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The two dinuclear, end-on dinitrogen-bridged titanium com-
plexes with cp*/pentafulvene ligation, [{(n°-CsMes)Ti(n®-
C5H,CRy)}2(1-ntn!-Ny)], R = p-tolyl (1) and >CR, = ada-
mantylidene (2), are compared to an analogous titanium dini-
trogen complex with a mixed amine/amide/chloride ligand
set, [{(Me3Si),NTiCl(TMEDA)},(u-n*n'-N,)] (3; TMEDA =
tetramethylethylenediamine). The N-N stretching vibrations
of complexes 1 and 2 are observed at 1749 and 1755 cm™,
respectively, indicative of a moderate activation of the dini-
trogen ligand. In contrast, the N-N stretch of 3 is located at
1284 cm™!, reflecting a much more highly activated N, li-
gand. These findings are in qualitative agreement with N-N

bond lengths that have been observed experimentally. DFT
calculations reveal that the major difference in the electronic
structures of 1, 2, and 3 is the fact that only one of the N, n*
orbitals is (doubly) occupied in the case of 1 and 2, whereas
both n* orbitals are (doubly) occupied in the case of 3. The
reason for this finding is that in 1 and 2 two of the three
electrons of each Ti* are involved in back-bonding interac-
tions with the terminal fulvene ligands, whereas no such in-
teractions exist between the Ti?* centers of 3 and its terminal
set of donor ligands.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The bonding and activation of N, by early transition-
metal complexes is of continued interest.!!# In titanium
systems dinitrogen is usually coordinated in an end-on
bridging geometry.l”! The activation of the N, ligand can
generally be determined by considering N-N bond lengths
obtained from X-ray diffraction data and N-N stretching
frequencies obtained from vibrational spectroscopy. These
data allow titanium dinitrogen compounds to be divided
into moderately and strongly activated species.[®! Moder-
ately activated dinitrogen complexes are generally found for
titanocene-based systems with N-N bond lengths in the
range of 1.15-1.20 A.I7-'2! Strong activation, on the other
hand, is observed for titanium complexes with ligand sets
that are different from cyclopentadienyl, exhibiting N-N
bond lengths of 1.25-1.30 A.3-151 A collection of N-N
bond lengths of different dinitrogen complexes is given in
Table 1. The two complexes with cp*/pentafulvene ligation,
[{(n>-CsMes)Ti(°-CsH4CRy)}o(u-n"m'-Ny)l, R = p-tolyl
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(1) and >CR, = adamantylidene (2), both have N-N bond
lengths of 1.160 A and thus can be considered to be moder-
ately activated.[”? On the other hand, the complex [{(Me;Si),-
NTiC(TMEDA)}>(u-n'm'-N,)] (3; TMEDA = tetra-
methylethylenediamine) that exhibits a mixed amine/amide/
chloride set of coligands has an N-N bond length of 1.29 A
and therefore activates N, to a higher degree (cf.
Scheme 1).['31 This would indicate that the activation of N,
is higher in compound 3, formally a Ti*>*-Ti?* species, than
in compounds 1 and 2, formally Ti*-Ti* complexes. At first
sight this observation appears to be contradictory.

Table 1. Comparison of N-N bond lengths of different dinitrogen
complexes.

N-N bond

Compound lengths [A] Ref.
1 1.160(3) g
2 1.160(5) g
[{(n>-CsMes), Ti}>(u-n'm'-Ny)] 1.165(14) t5)
[{(*-CsMegH),Ti}>(u-n'm'-Ny)] 1.170(4) el
[{(*-CsHs),Ti(PMes)b>(u-n'm'-No)] - 1.191(8) o
[{(*>-CsHs),Ti(p-tolyl) },(p-n'm'-Ny)] - 1.162(12) (H
[{[n>-CsH3(SiMes), ], Ti}a(u-n'm'-Ny)] - 1.164(5) (2
3 1.289(9) (131
[{(Me3Si),NTiCl(py)a}o(n-n'm'-Ny)]  1.263(7) (4
HI(MeaN)C(NiPr) ], Tijo(u-n'm'-Ny)] - 1.280(8) (3l

