure; the Zr-H distances that range between 2.00 and 2.16A. The 

dioxametallacycle is puckered with a boat conformation 111. 

The complex (CsH5)Zr(BH& (1) was successfully synthesised from (CsH$5rBr3 and 

LiBIQ. Electron diffraction studies on similar organometallic derivatives of tetrahydroborates 

L&I(BI-I& have indicated that the vibrational spectra of di- and tridentate groups differ in their 

B-H suetching mode and in their M-B distances. The gas-phase molecular structure of this novel 

complex was determined by electron diffraction at a noxxle temperature of 115°C. The IR spectral 

data and EHMO calculations indicate the pmsence of triple hydrogen bridges but the diffraction data 

am inconclusive [2]. 

(1) 
Reproduced~om ref. 2 with permission. 

Treatment of Zr(BHq)4 with PMe3 yields amber crystals of the new polyhydride 

&H@H&PMe3h (2). which has been extensively studied in the solid state by X-ray dSiaction 

and in solution by IH, t tB ( tH} and 3IP( tH) NMR spectroscopy. In contrast, treatment of the 

tetrahydroborate complex with a didentate phosphine, 1,2bis(dimethylphosphino)ethane, dmpe, 

gives the mononuclear hydride, ZrH(BI-I&(dmpe) or ZrHz(BHq)z(dmpe) depending on 



191 

stoichiometry. The IR and NMR spectroscopic data on these complexes are consistent with the 

monohydtide having a pseudo-octahedral geometry in which three mutuallyj&BH4- groups are 

exchanging and tbe dihydride having a ttigonal dodecahedral ligand arranmt with C2 symtWry. 

Above 25T the dihydride was fluxional, but the exchange barrier of 15.6 kcal mol-t was unusually 

high for a complex with such a high coordination number [3]. 

Reproducedfom ref. 3 wilh permission. 

- 2ch 

Cp’zrMe, + CZ&+h - 

scheme 2 

The reaction of quimolar amounts of C2BgH13 and Cp*2ijMe)3 results in Zr-C bond 

cleavage and reformation to give ( (Cpc)(C~9Htt)2%(Me))x as shown in scheme 2. Although the 

exact nature of this complex is unconfirmed due to its insolubility in hydrocarbon solvents, 

subsequent reaction with 2-butyne yields the monomeric alkenyl complex 

(Cp*)(C2B9Htt)Zr(C(Me)=CMe;l). A singk crystal X-ray structure of this complex shows it to 

have a bent metallocene type geometry (centroid-Zr-centroid angle = 141.3’) similar to that observed 

for [(C5R5)2%(R)]a+ complexes. The alkenyl group lies in the plane between the two q5 ligands 

and is distorted by an agostic interaction involving one of the jWH3 hydrogens. This complex has 

olefm and acetylene insertion reactivity and will polymerise ethyne and propylene. ‘Ihermolysis 
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results in quantitative yields of (Cp*)(C3BgHtt)Zr]&-CH3) and methane. The X-ray 

crystallographic structure shows this methylidene-bridged complex to possess close B-H-Zr 

contacts involving a B-H bond of each dicarbollide ligand and the non ~%ottded xirconium metal 

atom r41. 

The tripodal ligand hydmtris(3,Sdimethylpyrazol-1-yl)borate, L-, lHB(3,5Me&N2H)3l-, 

forms six coordinate complexes of the type ZrLC13. Replacement of the chloride ligands with 

phenol derivatives gives only the tis(aryloxo) complexes ZrL(OC&IQ)3 when X is sterically 

undemanding (X = H, 2-F, 3-F, 4-F, 3-NO3, 4-No2, or CtBu) but the mixed chloroaryloxo 

zirconium complexes when X is sterically demanding e.g. ZrL(Cl)(OCjH4Ph-2)3, 

ZrLC13(OC6H3Me3-2,6) and ZrLC13(OC&I3Ph3-2.6). X-ray single crystal structures of 

ZrL(OC&I4NO3-4)3,2!rL(OC!&I3Me3-2,6)3 and ZrLCl(O&H3Me3-2,6)2 show that in each case 

the aryl group is found to be oriented towards the borate ligand and interdisposed between adjacent 

3,5Me+$3N3H moieties. With increasing s&c crowding, deviation in the ideal octahedral 

coordination geometry at the xirconium metal occurs, along with a gradual twist of the phenyl rings 

out of the plane bisecting the two adjacent pyraxolyl groups of the ligand L- as shown in stmctums 

(Sa)-(3c) VI. 

@a) (3b) 
Reprcducedjivm ref. 5 with pomision. 

(3c) 

The protonated form of the hydridotris@yraxol-1-yl)borate ligand, HL, reacts with 

zirconocene dichloride to give zr(c5Hg)( HB(C3N3H3)3)Cl3. This novel complex has a mduction 

potential comparable to that of xhconocene dichloride (-1.59V v SCE ), and macts with phenols to 

&'emOreIllOiStUE stable ~leX~Ofg~~f~~aZr(C5H5)(~(C3N~3)3)(~)2(R 

= Ii, 4-OMe, 4-No2.2~Ph). The solid state structure of zt(cgH5) (HB(C3Nfl3)3) (OC&tPh-2h 

obtained tkun X-ray crystallogmphy shows the two m ligands to be inequivalent [q. 

4.1.2 Complexes wk% carbon-based liganh 

Potential energy barrier calculations and packing analysis have been used along with 13C 

MAS-NMR spectroscopy t0 illVeMi&@e the &ellt8tiOlld tig &XUCWS that OCCUIS in (C&)2zm2 

and (C$&ZrQH&q and the diene flip observed in the latter and in (C&+Bu)22rcqHg [7]. 
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Reaction of two equivalents of 12.~ais(trimethylsilyl)cyclopentadienyllithi~ with zcL$ in 

refluxing toluene yields 1,1’,2,2’.4,4’-hexakis&imethylsilyl) zitconocene dkhlotide, 53% after 

chromatography. The temperature dependence of the tH NMR specpa of this complex were 

explained in terms of full totation of the substituted cyclopentadienyl ligaN3 with a barrier to 

rotation of 11 .O f 0.02 kcal mol-l. This contrasts with the analogous silylated ferrocenes and 

~~whercthes~~~softheligandsaze~~[8]. 

Ablidged zirconooene~hasbeensynthesisedfromthereactionafthedilithiumsaltof 

l,4-dicyclopentadienyl-l,l~4,4-tetramethyl-l&disilabutylene dianion [C$l&i(CHWWl~ and 

iX4 (scheme 3). The ptuduct (yield - 30%) is monomeric but other presently spactrosoopically 

uncm polymeric species all? also fomKXl[9]. 

The lithium salts of the dianions of general type [(C!$L$HR(Cp’)]~ (R = Me or tBu; Cp 

= C3Iq, CgHg, or C!l$-I8) react with ZIQ in thf to give the complexes (C5IWXR(Cp’)MC12 

which WUC Chatsctcrid by rioi. 

(4) 
Repro&&h rt$ II tith/wwthion. 

The chiral indene derivative (4&5s)-trrmr_4$-bis( lZf-inden-3-ylmethyl)-&2dimethyl- 1 J- 

dioxolane (&L) has been prepared after purification from optically pure 2,2-dimethyl-4,5- 
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bis(toluene-p-sulfonyloxymethyl)-1,3_dioxolane in diethyl ether and a suspension of indenyl 

magnesium bromide in toluene. The sodium salt of this compound reacts with ZrCLt to yield 

ZrLCl2. The molecular structure of this chiral zirconium derivative (4) shows the dihedral angle 

between the indene rings to be 37’ as a result of the. bridging unit hvisting one of the indene rings to 

one side. Hydrogenation of this complex with Pt@ as catalyst gives the bis(4,5,6,7-tenahydminden- 

1-yhnethyl) derivative zrL’2Qz, which along with the non-hydrogenated starting material, is an active 

catalyst for the polymesisation of ethene and pmpene in the pmsence of methylal~oxane [ 111. 

Titanocene and ximonocene complexes with a phenyl or l-naphthyl substituent in one of the 

/3-positions of each cyclopemadienyl ligand and with an interannular tetramethylethano- or 

dimethylsilano-bridge have been prepared (scheme 4). Comirmation of the nature of the racemic 

isomers was obtained using 1H NMR spectroscopy and X-ray crystallography. In contrast to other 

ansa-metallocenes bearing bulkier tertiary alkyl j%substituents, the interannular bridges were found 

to lie close to the rear extension of the ZrCl2 bisector axes, and possess a much more accessible 

coordination site. In accord with this, very high activities as a-alkene polymerisation catalysts were 

observed for these aryl-substituted complexes [12]. 

I 
-ir 

mxmicimne.r 
R = C2(CH&; AI = phenyl or 1-napthyl 

R = WC&k; Al=phplyl 

M+=MgorLi AI 

memisomr 
R = Si(C!I&; AI = phenyl 

scheme 4 

The complex zr(q*-CaHe(giMe3)2) (q4-C&j(gibie3)2) was prepared from reducing 

CaHa(giMe3)2-1.4 with two equivalents of BuLi and then reacting with [zr(!l4(thf)2]. The 

unsubstituted derivative was prepared from a similar reaction but solvated thf had to be removed by 

heating the complex in the solid state. The absence of solvation in the former is thought to be due to 

steric crowding provided by the two substituted cyclooctatetraene ligands rather than any decreased 

acidity of the metal. Both compounds appear fluxional in solution; even at 203X, only a single C&t 

environment was observed in the 1H NMR spectrum of Zr(qs-Cg&)(‘t$CgHg). The zirconium 

metal centres act as Lewis acids and readily form adducts with thf, NH3 and Bu’NC, (see also the 

discussion of related hafnium complexes in Chapter 3 of this series of articles). The single crystal 
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X-ray structures of the latter two adducts wem obtained and confii the q* and q4 coordination 

mode of the cyclooctatetraene ligands although the distribution of the C-C bond lengths is not 

consistent with thosefound in Fe(q4-C!gHg)(CO)3 or Ru(q4CgHt3)(CO)3. Thb ximonium-to-ring- 

carbon bond lengths in these structures increase on coordination of NH3 0rlButcN indicating a 

weakening of the metal-to-CgHg interaction [ 131. 

