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1. INTRODUCTION 

The large increase in the nunber of transition metal compounds with metal 

to carbon bonds has represented a major part of the rapid growth of 

organometallic chemistry sfnce the 1950'8. In general, the 

cyclopentadienyl radical has been one of the most widely found n-electron 

donors, and most of the zirconium and hafnilrm organometallics have at least 

one of these ligands. The organometallic chemistry of the group IVB 

elements has been an active field of study for some time, covering aspects 

of both bonding and catalytic activity. The exploration of the chemistry 

of hafnium has always been less extensive than that of zirconium, and this 

is reflecti in the data in this review. The number of determined crystal 

structures has increased rapidly, and many have been slrmmarized in annual 

reports (refs.l,2), but there has not yet been a comprehensive overview and 

classification of the data. The available structural information for 

titanium organometallics has also been surveyed (ref.3). and this review 

completes the data for Group IV8, up to the end of June 1985, or volume 102 

of Chemical Abstracts. 

The number of structural examples increases from hafniun to titanium, 

with over one hundred and fifty organotitanium examples (ref.3). 

Comparisons are made between these three elements, and with the 

corresponding data for vanadium, niobium, and tantalum (ref.4-6). The 

structures have been divided into mononuclear, homo-binuclear, and 

hetero-oligonuclear systems, and presented in order of increasing 

complexity of the coordination sphere. 

2. MONONUCLEAR COMPOUNDS 

(i) Zirconium and Hafnium Derivatives with Unidentate, or One 

Multidentate, Carbon Ligand 

The crystal and structural data for these types of zirconium and hafnium 

organometallics are collected in Table 1, where it can be seen that the 

zirconium coordination nlrmbers range from four to eight. There are only 

three examples for hafnium, with tetrahedral (ref.8) and pseudo-octahedral 

coordination (ref.11) about the Hf(IV) atom. The zirconium(IV) atom in 

Zr(ClQPh),, (ref.8) and in Zr(ff)RCa, (ref.15). has approximately 

tetrahedral coordination. The environment about both the zirconium and the 

hafniun in M(CH,Ph), consists of four unidentate benzyl ligands with Zr-C 

bond distances ranging from 223(l) to 229(l) ~xa, and Rf-C bonds from 223(l) 

to 227(l) pm. The C-U-C angles vary from 94' to 120° (M=Zr), and from 99" 

to 118' (h=Hf), which demonstrates considerable deviation from an ideal 

tetrahedral environment. This deviation is somewhat larger for the 

zirconium compound. 
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In i!r(COT)(thf)CLp (ref.14) and Zr(COD)(dmpe)H (ref.l9), the 

zirconium(IV) atoms are in pseudo octahedral environments. The 

zirconium(W) atom in Zr(cp)(acac)RC& has been regarded as eight coordinate 

in one study (ref.l6), and six coordinate in another (ref.17). The former 

is consistent with the view that the cp moiety forms three bonding 

molecular orbitals with the metal, while the latter argues that since the 

cp moiety replaces a monodentate CE ligand, it too should be considered 

monodentate. 

There are few examples (refs.20-22) where the molecular compound exhibits 

a pentagonal bipyramidal geometry. The crystal structure of Zr(cp)(tp)j 

(ref.21) is shown in Figure 1 as an example. The zirconium(IV) atom is in 

a seven coordinate environment with a slightly distorted pentagonal 

bipyramidal geometry. Five of the six ligating atoms lie in the equatorial 

plane about the zirconium, at a mean Zr-0 distance of 221(1,5) pm, while 

the sixth oxygen (Zr-0 = 216(l) pm) and the cyclopentadienyl ring occupy 

the two axial positions. 

