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CgHg benzene

CgHjp cis-2,3-dimethylbutadiene

CgHy indenyl
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1. INTRODUCTION

The large increase in the number of transition metal compounds with metal
to carbon bonds has represented a major part of the rapid growth of
organometallic chemistry since the 1950's. In general, the
cyclopentadienyl radical has been one of the most widely found w~electron
donors, and most of the zirconium and hafnium 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 reflectsl in the data in this review. The number of determined crystal
structures has increased rapidly, and many have been summarized 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 IVB, up to the end of June 1985, or volume 102
of Chemical Abstracts.

The number of structural examples increases from hafnium 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 1into mononuclear, homo-binuclear, and
hetero-oligonuclear systems, and presented in order of increasing

complexity of the coordination sphere.

2. MONONUCLEAR COMPOUNDS

(1) 2Zirconium 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 numbers range from four to eight. There are only
three examples for hafnium, with tetrahedral (ref.8) and pseudo-octahedral
coordination (ref.ll) about the Hf(IV) atom. The zirconium(IV) atom in
Zr(CH,Ph), (ref.8) and 1im Zr(fg),Ce, (ref.l5), has approximately
tetrahedral coordination. The environment about both the zirconium and the
hafnium in M(CH,Ph), consists of four unidentate benzyl ligands with Zr-C
bond distances ranging from 223(1) to 229(1) pm, and Hf-C bonds from 223(1)
to 227(1) pm. The C-M-C angles vary from 94° to 120° (M=Zr), and from 99°
to 118° (M=Hf), which demonstrates considerable deviation from an ideal
tetrahedral environment. This deviation 1s somewhat larger for the

zirconium compound.
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In Zr(COT)(thf)Cl, (ref.14) and Zr(COD)(dmpe)d (ref.l9), the
zirconium(IV) atoms are in pseudo octahedral environments. The
zirconium(IV) atom in Zr(cp)(acac),Ck has been regarded as eight coordinate
in one study (ref.16), and six coordinate in another (ref.l7). The former
is consistent with the view that the cp molety forms three bonding
molecular orbitals with the metal, while the latter argues that since the
cp molety replaces a monodentate Cf{ ligand, 1t 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);
(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-O0 distance of 221(1,5) pm, while
the sixth oxygen (Zr-0 = 216(1) pm) and the cyclopentadienyl ring occupy

the two axial positions.

Figure 1. The Structure of ZrIV(ns-cp)(tp)a

Reproduced with permission from J. Organomet. Chem., (ref.21)
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Examination of the data in Table 1 reveals zirconium and hafniuvm in an
oxidation state of +4, with one example of +2. 1In Hf(C,Hg),(dmpe) (ref.ll)
and Zr(COT)(C3Hs5)(0Bu) (ref.12), two crystallographically independent
molecules are present which differ only by degree of distortion. Two such
specles coexisting in the same crystal represents the typical class of
distortion isomerism (ref.23). The 2Zr-C bond distances are lengthened in
the order: (n“-CqHG) < (ns—COD) < (ns-COT) < (ns-allyl) < (n3-fz) < (ns-cp)
< (nB-fo) < (ne—deca—z,7-diene—4,9—d1y1). In general the mean Zr-L bond
distance increases with the van der Waals radius of the ligating atom: 167
(4,120 pm) < 208.9 pm (0, 152 pm) < 232.7 pm (nl-C, 170 pm) < 247.2 pm (CR,
175 pm) < 269.0 pm (S, 180 pm) < 278.7 pm (P, 180 pm).

(i1) Bis(cyclopentadienyl)-Zirconium and-Hafnium Organometallics
Crystal and structural data for mononuclear zirconium 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 ZriV(n’-cp),[(Et;AL)Et}(cp)
Reproduced with permission from Cryst. Struct. Commun. (ref.24)
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sixty-seven of them belong to this class. From a structural point of view,
these compounds can be divided into five groups.

The first is represented by the red crystals of Zr(ns-cp)Z[(EtzAl)zEt].
.(cp) (ref.24), where the zirconium(IV) atom is ns-bonded to two
cyclopentadienyl ligands, and to the (EtiAz)zEt anion via carbon, as shown
in Figure 2.

The overwhelming majority of the derivatives belong to the second group
which has the general formula (ns-cp)lez, where L represents either two
unidentate or one bidentate ligand. Examples of the former include: two
identical L, such as Hy0 (ref.25), LO (ref.26), LN (refs.27,28), F,
(ref.29), CL (refs.30-41), CO (refs.42-44), Me (refs.45-47), 1 (ref.29), LC
(refs.48-50), Et,P (ref.56); two different L, HO and C& (refs.57-59), LC
and LO (ref.60), LO and Cf (ref.61), LSLi and C¢ (ref.62). Examples of
bidentate ligands are the LC systems (refs.51-55). The crystal structure
of yellow, mildly air sensitive Zr(ns-cp)z(nl—NCuH“)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(n-cp)y(nl-NG,H, ),
Reproduced with permission from Inorg. Chem., (ref.27)
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The third group has the general formula H(ns-cp)2L3, where all the L can
be unidentate, Hy0 (ref.63); or one L unidentate and the other bidentate,
Ct and LS, (ref.64), Me and LCO (refs. 26, 65, 66, 68), and C¢ with LCO
(ref.67). The fourth group consists of Hf(ns-cp)z(BH“)z (ref.69), and
Zr(ns-cp)z (n*-LC) (refs.70~72) where in addition to the cyclopentadienyl
ligands, the two BH, groups are coordinated to the metal atom through two H
atoms in the hafnium case, and a tetradentate carbon ligand is found in the
coordination sphere of the metai atom in the zirconium case.

