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Abstract: By reaction of [TiCly(thf),]
with LiC4Cls, the homoleptic organoti-
tanium (111) derivative [Li(thf),]-
[Ti"(C4Cls),] (1) has been prepared as
a paramagnetic (d', § = 1/2, g, =
1.959(2)), extremely air-sensitive com-
pound. Oxidation of 1 with [N(C4H,-
Br-4);][SbCl,] gives the diamagnetic (d’)
organotitanium(1v) species [Ti"(C¢Cls)4]
(2). Compounds 1 and 2 are also elec-
trochemically related (E,, = 0.05V).
The homoleptic, diamagnetic (d')
compounds [N(PPh;),][TI(C,Cls),] (3)

prepared. Nearly tetrahedral environ-
ments have been found for the d’, d°,
and d' metal centers in the molecular
structures of compounds 2—4 as well as
in that of [Li(thf),(OEt,),]-
[Ti"(C4Cls),]-CH,Cl, (1) (X-ray diffrac-
tion). The reaction of the heavier
Group 4 metal halides, MCl, (M = Zr,

Keywords: electron-deficient com-
pounds hafnium penta-
chlorophenyl compounds - titanium -
zirconium

Hf) with LiC,Cl; in the presence of
[NBu,|Br gives, in turn, the heterolep-
tic species [NBu,][M(C4Cl5);CL] (M =
Zr (5), Hf (6)). Compounds 5 and 6 are
isomorphous and isostructural, with the
metal center in a trigonal-bipyramidal
(TBPY-5) environment defined by two
axial Cl ligands and three equatorial
C¢Cls groups (X-ray diffraction). No
redox features are observed for com-
pounds 3-6 in CH,Cl, solution between
—l.6and +1.6 V.

and [Sn(C,Cls),] (4) have also been

Introduction

The effective atomic number rule (EAN, now known as the
18-electron rule)!! was initially formulated as an extension
of the octet rule, which had proven very useful in traditional
main group chemistry.”! Both rules are manifestations of the
concept of closed-shell electron configuration deriving from
the spherical s + p four-orbital manifold (8) or from the
spherical d + s + p nine-orbital manifold (18).F! The EAN
rule found wide application in the realm of organometallic
chemistry, where it is obeyed by the vast majority of chemi-
cal species, with the exception of the 16-electron square-
planar d® species. It was, in any case, a useful tool for under-
standing the structure of isolable products as well as of elu-
sive reaction intermediates.”! Many chemical processes have
been designed and many new compounds have been pre-
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pared with the helpful guidance of the EAN rule, and it is
precisely this great success that discouraged research activity
on organometallic species with open-shell electron configu-
ration until recently.”] It is now, however, well established
that organo-transition-metal complexes can have a variety
of electron configurations, making them not so different
from classical coordination compounds. The disparity with
which organometallic and coordination transition-metal
compounds conform to the EAN rule has been attributed to
the different crystal-field effects of the ligands involved.
Most organo-transition-metal derivatives contain m-stabiliz-
ing ligands located at the end of the spectroscopic series,
which hence exert a strong ligand-field effect. Organo-tran-
sition-metal derivatives containing only o-bound organic
groups are comparatively much less known and they are
also markedly less prone to obey the EAN rule. These o-or-
ganyl derivatives are of fundamental importance given that
they are expected to exhibit structural and reactivity proper-
ties that are qualitatively different from the more abundant
related species containing mt-bound ligands.

We now report on a highly unusual couple of electron-
poor o-organotitanium(mr) and -titanium(iv) compounds
which, in a formal sense, are nine- and eight-electron spe-
cies, respectively. Our attempts to prepare analogous Zr and
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Hf systems are also discussed and related main-group spe-
cies with closed-shell electron configurations are also given
for comparison. Some of the present results have already
been briefly communicated.”

Results and Discussion

The [Ti"(C4Cls)4J/[Ti"(C4Cls),]~ system: The arylation of
[TiCls(thf);] with LiC4Cls in Et,O at —78°C, followed by the
appropriate treatment, afforded [Li(thf),][Ti"(C,Cls),] (1) as
a yellow solid in low yield (ca. 30 %) [Eq. (1)].

1) EL,O

_ =

2) th

[TiCla(thf)s] + LiC4Cls [Li(thf)J[TI"(C4Cls)al (1)

1

Complex 1 is extremely air- and moisture-sensitive and
has a rather limited thermal stability, readily decomposing
above 0°C both in solution and in the solid state. The IR
spectrum of 1 shows a strong absorption at 827 cm™', as-
signed to the X-sensitive vibration mode of the C,Cl;
group.!! Two strong absorptions associated with the thf
ligand (coordinated to the Li* ion) are also observed at
1043 (C-O—C,,,) and 887cm™' (C-O-C,,)."! The MS
(FAB) shows the peak corresponding to the [Ti(C¢Cls),]”
ion (m/z 1036) together with some fragmentation species.
All these peaks have the appropriate isotopomer distribu-
tion, which is particularly rich because of the high number
of Cl atoms (*Cl: 75.78(4) % and *'Cl: 24.22(4) % relative
natural abundance).'” The EPR spectrum of the paramag-

Abstract in Spanish: La reaccion de [TiCly(thf);] con
LiC4Cls, permite obtener el organoderivado homoléptico de
titanio(my) [Li(thf),J[Ti"(CsCls),] (1), en forma de un sélido
paramagnético (d', S = 1/2, g,, = 1.959(2)) extremadamente
sensible al aire. La oxidacién de 1 con [N(CsH,/Br-4);]
[SbCl] da lugar al organoderivado diamagnético (d°) de tita-
nio(wv) [Ti"(CsCls),] (2). Los compuestos 1 y 2 estin tam-
bién relacionados electroquimicamente (E;, = 0.05V). Se
han preparado a su vez, los compuestos homolépticos y dia-
magnéticos (d') [N(PPhs),J[TI(C,Cls)] (3) y [Sn(CCls),]
(4). Las estructuras moleculares mediante difraccion de rayos
X de los compuestos 2—4, asi como la correspondiente al de-
rivado [Li(thf),(OE),][Ti"(CsCls),J-CH,CL, (I'), evidencian
entornos aproximadamente tetraédricos para los centros
metdlicos de configuraciones electrénicas d’, d'° y d'. Por su
parte, la reaccion de MCl, (M = Zr, Hf) con LiC4Cls en pre-
sencia de [NBu,]Br conduce a las especies heterolépticas
[NBu,J[M(CsCls);CL] (M = Zr (5), Hf (6)). Cada centro
metdlico en los compuestos isomorfos e isoestructurales 5y 6
tiene una geometria de bipiramide trigonal (TBPY-5), cuyo
plano ecuatorial viene definido por los grupos C¢Cls y las po-
siciones axiales por los dtomos de Cl. Los compuestos 3-6
no presentan comportamiento redox en CH,Cl, al menos
entre —1.6y +1.6V.
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netic d' species 1 has been measured on powder samples at
room temperature. The signal observed can be satisfactorily
ascribed to an § = 1/2 system with the principal values of
the g-tensor being g, = 1.985(2), g, = 1.955(2), and g, =
1.936(2) (g,, = 1.959(2)). These values compare well with
previously reported data for Ti" species.''l No hyperfine
structure stemming from the magnetically active Ti nuclei
(*"Ti, I = 5/2, 7.44(2) % natural abundance; “Ti, I = 7/2,
5.41(2) % natural abundance)!'”! is observed.

The redox behavior of 1 has been studied by electrochem-
ical methods. The cyclic voltammogram (CV) of
[Ti"(C(Cls),]~, scanned at 100 mVs™ from —1.6 to +1.6
and then back to —1.6 V shows a single oxidation wave
((Ep)or = 93 mV), which is recovered in the returning scan
((Ep)ea = 4mV) corresponding to an electrochemically re-
versible semisystem (Ey, = 48.5mV, AE, = 89mV, i,/i,. =
1.00). It is reasonable to assign this redox process to oxida-
tion of the metal center from Ti" to Ti" In addition, the re-
versibility of the process suggests that the electron exchange
takes place with little change in the geometry of the coordi-
nation species. Electron-exchange processes occurring at
low potentials for [Ti(1-norbornyl),] (E;» = —1.90 V)"l and
[Ti(1-camphenyl),] (E,, = —1.32 V)!"* have been attributed
to [Ti"R,J/[Ti"R,]~ redox systems but, to the best of our
knowledge, the reduced species were not isolated nor char-
acterized in solution. The markedly different E,, values
with our 2/1 system can be explained in terms of the very
different electron-donor abilities of the organic ligands: 1-
norbornyl > 1-camphenyl > C¢Cls, the latter really behaving
as an electron-withdrawing group.!'¥ This electron-withdraw-
ing ability accounts for the enhanced stabilization of the
anionic  [Ti"(C¢Cls),]~ species relative to neutral
[Ti"(CCls),], which we sought to prepare by chemical meth-
ods.

