
Surprising Titanium Complexes Bearing
η2-Pyrazolato Ligands: Synthesis, Structure, and
Molecular Orbital Studies

Ilia A. Guzei,1a Anwar G. Baboul,1a Glenn P. A. Yap,1b
Arnold L. Rheingold,1b H. Bernhard Schlegel,1a and
Charles H. Winter*,1a

Department of Chemistry, Wayne State UniVersity
Detroit, Michigan 48202

Department of Chemistry, UniVersity of Delaware
Newark, Delaware 19716

ReceiVed October 2, 1996

As part of a program relating to the preparation of molecular
precursors to early transition metal nitride films,2 we have been
pursuing the synthesis of complexes that possess only nitrogen
ligands in the coordination sphere. Pyrazolato (pz) ligands are
particularly attractive nitrogen donors,3 since the ligands
themselves are easily prepared and the properties of resultant
complexes should be readily modified by appropriate choice
of substituents at the carbon atoms. However, application of
such complexes as CVD precursors requires monomeric species
to achieve the highest possible volatility. Monomeric metal
complexes withη2-pz ligands are known for lanthanide and
actinide complexes,4,5but there is only one example of a d-block
complex ([Cp2Zr(C3H3N2)(THF)]+BPh4-) bearing anη2-pz
ligand.6 All other structurally characterized d-block metal
complexes have shown the ligand to be present either in the
bridging mode or with only one nitrogen atom coordinated to
the metal.7 With these considerations in mind, we report the
synthesis and characterization of several homoleptic pz com-
plexes of titanium(IV). These species are the first homoleptic
monomeric pz complexes of any metal and contain exclusively
η2-pz ligands. The results of molecular orbital calculations
rationalize why theη2-bonding mode is preferred and suggest
that η2-pz complexes should be common in early to middle
transition metals.
Treatment of tetrakis(dimethylamido)titanium(IV) with 4

equiv of 3,5-dimethylpyrazole8 or 3,5-diphenylpyrazole8 in
refluxing toluene afforded tetrakis(3,5-dimethylpyrazolato)-
titanium(IV) (1; 83%) and tetrakis(3,5-diphenylpyrazolato)-

titanium(IV) (2; 76%) as yellow and light red solids, respectively
(eq 1).9 Compounds1 and2 were characterized by spectro-

scopic and analytical techniques, and by crystal structure
determinations (vide infra).1H and13C{1H} NMR spectra of
1 and2 at ambient temperature showed one type of pz ligand.
The mass spectrum of1 showed a molecular ion. Complex1
is monomeric in benzene, as determined by freezing point
depression measurements.
The crystal structure of1 was determined to understand the

molecular geometry (Figure 1).10 Analysis of the nitrogen atom
coordinates using criteria presented by Muetterties11 shows that
1 possesses a distorted dodecahedral geometry. The titanium-
nitrogen bond lengths in1 fall between 2.011 and 2.111 Å. Only
one pz ligand shows a significant difference in the titanium-
nitrogen bond lengths (Ti-N(31) ) 2.016(5) Å, Ti-N(32) )
2.111(6) Å). The other titanium-nitrogen bond lengths are
identical within experimental error. The nitrogen-nitrogen
bond lengths range between 1.357 and 1.371 Å. The bond
lengths in1 are similar to values for titanium-nitrogen single
bonds found in other titanium(IV) complexes (1.99-2.07 Å).12
The only other known titanium complex with bonds to eight
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Figure 1. Molecular structure of1. Selected bond lengths (Å): Ti-
N(11) 2.025(5), Ti-N(12) 2.046(6), Ti-N(21) 2.020(5), Ti-N(22)
2.086(6), Ti-N(31) 2.016(5), Ti-N(32) 2.111(6), Ti-N(41) 2.011(6),
Ti-N(42) 2.061(6), N(11)-N(12) 1.371(5), N(21)-N(22) 1.357(6),
N(31)-N(32) 1.368(6), N(41)-N(42) 1.360(6).
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nitrogen atoms is {5,5′,19,19′-bis[phthalocyanito(2-)]}-
titanium(IV),13which adopts square antiprismatic geometry with
titanium-nitrogen bond lengths ranging between 2.17 and 2.26
Å.
To help understand the bonding, ab initio calculations14were

carried out at the B3LYP/6-311G* level of theory on a
simplified model15 of the complex, trichloro(3,5-dimethyl-
pyrazolato)titanium(IV). An attempt to optimize the mono-
dentate complex proceeded smoothly to the bidentate complex,
suggesting that a stable monodentate complex does not exist at
this level of theory. The optimized geometry for the model
bidentate complex is in very good agreement with the results
of the X-ray structure determination (Ti-N(calcd)) 1.970,
2.012 Å versus Ti-N(X-ray) ) 2.01-2.11 Å; N-N(calcd))
1.369 Å versus N-N(X-ray) ) 1.357-1.371 Å). The sym-
metric combination of the nitrogen lone pairs mixes with the
ring â-bonds; one of these orbitals interacts strongly with the
titanium 3dz2 (Figure 2a) while the other interacts with the
symmetric combination of the Ti-Cl â-orbitals (Figure 2b).16

Two orbitals with large contributions from the antisymmetric
combination of the nitrogen lone pairs interact strongly with
an empty 3dxz orbital on the titanium (Figure 2c,d). The ring
π-orbitals interact only weakly with the metal (not shown).
It has been proposed that the lack of d-block metal complexes

bearingη2-pz ligands can be attributed to the directional nature
of the nitrogen lone pairs,3 which does not allow simultaneous
coordination of both nitrogens by a single metal. In lanthanides
and actinides, the metals are larger and the bonding is ionic,
thus renderingη2-coordination possible.3,4 However, the present
results with1 and2 demonstrate thatη2-pz coordination is easily
achieved. Molecular orbital calculations with a large basis set
reveal that the symmetric and antisymmetric combinations of
the nitrogen lone pairs interact with appropriate symmetry-
hybridized d-orbitals on titanium. The presence of the empty
d-orbitals on the metal strongly favorsη2-bonding overη1-
bonding, since theη1-mode was not a minimum at the level of
theory used. It is therefore highly likely that other early to
middle transition metal transition metal complexes will favor
η2-pz coordination. It is interesting to compare the properties
of 1 and2 with those of tetrakis(acetylacetonato)titanium(IV)
(Ti(acac)4).17 Despite extensive investigations of titanium-

acetylacetonate complexes, the synthesis of monomeric Ti(acac)4

has never been reported in the open literature and it remains an
ill-defined compound with a questionable existence. By
contrast,1 and2 are molecular and1 sublimes at about 100°C
(0.1 mmHg). Importantly, metal-acetylacetonate complexes
are widely used as source compounds in film depositions.18

Analogous pz complexes are attractive potential precursors,
particularly in applications where oxygen incorporation is
undesired. We are continuing to explore the synthesis of metal-
pz complexes and are examining their use in the fabrication of
thin films. These studies will be reported in due course.
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Figure 2. Calculated occupied orbitals showing the interactions
between the trichlorotitanium(IV) and 3,5-dimethylpyrazolato frag-
ments: a, top left; b, middle left; c, top right; d, middle right.
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