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Titanium dinitrogen complexes supported by tris(pyrazolyl)borate
and alkoxide/aryloxide ligands catalyse N; silylation. Titanium sily-
limide and disilylamide model complexes represent the first well-
defined group IV imide/amide catalysts for N, reduction. Silylamine
release and regeneration of the dinitrogen complex highlight the
potential of early transition metals for N, catalysis.

The activation and transformation of chemically inert dinitrogen
(N,) is a fundamental challenge with significant implications for
human society. In nature, certain microorganisms convert N, to
ammonia under ambient conditions using nitrogenases." In
contrast, the industrial Haber-Bosch process, which converts
N, and H, into NHj3, requires high temperatures and pressures,
making it highly energy-intensive.”

To better understand nitrogen fixation and develop catalysts
for milder conditions, various studies on artificial N, fixation
with transition metal complexes have been conducted.? Several
complexes have been developed to catalyse the conversion of N,
to NH; in the presence of electron and proton sources.® Alter-
natively, the reduction of N, to silylamines catalysed by transi-
tion metal complexes can be achieved in the presence of
reducing and silylating agents, broadening the approaches to
functionalizing dinitrogen.’ While significant progress has been
made with middle and late transition metal dinitrogen com-
plexes, well-defined group IV metal complexes capable of cata-
lysing N, conversion to ammonia or silylamines remain scarce.®
Furthermore, group IV metal imide or amide catalysts have not
yet been reported.” Here, we present a series of titanium
dinitrogen complexes bearing tris(pyrazolyl)borate (Tp) and
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alkoxide or aryloxide ligands that mediate the -catalytic
reduction of N, to silylamines. Additionally, separately synthe-
sized titanium silylimide and disilylamide complexes represent
unprecedented well-defined group IV imide/amide species cap-
able of catalyzing N, reduction. Key transformation steps, such
as the release of silylamine and regeneration of the titanium
dinitrogen complex, have also been elucidated.

The tris(pyrazolyl)borates (Tp) are attractive ligands for cata-
lysts in various transformations and generally considered as
formal analogues of the cyclopentadienyl ligand, owing to their
similar charge, number of electrons donated and facial coordi-
nation geometry.® Tp-ligated titanium alkyl and chloride com-
plexes have shown notable activity in olefin polymerization,®°
highlighting their ability to stabilize reactive titanium centres.
Motivated by these properties, we explore Tp-supported tita-
nium complexes as potential catalysts for N, fixation. In view of
the fact that transition metal complexes featuring Tp ligands
capable of activating dinitrogen are relatively rare,'® the inves-
tigation of Tp-supported group IV metal complexes for dinitro-
gen fixation is obviously of great interest and importance.

A Tp* (Tp* = HB(3,5-Me,-pyrazolyl);) supported titanium chloride
complex Tp*TiCl,(THF) could be conveniently prepared through the
reaction of TiCl;(THF); and Tp*K (Scheme 1A). Building on our
recent discoveries in vanadium and molybdenum -catalysis for
dinitrogen reduction, where bulky alkoxide or aryloxide ligands were
crucial in stabilizing complexes and enhancing catalytic activity,'* we
introduced similar groups into the titanium complexes. Treatment
of Tp*TiCl,(THF) with one equivalent of lithium aryloxide or alk-
oxide in toluene afforded Tp*Ti(L)Cl (L = OCsHsMe,-2,6, 1a, 53%;
L = OCH,'Pr,-2,6, 1b, 56%; L = OC4H,'Bu-2,6, 1¢, 64%; L = O'Bu, 1d,
63%). Complexes 1a, 1b, and 1d feature a coordinated THF ligand
and adopt similar distorted octahedral geometries, whereas steric
congestion imposed by the bulky 2,6-di-tert-butylphenoxide ligand in
1c precludes THF coordination, resulting in a slightly distorted
square pyramidal geometry (t = 0.36, see the SI).