Controlled chemical oxidation of 1 was also achieved
[Eq. (2)]: the addition of solid 1 in small portions to a blue
suspension of the aminium salt [N(C¢H,Br-4);][SbCly] in
CH,CI, at 0°C in 2:1 molar ratio gave the homoleptic neu-
tral species [Ti"(C4Cls),] (2), which was isolated as an air-
sensitive, orange solid in moderate yield.

[LithJT"CeCla)] + N(CoHaBr-4)gJISCle] MYCLld  (2)
1 2

The required molar ratio points to the cation [N(C¢H,-
Br-4);]* (1.16 V versus SCE in CH,CL)!™ and the anion
[SbCly]~, both acting as oxidants."® The reduced antimony
product was not identified. Compound 1 could also be oxi-
dized to 2 with titrated solutions of Cl, in CCl,. Compound
2 is thermally labile, decomposing rapidly at room tempera-
ture. Its scarce solubility in chlorinated hydrocarbons simpli-
fied its isolation (it precipitates in CH,Cl,) but precluded
the possibility of obtaining good *C NMR spectroscopic
data in solution. Nevertheless, a weak peak corresponding
to the [Ti(C4Cls),]™ ion (m/z 1036) with the appropriate iso-
topomeric distribution was observed in the MS (FAB) of 2.
The most salient feature in its solid-state IR spectrum is a
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single absorption corresponding to the X-sensitive mode of
the C4Cls group,® which appears at a higher wavenumber
than that observed in the parent compound (842 cm™ in 2
versus 827 cm™! in 1). Similar shifts associated with an in-
crease in the oxidation state of the metal center have fre-
quently been observed in the perhalophenyl chemistry of
late transition metals.*™ No absorption could be assigned to
v(M—C) vibration modes in the IR spectra of 1 or 2.

For decades, the chemistry of o-organotitanium species
has been virtually eclipsed by that of compounds containing
ni-bonded ligands (typically Cp or ligands derived there-
of).l”! This occurred in spite of Ti being the first transition
metal, after Pt,'® for which a compound containing a M—C
o-bond was isolated ([TiPh(OiPr);])."! Recently, however,
there has been an increasing interest in non-metallocene Ti
compounds because of their markedly different properties
and reactivity.?”) Homoleptic c-organotitanium derivatives,
[TiR,]9 (¢ = 0, +£1, £2,...), are not just a special class of
Cp-free compounds: they are archetypal chemical species,
whose molecular geometry is often used as a touchstone for
chemical bonding models.*!!

As far as we know, the only example to date of a [TiRs]~
stoichiometry is the methyl complex [TiMe;]~,” which has
a trigonal-bipyramidal structure (7BPY-5) with strong
cation—anion interactions in the salt [Li(OEt,),][TiMes].*
Additionally, a fair number of neutral [TiR,] compounds
have been isolated, in which R is most conveniently a bulky
ligand in which the mechanism of f-H elimination is hin-
dered (e.g. CH,Ph,” CH,CMe;,® CH,SiMe;,*! mesityl,*")
1-norbornyl,™...). Some of these species have been used for
the chemical vapor deposition of titanium or titanium car-
bide films.”! ClaimsP” about the isolation of “TiMe,”
should be viewed with great caution given recent results evi-
dencing the ease with which Et,O molecules enter the coor-
dination sphere of the metal to give (TBPY-5)-[TiMe,
(OEt,)].! According to theoretical calculations, homolep-
tic, unsolvated “TiMe,” should not exist in the presence of
Et,0, which is usually the solvent chosen to prepare it.’'"! As
far as we know, the only structurally characterized [TiR,]
species is [Ti(CH,Ph),];F? it is now generally accepted, how-
ever, that the benzyl group is not an innocent ligand, being
prone to involve the m-electron density of the phenyl ring to
give (n’-benzyl)-metal coordination. [Ti(CH,Ph),] and its
heavier homologues [M(CH,Ph),] (M = Zr, Hf) do, in fact,
provide nice examples of n*-benzyl coordination as a way of
alleviating electronic unsaturation of the metal center.*> To
the best of our knowledge, individual well-established repre-
sentatives of [TiR,]™ and [TiR;] stoichiometries have been
reported to date, Li[Ti(CsH,Me;-2,4,6),]-4 THF??  and
[Ti{CH(SiMe;),};].** Considering the lack of structural in-
formation currently available for homoleptic o-organotita-
nium(1) and titanium(iv) compounds, it would be interest-
ing to obtain reliable data on the molecular geometry of this
important class of compounds.

Single crystals of 1 were obtained from THF/n-hexane
mixtures but they rendered only weak X-ray diffraction
data. The analysis of these poor-quality data only allowed us
to establish the connectivity of the atoms. Crystallization of
1 in CH,CL,/Et,0O mixtures gave, in turn, good-quality crys-
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tals of [Li(thf),(OEt,),][Ti(CsCls),]-CH,Cl, (1') as the result
of partial thf replacement by Et,O molecules around the
Lit* cation. The crystal and molecular structures of 1" and 2
were established by X-ray diffraction methods (Figures 1
and 2). Selected bond lengths and angles for 1’ and 2 are de-
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Figure 1. Structure of the anion of 1’ (thermal ellipsoid diagram; 50 %
probability).

Figure 2. Structure of 2-2 CH,Cl, (thermal ellipsoid diagram; 50 % proba-
bility).

tailed in Tables 1 and 2, respectively. Continuous symmetry
measures for the coordination environment of the Ti center
have been carried out for 1" and 2.°%! The small values ob-
tained (S(T,;) = 0.98 for 1’ and 0.27 for 2) indicate that the
two [Ti(C4Cls),]?" species (¢ = 0, 1) are nearly tetrahe-
dral.P! There is only one crystallographically independent
Ti"—C distance in 2 (211.9(6) pm) and the two independent
Ti"—C distances found in 1" are identical (220.7(5) pm). The
latter compare well with other known precedents of hetero-
leptic (o-aryl)-Ti" derivatives. The Ti"—C(sp?) distance
seems to be quite insensitive to the coordination geometry
and to the presence or absence of anionic m-ligands, as can
be seen in the following examples: [TiCp,(CsH;Me,-2,6)]
(Ti—C 217.8(7) pm),*”" [[TiCp,(CsH Me-4)},(u-N,)] (Ti—C
221.6(7) pm),®¥ [Li(tmen),][TiPh,(NiPr,),] (Ti—C 217.3(5)
and 221.0(5) pm)*! and [Ti(acacen-x’0,x*N)(CsH,Me;-
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Table 1. Selected interatomic distances [pm] and angles [°] and their esti-
mated standard deviations for 1'.

Anion

Ti—C(1) 220.7(5) C(1)-Ti-C(1") 98.5(2)
Ti—C(7) 220.7(4) C(1)-Ti-C(7) 116.8(2)
C(1)—C(2) 139.4(6) C(1)-Ti-C(7") 114.0(2)
C(1)—C(6) 140.6(6) C(1)-Ti-C(7) 114.0(2)
C(2)—C1(2) 175.0(5) C(1")-Ti-C(7") 116.8(2)
C(6)—CI(6) 174.9(5) C(7)-Ti-C(7") 97.9(2)
Ti-CI(2) 305.0(4) Ti-C(1)-C(2) 113.0(3)
Ti--CI(6) 377.3(4) Ti-C(1)-C(6) 133.8(3)
C(7)—C(8) 140.0(7) C(2)-C(1)-C(6) 113.2(4)
C(7)—C(12) 139.4(7) C(1)-C(2)-C1(2) 115.8(4)
C(8)—CI(8) 175.1(5) C(1)-C(6)-CI1(6) 118.6(4)
C(12)—CI1(12) 174.6(5) Ti-C(7)-C(8) 114.8(3)
Ti--CI(8) 312.6(4) Ti-C(7)-C(12) 131.5(3)
Ti--CI(12) 370.4(4) C(8)-C(7)-C(12) 113.6(4)
C(7)-C(8)-C1(8) 116.0(3)

C(7)-C(12)-C1(12) 118.9(3)

Cation

Li—O(1) 194.2(8) O(1)-Li-O(1") 116.8(7)
Li—O(2) 192.3(9) 0O(1)-Li-O(2) 112.1(2)
O(1)—C(13) 144.6(8) O(1)-Li-O(2") 105.5(2)
O(1)—C(15) 141.8(8) O(1')-Li-O(2) 105.5(2)
0(2)—C((17) 144.4(7) O(1')-Li-O(2") 112.1(2)
0O(2)—C(20) 143.5(6) 0O(2)-Li-O(2") 104.2(6)
Li-O(1)-C(13) 118.0(5)

Li-O(1)-C(15) 129.6(6)

Li-O(2)-C(17) 120.8(5)

Li-O(2)-C(20) 127.1(4)

Table 2. Selected interatomic distances [pm] and angles [°] and their esti-
mated standard deviations for 2-2 CH,Cl,.

