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Abstract: Reaction of [TiCp*Cls] (Cp* = n°-CsMes) with one equivalent
of magnesium in tetrahydrofuran at room temperature affords the
paramagnetic trinuclear complex [{TiCp*(u-Cl)}3(us-Cl)], which reacts
with dinitrogen under ambient conditions to give the diamagnetic
derivative [{TiCp*(u-Cl)}s(usn"n?m2%N2)] and the titanium(lll) dimer
[{TiCp*Cl(u-Cl)}2]. The structure of the trinuclear mixed-valence
complexes has been studied by experimental and theoretical methods
and the latter compound represents the first well-defined example of
the usn'm2%n? coordination mode of the dinitrogen molecule. The
reaction of [{TiCp*(u-Cl)}a(us-n'm?n>Nz)] with excess HCI in
tetrahydrofuran results in clean NH4Cl formation with regeneration of
the starting material [TiCp*Cls]. Therefore, a cyclic ammonia synthesis
under ambient conditions can be envisioned by alternating N2/HCI
atmospheres in a [TiCp*Cls)/Mg(excess) reaction mixture in
tetrahydrofuran.

Introduction

The synthesis of ammonia constitutes one of most important
chemical processes at the industrial level as illustrated by the
production of about 150 million metric tons of this molecule in
2021.1 Most of this amount is used to supply nitrogenous
fertilizers for world-wide food production, but a smaller part is
dedicated to several large-scale synthesis of derivatives in the
explosives, plastics, and textiles industries, among others. While
it is expected a further increase in the ammonia demand for these
current uses due to the human population growth, ammonia is
also gaining interest as the energy carrier of the future.” Today,
the artificial synthesis of ammonia relies on the Haber-Bosch
process, developed over 100 years ago, and performed in large-
scale plants where dinitrogen and dihydrogen gases are
combined under harsh conditions (300-500 °C and 200-300 bar)

in the presence of a heterogeneous catalyst.”! However, this
extremely energy-intensive industrial process consumes about
2% of the world’s total energy and generates ~1% of global CO2
emissions annually and, unsurprisingly, the development of a
sustainable production of ammonia has been identified as one of
the IUPAC Top Ten Emerging Technologies in Chemistry 2021.1

Inspired in the natural nitrogen fixation carried out under
ambient conditions by certain microorganisms which convert Nz
into ammonia using electrons and protons at nitrogenase
enzymes,® chemists have long explored biological-models and
homogenous catalysts capable of operating at milder
conditions.®®! In particular, inorganic and organometallic
researches have intensively investigated the coordination and
activation of the dinitrogen molecule at one or multiple metal
atoms in well-defined complexes.[ As a result, various catalytic
homogeneous systems for conversion of N2 to NHs under mild
conditions have been developed in the last two decades.®¥ The
methods in those catalytic systems involve the addition of a high
excess of external reducing agents and protic acids to solutions
of well-defined transition metal complexes in a dinitrogen
atmosphere. While molybdenum and iron complexes have
received traditionally most attention in the field since they are
naturally present in nitrogenase enzymes,® catalysis using other
metals is also known in the last years (e.g., Co, Ru, Os, V, and
Ti).[%a For instance, Liddle and co-workers have recently reported
triamidoamine-ligated titanium dinitrogen complexes competent
for catalytic ammonia formation,l" and Okuda and co-workers
used similar compounds for the catalytic conversion of N2 to
N(SiMes)s.['"]