Reduction of 1a with two equivalents of KCg in THF at room
temperature under a N, atmosphere afforded a dinitrogen-
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Scheme 1 Synthesis of titanium chloride complexes (A) and their
reduction to dinitrogen complexes (B)

bridged dititanium complex [Tp*Ti(OCsH;Me,-2,6)]»(1-1":1"-Ny)-
(THF), (2a) in 63% yield as dark green crystals (Scheme 1B).
Complex 2a is stable both in the solid-state or in solution at room
temperature. X-ray diffraction study revealed that the dinitrogen
ligand is bonded to two Ti atoms in an end-on bridged manner,
with each Ti atom also coordinated by a Tp* ligand, a THF
molecule and a 2,6-dimethylphenoxide ligand (Fig. 1). 2a has a
nearly linear Til-N1-N2-Ti2 topology, with Til-N1-N2 and
Ti2-N2-N1 angles of 174.0(2)° and 173.2(1)°. The N-N bond
length (1.237(2) A) is significantly elongated compared to free
N, (1.098 A), and slightly shorter than that of [(Me,N)C(N'Pr),],.
Tiy(1-N,) (1.28(1) A)'® and {[(Me;Si),NC-(NCeHy;),]4Ti}o(1-N,)
(1.278(3) A),"* suggesting strong activation of N,. The Ti-N bond
distances (Ti1-N1: 1.805(2) A; Ti2-N2: 1.802(2) A) are longer than
Ti-Nimido (1.689(2) A) in [(nacnac)Ti = NH(Ntol,)] (nacnac =
[(2,6-'Pr,CsH;)NC(CH;)],CH, tol = 4-CH;C¢H,),** but shorter than
the Ti-Namido (1.932(4) A) bond distances in [(Me3Si),CsHj],-
Ti(NH,),"® indicating the existence of o- and n-bonding in the
Ti-N bonds. The >N NMR spectrum of the isotopically labelled
complex 2a-'°N, prepared from the reaction of 1a with KCg under
N, displays a singlet at § 48.2 ppm. This substantial upfield

Fig. 1 Molecular structure in the solid-state of 2a with thermal ellipsoids
drawn at 30% probability. Hydrogen atoms were omitted for clarity.
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shift from the value of 114.7 ppm reported for [(OO)Ti(CsH;sN)],-
(un*n*N,) (00 = (1,4-(OCeHMe'Bu),CeH,))'® is indicative of
increased electron density and a reduced bond order of the
N-N unit, demonstrating a much higher degree of N, activation
in 2a.

The computed Ti-N Mayer bond orders of 1.55 further
support this bond interaction. The X-ray photoelectron spectro-
scopy (XPS) analysis of 2a reveals a binding energy of 458.06 eV
(Fig. S16), which indicates that the oxidation states of the metal
centres tend to be Ti(v)."* The UV-vis spectroscopic studies of 2a
exhibited absorption at 336 nm. The Raman spectrum of solid
2a displayed a peak at 1336 cm™ ', which shifted to 1307 cm™ " in
2a-"®N. This unusual low ©(N-N) stretching vibration indicates a
significant reduction of N-N bond order and is consistent with
the computational analysis. Solid-state magnetization measure-
ments (SQUID) for 2a showed no paramagnetic signal, reflecting
the diamagnetic nature of the complex.

The electronic structure of 2a was explored through theoretical
calculations using the B3LYP/def2-SVP method. Complex 2a
behaves as a closed-shell species. Analysis of the frontier orbitals
reveals two m-orbital interactions between the m* orbitals of
dinitrogen and d,, (d,;) orbitals of two titanium atoms (Fig. S29).
In the HOMO, the main contributions come from the two titanium
centres (20.3% and 20.2%) and dinitrogen (36.5%). While the
HOMO-1 consists primarily of the 3d orbitals of titanium (26.2%
and 26.1%) and the * orbitals (37.8%) of dinitrogen. This suggests
a double-bond character between each titanium and nitrogen
atom. Natural bond orbital analysis further supports this observa-
tion (see the SI).

Other Tp* ligated titanium dinitrogen complexes were pre-
pared using similar approaches. Complexes [Tp*Ti(OCsH;Me,-
2,6)]a(u-n":n*-N,)(THF), (L = OC¢H,;'Pr,-2,6, 2b; L = O'Bu, 2d;
L = Cl, 2e) were isolated in a yield of 58%, 46% and 29%,
respectively. X-ray diffraction analysis confirmed that the struc-
tures of 2b, 2d, and 2e are similar to that of 2a (see the SI). In
contrast, the 2,6-di-tert-butylphenoxide ligated titanium dinitrogen
complex [Tp*Ti(OCsH;Bu,-2,6)],(1-17":11"-N,) (2¢) was prepared as a
THF-free titanium dinitrogen complex, attributed to the increased
steric hindrance around the metal centre (Fig. S24).