Ti~C(1) 211.9(6) C(1)-Ti-C(1') 112.54(16)
C(1)-CQ) 138.8(8) C(1)-Ti-C(1") 103.5(3)
C(1)-C(6) 139.6(8) C(1)-Ti-C(1") 112.54(17)
C(2)-ClQ2) 174.0(6) C(1)-Ti-C(1”) 112.54(17)
C(6)-CI(6) 171.5(6) C(1)-Ti-C(1") 103.5(3)
Ti-CI(2) 306.7(6) C(1")-Ti-C(1"") 112.54(16)
Ti-CI(6) 365.8(6) Ti-C(1)-C(2) 114.1(4)
Ti-C(1)-C(6) 129.8(5)
C(2)-C(1)-C(6) 116.1(5)
C(1)-C(2)-CI(2) 117.0(4)
C(1)-C(6)-CI(6) 121.6(5)

24,6)] (Ti—C22(2) pm; acacen = N,N'-ethylenebis(acetyl-
acetone iminato) dianion).*”) The Ti"—C(sp?) distance in 2
compares well to those observed in the heteroleptic tetrahe-
dral species [TiPh,(OC4H;Ph,-2,6),] (Ti—C 207.0(5) and
210.6(5) pm).[*!l Higher electron density at the metal center
achieved through: 1) dn—pm interaction, 2) higher coordina-
tion numbers, or 3) presence of anionic m-ligands, result in
longer Ti"—C(sp?) bond lengths, as for instance in
[Ti(C4F5),(NP:Bus),] (Ti—C 219.8(3) and 220.8(3) pm),“*”
[TiPh,(Me,ATI),] (Ti—C 217.0(3) and 218.5(3) pm; Me,ATI
= N,N'-dimethylaminotroponiminato-x?N),*! and [Ti(n’-
CsH,Me),(C4F5)Cl] (Ti—C 225.9(2) pm)."! The decrease in
the Ti—C distance (by ca. 9 pm) on going from 1’ to 2 can be
attributed to the increase in the oxidation state of the metal.
In spite of the regular Ti—C distances, the coordination
polyhedra are not regularly tetrahedral since two of the C—
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Ti—C angles are smaller than expected for the ideal geome-
try (109.5°), while the remaining four are larger (Table 3).
At first sight, this is in contrast to the VSEPR expectations,
since it has been stated that: “Tetrahedral coordination is
common for elements of the first transition-metal series. For
d’, &, and d" subshells, no distortion of the tetrahedral ge-
ometry is expected”.! If we turn from a description based
on the Ti center to a description based on the polyhedron
formed by the C¢Cl;s ligands, the elongation of the tetrahe-
dron is even more easily seen through the different size of
its edges defined by the C?“--CP nonbonded distances
(Table 3), yielding a local D,; geometry. Distortions in ho-
moleptic ER, molecules (R being a polyatomic, monoanion-
ic x'-ligand) have recently been rationalized in terms of the
ligand close-packing (LCP) model.l*” Following this model,
distortions appear because of the anisotropic character of
polyatomic ligands, which makes it necessary to consider
two different intramolecular contact radii for each R ligand.
It is evident that aromatic rings in general and the CyCl;
group in particular have a very marked anisotropy; in fact
two sets of nonbonding C?--CP* distances are observed,
depending on the relative mutual orientation of the rings
(Table 3); they depart little from 330 pm between facing
rings and range from 350 to 376 pm in the remaining pairs.
In every case, the plane containing each of the C4Cls rings
approximately bisects one of the trigonal faces. As a result,
one of the ortho-Cl atoms of every C4Cls group points di-
rectly to the m aromatic system of a neighbor ring, possibly
incurring repulsive interactions. The minimization of this re-
pulsion might reasonably be responsible for the swing ob-
served in the C¢Cls groups about the ipso-C atom, which
causes the C7*--CP vector to depart from the Ti—CP di-
rection, yielding two different Ti—C?°—C°™ angles within
each ring (1": 113.0(3)° versus 133.8(3)° and 114.8(3)° versus
131.5(3)°; 2: 115.1(4)° versus 129.8(5)°). From a geometrical
point of view, the resulting geometry can be described as a
tetracapped tetrahedron. The C¢Cls group is known to be
able to involve one of its ortho-Cl atoms in metal coordina-
tion, thus acting as a small-bite bidentate ligand. This coor-
dination mode (C4Cls-xC,cCI?) has been documented in ho-
moleptic [M(C¢Cls),]" (¢ = 0, 1) species of middle (Cr":
& and late transition metals (Rh™ and Pt: d° sys-
tems).***! In all these cases, the metal coordination does
not fit a tetrahedral model, being more suitably described as
pseudo-octahedral. Considering that: 1) the metal coordina-
tion environments in [Ti(C¢Cly),]” (¢ = 0, 1) only slightly
depart from an ideal tetrahedron, and 2) the shorter Ti-~-Cl"°
distances (1: Ti--CI(2) 305.0 pm, Ti--CI(8) 312.6 pm; 2:
Ti--Cl(2) 306.7 pm) are still too long to suggest the existence
of a bond—not even a secondary bonding interaction—it
can be concluded that the C4Cls groups act as terminal o-
aryl ligands in 1’ and 2. This observation is especially re-
markable taking into account the high electronic unsatura-
tion of the metal center in 1’ and 2 which, formally speaking,
can be considered as nine- and eight-electron species, re-
spectively. The organovanadium species [V"(C4Cls),]~ (d*)P”
and [V¥(C¢H,Mes-2,4,6),] (d),°" containing o-bound aryl
groups, were found to exhibit similar overall geometries
(Table 3).

4189


www.chemeurj.org

FULL PAPER

B. Menjon et al.

Table 3. Geometric parameters associated with the structurally characterized homoleptic aryl-metal derivatives [MR,]?" of first-row transition-metals
with approximately tetrahedral structure (selected main-group derivatives are also included for comparison).

Compound Electron config. Space group M—C [pm] C-M-C [°] C--Cl [pm] Ref.
[TI"(CsCls),] (2) d’ PA2,c 211.9(6) [ x 4] 103.5(3) [x2] 332.8 [x2] this work
112.5(2) [ x 4] 352.5 [x4]
[Ti"(CsCls)s]™ (1) d' C2/c 220.7(5) [x4] 97.9(2) 3335 this work
98.5(2) 334.3
114.0(2) [x2] 370.3 [x2]
116.8(2) [x2] 3759 [x2]
[V¥(CHMe;-2,4,6),] d! P2/c 207.1(8) 96.4(3) 309.3 TMESYVE!
207.3(6) 97.7(3) 313.6
207.5(8) 114.4(3) 348.4
209.5(7) 115.7(3) 3519
116.2(3) 353.0
117.8(3) 356.9
[V™(CsCls)y]™ d Pbca 214.2(5) 98.1(2) 325.6 OCEWICP
214.4(5) 101.2(2) 331.3
215.2(5) 112.1(2) 357.0
215.8(6) 112.6(2) 357.3
116.1(2) 365.0
117.6(2) 367.6
[TI(CsCLy),]~ 3) dv P2)/c 223.0(14) 95.7(4) 333.9 this work
225.0(11) 97.8(5) 337.7
225.4(12) 114.1(5) 377.9
225.5(13) 115.0(5) 378.3
117.1(5) 382.6
118.6(4) 387.3
[Sn(C¢Hs),] dv P2c 213.9(4) [x4] 108.6(1) [x 4] 347.4 [x4] TPHESN(02P!
111.2(2) [x2] 352.9 [x2]
[Sn(CFs),4] dv I4//a 212.6(8) [x4] 105.5(4) [x2] 338.1 [x2] TFUPSNE!
111.5(2) [x4] 351.3 [x4]
[Sn(C4Cls),] (4) dv C2/c 216(1) [x2] 97.6(3) 326.7 this work
99.2(4) 330.2
217.7(9) [x2] 114.5(4) 364.1
114.7(4) 365.0
115.5(4) 366.8
116.3(4) 369.8
[a] Nonbonded distances between C-donor atoms.
The d" species [N(PPh;),][TI(C,Cls),] (3) and [Sn(C(Cls),] [SnCly(thf)s] + LiCCls ——  [Sn(CeCla)] (3
4