© 2006 Wiley-VCH Verlag GmbH & Co. KgaA, Weinheim

In order to address the above statement we investigated
compounds 1, 2, and 3 with resonance Raman spec-
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Results and Analysis
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N 2 ™ Site, Solid-state resonance Raman spectra of complexes 1-3,
recorded with an excitation wavelength of 514.5 nm, are
R = p-Tol M @) shown in Figure I. The most intense peak in the Raman

>CR,= adamantylidene (2)
Scheme 1.

troscopy. The vibrational analysis was assisted by DFT cal-
culations performed on structures I and III, which are mod-
els of complexes 1/2 and 3, respectively. The UV/Vis spectra
of 1/2 and 3 were interpreted on the basis of MO schemes
of models I and III. The electronic-structural features lead-
ing to the observed differences in N, activation were iden-
tified through this combined spectroscopic-theoretical ap-
proach. The general implications of this result are discussed
below.

spectrum of 1 is located at 1749 cm™'. This feature is as-

signed to the N-N stretching mode of the Ti-N,-Ti unit
on the basis of its high intensity and energetic position. The
first and second overtones of this mode are found at 3475
and 5173 cm™!, respectively. In the Raman spectrum of 2
the N-N stretching mode is identified at 1755 cm™! by the
same arguments. The overtones are located at 3490 and
5185 cm™!. The most prominent feature in the Raman spec-
trum of 3 is observed at 1284 cm™'. Again, this peak is as-
signed to the N-N stretching frequency of the Ti-N,-Ti
unit because of its high intensity and energetic position.
DFT calculations were performed for structures I and
III. In structure I the ligands of 1 and 2 are replaced by
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Figure 1. Top: Raman spectrum of 1. Middle: Raman spectrum of 2. Bottom: Raman spectrum of 3. All Raman spectra were recorded

with an excitation wavelength of 514.5 nm.
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unsubstituted cyclopentadienyl and fulvene groups, thus
providing a model system for both complexes 1 and 2.
Note, however, that in model I the dihedral angle between
the Ct*-Ti vectors of the two halves of the dimers is ap-
proximately zero (Ct* is the center of the cp* ligand). This
reproduces the structure of complex 1 but not that of com-
plex 2, which exhibits a twisted configuration (dihedral
angles between the Ct*-Ti vectors are 19.1° and 20.0°,
respectively, for the two independent molecules in the asym-
metric unit). Model III has been simplified with respect to
complex 3 by approximating the TMEDA and (Me;Si),N
ligands through coordinated NH; and NH, groups, respec-
tively. Structural parameters resulting from the DFT geom-
etry optimizations are compared with the experimental val-
ues in Table 2; a comparison between the experimentally
determined frequencies (see above) and the values derived
from DFT (B3LYP) is given in Table 3. The calculated fre-
quencies qualitatively reproduce the experimentally ob-
served trend. The N-N stretching frequency of I is calcu-
lated at 1806 cm™!, in good agreement with the experimen-
tally determined value of 1749 cm™!. The N-N stretching
mode of the model complex III is theoretically predicted to
be at a much lower energy (1371 cm™), in fair agreement
with the corresponding peak in the Raman spectrum of 3
(1284 cm™"). In this case the larger deviation from the ex-
perimental data probably results from the greater simplifi-
cation of the terminal ligands employed in the calculation.

Table 2. Comparison of structural parameters of 1, 2, and L

Com-

N-N Ti-N  Ti-Ct* Ti-Ct*V Ti-N-N 0
plex
1 1.160 1.999  2.056  1.965 170.0 28.3
2 1.160 2.008  2.064  1.986 169.8 31.6
I 1.204 1.916  2.087  2.043 176.9 35.7

Table 3. Comparison of the observed and calculated frequencies of
complexes 1-3 with model systems I and III.

Mode Experimental B3LYP

1 2 3 1 I
VNN 1749 1755 1284 1806 1371
2 yaN 3475 3490 - - -
3 vaN 5173 5185 - - -