The remaining group consists of Zr(ns-cp)3(n1-cp) (ref.74-77), and
HE(nS=cp) o(nl=cp), (refs.78,79), for which the structures are shown in
Figure 4.

Figure 4. The Structure of Zr(ns-cp)a(nl-CP) (top)

Reproduced with permission from J. Chem. Soc., Chem., Commun. (ref.74)
and Hf(n5-cp)z(n1—cp)2 (bottom)

Reproduced with permission from J. Am. Chem. Soc., (ref.79)
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As can be seen from the Figure, a distorted tetrahedral environment about
the zirconium atom 1is built up of three ns—cp rings and one nl—cp ring,

5- and two nl-cp rings. The mean

while for the hafnium it consists of two n
Zr-C bond distances are longer than the mean Hf~C distances. The zirconium
compound exists in two 1isomeric 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 (n“~dmb) < 245.7 pm (n*—=COT < 248.0 pm (n°-allyl) <
250.2 pm (n“-dphb) < 252.5 pm (ns—cp). The mean Hf-C(cp) bond distance of
249.0 pm 1s 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 pm (CHPhy). 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 pm (Zr-C¢, 175 pm) <
258.5 pm (Hf-P, 180 pm) < 283.2 pm (Zr-1I, 196 pm).

A 1list of individual values of (centroid)cp-M-cp(centroid) angles given
in Table 3 for compounds of the general formula cppMLp; (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(ns—cp*)z(co)z (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 18 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 wmonocyclopentadienyl M-cp bond distances are slightly

longer on the average.



155

(z°1'£)0"901 04,3741 2 p(do)
€)° 10T (8°0)0°€TT @ 01°661 0
(TW6°ET1 (z)s 962!
(r1°€)0°901 ()82t > o(d) (29186 (2)5°0281 plé (%=
92 @101 (y'e)EtI; (€*9)z°002 0 @cugst oy 1d n (@)0-0)%(do-gu), ]
2 o(do) 06 ((A181:
(1°€°2)6°901 (@)z-6ut (8)6°82Z 9(84D) 06 (2)9°y98 Cud=(30)0~0)*
92 @m's6 OO (€)5°L61 0 06 Owiesz v e 10 *(@)%DU), )
0952 0(40) (2)8°86(1
9°LET SRR B (146601 (1)1°168
4 (1)8°96 2 (2)0°561 0 ()9ezeel v o/la n TO(HOY (#lo~g4), X
(2)0°9601
6°LET 0°55T O(«42) (1)88°201 (€)£°9612
114 (€)L°66 > (v*8)6°L61 (0 (1)0°658 u/lza n F@OY (so-gh), %
(2°-)T1g 2(dd) (€)1°2801
(Z-X1z 2(dd) (€)L€90T
vz e 3 (9)£9¢ 0(32) ©9° et v itz (@) |\ W)} @-), =
fo) [o] [o]* [md}o
IND--1 IND-R-AND [wd ] [.19 [md)q dnoao ssB)
N 1 [wd JLNO-H H [oJo md]e z 9%d  TeIsin punodnc)

SOTTVIZONVIE0 WIINIVH GV WINDOWIZ (TANEIVINAAD'AD)SIE dVAIINNONGH 304 VIV VANLYMIS °7 TRV



o
vy
—

2 T (L") o(dd)
@ L6 612 @)z 0
(1)5°66 asiet
2 9°9Z1 (v°e)yz o(dd) (16 LIT (1608
Y€ @)1°L6 oz GOy © (Leett (19071 1 1 p (=) =
Geeet (6)2°6%Z 2(dd)
€€ (S*1)8°L6 2 S16"SHZ D Q0 (d- ) 2
1339
(S)wen (5)z°z5z 9(do) 6°68 859
%0 (@»wo1 ] (6062 079 L] wuqoﬁ&.msah
91)8°v8%1
2 @s et (2°1)0sz 0(dd) ©1)s°L%01
62 (€)2°9% 12 )(S)s L61 & ($)9°209 L/ I0 238 (- 1) e
(S)m96LT
2 6°0t1 (£2' 9)v° 642 2(dd) €91
:14 (My96  (1°-W612 (6°€)0°TIZ N €WEL6 'Xqd 1o NABENA&.ms =
(8)9°%561
(6°1°~)6"901 19741 (T°€)0°2sz o(dd)  (¥)XOT 16 (5)8°618
IZ4 (8)89°S6 ) (T°2)6*91Z N (S)L*656 T w C(H U )E (@ 1) A
(o] (o] o]k i}
IO INOH-ID [wd) [,]9 [ud]q dnoxy sSBT)
‘JN T [md JLND-H HH [oIo [md]e aed IR punodac)