(4): All our attempts to obtain high-quality single crystals of
[NBu,][TI(C4Cls),]® failed, despite both the cation and the
anion being able to conform, in principle, to an §, symmetry
site. We succeeded with the salt [N(PPh,),][TI(C,Cls),] (3),
prepared by a simple metathetical process. Gilman and Sim
reported having obtained the neutral species [M(C¢Cls),]
(M = Si, Sn) in very low yields (ca. 3 %) by reaction of the
corresponding halides MCI, with Mg(C,Cl5)Cl in THFE.
The correct formulation of these species was later ques-
tioned based on the isolation of [M(CeCl-C¢Cly-
kC:LKC?)(CCls),] (M = Si, Ge) under similar conditions.*
Formation of the octachlorobiphenyl-2,2'-diyl ligand was jus-
tified because of steric problems associated with the forma-
tion of the full arylated species [M(C4Cls),], “the halides
R;MX are sterically hindered towards the introduction of a
fourth R group” (R = C,Cl;).”" We have now prepared
[Sn(C¢Cls)4] (4) in 91 % yield by low temperature treatment
of [SnCl,(thf),] with LiC,Cls in Et,0, followed by the appro-
priate work-up [Eq. (3)]. This compound decomposes at
365-370°C, a temperature range which is sufficiently differ-
ent from that given by Gilman and Sim (decomp 446-
449°C)B%1 to say that the compounds under study are differ-
ent.
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Compounds 3 and 4 have been characterized by analyti-
cal, spectroscopic, and X-ray diffraction methods. The low-
temperature crystal structure of the anion [T1(C4Cls),]” and
that of the neutral species [Sn(C¢Cls),] are shown in Fig-
ures 3 and 4, with selected bond lengths and angles detailed
in Tables 4 and 5, respectively. The molecular geometries of
these species can also be described as slightly elongated tet-
rahedra (D,q; symmetry), the elongation being more pro-
nounced in 3 (S(Ty) = 1.27)* and 4 (S(T,) = 0.97)P than
in their corresponding isoleptic species 1" and 2 (vide supra).
Tetraaryl derivatives of Group 14 elements, [ER,] (R = aryl
group; E = C, Si, Ge, Sn, Pb), have been thoroughly stud-
ied from both the chemical and structural point of view.
Amongst the many known [SnR,] representatives, the struc-
tural features of [SnPh,] and [Sn(C,F5),]*” seemed partic-
ularly relevant to us because of their obvious relationship
with 4 (Table 3). The first coordination sphere of Sn in
[SnPh,] is a virtually perfect tetrahedron with a very narrow
range of C—M—C angles (108.6(1)° and 111.2(2)°) and
almost identical edge lengths (C?--CP 3474 and

www.chemeurj.org Chem. Eur. J. 2004, 10, 4186—4197


www.chemeurj.org

Pentachlorophenyl-Metal Derivatives

4186-4197

Table 4. Selected interatomic distances [pm] and angles [°] and their esti-
mated standard deviations for the anion of 3-0.75 CH,CL,-0.5 C;H .

TI-C(1)
TI-C(7)
TI-C(13)
TI-C(19)
Cc(1)-CQ)
C(1)-C(6)
C(2)-ClQ2)
C(6)-Cl(6)
T1--CI(2)
T1--Cl(6)
C(7)-C(8)
C(7)-C(12)
C(8)-CI(8)
C(12)-CI(12)
T1--CI(8)
T1--CI(12)
C(13)~C(14)
C(13)-C(18)
Clas) C(14)-Cl(14)
C(18)-CI(18)
T1--CI(14)
T1--CI(18)
C(19)—C(20)
C(19)-C(24)
C(20)-CI(20)
C(24)—CI(24)
T1--CI(20)
T1--CI(24)

Figure 3. Structure of the anion of 3-0.75 CH,Cl,-0.5 C;H,, (thermal ellip-
soid diagram; 50 % probability).

223.0(14)
225.5(13)
225.0(11)
225.4(12)
138.7(17)
140.1(18)
172.1(13)
174.9(13)
354.6(3)

337.8(3)

141.0(16)
137.1(18)
174.5(13)
174.2(11)
355.3(3)

337.2(4)

138.8(16)
139.4(15)
173.6(12)
175.4(11)
334.2(3)

357.03)

138.3(16)
140.8(16)
174.6(12)
174.5(13)
336.1(3)

356.3(3)

C(1)-TI-C(7)
C(1)-TI-C(13)
C(1)-TI-C(19)
C(7)-TI-C(13)
C(7)-TI-C(19)
C(13)-TI-C(19)
TI-C(1)-C(2)
TI-C(1)-C(6)
C(2)-C(1)-C(6)
C(1)-C(2)-CI(2)
C(1)-C(6)-CI(6)
TI-C(7)-C(8)
TI-C(7)-C(12)
C(8)-C(7)-C(12)
C(7)-C(8)-CI(8)
C(7)-C(12)-CI(12)
TI-C(13)-C(14)
TI-C(13)-C(18)
C(14)-C(13)-C(18)
C(13)-C(14)-CI(14)
C(13)-C(18)-CI(18)
TI-C(19)-C(20)
TI-C(19)-C(24)
C(20)-C(19)-C(24)
C(19)-C(20)-C1(20)
C(19)-C(24)-Cl1(24)

117.1(5)
115.0(5)
97.8(5)
95.7(4)
114.1(5)
118.6(4)
125.3(10)
119.9(9)
1147(12)
119.8(10)
118.8(11)
124.6(10)
120.7(9)
114.2(11)
119.0(10)
118.1(10)
118.2(8)
126.5(8)
114.7(11)
119.3(10)
118.2(9)
118.5(9)
125.8(9)
115.0(11)
119.7(9)
118.0(9)

Table 5. Selected interatomic distances [pm] and angles [°] and their esti-
mated standard deviations for 4-0.25 C,Cl,.

Sn—C(1)
Sn—C(7)
Sn—C(13)
Sn—C(19)
Cc(1)-CQ)
C(1)-C(6)
C(2)-ClQ2)
C(6)-CI(6)
Sn--Cl(2)
Sn--Cl(6)
Figure 4. Structure of 4-0.25 C,Cl, (thermal ellipsoid diagram; 50% prob- C(7)-C(8)
ability). C(7)_C(12)
C(8)-CI(8)
C(12)-Cl(12)
352.9 pm). Little structural change is observed in the molec- Sn--CI(8)
ular geometry of the perfluorinated species [Sn(C4Fs),], not Sn--CI(12)

even in the Sn—C bond lengths (212.6(8) versus ggg;zggg;
213.9(4) pm), in spite of the different electron-withdrawing C(14)-CI(14)
ability attributed to the Ph and the C4Fs groups.*®! [SnPh,] C(18)—Cl(18)
and [Sn(CFs),] crystallize in tetragonal space groups (P42,c Sn--ClI(14)
and 4,/a, respectively) with the Sn atoms located on S, sym- Sn--CI(18)

. C(19)-C(20)
metry sites, as seems to be the tendency of [ER,] molecules C(19)-C(24)
when there is no energy penalty associated.’ The fact that C(20)—CI(20)
1’ and 3 crystallize in nontetragonal space groups (C2/c and C(24)—Cl(24)
P2,/c, respectively) could be attributed to the inappropriate Sn--CI(20)

symmetry of the cations [Li(thf),(OEt,),]* and [N(PPh;),]*. Sn--Cl(24)