An alternative to the study of Zr(qs-C5H5)X2 complexes is that of the half-sandwich 

monocyclooctatetracne zirconium derivatives zr(r1*-CgHg)Cl2. Both the solvated and non solvated 

forms am now readily synthesised from the reaction of Zr(qg-CgHg)(q4-CgH~) with ZrClq(thfj2. 

The bistrimethylsilylated derivative gave the structurally characterised complex (Zr(qg- 

CsH6(SiMe3)2)Cl](~-Cl)z which possesses a plane of symmetry that bisects the two bridging 

chlorine atoms as shown in structure (5) 1141. 

(5) 
Reproducedjkom ref. 14 WirhpennMon. 

The structure of Zr(CgHg)2 has been investigated using variable temperature SObion and 

solid state NMR spectroscopy and X-ray crystallography. The X-ray crystal structum unequivocally 

shows that one CgHg ring is qa- and the other q4-coordinated to the zirconium atom. The 13C and 

tH NMR solution spectm show all the protons snd carbon atoms to be equivalent The banier to the 

proposed fluxionality of the rings is estimated to be < 7.5 kcal mol-1 in solution and 

>13.5 kcaI mol-r in the solid state. A second fluxional process involves 1,Zshifts of the q4-CgHg 

ring [15]. 

Reduction of ZrC4 with sodium amalgam in the presence of cycloheptaniene gives the 

complex Zr(q6-C7Hg)2 (6) in cu. 40% yield. The molecular structure of this complex was 

confirmed crystallographically and shows the cycloheptatrienyl ligands to have a non-parallel 

arrangement with a dihedral angle of 25.6’. On reaction with carbon monoxide, Sn2Me6 or 

Nail--tetramethylethylenediamine. the compound zr(r17-C7H7)(qW?7HSp was produced. The 

electronic structure of this complex has been investigated by PES and extended Huckel molecular 
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orbital Cal-. The a3mpk zlf+c!7H& zwcts with PMe3 or the didentate pho@ine l& 

bis(~~ylpho~~no~~~e (dmpe) to give ~q7-C7H7)(qs-C7Hg)(PMe3) and IZr(q7- 

C7H7)(q3-C7Hg))3(dmpe)J, respectively. These compounds have been extensively studied using 

3’P. 13C and 1H NMR spectmmopies. Reaction of Zr(q6-C7H& with the Lewis acid (All&$l)~~ 

in thf for 1 week gave a compound pmposed to be the xheonium dimer (zr(r17-C7H7)(th~(p-Cl)2 

which acts as a good soume of the (Zr(q7-C7H7))-fmgment in subsequent reactions 1163. 

Repmducedj?om .16 mith’&n, 
“f 6) 

A series of dimetallic ruthenium/zirconium complexes of general formula 

Cp(PMe3)2RuCH~CHs~Cl~ (n = 0.1.2) have been prepared from Cp(PMe3)3RuC!xtCH 

(see scheme 5). Two of the products are Cp(PMe3)~Ru~H=CHZrClCp2 and 

~~Me3)2Ru~2~~~ and each exhibits a three-centm two-electron ago&c interaction 

betweenthe~~andaCHthatisBtozircon~~lhesecolnpkxesareimparmntasthty 

represent a mm example of a C.~-unit bridging an elo7tron rich metal atom and an electron deficient 

metal cenue. The spectroscopic and structural data on an q%cyl complex obtained on carbonylation 

of Cp(PMe3~RuCH=CHZrClC!p7 indicate a substantial contribution ti a Zwitterionic resonance 

form in which a formal positive charge exists on the Ru and a negative charge on the zirconium 

portion [ 171. 
t I 

ti fine m m~allacyclc Q&t~iW@‘h~iMGW appears from its ation 

dons with a ketone or a nittile, or on protonation to be a suitable starting material for the in sinr 

generation of the reactive complex ~~(q2-C(SiMe3)C(Ph). This was evident from the 

sKctroscqpc ch~ti~ of the pmducts and the systematic loss of free Me3SiCCPh in each 

case. Reactions am s ummalised in scheme 6 1181. 

When a slurry of [q5:qS-CloHg]fCpZrCl3]3 in thf is treated with an excess of 

(q3-C3H5)MgCl at mom tempemture, the dinuclear fulvalene zirconium ally1 derivative Ma’-[q3:q3- 

Ct$Qt][CpZr(qt-C&CHCH3)(q3-CH2CHCH& is fmed. The solid state structure of this 

complex shows the fulvalene to be planar and each xhconium atom to be coordinated to one q%!p 

ring, two ally1 groups and the fulvalene, in pseudo-tetrahedral geometry. In solution a fluxional 

process occurs and is thought to involve an qt-q3-ally1 rearrangement. Attempts to prepare the 

complex [q3:q3Ct~gJ[CpZrR313 (where R = tolyl) failed, spectroscopic data indicating the 

presence of q%q3-C* rings 1191. 



197 

P 
(CPk=J)cl 

CP 

‘C~CH ,-* 
I $0 

Mes\‘b 
Ru-CBC--~+, + RH 

MS9 Cl 

R=MQN~CH, 

CP 
I 

Me.@.& H 
Me3P ,c -cc/ 

H 
> 

&p 
-.d 

0 
\.CP 
Cl 

Ph 
MgSi 

+ MqSiCCPh 

I WWOkH 
70°C 

Fll 
F% IHNEbl[BP41 

+ Me$iCCPh 

L!Meme 6 



198 

The addition of 9-borabicyclo[3.3.1 Jnonane (9-BBN) to (~~-C~H~C!H$H=CH~)~ZIC~~ 

yields (r15-CSH4(~2)3(9-sRN))2ZsC1Z (scheme 7). One of the Cp-bonded ally1 ligands of this 

ally1 cycl~n~~y~~ dichloride couples with butadiene. Similar xirconium systems [(q5- 

C5H4CH=C(CH3)R]$rCl3 (R = CH3. Ph) also undergo addition reactions with 9-BBN to give 

[(q5-C5H4~(9_BBN)~(~3)R]ZZIC12 (R = CH3 rac/meso - 1:l) (R = Ph. rhreok~~hro - 1:l). 

The mixtures of diastemoisomers were separated by fractional crystallisation [20]. 

scheme 7 

The yield of the complexes Cp*(R)tiXz (C!p* = (C!H3)5C!s, R = QH5, X = Ct; R = 1,1,2- 

trimethylallyl, X = Br, R = 1,2,3-trimethylallyl, X = Br) is dependent on the number of Me 

substituents at the terminal positions on the ally1 ligand. These compounds were synthesised from 

the reaction of ally1 Orignards or ally1 lithium magents with C!p*i?K13 and their reactivity towards 

[MC!p(CO)& (M = Fe, Ru) and LiCHflPhz were investigated. The X-ray crystal structures of 

Cp*(q3-C3H$?K!l3 and ~*~)(q2-~~Ph2)~ (R’ = 1,2-~~ylbu~~e) are reported and 

the dynamic behaviour of the latter was examined by variable temperature lH NMR spectroscopy 

WI. 

+ 

H 
co 
tctuene 

H xi 
‘a’ 

Scheme 8 

The electronic and steric effects of the tetramethylcyclopentadienyl ligand on the physical 

properties of its titanium and zirconium complexes have been examined and the NMR and IR 

spectra indicated that C5Me4-I exhibits an electron-donor effect greater than QH5 and slightly 

weaker than CgMe5. A strucmral examination of the complex (C5Me,$&Zr(Ph)Cl and the study of 

the tH and t3C dynamic NMR pmperties of the compounds (C~M~~tR2 (M= Ti, 2r, Rt = 

R3 = Ph, p-C!&+Me; R 1 = Cl, Br; R3 = Ph, p-C&Me) show that C5Me$i has a steric effect 

intermediate between C5H5 and C5Me5.. The steric and electronic effects of C5Me@ have also been 



used to induce specific isomerisation reactions of various alkenes by using (C!gMe&I)zHMez as a 

catalyst WI. 
Several novel cyclooctatetraene derivatives of zirconium have been syntbesised and 

structumlly character&d. A summary is &en in scheme 8. [23]. 