¢ pupjuq  °Z TENL



157

$92-07 (B W) 61
° 13{341 OT'-)0STHWL)  T°86 1° LLET
9°c6 2 2 D LTl vy aflzd a A )AFgu) 2
(10ey1
(1 ¥4 araesed 341 9)¢°L001
(€£)9°86 (r'-xze Qs ime © (peor ¥ 0 u uwiﬁ«equmc:ah
(D191
£y WyeL1sed (314 4 741 (7)L°908
()86 1122 @1 © @®or v 3D w 70 { "HO? ("aED-(u)} %
(1)669
2 (Lmeout (L°€X64T D(dd) @)
My 91z UMz © ezt ¢ W 10 9 (D) T
(6)572v22
*-)9°901 c6el  (ET°6)T°8%7 2(d) (7)9°T6ET
% (88°6 (=wuaT Gaem g ¢ w4l 10 (Gl d-um] ]
(9,5 744
@ =901 g 62l (T L)Y 692 (D) ()T T6ET
119 {£)26°96 (Ir=)eeiz U © @)izs g w4l 0 [eofe@-um} A%
lo] (o] [o]4 {md o
IND-R-1 INO--LND [wd] [o18 [w]q droxo 888D
3N HE W0 i P =je 1 e e PO

€ pPUu@  °Z IENL



158

(£)0°8z8

° Y1 (6)8°6vZ o(¥d0) (7)0°9891
7y (©)x°98 0z (6)5°912 D(00) COVA01 (1 I Z(@0)(wia-u) 12
)T L08
(¢=)s°co1 ™l O1°2X%2 2(d2)  ($XS8°€EIT (C)18874¢
€y (6)€*68 91z (x2) 2912 2(00) (e 7w/l w ¢(00)(do~gu),
#)o°c18
(€2)vgot rATAl (L£°9)s*tve 0(dd)  (¥)BS°ETT C) Lt
Ty @)z 68 v*817  (XD)(7)L*81Z D(D) wses9 7 w/lea w 2(00)%(da-gu), %
€6eT
2 €921 (4 4 7] ™ st
62 (1)2°96 612 (2)z°€8T 1 |yt v dD u e (da-qu), %
@)6°821 2 9
14/ (e © G (DT T
(£)2°2601
> €y szt S 10082 2 @ecn (2)5°966
34 (7)86°L6 (9)s°612 (1)s*evz © (€)T°6EET v /D L Na_NﬁaNEmo.mc:Eﬁ
[o] [o] [o]* md]o
INDR-T IOR-TO [wd] [o18 {wdlq dooag ssep)
b 1 [od JO-H T [oI0 [wd]e z 9%k  TEISAD punodecp

Y pwpuQ  °¢ TEVL



159

7)8°169
(5°Z*8)E* 601 (6)0°121 (28°c1)£°T5T I(4HD) (7)s*128

y (9)0°9 wr  EoEneee 2(5) 9wyt T Tllu G0 (4Po-gw) M
(€)6°269
(€°1°5)2°601 (S)8°0z1 (98 45T 2(HD) €)rvzs

i (€)6°96 x44 (x2)(9)1°62Z 2(5D) ()8 4Ty1 rAATAYZ:| Nﬂmamﬂh%?msau
()6°e8e1
(9°-)L°501 gezel (§)5°25T (M)  (€)56°16 (S)Z°0611

9 (21)9°56 (0°-)zz (v*$)L* 2z O(%) (€X' v wWu YEF(B-) 2
(9)9°8LE1
(6°-)s°S01 0°€€t (1S 05z o(dd) (€)20°26 (S)yes8rl

9 (S)8°s6 ('=yzz  (r'znLreez o(%w) (s9%9 v ulu SEDY (D) M
(9)6°6961
(1°=)0°901 1°Z€1 (YE'6)5°05T 2(d)  (Z2)8E"BTT ()L S8T1

1] (€)8°6 (' (E°8)0°5€2 O(8D) (2)5°969 vy u w 2EDR (B-cu) M
(£)8 928
> 8yl 2 o(4d) ()L°0P1

4] (18 e 21z 2() (neteIst ¢ ey Uy (#-gu) 3
[o) (6] [o]4 [wd]o

DO-R-1 IO [wd] [.]9 (wi]q dnoxg sse)
I3 1 [md J1RO-R N [o0 [wd]e z ek TEIskD punodng)