The fixation of dinitrogen by titanium species has been known
for decades,'? and nowadays a variety of coordination modes of
the N2 unit to the titanium centers are well-documented.”? In
addition to a few examples with end-on (') binding mode,'¥ the
literature reveals multiple references of structurally characterized



end-on/end-on (u-n'n"),[" side-on/side-on (u-n%mn?),139 and
end-on/side-on (u-n"m?)"® bridging dinitrogen in dinuclear
complexes, and even the rare end-on/end-on/side-on (u-n"mn"n?)
coordination mode at three titanium centers have been
reported.['®'7) Moreover, the end-on/side-on/side-on (u-n':n%mn?)
coordination mode of dinitrogen is only known for titanium, and
was characterized by NMR spectroscopy at low temperature (-30
°C) in the intermediate [{Ti(n®-CsMesSiMes)(u-H)}s(us-n"m2n?-
N2)] before the cleavage of the N-N bond at higher temperatures
(=10 °C) took place.l"® Indeed, a recent theoretical study on the
dissociative adsorption of N2 on trinuclear carbide cluster anions
V3C4~ identified a key intermediate with a ps-n':n?n2-N2 fragment
which enables the facile cleavage of the N=N bond.['%]

As part of our recent research program on low-valent titanium
complexes,”! we have reported the structure and properties of
several half-sandwich titanium(lll) derivatives [TiCp*Cl2] (Cp* =
n®-CsMes) prepared by thermal decomposition or hydrogenolysis
of [TiCp*Cl2Me] or by treatment of [TiCp*Cls] with appropriated
ratios of conventional reductants (LisN, LiAlHs, Mg).2"?2 For
instance, the reduction of [TiCp*Cls] with a half equivalent of
magnesium in tetrahydrofuran afforded a blue solution of
[TiCp*Cl2(thf)] (1), which under vacuum led to the dinuclear
compound [{TiCp*Cl(u-Cl)}2] (2) (Scheme 1). While none of these
titanium(lll) species reacted with dinitrogen, here we report that
further reduction with magnesium affords a mixed-valence
trinuclear complex [{TiCp*(u-Cl)}s(us-Cl)] (3) capable of
incorporating N2 under ambient conditions in solution to give a
stable derivative with a ps-n'm%n2Nz ligand. This dinitrogen
complex reacts with excess HCI to regenerate [TiCp*Cls] with
NH4Cl formation, and several cycles alternating N2/HCI
atmospheres on a [TiCp*Cls)/Mg(excess)/thf system can be
performed to produce NH4Cl on a relatively large scale.

Results and Discussion

The treatment of [TiCp*Cls] with one equivalent of magnesium in
tetrahydrofuran at room temperature gave the mixed-valence
trinuclear complex [{TiCp*(u-Cl)}s(us-Cl)] (3) (Scheme 1). In view
of the stoichiometry of the reaction, Mg metal is in a slight excess
but this is easily removed, along with the [MgClz(thf)2] by-product,
after extraction with toluene to afford 3 as a brown solid in 87%
yield. The '™ NMR spectra of 3 in [De]benzene or
[Des]tetrahydrofuran solutions revealed one broad resonance at §
= 11.0-10.9 ppm (Aviz = 50 Hz) for the n®-CsMes ligands. The
paramagnetic nature of 3 was confirmed by an Evans method
determination of its magnetic susceptibility (perr = 2.17 ps, 293 K,
CeDs solution).”® Analogous reaction of [TiCp*Brs] with
magnesium (0.5 or 1 equiv) in tetrahydrofuran gave the
titanium(lll)-magnesium species [{TiCp*Br(u-Br)2}2Mg(thf)2] (4)
as a brown-green solid in up to 77% vyield. The 'H NMR spectrum
of 4 in [De]benzene is silent and its effective magnetic moment in
solution at room temperature is 2.25 ps. The X-ray crystal
structure of 4 shows two {TiCp*Br} units connected by two p-Br
ligands to a magnesium atom which completes a distorted
octahedral geometry with two additional tetrahydrofuran ligands
in a trans disposition (Figure S1 of the Supporting Information),’?4!
similar to that found in [{Ti(n%-CsHs)2(u-Cl)2}2Mg(thf)2].12%

