
www.elsevier.nl/locate/jorganchem

Journal of Organometallic Chemistry 585 (1999) 275–284

Synthesis and characterization of zirconium pentafluorophenyl
complexes: X-ray crystal structures of [ZrCl2(C6F5)4

2−] and
[ZrF2(C6F5)5

3−]

Melissa J. Nelsen, Gregory S. Girolami *
School of Chemical Sciences, Uni6ersity of Illinois at Urbana-Champaign, 600 South Mathews A6enue, Urbana, IL 61801, USA

Received 8 March 1999

Abstract

Treatment of ZrCl4 with LiC6F5, followed by addition of 1,4,7,10-tetraoxacyclododecane (12-crown-4) or N,N,N %,N %-te-
tramethylethylenediamine (tmed), leads to the isolation of two pentafluorophenylzirconate complexes: [Li(12-crown-4)2]2-
[ZrCl2(C6F5)4] (1) and [Li(tmed)2][Li(tmed)]2[ZrF2(C6F5)5] (2). The presence of Zr–F groups in the latter compound shows that
C–F bond activation has occurred. The anion in the former complex adopts an octahedral structure owing to the p-donor
character of the chloride ligands, whereas the anion in the latter adopts a regular pentagonal bipyramidal structure. The lithium
atoms in 1 are not interacting with the anion, whereas two of the lithium atoms in 2 are involved in Li···F interactions with
fluorine atoms in the anion. Selected bond distances and angles for 1: Zr–C=2.478(5)–2.510(5), Zr–Cl=2.409(5), 2.435(5) A, ,
C–Zr–C(cis)=77.9–106.9(2), C–Zr–C(trans)=161.1, 169.1(2), Cl–Zr–Cl=166.7(2)°. Selected bond distances and angles for 2:
Zr–C=2.432–2.449(8), Zr–F=1.986(4), Li···F=1.73(2)–2.50(2) A, , C–Zr–C(cis)=69.6–73.3, F–Zr–F=178.8(2)°. Crystal
data for 1: monoclinic, space group P21/n, a=15.2288(14), b=17.328(2), c=24.013(2) A, , b=91.936(3)°, V=6333(1) A, 3, Z=4,
wR2=0.2985 for 7801 reflections and 722 parameters. Crystal data for 2: monoclinic, space group P21/n, a=11.6143(5),
b=29.6561(9), c=20.4427(8) A, , b=103.266(1)°, V=6853.3(4) A, 3, Z=4, wR2=0.1822 for 8762 reflections and 759 parameters.
© 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

In 1972, Wilkinson announced the synthesis of the
remarkable compound hexamethyltungsten (WMe6) [1].
Ever since, this compound has served as the archetypal
example of a binary transition metal alkyl. For many
years, it was thought to possess an octahedral structure,
and this supposition was accepted without question
[2–4].

In 1989, we described the synthesis and characteriza-
tion of the hexamethylzirconate salt [Li(tmed)]2[ZrMe6],
and showed that it adopts a trigonal prismatic structure
[5]. The anion in this salt is involved in weak interac-
tions with the lithium cations, and a natural question to
ask is whether the cation–anion interactions stabilize

the trigonal prismatic geometry. It has been suggested
that capping the trigonal face or bridging a square edge
would enhance the preference for a trigonal prism, but
the lithium cations in [Li(tmed)]2[ZrMe6] are located in
neither of these sites; instead they bridge one of the
trigonal edges. Furthermore, analogous d3 complexes
such as [Li(Et2O)]4[VPh6] [6], [Li(Et2O)]3[CrPh6] [6], and
[Li(tmed)]2[MnMe6] [7] manage to adopt the expected
octahedral structure despite having similar Li···C inter-
actions. These observations suggest that the Li···C in-
teractions are not controlling the structure of
[ZrMe6

2−]. Instead, the non-octahedral geometry seen
for the hexamethylzirconate(IV) dianion reflects an in-
trinsic electronic driving force to lower the symmetry
[5,8]. We pointed out that WMe6 should be trigonal
prismatic for similar reasons, and this expectation was
subsequently verified by gas phase electron diffraction
[9] and X-ray crystallographic studies [10].* Corresponding author.
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To remove all doubts about the reasons for the
trigonal prismatic structure of [ZrMe6

2−], it would be of
interest to prepare [ZrR6

2−] salts in which Li···C con-
tacts with the cations were completely absent in the
solid state. Metal-coordinated alkyl and aryl ligands
bear partial negative charges on the a-carbon atoms, so
it is not surprising that lithium cations would be found
within bonding distance of these atoms. In metal com-
plexes of fluoroalkyl or fluoroaryl ligands, however, the
electron density on the a-carbon should be reduced and
the electrostatic attraction for the lithium cations
should be reduced as well. A salt of a [ZrR6

2−] anion
that lacks Li···C interactions might then be isolable;
although Li···F interactions may still be present. There-
fore, in an attempt to prepare a d0 zirconium homolep-
tic species that lacks Li···C interactions, we investigated
the synthesis of zirconium complexes of the pen-
tafluorophenyl ligand. While we have not yet been
successful in synthesizing the [Zr(C6F5)6

2−] anion, our
attempts to do so have afforded two new penta-
fluorophenylzirconate salts with interesting structures.

