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Homoleptic phenolate complexes of zirconium, [Na(THF)2]2[Zr(OC6H4-2-Cl)6] and [NH2(CH3)2]2[Zr(OC6H4-2-Cl)6]�
2THF, were synthesized and fully characterized. To our knowledge, these complexes are the first examples for
homoleptic six coordinated phenolate complexes of zirconium. Anaerobic reaction of zirconium tetrachloride with
six equivalents of sodium 2-chlorophenolate afforded [Na(THF)2]2[Zr(OC6H4-2-Cl)6] in excellent isolated yields. The
geometry of the ZrO6 core is octahedral with some distortion due to interactions of the sodium cations with oxygen
atoms of the 2-chlorophenolate groups. The sodium cations are bound to five oxygen atoms: three to 2-chloro-
phenolate groups and two to THF. The coordination sphere is completed by interaction with chloride substituents
of three 2-chlorophenolate ligands. A second example of a six coordinate complex of zirconium, [NH2(CH3)2]2-
[Zr(OC6H4-2-Cl)6]�2THF, was synthesized by the reaction of zirconium tetrakis(dimethylamino) with six or four
equivalents of 2-chlorophenol. The ZrO6 core adopts a distorted octahedral geometry. Distortion is caused by
hydrogen bonding between the dimethylammonium cation and the oxygen atom of one 2-chlorophenolate ligand.
1H- and 13C-NMR spectroscopy revealed that [NH2(CH3)2]2[Zr(OC6H4-2-Cl)6]�2THF decomposes in solution. These
observations illustrate the profound influence that weaker secondary interactions to the donor atoms can have on
metal coordination geometry.

Introduction
The coordination chemistry of alcoholate and phenolate com-
plexes of zirconium is a diverse and fascinating area of
inorganic chemistry.1 While the structures of a variety of
dinuclear alcoholate complexes of zirconium were described,2

with complexes having a structural motif similar to the anion 3

[({CH3}2CHO)3Zr(µ-OCH{CH3}2)3Zr(µ-OCH{CH3}2)3]
� or

the dimer 4 [({CH3}2CHOH)({CH3}2CHO)3Zr(µ-OCH-
{CH3}2)2Zr(µ-OCH{CH3}2)3(HOCH{CH3}2)] play a domin-
ant role, phenolate complexes of zirconium are rarer. Only
recently have some heteroleptic six coordinate complexes of
zirconium been fully characterized with one, two or three phenol-
ate groups.5 In addition the synthesis and characterization of
zirconocene phenolate complexes have been described.6

Since six coordinate complexes of zirconium containing a
ZrO6 core are observed,7 we expected the same for analogous
phenolate complexes. Surprisingly, we were not able to find any
indication for the synthesis and crystallographic analyses of
either homoleptic four- or six-coordinate phenolate complex of
any of the Group 4 metals. Only the synthesis of a homoleptic
tetrakisphenolate complex of zirconium was briefly mentioned,
but without X-ray crystallographic information.8 The closest
six coordinate example is a heteroleptic dititanium complex,
[(C6H5O)3(C6H5OH)Ti(µ-OC6H5)2Ti(OC6H5)3(HOC6H5)].

9

Even for other transition metals six coordinate phenolate
complexes are very rare.10

Phenolate and alcoholate complexes of zirconium have been
employed in mechanistic studies 2a–c,3c–g,4 and as precursors for
the conversion of molecular compounds to solid state mater-
ials,3g,7c,11 and as co-catalysts in olefin polymerization,5e,f,6c,d,12

which prompted interest in the synthesis and structural analysis
of homoleptic phenolate complexes of zirconium. In general,
the synthesis of monometallic species seems to be hampered by
the Lewis basicity of the oxygen atom leading to aggregation
via bridging OR groups. Only one example of a fully character-
ized monometallic zirconium homoleptic phenolate or alcohol-
ate complex, [Zr(OCH{CF3}2)6]

2�, is known.7c Here the form-
ation of bridges may be hampered by the fluoride decreasing
the Lewis basicity of the oxygen atom and by the presence of
sodium or thallium cations.