The pagostic compkx Cp$rCl[C(SiMe3) reacts with ttimethykhrmhGum to give a 

mixtum of (q%lkyne)xirconocene and Cl-AlMe2. These reagents mact to give a doubly 

acetylene/chloride bridged bimetallic Z&Al complex (7). which uniquely features a planar 

~~~~k~~R~[~]. 

(7) 

4.1.3 Complexes with l&an& conmining silicon 

The complex C!pzZr($-1-butene)PMes reacts in thf solution with one equivalent of 

triphenylsii by what is thought to be an ~ti~~n pathway. The molecular structum of 

the silyl hydride complex was determined from single crystal X-ray diffraction to be 

Cpz~(H)(Siph3)(PMe3). The reactivity of this species with acetone, pivalonitrile, or tert- 

butylisocyanide gave insertion products in which the hydride ligand participates in new bond- 

forming reactions. In contrast, the reaction with 2-butyne gives elimination of the s&me and the 

formation of a S-membered metalkcycle [2!5]. 

The first example of a metal silanimine complex has been prepared CpzZr(q2- 

SiMez=NtBu)(PMe$. The single crystal X-ray structure of this complex shows the Zr-Si distance 

to be 2.654 (1)A. This short bond length and correspondingly long Si-N distance of 1.687 (3)A 
imply that the bonding of silanimine to the metal centre is best described as a metallacycle rather 

than a x-donor compkx From ‘H and 3tP( 1H) NMR data it appears that the !PMes hgand is kbik 

in solution, a fact that is borne out on reaction with CO to give the ligand suhatitution product (q2- 

M~Si=~uX~) which does not exist as the silaacyl form. The compkx readily undergoes Zr-Si 

bond insertion reactions with ethene or formaldehyde to give five-membemd n=tak=ycks WI. 

4.1.4 Complexes with ligan& containing tin 

The synthesis of a novel bis-stannylene adduct of xhconocene has been achieved by reacting 

two carbene like fragments R$r(n-Bu)z. (R = Cp, C-e) and Sn( CH(SiMe&)z. An X-ray 

crystal structure of this complex (CfiMe)$5r[Sn( CH(Siie3)2)~2 shows ,the Zr-Sn distance to 

be 2.8715 (11)A; this is only slightly greater than the sum of the covaknt radii and implies 

signigcant x-donatim from zirconium to tin. The room temperature 1H NMR spectmm is consistent 

with the solid-state structure with two equivalent stannylene units. However at -3OT, the SiMe3 

resonance splits into three signals and this observation is interpreted in terms of mtation of one 

stannylene ligand into the Sn-2%Sn plane 1271. 
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Ti!kc&-2thf + 2&q&j 
4pMaJ. 4Ph3snta co 

P N~WWn&W~Ql + ~GKI (i) 

An unprecedented carbonyl xhconium anion smbilkd by four ~~~1~~1 ligands has 

been synthesised (8) which contains an eight coo&na& ximonium centre. The synthetic procedure 

requires that trimethylphosphine must be present to avoid the failure of the carbonylation step 

(equation (i)). The molecular structure of this complex was confii from IR, lH, 13C and t%n 

NMR spectroscopy and single crystal X-ray crystallography [28]. 

Repmiucedjhm ref. 28 with pmission. 

The xirconium(III) bridged chloride (p-q5:~5-C!luH8)[(~-Cl)Zr(q5-C5H5)]2 readily 

absorbs atmospheric oxygen to give (CL--q5:q5-ClcH8)[(p-C)(q5-C5H5)ZrCl]2. This led to 

investigations into the reaction of this complex with diaxo compounds N2=C(C!5H5h (scheme 9). 

and isocyanides [ 0 NC(CH3)3] and organic axides &fe3Si)N3. Single crystal X-my stntctures of 

the ~p~yl~~~e and tert-butyi isocyanide complexes show that these gtoups insert into 

the Zr-Zr bond with concomitant opening of the chloride bridges of the starting material. The 

unsaturated organic molecules act as bridging ligands coordinated in a (0 + x) fashion. The Zr- 

CNC(CH3)3 bond length (2.180 (2)A) is similar to that observed iu [(q5-QH4CH3)2Zr&2-1.1*$- 

CC(Q,H5)]2 (2.187A) implyiug some degree of multiple bonding in this interaction. In conjunction 

with this the 1R spectrum (KBr) indicates a decrease ~~CN~~.~~u~~of~s 

m in the presence of Cs NC(QI,), yields the cyano complex (p~5.~5-CmH&~-~t~~ 

CN)Zr@C5H5)2 which was chamcterised ikxn specuoscopic data [29]. 

Treatment of ZrC4 with 3 equivalents of tBu3SiNHL,i gives (tBu3SiNH)gZrCl which on 

methylation affords (%3SiNH)3ZrCH3. The molecular structure of this methyl derivative was 

determined from X-ray trophy and shows the zirconium to have near tetmhedml geometry 

and the Zr-C distance to be in the expected range (2.231 e>A). Thermoiysis of this species yields a 
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transient bis(amido)imido complex (&3SiNH)$k=NSitBu3 which rapidly adds Hz across the 

imido linkage to give (‘Bu3SiNHhZM. The hydride resonance is downfield! at 6 9.60 (CT&$ due 

to the highly electfophilic nature of the zirconium centre. On exposure to CO, a cis enediolate 

compound is formed as the sole pmduct. Several intermediates were observed and detected by t3C 

andtHNMR spccaoscopy (scheme 10) [30]. 

Repmhcedjbm ref. 30 with pandaion. 

scheme IO 

The first q l-hydrazidozirconocene complex WNNPhz can bq trapped with akynes 

(sc~11)orCOtogiveanunprecedented reanangement which involves N-N bond cleavage. In 

the absence of any trap, this complex forms a bridging hydrazido Elmer which has been 
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crystallographically charecterised. When the sixdonor4-(IV,Wdimemylamino)pyAine @MAP) is 

present, a monomeric hydraxido (2) complex Cp$@NPhg)(DMAP) is formed [313. 

RCICR 
‘kD=IQQ% 

R = Et, Ph. 4-MeC@4 

scheme I I 

Phosphine derivatives of zirconium complexes have been successfully synthesised and 

studied in which the hybrid chelating ligand -N(SiMe$XflR& (R = Me, @r, Ph) as a hard amide 

donor has been incorporated. The reactions of similar species of general formula 

ZC13[N(SiMe$H$R& formally involve the replacement of all or some of the chloride ligands. 

Many of the resulting complexes undergo fluxional processes in solution, particularly when 

butadiene or ally1 ligands are coordinated. One interesting complex which illustrates the change in 

reactivity that results from this tridentate ancillary ligand is ([i~~2SiMe2)2N3212~-~2.q2- 

N2). This novel dinuclear dinitrogen complex is prepared from the addition of two equivalents of 

Na/Hg to ZrQ~(SiMe$H@Pr& under an atmosphere of N2 [32]. 

ZrCp932 + 2 Liz(P) 
Irich- 

* Zr(P), + 2 LiCl + 2 LiCp 
2QOT 

Repmdttced~ rd. 34 with pemdssion. 
(9) 

Two new zirconium bisporphyrinate double decker complexes Zr(P)2 (PH2 = ORPH2 or 

TPPH2) were synthesised acuuding to equation (ii). The complexes were character&d by W-VIS, 

near IR and tH NMR spectroscopies and cyclic voltammetry. These data indicate that there is a 
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strong x-x interaction between the porphyrin ligands and the small ximonium(IV) centre. This is 

confirmed crystallographically by the solid state structure of Zt(TPP)2 (9) which has a sandwich- 

like structure with an average Zr-N distance of 2.4(1)A and a porphyrin interplanar spacing 

(2.561A) that is the shortest ever mcorded for similar M(porphytinato)~ complexes [33]. Both 

systems undergo two oxidations and two reductions, and can be chemically oxidised with 

phenoxathiinylium hexachloroantimonate to give the r-radical-cation complexes 

[Zr(TPP)2]+[SbCI& and [Zr(OEP)2]+[SbCi&. The cationic species were spectroscopically 

chamcterised and the data for these, like their neutral parent ~, indicate lady strong 

overlap between the x-systems of the two porphyrin rings [34]. 

The synthesis and solid state structure of a meso-octaethylporphyrinogen zirconium(W) 

complex (10) have been attained. The solid state stn~~ture shows that two of the pytroiyl anions are 

q%onded and two are o-bonded via their nitrogen atoms to the zirconium metal centre. At room 

temperature two distinct signala are observed for the Q and q5-pyrtolic protons in the tH NMB 

spectrum, but at 320K these collapse to a singlet suggesting fast exchange of the Q and $ forms of 

the pyrrolyl anion [353. 

Deptotonation of PhCH=NCH$‘h by KH in thf in the presence of 18-ctown-6 led to the 

isolation of the Zaxaallyl anion-potassium ion pair [PhcH - N= ml- nr(~8-~mwub)l+ which was 

oxidatively coupled to a diamino ligand by Q&Cl2 to form C!p$r@-PhCH-N-CH(Ph)CH(Ph)- 

N=CHPh-q* (11). The 111-N bonded and I$-C,N bonded imino groups are confirmed in the solid 

state structure of the complex [36]. 

Cationic molybdenum complexes tesdily undergo nucleophihc attack by ximonium amides 

to give x-ally1 complexes. The mechanism is thought to involve nucleophihc attack by the polar Zr-N 

bond on the terminal carbon of the coordinated diene. The resulting cationic xitconocene amido 

complex then abstracts a fluoride from its BF4- counterion to give Q@(NBPh)F or CpzzrMoF 

and BF3. The reaction does not always involve the Otis of 25F bonds however as illustrated in 

the example in scheme 12, from which the first xitconium complex with am amido l&and to 

he characterised crystallographically was obtained [37j. 
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The preparation, structure, spectroscopic and electrochromic properties of 

bis(phthalocyaninato)xbconium(IV) Zr(Pch, have been qorted. The attempted synthesis of this 

species from Zr(OAc)4 instead of X4 seemed to produce zr(pc)(OAc)2 from comparison of its 

electronic spectrum with that of Lu(P~)(OAC)~~O)~~~O.CC~~. The solid state structure of 

Zr(Pc)2 indicates that this complex has the most distorted ring system of any metal 

bisphthalocyanine yet reported. This distortion is primarhy caused by the short Zr-N distances 

(average 2.30A) in this complex compamd to other similar metal species and has a deuimental effect 

on the electrochromic pmperties of the molecule as it aids decomposition during oxidation (381. 

Iusertion of one equivalent of CNtF3u into the complex Q2 -Hz) gives the 
t 1 

thermodynamicahy stable $%minoacyl complex ~(~~~2siM~~H2) (scheme 13). 

Addition of a second equivalent of ClW3u proceeds by reductive coupling of the hvo CNBu via 
nucleophilic displacement of the original +iminoac yl and not via bruakage of the C(q%minoaql)- 

I 1 

C(me~ylene) bond The resulting complex ~~~~~)C-C(=N~~X~H,siM~~H2) 

undergoes an unusual rearrangement at 12VC to the. bicycl~n~~o complex. All these 

complexes wem chamcterised from IR elecnonic and variable V~wct=wwThe 
molecular structums of the bicycloenediamido aud bicycloenedkk&e complexes were established 

using single crystal X-ray diffraction [39]. 
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Reaction of the hydride Cp$&W!l with dicootiiinated phosphms compounds gives 

~~~~ff~~~~~~.~ 

undergo zrmrsibk halide exchange in the presence of a l&de abstracts fs,g. Me3SiW3CF3 or 

NaI3Ph& wi& the subsequent formation of cadonic acem&ile derivatives. Swh species am unique 

cyclic cationic complexes and of intcmt d41~ to their analogy to the alkyl complexes Cp$bB+ (M = 

22, Ti). In contrast_ Ioss of cyclisadon occurs on the addition ofFe&!CI)g, Sg, ar Se to the star&g 

aminozirconaazaphosphirancs via the phosphms atom of the ligand. Subsequent loss of zh~nhuu 

then occurs fivm the intcxmcdk on addition of water [40]. 