2. Results

2.1. Synthesis and crystal structure of
[Li(12-crown-4)2]2[ZrCl2(C6F5)4]

In the present study, pentafluorophenyllithium was
used to deliver C6F5 groups to ZrCl4. The LiC6F5

reagent can be synthesized by the low temperature
reaction of bromopentafluorobenzene with either n-
butyllithium or lithium amalgam [11]. In the present
investigation, however, we employed a halide-free route
to prepare LiC6F5: treatment of pentafluorobenzene
with n-butyllithium at low temperatures [12].

Treatment of ZrCl4 with LiC6F5 in diethylether at
−20°C, followed by the addition of 12-crown-4, yields
a colorless solution from which colorless crystals of the
new compound [Li(12-crown-4)2]2[ZrCl2(C6F5)4] (1)
may be obtained.

Although we had intended to replace all of the
chloride groups attached to the zirconium center, the
stoichiometry of the isolated product suggests that
some of the pentafluorophenyllithium reagent had de-
composed during the reaction. As a solid, 1 is stable at
room temperature (r.t.) for several hours and at −
20°C for several weeks. In solution, however, decompo-
sition occurs within minutes at r.t.

Compound 1 is insoluble in hydrocarbon solvents,
and only sparingly soluble in cold diethylether and cold
THF. For these reasons, satisfactory NMR results
could not be obtained: at high temperatures the com-
pound decomposes, and at low temperatures it is insol-
uble. 1H- and 19F-NMR spectra of solutions prepared
by the low-temperature dissolution of 1 feature peaks
due to free 12-crown-4 and the hydrolysis (or decompo-
sition) product pentafluorobenzene. No peaks were
present that could be unambiguously attributed to in-
tact molecules of 1.

Crystals of 1, grown from diethylether, crystallize in
the monoclinic space group P21/n with four molecules
in the unit cell; one molecule is present in the asymmet-
ric unit. Crystal data are presented in Table 1 and
selected bond distances and angles are collected in
Table 2. ORTEP diagrams of the molecular structure are
shown in Figs. 1 and 2.

Crystals of 1 consist of discrete cations and anions
with the following features. The zirconium center
adopts a distorted octahedral geometry in which the
two chlorine atoms are mutually trans. The orientations
of the C6F5 rings with respect to the ZrC4 plane differ:
two are essentially perpendicular to this plane, and two

Table 1
Crystal data a for [Li(12-crown-4)2]2[ZrCl2(C6F5)4] (1) and
[Li(tmed)2][Li(tmed)]2[ZrF2(C6F5)5] (2)

Compound 21

C56H64Cl2F20Li2OFormula C56H69F27Li3N8O

0.5Zr16Zr
Mr 1487.241549.07

Monoclinic MonoclinicCrystal system
P21/nSpace group P21/n

a (A, ) 15.2288(14) 11.6143(5)
b (A, ) 17.328(2) 29.6561(9)
c (A, ) 24.013(2) 20.4427(8)

91.936(3)b (°) 103.266(1)
6333(1)V (A, 3) 6853.3(4)

Z 4 4
1.625Dcalc (g cm−3) 1.441
3152F(000) 3028

Crystal size (mm) 0.30×0.12×0.04 0.30×0.20×0.10
0.276m (Mo–Ka) (mm−1) 0.383
0.940, 0.812Max./min. transmission 0.941, 0.874
4544.2Maximum 2u (°)
8967No. unique reflections 7805

7801No. used in refinement, No 8762
36922252No. observed data [Fo

2\
2s(Fo

2)]
No. parameters refined, Np 722 759
R1 (observed data) 0.1022 0.0700

0.2985wR2 (all data) 0.1822
Goodness of fit on F2 0.9901.011

0.002Maximum D/s 0.004
Maximum Dr (e A, −3) 0.60 0.57

a R1=S��Fo�−�Fc��/S�Fo�, wR2= [Sw(Fo
2−Fc

2)2/Sw(Fo)2]1/2, good-
ness of fit = [Sw(Fo

2−Fc
2)2/(No−Np)]1/2. Weighting scheme w=

[s2(Fo
2)+(aP)2+bP ]−1, where P= [max(Fo

2; 0)+2Fc
2]/3.
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Table 2
Selected bond distances (A, ) and angles (°) for compound 1 with
estimated S.D. values in parentheses

Zr–Cl(1) Li(1)–O(62)2.409(5) 2.10(4)
2.435(5)Zr–Cl(2) Li(1)–O(63) 2.13(4)

Li(1)–O(64) 2.26(4)
Zr–C(11) 2.479(5)

Li(2)–O(71)2.478(5) 2.40(4)Zr–C(21)
Li(2)–O(72) 2.29(4)Zr–C(31) 2.510(5)
Li(2)–O(73)2.495(5) 2.41(4)Zr–C(41)
Li(2)–O(74) 2.30(4)

2.18(4)Li(1)–O(52) Li(2)–O(81) 2.40(5)
Li(2)–O(82)2.20(4) 2.42(5)Li(1)–O(53)

2.24(4)Li(1)–O(61) Li(2)–O(83) 2.23(5)
Li(2)–O(84) 2.36(5)

Cl(2)–Zr–C(31)Cl(1)–Zr–Cl(2) 93.9(2)166.7(2)
Cl(2)–Zr–C(41) 82.8(2)