Figure 1. The Structure of Zr*V(n5-cp)(tp)R 

Reproduced with permission from J. Organomet. Chem., (ref.21) 
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Examination of the data in Table 1 reveals zirconium and hafnium in an 

oxidation state of +4, with one example of +2. In Hf(C,,Hg)Z(dmpe) (ref.11) 

and Zr(COT)(C$l5)(0Bu) (ref.12). two crystallographically independent 

molecules are present which differ only by degree of distortion. Two such 

species coexisting in the same crystal represents the typical class of 

distortion isomerism (ref.23). The 2r-C bond distances are lengthened in 

the order: (n4-C&) < (n5-COD) < (na-COT) < (n3-allyl) < (D3-ff) < (n5-cp) 

< (n*-ff.) < (n6-deca-2,7-diene-4.9-diyl). In general the mean Zr-L bond 

distance increases with the van der Waals radius of the ligating atom: 167 

CR,120 pm) < 208.9 p (0, 152 pm) < 232.7 p (n'-C, 170 pn) < 247.2 pn (Ca, 

175 p) < 269.0 P (S, 180 p) < 278.7 pm (P, 180 p). 

(ii) Bis(cyclopentadienyl)-Zirconium and-Rafniurn Organometallics 

Crystal and structural data for mononuclear zirconiuo and hafnium 

organometallic compounds with two and three multidentate carbon donors are 

gathered in Table 2. From one hundred and twenty-one structures, 

Figure 2. The Structure of Zr IV(n5-cp)Z{(Rt2AL)2gt}(cp) 

Reproduced with permission from Cryst. Struct. Commun. (ref.24) 
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sixty-seven of them belong to this class. Prom a structural point of view, 

these compounds can be divided into five groups. 

The first is represented by the red crystals of Zr(n5-cp)*[(Et21LP.)2Etl. 

.(cp) (ref.24). where the zirconium(IV) atom is n5-bonded to two 

cyclopentadienyl ligands, and to the (EtZAf)2Et anion via carbon, as shown 

in Figure 2. 

The overwhelming majority of the derivatives belong to the second group 

which has the general formula (n5-cp)ZML2, where L represents either two 

unidentate or one bidentate ligand. Examples of the former include: two 

identical L, such as II20 (ref.25), LO (ref.26), LN (refs.27,28), PZ 

(ref.29), C11 (refs.30-41), CO (refs.42-44), Me (refs.45-47), I (ref.29), LC 

(refs.48-50), EtZP (ref.56); two different L, HO and CL (refs .57-59), LC 

and LO (ref.60), LO and CL (ref.il), LSi and CL (ref.62). Examples of 

bidentate ligands are the LC systems (refs.51-55). The crystal structure 

of yellow, mildly air sensitive Zr(n’-cp)Z(nl -NG,l&,)Z (ref.27) is shown in 

Figure 3 as a representative example of this wide group. The zirconium 

atom has a distorted tetrahedral environment consisting of two 

cyclopentadienyl and two pyrrolyl ligands. 

Figure 3. The Structure of Zr(n5-cp)p(n1-NCqI&,)2 

Reproduced with permission from Inorg. Chem., (ref.27) 
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The third group has the general formula M(n5-cp)ZL3, where all the L can 

be unidentate, HZ0 (ref.63); or one L unidentate and the other bidentate, 

CL and LSZ (ref.64), Me and LCO (refs.. 265 65, 66, 68), and Cf with LCO 

(ref.67). The fourth group consists of Hf($-cp)Z(BH,)Z (ref.69). and 

Zr(nS-cp)2 (q4-LC) (refs.70-72) where in addition to the cyclopentadienyl 

ligands, the tm Bll,, groups are coordinated to the metal atom through two H 

atoms in the hafnium case, and a tetradentate carbon llgand is found in the 

coordination sphere of the metal atom in the zirconium case. 

The remaining group consists of Zr(n'-cp)g(n'-cp) (ref.74-77). and 

Hf(n'-cp)Z(&c p)Z (refs.78,79), for which the structures are shown in 

Figure 4. 