S pWRuUQ)  °Z TRVL



160

(8)-T691

oSzl (ST°6)0°15Z 9(dd) -
(4 @)z°08 > (9)s*0€z 0 (8)6°¥8L1 w/Egq ) {"WPoCansn) |2 (do-cu) %
(6)L°S0CT
(S*=)1°901 6°621 (€€°SXE°TSTO)  (7)59°S6 (€)8°v0L
0g (1)8°L6 (1°-wez (z*n0°8ez O (9)s"nL€1 v/Tza u [Pt P (@) 2]
(6)972€€T
0*1°~)0°801 €821 ¥ €)1sz o(dd) 06 )T v16
0s (7)6°68 2T (x0)(8)v°62Z D GTAN I f [FCEaAmP (d-u), %]
Tz o(d) (8)9°9681
°%*-)9°901 67921 (9)6°2€2 2 (%)60°66 9)Z°66T1 [{% Eamrs o}
6% (2)v*001 > (L)r7zez 2(w) (5)8°0201 >/l u " (-0 ]
(6)0°1621
(8°1°=)1° 01 [ag:74¢ (B8°99v2 o(dd)  (S)6€°Z6 (6)0°€ LT
8y (6)r°56 > (E'EMET D (6)0°9921 u/led C(HAD P (B-qu)
(Lol |
(6°-)6°901 82T (9T'BETISTId)  (S)ST L6 WyzozLl
8y (¥)5°s6 > (6°9)8°8€2 D (085921 v/lzd 2B (-qu) T
[.] [, [o]A [md]o
D1 INDHHIND [wd] [.]9 [wdlq dnoxy 888D
I HHL [ed J1NO-R T [ole [md]e ek  TEIskD punodngg

9 PPWUUWY  °Z TEVL



161

@y LL (@)X 6L

2 o@d) (@)Z1°801 (€)9°80%1

9% (€M9°86 > we‘DS8sTd (%1101 @weve T 14 1 g CaniE- ) M
n-eist

d 2 (D1°252 O(dd) (L)s"Lo11 [[%%(E0-0)}

119 @miL > (2)0°0¢2 0 9%z v 2l 10 *Z(Eaprsh- ), ]
(6)7°6981
(S*s*0 1)5°L0T (1)wer (9‘e)6yz o(dd)  (S)BT°E6 (8)6° 111

s @)L @-nee @7neT 0 @zzeer v Wi u ((ua)F (-, 3]
(L)T°6981
') Lot £ vel (6£° 17T o)  (1)TBT6 ()9°€TTT

€ @i ° (8°928°22 )6l v w'la u [(raa™)¥(d-u) 2]
(€)9°€L (8851
@‘DIsz o) (€)Lres (L0011

4 WL 2 ©‘1)822 0 (€)15°8¢L (©)1°cz8 LAATAZ 10 {m02(aD -0} (d-.u) A
(€)9°EL st
(7Z°9)0°zST 2(d)  (E)L7 68 (§)5° 011

149 e u 2 (‘907062 2 (€)Ns°8L (7)9°128 LIRAATZ a0 {m02(aD )02 (d>- 1) 2

[o] 9 [o]* [wd]>
IO-RT NN [wd] (o189 [wd]q dnoxy ssep)
N HH [=d)1O-H T [o]® [wd]e z @0eg  TEIsAD punoduo)

L pUuUQ 7 FHVL



162

3 9(dd)

(19°%61 0

09 W11z o {"R0)2(ud )20}2 (do-gu )1z

(99" 1)E*4<Z 0(dd) (8)9°9061
(6 1°=)¢*901 1°621 MLy ® MEL86 )o°Test [ (30){2 (¢ars)10}

65 (1)6°66 (1*-X%2z €) 2T 0 Gxwzsor v wlg u "2 (Eappsdo- L) )

(911°8)0°96Z O(d2) (6)2°L281
(Z°1°-)6*901 1821 @ s ®  (S)8ro0l (8)0°5251 [(¥0){% Exrs o}

6S (2)z°86 ‘-z 8)y-zez 0 @901 v ula w "% (rgd>-cu) 7]

b} a(dd) (9X6502
> 0 (S)e611 (meud )

8 2 D (1%eL y Tzeud w0 [{Ecamspolaoid-u) 2]
(17°6)0°15Z 0(d3) (6)8*18€1
2 60 © )€ 26 (6)1°z811

% ° (A 344 (6)9°£42 D(H) (®0°189 v W @) @F (d-qu) 1
(6£°6)8°c5T 2(dd) (1)8°(28
(6)9°89Z © ()£°0981

S 2 2 (6)7°52Z D(|) @pren1 v Tlgla W ORI (), %

[o) [o] [o]A fmd o
IO-R-1 ORI [wd) [o)9 [wdlq droxd SSEL)
R T [DOH T [olo [md]e z ovek  Te3IsLD) punodnc

g PemIpluQ 7 IWVL



163

> o(»2)
(1)e* 0%z N(&d) (£)9£°098
2 8°8¢T (1)9°21Z 0 (6)996°16  (YI)I¥°8191 [ (@0=0?H-,u-00)"
59 9091 % @-m. LT @181z d (E169°0%LT w/lzd *(KdyZ(o-qu), %]
> o)
(78612 0 06 (€435 7441
(€21 D)8 %01 )56l (")L°6ZT N @Ls L6 (€£)6°€021 [{ua-(a3)0-0-,u}
92 (0°01°2)5°99 (9D ¥4 (9)2°2€2 2(5D) 06 @z ss11 ®/lzd u @) (d-g) %]
(181°9)2°162 H(dd) (Dzo1L
2 €62t (y'2)6°L9Z S (2)e 6 (€)z*68€1
¥ (0099 (€ 06m12T (209°s5z © (6°19L1 2/l u [0) sy (d-gu), 2]
©rus
2 0°621 (2% 6)6°05Z o(dd) - s
€9 (DT sr1(8°)9°ZL (6°-)z-0ee (Le* Dz eee o(0H) (S)5°961T fod W 2CostD)[E (PR (B-qw), 7]
(8€°01)0"6%C O(dd) (L)6°TE9T
3 5 FA LA €)sien (Deeedl
29 (1)6°¢€6 ] (€Xen © (")1°L001 o/1zd u [ @0)(Budrs 2 (d- 1) aﬁ
(8)8°157-2°L4Z D(dd) 49 3771
> €821 @69 ® (1)9L°€6 (1)Ly9t [ o) |avmo=
19 (1)8°86 (£'-)*0ez (%)0°S61 O (S)°1€6 o/l u IS )00} (9-cu), 2]
(o] ] (014 (od ]2
IS DOHHND (wd] (.19 (w]q droxy seeD)
I H+1 [md JLNO-R H [0l [wd]e ek  [E384D punodac)