The reaction of methyl ally1 Grignard or lithium reagents with Cp*ZrX3 gives increased 

yields of compounds of the type Cp*(allyl)ZrX~ (ally1 = C3H5, 1,1,2-trimechylallyl, 1,2,3- 

~~~~1~~1, X = Cl, Br) uxqared ro the unsubstituted species. ~*(l,~,~~~yl~yl~~3~ 

exists as two isomers in solution; the mjor isomer has a structure in which Beth texmbl methyls 

are in a @VI orientation and rhe minor isomer has one of the terminal ally1 methyls in an anti 
orien&adon. nie iscmer exchange was fobwed by Q NMR spSmsq%y and Rvealed a q3-q’ ally1 

tnechanism (A@ = 66.2 f 1.0 kJ ml-t), Both t,1,2- and ~~~~~y~y~ zircollium axnpkxcs 

can be reduced by K+[CpM(CO)$ (M I: Fe, Ru) giving the Group 8 d&r [CpM(C!Q& and 
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uncharacterised oils, and react with 2 equivalents of LiCHzPPhz to give Cp*(q4-2.3- 

Me2(butadiene))(rl”c and Cp*(q4-1,2-Mez(butadiene))(q~~~~~~ respectively. 

The butadiene results from abstraction of an ally1 terminal methyl proton by PPhz-CH2; free 

MePPh2 is observed by NMR spectroscopy. Variable temperature 1H NMR spectroscopy 

indicated that a dynamic process occurs in solution involving Zr-P bond rupture (AG* = 

38.9 f 1.0 kJ mok1). The novel $-coordination mode of the CHgPh2 ligand was confirmed in 

the solid state by X-ray crystallography, the bond lengths being Z&H2 2.346(8)A and Zr-PPhz. 

2.&(2)A respectively in the strained Zr-C-P ring [41]. 

A single crystal X-ray structure of the dark green pmduct fIom the reaction given in equation 

(iv) shows this compound to be a bridged dimer with the Zr2P-core and the carbon atom of the 

mesitylene ligand being coplanar. The Zr-P distances are equivalent and at 2.617(6)A are shorter 

than those observed in the analogous complex cpzZr(cr-PPh&BhH(CO)(PPh3). A similar reaction 

using PCyH2 as the phosphine produces a tetranuclear ring system in which two xirconium atoms 

are bridged by two phosphide groups (PCyH-), the ZQP~ core is coplanar and the Zr-P distances 

average 2.646 (4)A. The zirconium atoms are thought to be antiferromagnetically coupled An 

equivalent reaction using Cp*ZrCl2 and CyPH2 appears from 3tP NMB spectroscopy to yield 

Cp*$r(PHCy)H as well as Cp*2Zr=PCy via H2 loss [42]. 

The synthesis and crystal structure determination of [C&?TiQt-PEt3)12 have been reported. 

Bulk magnetic susceptibility studies on this solid show it to be diamagnetic over the range 5-340 K. 

EHMO calculations suggest this results from frontier orbital mixing of the CpzTi and phosphide 

fragments and hence a pathway for super-exchange through the ligands. The spectroscopic data 

indicate that at high temperature a paramagnetic monomeric species is generated. No evidence for 

this or thermal population of the triplet state at 5 340 K is observed for the xirconium analogue [43]. 

QzWNd~ ) - 
(A) 
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A (qs-cyclopropene)(trimethylphosphane) complex of xirconocene was obtained in good 

yield by the m&on of 1.2-dipheny1cyclopmpene with (1-butene)(trin~thylphosphane) xitconocene 

(scheme 15). The complex (A) was character&d in solution by 31P. tH, and %! NMR 

spectroscopy and in the solid state by X-ray diffraction analysis. Above room temperature the 

compound was found to marmnge to give the metaUocyclobutene derivative (B) [44]. 

The reaction of (Me$i)gNPPh2NSiMe3 with ZC4 yields [ZrQ3(Me~SiNPPhzNSiMe~- 

N,N)]*MeCN. This four membeted cyclic phosphaxene derivative of ximonium crystallises in a 

monoclinic space group. The solid state structum determined crystallographically indicates that the 

cyclic Zr-N interactions am best considered as single bonds [453. 

4.1.8 Com&xes with oxygen donor ligandr 

Commonly, reactions of zirconium species use the readily available xirconocene dichloride 

complex as a precursor. In order to investigate the influence of the rigidity of the Cp ligands on the 

subsequent reactions of such systems, Curtis and Haltiwanger synthesised several hydride 

formaldehyde bridged fulvalene complexes (rj5:q5-C luHg)[Cp*ZrH2]2. (tls:r~5- 

C1uHt3)[Cp*Zr(H)Cl]2, and (q5:115-CtoH8)[Cp*zrC112(0CHZ) (scheme 16) which were examined 

by variable temperature tH NMR spectroscopy. At high temperature the latter complex appears to 

undergo rapid rotation bout the C-O bond, this is in contrast to the results obtained for 

(Cp$rC1)2(~-OCHR) and is thought to result from the size of the substituents on the aldehyde. 

the results of a single crystal X-ray structural determination of (q5:~5-CtoHg)[Cp*Zr(OcH2)]2 

have been reported and show that the bond distances in this species are analogous to those of 

v32~~2)12 WI. 

Heterodimetallic p-(qt-C:r$O,O’) carbon dioxide complexes of zitconium were prepared 

by treating the metallocarboxylate complexes Na+[CpM(C0)2CO2]- (M = Fe, Ru) with 

xirconocene dichloride at low temperatures (scheme 17). The (l@3J-I~)(CO)2RuCO$k(Cl)(q~- 

CsH5)2 adduct was more stable in benzene solution than was its iron equivalent, but both 

decomposed slowly to give the species CpzM(CO)4 and [Cp(Cl)Z&(p-0). According to the 

infrared and tH and 1% NMR spectroscopic results, protonation of the species with HRF4 

deoxygenates the coordinated carbon dioxide moiety and yields the complexes [CpM(CO)3](BF4) 

and KP~KW~~~P-Q ]471. 

The heterodimetallic ruthenium complex Cp(CO~Ru(CO)2Zr(Cl)~ undergoes reduction 

to its p-ql(C):ql(0) formaldehyde derivative C~(CO)~RU(CH~O)Z~(C)QQ on reaction with two 

equivalents of Cp$r(H)Cl (scheme 18). A t3C NMR spectroscopic study of this reaction shows 

that hydride transfer occurs at a ligated carbonyl ligand and not at the carboxylate (CO2) ligand 

1481. 
The volatile compound ZrF3(QF7COO) can be prepared in a two step process from 

xirconium tetrachloride and C3F7COOH. Interest in this complex stems from its possible use as a 

precursor to ZIP4 [49]. 
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’ Reproducedfiom r&46 with-. Scheme 16 

(M=PoorRu) 
scheme I7 

cl 
Scheme 18 
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The compound [(q5-C5H4)P(C!&&ZrCl~ teacts with a 10% excess of methyl Grignard 

reagent to giVC [(t15-csH4)P(caH5)2]2zr(~3)2, which CBn be COnWZtCd to its UIOIIO tIMthy 

analogue by PbCl2 The catbonylation of these species does not give simple CO insertion into the 

Zr-CH3 bond; a fluxional “acyl-phosphonium” moiety is formed due to the intramolecular attack of 

one of the ring bound phosphines on a transient acyl complex as shown in scheme 19. Neither 

phosphine is preferred and an associative interchange occurs at 3CPC in dichloromethaned2 

(activation energy = 61 kJ mol-1). A single crystal structure determination of the “acyl- 
I I 

phosphonium” compound (I(rlS-C~)P(C~~)JI(r15-CSH4)P(C,H,hlZT[1I2-(~)~l~X 

shows several featums of note. firstly, the Zr-0 bond is mlatively lot& 2.065 (2)A) suggesting that 
there is less OF%& back bonding than obmrved in comparable systems. Secondly, the tetmhedml 

geometry of the carbon atom derived from the CO molecule is distorted. The former feature is 

thought~obeetotbepresenceofotherdonaratoms,thelaaerisaresultoftheqZbiadingofthe 

CO-unit and the 2%C.-P-C+ ring geometry [50]. 

The compound (S-nux.r-q%nadiene)xirconocene adds to a carbonyl ligsnd of CpV(C!O~ 

to give the [(x-allyl>ximonoxycarbenc]vanadium complex Q2~GGZGZ4H6 which 

contains a seven-membered metallacyclic ring. Spectroscopic evidence suggests that in 

subsequent repction with ketones, (i.e. acetone, acetophenone, methyl(viny1 ketone), acrolein or 

pivalonitrile), nine membered metalloxycarbene vanadium complexes such as 
I I 

Cp$rOC[=VCp(CO~]CH2CH=CHCH2C(CHs~0 containing a chiral trans-cycloalkene 

dioxametalla-fr~-cyclonene framework are pmduced. The extrusion of the xhconium atom can be 

achieved by reaction with teuabutylammonium fluoride uihydmte in thf (scheme 20) 1511. 

1. fBu$dl+F-*3I&O 

2. [@C2hol+BF,+ 
C 
0 : 

scheme 20 

ML, = Mo(CQs, WWs, cpco(co). CpRh(co). Cpv(c~)~, (c&~Pt(co) 

Schetta? 21 

Having established a convenient two step synthesis for the formation of a 

mEallacychcoloramdima[~n~l*fromCpzZrHQ,ErkaacJ.havebeen~etoproduaa 
. . 

variety of metallacyclic heteroatom-stabilised carbene complexes in which one of the two 

tZp&Z& metallaoxirane units react via insertion into the aimonium-carhon hond (scheme 21). 
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In most cases identical products were formed on photolysis and thetmolysis, but two exceptions 

were found. Photolysis with W(co)6 resulted in the pmposed formation of two regio isomers of B. 

and a second isomeric equilibrium was observed for the analogous xirconoxycarbene platinum 

complex (scheme 22) [52]. 

In contrast to the formation of the meQkkane.s, the ma&m of KkZ~l* with alkyl 

&cyanides (CN-R) (where R = CHzSiMe3, CHZCMe3. CMe#H#Me3) results in double 

insertion to form C2h-symmetric metallatricyclic complexes containing two (?jl- 

iminoacyl)xirconocene moieties (scheme 23) as confirmed by a single crystal X-ray determination of 

the trlmethylsilylmethyl derivative [53]. 

2CN-R 

- 
toluene 
24hr4oT 

Scheme 23 

Me&. 
N. 

CMe3 

Scheme 24 

The ($%rmaldehyde)ximonocene dimer [C&&&l, reacts with Butylisothiocyanate at 

12OT by sequential insertion of the heterocumulene S=C bond into the metallaoxirane Zr-C 

linkages (scheme 24). The intermediate product of monoinsertion was detected by lH and t3C 

NMR spectroscopies but the final product (a metallatricyclic dimer containing a 2~02 four 

membered ring system) was chsmcterised by single crystal X-ray diffraction 1541. The. same dimer 

K$zZ!~lz reacts with less than stoichiometric quantities of BEt3 to give an insoluble 
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oligomeric zitconocene oxide { cp2zro)= and ttialkyl boron products. The reaction is assumed to 

take place via methylene insertion into the B-C bond [SSJ. ‘l%e dimer undergoes a slow reaction with 

hvo equivalents of ziuwnocene dichloride to give the quantitative formation of (C!H~)(ZQ&l~. 

This proved a useful building block in preparation of the mixed metal dimer CpzZrCl(cc.- 

CH~O)(Cp2HfCl) in which the methylene unit is exclusively coot&a&d to the hafnium cenne WI. 

Seven colourless and hydrocarbon-soluble heterobimetallic isopropoxide derivatives of 

lanthanum and zirconium have been synthesised in a two step process, dependent on reaction 

stoichiometzy (scheme 25). The products weae characteris by elemental analysis and IR and NMR 

spectroscopy. From these data, structures for these complexes a~ proposed in which the La3+ ion is 

cootdinatively saturated by isopoxpoxy bridges and/or internal chlorides [57]. 

(whele n = 1-3) 

W4~W’&h,l + 2KOR - WW4Zrr(O~%h,l + ~CCL (a) 

(where R = d, B$. n = 1,2) 

scheme 25 

The product of the reaction between equimolar amounts of CdCl2 and K[Z~(oPri)g] in 

benzene is the dimeric species {Cd[~(OF’&(p-Cl))2 (12). The molecular structure of this 

complex was confirmed crystallographically and shows the dimer to consist of two triangular 

[CdZr2(~3-O~i)2(~-OPri)3(OP+)4]+ units linked by two chloride bridges, such that both metals 

have distorted octahedral geometry [%I. 

A new five-coordinate M-electron complex (CH~C~I-I~~~~(U-C!~$I~COO) (13) was 

synthesised by reacting equimolar amounts of (MeCp~zrCl2 and sodium a-naphthoate. The solid 

state strucn~e of this complex shows the a-naphthoxy ligand is didentate (Z&,2.317 (2)A, 2.260 

(2)A) [59]. 
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The zirconium amide enolate phzN-C(CH2)OZr-f~sCffi5kc1 has been synthesised 

@theme 26) and stmctuml character&ion shows that the oxygen atom of the enolato anion is 

bonded to tbe zirconium centm. The zr-0 bond (l.~q3)A) lengthens on tea&on of the methylene 

carbon centre with Cr(CO)j(thf). The resulting complex has the amide enolato O-bonded to 

zhconium centre @r-O 2.045(3)& and C-bondedto chromium centre (CM! 2.329(5& WI. 

ii. cpgicl2 

S&me26 

The reaction of (2& 3R)-(+)-diisopropyl tatWatewitlldimethylziMnWeneresuhsinthe 

loss of methane and dime&&on to give a ~~~yc~c complex (14). in solution them is tH 

NMR spectroscopic evidence for exchange involving the CX(FWH(E)-units (E = CX&CHM@I 

(activation barrier = 12&l kcal mol-1 at 255 K). The dynamic behaviour of racemic choral and 