Our goals were to establish possible strategies for the syn-
thesis of monometallic phenolate complexes of zirconium as
well as to obtain insights into the coordinative properties of
these complexes. This interest is an extension of our studies on
the synthesis and characterization of six coordinate thiolate
complexes, wherein both monometallic and oligomeric
examples were found.13 We were particularly interested in the
preparation of the oxygen analogs of zirconium thiophenolate
complexes, which revealed an amazing diversity in their
coordination geometry—varying from the octahedral to the
trigonal prismatic limits.

Results and discussion

Synthesis and general considerations

Several methods for the synthesis of phenolate complexes of
metals are known.1 The first homoleptic six coordinate
phenolate complex of zirconium() was obtained in very good
yields by treatment of zirconium tetrachloride with sodium
2-chlorophenolate in a 1 : 6 stoichiometry in tetrahydrofuran
[eqn. (1)].

After filtration of the reaction mixture and crystallization at
�20 �C from a mixture of hexane and tetrahydrofuran
[Na(THF)2]2[Zr(OC6H4-2-Cl)6] (1) was obtained as colorless
crystals. Recrystallization of 1 from hexane–tetrahydrofuran
afforded crystals suitable for X-ray crystallography. Complex
salt 1 was soluble in acetonitrile, tetrahydrofuran and acetone
and insoluble in hexane and chloroform. The 1H- and 13C-
NMR spectra are in agreement with the structure obtained by
X-ray crystallography and the chemical shifts are similar to
those obtained for sodium 2-chlorophenolate and 2-chloro-
phenol. The UV/Vis spectrum of 1 contains three absorption
bands at 212, 248 and 286 nm. Comparison with bands
observed for lithium 2-chlorophenolate-tetrahydrofuran 14

allowed assignment of the band at 248 nm as due to tetra-
hydrofuran and the band at 286 nm as due to the 2-chloro-

ZrCl4 � 6NaOC6H4-2-Cl 
[Na(THF)2]2[Zr(OC6H4-2-Cl)6] � 4NaCl (1)
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phenolate ligands. The band at 212 nm might represent a ligand
to metal charge-transfer transition.

Noteworthy, reactions of zirconium tetrachloride and lith-
ium 2-halophenolate (halo is fluoro or chloro) in tetra-
hydrofuran produced intractable mixtures. Even though the
19F-NMR spectra of reaction solutions revealed a mixture of
products, resonances assignable to lithium 2-fluorophenolate-
tetrahydrofuran or to 2-fluorophenol could not be identified.
The difference between the sodium and lithium phenolate reac-
tion chemistry may be due to the strong interaction between the
lithium cation and the oxygen atom of the phenolate. The inter-
action between the larger sodium cation and oxygen should be
weaker so that the 2-chlorophenolate can act as a better nucleo-
phile. Similar observations have been made with alkali metal
enolates.15 The dissociation of alkali metal enolates was found
to increase with increasing atomic number of the alkali metal
cation.

Another convenient method, in addition to salt elimination
reactions, for the synthesis of transition metal complexes are
condensation reactions of dialkylamide compounds of metals
with protic compounds such as alcohols or thiols.16 For
example, zirconium tetrakis(tert-butanolate) was prepared by
reaction of zirconium tetrakis(dimethylamino) 17 with an excess
of tert-butanol. Similarly, alcoholysis of zirconium tetrakis-
(dimethylamino) using 2-propanol leads to the formation of a
dimeric zirconium complex.4b In our hands, treating zirconium
tetrakis(dimethylamino) with six equivalents of 2-chlorophenol
in THF afforded an exothermic reaction with elimination of
amine, the odor of which could be detected on changing the
septum. Dilution of the reaction mixture with hexane, and
storing the solution at �20 �C, resulted in the formation of a
crystalline material identified as [NH2(CH3)2]2[Zr(OC6H4-2-
Cl)6]�2THF (2) in good yields [eqn. (2)].