¥ 621 3 o(dd)

164

2 2 €L°L1)2°EYC D
©)L°9912
({74 2 o) (£)e0812
° > (09 LD1°§%Z O(,W) Mgy 8 Tzlkelea 30 (MIROD-HOSINE- |0 o (30~ )2
(€)6°6ET
(¥ 2541 (65 )1°6%2 D @eor (1689
(8°)z°95 (7)8°81Z (92°8)5°60Z H €991 v 9/D © 2 (e P (do—gl), I
2  D(d)
€6z o(5D)  (7X8WIL  (¥)0°90ZT
> > ©)1°812 0 @16 (6)6°ywwl Z@ueN[ (30)*
o(09se > (8)9°61Z D (EX09°61T  (S)s*901 ¢ d e " (FHDO-u  (B-qu) %]
b} o(do)
1)9°¢sz © (SNLE8RT
2 ° (1)8*%2Z 0 ©OTWI6°16 (9T W6°98ZT
¥ 2 Q)8 D @neo9w v wlud w  [50(Pars00-u Fd—u), ]
(LT 1 O(dd)
(£)9°eez O(50) (D1°507T
2 (8621 (#)0°62Z 0 (1)9°80L
FORTE e 9)L°612 2 (el v wmg 10 [ (300-,U) (F)E (=) aﬁ
(o] (o] (o4 fud o
IORT  INO-RHDD [wd] .19 [wiq dno1p 888D
Bl [d]oR HH (o]0 [ud]e z o8k TEELD punodixp

Ol porupyuq) °7 TEVL



165

4972}
(s 1)66 @1t 12792 2( W (1Xs8

9L - ° (@UYT (W (€xs0z v zlzled 0 (- ) (W) T
(€)0°15Z 2( W @1)vs68C
> (€£8'9)£°572 2(,W) €L (1°¢86

€L > > (€1°6)0°8vZ (W) (©)esel 8 /D W (SHED~U)(I00-, ) (-gu) X2
(BXSSHET
92t 2 (W (DESST6  (1EC0STE

(43 2 2 8¥2-€£2 2( W) Mesee v v'd w o (SHD-suRI-e- U)Z(dm Uy
(|)STStI
4 (22'-)8"552 9(d2) (ms-zLIn

u 2 d (691°=)6"9Z O(,W) (6)t'oog v wmd 10 (OTgR0-8 78—, U R (o~ )1z
(97" 2)8°¥5Z O(dd) 06 (1)9'0L€l
LA G ez aw aanyrse  (Drewl

(2 ° ° (v*2)6°822 O(,W 06  (estor v 9/l @udp- U (d>-cu), 2
(22*¥)8*55Z O(dd) 06  (1)Zesvl
A €365 o(,\ o6 (STl

i 4 4 (€)0°0€2 2(,W) 06 (1)8008 % Bmd Aﬁv.._cvuav.msah

(o] o] [o]* fud]o
INO1 INO-HIND fud] (.19 [mlq dnoag ssep
L BT []DO-R T [olo [md]e Zz 9oeg  Tesdy punoducy

11 pWUQ  °¢ THVL



52 ST SIWPRI UT IaEIU ISITF YL

318w (do~ U )0-1Z-0(d3~ L) 3o anTea Ay, ¢

u

*o{t)y"8L ST 31808 ()D-I12-0 |3 STBUB-D-IZ~0 JO IMBA BYL W

*(9)TYETT ‘0-TZ=1 NI {,(7)98°08 SY ST O~IZ=¥D AL *

*o(2)9°6L ST o8uR (H)0-12-0 Y3 ‘arBue D~7-0 JO dNTBA L °

*o(6)L L9 8T 9TBUB O0-IZ-N Y3 ‘TBur 0-Z-D FJO SNTeA N °

*o(1)S°LET pue (1)6°27L TR S-17-1D 3 'o78ue §-I7-5 JO onfes vy, *
MEETI® 4 A g/l3Ie B 9 BIZ P °J UOTIRIIIP UCIIID 4q 8NodewY *

*saTrooTow Juopuadaput oPdeaBoTTe18A10 M3 31R AIIYL P *udATS JON °

*PUEBIT 10 WOE SuTIBUTPIOO Y3 JO AJTIUSPT TROAP Af, *
*STTEA UBSW 2 WOIJ UOTIRTASP WNIIXEW 3y3 ST PU008s ay3 pue ‘ *p°s*d
*paleInqe] ST SNeA uean Y] ‘jussaad ST 9T3uw 10 IOUBISTP JusTeAnbO ATTFOWEUD SUO UBYJ 3I0W INM *