The crystal structure of 3 shows a nearly equilateral triangle
of titanium atoms with Ti—Ti separations in the range of 2.872(1)-
3.033(1) A (Figure 1a). Each edge of the triangle is bridged by
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one chloride ligand and one face is capped by a fourth chloride.
Therefore, each titanium is bonded to one n°-CsMes group and
three chloride ligands to give a typical three-legged piano-stool
geometry. Given the total negative charges (7-) of the n°-CsMes
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ligands and the nearly Csy symmetry of complex 3, a mixed-
valence Ti'"/Ti" complex with an average oxidation state of +2.33

for each metal could be anticipated.
Scheme 1. Reductions of [TiCp*X3] with magnesium under argon atmosphere.

Nevertheless, the electronic structure was studied by density
functional theory (DFT) calculations and several complexes with
different electronic structures containing one Ti(lll) and two Ti(ll)
centers were computed. As for the spin state of the calculations,
different doublet structures have been calculated with varied initial
electronic distributions. Some quartet structures have been also
computed, but these were discarded because of their relatively
high energies. The most stable doublet has the electronic
structure shown in Figure 1b.

Ti d orbitals

Figure 1. a) Perspective view of complex 3 (thermal ellipsoids at the 50%
probability level). Hydrogen atoms of the n5-CsMes ligands are omitted for clarity.
Selected lengths (A) and angles (°): Ti-Ti 2.872(1)-3.033(1), Ti—uCl av. 2.383(7),



Ti-Cl(4) 2.399(1)-2.423(1), CI-Ti-Cl 95.7(1)-101.2(1), CI(4)-Ti-Cl 99.0(1)-
106.3(1), Ti-CI-Ti 74.5(1)-78.8(1), Ti—Cl(4)-Ti 73.0(1)-78.3(1). b) Most stable
computed doublet electronic structure for compound 3.

The electronic structure extracted from the computed NBO
orbitals confirms that the complex should be considered a mixed-
valence compound. While the Ti1 atom has two unpaired
electrons in beta d-orbitals and should be considered a Ti(ll)
center, the other two titanium atoms have each one unpaired
electron on alpha d-orbitals (Figure S3 of the Supporting
Information). In addition, Ti2 and Ti3 atoms share an extra
electron in a Ti—Ti alpha bonding orbital (Figure 2a) and should
have a formal +2.5 oxidation state. Altogether, the average
oxidation state for each Ti atom is +2.33. The spin density
obtained for complex 3 (Figure 2b) shows the distribution of the
unpaired electrons throughout the complex.

Figure 2. Computed a) half full Ti2—Ti3 alpha bonding orbital and b) spin density
for compound 3. Methyl groups of the n5-CsMes ligands are omitted for clarity.

The mass spectrum (El, 70 eV) of 3 shows the expected
molecular ion for the ftrinuclear structure in the gas phase,
although the base peak of the spectrum corresponds to the
[TiCp*Cl] fragment. While compound 3 appears to be stable in
[Ds]benzene solution even at high temperatures according to 'H
NMR spectroscopy, spectra taken of solutions of 3 in
[De]tetrahydrofuran after 48 h at room temperature showed the
broad resonance of the tetrahydrofuran adduct 1 (ca. 10%
conversion) at § = 14.1 ppm (Aviz = 186 Hz).?" Indeed the
reactivity of 3 in [De]benzene towards a variety of unsaturated
substrates suggests a behavior as a source of titanium(ll) and
titanium(lll) fragments (Scheme S1). Thus, reaction of 3 with
bis(trimethylsilyl)acetylene at room temperature slowly gave a
mixture of compound 2 and the previously described complex
[TiCp*{n?-C2(SiMes)2}(u-Cl)}2].2¢1  Similarly, treatment of a
solution of 3 with N-(4-methylbenzylidene)aniline led to the
formation of 2 and the monomeric diamagnetic
diazatitanacyclopentane [TiCp*CI{N(Ph)CH(p-tolyl)}2] reported by
Beckhaus and co-workers.?l  Furthermore, addition of
azobenzene to a solution of 3 generates a mixture of the imido-
bridged dinuclear complex [{TiCp*Cl(u-NPh)}2] (5) and [TiCp*Cls]
(Scheme 1). The latter compound results from the reaction at
room temperature of the titanium(lll) complex 2 with PhN=NPh as
showed by an independent experiment in [De]benzene which
cleanly gave 5 and [TiCp*Cls].%8 The hitherto unknown brown
complex 5 was isolated in a poor 48% yield due to its similar
solubility to that of [TiCp*Cls], and was characterized by analytical
and spectroscopic methods, as well as by an X-ray crystal
structure  determination  (Figure S2). The  structural
characterization of 5 reveals typical parameters of imido-bridged
titanium complexes.?]