~~~achiraldiastenomnri((tartrato)~~~dimerswasshowna,bequite~~The 

NMR spectra of the meso compounds were consistent with a ten membered dimetallocyclic 

structure. In solution, the -CO$H3 derivative possesses the C2-symmetric ~~~o~cyclic 

structure but the solid state stmcture is that of the ten mtmbcrcd dimetaUomonocycle (l5) 1611. 
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The reaction of (Me$k$i(OH)2 with BQ affotds an eight membered ring complex in 

which the zirconium metal centre has an octahedral geometxy due to the ce&ination of two thf 

solvent molecules. The solid state structure of this compound halp been confirmed 

crystallograp~~Y WI. 

The synthesis and molecular structure of the novel heterometallic alkoxide Zr$o&j- 

O)(CI2-OC3H7)8(OC3H7)2(acac)4 have been reported. The complex crystallises as discrete 

hexanuclear molecules with the oxygen atoms of the zr2coqOlg cure adopting a cubic close packed 

arrangement in which the metal atoms occupy the octahedral holes. At the centre of the resulting 

metal octahedron, a w-0 atom is located [63]. 

The reaction of Zr(&, a and NHR2 in toluene resulted in the formation of the N,N- 

dialkylcarbamato zirconium complex [zr(O&!NR~)4] (R = Et, isopropyl). Reaction of this complex 

with hydrogen halides resulted in salts of general formula lJ&Hfl2+[ZrX& (x = Cl, Br, r) WI. 
h ‘ 

The dimeric five coo&uue zirconacycles [ (a(qC!HReHd)d (R = H, Me) and 

[ ( mT?e))Z] wa formed from the intramolecular hydmm OfzTcplHcl 

with potassium ally1 or homoallyl alcoholates (scheme 27). The solid state strucmre softhelatter 
b I 

and the monomeric complex [Zr(~M&(OCQ(CH2>2cH2)1 wert obtain&i. This monomeric 

zirconacycle I-oxa-2-zirconacyclohexane, and its analogue I-oxa-2-zirconacyclopentane were 

prepared from reacting zr(C5Me5hCl2 with the Normant Grigmud reagents ClMg(CH&OMgCl 

(where x = 3 or 4 respectively). The modes of thermal decomposition of these zhconacycles have 

been extensively studied and are found to depend on the coordination number (4 or 5) of the 

~~umatomandonthesi~~ofthcmtallacycle[65]. 

[Zr(QiH(Cl)l + -OK 

RJ=H.hk 

R 

Scheme 27 

The stn~cture of cL-oxo_bis[mer-( 1.2-bis(dimethoxy)ethane-O,O’)trichlarozirconium(IV)1 

has been determined by X-ray crystallography/The molecule consists of 2 distorted octahedra 

sharing an oxygen atom corner. The plane of the molecule, coplanar with the mirmr plane, is defined 

by the zkonium atoms, the bridging oxygen - the l&bis(din~&oxy)ethane @me) ligands. and 

two of the six chloride ligands. The remaining chloride ligands are located above and below the 

zirconium atoms. Each zirconium atom is dcoordinate, bound to 3 chloride ligands and 3 oxygen 
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The compound l,l’-aetramethyldi~lyl-~S~~l~~~y~ ditxomide has been 

synthesii by brominati~ of Gconocenophane with HBr (scheme 28), and &mete&d by X-ray 

CrystaWmphy 1673. 

Bis(llS-pentsmethylcyclopentadienyi)~~ dial@& of general formula Cp*@r(R)(R’) 

(R = CH3, CH$h, C!IQC(CHS)S, R’ = R, Cl) absorb oxygen when in hydrocarbon solution. The 

rates of initiation and the me&anism of this autooxidation have been explored and differ from those 

of bis($cyclopenuulienyl)xirconocenes [68]. 

The dinuclear chelate-bridged complex formed in the reaction shown in scheme 29 was 

character&d from IR and tH NMR spectroscopies aud mass spectrometry. A single crystal X-ray 

structure of the hafnium analogue was obtained and showed the bridging Hf&C@&!Hfmoiety to 

have a chair-like ~nf~ti~ with the HfS2 planes inclined by 47’ with respect to the &CT& 

plane [69]. 