X3) 

Figure 4. The Structure of Zr(n'-cp)s(nl-cp) (top) 

Reproduced with permission from J. Chem. Sot., Chem. Co-n. (ref.74) 

and Hf(n'-cp)Z(n'-cp)Z (bottom) 

Reproduced with permission from J. Am. Chem. Sot., (ref.79) 
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As can be seen from the Figure, a distorted tetrahedral environment about 

the zirconim atom is built up of three n5-cp rings and one nl-cp ring, 

while for the hafnium it consists of two n5- and two nl-cp rings. The mean 

B-C bond distances are longer than the mean Hf-C distances. The zirconium 

compound exists in two isomeric forms, orthorhombic (ref.74) and 

monoclinic (ref.77), differing by degree of distortion and representing 

another example of distortion isomerism (ref.23). There are another three 

examples (refs.26,34,70) in Table 2 in which two crystallographically 

independent molecules are present and differ only by degree of distortion. 

This type of distortion isomerism exists for many other central atoms. 

The data in Table 2 show that both zirconium and hafnium can occur in the 

oxidation state of +2 as well as the more common +4. Only about 20% of the 

examples have hafnium as the central metal atom. 

The mean Zr-C bond distances for the multidentate C ligands increase in 

the order: 244.9 pm (a4-dmb) < 245.7 pm (n4-COT < 248.0 pm (n3-allyl) < 

250.2 pm (n4-dphb) < 252.5 pm (n5-cp). The mean Hf-C(cp) bond distance of 

249.0 pm is about 3.5 pm shorter than the corresponding distance for 

zirconium. In the series of unidentate C ligands, the mean Zr-C and Hf-C 

distances increase, respectively, in the following order: 216.6 and 215.0 

pm (CO) < 230.0 and 228.9 pm (Me) < 230.7 and 228 pm (Ph) < 230.0 and 

236.0 p (CHPh2). The Hf-C bond distances are noticeably shorter than 

those of Zr-C in spite of the fact that the ionic radius of Zr(IV) is only 

about 1 pm larger than that of Hf(IV) in either 4-coordinate (73 versus 72 

pm) or six coordinate (86 versus 85 pm) environments. 

In general the mean value of the M-L bond distances increases with the 

van der Waals radius of the ligating atom: 193.5 pm (Zr-F, 147 pm) < 210.1 

pm (Zr-0, 152 pm) < 214.0 pm (Zr-N, 155 pm) < 247.9 pn (Zr-Ct, 175 pm) < 

258.5 pm (Hf-P, 180 pm) < 283.2 pm (Zr-I, 196 pm). 

A list of individual values of (centroid)cp-M-cp(centroid) angles given 

in Table 3 for compounds of the general formula cp2ML2 (unidentate L) shows 

a range from 116.4' to 148.2*, and the L-M-L angles correspondingly range 

from 101.4' to 87'. In these clino-sandwich compounds the two angles vary 

inversely. For example, the smallest L-Hf-L angle of 87' is found in 

Hf(i?-cP*)2(co), (ref.44) which also has the largest 

(centroid)cp-Hf-cp(centroid) angle of 148.2'. It can also be seen that the 

latter angle closes as the M-cp(centroid) distances increase. 

There is a small but noticeable difference of 1.1 pm between the mean 

M-C(cp) bond distances of the derivatives in Table 1 (253.6 pm) and Table 2 

(252.5 pm). The monocyclopentadienyl H-cp bond distances are slightly 

longer on the average. 
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3. HOMOBI-AND TRINUCLPAR COMPOUNDS 

Bi- and trinuclear compounds for homonuclear zirconium and hafnium 

organometallics have been characterised, and the relevant data are listed 

in Table 3. There are several types of bridge between zirconium in the 

homo-binuclear derivatives, but for hafnium only two structures have been 

determined. 