96.1(2)Cl(1)–Zr–C(11)
C(11)–Zr–C(21)83.1(2) 161.1(2)Cl(1)–Zr–C(21)
C(11)–Zr–C(31)Cl(1)–Zr–C(31) 77.9(2)97.8(2)
C(11)–Zr–C(41)86.8(2) 91.8(2)Cl(1)–Zr–C(41)
C(21)–Zr–C(31) 83.5(2)
C(21)–Zr–C(41)92.4(2) 106.9(2)Cl(2)–Zr–C(11)
C(31)–Zr–C(41) 169.1(2)Cl(2)–Zr–C(21) 92.1(2)

Fig. 2. ORTEP drawing of the two charge-separated [Li(12-crown-4)2]2
cations in 1. The 20% probability density surfaces are shown.

lie nearly in this plane. Interestingly, the two that lie
essentially in the plane are mutually cis, and the angle
between them is expanded to 106.9(2)°. The two aryl
ligands that are perpendicular to the ZrC4 plane are
also mutually cis, and the 77.9(2)° angle between these
two ligands is the smallest interligand angle in the
anion. The chlorine atoms are canted slightly away
from the latter pair of ligands to accommodate the
steric demands of the ortho-fluorine atoms on the more
nearly vertical rings. As a result, the Cl–Zr–Cl angle of
166.7(2)° also deviates from the ideal value for an
octahedron.

The average zirconium–carbon bond length is

2.490(5) A, . The zirconium–chlorine bond lengths are
2.409(5) and 2.435(5) A, . A similar Zr–Cl bond distance
of 2.44 A, is found for the metallocene Cp2ZrCl2 [13].

Each lithium atom is coordinated to two 12-crown-4
molecules, as is often seen [14]. The two cations, how-
ever, exhibit very different geometries. One lithium
atom is eight-coordinate and is bound to all of the
oxygen atoms of the two crown ethers. In this cation,
one of the two crown ethers is disordered over two
conformers. The average Li–O bond distance in this
cation is 2.35(4) A, and individual values range from
2.23(5) to 2.42(5) A, . Similar Li–O bond lengths have
been reported for other bis(12-crown-4)lithium cations:
for example, in [Li(12-crown-4)2][Me3SiC5H5] the Li–O
bond lengths average 2.366(9) A, and range from
2.271(9) to 2.531(9) A, [15]. In contrast, the other
lithium cation in the structure of 1 is six-coordinate; it
is bound to four oxygen atoms of one crown ether but
to only two oxygen atoms of the second. The Li–O
bond distances, which average 2.18(4) A, and range
from 2.10(4) to 2.24(4) A, , are slightly shorter than

Fig. 1. ORTEP drawing of [ZrCl2(C6F5)4
2−] anion in 1. The 20%

probability density surfaces are shown.
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those seen for its eight-coordinate counterpart. Com-
parable Li–O bond distances have been reported for a
lithium cation in a similar six-coordinate environment:
the Li–O bond lengths in [Li(12-crown-
4)][N(SO2CH3)2] average 2.118(4) A, and range from
2.036(4) to 2.215(4) A, [16].

2.2. Synthesis and crystal structure of
[Li(tmed)2][Li(tmed)]2[ZrF2(C6F5)5]

Treatment of ZrCl4 with excess LiC6F5 in di-
ethylether at −20°C, followed by the addition of tmed
yields a blue solution from which colorless crystals of
[Li(tmed)2][Li(tmed)]2[ZrF2(C6F5)5] (2) may be isolated.

The blue color indicates the formation of decomposi-
tion products from the C6F5 group. In contrast to the
results described above, all of the chloride atoms of the
ZrCl4 starting material have been replaced. Even so, the
product is not a hexa(aryl) compound, and instead the
zirconium center bears two fluoride ligands.

As a solid, 2 is stable for several hours at r.t. and
indefinitely at −20°C; it is insoluble in hydrocarbons,
sparingly soluble in diethylether, and soluble in THF.

Crystals of 2, grown from diethylether, conform to
the monoclinic space group P21/n with four molecules
in the unit cell and one molecule in the asymmetric
unit. Crystal data are presented in Table 1 and selected
bond distances and angles are collected in Table 3.
ORTEP diagrams of the molecular structures are shown
in Figs. 3 and 4.

The zirconium center in the [ZrF2(C6F5)5
3−] anion

adopts a nearly ideal pentagonal bipyramidal structure
in which the two fluorine atoms occupy the axial posi-
tions and the pentafluorophenyl ligands are arranged
in a pinwheel fashion in the equatorial positions. The
C–Zr–C angles average 72.08°, and the F–Zr–F an-
gle is 178.8°. In comparison, the interligand bond an-
gles for an ideal pentagonal bipyramid are 72°
between the equatorial ligands, and 180° between the
two axial ligands. Crystallographically characterized
examples of pentagonal bipyramidal geometries are re-
markably rare for molecular zirconium complexes, and
no other examples of seven-coordinate organozirco-
nium compounds with exclusively s-bonded ligands
have been reported. The seven-coordinate complex
Zr(acac)3Cl adopts a pentagonal bipyramidal geome-
try, but the pentagonal girdle is significantly buckled
[17]. Several crystallographic studies of salts of the
[ZrF7

3−] ion have been carried out. The [ZrF7
3−] anion

Table 3
Selected bond distances (A, ) and angles (°) for compound 2 with
estimated S.D. values in parentheses