Electronic Structure

An understanding of the electronic structure of com-
plexes 1/2 and complex 3 is achieved on the basis of the MO
schemes of the corresponding models I and III, respectively
(Figure 2). Model I is oriented such that the x axis is di-
rected along the N-N vector and the y axis along the ful-
vene/cyclopentadienyl ligands. Figure 2 (left) shows contour
plots of important molecular orbitals of I. The HOMO of
I represents a bonding combination between the n.* orbital
of dinitrogen and the metal d,. orbitals, forming a metal—-
dinitrogen m bond; this orbital has nearly equal contri-
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butions from the nitrogen p orbitals and the d functions of
titanium. The LUMO of I is the bonding combination of
the N, m,* orbital and the metal d,, functions. The corre-
sponding orbital has 19% metal and 40% nitrogen charac-
ter. The LUMO+1 of I is an antibonding combination of
the metal d,. orbitals with the dinitrogen . orbital having
6% nitrogen character. As only one ©* orbital of the dini-
trogen ligand is occupied, the N, ligand has been formally
reduced by the Ti* centers of I to an N,> oxidation state.
The remaining electrons of the two titanium atoms are lo-
cated in the two sets of d.. orbitals (in-phase and out-of-
phase combinations) both of which interact in a bonding
fashion with fulvene ©* orbitals to form two d_._Fv orbit-
als. Both MOs have 61% fulvene character, indicative of
a significant back-bonding from the metals to the fulvene
ligands.

Model III is also oriented such that the x axis is along
the N-N vector; the y axis lies in the plane of the paper,
between the amino and amido ligands on the one side and
the amido and chloro ligands on the other side of the dinu-
clear complex. The ©* orbitals of the dinitrogen ligand (7*.
and 7*,) form the two dinitrogen—metal © bonding combi-
nations n*._d,. and n*,_d,), respectively, which have nearly
equal charge contributions from dinitrogen and metal d
functions (Figure 2, right). Both of these orbitals are now
occupied, corresponding to the HOMO-1 and the HOMO
of III, respectively. Model III therefore has two metal-dini-
trogen © bonds, and the dinitrogen ligand of 3 is formally
reduced by its two Ti>* centers to a (—4) charge state. In
Figure 2 the orbitals of I and III are arranged in a way that
clarifies the relationship between the electronic structures
of 1/2 and 3. Evidently, the dinitrogen parts of the frontier
orbitals are very similar; the major difference between the
two systems lies in the fact that both ©* orbitals of dinitro-
gen are occupied for 3, whereas for 1 and 2 one dinitrogen
n* orbital (the HOMO) is occupied and the other (the
LUMO) is empty.

Table 4 summarizes the atomic charges obtained for
models I and III by natural population analysis (NPA). As
already inferred from the preceding orbital analysis, a sig-
nificant amount of electronic charge is transferred from the
titanium centers of both I and III to the bridging dinitrogen
ligand. However, the negative charge on this ligand is much
larger for III (-0.80) than for I (-0.24), in qualitative agree-
ment with the fact that both ©* orbitals of N, are occupied
in IIT whereas only one ©* orbital is occupied in I. As the
n*_d, orbitals of I and III have roughly equal contributions
from the metal d orbitals and the dinitrogen ©* functions,
the formal charges of —2 and —4 are approximately halved,
leading to approximate descriptions of the N, ligand as
N,!~in 1/2 and N,> in 3. The actual charges determined
by NPA (-0.24 for I and —0.80 for III; vide supra) reflect a
further charge donation from lower-energy n and ¢ bond-
ing orbitals of N, back into the unoccupied metal d orbit-
als. The titanium atoms, in turn, are calculated to have
charges of +0.34 for model I and +1.00 for model III, in
qualitative agreement with the different formal oxidation
states obtained after interaction with N, (Ti** for I and
293
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Figure 2. MO diagram of models I and III together with contour plots of important molecular orbitals of I and III.
* for III). The actual charges on the metal atoms are Table 4. NPA charges of model systems I and III.
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Figure 3. UV/Vis spectrum of 2 (left) and 3 (right).
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UVIVis Spectroscopy