Surprisingly, 2-chlorophenol gave a six coordinate conden-
sation product with zirconium tetrakis(dimethylamino), which
contrasts the four coordinate complex obtained with tert-buta-
nol and the dimer formed with 2-propanol. Attempts to prepare
a four coordinate 2-chlorophenolate complex of zirconium by
treating zirconium tetrakis(dimethylamino) with 2-chloro-
phenol in a 1 : 4 stoichiometry resulted in a 17% isolated yield
of colorless crystals of 2 after crystallization from a hexane–
THF mixture. The infrared spectrum of a crystalline sample of
2 contains bands in agreement with the X-ray crystal struc-
ture.18 The 1H- and 13C- NMR spectra, however, do not agree
with the structure obtained by X-ray crystallography. These
NMR studies suggest that dissolving single crystals of 2 in
chloroform affords at least two compounds in an approximate
1 : 10 ratio. While a single broad resonance assigned to a N–H
functional group of 2 was observed more than one signal,
assigned to N–CH3 groups, was identified. Similar behavior is
observed in the aromatic region; in addition to the four
expected multiplets of the ABCDX spin system of 2 the spec-
trum contains further resonances of lower intensity. COSY-
and HECTOR-NMR experiments reveal that the more intense
peaks and the additional peaks in the aromatic region form two
independent spin-systems. There is a strong solvent dependence
on the ratio of the compounds in solution; crystals of 2 dis-
solved in acetone-d6 show an approximate 1 : 1 ratio of the
different compounds. Interpretation of a solid state 13C-NMR
spectrum suggests the crystallized material may contain a single
compound. Tentatively, these results indicate that on dis-
solution 2 decomposes. Similar results have been observed for
other complexes containing a dialkylammonium cation.19

It is interesting to note that monometallic six coordinate
complexes of zirconium are obtained on treating zirconium

Zr[N(CH3)2]4 � 6HOC6H4-2-Cl 
[NH2(CH3)2]2[Zr(OC6H4-2-Cl)6]�2THF � 2NH(CH3) (2)

tetrakis(dimethylamino) with the acidic 2-chlorophenol (pKa =
8.25) 20 while less acidic alcohols, such as tert-butanol and
2-propanol (pKa ≈ 18),21 provide other types of complexes.
Another example, wherein an increased acidity of a phenol
derivative plays an important role, is found in the reactivity of
zirconium acetylacetonate with phenols.22 In the present case,
the increased acidity should allow a more facile acid–base
reaction between unreacted 2-chlorophenol and dimethyl-
amine leading to the in-situ formation of dimethylammonium
2-chlorophenolate. Nucleophilic attack of the phenolate ion
on an intermediate coordinatively unsaturated four coordin-
ate phenolate complex of zirconium could produce the six
coordinate complex.

Crystal structures of 1 and 2

Structural analysis of 1 and 2 by X-ray crystallography reveals
the presence of anionic 2-chlorophenolate complexes of
zirconium with interactions of the oxygen atoms to the cations
(1: [Na(THF)2]

�; 2: [NH2(CH3)2]
�). Both 1 and 2 consist of a

zirconium atom solely coordinated by the oxygen atoms of six
2-chlorophenolate ligands. As such 1 and 2 provide the only
examples of phenolate complexes containing a ZrO6 core. Bond
distances and angles within the 2-chlorophenolate-ligands are
very similar and are not unusual.

Structure of [Na(THF)2]2[Zr(OC6H4-2-Cl)6] (1). Recrystalliz-
ation of 1 from a mixture of THF and hexane (1 : 1) provides
colorless crystals suitable for X-ray crystallography. Complex
salt 1 crystallized in the triclinic space group P1̄, wherein the
central zirconium atom resides on a crystallographic inversion
center. Fig. 1 contains the molecular structure of 1 along with a

partial numbering scheme. All Zr–O bond lengths are similar
with values ranging from 2.048(1) to 2.079(1) Å (Table 1). The
ZrO6 core is slightly distorted from an octahedral geometry
with a modest elongation along the pseudo-C3 axis defined by
the Na � � � Zr � � � Na vector. The complex has twist angles,
along this axis, of 58.86 to 61.02� and trans-O–Zr–O bond
angles of 180�, values close to those expected for the octahedral
geometry. The sodium cations cap two opposing triangular
faces of the ZrO6 core and thereby provide a skew-cuboid
O6Na2 polyhedron (Scheme 1).