Analogous four-electron reductive cleavage of the N=N
double bond of azobenzene by low-valent titanium species is well-
documented in the literature,?22%30 and we decided to explore the

WILEY-VCH

possibility of reducing the N=N bond of molecular nitrogen. Thus,
exposure of solutions of the paramagnetic complex 3 to 1 atm of
dinitrogen at room temperature resulted in formation of one
diamagnetic species according to 'H NMR spectroscopy. Spectra
of a [Delbenzene solution taken after 5 days revealed the
complete consumption of 3 and the appearance of two sharp
singlets in a 2:1 ratio at 6 = 1.87 and 1.70 ppm attributable to the
n®-CsMes ligands of a diamagnetic molecule along with
resonances due to the titanium(lll) dimer 2.2 The reaction of 3 in
[De]tetrahydrofuran with N2 at room temperature is completed
after 24 h and the spectra showed only two singlets in a 2:1 ratio
(6 = 1.81 and 1.76 ppm) along with the broad resonance
characteristic of complex 1.

Indeed, exposure of a tetrahydrofuran solution of complex 3,
generated in situ by reaction of [TiCp*Cls] with Mg (1 equiv) under
argon, to N2 (1 atm) at room temperature for 16 h gave the
trinuclear derivative [{TiCp*(u-Cl)}s(uz-n'm?n2Nz)] (6) in 87%
yield (Scheme 2). The 'H NMR spectrum of the isolated brown
solid of 6 does not show any resonance signal attributable to
complexes 1 or 2, since these titanium(lll) species were further
reduced with the slight excess of Mg used in the preparation of 3.
The analogous treatment of generated 3 in tetrahydrofuran
solution with isotopically enriched '°N2 afforded 6-'°N in 72%
isolated yield. Remarkably, the direct reduction of [TiCp*Cls] with
Mg under dinitrogen atmosphere also gave 6 as the major product
but it is accompanied by minor amounts of paramagnetic species
according to subsequent 'H NMR analysis. Presumably, this is
due to partial reaction of generated 6 with magnesium, as
demonstrated by an independent treatment of isolated 6 with
excess Mg which led to unidentified paramagnetic products.
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Scheme 2. Reaction of [TiCp*Cls] with magnesium under N2 atmosphere.

Compound 6 exhibits a good solubility and stability at room
temperature in tetrahydrofuran, toluene or benzene but it is poorly
soluble in hexane. 'H and "C{'H} NMR spectra of 6 in
[De]benzene or [Ds]tetrahydrofuran at room temperature showed
resonance signals for two unequivalent n5-CsMes ligands in
accordance with a Cs symmetry in solution. The SN NMR
spectrum of 6-"°N revealed two doublets at § = 95.4 and —0.4 ppm
("IN = 19.8 Hz) referenced to MeNO2. A comparison of the IR
spectra (KBr) of 6 and 6-'°N allows the identification of the N-N
stretching vibration ("*N/'®N at 1277/1233 cm™') indicating a highly
reduced N2 unit (cf. 1529 and 1076 cm™' for the N-N IR or Raman
stretching vibrations of trans-N2H2 and N2Ha, respectively). Brown
crystals of 6 for an X-ray crystal structure determination were