217.7(9)
216.0(10)
217.7(9)
216.3(10)
140.3(12)
137.8(13)
174.4(9)
172.5(10)
326.5(3)
351.9(3)
136.6(12)
142.4(13)
171.4(10)
173.4(10)
329.15(25)
353.5(3)
136.5(12)
1412(12)
172.0(10)
172.6(10)
327.2(3)
352.9(3)
137.6(12)
139.7(13)
172.4(10)
173.9(10)
327.1(3)
353.6(3)

C(1)-Sn-C(7)
C(1)-Sn-C(13)
C(1)-8n-C(19)
C(7)-Sn-C(13)
C(7)-Sn-C(19)
C(13)-Sn-C(19)
Sn-C(1)-C(2)
Sn-C(1)-C(6)
C(2)-C(1)-C(6)
C(1)-C(2)-CI(2)
C(1)-C(6)-CI(6)
Sn-C(7)-C(8)
Sn-C(7)-C(12)
C(8)-C(7)-C(12)
C(7)-C(8)-CI(8)
C(7)-C(12)-CI(12)
Sn-C(13)-C(14)
Sn-C(13)-C(18)
C(14)-C(13)-C(18)
C(13)-C(14)-CI(14)
C(13)-C(18)-CI(18)
C(20)-C(19)-C(24)
Sn-C(19)-C(20)
Sn-C(19)-C(24)
C(19)-C(20)-CI(20)
C(19)-C(24)-Cl(24)

99.2(4)
116.3(4)
114.5(4)
115.5(4)
114.7(4)

97.6(3)
117.1(7)
125.7(7)
116.9(9)
118.9(8)
119.9(8)
119.3(7)
124.6(7)
115.9(9)
119.5(8)
120.2(8)
117.8(7)
124.4(7)
117.6(9)
120.1(7)
120.5(7)
116.0(9)
118.1(7)
125.7(8)
119.5(8)
119.9(8)

There is no obvious reason, however, why [Ti(C¢Cls),] (2)
crystallizes in the tetragonal P42,c space group, while its iso-

leptic species [Sn(C4Cls),] (4) crystallises in the C2/c group. elongated tetrahedron with edges ranging from 326.7 to
The Sn—C distances in 4 (216(1) and 218(1) pm) are slightly 369.8 pm. A wider range for C*---C** nonbonded distances
longer than in [SnPhy] and in [Sn(C4Fs),] (Table 3). The C- (between 333.9 and 387.3 pm) is observed in the anion
Sn-C angles are between 97.6(3)° and 116.3(4)°, defining an [TI(C4Cls),]~, in keeping with a wider range of C-M-C
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angles (C-TI-C 95.7(4)-118.6(4)°). The TI—C distances in 3
(223.0(14) and 225.5(13) pm) are longer than those found in
other four-coordinate perhaloaryl thallium(im) derivatives,
like in neutral [TI(C¢Fs);(OPPhs)] (TI—C 218.0(4)-219.2(4)
pm)®! or in the anionic species [TI(C¢Fs),Cl]~ (TI-C
216.7(7) and 217.7(7) pm).”! TI-C bond lengths ranging
from 216.9(9) to 222.4(9) pm were found in the homoleptic,
three-coordinate compound [TI(CgH,Me;-2,4,6)5].” Long
M:--Cl°™" distances are observed in 3 and 4 (Table 4 and
Table 5), suggesting that they are to be considered as non-
bonded distances. Less marked swings of the C4Cl; rings are
observed in 3 and 4 than in their corresponding isoleptic ti-
tanium derivatives 1’ and 2.

The IR spectra of 3 and 4 show single absorptions at 826
and 846 cm™! respectively, assignable to the only IR active
X-sensitive vibration mode!® expected for tetrahedral
[E(C(Cls),]? species (¢ = 0, 1; T,, IR active Iy funda-
mentals: F,).

The Zr and Hf compounds: The low-temperature treatment
of ZrBr, or HfI, with LiC,Cl; in Et,0O gave no reaction
since, in both cases, unaltered starting material was recov-
ered from the reaction medium in nearly quantitative yield.
The reaction of MCl, (M = Zr, Hf) with LiC¢Cls under sim-
ilar conditions afforded lithium-containing mixtures from
which no well-defined product could be isolated. Consider-
ing the possibility that anionic complex species could have
formed, [NBu,|Br was added after the arylation process
and, by so doing, the heteroleptic compounds [NBu,]-
[M(C4Cl5);ClL,] (M = Zr (5), Hf (6)) could be isolated in
about 70% yield [Eq. (4)]. No halide replacement (Cl~ by
Br~) was observed in the final product.

+ [NBu,]Br
—_—

MCl, + LICCls INBU,JM(CCl5)sClo 4)

5 M=2Zr
6, M= Hf

Interestingly, the reaction of ZrCl, with LiC¢F5 has recent-
ly been reported to also proceed with partial arylation; in
this case, salts of the more negatively charged anions [(OC-
6-12)-Zr(C¢Fs),CL]*~ and [(PBPY-7-11)-Zr(C4Fs)sF,]*~ were
obtained depending on the specific reaction conditions.]
Compounds 5 and 6 were identified by analytical, spectro-
scopic, and X-ray diffraction methods. They are isomor-
phous and virtually isostructural with very similar cell di-
mensions and volume (Table 8). The molecular structures of
the anions [M(C.Cls);CL]- as found in crystals of
5-0.75CH,Cl, and 6-0.5CH,Cl, are jointly depicted in
Figure 5. Selected bond lengths and angles are to be found
in Tables 6 and 7. The metal atoms are in trigonal bipyrami-
dal (TBPY-5) environments, as evidenced by the near-to-
unit values of the angular structural parameter, 7, of 0.905
for 5 and 0.913 for 6.”! The axial positions are occupied by
the Cl atoms and the C¢Cls groups in the trigonal equatorial
plane are tilted and hellicoidally arranged around the Cl—
M—CI axes. This (TBPY-5-11) geometry is in keeping with
the appearance of single absorptions in the IR spectra of §
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Figure 5. Structure of the anions [M(C,Cls);CL]™ of 5-:0.75CH,Cl, M =
Zr) and 6:0.5CH,Cl, (M = Hf) (thermal ellipsoid diagram; 50% proba-
bility).

Table 6. Selected interatomic distances [pm] and angles [°] and their esti-
mated standard deviations for the anion of 5:0.75 CH,Cl,.

Zr—C(1) 229.6(6) CI(19)-Z1-CI(20) 177.49(7)
Zr—C(7) 233.8(7) C(1)-Z1-C(7) 1212(2)
Zr—C(13) 232.8(7) C(1)-Zr-C(13) 1232(2)
Zr—CI(19) 241.55(18) C(7)-Zr-C(13) 115.6(2)
Zr—Cl(20) 241.65(18) CI(19)-Zr-C(1) 92.17(17)
C(1)-C(2) 139.4(9) CI(19)-Zr-C(7) 90.86(17)
C(1)-C(6) 139.0(10) CI(19)-Zr-C(13) 87.66(16)
C(2)-Cl(2) 175.9(7) CI(20)-Zr-C(1) 90.26(17)
C(6)-ClI(6) 174.8(8) C1(20)-Zr-C(7) 88.38(17)
C(7)-C(8) 136.9(9) C1(20)-Zr-C(13) 90.51(16)
C(7)-C(12) 138.9(9) Zr-C(1)-C(2) 122.6(5)
C(8)—CI(8) 174.6(7) Zr-C(1)-C(6) 123.2(5)
C(12)-CI(12) 174.4(7) C(2)-C(1)-C(6) 114.0(6)
C(13)~C(14) 141.0(9) Zr-C(7)-C(8) 120.6(5)
C(13)—C(18) 138.1(9) Zr-C(7)-C(12) 123.6(5)
C(14)-CI(14) 173.8(7) C(8)-C(7)-C(12) 115.6(6)
C(18)~CI(18) 174.9(7) Zr-C(13)-C(14) 123.1(5)
Zr-C(13)-C(18) 121.5(5)
C(14)-C(13)-C(18) 114.8(6)

Table 7. Selected interatomic distances [pm] and angles [°] and their esti-
mated standard deviations for the anion of 6-0.5 CH,Cl,.