L 00 R

o

®)1291
8ol (L'2)0% 2( W (€)0°6L6
6L (T1s ()T o( W) (666 v e L Y- R (D)
(zx18
(€*-)801 (T 25T (W @856
8L 06 (WyET (W (@ws6 T ulzw 3 8(d-u)e(d=gl) W
(9)7°8952Z
@' DL (€9°8)0°8SZ I(W €)X7E0T  (%)5°906
17 (11001 9Ltz 2({W) (©)zeeel 8 D u (@) (do-qu) %
el [oJ4 fud Jo
IOH-T [md] [o19 [m]q droxy ssep)
I Bl T [oJ0 [md]e z o%ek  TBISKD punoduc)

166

¢l poupiu)  °Z7 IWVL



167

3. HOMOBI-AND TRINUCLEAR 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-cpyMe),(u-0)] (ref.45), [(Zr-cpyMe),(u-0)] (ref.46), [(Zr-cp,Cl),
(u=0)] (ref.80), and [(Zr-cpy(SPh)y{u~0)] (ref.81), two (ns-cp)zML moieties
are singly bridged via an oxygen atom. In two of the examples, the O atom
is symmetrically coordinated (refs.45 and 46), while in the remaining two
examples (refs.80 and 81) the bridging 1is asymmetric. The Hf-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-0-M angle ranges from
165.8(2)° to 174.1(3)°., This angle and the O-M-L angle are related such
that the M-0-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 O-Zr-S angle (101.0° mean value) of
the thiophenyl derivative (ref.81) represent the highest such values found
in this type of compound. By contrast, the Zr-0~Zr angle at 165.8(2)° is
the smallest observed. The methyl derivative (ref.46) 1llustrates the
other extreme with a Zr-C{Me) distance of 227.6(9) pm, an O-Zr-C(Me) angle
of 96.3(2)° and the largest M-0-M angle of 174.1(3)°.

The crystal structure of the 1light yellow [{Zr(ns-cp)zcl}z(u-OCHz)]
(ref.82) is shown in Figure 5. The oxymethylene bridge between the two
(n5~cp)ZZrC£ moieties is nz-c-o bonded to 2Zr(1) with a Zr-0-Zr bridge angle
of 166.9(4)°,

There are two examples in Table 3 where two [Zr(ns—cpﬂ)zL] moieties are
linked by a two—atom bridge. 1In one of these (ref.83), L is the same (N)
in both halves and the bridge is Zr-N=N-Zr. 1In the other (ref.84), L is
PMe; in one half and I in the other, and the bridge is Zr-0—-C(H)-Zr.

Homobinuclear zirconium compounds with two bridging ligands are the most
common. The bridging atoms can be either 1identical: such as H
(refs.85,86), Ocpt (ref.87), OH (ref.88), CPMey (ref.89), CHSiMepNSiMe;
(ref.90); or they can be different such as: C;gH; (C and H) (ref.91), O and
Ce (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 gemeralize.



168

Figure 5. The Structure of [{Zr(ns-cp)ZCl}z(u-OCHz)]
Reproduced with permission from J. Am. Chem. Soc., (ref.82)

An interesting structure is observed for the triclinic binuclear compound
[Zr(ns-cp)z(nz-OCCth)] (ref.93) in which the two zirconium atoms are
linked by the two =C=0 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, where two (ns-cp)“ZrCL unite are held together by the ketene
ligands A similar structure has been found for the white crystals of
Zr,(n2-cp), CL, [ P(Ph) ,CH=CO] (ref.96). While the mean Zr-Cf 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)2CH=CO versus P(Me)CH=CO.

The most unusual type of bridging is that involving a (OC=CHCHpCMej)s; .
A'Mez ligand (through C-0-A2-0-C), and a methyl group with the carbon atom
in a distorted trigonal bipyramidal configuration (ref.96). The structure
of this compound is illustrated in Figure 7.
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Ref

_—

55.8(2,2)

96.0(2)

81(1,7)

(o0° 212.9(4,39)
(epC 253.2(7)

97.61(2)

1213.7(3)

«(thf)

1301.8(2)

89

C 245.4(5,3)

106.50(6)

1 1028.8(6)

P1

[2z{(@p) e, ) (1-CPMey) ]

65.7(2,1);85.%2,3.1)

144.6(2)

& 215.7(4,2)

74.1%(5)

1033.0(7)

or

123.0(4,1.3)

1942.5(6)

1924.3(8)

91

25%3,5)

C 245.%(8)

8

Pbeca

[ Z0(n*-ep) (D).

i 200(8,27)

(ep)C

c

92

c 132.5(8)1

N 221(1)

1220.X3)

Q/lc 4

[{ze(nP=cp) (nl N B (CD 50

-

88.3%(5,2.0)

17

o 191.0(6)
(cpr)C 249-257(2)
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Figure 6. The Molecular Structure of Zrz(ns-cp)..CII.z (PMe, CH=CO)