In [(Hf-cp~~)~(w~)l (ref.451, [(Zr-cppMe)~(u-O)l (ref.461, [(Zr-cp,Ct)Z 

(r-O)] (ref.80), and [(Zr-cpp(SPh)p(u-O)] (ref.81), two (I\'-cp)2ML moieties 

are singly bridged via an oxygen atom. In two of the examples, the 0 atom 

is symmetrically coordinated (refs.45 and 46), while in the remaining two 

examples (refs.80 and 81) the bridging is asymmetric. The Elf-L bond 

distances in the first example (ref.45) are somewhat shorter than those in 

the zirconium analogue (ref.46), with the exception of the M-C(Me) distance 

(Table 3). However, the latter may be accounted for by the large estimated 

standard deviation for this parameter. The M-O-M angle ranges from 

165.8(2)' to 174.1(3)'. This angle and the *M-L angle are related such 

that the M-O-M angle decreases from the ideal 180° in concert with an 

increase in the O-M-L angle, which itself is due to steric hindrance 

associated with L, and a corresponding increase in the value of M-L. For 

example, both the Zr-S distance and the 0-W-S angle (lOl.OO mean value) of 

the thiophenyl derivative (ref.81) represent the highest such values found 

in this type of compound. By contrast, the Zr-O-Zr angle at 165.8(2)' is 

the smallest observed. The methyl derivative (ref.46) illustrates the 

other extreme with a Zr-C(Me) distance of 227.6(g) pm, an 0-Zr-C(Me) angle 

of 96.3(2)' and the largest M-O-M angle of 174.1(3)'. 

The crystal structure of the light yellow [{Zr(n5-cp)*CL}*(~-OCH2)l 

(ref.82) is shown in Pigure 5. The oxymethylene bridge between the two 

(n5-cp)2ZrCL moieties is n2-C-O bonded to Zr(1) with a Zr-0-Zr bridge angle 

of 166.9(4)'. 

There are two examples in Table 3 where two [Zr(n'-cp*)ZL] moieties are 

linked by a two-atom bridge. In one of these (ref.83), L is the same (N) 

in both halves and the bridge is Zr-N-N-Zr. In the other (ref.84), L is 

PMe3 in one half and I in the other, and the bridge is Zr-C+C(H)-Zr. 

Homobinuclear zirconium compounds with two bridging ligands are the most 

common. The bridging atoms can be either identical: such as Ii 

(refs.85,86), Ocpt (ref.87), OH (ref.88), CPMe3 (ref.891, CHSiMeZNSiMg 

(ref.90); or they can be different such as: CLoHy (C and H) (ref.91), 0 and 

CL (ref.92). The Zr-L-Zr bridge angle ranges from 93.7 to 120, but Table 3 

illustrates that there are many absences in the data for this series of 

compounds, and therefore it may be premature to generalize. 
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Cl% : 

C 

Figure 5. The Structure of [{Zr(n5-cp)2Ca}2(~-OCH*)] 

Reproduced with permission from J. Am. Chem. SOG, (ref -82) 

An interesting structure is obeerved for the triclinic binuclear compound 

[Zr( n5-cp)Z( ?-OCCPhR) J (ref .93) in which the two zirconim atoms are 

linked by the two -C-O entities with identical Zr-0 (216.5(3) pm) and Zr-C 

(220.4(3) pm) distances. 

The molecular structure of another triclinic binuclear compound is shown 

in Figure 6, vhere tm (n5-cp)~ZrCg unite are held together by the ketene 

ligand. A similar structure has been found for the white crystals of 

Zr2(n2-cp),,CE2[P(Ph)2CH-COl (ref.96). While the mean Zr-C11 bond distances 

are identical in both compounds, the other Zr-L bond distances are somewhat 

longer in the latter (Table 3) because of the higher steric hindrance of 

P(Ph) RCH=CO versus P(Me) RCR-CO. 

The most unusual type of bridging is that involving a (OC-CHCH2CMeR)Z. 

AR-2 ligand (through MI-AC-O-C), and a methyl group with the carbon atom 

in a distorted trlgonal bipyramidal configuration (ref.96). The structure 

of this compound is illustrated in Figure 7. 
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” 

Figure 6. The Molecular Structure of Zrp(n5-cp)rCas(PMe2CH=CO) 

Reproduced with permission from J. Chem. Sot. Chem. Commun., (ref.94) 

There are three examples of homo-trinuclear compounds (refs.97-99) and 

the structure of [Hf(n5-cp)2(Y-O)]3 (ref.98) is shown in Figure 8 as a 

representative example. The three (n5 -cp)qHf units are bridged by oxygen 

atoms at the average Hfq distance of 195(2,3) pm, and a Hf-0-Hf bridge 

angle of 144.5(1.0,1.5)". 