The UV/Vis spectra of 1 and 2 are very similar. The ab-
sorption spectrum of 2 (Figure 3, left) exhibits two bands
at 970 (¢ = 900 M 'ecm™!) and 650 nm (¢ = 6700 M 'cm™).
As there is no band at lower energies, the 970-nm band is
assigned to the lowest energy transition of 2, which corre-
sponds to the HOMO-LUMO transition of model I. This
transition is intrinsically of low intensity, as it involves two
n*_d, orbitals that are perpendicular to each other. The
intense band at 650 nm in the UV/Vis spectrum of 2 is as-
signed to the symmetry- and orbital-allowed n—n* transi-
tion from the n.*_d.. orbital (HOMO) to the d,._=. orbital
(LUMO++1) of I. The UV/Vis spectrum of complex 3 exhib-
its two weak absorptions at 465 (¢ = 500 M 'cm™") and
630 nm (¢ = 100 M 'cm™), which are assigned to orbital-
forbidden (n—o) transitions from the m,*_d,, and m.*_d,.
orbitals (HOMO and HOMO-1) to unoccupied orbitals at
the Ti centers. The absorption edge at 380 nm probably re-
sults from symmetry- and orbital-allowed n—n* transitions
from the central dinitrogen ligand to the Ti d functions
which are therefore at a higher energy than the n—n* tran-
sitions of 1 and 2.

Discussion

In the preceding section resonance Raman spectra of the
moderately activated dinitrogen complexes 1 and 2 were
measured and compared with the Raman spectrum of the
strongly activated complex 3. In order to theoretically de-
termine N-N stretching frequencies and evaluate the elec-
tronic structure, DFT calculations were performed on struc-
turally simplified models. The UV/Vis spectra of 1/2 and 3
have been interpreted on the basis of the corresponding
MO schemes. The N-N stretching frequencies of complexes
1 and 2 were assigned to peaks at 1749 and 1755cm!,
respectively, which is supported by a DFT frequency calcu-
lation predicting the position of this mode at 1806 cm™!.
The N-N stretching mode of the strongly activated dinitro-
gen complex 3, on the other hand, was identified with a
peak at 1284 cm™' in the Raman spectrum, which is sup-
ported by a DFT prediction of 1371 cm™! for this mode.
The difference in N-N stretching frequency between com-
plexes 1/2 and 3 is thus large (ca. 500 cm™!'), which is in
agreement with the markedly different N-N bond lengths
of these compounds (1.16 A for 1/2 and 1.29 A for 3). The
reduction of the N-N stretching frequency of free N, at
2231 cm '] to the value observed for complexes 1 and 2
(ca. 1750 cm™!) implies a slight elongation of the N-N bond
in these compounds. The N-N stretching frequency of
1284 cm™! found for 3, on the other hand, corresponds to
a significant decrease of the N-N bond order which is com-
parable to that of a related end-on dinitrogen-bridged zirco-
nium complex for which an N-N stretching frequency of
1211 cm ! and an N-N bond length of 1.30 A have been
determined.!”]

Eur. J. Inorg. Chem. 2006, 291-297
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The electronic structure of strongly activated end-on N,
bridged complexes was described earlier in terms of interac-
tions of dinitrogen © and wn* orbitals with metal d, func-
tions. It was shown that the metal centers primarily interact
with the empty n* orbitals of the N, to form two metal-
dinitrogen © bonding MOs, leading to a significant charge
transfer from the metals to this ligand.['®2% This would
agree with the electronic structure of 3 where both n* orbit-
als of the dinitrogen ligand are occupied (HOMO and
HOMO-1), explaining the high degree of activation found
for this complex. The electronic structures of the moder-
ately activated complexes 1 and 2 differ from this scheme
since only one n* orbital of the dinitrogen ligand is doubly
occupied. The two remaining electrons of each titanium
center are involved in strong back-bonding interactions
with the fulvene ligands and are nonbonding with respect
to the bridging dinitrogen ligand. The second ©n* orbital of
the dinitrogen ligand thus remains unoccupied, forming the
LUMO of complexes 1 and 2.

Further information on the electronic structures of 1-
3 can be inferred from electronic absorption spectroscopy.
Inspection of the UV/Vis spectra of 2 leads to the assign-
ment of the 970-nm band to the lowest energy transition of
I, the HOMO-LUMO transition. On the basis of overlap
considerations the intensity of this absorption band should
be weak, which is in agreement with the experimental data.
The 650-nm transition, on the other hand, is assigned to an
electric-dipole-allowed transition from the HOMO to the
LUMO-+I. In complex 3 the electric-dipole-allowed transi-
tions involving the dinitrogen ligand are located at higher
energies. The MO schemes of I and III further explain the
experimental findings that 1, 2 and 3 are diamagnetic. In
model I, which exhibits a dihedral angle of about 0° be-
tween the Ct*-Ti vectors, the two electrons in the Ti d,.
orbitals are strongly coupled via the dinitrogen n*. orbital.
This is an accurate picture for complex 1 but has to be
slightly modified for complex 2, which exhibits a twisted
configuration (dihedral angle between the neighboring Ct*—
Ti bonds = 19.1° and 20.0° for the two independent mole-
cules in the asymmetric unit). This reduces the interaction
between the two unpaired electrons in the d.. orbitals via
the dinitrogen m*. orbital, leading in the extreme case, i.e.
for a dihedral angle of 90°, to a ferromagnetic coupling (S
= 1 ground state).?!l Nevertheless, compound 2 is found to
be diamagnetic, i.e. the same as compound 1, demonstrat-
ing that the coupling is predominantly antiferromagnetic
(ground state S = 0).