Hi-C(1) 225.9(13) CI(19)-Hf-C1(20) 177.68(13)
Hi-C(7) 229.7(13) C(1)-Hf-C(7) 122.9(5)
Hi-C(13) 230.6(13) C(1)-Hf-C(13) 121.7(5)
Hi-CI(19) 240.0(3) C(7)-Hf-C(13) 115.4(5)
Hi—C1(20) 2402(3) CI(19)-Hf-C(1) 90.0(3)
C(1)-C(2) 144.0(19) CI(19)-Hf-C(7) 90.5(3)
C(1)-C(6) 142(2) CI(19)-Hf-C(13) 88.7(3)
C)-Cl(2) 174.5(16) CI(20)-Hf-C(1) 922(3)
C(6)-ClI(6) 1732(14) CI(20)-Hf-C(7) 87.8(3)
C(7)-C(8) 137.3(19) CI(20)-Hf-C(13) 90.7(3)
C(7)-C(12) 140.4(19) Hi-C(1)-C(2) 124.3(10)
C(8)-CI(8) 174.9(15) HE-C(1)-C(6) 123.2(10)
C(12)-CI(12) 174.6(15) C(2)-C(1)-C(6) 112.3(12)
C(13)-C(14) 139.0(19) Hi-C(7)-C(8) 121.6(10)
C(13)—C(18) 140.4(18) HI-C(7)-C(12) 123.7(9)
C(14)-CI(14) 173.4(13) C(8)-C(7)-C(12) 114.2(12)
C(18)-CI(18) 173.0(14) Hf-C(13)-C(14) 124.9(10)
Hi-C(13)-C(18) 119.7(10)
C(14)-C(13)-C(18) 115.0(12)
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(321 cm™') and 6 (295 cm™), attributable to v(M—Cl) (D3,
IR active I'y_¢ fundamentals: AJ). Single absorptions assign-
able to the X-sensitive vibration modes of the CyCls
groups® are also observed in the IR spectra of 5 (at
833 cm™") and 6 (at 834 cm™), in agreement with symmetry
expectations (Ds;,, IR active Iy fundamentals: E'). A de-
fined absorption could not, however, be assigned to v(M—
C). The Zr—Cl bond lengths (ca. 242(2) pm) do not signifi-
cantly depart from those found for instance in [ZrCp,Cl,]
(Zr—Cl1 243.6(5) and 244.6(5) pm).**! The Zr—C,Cl; distances
in 5 (Zr—C 229.6(6)-233.8(7) pm) are also similar to the Zr—
C¢H; distances found in [ZrCp,Ph,] (Zr—C 229.7(2) and
230.4(2) pm).[*l The recently reported crystal structure of
[Zr(CH,CMe;),;Cl] reveals a polymeric chain structure
[{Zr(CH,CMe;);(u-Cl))..] made of TBPY-5 -Cl—
Zr(CH,CMe,);—Cl- units.”) The significantly longer axial
Zr—Cl distances (254.7(1) pm) found in the polymeric com-
pound can be explained by the bridging function of the Cl
atoms and the shorter equatorial Zr—C distances (ca.
219.9(4) pm) may be due to the neutral character of the
complex species. Apart from these understandable differen-
ces, the overall geometries around the Zr centers in the poly-
meric (R = CH,CMe;) and discrete (R = C,Cl;) “Cl—
ZrR;—ClI” species are rather similar. Compound 6 shows vir-
tually the same structural features as § with slightly shorter
M—Cl and M—C distances for Hf than for Zr. This is a
normal observation in the organometallic chemistry of these
metals and has been attributed to the slightly smaller size of
HE5

The electrochemical behavior of 5§ and 6 was studied by
cyclic voltammetry, but no defined electron exchange proc-
ess was observed between —1.6 and +1.6 V in CH,Cl, solu-
tion.

Concluding Remarks

The highly unusual organotitanium derivatives [Li(thf),]-
[Ti"(C,Cls),] (1) and [Ti"(C¢Cls),] (2) have been prepared
and characterized. These species are related by an electro-
chemically reversible one-electron redox process, occurring
at near-zero potential (E;, = 0.05V in CH,CIl, solution).
The crystal structures of [Li(thf),(OEt,),][Ti"(C¢Cls),] (1)
and 2 have been established by X-ray diffraction methods,
thus providing, for the first time, unequivocal structural in-
formation about homoleptic o-organotitanium(i) and -tita-
nium(rv) compounds. High-yield procedures to prepare
[N(PPh;),][TI(CcCls)s] (3) and [Sn(C4Cls),] (4) have also
been devised and their crystal structures have been deter-
mined for comparison purposes. Our attempts to obtain sim-
ilar homoleptic Zr and Hf derivatives gave instead the five-
coordinate compounds [NBu,][(TBPY-5-11)-M(CCls);Cl,]
(M = Zr (5), Hf (6)) as the result of partial arylation. The
metal coordination environments found in compounds 1'—4
can be described—regardless of their different electron con-
figurations—as elongated tetrahedra (D,, symmetry). Grow-
ing distortions are found for the [M(C,Cl;s),]? species (¢ =
0, 1) as follows: 2 (Ti": d”) <4 (Sn": d")~1(Ti": d")<3
(T1"™: d'°). In all cases, the swing observed in the C4Cls rings
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can be attributed to steric problems associated with the
nearly tetrahedral packing of these ligands around the metal
center. No evidence has been found suggesting the existence
of additional secondary bonding interactions between the
metal and any of the ortho-Cl atoms of the C,Cls groups.
All these structural features allow us to consider the main-
group derivatives 3 and 4 as 18-electron species, while the
organotitanium compounds 1 and 2 can be viewed as highly
unsaturated nine- and eight-electron species, respectively.
Any 7t contribution to the Ti"—C4Cls bond in the most unsa-
turated species 2 can be considered as negligible because 1)
the marked electron-withdrawing character of the C,Cl;
group! would inhibit any additional m-donation from the
ligand, and 2) the lack of d electrons on titanium (d”) makes
the metal-to-ligand m-backbonding mechanism impossible.

Experimental Section

General: All reactions and manipulations were carried out under purified
argon using Schlenk techniques. Solvents were dried by standard methods
and distilled prior to use. The starting materials [TiCly(thf),],1*”
[SnCl,(thf),] 1 [NBu,][TI(CeCls),],*2 LiC,ClL,*! and [N(PPhs),]CI"™
were prepared as described elsewhere. The aminium salt [N(C¢H,Br-4),]-
[SbCl¢] and the metal halides MCl, (M = Ti, Zr, Hf) were purchased
(Aldrich) and used as received. Elemental analyses were carried out with
a Perkin—Elmer 2400-Series II microanalyzer. IR spectra of KBr discs
were recorded on the following Perkin—-Elmer spectrophotometers: 883
(4000-200 cm™') or Spectrum One (4000-350 cm™'). NMR spectra were
recorded on a Varian Unity-300 spectrometer. Unless otherwise stated,
the spectroscopic measurements were carried out at room temperature.
Mass spectra were recorded on a VG-Autospec spectrometer using the
standard Cs-ion FAB (acceleration voltage: 35kV). Electrochemical
studies were carried out using an EG&G model 273 potentiostat in con-
junction with a three-electrode cell, in which the working electrode was a
platinum disc, the auxiliary electrode a platinum wire, and the reference
an aqueous saturated calomel electrode (SCE) separated from the test
solution by a fine-porosity frit and an agar bridge saturated with KCI.
Where possible, solutions were 5x107*moldm™ in the test compound
and 0.1 moldm® in [NBu,][PFg] as the supporting electrolyte. At the end
of each voltammetric experiment, [Fe(n’-CsHs),] was added to the solu-
tion as an internal standard for potential measurements. Under the con-
ditions used, the E° value for the couple [Fe(n’-CsHs),]*—[Fe(n’-CsHs),]
was 0.47 V.