Attractions of each sodium cation with three oxygen atoms
[Na(1)–O(1)#, 2.694(2); Na(1)–O(2), 2.470(1); Na(1)–O(3),
2.598(2)] lead to some deviations from the ideal octahedral cis-
O–Zr–O bond angle of 90�. In general the O–Zr–O bond angles
pointing towards the sodium cation are smaller than the other
angles. For the smaller bond angles the values range between
85.70(5) and 88.12(5)� and for the larger angles between
91.88(5) and 94.30(5)�.

Fig. 1 Labeling scheme of [Na(THF)2]2[Zr(OC6H4-2-Cl)6]. For clarity
the hydrogen atoms have been removed.
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Table 1 Selected distances (Å) and angles (�) for [Na(THF)2]2[Zr(OC6H4-2-Cl)6] (1)

Zr(1) � � � Na(1)# 3.263(1) Na(1)–O(1)# 2.694(2)
Zr(1) � � � Na(1) 3.263(1) Na(1)–O(2) 2.470(1)
Zr(1)–O(1) 2.079(1) Na(1)–O(3) 2.598(2)
Zr(1)–O(1)# 2.079(1) Na(1)–O(4) 2.335(2)
Zr(1)–O(2) 2.075(1) Na(1)–O(5) 2.413(1)
Zr(1)–O(2)# 2.075(1) Cl(1)–Na(1) 3.032(1)
Zr(1)–O(3) 2.048(1) Cl(2)–Na(1) 2.883(1)
Zr(1)–O(3)# 2.048(1) Cl(3)–Na(1) 2.945(1)
    
O(1)#–Zr(1)–O(1) 180.0 O(3)–Zr(1)–O(3)# 180.0
O(1)#–Zr(1)–O(2)# 94.24(5) Na(1) � � � Zr(1) � � � Na(1)# 180.0
O(1)–Zr(1)–O(2) 94.24(5) Na(1) � � � Zr(1)–O(1) 124.66(4)
O(1)–Zr(1)–O(2)# 85.76(5) Na(1) � � � Zr(1)–O(1)# 55.34(4)
O(1)#–Zr(1)–O(3)# 94.30(5) Na(1)# � � � Zr(1)–O(1)# 124.66(4)
O(1)–Zr(1)–O(3)# 85.70(5) Na(1)# � � � Zr(1)–O(2)# 49.16(4)
O(1)–Zr(1)–O(3) 94.30(5) Na(1) � � � Zr(1)–O(2)# 130.84(4)
O(2)–Zr(1)–O(1)# 85.76(5) Na(1) � � � Zr(1)–O(2) 49.16(4)
O(2)–Zr(1)–O(2)# 180.0 Na(1) � � � Zr(1)–O(3) 52.73(4)
O(2)–Zr(1)–O(3)# 91.88(5) Na(1)# � � � Zr(1)–O(3)# 52.73(4)
O(2)#–Zr(1)–O(3)# 88.12(5) Na(1) � � � Zr(1)–O(3)# 127.27(4)
O(2)–Zr(1)–O(3) 88.12(5) O(1)–Zr(1) � � � Na(1)# 55.34(4)
O(3)–Zr(1)–O(1)# 85.70(5) O(2)–Zr(1) � � � Na(1)# 130.84(4)
O(3)–Zr(1)–O(2)# 91.88(5) O(3)–Zr(1) � � � Na(1)# 127.27(4)

Symmetry transformations used to generate equivalent atoms: # �x, �y, �z � 1.

The coordination sphere of the sodium in the two
[Na(THF)2]-cations of complex salt 1 is quite interesting. Each
sodium cation binds, in addition to the three oxygen atoms of
three 2-chlorophenolate ligands, two oxygen atoms of THF
molecules. Additionally, chlorine atoms of three 2-chloro-
phenolate ligands interact with the sodium cation, such that
the 2-chlorophenolate acts as a chelating ligand with respect
to the sodium cation, expanding its coordination number to
eight. Distances between the sodium cation and the chlorine
atoms range from 2.883(1) to 3.032(1) Å, which are shorter
than the sum of the van der Waals radii of 3.12 Å suggesting
weak interaction. Similar bonding of a sodium cation to
fluoride atoms was reported 7c in the complex [Na(C6H6)]2-
[Zr(OCH(CF3)2)6]. For this six coordinated alcoholate com-
plex of zirconium Na–F distances of 2.675(3) and 2.810(3) Å
were determined and sodium–fluorine bonding postulated
(Scheme 2).

