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Abstract

The stabilization of zero oxidation state group (IV) metal centers in readily accessible
compounds on a preparative scale remains a significant challenge. Substituting hydrocarbon
ligands in the precursor complexes [Ti(n®-toluene);] and [Zr(n8-cycloheptatriene):] with
monovalent GaTMP (TMP = 2,2,6,6-tetramethylpiperidinyl) yields the first homoleptic seven-
coordinate Ti® and Zr° complexes, [Ti(GaTMP);] (1) and [Zr(GaTMP);] (2), which are
exclusively coordinated by metalloligands. The bonding situation of 1 and 2 was rationalized

through DFT calculations, revealing the critical importance of tangential Ga:---Ga covalent

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

interactions for stabilizing the compounds. Oxidation of 2 leads to the formation of

[Zr(GaTMP)g]?* (5), showcasing a similar bonding situation. These Ga----Ga interactions arise
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from significant n-backbonding from the Ti® and Zr° centers into the constructive combinations

of the diffuse 4p orbitals of the Ga(l) centers. This unique cooperative feature of the all-Ga

(cc)

metalloligand sphere marks a clear distinction from the bonding properties of formally isolobal

carbonyls, phosphines, or N-heterocyclic carbenes.
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Accessing and stabilizing highly reactive zero oxidation state of early transition metals remains
a frontier in inorganic synthesis.(1-3) Titanium(0) and zirconium(Q) compounds are particularly
elusive due to these metals' electropositive and very oxophilic nature (1, 4) and the need for a
crowded coordination environment to achieve an electronically saturated configuration. This is
illustrated by the instability of the classic 18 valence electron complex [Ti(CO)] and the related
species [Ti(COX]" (x<7,n=-1, 0, +1), which, unlike [Cr(CO)s], [Fe(CO)s], and [Ni(CO)4], have
only been observed in the gas phase or cryogenic matrices.(5-9) In the case of the group IV
transition metals (TMs), it was found, that the formally 20 valence electron (in which TM still
fulfils the 18-electron rule(6)) octacoordinated [TM(CQO)s]" (TM = Zr, Hf) are preferred under
these conditions, as the CO ligands experience less steric repulsion than in the hepta-
coordinated structure, however they remained inaccessible by wet chemistry.(6) Among group
V only vanadium forms a complex V(CO)s, which is stable at room temperature, while
Taz(CO)+2 has been isolated more recently(10), but remains stable only under a carbon
monoxide atmosphere. The first successful synthesis of organometallic group IV metal
complexes in zero oxidation state was reported by Cloke, Green, and co-workers.(11) They
used a metal-vapor synthesis approach to prepare bis(n®-arene) compounds of group IV
metals and their phosphine adducts.(12, 13) Another significant milestone was the
development of wet-chemical synthesis of Ti® and Zr® complexes.(14, 15) The first seven-
coordinated complexes of group IV metals were prepared by J. E. Ellis and co-workers via
reduction of [TMCla(thf)2] (TM = Ti, Zr) under a CO atmosphere in the presence of tridentate
phosphines.(16) Notably, the highly reduced homoleptic, but merely hexa-coordinated
carbonyl metalates [TM(CO)s]* (TM = Ti, Zr, Hf) can be obtained and have been used on a
preparative scale.(17-19) Regardless, and to the best of our knowledge, isolated homoleptic
neutral zero oxidation state complexes of group IV metals bearing exclusively monodentate
ligands (L = CO, phosphines (PRs3), N-heterocyclic carbene (NHC), etc.) remain elusive.
However, for group V the neutral homoleptic complexes of V0 and TaC stabilized by six

isocyanide ligands are known.(20, 21)

We have previously demonstrated that metalloligands in d-metal complexes of the type
[TM(ZnR)»] (TM = Mo, Ru, Ni, Pd, Pt; R = Cp*, Me, Et) can delocalize electron density across
the ZnR ligand sphere, thereby significantly stabilizing highly coordinated structures and
energetically compensating for the inherent steric crowding.(22, 23) Furthermore, several
examples reported by other research groups demonstrate the ability of metalloligands to
access high coordination numbers in transition metals.(24-26) We hypothesized that this
metalloligand approach could be utilized to access the previously elusive group IV homoleptic