Synthesis of [Li(thf),J[Ti"(CsCls);] (1): A cooled suspension of
[TiCls(thf);] (2.37 g, 6.40 mmol) in Et,0 (15mL) was slowly added by
cannula to a solution of LiC,Cls (ca. 32 mmol) in Et,0 (70 mL) at
—78°C. The mixture was allowed to warm up to 0°C and was stirred in
an ice bath for 3.5 h. By then, an orange solid had formed, which was fil-
tered off and treated with CH,Cl, (70 mL) at 0°C. The extract was
evaporated to dryness and the resulting residue was redissolved in thf
(10 mL) and filtered. The diffusion of Et,0 (50 mL) overlaid on the pre-
ceding solution at —30°C caused the crystallization of 1 as an orange
solid that turned yellow when vacuum dried (2.76 g, 2.06 mmol; 32%
yield). Crystals suitable for X-ray diffraction analysis with formula [Li-
(thf),(OE,),][Ti(C4Cls),]-CH,Cl, (1') were obtained by slow diffusion of
a layer of Et,0 (30 mL) into a solution of 1 (50 mg) in CH,Cl, (10 mL)
at —30°C. IR (KBr): 7, = 1507 (m), 1461 (m), 1312 (s), 1283 (vs), 1224
(m), 1141 (m), 1063 (s), 1043 (s; C-O-C,,,)." 887 (m; C-O-C,,,)," 827
(vs; C4Cls: X-sensitive vibration),’® 666 cm™ (vs); MS (FAB): m/z: 1036
[Ti(CsCls)]~, 824  [Ti(CsCls);Cl]-, 577  [Ti(C,CL),Cl]~, 365
[Ti(C4Cl5)CL]"; elemental analysis caled (%) for C,H;,Cl,LiO,Ti: C
35.8, H 2.4; found: C 36.6, H 2.3.

Synthesis of [Ti"(C,Cls)4] (2): Solid 1 (1.72 g, 1.28 mmol) was added in
small portions to a suspension of [N(CsH,Br-4);][SbCls] (0.52¢,
0.64 mmol) in CH,Cl, (10 mL) at 0°C (ice bath). The initially blue sus-
pension changed gradually to orange. After the mixture had been stirred
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for 30 min at the same temperature, the orange solid was filtered, washed
with CH,Cl, (3x3 mL), and vacuum dried (2: 0.57 g, 0.55 mmol; 43 %
yield). Crystals suitable for X-ray diffraction analysis were obtained in
situ by slow diffusion of a CH,Cl, solution of Cl, overlaid on another
CH,CI, solution of 1 at —30°C. IR (KBr): #,,, = 1502 (m), 1396 (m),
1322 (s), 1315 (s), 1289 (vs), 1150 (s), 1075 (s), 842 (s; C¢Cls: X-sensitive
vibration),® 740 (w), 678 cm™ (s); MS (FAB): m/z: 1036 [Ti(C4Cls),]"; el-
emental analysis calcd (%) for C,,ClyTi: C 27.6; found: C 27.25.
Synthesis of [N(PPh,),][TI(C,Cl5),] (3): [N(PPh;),]Cl (0.82 g, 1.43 mmol)
was added to a solution of [NBuy][TI(C¢Cls),] (1.04 g, 0.72 mmol) in
CH,Cl, (25 mL). After 30 min of stirring, the mixture was concentrated
by evaporation. Addition of iPrOH (30 mL) caused the precipitation of
an off-white solid, which was washed with /PrOH (3x10 mL) and Et,O
(3x3mL), and vacuum dried (3: 1.13 g, 0.65 mmol; 90 % yield). Crystals
suitable for X-ray diffraction analysis were obtained by slow diffusion of
a layer of n-hexane (10 mL) into a solution of 3 (15mg) in CH,Cl,
(3mL) at —30°C. IR (KBr): #,,, = 1438 (m), 1316 (s), 1289 (vs), 1264
(sh), 1184 (w), 1147 (w), 1115 (m; [N(PPh;),]*), 1061 (w), 998 (w), 826
(m; C,Cls: X-sensitive vibr.),!! 745 (w; [N(PPhs),]*), 723 (m; [N(PPhs),]*
), 691 (m; [N(PPhs),]*), 670 (m), 547 (m; [N(PPh;),]*), 534 (m;
[N(PPh;),]*), 500cm™ (m; [N(PPhy),]*); MS (FAB): m/z: 1193
[TI(C,CLy),]”, 981  [TIC(Cly)Cl]", 769  [TI(C,CL),CL]™, 557
[TI(C4,Cl5)CL;] ;5 elemental analysis caled (%) for CgyH;,CL NP, TI: C
41.4,H 1.7, N 0.8; found: C40.4, H1.4, N 0.8.

Synthesis of [Sn(C(Cls),] (4): [SnCl,(thf),] (0.70 g, 1.73 mmol) was added
to a solution of LiC¢Cls (ca. 10 mmol) in Et,0 (60 mL) at —78°C. The
suspension was allowed to warm up to room temperature and, after 15 h
of stirring, the white solid was filtered, washed with Et,0 (3x7 mL) and
MeOH (3x15mL), and vacuum dried (4: 1.76 g, 1.58 mmol; 91 % yield).
Crystals suitable for X-ray diffraction analysis were obtained by slow
evaporation of a saturated CCl,=CCl, solution of 4 at room temperature.
BC NMR (CCL=CCL):™ ¢ = 147.97 (ipso-C), 139.23, 136.21 (p-C),
133.35; '”Sn NMR (CCL=CCL):"™ 6 = —141.0; IR (KBr): #,,, = 1510
(m), 1336 (s), 1325 (vs), 1299 (vs), 1202 (w), 1170 (m), 1082 (m), 846 (s;
C,Cls: X-sensitive vibr.),®! 712 (w), 682 (s), 620 cm™ (w); MS (FAB):
miz: 861 [Sn(C,Cls);]*, 649 [Sn(C.Cls),Cl]*; elemental analysis calcd (%)
for C,,Cl,,Sn: C 25.8; found: C 26.65.

Synthesis of [NBu,][Zr(CCl);CL] (5): ZrCl, (0.77 g, 3.30 mmol) was
added to a solution of LiC,Cls (ca. 23 mmol) in Et,0 (50 mL) at —78°C
and the resulting suspension was allowed to warm up to —30°C. At this
temperature, [NBu,]Br (1.06 g, 3.30 mmol) was further added and the
mixture was allowed to reach 0°C. After the mixture had been stirred for
3h, the light brown solid in suspension was filtered off, washed with
Et,0 (3x7mL) and vacuum dried. The solid was treated with CH,Cl,
(50 mL) at 0°C and the extract was filtered and concentrated to about
10 mL. Addition of a Et,0O layer (40 mL) on the preceding solution and
subsequent diffusion at —30°C gave a brown solid, which was filtered off,
washed with Et,0 (3x5mL), and vacuum dried (5: 2.66 g, 2.30 mmol;
70% yield). Crystals suitable for X-ray diffraction analysis were obtained
by slow diffusion of a layer of n-hexane (15 mL) into a solution of 5
(40mg) in CH,Cl, (6mL) at —30°C. “C NMR ([*H]chloroform,
—20°C):™ 9 = 180.12 (ipso-C), 138.02, 131.56 (p-C), 129.80; IR (KBr):
Vmax = 1509 (m), 1480 (m), 1470 (m), 1396 (m), 1381 (m), 1324 (m), 1314
(s), 1284 (vs), 1221 (w), 1167 (w), 1146 (m), 1067 (s), 876 (w; NBu,*),
833 (s; C4Cls: X-sensitive vibr.),"! 739 (w; NBu,*), 670 (s), 321 cm™! (m;
Zr—Cl); MS (FAB): m/z: no peaks were observed; elemental analysis
caled (%) for C3,H3Cl;NZr: C 35.4, H 3.15, N 1.2; found: C 36.2, H 3.6,
N24.

Synthesis of [NBu,J[Hf(C:Cl;);CL] (6): Using the procedure just de-
scribed for synthesizing 5, 6 was prepared by using HfCl, (2.03 g,
6.34 mmol), LiC,Cls (ca. 45 mmol), and [NBu,]Br (2.04 g, 6.34 mmol).
Complex 6 was obtained as a brown solid (5.20 g, 4.20 mmol; 66 % yield).
Crystals suitable for X-ray diffraction analysis were obtained by slow dif-
fusion of a layer of n-hexane (15mL) into a solution of 6 (35mg) in
CH,Cl, (6mL) at —30°C. C NMR ([’H]dichloromethane, —20°C):["!
0 = 191.81 (ipso-C), 137.72, 131.94, 131.68 (p-C); IR (KBr): ¥, = 1509
(m), 1480 (m), 1470 (m), 1396 (m), 1381 (w), 1324 (m), 1316 (s), 1284
(vs), 1218 (w), 1167 (w), 1148 (w), 1070 (s), 878 (w; NBu,™), 834 (s;
C4Cls: X-sensitive vibr.),® 739 (w; NBu,*), 670 (s), 295 cm™ (m; Hf—Cl);
MS (FAB): m/z: 991 [Hf(C,CL);CL]", 779 [HIf(C:Cls),CL], 567
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[Hf(C4Cl5)CL]™; elemental analysis caled (%) for C;HzCl;HEN: C 32.9,
H 2.9, N 1.1; found: C 33.5, H 3.5, N 1.0.

