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Unusual hypoelectronic closo-clusters, such as icosahedral [(Cp*Ti)s-
(BoH7)(uz-H)(uz-Cl;]l (1) and tetracapped tetrahedral [{(Cp*Ti)sB}(us-
BHz),(u3-Te),l (2), have been synthesized and structurally characterized.
Clusters 1 and 2 represent the first examples of closo-titanaboranes
having bridging hydrides, where the Ti- - -Ti interactions play a pivotal role
in defining their shapes and electron counts. Furthermore, two face-
fused clusters, [(Cp*Ti),(p-Se)(u-SePh)(u-n>n>-BsHoR)] (3a: R = H; 3b: R =
Ph), have been isolated that deviate from Mingos fusion formalism.

The electron-counting rules initially proposed by Wade and
Williams™* for single-cage boranes, and later extended by Mingos
and Jemmis** for the single and fused polyhedral cages and their
metal or main group derivatives, have been useful in understanding
and classifying the structural and electronic properties of these
compounds.”® Based on geometries and skeletal electron pairs
(SEPs), Wade and Williams classified the boron clusters as closo
[(n + 1) SEP], nido [(n + 2) SEP], arachno [(n + 3) SEP], and hypho
[(m + 4) SEP]. The relationship among these cluster geometries was
further illustrated by a Rudolph diagram.'® The successive removal
of a vertex from a closo geometry, followed by the addition of
bridging hydrogens (or 2e) to satisfy the electron count, generates
nido, arachno, and hypho-geometries, respectively. Thus, closo-
clusters, characterized by their high-symmetry spherical geometries,
are inherently stable and typically do not require bridging hydrogens
(or ligands) for stabilization.

Although closo-boron clusters are typically electronically satu-
rated and obey the electron counting rules, a few hypoelectronic
metallaboranes with such geometries have been reported.>?****3
For instance, Kennedy and co-workers observed metallaboranes
with closo-geometries that deviate from spherical deltahedra,
possessing n SEPs instead of the expected (n + 1) SEPs.””* These
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‘disobedient’ metallaborane frameworks are often classified as
isocloso or hypercloso-deltahedra, which can be derived from the
corresponding closo-deltahedra by diamond-square-diamond
(DSD) rearrangements. Fehlner and co-workers reported a series
of hypoelectronic closo-rthenaboranes [(Cp*Re),B,H,] (n = 7-10, I,
Chart 1), with (n — 2) SEP that can be generated from canonical
[B.H,]>~ (n = 9-12) shapes by cartying out two or more DSD
rearrangements."” Recently, we have isolated a series of hypoelec-
tronic closo-osmaborane clusters [(Cp*Os),B,H,,] (n = 6-10, IT) with
(n — 1) SEP that show unusual less spherical deltahedral shapes."®
These findings illustrate that the formal SEP can vary widely from
the canonical number, and as it decreases, the cluster shape
deviates from that of a more spherical deltahedron. On the other
hand, hypoelectronic metallaboranes may also result when they
comprise early transition metal fragments. These clusters are
structurally diverse and exhibit high metal coordination numbers
and cross-cluster bonding.*>°%2

Although various metallaboranes have been synthesized over the
past six decades, relatively few examples of those containing early
transition metals are known.>>"™* In this regard, group 4 metalla-
boranes are particularly scarce. Barton and co-workers obtained
a few group 4 metallaboranes by reacting anionic boranes with
metal halides.'® Using the same metal precursor, our group recently
isolated zirconium and hafnium-guarded heptaborane and octabor-
ane analogues.'® Very recently, we synthesized and structurally
characterized a supraicosahedral 16-vertex hypho-titanaborane (III)

15-18

H

>=BH

Re
I: Re = Cp*Re Il: Os = Cp*Os II: Ti = Cp*Ti
Chart1 Examples of hypoelectronic closo (I, ) and hypho (Ill) metalla-

borane clusters.
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\@ 1. [LiBH4 THF], toluene

78 "CtoRT, 1h
2. [BH5-THF], 90 "C, 48h

1:Ti =Cp*Ti, >=BH

Scheme 1 Synthesis of icosahedral cluster 1.

using monoborane pyrolysis methodology."® Encouraged by this
achievement, we resumed our search for a closo-metallaborane
cluster of titanium by varying the reaction conditions, which led
to the isolation of the first two closo-titanaboranes with bridging
hydrides.