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

There are three examples of homo-trinuclear compounds (refs.97-99) and
the structure of [Hf(ns-cp)z(u-o)lg (ref.98) is shown in Figure 8 as a
representative example. The three (ns-cp)zﬂf units are bridged by oxygen
atoms at the average Hf-0 distance of 195(2,3) pm, and a Hf-O-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 M-O(u-OCH2) distances in the former are: 252.7 pm, 223.7
pm, and 194.5 pm. There are uni-, bi-, and tridentate ligands. 1In the
series with unidentate 1ligands the mean M-L(terminal) bond distances
increase in the order: 192 pm (L=H) < 215.6 (N) < 228.6 pm (C) < 249.7 pm
(CL) < 254.8 pm (S) < 272.6 pm (P) < 288.6 pm (I), corresponding to
increasing van der Waals 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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C(9)

C(7) : 1.540(12)

Onea)

Figure 7. The Structure of {Zrz(n’-cp)y(0C=CHCH,CMes)sAtMe,} (u—CHs)
Reproduced with permission from J. Am. Chem. Soc., (ref.96)

increase in the order: 194.5 pm (0) < 200 pm (H) < 208.7 pm (N) < 223.6 pm
(C) < 266.5 (CL).

In the series of bidentate ligands with a C atom (terminal) and O atom
(bridging), the mean M-L distances increase in the order: CHO < CHy0 <
OCHCO < Me,CCHCO < Ocpt. This reflects both steric and electronic
factors. Two examples with tridentate ligands, Ph,CCO and P(Ph),CHCO,
binding via C and P (terminal), respectively, and O (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 hafnium atoms. The shortest M-M distance of
330.7(2) pm is found in [Zr(cp), (u—H)Zr(u-(Z-nl:1-2-n2-C10H7))] (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 1is only one

example of a hafnium derivative. Several types of bridged systems exist in
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Figure 8. The Molecular Structure of [Hf(ns-cp)z(u-o)]3

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

this group. In cpyZr(0CMez)Ru(cp)(CO), (ref. 100) a direct Zr-Ru bond of
291.0(1) pm exists and was the first example of an unbridged bond between
zirconium and a later transition metal. A tetrahedral environment about
zirconium is built up by two cyclopentadienyl rings, one OCMe3 ligand (Zr-0
= 191.0(4) pm), and the remaining position occupied by the ruthenium atom.
A similar bond has been found 1n a heterotrinuclear system
cp2Zr[Ru(CO) ocpl 2 (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 zirconium coordination sphere consists of two cyclopentadienyl
rings, and two ruthenium atoms at a distance of 294.3(1,5) pm, which is
within metal-metal bonding distance for zirconium to ruthenium.

There are three examples (refs. 102, 103, 104) in which two cppZrL
unite are linked to another transition metal organometallic moiety (Mo or
W) by a carbonyl group in the manner Zr-0-C-M. In the yellow cp2Zr(0CMe)
(CO)2Mocp (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 (ns—cp)ZZr[Ru(Co)z(ns-cp) 12
Reproduced with permission from Organometallics (ref.101)

by oxycarbene-acetyl (u—OCMe) and a four electron donor carbonyl (y=nZ,
nl-co) (Table 4) in the manner [Zr-0-C(Me)-Mo-C-0].

Doubly bridged systems with two hetero transition metal atoms have been
reported (refs. 106-108) in which two metals are bridged by two P-donor
ligands. The crystal structure of cpz Zr(u-PPhy),Mo(CO), (ref. 106) 1is
shown in Figure 10 as a representative example. Two moleties, cp2Zr and
Mo(CO)y, are held together by two PPhz ligands through their P atoms. The
Zr-P bond distance of 263.0(1,1) pm is about 8.5 pm longer than that of
Mo-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-Mo
distance of 329.9(1) pm indicates the absence of a metal-metal bond.
Similarly, no metal-metal bond is found in other related compounds such as
cp2Hf (U~PEt2) 2Mo(CO)u4 (ref. 107) and cp2Zr(u-PPh2)2W(CO)y (ref. 108). The
metal-metal distance decreases from 340.0(1) pm in the former to 328.9(1)
pm in the latter, and simultaneously the M~P-Zr bridge angle decreases also
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AN

Figure 10. The Structure of cppZr(u-PPhy),Mo(CO),

Reproduced with permission from Inorg. Chem., (ref.l106)

'
from 83.01(3,0)° to 79.20(8,5)°. Since the sum of the covalent radii for

Zr + Hf (293 pm), Hf + Mo (294 pm), 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 PEt; to PPh,. However, the latter ligand
is sterically larger, and one might have expected the opposite trend.

Another mixed metal monoclinic dimer (ns-cp)ZCO(u—CO)(u-nl,
nz-CO)Zr(ns—cp*) (ref.109) contains a Co~2r single bond of 292.6(1) pm.
The two carbonyls exhibit different modes of bonding. One of them bridges
the metal centres in the usual manner (Co-C(0)-Zr), while the other bridges
via a o-bond to the CO plus a o< interaction between zirconium and the
co-I system in a ug-nl, n? fashion (Co-C-0-Zr) (Table 4).