Zr–F(1) 1.987(4) Li(1)–N(1) 2.14(2)
2.13(2)Zr–F(2) Li(1)–N(2)1.985(4)

Zr–C(11) 1.73(2)Li(2)–F(2)2.447(9)
2.449(8)Zr–C(21) Li(2)–F(46) 2.50(2)

Zr–C(31) 2.437(8) Li(2)–F(56) 2.34(2)
2.446(9)Zr–C(41)
2.432(9)Zr–C(51) Li(2)–N(3A) 2.10(2)

Li(2)–N(4A) 2.31(2)
Li(1)–F(1) 1.77(2)

Li(3)–N(5) 2.09(2)Li(1)–F(32) 2.140(14)
Li(1)–F(42) 2.10(2)Li(3)–N(6)2.43(2)

Li(3)–N(7) 2.16(2)
Li(3)–N(8) 2.19(2)

178.8(2)F(1)–Zr–F(2) C(11)–Zr–C(21) 73.3(3)
F(1)–Zr–C(11) 145.2(3)C(11)–Zr–C(31)90.1(2)

91.6(2) C(11)–Zr–C(41)F(1)–Zr–C(21) 142.7(3)
F(1)–Zr–C(31) 86.7(2) C(11)–Zr–C(51) 73.2(3)
F(1)–Zr–C(41) C(21)–Zr–C(31)91.7(3) 72.2(3)

88.8(3)F(1)–Zr–C(51) C(21)–Zr–C(41) 143.8(3)
F(2)–Zr–C(11) 89.9(3) C(21)–Zr–C(51) 146.5(3)

72.1(3)C(31)–Zr–C(41)89.6(2)F(2)–Zr–C(21)
C(31)–Zr–C(51)93.9(2)F(2)–Zr–C(31) 141.2(3)

69.6(3)C(41)–Zr–C(51)87.5(3)F(2)–Zr–C(41)
90.0(3)F(2)–Zr–C(51)

in [NH4]3[ZrF7] is thought to have a pentagonal bi-
pyramidal structure, but the anions are dynamically
disordered [18]. Crystallographic examination of
[enH2]3[ZrF7]2·2H2O reveals the presence of two inde-

Fig. 3. ORTEP drawing of the [ZrF2(C6F5)5
3−] anion in 2 with associ-

ated [Li(tmed)+] cations. The 20% probability density surfaces are
shown. The charge-separated [Li(tmed)2

+] cation is not illustrated but
has the expected distorted tetrahedral geometry.
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Fig. 4. ORTEP drawing of the [ZrF2(C6F5)5
3−] anion in 2, viewed

down the pseudo-five-fold axis. The 20% probability density surfaces
are shown.

Of the three lithium atoms per formula unit, two are
involved in ion-pair interactions with the
[ZrF2(C6F5)5

3−] anion, while the third is not. Each of
the two ion-paired lithium atoms interacts with a zirco-
nium-bound fluorine atom, two ring fluorines, and a
tmed molecule. The geometries about these lithium
atoms are best described as distorted square pyramids
with a ring fluorine atom in the axial site. The strongest
interaction is between lithium and the zirconium-bound
fluorine atom as evidenced by the short Li–F contact
distances of 1.73(2) and 1.77(2) A, . The average Li–F
distance to the ring fluorines of 2.35(5) A, is consider-
ably longer. This difference in bond lengths is probably
attributable to the greater attraction of the lithium
cation toward the larger partial negative charge on the
fluoride atoms that are attached directly to the zirco-
nium center.

The third lithium cation, which is charge-separated
from the zirconium anion, is bound to two tmed
molecules in a tetrahedral environment. The Li–N
bond distances of 2.13(2) A, are very similar in the
ion-paired and charge-separated lithium centers. Simi-
lar Li–N distances are seen in other lithium–tmed
complexes [27–29].

Finally, we note that attempts to isolate salts of the
hexakis(pentafluorophenyl)zirconate dianion in the ab-
sence of 12-crown-4 or tmed result in the formation of
a yellow brown substance that detonates spontaneously
under vacuum at low temperature.

3. Discussion

3.1. The metal–pentafluorophenyl bond

Many authors have noted that there are significant
differences between phenyl complexes and their pen-
tafluorophenyl analogs. Organotransition metal com-
pounds that contain perfluorinated organic ligands are
often more thermally robust than their hydrocarbon
analogs. The enhanced stability of these compounds
has been attributed to p back bonding from the transi-
tion metal center to the a-carbon of the perfluorocar-
bon ligand [30].

Evidence in favor of p back bonding to fluoroalkyl
ligands comes from comparisons of C–F force con-
stants calculated from IR spectra. For molecules of the
type CF3X, the force constants reveal that the C–F
bond weakens when the trifluoromethyl group is coor-
dinated to a metal center (e.g. X=Mn(CO)5) [31]. The
weakening of the C–F bond is best attributed to elec-
tron donation from the metal atom to the C–F anti-
bonding orbitals. Additional evidence of multiple bond
character between transition metal atoms and the car-
bon atoms of perfluorocarbon groups comes from the
observation that the metal–carbon bond lengths are

pendent heptafluorozirconate anions, both of which
adopt capped trigonal prismatic geometries [19].