Structure of [NH2(CH3)2]2[Zr(OC6H4-2-Cl)6]�2THF (2). Re-
crystallization of 2 from a mixture of THF and hexane (1 : 2.5)

Scheme 1

Scheme 2

provides colorless crystals suitable for X-ray crystallography.
The solvated complex salt 2 crystallized in the monoclinic space
group P21/n, with the center of the anion located on a crystallo-
graphic inversion center. Fig. 2 shows the complex salt of 2

along with a partial numbering scheme. The ZrO6 core is
slightly distorted from an octahedral geometry by an elonga-
tion along the O(3)–Zr–O(3)# axis: Zr–O(1), 2.026(2); Zr–O(2),
1.897(2); Zr–O(3), 2.350(2) Å (Table 2). This distortion is
induced by the presence of hydrogen bonding between the di-
methylammonium cation and O(3) leading to elongation of the
Zr–O(3) distance. Expected values for the octahedral geometry
can be found in the twist angles of 57.9 to 63.8� and the trans-
O–Zr–O bond angles of 180�, while deviations from ideality can
be seen in the tilting of the plane defined by Zr, O(1) and O(2)
of circa 7� relative to the axis O(3)–Zr–O(3)#. Concomitantly,
cis-O–Zr–O bond angles deviate from 90�, wherein the angles
exist in two sets: one set of small angles ranging from 81.61(7)
to 85.80(7)�; and a set of larger angles ranging from 94.20(7) to
98.39(7)�.

The hydrogen atoms of the N,N-dimethylammonium cation
form hydrogen bonds to the oxygen atoms of a tetrahydrofuran
molecule and to an oxygen of a 2-chlorophenolate group:
H(1A) � � � O(3)#, 2.08(4), H(1B) � � � O(4), 2.10(4) Å; N(1)–
H(1A) � � � O(3)#, 147(1), N(1)–H(1B) � � � O(4), 170(3)�. The

Fig. 2 Labeling scheme of [NH2(CH3)2]2[Zr(OC6H4-2-Cl)6]�2THF. For
clarity most of the hydrogen atoms and the THF have been removed.
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Table 2 Selected distances (Å) and angles (�) for [NH2(CH3)2]2[Zr(OC6H4-2-Cl)6] (2)

Zr(1)–O(1) 2.026(2) Zr(1)–O(3) 2.350(2)
Zr(1)–O(1)# 2.026(2) N(1)–H(1A) 0.85(3)
Zr(1)–O(2) 1.897(2) N(1)–H(1B) 0.90(3)
Zr(1)–O(2)# 1.897(2) O(3)# � � � H(1A) 2.08(4)
Zr(1)–O(3)# 2.350(2) O(4) � � � H(1B) 2.10(4)
    
O(1)#–Zr(1)–O(1) 180.0 O(2)–Zr(1)–O(3)# 81.61(7)
O(1)–Zr(1)–O(2) 94.20(7) O(2)#–Zr(1)–O(3) 81.61(7)
O(1)#–Zr(1)–O(2)# 94.20(7) O(2)#–Zr(1)–O(3)# 98.39(7)
O(1)–Zr(1)–O(2)# 85.80(7) O(3)–Zr(1)–O(3)# 180.0
O(1)–Zr(1)–O(3) 96.57(7) Zr(1)–O(1)–C(1) 147.0(2)
O(1)–Zr(1)–O(3)# 83.43(7) Zr(1)–O(2)–C(7) 152.5(2)
O(1)#–Zr(1)–O(3) 83.43(7) Zr(1)–O(3)–C(13) 138.63(14)
O(1)#–Zr(1)–O(3)# 96.57(7) C(19)–N(1)–C(20) 120.6(2)
O(2)–Zr(1)–O(1)# 85.80(7) H(1A)–N(1)–H(1B) 123(3)
O(2)–Zr(1)–O(2)# 180.0 N(1)–H(1A) � � � O(3)# 147(1)
O(2)–Zr(1)–O(3) 98.39(7) N(1)–H(1B) � � � O(4) 170(3)

Symmetry transformations used to generate equivalent atoms: # �x � 1, �y, �z.