With a series of titanium dinitrogen complexes in hand, we
have explored the catalytic reductions of dinitrogen into ammonia.
However, an only slightly greater-than-stoichiometric amount of
NH; (2.7 £+ 0.1) was detected when 2a was utilized as a catalyst
with [H(Et,0),][BAr";] (Ar" = (3,5-(CF;),CsHs)) as the acid and KCg
as the reductant (see the SI). Alternatively, we investigated the
capabilities of titanium complexes in the catalytic silylation of
dinitrogen using silicon and electron equivalents. The initial
investigation of N, reduction performance employed Me;SiCl as
the silicon source and KC;g as the electron source. The generated
tris(trimethylsilyl)Jamine was hydrolyzed with HCI, and the result-
ing NH,Cl was quantified by the indophenol method (Table 1).

The turnover number (TON) was calculated based on the
amount of silylamine produced per Ti center. To ensure accu-
rate quantification, the products from the same catalytic run,
namely N(SiMe;); and NH," (from hydrolysis), were analysed via
independent methods (*H NMR and GC-MS for the silylamine,
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Table 1 Catalytic N, reduction to silylamine by Ti complexes

[Ti] H*

N, + RSiCl + KCg ————— N(SiMe;); ——— NH,*

Entry Cat. Reductant R;SiCl* Solvent TON? Yield/%

( THF  59+0.9 35
( THF 6.0+ 0.3 36
Me;SiCl (100) THF 5.9 +0.2 35
Me;SiCl (100) THF 5.4 + 1.2 32

(

(

(

2a  KCg (100) )
)
)
Me;SiCl (100) THF 5.1+ 0.6 31
)
)
)

2b  KCs (100)
2¢  KCq (100)
2d  KCq (100)
2e  KCq (100)
)
)
)

Me;SiCl (100
Me;SiCl (100

THF 0.1+0 0.2
THF 59+0.6 35
THF 7.5£0.7 45

- KC;g (100
3a  KCg (100
4a  KCq (100

Me;SicCl (100
Me,SiCl (100
Me;SiCl (100

N O U R WN R

Reactions were performed at —40 °C. “ Stoichiometric quantities of
Me;,SiCl and reductant. © TON = equiv. of [N(SiMe;);]/equiv of [Ti], and
represents the average of >2 independent runs. ¢ Yield = 3 x NH,"/
reductant.

and the indophenol method for ammonia), all of which showed
consistent results. Under conditions of 100 equiv. of Me;SiCl and
100 equiv. of KCg in THF at room temperature, both the dinitrogen
complexes (2a-e) and their precursors (Tp*TiCl,(THF) and 1a-d)
produced only a small amount of N(SiMe3); (1.9-4.1 equiv.) with
yields spanning a range from 6% to 18% (Table S2). The catalytic
reaction generated side products including Me;SiSiMe; (13%
yield) and Me;SiOC,Hy (~1% yield), implicating trimethylsilyl
radicals (Me;Si®) in pathways involving dimerization and reac-
tion with the THF solvent.'” As lower temperature can suppress
side reactions,'”” we conducted the catalysis with 2a at —40 °C,
resulting in an increased production of silylamine (5.9 £ 0.9 equiv.)
and an improved overall yield of 35% (entry 1). Similarly, 2b
produced up to 6.0 £ 0.3 equiv. of N(SiMe;); with a yield of 36%.
Besides, we have investigated the effectiveness of various reducing
agents, including Li, Na, K, and KCg, finding that KCg was the most
effective (5.9 vs. 0.5-5.8 equiv., Table S6). To trace the nitrogen
source, catalysis was conducted with complex 2a-">N under a *°N,
atmosphere. After acidic work-up, >NH," was detected by "H NMR
spectroscopy (Fig. S15), unambiguously verifying dinitrogen gas as
the nitrogen source.

Additionally, we explored the reactions in toluene, THF,
DME, and Et,0O, determining that the conditions in THF exhib-
ited better conversion than those in other solvents (5.9 vs. 0.3-
5.5, Table S4). The catalysis was further explored using other
sterically hindered silicon reagents. However, lower amounts of
silylamines were detected with ‘Pr;SiCl and chlorodimethyl-
vinylsilane (Me,(CH,CH)SiCl) (Table S5).