TMO complexes, where strong n-backbonding interactions also contribute to stabilization — as
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exemplified by C—C bond-forming processes with early transition metal compIexeDségzo)lgsg%ggggogggi
the aforementioned carbonyl metalates [TM(CO)s]%.(28) To probe this idea, we selected
GaTMP (TMP = 2,2,6,6-tetramethylpiperidinyl) as a metalloligand. It is less prone than other
Ga'R compounds (e.g. GaCp*) to the transmetallation of the organic protecting ligand to the

transition metal, allowing for the formation of unique gallylene ligated species.(29-31)

Herein, we report the first isolable, homoleptic group IV TM® complexes bearing only
monodentate ligands; namely [Ti(GaTMP)7] (1) and [Zr(GaTMP)7] (2). A detailed bonding
analysis provides insight into the electronic structure and reveals the key factors responsible
for their unprecedented stability, including significant n-backbonding from the Ti° and Zr°

centers into the constructive combinations of the diffuse 4p orbitals of the seven Ga centers.

Results and discussion

& o

Fc[BArF 4]
—R [M(GaTMP)g]2*
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Scheme 1. Synthesis of [Ti(GaTMP);] (1) from bis(n®toluenejtitanium and [Zr(GaTMP);] (2) from bis(n-
cycloheptatriene)zirconium and oxidation towards [Ti(GaTMP)s][BArf4]2 (4) and [Zr(GaTMP)s][BArF.]2 (5).

(cc)

The reaction of GaTMP (TMP = 2,2,6,6-tetramethylpiperidinyl) with [Ti(n®-toluene).] in THF at
70 °C over 10 days gives [Ti(GaTMP)7] (1) (Scheme 1) via quantitative toluene substitution.
Compound 1 was isolated as an analytically pure, red-orange crystalline solid in 17% yield
after recrystallization from n-hexane. Its heavier analogue [Zr(GaTMP)] (2) can be prepared
in a similar fashion from GaTMP and [Zr(n®-cycloheptatriene).] in 30% yield. The low yields in
both cases can be explained by formation of metal-precipitates observed during synthesis.
Furthermore, the similar solubility of compounds 1 and 2 relative to GaTMP leads to an

additional reduction in yield during recrystallization. Compounds 1 and 2 are well soluble in
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under inert gas.

The identity of compounds 1 and 2 has been unambiguously confirmed by high-resolution
mass spectrometry (HRMS), 'H- and '*C-NMR, ATR-IR/RAMAN vibrational, and UV-Vis
electronic absorption spectroscopy. The NMR spectra are consistent with a highly fluxional
structure in solution, with all TMP moieties being equivalent in the tested temperature range of
-80°C to room temperature. The 'H-NMR resonances of 1 and 2 are slightly downfield-shifted

compared to free GaTMP, indicating complexation.

The mass spectra were recorded from a glovebox setup using a liquid injection field desorption
ionization (LIFDI) source and an Orbitrap analyzer.(32) The molecular ions 1* and 2* at
m/z = 1517.4341 [M*] (calc. m/z = 1517.4332) and m/z =1559.3866 [M*] (calc. m/z =
1559.3901), respectively, were clearly detected as the base peaks, and the calculated isotope
pattern matched the experimental patterns. Additionally, for compound 2 the ligand exchange
was studied with in situ LIFDI-MS. Therefore, a sample of 2 was heated in toluene at 80° with
7 equivalents of GaPMP (PMP = 2,2.4,6,6-pentamethylpiperidine), resulting in Am/z = 14 for
each substitution (Figure SX). The substitution proceeds slow, and a statistical distribution of

the products was achieved only after 16 h.

The preparation of [Hf(GaTMP)7] (3) was attempted from crude [Hf(n8-cycloheptatriene):].
While the molecular ion [Hf(GaTMP)7]* could be observed through in situ LIFDI-MS at
m/z = 1647.4265 [M*] (calc. m/z = 1647.4311) (Figure S1), the isolation of 3 was unsuccessful.

Single-crystals of 1 and 2, suitable for X-ray crystallography, were grown from oversaturated
n-hexane solutions at 30 °C in a Schlenk tube over 3 days. Compounds 1 and 2 crystallize in
the groups Cc and P1, respectively. The result of the structure refinement for [Ti(GaTMP)7] (1)
is provided in Figure 1; the structure of the Zr analogue is given in the crystallography section
of the Supplemental Information. Continuous shape measures(33) of 1 and 2 indicate that their
L7 coordination spheres are best described as a distorted mono-capped trigonal prismatic

structure (more details in the Supplemental Information).