2 W#iCs&k~s + 
N&S,, NaS SNa 

1 
- 4NsCl 

s~s:ztWWWk 
S S 

Scheme 29 

The addition of xirconocene reagents to thioketenes followed by acidolysis offers a novel 

mute to thioaldehydes and their enethiol isomers in conjunction with q%hioacyl complexes of 

xirconium (scheme 30). The thioacyl group was conl%med to be l’$CS-bonded to the zirconium 

centre from an X-ray crystallographic study of the metallacycle with R2 = (tBuCH&CH. 

Intez&ngly, although the solid-state smtctute shows the thioacyl to be bonded in the S-outside 

~~~ in this complex, the l3c NMR spectrum of the t-butyl analogue implies the presence 

of both the S-outside and S-inside co&rmers with two low field $-acyl resonances at 6 369.91 

and 6 380.75 [70]. 
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RQX!(S)H + R+C(SH)H 

+ R+C(SH)H 

schf?me 30 

A tetradentate Schiffs base C3oH26N4S4 formed from the condensation of 

benxyldithiocarbaxate and benxil was reacted with Zr(N03)4.4HzO in a basic solution of Hz@ to 

give the comple Zr(O2)(C3&4NqSq). The IR spectroscopic data suggest that the ligand is 

deprotonated in the thiol form and that the axomethine nitrogen is coordinated to the metal centre. 

Comparison of the ~(0-0) modes of the M(q2) unit shows that this decrea& with an incease in 

metal atomic number (M = Zr, Th, MO, W, V) [7 11. Other complexes of xirconium comaining the 

tetradentate Schiffs bases have also been studied [72]. 

The reaction of the appropriate organolithium reagent with bis(tert- 

butylcyclopentadienyl)zirconium dichloride gives para-substituted diphenylxirconocenes 

(‘BuCp)$r@-C&R)2 (R = Br or NMq). Heating these complexes results in the elimination of 

bromobenxene or N,Ndimethylaminobenxene to give aryneximonocenes into which two chalcogen 

atoms can be inserted e.g. (tBuCp)2ZrX2(Q,H4R) (16) (X = S or Se). When attacked by 

-electrophiles, these dichalcogenated zirconacycles result in the formation of new functionalised 

dichalcogenated benxenic compounds e.g. 3,~(NCCH2~C!&NMq 1731. 

(16) 

Powder X-ray diffraction has been used to study the complex barium zirconium sulfides, 

Ba2ZrS4 and Ba$r&. produced fmm the reaction of CS2 with a mixture of RaC@ and BaZt@ 

[741. 

The bridged xirconocene pentasulfide chelate ((CH3hSiC!$&@rSg has been synthesised 

and its structure postulated from lH NMR spectroscopy [75]. The sulfur coordinated bimetallic 

macrocycle C~~Z~QL-SCH$H$JH~S)~Z~CP~ is formed on reaction of Cp&ZrMq with propane 

1,3dithiol. The solid state structure of this complex shows that each of the xitconium atoms has a 

pseudotetrahedral geometry and the two zirconium atoms are 7.570 (I)A apart. Further reaction of 
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this macrocyclic compound with AgBPfi4 produces the novel silver bound species [C!p@r(p- 

SCH$H3CH3S)3ZrCp3Ag](BPh4) (17) in which the silver atom has flattened tetrahedral 

symnktry, and the ximonium atoms am 6.613(1)A apart V6]. 

The reaction of h&NC(S)SN(SiMe3)3 with ZK$ yields the dithiocarbamate complex 

ZrCl3{ Me3NC(S)S]. The solid state structure of this complex has been confirmed 

crystallographicaRy 1773. The preparation of (Cp$rCl)3(dto) (dtoH3 = dithiooxalic acid) was 

achieved by reacting Cp3ZrCl3 with potassium dithiooxalate in CH3Cl2. A single crystal X-ray 

diffmcdon study of thii compkx shows the zirconium metal cenne to be fivm [78]. 

A novel hexanuclear complex of xirconium was synthesised from the reaction of [CpBCl3] 

with S(SiMe3)3. The solid state structure of this complex shows that each discrete [Cp&raSg] 

mokcule consists of a Zr,j octahedron ccordinated by p3-s ligands. In the centre of this metal 

ocmhedmn is an additional M-S atom [79]. 

The structure of bis(q5-cyclopentadienyl)(N,N-dimethyldithiocarbamato)phenoxy 

ximonium(lV) has been examined by X-ray crystallography. The Zr-S bond lengths to the didentate 

dicarbamate ligand were found to be very long (2.656 and 2.789A). These unusually long bonds 

account for the observed rapid rates of N-Me group exchange. The compound crystal&es in the 

monoclinic space group P2t/n. The expected bent metallccene geometry is observed [80]. 

4.1.10 Complexes with halide ligands 

A series of ligand-bridged dinuclear complexes MM’Cl@-Cl)QG&H4PRz)z(CO)3 (18), 

(M= Ti, Zr M’ = Cr. MO, W; R = C&Is. 4-QH4CH3) was synthesised from the reaction of 

MQ(CsH4pR212 and M’(CO)3L3 (L = acetonitrile. CO, P(OMe)3). Methyl sulfide (Me%) ligands 

substitute both for terminal and bridging chloride ligands to give the complexes MM’(SMe)(p- 

SMe)(p&H#R3)3(CO)3 which are inert towards CO or P(OMe)3 [81]. 
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The molecular structure of octachlorobis(triphenylphosphine) dixirconium has been 

determined crystallographically. The molecule is confinned as being dintt&.ar with the two 

xhconium atoms (~r-~r distance 3.649A) bridged by three chlorine atoms that farm a triangular face 

perpendicular to the Zr-Zr axis. The coordination sphere about one zi.rconium is completed by two 

chloride and two PPh3 ligands mutually truns to each other. The octahd coordination sphere 

ahout the second ximonium atom is completed by the rem&ring three chlorine atoms [82]. 

4.1.11 cationic complexes 

The reactions of isolable [Cpzzr(R)(L)]+ compounds with unsaturated substrates are of 

interest firstly. for comprehension of the factors that influence the rates of insertion and B-H 

elimination reactions. snd therefore chain propagation and chain transfer reactions in polymerisation 

processes and secondly, for development of other related stoichiometric and catalytic C-C bond 

forming reactions. 

Curmnt interest in the chemistry of [&Zr(R)Q]+ complexes is motivated by the proposed 

role of closely related 14-electron [Cp$Zr(R)]+ ions in Cp$ZrXz-based Ziegler-Natta alkene 

polymerisation catalyst systems. The reactivity of the neutral species cp22r(Rh (R = CH3. CH2Ph. 

Ph) with [Cp*2Fel(BPk) has been explored showing oxidative Zr-R bond cleavage for the CH3 

and CHzPh derivatives to give [CpzZr(R)(thf)](BPb). The diphenyl neutral complex forms 

[CpzZr(Ph)(thf)]+ on reaction with m(CH3)3Ph](BPh4) and undergoes nucleophilic thf ring 

opening on reaction with [HN(CH3)3](BPh4). The initial step in this process is thought to be 

selective Zr-Ph protcnolysis and qualitative rates of this Zr-C bond protonolysis as a function of the 

organic ligand have been studied. The cationic species [Cp@r(Ph)(thf)]+ reacts rapidly with a 

variety of reagents such as 2methylpyridine (scheme 31) and PMe3 [83]. 

The cationic xirconium(IV) complex [Cp$r(Me)(tht)]+ reacts selectively with a variety of 

pyridines, pyraxines and related substrates via ortho C-H activation to yield new three membemd 

axametallacycles e.g. [Cp$r(q2-(0Idphenyl-pyrid-Zyl))(thfJl+ (scheme 32). Once formed 

this cationic complex undergoes 12-insertion with a-olefins H+CHR (where R is an electron 

donating substituent R = allyl, CHzSiMe3, CHzOR) to afford ~-substituted five-membered 

metallacycles. 2, l-Insertion however, leading to a-substituted products, is observed for stymne. 2- 

vinylpyridine and vinyltrimethylsilsne. In these cases the insertion regiochemistry is predominantly 

controlled by electronic effects rather than steric effects; the substituents on these olefins are 

electron withdrawing and stabilise the a negative charge on the polar transition states and the 

products. Symmetric termiml alkenes also insert regioselectively to yield a-substituted unsaturated 
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five membeitd metallacycles, but the uns~ zhexyne affords a mixtme of regi- 

and silylacetylene MeCCSiMe yields au a-Sib%3 substituted meta&ycle (schert~ 33) f84J. 

Me$i 

H 

Me$i 

\-J 

32 

Pi 
scheme 33 

Interest in the synthesis of thf adducts of [cpzZrMe]+ stems from the fact that the isolated 

cations patticipate as catalysts iu Ziegler-Natta alkene ~1~~~. In order to synthesise such 

species, the ring opening of ~~~zSiM~~2) fLn = (C&s>z. Suez, KWeshl by 

protonation of a methylene group using [Nl&H](BPh4) was investigated. The resulting 

(uimet.hylsilyl)methyl substituted metal alkyl tetraphenylborate salts f&Zr(CH~SiMe3)(thf)](BPh4) 

were character&d using *H and 13C NMR spectroscopy. The a-CH2 resonances of the 

perpendicularly coordinated thf molecules are shifted upfield for all these complexes except 

[~*~~zS~e3)(~]+, and is thought to be due to the shielding provided by the ?t-ekctrons of 

the Cp rings. The exception is veritied by the molecular structure of [~*2~(~2SiMe3)(~~]+ 

obtained using X-ray diffmcdon methods. Here the Cp* ligands have a significant stereoeleetronic 

influence resulting in the weak binding of the thf ligand, the Z&O bond WKW)A) and its parallel 

orientation with respect to the equatorial plane of the metallocene wedge. The preparation of the 

isolated thf-free cation [~*~~2S~~)]+ was opt hy using a bulkier ~na~g agent 

[N(~-butyl~3~](BPh4~ in toluene. This reaction however led instead to the formation of the 

Zwitterionic complex C!p*$r(+)-(p+H&B(-)PPh3. The catalytic behaviour of all these species 

towatds ethylene polymerisation is mpotted [SSJ. 

A cationic alkoxyxhconocene complex can be synthesised in high yield (scheme 34) and it 

can act as a Lewis acid catalyst for the regioselective Diels-Alder reaction of methyl acrylate with 

isoprene or cyclopentadiene. The suuctnral data on this cationic complex indicate signiScant pn& 

back donation to the electron deficient metal centre as the oxygen of the tert-butoxide ligand is 

approximateiy sp hybrid&d and the Zr-0 bond distance is only 1.899(3)& Fur&r evidence is 
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obtained from the rate of exchange of free and bound thf, deduced from variable temperature 13C 

and lH NMR spectroscopic data and the ‘in-plane’ conformation of the thf ligaud [fA%‘j. 

scheme 34 

The cationic complexes [Cp$r(R)(CH3CN),J+ (R = H, Ph. CI+3, $-CHzPh) undergo 

single irreversible insertion of CH3CN to yield the azaalkenylidene complexes 

[Cp$Zr( N=C(R)(CH3))(CH$JN)]+ in which the qualitative trend in R migration as determined 

from kinetic and NMR spectroscopic studies is H, Ph (rapid at 23V) >> CH3>> I$-CH2Ph (no 

reaction at 60%) [87]. 

Studies of the chiral enantiomerically pure Croup 4 metallocenes have recently attracted 

much attention as these complexes show promise in effecting asymmetric synthesis e.g. the recently 

synthesised chiral zirconocene ethylene- 1,2-bis($-4,5,6,7-tetrahydro- 1 -indenyl) zirconium 

dichloride (LZrCl2). This complex reacts with two equivalents of Napt3BW in benzene to give the 

hydride complex (LZrH)2(p-H)2 (19) which has a characteristic room temperature 1H NMR 

spectrum exhibiting two distinct triplet resonances for the bridging and terminal hydride ligands (6 

5.16 and -1.29). Reaction of this hydride with a weak acid (here PhMaNH+) gives a soluble 

hydride cation ILzr(H)(NPhMez)]+ in which the N,Wdimethylaniline hgand is weakly coordinated 

to the metal. This cation efficiently catalysed the reduction of 2-phenyl-1-butene but the 

enantioselectivity of this complex was low [88]. 
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The four membered cationic azazimonacycle [Cp2Zr(rl2-N,C-CH2(6-Me-pyrid-2-y1])1+, 

which exists in solution in its pedominantly thf dissociakd form (scheme 35). mukrgoes facile 1,2- 

insertion reactions with alkenes and alkynes to afford six-membered metallacycles. These reactions 

provide the basis for the Zr-mediated functionalisation of the methyl C-H bands of 2.6lutidine. 

Treatment of the cation with CH3CN however yields a thermally sensitive bisCH3CN complex 

PI. 
In a further study of cationic zimonocene species on aluminoxane as catalysts for alkene 

polymerisation, a series of Lewis base adducts of the type [Cp’3ZrMe](BPhq) (Cp’2 = roc- 

C2ti(mdeny&, rue-C3H&%ahydroindenyl)2, or cpl = (Me3C)Cfi. (Me3Si)Cfi) have been 

prepared. In all cases the low temperature tH NMR spectra in aromatic solvents showed that the 

tetraphenylborate anion is coordinated via one phenyl ring to the zirconium metal centre. An 

investigation by variable temperature tH and 13C NMR specttoscopy reveals several interesting 

fluxional processes are occurring, possibly involving enantiomeric or diastereomeric exchange OT 

phenyl ring Ripping [90]. 

4.2 Zirconim(III) 

42.1 Compkxes with phosphortu donor ligandf 

The zirconium(III) dimer Zr3Cl3 ((P(CH3CHflMe2)2]3 (20), (Zr3Cl3(ppp)3), has been 

synthesised from the reaction of 2X4 with three equivalents of the lithium salt Li[ppp] of the 

multidentate phosphido ligand. The diamagnetic nature of the compound is thought to be due to 

interaction between the zirconium atoms (Zr-Zr distance 3.361(2)& or spin pairing via the 

phosphido bridges. The 3tP( 1H) NMR spectrum of this compound indicates the presence of 

coordinated and uncoordinated tertiary phosphine and three distinct phosphido functions. This was 

confirmed in the solid state by single crystal X-ray analysis [91]. 
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Recent studies show xhzonium(III) to be unstable with respect to dispqxntionation into 
zirconium(lV) and r&onium(IQ. This process depends on the nature of the substituents and in 
~~~~~k~~~~~~~ 