The low-temperature reaction of [Cp*TiCl;] with [LiBH,] in
toluene for 1 h, followed by thermolysis at 90 °C for 48 h in the
presence of excess [BH;-THF), afforded 12-vertex titanaborane clus-
ter [(Cp*Ti)s(BoHy)(1s-H)(1s-Cl),] (1) along with cluster I (Scheme 1
and Fig. S1, ESIT)."® Compound 1 was isolated as a green solid in
12% yield. The "H NMR spectrum of 1 exhibited two distinct Cp*
proton signals at 6 = 2.03 and 2.05 ppm in 2:1 ratio, along with
broad signals corresponding to terminal B-H protons in the down-
field region and a broad resonance at 6 = —5.67 ppm, attributed to
ug-H bridging hydride. The ""B{'"H} NMR spectrum displayed five
broad resonances at ¢ = 31.6, 40.2, 45.0, 52.3, and 66.4 ppm in
4:2:1:1:1 ratio. The IR spectrum featured a band at 2544 cm™ ",
characteristic of terminal B-H stretching vibrations. The mass
spectrum displayed an isotopic distribution pattern at m/z
726.3257, corresponding to [M + H]'". Furthermore, solid-state X-
ray structure analysis was performed on a suitable crystal grown at
5 °C from a CH,Cl,~hexane solution.

The solid-state X-ray structure of 1 revealed a 12-vertex icosahe-
dral geometry with one DSD rearrangement (Fig. 1). Interestingly,
the presence of three Cp*Ti fragments in the icosahedral core
significantly altered its geometry and SEP count. Although the
connectivity pattern of 1 aligns with the hypercloso geometry, it
possesses (n — 3) SEP and does not obey the Wade-Williams
relationship.”” Jemmis and co-workers have postulated that

Fig. 1 Molecular structure and atom labelling diagram of 1. Note that Cp*
ligands attached to Ti atoms are omitted for clarity. Selected bond lengths
(A) and angles (°) in 1: Ti-Ti3 3.073(3), Til-B1 2.513(16), Ti1-B9 2.174(15),
B2-B9 1.61(2), B7-Cll1 1.854(19), Ti1-Cl1 2.543(5), B8—H1 1.19(3), Ti2-

H1 1.95(13), Ti1l-Ti2-Ti3 58.01(7), Ti1-B9-Ti3 91.3(6).
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transition metals preferentially occupy the highest-degree vertices
due to their more diffuse d-orbitals, which is consistent with the
structural features of 1.*° In particular, two Ti atoms occupy two
vertices of degree six and form a cross-cluster Ti-Ti bond, while the
third Ti atom is occupied at a degree-four vertex. Most boron atoms
occupy degree-five vertices, except for B9, which is at a degree-four
vertex due to the DSD rearrangement. The B9-B2 (1.61(2) A) and B9~
B3 (1.61(2) A) bond distances are shorter than other B-B bonds,
likely reflecting the reduced connectivity of the B9 vertex. All boron
atoms in 1 feature terminal hydrogens except for B7 and B8, which
are bonded to bridging Cl and H ligands, respectively. These
bridging ligands further interact with Ti1-Ti2 and Ti2-Ti3 centers
in ps-fashion. The bulkier p;-Cl ligand around the Ti1-Ti2 region
resulted in a longer Ti1-Ti2 bond length (3.292 A) as compared to
the other Ti-Ti bonds (3.026(3) A and 3.073(3) A). Additionally, a -
Cl ligand bridges the Ti; face. Intriguingly, an intramolecular Cp*-
H---Cl interaction is observed, with an H: --Cl distance of 2.399 A,
shorter than the typical van der Waals separation. This suggests the
possibility of weak hydrogen bonding between a Cp*-H and the Cl1
atom (Fig. S1, ESIt). The Ti-B bond lengths in 1 (av. 2.369 A) are
comparable to those observed in related titanaboranes such as II*®
(av. 2.409 A), while the Ti-Ti bond distances (av. 3.130 A) are
significantly longer than those in [(Cp*Ti),(1-n°n°BeHe)(w-H)s]
(2.9307(12) A)."” The B-B bond lengths (av. 1.79 A) are within the
typical range for titanaborane clusters;'”'® however, the anomalous
B-B and Ti-B distances may be attributed to the presence of
bridging ligands and one DSD rearrangement. Cluster 1 is the first
example of a closo-icosahedron with bridging ligands.

The molecular structure of 1 also shows that the [Ti;B] core is
symmetrical with a symmetry plane containing Ti2, B5, B6, and B9
atoms. Its core geometry [Ti;By] is comparable to that of recently
reported metallaboranes [(Cp*M),B;oH;o] (M = RhH or IrH with n
SEP; M = Os with (n — 1) SEP)."? Similar to these clusters, the face in
which the DSD rearrangement occurred is flattened in 1 (dihedral
angle along B-Os-Os-B in II is 176.39°, along B-Ti-Ti-Ti in 1 is
173.30°). This flattening brings the Ti atoms closer, facilitating Ti-Ti
bonding and forming an oblato-shape cluster. Among the closo 12-
vertex clusters, 1 exhibits the lowest SEP count (n — 3), rendering it
hypoelectronic and enabling the inclusion of bridging hydride and
chloride ligands. While DSD-rearranged closo-metallaboranes such
as M,B;, are known, 1 represents the first example of an M;B,
cluster with icosahedron geometry.