To conclude, the activation of the dinitrogen ligand in 3
is found to be much larger than in 1 and 2, in contrast to
what is expected on the basis of formal oxidation states
(Ti*=Ti* for 1 and 2 vs. Ti>*-Ti** for 3). It is shown in this
paper that this discrepancy can be attributed to the donor/
acceptor properties of the set of coligands: whereas 3 has a
set of purely electron-donating ligands, strong back-bond-
ing interactions exist between the titanium d orbitals and
the fulvene ©* orbitals in 1 and 2 which take up four metal
d-electrons, preventing them from interacting with the
bridging N, ligand. This exemplifies once again that the
295
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actual degree of dinitrogen activation in transition-metal
complexes depends equally on the set of ancillary ligands
and the nature and oxidation state of the metal centers.*”

Experimental Section

Synthesis of 1, 2, and 3: Compounds 1,11 2,[7 and 3['3 were synthe-
sized by literature methods.

Resonance Raman Spectroscopy: Resonance Raman spectra of 1
and 2 were measured with a Dilor XY Raman spectrograph with
triple monochromator and CCD detector. An Ar/Kr mixed-gas la-
ser with a maximum power of 5 W was used for excitation. The
spectra were recorded with an excitation wavelength of 514.5 nm.
The spectra were measured on KBr pellets cooled to 10 K with a
helium cryostat. The spectral bandpass was set to 2 cm ™.

Resonance Raman spectra of 3 were measured on a setup involving
the following components: Spectra Physics 2020 5W Ar*-laser;
SPEX 1404 0.85 double monochromator equipped with a CCD
camera (PI Instruments, 1024 X256 pixels EEV chip) and a Peltier
cooled RCA 31034 detector connected to a Stanford Research SR
400 photon counter allowing spectra to be recorded in spectrograph
or scanning modes; liquid helium cryostat (Cryovac) for measure-
ments from 4.2 to 300 K. The spectra were recorded at 20 K with
an excitation wavelength of 514.5 nm and with the spectral band-
pass set to 4.5 cm 1.

UVIVis Spectroscopy: Optical absorption spectra of 2 were ob-
tained from the neat compound pressed between two sapphire
plates. The spectra were recorded at 10 K on a Varian Cary 5 UV/
Vis/NIR spectrometer. Extinction coefficients were determined by
comparison with UV/Vis spectra of 2 in solution. Optical absorp-
tion spectra of 3 were obtained from a toluene solution of 3 in
an ESR tube. The spectra were recorded with a Bruins Omegal0
Spectrophotometer.

Density Functional Theory Calculations: Spin-restricted DFT calcu-
lations using Becke's three-parameter hybrid functional with the
correlation functional of Lee, Yang, and Parr (B3LYP)?* 23 were
performed for the singlet ground state of model complexes I and
III. Model I was optimized in C; symmetry. For DFT frequency
calculations, model III was also optimized in C; symmetry, whereas
the structure of model III used for the single point calculation was
derived from the X-ray structure. The LanL2DZ basis set, which
applies Dunning/Huzinaga full double-zeta (D95) basis func-
tions®®! on first-row atoms and Los Alamos effective core poten-
tials plus DZ functions on all other atoms, 2728 was used for the
calculations. Convergence was reached when the relative change in
the density matrix between subsequent iterations was less than
1x107 for single points and 1x10°® for optimizations. Charges
were analyzed by using the natural bond orbital (NBO) formal-
ism.12-321 All of the computational procedures were used as im-
plemented in the G98 package.l**] Wave functions were plotted with
the visualization program Gaussview 2.1.
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