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Abstract:

Titanium(l11) complexes containing unprecedented (NH2BH2NHBH3)?>~ and {N(BH3)s}*
ligands have been isolated and their structures elucidated by a combination of experimental
and theoretical methods. The treatment of the trimethyl derivative [TiCp*Mes] (Cp* = n°-
CsMes) with NH3BH3 (3 equiv) at room temperature gives the paramagnetic dinuclear
complex [{TiCp*(NH2BHz3)}2(u-NH2BH2NHBHS3)], which at 80 °C leads to the trinuclear
hydride derivative [{TiCp*(u-H)}s{us-N(BHs)s}]. The bonding modes of the anionic BN
fragments in those complexes as well as the dimethylaminoborane group trapped on the
analogous trinuclear [{TiCp*(u-H)}s(us-H)(uz-NMe2BH)] have been studied by X-ray

crystallography and density functional theory (DFT) calculations.
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Ammonia-borane, NH3BHj3, has been identified as one of the leading candidates for
chemical hydrogen storage due to its high hydrogen content (19.6 wt %).[Y1 However, its
thermal decomposition requires high temperatures and gives volatile by-products (e.g.,
aminoboranes, borazine) along with H2.[2 For milder and controlled hydrogen release as
well as for the preparation of B-N oligomers and polymers, many efforts have been
dedicated to the study of the catalytic dehydrogenation and dehydropolymerization of this
molecule and related primary NH:RBH3; and secondary NHR:BH3 amine—borane
derivatives.®l Within the wide variety of mechanisms proposed in the last decade, those
based on s-block and early transition-metal systems involve intermediates with
amidoborane (NR2BH3)" ligands.[345]

s-Block metal amidoborane compounds [M(NH2BHz)x] were initially evaluated as
potentially improved solid-state alternatives to ammonia—borane for chemical hydrogen
storage.®! By using sterically demanding B-diketiminate ancillary ligands, Harder and co-
workers prepared well-defined calcium and magnesium amidoborane complexes and
explored their dehydrogenation in solution under mild conditions.[®! Hill and co-workers
have intensively investigated Group 2 and 3 amidoborane complexes as catalysts and
intermediates in amine—borane dehydrocoupling reactions.[1 In comparison, only a few
Group 4 amidoborane complexes have been isolated, mainly supported within metallocene-
type systems.[®l Interestingly, Manners and co-workers synthesized a paramagnetic
titanium(11l) amidoborane complex and suggested its key catalytic role in the
dehydrogenation of amine-boranes by titanocene systems. ]

We became interested in the study of stoichiometric reactions of half-sandwich
Group 4 complexes [MCp*Xs] (M = Ti, Zr, Hf; Cp* = n°-CsMes; X = CH2SiMes, NMe)

with amine—borane adducts as a synthetic route to hydride derivatives.[*®! Multimetallic



low-valent titanium polyhydride complexes have revealed a great potential for the
activation and cleavage of inert molecules such as dinitrogen, benzene, pyridines and
quinolines at room temperature.™ In particular, our group has recently reported the
isolation of the low-valent titanium trinuclear hydride complex [{TiCp*(u-H)}3(us-H)(us-
NMezBH2)] (1) in the reaction of [TiCp*(CH2SiMes)s] with excess NHMe;BH;.[1%%]
Compound 1 contains a dimethylaminoborane fragment bridging three titanium atoms
(Scheme 1) and represents a rare example where unstable NR2BHz units can be trapped
within a metal complex.*? Herein we describe unprecedented BN ligands
(NH2BH,NHBH3)> and {N(BH3)3}*> stabilized at bi- and trimetallic titanium(l11) systems.

The treatment of [TiCp*Mes] with 3 equiv. of NH3:BH3z in toluene at ambient
temperature afforded the dinuclear titanium(lll) complex [{TiCp*(NH2BHz3)}2(u-
NH2BH2NHBH3)] (2) (Scheme 1). Compound 2 was isolated in 70% yield as an extremely
air-sensitive violet solid which is poorly soluble in hexane and moderately soluble in

benzene and toluene.
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Scheme 1. Reaction of [TiCp*Mes] with NHR2BH3 (R = H, Me).