The diamagnetk xirconium(RI) &oro compti (Me$iCp$ErCl~ was synthesised in 65 
75% yield by reduction of the metal dkhlom derivative ~~Si~~z w&h one equivaknt of 

Na/Hg The presence of two cyclopentadknyl rings bridged by an interannukr Meg§i group seems 
to be a reasonably successful method for stabilising the &onium(IIQ oxidation state. However 
oxidation does occur to give a s lily character&xi complex [~~Si~~]2~-0) 

that diqqxmionates to Cp$.&!I~ and uncharacte&ed oxoxirc&um(lV) species [92]. 

43 Zirconium(II) 

The reduction of ZrI,t with NaRIg amalgam and subsequent addition of 2 equivaknts of 
PMqPh fields a novel zirconium@) dimer i?&L+(qf~-C&PMe&@Me#h~ (29 in which the 

central ZrI2P2 units are centmd over and bound to the phenyl subs&tent of the phosphine of the 
adjacent metal centre. The average Zr-1 and Z&P bond lengths are 2.880 (4) and 2.790 (I)A 

mspectively, and the bound arene rhtgs am puckered Fknske-Hall molecular orbital calculations 
suggest the HOMO is composed of a dxy u-type orbital on the zirconium and a formerly ezrt* 

orbital on the atene. A single crystal X-ray structum of the HfiBr4(116-CdmsPMe2)2(PUezPhh 