To gain more information about the catalytic process,
stoichiometric reactions of 1a with Me;SiCl and KCg were
performed, but no intermediate complex was isolated, likely
due to its high reactivity under the reaction conditions. On the
other hand, we have also attempted to synthesize the titanium
silylimide model complex by adding Me;SiN; to a toluene
solution of 2a. The reaction afforded complex Tp*Ti = NSi-
Me;(OCe¢H;Me,-2,6)(THF) (3a) in 59% yield, accompanied by
the extrusion of N, (Scheme 2A). X-ray diffraction of 3a shows a
six-coordinate mononuclear framework with a silylimido
ligand, an aryloxide ligand, a coordinated THF molecule, and
a Tp* ligand, adopting a slightly distorted octahedral geometry
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Scheme 2 Synthesis of silylimide (3a, A) and disilylamide (4a, B)
complexes.

(Fig. 2). The silylimido ligand is coordinated to the Ti atom in a
near-linear manner (Ti1-N1-Sil: 178.3(1)°). The Ti-N distance in
3a (Ti1-N1: 1.725(2) A) is longer than that of reported Ti-Npigigo
bonds (1.660(2) A)** and shorter than that of Ti-Ngmige bonds
(1.929(3) A).*

Separately, reaction of 1a with lithium bis(trimethylsilyl)amide at
room temperature afforded the titanium bis(trimethylsilyl)Jamide
complex Tp*Ti[N(SiMej3),](OCcH3;Me,-2,6)(THF) (4a) in 74%
yield as orange crystals, structurally confirmed by X-ray diffrac-
tion (Scheme 2B, for details see the SI).

Treatment of 3a with one equivalent of KCg and Me;SiCl at
—40 °C led to the release of N(SiMej;); in 28% yield, with recovery
of unreacted 3a. In contrast, 4a under the same conditions
afforded N(SiMejs); in 68% yield along with regeneration of the
titanium dinitrogen complex 2a (33% yield), suggesting that 3a
might first form 4a before converting to 2a. Under catalytic
conditions (100 equiv. of KCg and Me;SiCl at —40 °C under
N,), 3a and 4a served as active catalysts for dinitrogen silylation
(Table 1, entries 7 and 8). Notably, 4a exhibited the highest TON
of 7.5 + 0.7 with a yield of 45%.

Transition metal dinitrogen complexes are widely employed
as catalysts for synthesizing ammonia and silylamines from N,,
with imide and amide species recognized as key intermediates.
However, effective imide and amide complex catalysts for N,
reduction are rare. While molybdenum and iron imide/amide

Fig. 2 Molecular structure in the solid-state of 3a with thermal ellipsoids
drawn at 30% probability. Hydrogen atoms were omitted for clarity.

This journal is © The Royal Society of Chemistry 2026
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complexes show notable silylation activity,” group IV analogues
remain unreported. Here titanium silylimide and disilylamide
complexes provide the first such examples, displaying catalytic
performance comparable to that of dinitrogen complexes.

Notably, the disilylamide complex liberated N(SiMes); and
regenerated the titanium dinitrogen complex in the present of
KCg and Me;SiCl, modelling the late-stage cycle. These results
suggest a plausible mechanism where reductive silylation of the
dititanium dinitrogen complex affords silylimide and disilyl-
amide intermediates, which release N(SiMes); and regenerate
dinitrogen complexes upon further silylation. A pathway where
N,(SiMejs), is released and subsequently converted to N(SiMes);
cannot be excluded.®*?2°

In summary, this work demonstrates catalytic N, silylation
using Tp-supported titanium complexes and reports the first
well-defined group 1V silylimide/disilylamide catalysts for this
reaction. The observed reactivity, particularly the disilylamide’s
ability to liberate silylamine and close the catalytic cycle by
regenerating the dinitrogen complex, supports a plausible
pathway involving silylation of bimetallic dinitrogen-bridged
titanium species. These findings establish Tp-supported tita-
nium complexes as a unique platform for dinitrogen function-
alization, underscoring the broader potential of early transition
metals in catalytic N, reduction.
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