grown from a toluene/hexane solution at —35 °C. The molecular
structure of 6 shows an equilateral triangle of titanium atoms with
Ti—Ti separations of 2.936(1) A (Figure 3a). Each edge of the
triangle is bridged by one chloride ligand and one face is capped
by a ps-n'm2n2Nz ligand. The structure exhibits a Cs axis which
crosses through the N(1) atom, while N(2) is disordered in three
equally occupied positions located on the three edges of the
triangle. The N-N bond distance of 1.099(9) A is very similar to
the 1.098(1) A separation in free dinitrogen. However, the
spectroscopic data of 6 (van frequency of 1277 cm™ and "®N NMR
resonances in the IR and "N NMR spectra) are very different from
those of free N2 (2330 cm™' in Raman spectroscopy and § = -70.4
ppm, respectively). The symmetry and disorder observed in the
crystal structure determination of 6 probably explain the
ambiguities about the geometric parameters of the [N2] unit.

Cp* Cl Cp
N\ ~
Tiz/{"""‘}“g Tl Ti2-Ti3
7|
cl T1 cl + o+
b) Ti1/ Ti d orbitals
Cp*

Figure 3. a) Perspective view of complex 6 (thermal ellipsoids at the 50%

probability level). Hydrogen atoms of the n>-CsMes ligands are omitted for clarity.

Selected lengths (A) and angles (°): Ti-Ti 2.936(1), Ti—Cl av. 2.395(4), Ti(1)—
N(1) 2.017(3), Ti(1)-N(2) 2.146(9), Ti(1)™-N(2) 2.099(10), N(1)-N(2) 1.099(9),
CI-Ti-Cl1 95.9(1), N(1)-Ti-Cl av. 95.5(1), Ti—CI-Ti 75.6(1), Ti=N(1)-Ti 93.4(2), Ti-
N(1)-N(2) 170.2(7), Ti-N(2)-Ti 87.5(4). Symmetry code: (i) 1 -y, x—y, z; (i) 1 —
x+y,1-x, z. b) Most stable computed singlet electronic structure for compound
6.

Since the crystal structure did not allow an accurate
determination of the dinitrogen ligand, the electronic structure of
6 was studied by DFT calculations. In spite of the diamagnetic
character of this molecule, the charge assignment is complicated
since the bridging N2 unit can have a range of different charges
(i.e., [N2]°, [N2J?, [N2]*) and, depending on that, different spin
states combined with different metal charge distributions had to
be tested. After many calculations, the most stable computed
singlet showed one alpha unpaired electron on Ti1 and a beta
unpaired electron shared between Ti2 and Ti3, hence forming a
Ti—Ti bond (Figure 3b). Thus, the Ti1 atom exhibits a +3 oxidation
state while the Ti2 and Ti3 atoms have fractional oxidation states
of +3.5.
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The computed NBO orbitals for this mixed-valence species
show the alpha unpaired electron on Ti1 and the beta unpaired
electron forming the Ti2-Ti3 bond (Figure 4a). In agreement with
this metal-metal bond, the computed Ti2—Ti3 distance is 2.84 A

while Ti1-Ti2 and Ti1-Ti3 are as long as 3.09 A. This electronic
arrangement produces the spin density picture shown in Figure
4b, where some spin delocalization in the N2 unit can be observed,

although this is mainly due to spin polarization.
Figure 4. Computed a) half full Ti2—Ti3 beta bonding orbital and b) spin density
for compound 6. Methyl groups of the n5-CsMes ligands are omitted for clarity.