The average Ti-Ga distance in 1 is 2.428(1) A, notably shorter than in the lower-coordinated,
heteroleptic titanium(IV)-gallyl complex [Cp*('BuN)(py)Ti(GaL*)] at 2.685 A (L* =
(CHNDipp)2),(34) and close to the Ti-Ga distance in [Cp2Ti(GaAr*),] at 2.492 A (Ar* = CeHs-
2,6-(2,4,6-i-Pr3CsH2)2)(35). The average Zr—Ga distance in 2 is 2.580(2) A, shorter than that
found in the zirconium(lll)-gallyl complex [Cp2Zr(GaL*)] (2.738 A)(36) and very close to the
Zr—Ga distance observed for [ZrCpz(GaAr*),] (2.635 A)(35). The TM-Ga bond distance is
expected to shorten within the group of known analogous complexes [Zr(GaTMP)y],
[Mo(GaTMP)s] (average Mo—Ga of 2.385 A)(29), and [Ru(GaTMP)s] (average Ru—Ga of 2.284
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A)(29) due to the decreasing covalent radii of the TM and the lowered coordinaté%plg_yorgg eryce onne

reflecting an overall reduction in steric crowding.

The comparison of structural features among binary solid-state phases indicates that
TisGas(37) exhibits the highest similarity of metal-atom coordination polyhedra to 1, with the
unit cell containing a TiGa7 motif, among others. In contrast to 1, the coordination environment
of the Ti center is more accurately described as a distorted pentagonal bipyramid (see
continuous shape measures details in the Supplemental Information), with Ti-Ga distances
ranging from 2.656 to 2.816 A — significantly longer than those in 1. To the best of our
knowledge, no binary Ga-rich solid-state phase containing a ZrGar motif has been reported to

date.

To verify the diamagnetic nature of 1 and 2, as indicated by their NMR behavior, variable-
temperature magnetization measurements were conducted on 1 and 2 between 2 K and 300 K
(see Supplemental Information). These measurements unambiguously confirmed that their

electronic ground state is diamagnetic with no unpaired electrons.

The oxidation of 2 with one equivalent of ferrocenium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (Fc[BArF4]) leads to the formation of [Zr(GaTMP)s][BArt4]2 (5).
Complex 5 could be crystallized at room temperature from a saturated fluorobenzene solution
carefully layered with n-hexane. The identity of the 5 has been unambiguously confirmed by
HRMS spectrometry as well as 'H- and '*C-NMR, ATR-IR/Raman vibrational, and UV-Vis

electronic absorption spectroscopy. The 'H-NMR resonances of 5 are slightly downfield-shifted

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

compared to the substrate 2, and the integrals of the TMP and [BArf4]- 'H-resonances are

consistent with a dicationic, eight-coordinate Zr-center. LIFDI-MS analysis of 5 further supports

Open Access Article. Published on 12 March 2026. Downloaded on 3/14/2026 1:04:08 PM.

this interpretation with the observation of the doubly charged molecular ion [Zr(GaTMP)s]?* at
m/z = 885.2262 [M?*] (calc. m/z = 885.2281) and of the single charged {[Zr(GaTMP)s][BArf4]}*
ion at m/z = 2633.5224 [M*] (calc. m/z = 2633.5216).

(cc)

Considering the stoichiometry 1:1 between 2 and Fc[BArf4], one [Zr(GaTMP)7] must serve as
a ligand donor for another, which is oxidized to [Zr(GaTMP)s]?*. The conversion of 2 into 5 is
also possible when two equivalents of Fc[BArf4] and one equivalent of GaTMP ligand are used
pro equivalent of [Zr(GaTMP)y].

Performing the same reaction with 1 leads to the in situ LIFDI-MS observation of the analogous
[Ti(GaTMP)s]?* (4) at m/z = 863.2499 [M?*] (calc. m/z = 863.2501). Unfortunately, it was not
possible to get single crystals of this oily compound despite numerous efforts and different
crystallization strategies, however the analytical data for the raw product are given in the

Supplemental Information.