H � � � O distances are smaller than the sum of the van der
Waals radii of 2.60 Å.23

In summary, reliable syntheses of six coordinate homo-
leptic phenolate complexes of zirconium have been demon-
strated. Feasible synthetic methods are salt elimination
reaction of sodium phenolates and zirconium tetrachloride as
well as a condensation reaction between tetrakis(dimethyl-
amino)zirconium and acidic 2-chlorophenol. To our know-
ledge, complexes [Na(THF)2]2[Zr(OC6H4-2-Cl)6] (1) and
[NH2(CH3)2]2[Zr(OC6H4-2-Cl)6]�2THF (2) are the first charac-
terized homoleptic phenolate complexes of zirconium. The
ZrO6 core of both complexes adopt a slightly distorted octa-
hedral geometry induced by interactions of the phenolate oxy-
gen atom and the cationic portion of the complex salts. Within
1 each sodium cation possesses three Na–O interactions result-
ing in an elongation along the Na–Zr–Na vector while in 2 the
dimethylammonium cations each have a single N–H � � � O
interaction leading to an elongation along the O(3)–Zr–O(3)#
axis. The influence of an intermolecular hydrogen-bond on the
coordination geometry of a transition metal complex was
described for other systems containing N,N-dimethylamine.4b

These observations demonstrate the profound influence that
weaker secondary interactions to the donor atoms can have on
metal coordination geometry.

Experimental

Chemicals and instrumentation

All experimental work was performed under an inert atmos-
phere using deoxygenated solvents. All reagents were newly
purchased from commercial sources and used without further
purification except where noted. Zirconium tetrakis(dimethyl-
amino) was prepared by a literature method.17 All solvents were
procured from Fisher and distilled: diethyl ether and THF from
sodium benzophenone; acetonitrile from freshly ground CaH2;
hexane and dichloromethane from P2O5. Deuterated solvents
were also distilled under a positive nitrogen pressure: chloro-
form-d from P2O5 and acetone-d6 from calcium sulfate.

The 1H- and 13C-NMR spectra were measured on a Varian
VXRS-400 FT-NMR. The 19F-NMR spectrum was measured
on a Gemini 200 FT-NMR. For the 19F-NMR a small
tube containing pure CCl3F was inserted into the NMR tube
with the sample. The signals were referenced to CCl3F (δF =
0.00 ppm). Infrared data were collected on a Nicolet 5DXB
FT-IT spectrometer. Ultraviolet-VIS spectra were recorded on
a Hewlett Packard 8452 diode array spectrophotometer using
Wilmad quartz spectrometer cells with a 10 mm pathlength.
Elemental analyses were carried out with a Perkin-Elmer CHN
Elemental Analyzer 2400. Melting points were recorded on a
Thomas–Hoover capillary melting point apparatus.

Crystal data were collected with a Siemens Smart platform
diffractometer [graphite-monochromated, (Mo-Kα = 0.071073
nm; Table 3). A single crystal of each compound was selected
from Paraton N oil and mounted on a 0.1 mm glass capillary.
X-Ray diffraction data were collected using several different
� settings, corresponding to a nominal hemisphere or sphere,
in 0.3� increment ω-scans. All crystals were measured at 150 K
using an Oxford Cryostream 600 low temperature device.
Correction for absorption and decay were applied using SAD-
ABS.24 All calculations were performed on an Indigo2/Silicon
Graphics Computer using SHELXS-86 25 and SHELXL-98.26

All unique reflections were used for the refinement by full
matrix least squares on F 2. The positions of all hydrogen atoms
were calculated with appropriate occupancies.

CCDC reference numbers 185537 and 185538.
See http://www.rsc.org/suppdata/dt/b2/b207299h/ for crystal-

lographic data in CIF or other electronic format.