The NBO analysis shows that the N2 moiety has one N-N
bond (Figure 5a) and one lone pair on each nitrogen atom (Figure
S4), accounting each of them for two electrons. Additionally, both
N1 and N2 have one single bond with Ti2 and Ti3 mainly with N
character (ca. 75%) (Figures 5b and 5c). All these data suggest
that the dinitrogen unit should be considered an [N2]4- ligand
although the computed N-N distance of 1.31 A is shorter than that
found in hydrazine (1.45 A) and closer to that (1.25 A) of [N2]2- in
the diimine. These DFT calculations confirm that the
experimentally determined structure does properly localize the
position of the N(2) atom, thus producing a much shorter N-N
distance close to that of N2. In contrast, the DFT analysis provides
a more sensible geometrical arrangement of the N2 unit, in which
the bond between nitrogen atoms has been reduced from triple to
single character.

Figure 5. Compound 6 NBO orbitals within the N2 unit: a) N-N bond; b and c)
Ti3-N1 and Ti3—N5 bonds (analogous NBO orbitals for Ti2-N1 and Ti2—-N5
bonds were also found). Methyl groups of the n5-CsMes ligands are omitted for
clarity.



For further validating the the computed structure of 6 in
respect to that determined by X-ray crystallography, we have
calculated the infrared and the '™SN NMR spectra for this species.
The computed N-N stretching band was found at 1233 cm™ in
good agreement with the experimental value of 1277 cm™.
Similarly, the computed >N NMR resonances show a chemical
shift difference of 93.1 ppm very similar to that found (A8 = 95.8
ppm) between the doublets found in the experimental spectrum of
6 (95.4 and —-0.4 ppm).

As mentioned above, the singular ps-n':n%n? coordination
mode of the dinitrogen ligand has been only described in the
unstable intermediate [{Ti(n®-CsMesSiMes)(u-H)}s(pa-n"m2n?-N2)]
characterized by NMR spectroscopy at low temperature.['® Since
the oxidation states of the titanium atoms in this species were
assigned formally, we have also computed the electronic
structure of the analogous hydride complex [{TiCp*(u-H)}s(us-
n'"m2Zn3%-N2)] (6"). The electronic structure of the most stable
singlet species 6’ is the same of that described above for 6, with
one alpha unpaired electron on Ti1 and one beta unpaired
electron shared between Ti2 and Ti3. The shape of the NBOs
describing the Ti2—Ti3 bond, the unpaired electron on Ti1 and the
spin density are pretty similar to those shown for compound 6
(Figure S5). In the same line, the NBOs representing the N4—N5
single bond, and the lone pairs on each N atom could be identified
(Figure S6). In the calculated IR spectrum of 67, the N-N
stretching band appeared at a lower wavenumber (1137 cm™)
than that computed for 6 (1233 cm™'). The calculated "N NMR
spectrum for 6" revealed a AS of 126.1 ppm between the two
doublets of the ps-n"m?m2N: ligand, which is slightly larger than
that for complex 6 but smaller than that reported in the literature
for the analogous [{Ti(n>-CsMesSiMes)(u-H)}a(us-n"m%n-N2)] (AS
=189.8 ppm).['8

Monitoring by 'H and >N NMR spectroscopy of a [De]benzene
solution of 6 or 6-'"°N revealed complete decomposition at
temperatures higher than 40 °C to give unidentified paramagnetic
species, but release of >Nz was not detected in the SN NMR
spectra. The reactivity of 6 in [De]benzene was explored by
several NMR experiments at room temperature (Scheme S2). No
apparent reaction between compound 6 and H2 (up to 5 atm),

bis(trimethylsilyl)acetylene or chlorotrimethylsilane was observed.