An overall view of the data in Table 3 reveals that, in general, the mean 

M-L bond distances in the trinuclear organometallics are somewhat longer 

than those in the binuclear ones. For example, the mean M-C(cp), 

M-C(CH20), and B+O(WOCH~) distances in the former are: 252.7 pm, 223.7 

pm, and 194.5 pm. There are uni-, bi-, and tridentate ligande. In the 

series with unidentate ligands the mean M-L(termina1) bond distance; 

increase in the order: 192 pm (L-H) < 215.6 (N) < 228.6 pm (C) < 249.7 pm 

(CL) < 254.8 p (S) < 272.6 pn (P) < 288.6 pm (I), corresponding to 

increasing van der Naals radius of the coordinating atom. The mean M-L 

(bridge) distances are somewhat longer than the M-L (terminal) ones and 
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Figure 7. The Structure of {Zr2(rlS-cp)4(O~CHCW2CMe~)2MMe*}(~-CH~) 

Reproduced with permission from J. Am. Chem. Sot., (ref.961 

increase in the order: 194.5 pm (0) < 200 pm (II) < 208.7 pn (N) < 223.6 pm 

(C) < 266.5 (Ct). 

In the series of bidentate ligands with a C atom (terminal) and 0 atom 

(bridging), the mean M-L distances increase in the order: CgO < C%O < 

OCHCO < Me~CCHCO < ocpt. This reflects both steric and electronic 

factors. Two examples with tridentate ligands, PhRCCO and P(Ph)gCHCO, 

binding via C and P (terminal), respectively, and 0 (bridging) follow the 

same trend. 

It may be noted that there is no example with a direct metal-metal bond 

between the two zirconium or hafnilrm atoms. The shortest M-M distance of 

330.7(2) pm is found in [gr(cp), (~-H)gr(~-(2~1:l-2~2-C~~H,))] (ref. 91) 

is too large to indicate any metal-metal bond. 

4. HETEROBI- AND TRINUCLEAR COMPOUNDS 

From the thirteen examples summarized in Table 4, eleven are 

heterobinuclear and only two are heterotrinuclear. There is only one 

example of a hafnium derivative. Several types of bridged eyetems exist in 
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Figure 0. The Molecular Structure of [Hf(n5-cp),(u-O)], 

Reproduced with permission from J. Cryst. Spectr. yes., (ref.98) 

this group. In cppZr(OCMeg)Ru(cp)(CO)q (ref. 100) a direct Zr-Ru bond of 

291.0(l) p exists and was the first example of an unbridged bond between 

zirconilrm and a later transition metal. A tetrahedral environment about 

zirconlm is built up by two cyclopentadienyl rings, one OCWeg ligand (B-0 

- 191.0(4) pm), and the remaining position occupied by the rutheniwn atom. 

A similar bond has been found in a heterotrlnuclear system 

cpZZr[Ru(CO)Zcp]Z (ref. 101). with a somewhat longer Zr-Ru distance. The 

molecular structure of this orange complex is shown in Figure 9. In this 

example the zirconim coordination sphere consists of two cyclopentadienyl 

rings, and two ruthenim atoms at a distance of 294.3(1,5) p, which is 

within metal-metal bonding distance for zirconim to ruthenium. 

There are three examples (refa. 102, 103, 104) in which two cppZrL 

units are linked to another transition metal organometallic moiety (MO or 

W) by a carbonyl group in the manner Zr-O-C-U. In the yellow cpZZr(OCkle) 

(CO)pMocp (ref. 103), which was formed from the tricarbonyl derivative by 

slow loss of carbon monoxide, the stereochemistry changes to allow bridging 
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Figure 9. The Molecular Structure of (n5-cp)ZZr[Ru(CO)Z(n5-cp)]Z 

Reproduced with permission from Organometallics (ref.101) 

by oxycarbene-acetyl (u-OCMe) and a four electron donor ,carbonyl (u-n*, 

n'-CO) (Table 4) in the manner [Zr-0-C(Me)-Mo-C-O]. 