The Zr–F bond lengths in the [ZrF2(C6F5)5
3−] anion

are 1.985(4) and 1.987(4) A, ; these distances are essen-
tially equal to those of 1.98 and 2.002 A, reported for
Cp2ZrF2 [20] and (C5Me4Et)2ZrFCl [21]. Crystallo-
graphic examinations of the [ZrF7

3−] ion give average
Zr–F bond lengths which are somewhat longer: 2.061
A, for [NH4]3[ZrF7] [18], 2.035 A, for [C2N2H10]3[ZrF7]
[19], and 2.090 A, for Rb5Zr4F21 [22]. Much longer
Zr–F bond lengths of 2.212 A, are present in [h-
C5H3(SiMe3)2]2ZrF2 [23].

The axial groups in the anion have been identified as
fluoride groups, but we must consider the possibility
that they are hydroxide groups instead. Fluoride and
hydroxide are essentially indistinguishable crystallo-
graphically unless the hydrogen atom of the OH group
can be located, which is not the case here. Several
pseudo eight-coordinate zirconium complexes contain-
ing hydroxide groups are known [24–26], and the Zr–
O distances of 1.950(2) to 2.00(2) A, are similar to the
Zr–F distances in 2. Although adventitious water could
provide a source of hydroxide, the simpler hypothesis is
that the C6F5 groups serve as a source of fluoride, as
they often do in other systems (see below).

The average zirconium–carbon bond length is
2.442(9) A, . This value is slightly shorter than that seen
in [ZrCl2(C6F5)4

2−], probably because there are no lig-
ands directly trans to the C6F5 groups in the
[ZrF2(C6F5)5

3−] anion, so that the bonds are not length-
ened by a trans-influence.
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often shorter for perfluorocarbon derivatives than for
their hydrocarbon analogs [32,33].

Not all the evidence, however, supports the hypothe-
sis that p back bonding effects are characteristic of
perfluoroalkyl and -aryl ligands. For instance, the Au–
C bonds in [N(PPh3)2][Au(C6F5)4] show no evidence of
multiple bond character [34]. Similar findings have been
reported for Ir(CO)(C6F5)(PPh3)2 [35].

In contrast to the relative abundance of late transi-
tion metal perfluoroaryl compounds, few early transi-
tion metal complexes containing such ligands are
known. Both Cp2Ti(C6F5)2 and Cp2Ti(C6F5)Cl are sta-
ble in air and do not decompose below 200°C; these
compounds are considerably more robust than their
phenyl analogs, which are air-sensitive and decompose
slowly at r.t. even under vacuum [36]. Tetrakis(pen-
tafluorophenyl)titanium(IV) has also been reported,
and although the characterization of this compound
leaves much to be desired, the authors claimed that the
complex is more thermally stable than its hydrocarbon
analog TiPh4 [37]. More recently, a Ti–C6F5 complex
has been prepared by activation of a B–C bond in
B(C6F5)3 [38].

For the new compounds 1 and 2, the average Zr–
C6F5 bond distances are 2.490(5) and 2.442(9) A, , re-
spectively. Interestingly, these bonds are significantly
longer than the Zr–C bonds in related arylzir-
conate(IV) complexes. For example, the Zr–C bond
lengths to the p-tolyl ligand in [(h8-C8H8)Zr(p-
C6H4Me)Cl2−] and to the phenyl ligands in trigonal
prismatic [ZrPh6

2−] are 2.329(6) and 2.363(7) A, , respec-
tively [39]. This trend is the opposite of that observed
for aryl versus perfluoroaryl complexes of the later
transition metals.

The lengthening of the Zr–C bonds in 1 and 2
relative to those in arylzirconate(IV) complexes cannot
be a consequence of metal-to-ligand p back bonding,
because the metal centers are d0. Instead, the lengthen-
ing may be the result of increased interligand repulsions
due to the fluorine substituents: the anions in 1 and 2
are both reasonably crowded, the pentakis(penta-
fluorophenyl) compound 2 especially so due to the
higher coordination number of this complex. Another
factor that may contribute to the lengthening of the
Zr–C bonds in 1 (but not in 2) is a trans influence: only
in 1 are the C6F5 groups directly trans to another
s-bonding ligand.

3.2. Six-coordinate geometries

The trigonal prismatic structure of the hexam-
ethylzirconate salt [Li(tmed)]2[ZrMe6] violates the pre-
diction of points-on-a-sphere models. It can be
understood, however, in terms of a second-order Jahn–
Teller effect in which lowering the symmetry from Oh

to D3h improves the metal–ligand sigma bonding [5–8].

The symmetry-lowering is only stabilizing when the
ligands lack p-donor character; thus alkyl groups, hy-
drides, and certain neutral Lewis bases will favor trigo-
nal prismatic geometries, while halide, alkoxide, and
amide ligands will favor octahedral geometries when
bound to d0 metal centers.

The present study reveals that the [ZrCl2(C6F5)4
2−]

anion is essentially octahedral. Evidently, the chloride-
to-metal p-donor interactions are sufficient to stabilize
the octahedral geometry of the present molecule proba-
bly relative to the trigonal prismatic geometry. Thus,
even if only two of the six ligands about a d0 metal
center are p-donors, an octahedral geometry is likely to
be the lowest energy. This conclusion has relevance to
heterogeneous Ziegler–Natta catalysts, in which the
active sites are thought to be electron-deficient metal
centers ligated by both chloride and alkyl groups. Spe-
cifically, the reactive sites in these heterogeneous cata-
lysts probably do adopt pseudo-octahedral geometries,
as is invariably assumed, provided that at least some
chloride ligands are in the coordination sphere.