The 'H NMR spectrum of 2 in [De]benzene displays two downfield and broad
resonance signals in a 1:1 ratio at & = 29.5 (Avyz = 552 Hz) and 21.4 (Avi = 376 Hz) ppm
attributable to the n°-CsMes ligands (Figure S6 in the Supporting Information). Complex 2
exhibits a good solubility in [Ds]pyridine or [Dsg]tetranydrofuran, and remains unaltered in
those polar organic solvents at room temperature according to *H NMR spectroscopy.
Nevertheless, the reaction of [TiCp*Mes] with NH3BHz in tetrahydrofuran leads to the
isolation of 2 in low vyield (15%), presumably due to the formation of other titanium by-
products. Indeed, monitoring by 'H NMR spectroscopy the reaction course in
[Ds]tetrahydrofuran at room temperature revealed two broad resonance signals for 2 at 6 =
29.2 (Aviz = 394 Hz) and 21.7 (Aviz = 275 Hz) ppm, those assigned to CH4 and Ha, along
with several resonances for unidentified species. It appears that the reaction of [TiCp*Mes]
with NH3BHs may undergo variable routes depending on the reaction conditions. For
instance, the analogous reaction of [TiCp*Mes] with NH2tBuBH3 (3 equiv.) in toluene at
room temperature gave a brown-purple oil containing titanium paramagnetic derivatives as
determined by the absence of resonance signals in the *H NMR spectra. Crystallization in
hexane at —35 °C led to a small fraction (11%) of dark-blue crystals formed by the same
number of titanium(l11) monomeric amidoborane species [TiCp*(x?N,H-NHtBuBHs3),] and
[TiCp*(x®N,H-NHtBuBHs3)(®N,H,H-NHtBuBH:Me)] in the asymmetric unit (Figure S2
and Tables S5 and S6 in the Supporting Information).[*®l While the former component of
the crystal could be related to a putative [TiCp*(NH2BHz3)2]x (x = 1 or 2) intermediate in
the formation of 2, the latter monomeric species contains one k°N,H,H-NHtBuBH:Me
ligand presumably formed by insertion of an aminoborane H.B=NHtBu into a Ti-C

bond.[7edl



The paramagnetic nature of 2 was confirmed by an Evans method determination of
its magnetic susceptibility (uer = 2.46 ps, 20 °C, CsDsN solution), which is in good
agreement with the theoretical spin-only value (2.45 ug) for two non-interacting spins S =
1/2 in a dinuclear titanium(lll) complex. The crystal structure of 2 shows two
{TiCp*(NH2BHz3)} units held together by a bridging NH.BH>NHBH3 ligand (Figure 1).
Each «°N,H-NH2BH3 ligand coordinates to the titanium atom through one Ti-N bond
(Ti(1)-N(1) = 2.125(4) A and Ti(2)-N(2) = 2.136(4) A) and one Ti---H-B interaction
(Ti(1)---B(1) = 2.508(5) A and Ti(2)---B(2) = 2.520(5) A). These Ti-N and Ti---B
distances compare well with the analogous determined in the titanium(l1l1) amidoborane
complex [Ti(n®-CsHs)2(NH2BH3)] (2.153(3) and 2.520(4) A, respectively).®l The p-
NH2BH>NHBH3 ligand bridges asymmetrically between the metal centers. Thus, this
moiety is bonded to titanium(1) by the N(4) atom (Ti(1)-N(4) = 2.216(3) A), one Ti---H-B
interaction with the BH3 group (Ti(1)---B(4) 2.492(5) A), and one Ti---H-B interaction
with the BH2 group (Ti(1)---B(3) 2.501(5) A). The bridging ligand is also bonded to
titanium(2) through the N(3) atom (Ti(2)-N(3) = 2.192(4) A), the N(4) atom (Ti(2)-N(4) =
2.369(3) A), and one Ti---H-B interaction with the BHs group (Ti(2)---B(4) 2.517(5) A).
Thus, each titanium exhibits a distorted octahedral geometry with the
pentamethylcyclopentadienyl ligand and the N(4) atom occupying trans positions.
Interestingly, the N(4) atom shows a rare five-coordinate environment and adopts a
polyhedral geometry between square pyramidal and trigonal bipyramidal (s = 0.28).114
Thus, the N(4) atom is in a plane with the B(3), B(4) and H(4) atoms (sum of angles about
N(4) of 360°), while the Ti(1)-N(4)-Ti(2) angle is 141.4(2)°. The bridging ligand (H2N-
BH2-NH-BH3)* in complex 2 is unprecedented in BN compounds, although it has been