X-ray structure determinations: Crystal data and other details of the
structure analyses are presented in Table 8. Suitable crystals of 1'-6 were
obtained as indicated in each synthetic procedure. Crystals were mounted
at the end of a glass fibre and held in place with either epoxy adhesive or
a fluorinated oil.

1": unit cell dimensions were determined using 25 centered reflections in
the range 20.4 <26 <31.3°. All diffraction measurements were made on
an Enraf-Nonius CAD-4 diffractometer in a quarter of reciprocal space
for 4.0<26<50.0° by w scans. An absorption correction was applied on
the basis of 422 azimuthal scan data (maximum and minimum transmis-
sion coefficients were 0.792 and 0.747).

2-2CH,Cl,: unit cell dimensions were initially determined from the posi-
tions of 43 reflections in 60 intensity frames measured at 0.3° intervals in
o and subsequently refined on the basis of positions for 2483 reflections
from the main data set. A hemisphere of data was collected on a Bruker
SMART APEX diffractometer based on three w-scan runs (starting w =
—28°) at values ¢p = 0°, 90°, and 180° with the detector at 20 = 28°. For
each of these runs, frames were collected at 0.3° intervals and 10s per
frame. The diffraction frames were integrated using the SAINT pack-
age™ and corrected with SADABS.!

3-0.75 CH,Cl,-0.5C4H,4: unit cell dimensions were initially determined
from the positions of 60 reflections in 90 intensity frames measured at
0.3° intervals in w and subsequently refined on the basis of positions for
2052 reflections from the main data set. A hemisphere of data was col-
lected on a Bruker SMART APEX diffractometer based on three w-scan
runs (starting @ = —28°) at values ¢ = 0°, 90°, and 180° with the detec-
tor at 20 = 28°. For each of these runs, frames were collected at 0.3° in-
tervals and 20 s per frame. The diffraction frames were integrated using
the SAINT package!” and corrected with SADABS."!

4-0.25 C,Cl,: unit cell dimensions were initially determined from the posi-
tions of 42 reflections in 90 intensity frames measured at 0.3° intervals in
o and subsequently refined on the basis of positions for 1149 reflections
from the main data set. A hemisphere of data was collected on a Bruker
SMART APEX diffractometer based on three w-scan runs (starting w =
—28°) at values ¢ = 0°, 90°, and 180° with the detector at 20 = 28°. For
each of these runs, frames were collected at 0.3° intervals and 10s per
frame. The diffraction frames were integrated using the SAINT pack-
age!™ and corrected with SADABS.[™

5-0.75CH,Cl;: unit cell dimensions were determined using 25 centered re-
flections in the range 22.0 < 26 < 30.5°. All diffraction measurements
were made on an Enraf-Nonius CAD-4 diffractometer in a quarter of re-
ciprocal space for 4.0 <26<50.0° by w scans. An absorption correction
was applied on the basis of 407 azimuthal scan data (maximum and mini-
mum transmission coefficients were 0.845 and 0.745).

6-0.5CH,Cl,: unit cell dimensions were determined using 25 centered re-
flections in the range 22.2<26<31.2°. All diffraction measurements
were made on an Enraf-Nonius CAD-4 diffractometer in a quarter of re-
ciprocal space for 4.0 <260 <50.0° by w scans. An absorption correction
was applied on the basis of 492 azimuthal scan data (maximum and mini-
mum transmission coefficients were 0.854 and 0.664).

The structures were solved by Patterson and Fourier methods. All refine-
ments were carried out using the programs SHELXL-93 (for 1) and
SHELXL-97." All non-hydrogen atoms were assigned anisotropic dis-
placement parameters and refined without positional constraints except
as noted below. All hydrogen atoms were constrained to idealized geo-
metries and assigned isotropic displacement parameters 1.2 times the Ui,
value of their attached carbon atoms (1.5 times for methyl hydrogen
atoms). For 2-CH,Cl, no H atoms were added to the solvent molecule.
For 3-0.75CH,Cl,-0.5 C;H,, two dichloromethane molecules were found
at 0.5 and 0.25 occupancies, respectively; the solvent atoms were refined
with isotropic displacement parameters and no H atoms were added; the
n-hexane molecule is located on an inversion center, so only half the
molecule is found in the asymmetric unit. In the solvent area of
4-0.25C,Cl, only two Cl atoms could be located, they being refined with
isotropic displacement parameters. For 5-0.75CH,Cl, the solvent mole-
cules were found to be disordered over two positions sharing the C
atom; the occupancy of the Cl atoms within each set was 0.60 and 0.15,
respectively; a common set of thermal anisotropic displacement parame-
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Table 8. Crystal data and structure refinement for compounds 1'-6.

1 22CH,Cl, 3-0.75CH,CL,-0.5CH;,  4-0.25C,Cl, 5-0.75CH,Cl, 6-0.5CH,Cl,
formula Cy1H35CL,Li0,Ti CyHyClyyTi Ce3.75H35.5Cly1 sNP,TI C45Cly Sn Ci475H375Clig sNZr Cs45H3;ClLisHIN
M, [gmol ] 1429.45 1214.99 1846.94 1157.39 1216.20 1282.24
T [K] 150(2) 100(2) 100(2) 173(2) 150(2) 150(2)

A [pm] 71.073 71.073 71.073 71.073 71.073 71.073
crystal system monoclinic tetragonal monoclinic monoclinic monoclinic monoclinic
space group C2lc PA2,c P2,/c C2lc P2/c P2/c

a [pm] 1674.8(5) 1498.93(14) 2250.7(2) 2956.6(4) 2240.7(2) 2239.2(6)
b [pm] 1915.46(15) 1498.93(14) 969.60(9) 1441.05(18) 1734.96(16) 1732.99(18)
¢ [pm] 1758.0(2) 869.98(12) 3288.7(3) 2419.8(3) 1240.0(2) 1237.5(2)
BI°] 91.58(3) 90 92.772(2) 124.956(2) 91.739(17) 91.757(15)
V [nm?] 5.6376(18) 1.9547(4) 7.1685(12) 8.4499(19) 4.8184(11) 4.8000(17)
V4 4 2 4 8 4 4

o [gem™] 1.684 2.064 1.711 1.820 1.677 1.774

p [mm™] 1.235 1.886 3.140 1.953 1.283 3.204
F(000) 2860 1180 3618 4432 2430 2516

26 range [°] 4.0-50.0 3.8-50.0 3.0-50.0 4.4-494 4.0-50.0 4.0-50.0

(+h, +k, £1) (xh, £k, £1) (x£h, £k, £1) (£h, £k, 1) (£h, —k, +1) (£h, —k, +1)
final R indices [I>20(1)]"*!

R, 0.0484 0.0409 0.0723 0.0642 0.0582 0.0764
WR, 0.1202 0.1106 0.1603 0.1306 0.1405 0.1829
R indices (all data)

R, 0.0761 0.0504 0.1531 0.1346 0.1247 0.1087
WR, 0.1385 0.1156 0.1951 0.1514 0.1718 0.1964
goodness-of-fit on F2["! 1.037 1.020 0.952 0.859 1.010 1.160

[a] R, = S(|F,| | F.|)/E|F,|; wR, = [Sw(F>—F/Ew(F2]2 w =
(FoF oty param) ™.

ters was used for the Cl atoms of each component of the disorder. For
6-0.5CH,Cl, a common set of thermal anisotropic displacement parame-
ters was used for the solvent atoms and another one for the N and a-C
atoms of the [NBu,]* ion. Full-matrix least-squares refinement of these
models against F* converged to final residual indexes given in Table 8.
Lorentz and polarization corrections were applied for all the structures.

CCDC-172710, and CCDC-229859-CCDC-229863 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).

EPR measurements: EPR data were obtained in a Bruker ESP380 spec-
trometer. The magnetic field was measured with a Bruker ER035M
gaussmeter. A Hewlett-Packard HP5350B frequency counter was used to
determine the microwave frequency.
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