In contrast, the treatment of 6 with N-(4-
methylbenzylidene)aniline and azobenzene cleanly afforded the
previously described diazatitanacyclopentane
[TiCp*CKN(Ph)CH(p-tolyl)}2] and imido-bridged [{TiCp*Cl(p-
NPh)}2] (5) complexes, respectively. These reactions presumably
occur by release of N2 as demonstrated by '®N NMR spectroscopy
characterization of N2 (observed at § = —70.4 ppm) in the
reaction of 6-°N with 2,6-dimethylphenylisocyanide. In the latter
experiment, formation of the titanium(1V) derivative [(TiCp*Cl){u-
N2C2(CeHsMez)2}], reported by Teuben and co-workers, was
stablished by 'H and "*C{'H} NMR spectroscopy.B" Interestingly,
exposure of [Ds]benzene solutions of 6 or 6-'°N to anhydrous HCI
(1 atm) immediately gave an orange suspension where, after
removing the volatile components and dissolving the residue in
[Ds]DMSO, NH4Cl or 'SNH4Cl were characterized by 'H NMR
spectroscopy. Indeed, in a preparative scale reaction, exposure
of a brown solution of complex 6 in tetrahydrofuran to HCI (1 atm)
at room temperature resulted in the immediate formation of an
orange suspension from which NH4Cl and [TiCp*Cls] were
isolated after work-up as white (86%) and red (75%) powders,
respectively (Scheme 2).
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On the basis of the recyclability of the titanium complex
[TiCp*Cls], a catalytic synthesis of ammonia mediated by titanium
can be envisaged (Equation 1). The system involves reduction of
N2 with magnesium in thf solution and protonolysis with HCI in
presence of a commercially available, or easily prepared in
multigram quantities, titanium catalysts to give two equivalents of
NH4CI. The high solubility in tetrahydrofuran and poor solubility in
toluene of the by-product [MgClz(thf)2] allows the easy separation
of NH4Cl and [TiCp*Cls] compounds in high purity. Thus, the
treatment of a tetrahydrofuran solution of [TiCp*Cls] (0.86 mmol)
with an excess of Mg (30 equiv) under alternating N2 (30 min) /
HCI (15 min) atmospheres for 9 cycles afforded NH4Cl (0.20 g,
3.75 mmol) in 72% isolated yield (based on nine completed
reactions of the titanium complex).

[TiCp*Cls], thf

N, + 3 Mg + 8 HCI 2 NH,CI + 3 MgCl, (1)

Conclusion

In summary, we have shown that reduction of [TiCp*Cls] with
magnesium in tetrahydrofuran produces a trinuclear complex
[{TiCp*(u-Cl)}s(us-Cl)] with an average oxidation state of +2.33 for
each metal. This mixed-valence species behaves as a source of
titanium(ll) [TiCp*Cl] and titanium(lll) [TiCp*Clz] fragments
according to its reactivity with unsaturated molecules. Thus, it
reacts with dinitrogen under ambient conditions to give the
diamagnetic derivative [{TiCp*(u-Cl)}s(us-n'm?n%N2)] and the
titanium(lll) dihalide species [TiCp*Clz] which is unreactive
towards N2. According to experimental and theoretical studies, the
dinitrogen complex can be described as a mixed-valence
compound with a [N2]* unit bonded in a side-on fashion to two
titanium atoms and through an important donor-acceptor
interaction between the lone pair of one nitrogen and an empty d-
orbital of the third titanium atom. This compound presents the first
structurally and electronically characterized ps-n'n%n? bound
dinitrogen in a stable trimetallic complex. The dinitrogen ligand is
highly activated and upon protonolysis with HCI produces NH4Cl
in high yield with regeneration of the [TiCp*Cls] precursor. Thus,
a practical synthesis of ammonia mediated by a titanium complex
can be envisioned via reduction of N2 with magnesium and
protonation with HCI under ambient conditions.
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Text for Table of Contents: Reduction of [TiCp Cls] with Mg leads to a mixed-valence titanium species capable of reacting with dinitrogen
to form a stable trinuclear complex with a 1":n%n2-N2 ligand. This dinitrogen complex cleanly reacts with HCI to produce NH4Cl with
regeneration of the titanium precursor and a cyclic ammonia synthesis at ambient conditions can be envisaged.
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