Synthesis

Preparation of [Na][OC6H4-2-Cl]. To a solution of
2-chlorophenol (6.42 g, 50.0 mmol) in tetrahydrofuran (150
mL) were added small pieces of sodium (1.26 g, 55.0 mmol) at
room temperature with immediate gas formation. The solution
was stirred for one day resulting in a turbid yellowish solution.
Volatiles were removed under vacuum providing a pale yellow
oil. Addition of hexane (75 mL) resulted in the formation of a
white precipitate. The hexane slurry was stirred for another day.
The white precipitate was collected by filtration and washed
with hexane (2 × 25 mL). All volatile components were
removed from the solid under vacuum. Sodium 2-chloropheno-
late (7.38 g, 49.0 mmol, 98% based on 2-chlorophenol) was
obtained. 1H-NMR (acetone-d6, 21 �C, 400 MHz, in ppm): 6.17
(m, 1H, para to C–ONa), 6.64 (dd, 1H, ortho to C–ONa), 6.82
(m, 1H, para to C–Cl), 7.03 (dd, 1H, ortho to C–Cl). 13C-NMR
(acetone-d6, 21 �C, 100 MHz, in ppm): 111.75 (para to C–ONa),
121.41 (ortho to C–ONa), 123.01/123.69 (C–Cl), 128.19 (para to
C–Cl) 128.98 (ortho to C–Cl), 166.00 (C–ONa).

Preparation of [Na(THF)2]2[Zr(OC6H4-2-Cl)6] (1). Zircon-
ium tetrachloride (0.335 g, 1.4 mmol) and sodium 2-chloro-
phenolate (1.98 g, 13.1 mmol) were dissolved in tetra-
hydrofuran (40 mL) at room temperature resulting in an orange
slurry. The reaction mixture was stirred for three days at room
temperature providing a white fluffy precipitate. The precipitate
was removed by filtration through Celite providing a golden
solution. About three quarters of the solvent was removed
under vacuum and hexane (20 mL) added. The obtained golden
solution was put in a freezer at �20 �C. A small amount of
white precipitate formed. The solution was again filtered
through Celite and additional hexane (80 mL) was added. The
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Table 3 Crystal data and structure refinement for [Na(THF)2]2[Zr(OC6H4-2-Cl)6] (1) and [NH2(CH3)2]2[Zr(OC6H4-2-Cl)6]�2THF (2)

 1 2

Empirical formula C52H56Cl6Na2O10Zr C48H56Cl6N2O8Zr
Formula weight 1190.87 1092.87
T /K 150(1) 193(1)
Crystal system Triclinic Monoclinic
Space group P1̄ P21/n
a/Å 10.8102(2) 10.604(2)
b/Å 12.1126(3) 13.538(3)
c/Å 12.2598(2) 18.379(4)
α/� 111.212(1) 90
β/� 109.659(1) 97.43(3)
γ/� 96.699(1) 90
V/Å3 1356.35(5) 2616.3(9)
Z 1 2
Wavelength/Å 0.71073 0.71073
Absorption coefficient/mm�1 0.570 0.568
F(000) 612 1128
Reflections collected 16012 17047
Independent reflections 7139 [R(int) = 0.0222] 6438 [R(int) = 0.0319]
Data/restraints/parameters 7139/0/320 6438/0/303
Final R indices [I > 2σ(I )] R1 = 0.0353, wR2 = 0.0900 R1 = 0.0443, wR2 = 0.1088
R indices (all data) R1 = 0.0490, wR2 = 0.0949 R1 = 0.0707, wR2 = 0.1206