Black crystals of [(cpyZr(CHyPMe;););Ni] (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 distortiom, and
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cpl12)

Cp(13)

cpi9) Cp(18)

Cp(33)

Molecule B

Figure 11. The Structure of {Ccp)2zr(cHaPMes)2} 2N Molecule A, Molecule B.
Reproduced with permission from J. Organomet. Chem., (ref.lll)

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 shows 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 pm (range 247.2 to 258.9 pm). There are
four different types of CO coordinated to zirconium, with mean distances;
Zr-0 = 223.0 pm, Zr-C = 234.3 pm, Zr-O(bridge) = 271 pm, and zr-c(bridge) =
225.3 pa. '
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In general, the mean Zr-L bond distances increase in the order: 193 pm
(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 (Zr-0s), 292.6
pm (Zr-Co), 293.2 pm (Zr-Ru, mean), 328.9 pm (Zr-W), 329.9 pm (Zr-Mo), and
340.0 pm (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
organozirconium 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
hafnium 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 two species with identical
coordination number but diferent degree of distortion has also been noted
for titanium organometallics (ref. 3), and 18 representative of the general
class of distortion isomerism (ref. 3).

Four-coordination with a tetrahedral geometry is representative of the
overwhelming majority of the =zirconium and hafnium organometallic
derivatives.

An overall summary of the structural data for the organometallics of
titanium (data from ref. 3), zirconium and hafnium 1is 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 < Hf-L <
Zr-L.

(b) The mean Zr-C(cp) bond distance in the mononuclear compounds with one
cyclopentadienyli 1ligand is longer than for those with two such iigands.
For the titanium analogues the corresponding mean bond lengths are almost
equal,

(¢) The mean ML distance in mononuclear compounds with one
cyclopentadienyl ligand are longer than for those with two such ligands
when L is O 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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TAHE 5. Summry of Group IVB Metal-atam (ligand) bond distances (pm)2

Mord. atom Metal Mnonuclear Homobimglear
(1igand) atam mono~cp Bis—cp
H bl 171-191(181) (160-229(186) )b
Zr 167 173-226(192)
(194-205(200) )b
clcp) i1 226,0~243,8(237.8) 230,0~251.0(237.9) 225.0~253.8(238.4)
Zr  251.1-259.00253.6)  243.0-270.0(252.5) 248.0~257.4(252.7)
HE 240.0~260,9(249.0) 248.7-253.1(251.3)
©(00) by | 200.9-205.0(202..5)
Zr 214.5-218.7(216.6)
HE 214.0-216.0(215.0)
(L) T 219.7-221.1(220.4) 207.0-224.7(217.0) 217.5-226,0(222.1)
(208.3-254.0(225.9) )b
Zr  223,0-244.9%(232.9) 225,0~239.6(231.3) 211.7-238.2(223.7)
(215.5-266.2(223.6) )b
Hf 218.0-238.2(228.2) 229.5
(Lo b 195.4-227.5(208.3) 186.0-215.5(200.3) 192.0-226.0(213.7)
(203.7-225.0(213.4)P
Zr 190.0~227.4(223.2) 195.0-226,1(210,1)  (194.0~234.0(214.2))P
0 T (175,9-188.0(183,9) )b
Zr (191,0-196.8(194.5) )b
Hf (194.1)b
(LN b ! 187.7-227.0(209.6) 192,2-210.0(200.7) 212,6~222,2(216.2)
(217.4-226.1(220.2)b
Zr 210.1-240.3(220.9) 204.0-221.0(215.6)
1t yid (185.7-218.1(200,0) )b
Zr (218.8) (208.7)b
a bil 220.1=237.2(230.6) 231.0~240.5(235.9) 240.9-251.4(247.7)
(252.6-261.1(255.7) )b
Zr  241.6-250.0(247.2) 243,0-268,6(247.9) 234.4~257.0(249.7)
(266.5)b
Bf 2641.7-244.1(243.5)
(s ™ 256.5-266.6(261.1) 239.5-245.5(242.9)  (261.6~259.8(248.8))P
Zr  265.5~271.7(269.0) 263,5~272.3(267.9) 254,2-255.4(254.8)
(LyP T 263.6-267.3(265.5)  234.0-258.5(249.7)
Zr 273,0-288.5(281.9) 269.3-276.1(272.6)
HE 267.5-269.8(268.8) 248,8-268,2(258.5)

a. The mean valuve 1s in parenthesis,
b. The values of a bridge atom (ligand).

¢ Excluding all miltidentate ligands and CO.
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(e) The mean M-L(bridge) distances are longer than M-L(terminal), 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 Zr-Zr or Hf-Hf atoms,
but there are examples of Ti-Ti bonding.

There has been limited interest in the biological properties of the
Group IVB metal derivatives. -The biscyclopentadienyldichloro derivatives
of zirconium and hafnium have been tested for antitumour activity (ref.
112) with little success. The fnactivity is believed to be associated with
the unfavourably large bite angle of the Cl1-M-Cl moiety 1in 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 ligands. For example, chelating ligands are often
found to play a substantial role in the nature of the overall structure,
stereochemistry and fluxional behaviour of the organometallic derivatives
of the Group IVB metals. A description of the uses of organozirconium
compounds as new reagents and intermediates has recently appeared in a
publication of the Aldrich Chemical Company (ref.l114).

This review, together with that for titanium (ref. 3), 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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