In metallaborane cluster chemistry, the choice of boron reagent
plays a crucial role in isolating various metallaboranes with unique
structural features. To explore this further, we modified the
synthetic strategy by using [LiBH;TePh] as the monoborane
reagent instead of [LiBH,]. As a result, the reaction of [Cp*TiCl;]
with three equivalents of [LiBH;TePh] at —78 °C, followed by
thermolysis at 80 °C for 18 h, yielded an 8-vertex closo-
tetracapped tetrahedral cluster [{(Cp*Ti);B}(us-BHz)s(ps-Te),] (2)
as a yellow solid in 25% yield (Scheme 2). The "H NMR spectrum
of 2 displayed two Cp* resonances at é = 2.04 and 2.09 ppm in 1:2
ratio, along with signals corresponding to the terminal BH proton
(6 = 2.36 ppm) and bridging Ti-H-B proton (6 = —2.79 ppm). The
"B{'"H} NMR spectrum exhibited two resonances: a peak in the
upfield region at 6 = —7.7 ppm, assigned to the two-BH; boron,
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Scheme 2 Synthesis of tetracapped tetrahedral cluster 2 and face-fused
clusters 3a—b (Cp* ligands attached to Ti atoms in 2 and 3a—b are omitted
for clarity; Ti = Cp*Ti).

and a downfield resonance at 6 = 54.0 ppm, attributed to the
boride boron, indicating a stronger boron-metal interaction. The
molecular ion peak at m/z 845.1155 in ESI-MS was in good
agreement with the molecular formula [C3oHs,B3Te,Tis).

The solid-state X-ray structure of 2 revealed a [TizB] tetrahedral
core with one boron and three titanium atoms occupying the
corners of the tetrahedron, while two {BH;} fragments and two Te
atoms capped its four faces (Fig. 2). For a tetrahedral [M;B] cluster,
the SEP count is typically 6; however, 2 contains only 4 SEP."” The
[Tiz;B] core geometry of 2 is comparable to that of other triply
bridging borylene complexes, such as [(Cp*Ru)s(p-H)s(s-BX)]
(X = H, CN, OMe, OEt) with 4 SEP and [{(n’*-CsH;Me)Mn}(CO),{Pd-
(PCy3)}»(113-BX)] (X = Cl, “Bu) with 3 SEP, where the borylene boron
bears various substituents.?’ In 2, three Ti atoms and one 'naked’ B
atom of the [Ti;B] tetrahedral core occupy the degree six vertices,
while two B atoms and two Te atoms occupy the degree three
vertices. The Ti-Ti (av. 3.077 (A)) and Ti-B (av. 2.435 (A)) bond
lengths in 2 are consistent with single bond orders and are
comparable to those observed in 1 and IL'® All the internal angles
in 2 deviated from a regular tetrahedron due to the shorter Ti-B
bonds compared to Ti-Ti bonds along with the capping on each
face by boron and heteroatoms.

Alternatively, the core geometry [Ti;B;Te,] of 2 can be described
as a cubane consisting of three Ti, three B, and two Te atoms.
While cubane-type sulfido clusters have been extensively studied,
their selenido and tellurido counterparts have received relatively
less attention, and cluster 2 represents a rare example of a cubane
geometry incorporating tellurium atoms.*! Although the qualita-
tive shape of cubane clusters remains consistent, changes in M-M
bond distances often reflect variations in the electronic structure

due to the addition or removal of electrons.”” Earlier, Kennedy

Fig. 2 Molecular structure and atom labelling diagram of 2 (left) and 3b
(right). Note that Cp* ligands attached to Ti atoms are omitted for clarity.
Selected bond lengths (A) and angles (°) in 2: Til-Ti2 2.94683(13), Ti2—
B2 2.279(9), Ti2—-B3 2.547(15), Til-Ti2-Ti3 63.787, Til-B2-Ti2 80.358; 3b:
Til-Ti2 3.0281(7), Til-B3 2.271(4), Til-B3-Ti2 84.03(12).
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V: Co= CpCo;64 CVE 2: Ti= Cp*Ti; 42 CVE
4 Co-Cobond 3 Ti-Ti and 3 Ti-B bond
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IV: Ni = CpNi; 68 CVE
2 Ni-Nibond

Chart 2 Experimentally known cubane-type geometry, along with its
CVE count and the number of bonds present in the central tetrahedral unit.