3.3. Se6en-coordinate geometries

The pentagonal bipyramidal geometry is only one of
the geometries possible for seven-coordinate com-
pounds. Others include the capped octahedron and the
capped trigonal prism. Early MO calculations found
that all three geometries had roughly equal energies
[40]. More recent MO calculations suggest that the
latter two geometries are the most stable for transition
metal compounds, while the pentagonal bipyramidal
geometry is most stable for main group compounds
[41]. Ligand repulsion models also find all three ge-
ometries to be approximately equal in energy, but the
pentagonal bipyramid is slightly favored for com-
pounds of the type [M(unidentate A)5(unidentate B)2]
as in compound 2 [42].

In the [ZrF2(C6F5)5
3−] ion, the Zr–F bond lengths

(1.986 A, ) are considerably shorter than the Zr–C bond
lengths (2.442 A, ), and thus the most sterically demand-
ing ligands in the innermost coordination sphere are the
fluoride ligands. These atoms will therefore occupy the
least sterically hindered positions, which in a pentago-
nal bipyramid are the axial sites.

3.4. Carbon–fluorine bond acti6ation

The appearance of zirconium-bound fluoride ligands
in 2 shows that carbon–fluorine bond activation must
have taken place. Carbon–fluorine bonds are stronger
than carbon–hydrogen bonds and are correspondingly
more difficult to activate [30,43,44]. Nevertheless, many
transition metal complexes promote C–F bond activa-
tion [30]. Although some lanthanide complexes have
shown surprising reactivity [45,46], most of the C–F
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bond activation processes observed to date involve
late transition metal compounds. For example, the
complex Rh(SiMe2Ph)(PMe3)3 promotes the reaction
of hydrosilanes with hexafluorobenzene to give
fluorosilanes and pentafluorobenzene [47–50].

The reaction of hexafluorobenzene with late transi-
tion metal complexes to yield products with pen-
tafluorophenyl groups is relatively common [30]. It
is generally believed that the carbon–fluorine bonds
are weakened when the fluorocarbon binds to a late
transition metal center; this effect is ascribed to dona-
tion of electron density into the C–F antibonding
orbitals.

The bonding situation is different for d0 metal cen-
ters because they cannot p back bond in the same
fashion as late transition metals. Instead, for early
transition metals, the activation of carbon–fluorine
bonds probably proceeds in a fashion similar to the
activation of carbon–hydrogen bonds. For example,
thermolysis of Cp2Ti(C6F5)2 produces Cp2TiF(C6F5)
[36]. In comparison, thermolysis of Cp*2 ZrPh2 yields
the ‘tuck-in’ complex Cp*Zr(C5Me4CH2)Ph [51]. No
other examples of the activation of the C–F bonds of
pentafluorophenyl ligands by early transition metals
have been reported.

The chemistry that leads to cleavage of the C–F
bond and production of [Li(tmed)2][Li(tmed)]2-
[ZrF2(C6F5)5] may be very similar to that involved in
the conversion of Cp2Ti(C6F5)2 to Cp2TiF(C6F5). We
noted that addition of tmed to the pale yellow ZrCl4/
LiC6F5 solution caused the solution to turn blue. One
explanation of this color change is that the hexak-
is(pentafluorophenyl)zirconate dianion is generated in
the initial reaction, but that addition of the strongly-
coordinating tmed ligands disrupts the stabilizing in-
teraction between the zirconate anion and the lithium
cations, thus instigating the C–F bond cleavage pro-
cess that leads to the formation of 1. The blue color
marks the formation of unidentified perfluoro-organic
side products generated by the C–F bond cleavage
step.

We cannot rule out the possibility, however, that
C–F bond activation occurs before alkylation of the
metal center, i.e. while the C6F5 group is present as
an organolithium reagent. Pentafluorophenyllithium
cannot be isolated, and it readily decomposes even at
low temperature. Free fluoride ion is found in pen-
tafluorophenyllithium solutions at temperatures above
−20°C and the formation of tetrafluorobenzyne is
indicated by subsequent reaction chemistry [11].
Therefore, even when LiC6F5 is prepared immediately
before use and maintained at temperatures below
−20°C, as in the present study, it is possible that the
C–F bond activation processes that result in the for-

mation of the [ZrF2(C6F5)5
3−] ion do not involve the

transition metal.

4. Experimental

All operations were carried out under vacuum or
under argon using standard Schlenk techniques. Pen-
tafluorobenzene (PCR), 12-crown-4 (Fluka), and zir-
conium tetrachloride (Cerac) were used as received.
N,N,N %,N %-tetramethylethylenediamine (Aldrich) was
distilled from sodium. Diethylether was distilled from
sodium/benzophenone immediately before use. NMR
studies were performed using a Varian Unity 400
spectrometer. 1H- and 19F-NMR chemical shifts are
reported in d units (positive chemical shifts to high
frequency) relative to SiMe4 or CFCl3. IR spectra
were recorded on a Perkin–Elmer 599B instrument as
Nujol mulls between KBr plates. Microanalyses were
carried out by the Microanalytical Laboratory of the
School of Chemical Sciences at the University of Illi-
nois.