postulated as intermediate in the formation of dehydrogenated species (HN-BH-NH-BH3)*"



bridging two calcium centers.>®! Structurally documented ligands of the general form
[(R)N-BH-N(R)-BH3]*>" (R = H, Me, iPr) in calcium and magnesium complexes contain
short, intermediate and long B-N bond lengths.[®! In contrast, the B-N distances within the
(NH2BH2NHBHS3) fragment of 2 are all in a narrow range from 1.524(7) A to 1.548(6) A,
which is similar to those of the amidoborane «2N,H-NH2BHj ligands. This (H2N-BH2-NH-
BHs)>" motif may be envisioned as the doubly deprotonated form of the linear diborazane
H3N-BH2-NH2-BH3, the product of a single dehydrocoupling reaction between two

NH3BH3 molecules. %]

Figure 1. Perspective view of complex 2 (thermal ellipsoids at the 50% probability level).
Hydrogen atoms of the n°-CsMes ligand are omitted for clarity. Selected lengths (A) and
angles (°): Ti(1)-N(1) 2.125(4), Ti(1)-N(4) 2.216(3), Ti(2)-N(2) 2.136(4), Ti(2)-N(3)
2.192(4), Ti(2)-N(4) 2.369(3), B-N 1.524(7)-1.548(6), Ti-*'B 2.492(5)-2.520(5), Ti(1)-

N(4)-Ti(2) 141.4(2), B(3)-N(4)-B(4) 124.5(4), N(3)-B(3)-N(4) 109.5(4).

A density functional theory (DFT) study was conducted to establish the electronic

structure of the paramagnetic complex 2. The computed geometry is in good agreement



with the crystallographic data (see Table S2 in the Supporting Information). The analysis of
the electronic structure indicates that the unpaired electrons are localized on the titanium
atoms in a parallel arrangement, which corresponds to a triplet state in agreement with the
magnetic measurements. The shape of the two singly occupied molecular orbitals (SOMOs)
of 2 is consistent with titanium d orbitals (Figure S3) and confirms that the oxidation state
of the titanium atoms should be regarded as +3. Slightly lower in energy there are
molecular orbitals which may be described as a bonding combination of a N(4) p orbital
with smaller contributions of d orbitals of the two titanium atoms (Figure 2a). Natural Bond
Orbital (NBO) analysis reveals the occupation of the N(4) orbitals, which are consistent
with sp? hybridization for the nitrogen, while the remaining p orbital contains =1.5 ¢~ and

interacts with empty d orbitals of the titanium centers.

Figure 2. a) 3D representation of the MO for compound 2 showing the interaction of N(4)
with both titanium atoms; b) NBO-determined orbital for compound 3 showing the donor-
acceptor interaction of N(1) with the three titanium atoms (Color code: C = gray. H =
white, Ti = purple, N = blue, B = pink). Methyl groups of the n°-CsMes ligands are omitted

for clarity.