classified [(CpNi),B,H,] and [(CpCo),B,H,] as 68 and 64 cluster
valence electrons (CVEs), respectively, featuring two and four
metal-metal bonds (Chart 2).°*** He also predicted that a
hypothetical 60-electron [(CpFe),B,H,] cluster would adopt a
cubane structure with six Fe-Fe bonds, forming a fully bonded
metal tetrahedron. The 60 CVE metallaborane [(Cp*Mo)y(is-
Se),B,H(u-H){Fe(CO),},Fe(CO);], which features a cubane geometry
with six M-M bonds, serves as a bridge among these clusters.* In
comparison, cluster 2 can be viewed as [M;E;] (E = main group
fragment), derived from [M,E,] by replacing one of the metals with
a boron atom. Therefore, cluster 2 should possess 50 CVEs with
three M-M and three M-B bonds; however, the total number of
CVEs available in 2 is 42. Unlike previously reported late transition
metal cubane clusters,” >* this electron deficiency arises from the
use of early transition metal titanium and the replacement of one
metal vertex with a main group element, boron. The deficiency is
partially compensated by the presence of four Ti-H-B bridging
hydrogens. However, the inclusion of boron in the [M;B] tetrahe-
dral core significantly distorts the cubane geometry, leading to a
structure better described as a tetracapped tetrahedron rather than
a true cubane.

After the effective isolation of the tetracapped tetrahedral cluster
2, we have tried to isolate its selenium analogue by replacing
[LiBH;TePh] with [LiBH3SePh] under similar reaction conditions.
Although the targeted selenium analogue of 2 was not obtained, the
reaction yielded two face-fused clusters, [(Cp*Ti),(u-Se)(p-SePh)(p-
n*m*BsHoR)] (3a: R = H, 22%; 3b: R = Ph, 17%, Scheme 2 and
Scheme S3, ESIf). In 3a-b, two nido-square pyramidal [Ti,Bs]
geometries are fused through a common [Ti,B] triangle. Consider-
ing the Mingos fusion formalism, clusters 3a-b require 62 electrons
but possess 60 CVEs. Therefore, clusters 3a-b can be classified as
hypoelectronic clusters, which do not follow Mingos fusion formal-
ism. Notably, similar to cluster 2, these clusters feature a central
“naked” boron atom, attributed to its high connectivity of degree
six. Alternatively, 3a-b can be described as a Aypho-pentaborane
cluster, where [BsHoR]’ ™ is coordinated in a trihapto mode to each
titanium center of the bimetallic template [(Cp*Ti),(-SePh)(-Se)["
Although 3a-b resemble [(Cp,Zr),BsHg]",'”” the presence of two
bridging chalcogen ligands, which are intact with the titanium
centers, allows the pentaborane ring to coordinate symmetrically
to both metal centers (Fig. 2 and Fig. S5, S6, ESIT).

Density functional theory (DFT) studies show lower HOMO-
LUMO gaps of 1.63 eV and 1.70 eV for 1 and 2, respectively, that
indirectly suggest their reduced kinetic and thermodynamic
stability as compared to III (3.45 eV).'® This reduced stability
can be attributed to the change in the number of metal

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Selected molecular orbitals (a), (d) and (e) and natural bond orbitals
(b), (c) and (f) of clusters 1 (top) and 2 (bottom). Isocontour values: +0.045
le Bohr3]Y2.

fragments, resulting in decreased SEP count relative to the
parent clusters. Molecular orbital (MO) analysis of clusters 1
and 2 highlights strong Ti-Ti bonding interactions. For
instance, the HOMO of 1 reveals significant bonding interac-
tions between the d-orbitals of two Ti-atoms, indicating a Ti-Ti
bond (Fig. 3a). In contrast, unlike cubane-type M,E, geome-
tries, the HOMO—1 of cluster 2 demonstrates triangular Ti,
bonding interactions facilitated by the overlap of d-orbitals of
the Ti-centers (Fig. 3d). Natural bond orbital (NBO) analysis
further supports the Ti-Ti bonding in clusters 1 and 2, with
significant Wiberg bond indices (0.286, 0.421, and 0.535 for 1;
0.382, 0.438 and 0.630 for 2; Fig. 3b). Additionally, MO and NBO
analyses of 1 and 2 reveal significant interactions between the
Ti-centers and bridging ligands, which stabilize the clusters
and influence their structural rearrangement, geometry, bond-
ing orbitals, and electron count (Fig. 3c,e and f).

In summary, this work describes the isolation of closo-
titanaboranes 1 and 2 featuring bridging hydrides. Theoretical
studies and electron counting formalisms demonstrated that
the presence of Ti-Ti bonds and bridging ligands play a crucial
role in the stabilization of these hypoelectronic clusters. These
findings emphasize the importance of early transition metal
fragments in facilitating higher connectivity for the synthesis of
novel non-Wadean structures in boron cages.
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