Doubly bridged systems with two hetero transition metal atoms have been 

reported (refs. 106-108) in which two metals are bridged by two Pdonor 

ligands. The crystal structure of cpZ Zr(u-PPhZ)pMo(CO)4 (ref. 106) is 

shown in Figure 10 as a representative example. Two moieties, cpZZr and 

Mo(CO)I,, are held together by two PPhZ ligands through their P atoms. The 

Zr-P bond distance of 263.0(1,1) p is about 8.5 p longer than that of 

M-P at 254.5(1,2) pm, corresponding to the relative covalent radii of 

these two metal atoms. The steric effects of the cyclopentadienyl rings 

undoubtedly plays a role in modifying these distances somewhat. The Zr-Wo 

distance of 329.9(l) p indicates the absence of a metal-metal bond. 

Similarly, no metal-metal bond is found in other related compounds such as 

cp*Wf(u-PEt*)*Wo(C0)4 (ref. 107) and cpZZr(u-PPhZ)ZW(C0)4 (ref. 108). The 

metal-metal distance decreases from 340.0(l) pm in the former to 328.9(l) 

pm in the latter, and simultaneously the M-P-Zr bridge angle decreases also 
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Figure 10. The Structure of cp2Zr(u-PPh2)pMo(CO)~ 

Reproduced with permission from Inorg. Chem., (ref.106) 

I 

from 83.01(3,0)' to 79.20(8.5)'. Since the sm of the covalent radii for 

Zr + Hf (293 pm), Hf + Mo (294 p), and Zr + W (294 pm) are very similar, 

the shorter M-M distance for the Zr-W system must result primarily from the 

change of the bridge ligand from PEt2 to PPh2. However, the latter ligand 

is sterically larger, and one might have expected the opposite trend. 

Another mixed metal monoclinic dimer (n5-cP)2co(ll-co)(u-n1, 

n2-CO)Zr(n'-cp*) (ref.109) contains a Co-Zr single bond of 292.6(l) pn. 

The tWo carbonyls exhibit different modes of bonding. (he of them bridges 

the metal centres in the usual manner (Co-C(O)-Zr), while the other bridges 

via a a-bond to the CO plus a a-r interaction between zirconim and the 

CO-H system in a u2-nl, n2 fashion (Co-C-0-Zr) (Table 4). 

Black crystals of [(cp2Zr(CH2PMe,)2)2Ni] (ref. 111) represent the only 

example in Table 4 which contains three transition metals. There are two 

crystallographically independent molecules, and their crystal structures 

are shown in Figure 11. The molecules differ by degree of distortion, and 
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CPG3 

Molecule A 
C(17) 
n am 

Cp(23) 
CPW c 

CP(25)X /h\r 

cp;-;9, Ch3) 

llolecule B 
C(14) Cc231 

Figure 11. The Structure of {(cp)2Zr(CH~PMe2)Z}pNi Molecule A, Molecule B. 

Reproduced with permission from J. Organomet. Chem., (ref.111) 

it is a unique example of distortion isomerism in a trinuclear species. 

There are another two examples (refs. .103, 104) of heterobinuclear 

compounds in which two crystallographically independent molecules are 

present, differing by degree of distortion, and these represent further 

examples of distortion isomers within the same crystal. 