Complex 2 is stable in [De]benzene or [Dg]tetrahydrofuran solutions at room

temperature but readily decomposes at 80 °C. The *H NMR spectrum of the resultant deep



red [De]benzene solution revealed the resonance signal for H> along with one broad
resonance at § = 12.5 (Aviz = 278 Hz) ppm. Similarly, the *H NMR spectrum of the
thermal decomposition of 2 in [Dg]tetrahydrofuran showed a broad singlet at 6 = 12.6 (Avi
= 241 Hz) ppm, whereas the 'B NMR spectrum revealed resonance signals for borazine
(BNH2)3 and polyborazylene (BNHy),. In a preparative scale reaction, heating of 2 in
tetrahydrofuran at 80 °C led to the isolation of deep red crystals of the trinuclear hydride
complex [{TiCp*(u-H)}s{us-N(BHs)s}] (3) (Scheme 1). The *H NMR spectra of 3 are
consistent with the Csy, symmetric structure determined in the solid-state structure (vide
infra) and shows the single broad signal attributable to the equivalent n°-CsMes ligands
(Figure S7). The paramagnetic nature of 3 was confirmed by an Evans method
determination of its magnetic susceptibility (pefr = 2.35 ps, 20 °C, C¢De solution). Although
resonance signals for the {u3-N(BHs)s} ligand were not detected in the *H NMR spectra,
the IR spectrum (KBr) of 3 is very simple and shows one strong absorption at 2459 cm™ for
ven Vibrations of terminal B-H bonds and one strong absorption at 2117 cm™ for ven
vibrations of bridging B-H groups (Figure S10).

While the H NMR spectrum of the crude solid obtained in the thermal
decomposition of 2 showed only the broad resonance for 3, elemental analyses revealed a
nitrogen content (10-12%) which is significantly higher than the expected value for 3
(2.30%). Furthermore, in addition to the bands due to complex 3, the IR spectrum (KBr) of
this solid shows two absorptions at 3444 cm™ and 2502 cm™ for vnu and ven vibrations of
terminal B-H bonds, respectively (Figure S11). This appears to be indicative of the
formation of polyborazylene (BNHy), species with a solubility in organic solvents similar
to that of complex 3.181 Compound 3 could be isolated as deep red crystals in 34% vyield

after successive crystallizations from hot hexane solutions.



The crystal structure of 3 shows three titanium atoms forming an equilateral triangle
(Ti-Ti separations of 3.033(2) A), wherein each edge of the triangle is bridged by one p-H
hydride ligand (Ti(1)-H(11) 1.85(7) A) (Figure 3). Molecules of 3 present a Cs axis which
crosses the N(1) atom and is perpendicular to the Tis plane. One face of the triangle
contains a {u3-(x®H,H-HsB)sN} ligand with each BHs fragment bridging two titanium
atoms through two Ti---H-B interactions (Ti(1)---B(1) 2.508(7) A). The B(1)-N(1) bond
length of 1.580(7) A is longer than those found in amidoborane ligands and compares well
with that determined in ammonia—borane (1.58(2) A).[*"] Therefore this value is indicative
of B-N single bond and, along with the B-N-B angle of 109.8(3)°, suggests that the
electron pair of nitrogen is shared with the titanium centers (Ti(1)-N(1) = 2.218(5) A).
Thus, the N(1) atom exhibits a distorted trigonal antiprismatic geometry (twist angle ¢ =
60°)[18 with Ti-N—Ti angles of 86.2(2)°. We have found no reference to the isolation of the
{N(BH3)3}*~ ligand or the neutral trisborylamine N(BHz)s in the literature, although
optimized structures have been analyzed by computational studies.'® The related
{NH2(BH3).}~ motif was isolated as a sodium salt in the thermal rearrangement of
[Na(NH2BH3)] and crystallographically characterized in the erbium complex [Er(H3B-
NH>-BH3)Cl(thf)s] or, more recently, as the 18-crown-6 adduct [Na(18-crown-