4.1. Bis(1,4,7,10-tetraoxacyclododecane)lithium
tetrakis(pentafluorophenyl)dichlorozirconate(IV);
[Li(12-crown-4)2]2[ZrCl2(C6F5)4] (1)

To a solution of pentafluorobenzene (2.2 ml, 19.8
mmol) in diethylether (50 ml) at −78°C was added
butyllithium (11 ml of a 1.6 M solution in hexanes,
17.6 mmol) dropwise over 30 min. The solution was
stirred at −78°C for 3 h. The resulting colorless mix-
ture was added to a slurry of ZrCl4 (0.62 g, 2.66
mmol) in diethylether (20 ml) at −20°C. The result-
ing suspension was stirred at −20°C for 3 h. The
solvent was removed under vacuum at −20°C and
the resulting white precipitate was extracted with di-
ethylether (100 ml). The extract was filtered and
treated with 12-crown-4 (1.7 ml, 10.64 mmol). The
cloudy white mixture was cooled to −20°C to afford
colorless crystals of the product which were isolated
by filtration. Yield: 0.80 g (23%). Anal. Calc. for
C56H64Cl2F20Li2O16Zr: C, 43.4; H, 4.13; Cl, 4.58; Li,
0.96; Zr, 5.88. Found: C, 42.3; H, 3.79; Cl, 4.77; Li,
0.83; Zr, 6.39%. 1H-NMR spectra obtained by adding
toluene-d8 to samples of 1 only showed peaks due to
C6F5H [1H-NMR: 5.79 (m); 19F{1H}-NMR: d 164.8 (t
‘t’, 3JFF=20, ‘4JFF’=7.5 Hz, m-CF), −156.9 (t,
3JFF=20 Hz, p-CF), −140.8 (d ‘t’, 3JFF=19,
‘4JFF’=9.4 Hz, o-CF)] and peaks due to free 12-
crown-4. [1H-NMR: d 3.45 (s)]. IR (cm−1): 2924 s,
2855 s, 2361 w, 1655 w, 1629 w, 1533 m, 1468 s,
1435 s, 1417 m, 1377 m, 1366 m, 1307 w, 1290 w,
1246 m, 1136 s, 1100 s, 1062 m, 1044 s, 1026 m, 1001
m, 970 m, 947 m, 929 m, 853 w, 803 w, 710 m, 669
w, 540 w, 477 w.
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4.2. Bis(N,N,N %,N %-tetramethylethylenediamine)lithium
(N,N,N %,N %-tetramethylethylenediamine)lithium pent-
akis(pentafluorophenyl)difluorozirconate(IV);
[Li(tmed)2][Li(tmed)]2[ZrF2(C6F5)5] (2)

To a solution of pentafluorobenzene (3.2 ml, 28.4
mmol) in diethylether (50 ml) at −78°C was added
butyllithium (16 ml of a 1.6 M solution in hexanes, 25.3
mmol) dropwise over 30 min. The solution was stirred
at −78°C for 3 h. The resulting very pale yellow
mixture was transferred by cannula to a slurry of ZrCl4
(0.89 g, 3.82 mmol) in diethylether (20 ml) at −20°C.
The resulting suspension was stirred at −20°C for 3 h,
and then the solvent was removed under vacuum. The
resulting white precipitate was extracted with di-
ethylether (100 ml), the extract was filtered, and the
filtrate was treated with N,N,N %,N %-tetramethylethylene-
diamine (2.3 ml, 15.28 mmol). The resulting deep blue
solution was cooled to −20°C to afford colorless crys-
tals of the product which were isolated by filtration.
Yield: 0.75 g (18%). Anal. Calc. for C54H64F27Li3N8Zr:
C, 44.7; H, 4.41; Li, 1.53; N, 7.72; Zr, 6.28. Found: C,
42.3; H, 3.00; Li, 1.71; N, 6.07; Zr, 6.49; Cl, B0.3%.
Attempts to obtain the NMR spectrum of this com-
pound gave results similar to those described above.
IR (cm−1): 2924 s, 2722 m, 2307 w, 2261 w, 2162 w,
2021 w, 1959 w, 1809 w, 1628 s, 1603 s, 1429 br s, 1290
s, 1231 s, 1185 s, 1161 s, 1129 s, 1100 s, 1035 br s , 943
s, 835 w, 789 s, 775 s, 733 m, 712 m, 594 s, 529 s, 475
s.

4.3. Crystallographic studies [52]

Single crystals of [Li(12-crown-4)2]2[ZrCl2(C6F5)4] (1),
grown from diethylether, were mounted on glass fibers
with Paratone-N oil (Exxon) and immediately cooled to
−75°C in a cold nitrogen gas stream on a Siemens
SMART CCD diffractometer (Single crystals of
[Li(tmed)2][Li(tmed)]2[ZrF2(C6F5)5]·

1
2Et2O (2), grown

from diethylether, were treated similarly. Subsequent
comments in parentheses will refer to this compound).
Standard peak search and indexing procedures gave
rough cell dimensions, and least-squares refinement
yielded the cell dimensions given in Table 1.