Examination of the data in Table 4 shams that the mean Zr-C(cp) 

distance of 250.3 pm (range 244.8 to 254.2 pm) is about 4.1 pm shorter than 

the Zr-C(cp) distance of 254.4 pn (range 247.2 to 258.9 pm). There are 

four different types of CO coordinated to sirconius, with mean distances; 

Zr-0 = 223.0 pm, Zr-C - 234.3 pm, Zr-O(bridge) - 271 pm, and Zr-C(bridge) * 

225.3 p. 
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In general, the mean Zr-L bond distances increase in the order: 193 p 

(H) < 205.6 pm (LO, excluding CO) < 222.7 pm (LC, excluding CO) < 252.1 pm 

(Cl). This corresponds to increasing van der Waals radii of the ligand 

atoms in the order given. The Zr-M' distances are: 280.5 pm (D-OS), 292.6 

pm (Zr-Co), 293.2 pm (Zr-Ru, mean), 328.9 pm (Zr-W), 329.9 pm (Zr-Mo), and 

340.0 p (Hf-MO). 

5. CONCLUSIONS 

From 1969, when the first organozirconium structure was characterised 

by x-ray analysis, to the end of June 1985, over one hundred 

organosirconium and almost twenty organohafnium crystal structures have 

been determined. The majority of these can be seen to be mono- and 

binuclear, with only four trinuclear examples. 

The overwhelming majority of the compounds have the zirconium or 

hafnim atom in the +4 oxidation state, with a few examples of +2. 

Two crystallographically independent molecules, differing by degree of 

distortion, are present in ten examples (refs. 11, 12, 26, 32, 34, 70, 92, 

103, 104, and 111). This coexistence of twD species with identical 

coordination number but diferent degree of distortion has also been noted 

for titanium organometallics (ref. 31, and is representative of the general 

class of distortion isomerism (ref. 3). 

Four-coordination with a tetrahedral geometry is representative of the 

overwhelming majority of the zirconim and hafnium organometallic 

derivatives. 

An overall summary of the structural data for the organometallics of 

titaniuo (data from ref. 3). zirconim and hafniun is given in Table 5. 

Some points of interest arising from the data are listed below. 

(a) In general, the M-L distance increases in the order: Ti-L < Rf-L < 

Zr-L. 

(b) The mean Zr-C(cp) bond distance in the mononuclear compounds with one 

cyclopentadienyl ligand is longer than for those with tvo such ligands. 

For the titanium analogues the corresponding mean bond lengths are almost 

equal. 

(c) The mean l&L distance in mononuclear compounds with one 

cyclopentadienyl ligand are longer than for those with two such ligands 

when L is 0 or P, but the opposite is true when L is Cl. 

(d) The mean M-L distances in homobinuclear compounds are longer than those 

in mononuclear compounds with two cyclopentadienyl ligands, except Zr-L(C, 

N, and S). 
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(e) The mean M-L(bridge) distances are longer than M-L(termlnal), except 

for TI-L(0 donor) and Zr-L(C donor) where the opposite is true. 

(f) As the M-L-M angle opens, the M-M distance increases. 

(g) There Is no example with a direct bond between R-R or Hf-Uf atoms, 

but there are examples of Ti-Ti bonding. 
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There has been limited interest in the biological properties of the 

Group IVB metal derivatives. The biscyclopentadienyldichloro derivatives 

of zirconim and hafniun have been tested for antitumour activity (ref. 

112) with little success. The Inactivity is believed to be associated with 

the unfavourably large bite angle of the Cl-M-Cl moiety In these 

derivatives (ref. 113). 

Systematic studies in the field of stereoselectivity of organometallic 

compounds over the last two decades have fostered wide interest. The 

factors governing the choice of geometry in these compounds Include 

electronic configuration of the central metal atom, crystal packing forces, 

and the nature of the llgands. Por example, chelating ligands are often 

found to play a substantial role in the nature of the overall structure, 

stereochemistry and fluxlonal behaviour of the organometallic derivatives 

of the Group IVB metals. A description of the uses of organoeirconium 

compounds as new reagents and intermediates has recently appeared in a 

publication of the Aldrich Chemical Company (ref.114). 

This review, together with that for tltanim (ref. 31, represents an 

overview of the over two hundred and seventy organometallic structures 

which have been determined for this group of transition metals, and 

illustrates the rich chemistry of the group, and the many systematic trends 

which may be observed. A related series for the coordination complexes of 

these metals is in progress by the same authors. 
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