solution was stored in a freezer at �20 �C. Within a few hours
colorless crystals of 1 precipitated. The liquid phase was
decanted and the crystalline solid washed twice with hexane
(2 × 20 mL). The crystals of 1 (1.09 g, 0.92 mmol, 66% based on
ZrCl4) were isolated in the dry box. Mp (hexane): decom-
position at 123–125 �C to a white material and at 315–325 �C
the white material decomposed to a brown oil. Anal. calc. for
C52H56Cl6Na2O10Zr: C, 52.45; H, 4.74; N, 0.00. Found: C, 50.97;
H, 4.21; N, 0.04%. 1H-NMR (acetone-d6, 400 MHz, 21 �C,
in ppm): 1.78 (CH2), 3.61 (CH2–O), 6.33 (m, para to C–O,
6H), 6.69 (m, para to C–Cl, 6H), 7.00 (dd, ortho to C–O, 6H),
7.31 (dd, ortho to C–Cl, 6H). 13C-NMR (acetone-d6, 21 �C,
100 MHz, in ppm): 26.19 (CH2), 68.09 (CH2–O), 116.85 (para
to C–O), 123.15 (C–Cl), 124.03 (ortho to C–O), 127.56 (para to
C–Cl), 128.86 (ortho to C–Cl), 161.14 (C–O). νmax/cm�1 (KBr):
3036 (w), 2962 (m), 2923 (w), 2854 (w), 1582 (m), 1478 (s), 1438
(m), 1407 (w), 1295 (s), 1264 (s), 1151 (w), 1095 (s), 1048 (s),
1086 (s), 928 (w), 861 (s), 801(s), 747 (m), 663 (m), 598 (m), 521
(m). UV/Vis: λmax/nm (in CH3CN): 212, 248, 286.

A THF–hexane solution of 1 was stored at �20 �C. Colorless
crystals suitable for X-ray diffraction experiments formed after
two days.

Preparation of [NH2(CH3)2]2[Zr(OC6H4-2-Cl)6]�2THF (2).
Zirconium tetrakis(dimethylamino) (0.803 g, 3.0 mmol) was
dissolved in tetrahydrofuran (10 mL) providing a slightly green
solution. An exothermic reaction occurred when a solution of
2-chlorophenol (2.31 g, 18 mmol) in tetrahydrofuran (15 mL)
was added at room temperature and stirred for 23 h at room
temperature. Hexane (40 mL) was added and the resulting solu-
tion stored at �20 �C for one day. A small amount of a white
precipitate formed. The solution was filtered through Celite
while cooling the flask to �20 �C. To this solution more hexane
(75 mL) was added. Storing the solution at �20 �C resulted in
the formation of colorless needles. Colorless crystals of 2 {2.55
g, 2.33 mmol, 78% based on Zr[N(CH3)2]4} were isolated in the
dry box. Mp (hexane): the white material was observed to
change morphology at 55 �C and at 114 �C the white material
melted. Anal. calc. for C48H56Cl6N2O8Zr: C, 52.75; H, 5.16; N,
2.56. Found: C, 51.31; H, 4.73; N, 2.79%. 1H-NMR (chloro-
form-d, 400 MHz, 21 �C, in ppm): 1.85 (m, 8H, CH2O of THF),
2.43 (s, 12H, N(CH3)2), 2.59, 2.61, 3.74 (m, 8H, CH2 of THF),
6.52 (ddd, appears as t, 6H, aromatic, para to COZr), 6.62 (t),
6.85 (ddd, appears as triplet, 6H, aromatic, para to C–Cl),
6.94 (t), 7.09 (ddd, appears as d, 6H, aromatic, ortho to COZr),
7.20 (d), 7.31 (ddd, appears as d, 6H, aromatic, ortho to C–Cl),
8.22 (s, 4H, NH2(CH3)2

�). 13C-NMR (chloroform-d, 21 �C,

100 MHz, in ppm): 25.61 (s, CH2, THF), 31.57 (s, CH3,
NCH3), 36.04, 36.14, 68.01 (s, CH2, CH2–O of THF), 118.16
(s, aromatic CH, para to C–O), 118.78, 121.90 (s, aromatic C,
C–Cl), 122.45, 123.11 (s, aromatic CH, ortho to C–O), 127.69 (s,
aromatic CH, para to C–Cl), 127.79, 128.77 (s, aromatic CH,
ortho to C–Cl), 129.24, 158.71 (s, aromatic C, C–OZr). νmax/
cm�1 (KBr): 3222 (w), 3053 (w), 2960 (w), 2744 (w), 2941 (w),
2404 (w), 1580 (s), 1472 (s), 1438 (m), 1297 (s), 1152 (w), 1121
(m), 1052 (m), 1025 (m), 932 (w), 863 (s), 751 (s), 685 (m), 596
(m), 519 (m), 446 (w).
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