Data were collected with an area detector by using
the measurement parameters listed in Table 1. System-
atic absences for 0k0 (k"2n) and h0l (h+ l"2n) were
only consistent with space group P21/n. The measured
intensities were reduced to structure factor amplitudes
and their estimated S.D. values by correction for back-
ground and Lorentz and polarization effects. Correc-
tions for crystal decay were unnecessary, but an
absorption correction was applied. Systematically ab-
sent reflections were deleted and symmetry equivalent
reflections were averaged to yield the set of unique
data. A total of 7805 unique data were measured; the 0

4 18, −12 6 2, −9 2 3, and −4 14 10 reflections had
Fo

2B−3s(Fo
2) and were suppressed, leaving 7801 that

were used in the least-squares refinement (For 2, the
reflections at high angles were weak, so only those
reflections with uB22.5° were included in the least-
squares refinement. A total of 8967 data with uB22.5°
were measured. Subsequently, the 0 1 1, 0 2 0, and 0 3
1 reflections were found to have been occluded by the
beam stop and 202 other reflections had Fo

2B−
3s(Fo

2); these reflections were suppressed. The remain-
ing 8762 data were used in the least-squares
refinement).

The structure was solved using direct methods
(SHELXS-86). The correct positions for all the atoms in
the anion and many of the atoms in the two cations
were deduced from an E-map (For 2, the structure was
solved by direct methods (SHELXTL). The correct posi-
tions for the zirconium, ring carbon, and fluorine atoms
were deduced from an E-map). Subsequent least-
squares refinement and difference Fourier calculations
revealed the positions of the remaining non-hydrogen
atoms. One of the 12-crown-4 molecules was disordered
in two conformations, and a site occupancy factor for
the major conformer refined to 0.54(1) (For 2, three of
the four tmed ligands in the asymmetric unit were
disordered; in addition, a diethylether molecule was
disordered about the origin. Site occupancy factors for
C61A, C62A, C9lA–C96A, O1, and C101–C104 were
set to 0.5; a site occupancy factor for N3A, N4A, and
C71A–C76A was refined and converged to 0.606(5).
The sum of the occupancy for the A and B sites was set
to 1). The quantity minimized by the least-squares
program was Sw(Fo

2 −F c
2)2, where w={[s(Fo

2)]2+
(0.0954P)2+0.0153P}−1 and P= (Fo

2 +2F c
2)/3 (For 2,

Sw(Fo
2 −F c

2)2, where w={[s(Fo
2)]2+ (0.072P)2}−1).

The analytical approximations to the scattering factors
were used, and all structure factors were corrected for
both real and imaginary components of anomalous
dispersion. The carbon atoms of the C6F5 rings were
refined as ideal hexagons with C–C=1.39 A, , and the
fluorine atoms were fixed in ‘idealized’ positions with
C–F=1.35 A, . In the one disordered 12-crown-4
molecule, the C–O and C–C distances within each
disordered component were restrained to values of
1.45(3) and 1.54(3) A, , respectively, while the 1,3 C···O
and C···C distances were restrained to values of 2.47(5)
and 2.40(5) A, , respectively (For 2, the C6F5 rings were
constrained to similar geometries within 0.03 A, , the
meta- and para-fluorine atoms were fixed in ‘idealized’
positions with C–F=1.35 A, , and the C–C distances
involving the para-carbon atoms were constrained to be
exactly equal; a parameter to represent this latter dis-
tance was refined. For the tmed ligands, the N–C
distances involving disordered carbon atoms were re-
strained to 1.47(3) A, , the C–C distances involving
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disordered carbon atoms were restrained to 1.54(3) A, ,
and for cases in which both carbon atoms were disor-
dered the 1,3 C···C distances within each disordered
component were restrained to 2.40(5) A, ). All hydrogen
atoms were fixed in ‘idealized’ positions with C–H=
0.99 A, for methylene hydrogens and C–H=0.98 A, for
methyl hydrogen atoms. The lithium atoms were
refined isotropically, a common isotropic displacement
parameter was refined for the non-hydrogen atoms of
the disordered 12-crown-4 molecule, and all other non-
hydrogen atoms were refined with independent an-
isotropic displacement parameters (For 2, a common
isotropic displacement parameter was refined for all
partial-occupancy carbon atoms; the lithium atoms and
the disordered nitrogen atoms were given independent
isotropic displacement parameters, and all other non-
hydrogen atoms were refined anisotropically). The dis-
placement parameters for the methylene hydrogen
atoms were set equal to 1.2 times Uiso or Ueq for the
attached carbon atom, while those for the methyl hy-
drogen atoms were set equal to 1.5 times Uiso or Ueq for
the attached carbon atom. Successful convergence was
indicated by the maximum shift/error of 0.004 [0.002]
for the last cycle. Final refinement parameters are given
in Table 1. The largest peak in the final Fourier differ-
ence map (0.60 e A, −3) was located 0.61 A, from F22
(For 2, the largest peak in the final Fourier difference
map (0.57 e A, −3) was located midway between atoms
C91A,B and C92A,B).

A final analysis of variance between observed and
calculated structure factors showed no apparent errors.

5. Supplementary material

Crystallographic data have been deposited with the
Cambridge Crystallographic Data Centre, CSD Nos.
CCDC 118862 and 118863 for compounds 1 and 2.
Copies of this information may be obtained free of
charge from The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: +44-1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).
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