analogue has also been obtained and is in good agreement with the xhx.onium species, as both 
~~~~~~~~S~~~~~[~]. 

When a solution of ZrC4 in toluene at -78“C is treated with one equivalent of 

M~N~2~2~~, two ~~v~~~ of aodium amaIgam and an excess ~~~1~~~ the 
novel q-arene complex ~~~-C~H~)(M~~NCH~CH~NMC~) was formed. The complex 

~~4-~5~~~~3~~2 (22) was pspami in a similar one-pot synthesis and its mokcular 

soucnPewasob9ine&~donofthekttawithLi[BNdlgPvea~~y~)~~~h 
~tobenuxionalinsol~~~onc~~wasobgervedinthttHNMR~forthe 

eight hydrogen atoms even at 18% 1941. 
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Reproducedfron rt$94 with permission. 

(22) 

43.2 Complexes with chloride ligandr 

The compound ~~6-~nzene)(AlC4)2 catalyses the cyclotrimerisation of 2-butyne to 

h~~~ylbicycl~2.2.O]-h~a-~5~e~ (HMDB). Aldus the cyclotrimerlsation of acetylenes is 

well documented the only other efficient catalysts reported for this specific reaction are the 

corresponding titanium system and AlC13. The HMDB formed undergoes isomerisation to 

hexamethylbenzene. In contrast the reaction of the zirconium@) arene species with 

~pheny~e~lene forms a seven membered metallocycle ~hl[(~-Cl~~~~2 in 
which the ~iu~~~iurn interactions am bridged by four chlorine atoms. The compound has 

been characterised from infrared (nujol mull) spectroscopy and a single crystal X-ray diffraction 

study [95]. 

4.4 

The catalytic addition of ethylmagnesium chloride to simple alkenes using Cp2ZrCl2, 

Cp$rBuz or ClqZrEtz results in the stereoselective formation of C-C bonds. This procedure 

represents a simple one-pot method for the double alkylation or hydroxyalkylation of an unactivated 

allcene [96J. In the zirconi~atalysed ethyhnagnesations of acyclic or cyclic homoallylic akohols 

and ethers, it is the coordination of the heteroatom to the zirconium metal centre that determines the 

retention of high stereoselectivity in the products. The presence of an internal Lewis base seems to 

improve the efficiency of the carbometallation [WI. 

The pair-selective and regioselective formation of 3-alkyl or 2-aryl-l-zirconacyclopentanes 

viu the ethyl-alkene (C-C) coupling reactions of zirconocene-alkene complexes and Grignard 

reagents have been achieved. The by-product cptzrCH~CH2) (scheme 36) has been isolated as its 

PMe3 adduct 1981. Such systems rely 0n.a subtle transmetallation equilibrium between the 
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ximonium and magnesium alkyls [99]. Axametallacycles are formed regioselectively when 

ximonium complexes with substituted napthalynes are trapped in siru with @riles (scheme 37). 

These compounds can be converted into ketones, ol-iodohetones and iodacyl+aphthoquinones by 

simple experimental procedures [XX& Further work on this methyl xirconocene chloride has 

shown it to be a successful catalyst in the synthesis of 3,~~~~ indoles via an inmrmed&e 

complex with benqne [NM). 

OMe 

A ~~o~phi~ly charaeterised “cation-like” xirconocene ~l~mti~ catalyst has 

been synthesised in which a [(1,2-(CH3)2C~H+JZrCH3]+ cation coordinates to the anion 

[CH3B(C@3)3]- via a non-linear, highly unsymmetrical, ZrQMX3)B bridge. ‘Ihe overall structure 

is shown in (23). The synthesis of two other methyl substituted Cp derivatives of this complex 

were carried out and all were active h~o~n~us catalysts for alkene ~l~~~ti~. Indeed 

polymerisation of ethene occurs at a rate roughly compsrable to typical xirconoceneMuninoxane 

catalysts [XX?.]. A similar cationic complex was observed to catalyse the isospecific polymerisation 

of propene [ 1031. 
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The enantiomerically pure (S.S)-dimethyl derivative of (24) has been used for the 

enantioselective synthesis of allylic amines. An X-ray crystallographic study of one of the racemic 

metallacycles allowed the assignment of the absolute stereochemistry of the enantiometically pure 

amines rlO41. 

R, = n-Bu; Rz = Rs =CH3 
Rqnndwxdjivm n$ ItM with pwmissbn. 

(24) 

Butadiene xirconocene (scheme 38) undergoes Zr-C bond insertion with organic group 4 

transition metal carbonyl compounds to yield nine-membered metallacyclic carbene complexes e.g. 

Cp$GOC[=W(CO)3]CH3CH=CHCH3CR1R% (RI = R3 = CH3, or Rt = CH3, R3 = C(CH3)3), 

which possess a truns C=C bond in the ring. Deprotonation of these systems by the ylide 

Ph3P=CH3 at the a-position to the carbene carbon centre gives a chiral unconjugated metallic 

carbene complex anion which on alkylation stemos&ctively at t& yields the predominately (28*, 

aS*)(4,!5,6-p.S*) configurated carbene. Sequential deprotonation/alkylation reactions yield doubly 

alkylated complexes which have been structurally characterised by single crystal diffraction studies. 

Hydrolysis of the mono cc-methylated xirconoxycarbene complex (RI = CH3. R3 = C(CH3)3) in the 

presence of diaxomethane gives an end ether with conseryation of the stemochemisuy introduced at 

the metallacyclic starting mate&l [ 104. 

i. Ph@=C& 
ii. CH3I 

Scheme 38 

The non-stereospecific catalysis of the polymerisation of propene using 

Cp$rCl~thylaluminoxane was investigated in toluene at constant pmpene pressure (2 bar) and 

at 0,20,40 and 60°C. Stereo-irregular polypropenes were ptoduced which remain soluble during 

polymerisation and can be characterised using 1H and 13C NMR spectroscopy and sire exclusion 
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chromatography. The polypropene molecular weight distribution b&&In e 2.4 indicates the 

presence of uniform catalytically active sites. The decay of these sites via two second order 

processes, one reverslbk and one irreversibla succes&l y predicts the dacay of the polymerisation 

ratewithtime.Atlow mmpemmm the deactivation is pmdom&rtly mvasibk [ 106l. 

Further investigations into the nature of the active sites on substituted zirconocene 

compounds with methykhtminoxanes have been made. The compkxes (C5IQR)$5Cl8 (where R = 

tBu, Me8Si) polymerised ethene. and this catalysis was studkd in tohrene under argon and ethene 

atmospheres by IR, and 1H, %!, 87Al and %i NMR qecuoscopies. An increase in the catalytic 

polymerisation of ethene was observed when R = SiMeg and was explained by various electronic 

effects [ 1071. 

The compounds Cp2ZrR8 (R = Me, nBu) have been used for the dehydrogenative 

polymer&ion of disilanes (Me#iSiHMe8, M~iSiHMe8, IvIezHzSiSiH$vIe8) in the absence of 

solvent to give a mixture of tr& tena penta, and higher oligos&nes [ 1081. 

There has been increasing interest in the applications of bimetallic catalytic systems with 

differing electron densities on the two metal centms e.g. d-d8 Zr(IV)-Rh(I). In these systems it is 

thought both metallic centres can activate carbon monoxide and that a hydrogen atom can migrate 

from the low to high oxidation state metal centms. The catalytic system {[HRh(P(OPh)8 )4]+ 

Cp$r(CH8PPh2)8} was found to produce selective hydmformylation of hex-1-ene. It is thought 

that the zirconium diphosphine reacts with the rhodium complex to give 

~W-WWMWWI-W’Ph2k W=Y. 

2%ILi 
cmzrclz - 

-78T 

Alkenes such as stymne, I-hexene and 2pentene undergo hydrosilation with diphenylsilane 

using CpZZr(“Bu)2 (scheme 39). ‘Ihe reactions am regiosekctive giving predominantly uuminal 

organosilicon products. The reaction with styrene produces three compounds, the product 

distribution depending on the reagent concentrations [ 1101. Improved hydrosilation seems to occur 

if Cp$rCl8 is added to three equivalents of EtMgBr. In this case simple l-alkenes. styrene and 

internal alkenes such as l-octene and ~methylstyrene are converted to the corresponding &ted 

products with a regiosekctivity of >99%. The reaction of Cp@r(aBuk with two equivalents of 

HzSiPhz produced the unexpected n-BuSiHPh8 pmduct and a double hydride-bridged dimer 

Cp2zrSi(~-H)2(Ph2Si)zrCpZ. This specks was structurally characterid and proved inert to 

l-octene and therefore not an intemndiate in the hydrosilation process. In uxurast, treatment of a 

second cyrstallographically characterised species, cp2zr(pMe8)(H)(SiHPh8) isolated from the 

reaction of Cp$5(n-Buk, H8SiPh8 and PMe8 with l-octene did yield the (n-oct)SiHPh8 product in 

aslowmaction(6h)at60%[111]. 

Investigations into the reactions of chiral bridged mono(Bs-fluorenyl)zirconium(IV) 

complexes of general type [Ct8H8-CHR-CHR-O]ZrCl8(thf)8 (CHR-CHR = cyclohexyl, 



226 

cyclopentyl, l~~~nyl~yl) have shown these complexes to catalyse the pdymerisatian of ethene 

in the presence of Al(CH3)3. They were prepared from the reaction of symmetrically substituted 

epoxides with fluomnylllthium and then subsequent reaction with zrQ4(thfh as shown in scheme 

40 11121. 

Four chirsl bent metallocene complexes of general formula (C$-C!HRtR*)3ZrC12 were 

prepared and used to generate homogeneous Ziegler catalyst systems for the stereoselective 

polymerisation of pmpene. The mduction of 6cyclohexyl+nethylfulvene by lntermoleculsr fl- 

hydride transfer from alkyllithium reagents LEHZCHRR (R,R’ = H, alkyl, aryl) gave 

[~H(~3)~]Li which on subsequent reaction wlth ZrC4 resulted in a 1: 1 mixture of the [Cp- 

CH(CH3)Cy]$rC!l2 diastereomers. The chirsl complex rat-[CpCH(CH3)Cy]~3 was obtained 

>98% isomerically pure by fractional crystallisation. From a similar process starting with &-methyl- 

6phenylfulvene rat-[CpCH(CH3)F%]$tCl3 was obtained. The regioselectlve a-deprotonation of 6- 

cyclohexyl~~~y~lvene and subsequent reaction with ZrCkt gave [CpC(C!y)=C!H&ZrC!l3 which 

was characterlsed by X-ray ~s~lo~phy. Hy~~tion of this complex gave a 1: 1 mixture of 

the fCpCH(Cy)CH3(9-BBN)]$5rCl3 diastereomers. Variation of the Cp substltuents of these 

metallocene catalysts was found to have a dramatic effect on the asymmetric induction of the C-C 

coupling process. The presence of phenyl and -CH3(9-BBN) groups was found to improve the 

efficiency of the metallocene chirality transfer [X13]. 

achy available xlrconocene hy~~de has been found to be a suitable reagent 

for the in situ preparation of alkyl cuprates ticm alkenes. In the presence of one equivalent of an 

enone and catalytic amounts of Cu(I) salts (CuBr.SUq, CuI. C&N), modetate to high yields of the 

corresponding 1,4 addition products am produced [ 1141. 

Zirconocene dichlmide catalyses the aldol condensation - aromatisatlon of cyclohexanones. 

The facile one-step cycl~hy~don of these compkxes in the presence of the zircon&n catalyst 

readily yields trls-annelated henxene derivatives [l l!@ 

A systematic comparison between the dimethylximonccene and dlmethyltitanoceue catalyscd 

dehydro-coupling of organosilaues has been mported. It was found that the polymerisation rates for 

the zirconocene were ten times that of the titanocene. However, in all other aspects of the reaction, 

both complexes gave essentially identical msults. An examination of the catalytic cycle of the 

xirconocene was performed and several structums isolated. This work and its observations imply 

that dimetbylzirconocene should replace the dimethyhitanocene complex in these catalysed 

processes [116]. 

The hydmgenolysis of the reagent from the reaction of tetraneopentykirconium, ZQNp4, with 

a dehydroxylated silica surface, produces a silica grafted zirconium hydride complex. This is 
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sufficiently elecnophilic to activate the C-H bonds of cyclocctane and methane p sukquently form 

the corresponding cyclooctyl and ethyl-zhwnium complexes [ 1171. 

Zirconium complexes have long been used as reagents for organic synthesis. One recent 

example shows zixconocene-3-methoxybenzene to be a useful starting mate@ for the opening of 

the rings of cyclic allylic ethers to produce hcmoallyllic alcohols and substituted 2,3dihydrofurans. 

Themechanismfarthesereactionsarestillunderdispute[118]. 

The migration of the hexenyl group of dicyclopcntadi~yl zirconium- 1-hexenyl chloride to a 

variety of boron containing compounds in the preparation of regio and steruochemically pure l- 

alkenylboranes has been examined spectmscqically [ 1191. 
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