6)(thf)2] [NH2(BHs)2].12°
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3

Figure 3. Perspective view of complex 3 (thermal ellipsoids at the 50% probability level).
Methyl groups of the n°-CsMes ligand are omitted for clarity. Selected lengths (A) and
angles (°): Ti(1)-N(1) 2.218(5), Ti(1)-H(11) 1.85(7), Ti(1)-H(la) 2.02(7), Ti(1)-H(1b)
1.96(7), Ti(1)-Ti(1)' 3.033(2), B(1)-N(1) 1.580(7), Ti(1)---B(1) 2.508(7), Ti(1)-N(1)-
Ti(1)' 86.2(2), Ti(1)-N(1)-B(1) 80.7(3), B(1)-N(1)-B(1)' 109.8(3). Symmetry code: (i) —x +

y+1,x+1,z(i)-y+1,x-vy,z

The computed geometry (DFT) for a doublet ground state of 3 is in good agreement
with the crystallographic data (Table S3). The analysis of the electronic structure of this
species indicates that each titanium atom has one unpaired electron forming a spin
frustrated system, where two electrons point up while the third one points down. While this
situation does not agree with the magnetic measurements of gt = 2.35 ug, the presence of
a close excited quadruplet state of 3 (AE ~ 2 kcal/mol) with a very similar geometry to the
ground state might explain this value. The shape of the two SOMO orbitals of 3 is also
consistent with single occupied titanium d orbitals (Figure S4) and confirms that the

oxidation state of the titanium atoms should be regarded as +3. The NBO analysis shows
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one bonding electron pair on N(1) with ca. 1.5 e~ interacting with empty d orbitals of the
three titanium atoms (Figure 2b).

The structure of complex 3 resembles that reported by us for the analogous
trinuclear tetrahydride species [{TiCp*(u-H)}s(us-H)(us-NMe2BH2)] (1) (Figure S1).[1%1 A
mixture of 1 and the tetranuclear octahydride [(TiCp*)s(u-H)s]™®! was also obtained in the
treatment of [TiCp*Mes] with 3 equiv. of NHMe2BH3 (Scheme 1). While we previously
described 1 as a mixed valence Ti(ll)/Ti(l11l) complex based on the total negative charges
(7-) of the n°-CsMes and pn-H ligands, we have now studied its electronic structure by
DFT calculations. The geometry of this compound can be also reproduced by the
calculations as a spin-frustrated doublet ground state (Table S4 and Figure S5) in a similar
fashion to 3. These indicate that the titanium atoms of compound 1 are in the +3 oxidation
state, which is consistent with the experimental & value of 1.87 ug at room
temperature.[*®l Other optimizations, starting with a description of this compound as a
mixed valence Ti(ll)/Ti(Ill) species did not finish properly or produced higher energy
species. The NBO analysis reveals that the N(1) atom has an electron pair with 1.7 e~
interacting with an empty d orbital of the Ti(2) atom (Figure 4a). In addition, the NBO
analysis also shows bonding interactions between the three titanium atoms and the B(1)
atom, which exhibits a certain extra electron density (0.7 ) (Figure 4b). Thus, the six-

coordinate geometry about the boron atom in 1 is distorted trigonal prismatic (twist angle ¢

= 00)_[18]
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Figure 4. NBO-determined orbitals for compound 1: a) shows the donor-acceptor
interaction between N(1) and Ti(2), b) shows the interaction of B(1) with d orbitals of the
three titanium atoms (Color code: C = gray. H = white, Ti = purple, N = blue, B = pink).

Methyl groups of the n°>-CsMes ligands are omitted for clarity.

In summary, we have shown that anionic (HoN-BH2-NH-BH3)?*~ and {N(BH3)3}*
fragments, which are not found in simple salts, can be stabilized as bridging ligands in
titanium(111) complexes. The bimetallic amidoborane compound [{TiCp*(NH2BHz3)}2(u-
NH2BH>NHBHS3)] was isolated in the reaction of ammonia—borane with the half-sandwich
trimethyl complex [TiCp*Mez], and its subsequent thermal treatment in solution afforded
the trimetallic hydride derivative [{TiCp*(u-H)}s{us-N(BH3)3}]. In addition to the 3c,2e
Ti---H-B interactions, these BN ligands and the analogous dimethylaminoborane trapped
on [{TiCp*(u-H)}s(uz-H)(us-NMe2BH2)] exhibit bonding interactions of their N or B
atoms with the titanium(lIl) centers. We are currently investigating the synthesis of

multimetallic low-valent Group 4 compounds capable of stabilizing other unstable species.
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