Single-crystals of 5 suitable for X-ray crystallography were obtained from the carefully layered

solution described earlier. The structural refinement of [Zr(GaTMP)g]?>* (5) unambiguously
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polyhedron. The average Zr—Ga distance in 5 is 2.667(1) A, which is longer than in neutral 2
and closer to those in [ZrCp2(GaAr*)](35). This could be explained by even more crowded

coordination sphere of zirconium in 5 compared to 2.

The average Ga—Ga distances in 5 is 3.117(1) A, noticeably shorter than in the parent
compound 2 (3.234(2) A), which also originates from increasing steric demand around the
central atom. The Ga—Ga distances in the coordination shell around the seven-coordinate TM
vary between 2.891(1) and 3.017(1) Ain 1, and between 3.005(2) and 3.548(2) A in 2. For the
eight-coordinate 5, the Ga—Ga distances vary between 2.846(1) and 3.584(1) A. These values
are all notably shorter than sum of the Van-der-Waals radii (Ga—Ga, 3.74 A)(38) and indicates
significant interactions between the metalloligands. Nevertheless, the Ga—Ga found distances
in 1, 2 and 5 are comparable to those in related complexes [Mo(GaTMP)g] (3.120 — 3.605 A),
[Ru(GaTMP)s] (3.065 — 3.213 A among basal gallium atoms in the pyramid), and [Ni2(GaTMP)s]
(3.065 - 3.513 A). (29, 31)

We have previously reported a number of highly coordinated metalloligand complexes
featuring weak M-M interactions within the ligand sphere.(22, 23, 39, 40) These can be
rationalized by a lack of available orbitals at the transition metal centers for bonding with the
metalloligands, resulting in delocalization among the available bonding atomic orbital (AO)
combinations over the ligand sphere. The situation is different for 1, 2, and 3 as the d* Ti°, Zr°,
and Hf° centers both feature seven accepting AO (s, p, and d) to accommodate the seven
gallylene ligand lone pairs. Consequently, the d> metal centers in 4, 5, and in the theoretical
[Hf(GaTMP)g]?* (6), feature eight accepting orbitals for the eight gallylene ligand lone pairs.
Nevertheless, short Ga--Ga contacts exist in the single crystal structures of these
[TM(GaTMP)7] and [Zr(GaTMP)s]?* complexes, which prompted an investigation into the
nature of these interactions. Covalent interactions between the gallium centers may arise
through two possible mechanisms: (i) through-space interactions, directly between the
gallylene fragments, and (ii) through-bond interactions, mediated via the transition metal

center.(41)
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Figure 1: Molecular structures of [Ti(GaTMP)7] (1) (A, left) and [Zr(GaTMP)g][BArf4]2 (5) (B, left) in the solid state
as determined by SC-XRD. Ti: yellow, Zr: turquois, Ga: magenta, N: blue, C: grey. H-atoms, cocrystallized solvent
molecules and BArf4 ions are omitted for clarity. Distorted capped trigonal prism coordination polyhedron calculated
from crystal structure data for [Ti(GaTMP)7] (1) (A, right) and coordination polyhedron calculated from crystal
structure data for and [Zr(GaTMP)g][BArF4]2 (5) (B, right). Thermal ellipsoids are shown at the 50% probability level.
Relevant bond distances and angles in 1: av. Ti-Ga = 2.428(1) A, av. Ga-Ga = 2.975(1), av. Ga-N = 1.862(12),
av. Ti-Ga-N = 172.6° £ 2.0 °; in 2: av Zr-Ga = 2.667(1) A, av. Ga—Ga = 3.117(1), av. Ga-N = 1.835(3), av Zr—
Ga-N=177.3°+1.2°.

To gain insight into their respective bonding situations, complexes 1-6 were studied using DFT
calculations at the PBEOQ/TZ2P-D3 level (see computational details in the Supplemental
Information). The isolated species 1, 2, and 5 were optimized starting from their experimentally
determined structures. The seven-coordinate Hf-analog 3 was optimized starting from the

structure of 2, while the eight-coordinate Ti- and Hf-analogs 4 and 6 were optimized starting
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coordinated complexes will be discussed primarily on the basis of the neutral [TM(GaTMP)7]

(TM =Ti, Zr, Hf) complexes, the findings being also applicable to their dicationic counterparts.

The optimized structures of 1 and 2 (Figure S2) exhibit similar distorted capped trigonal prism
coordination spheres that align well with the experimentally determined solid-state crystal
structures, and the computed TM-Ga and Ga-Ga distances correlate well with the
experimental data (Table 1). The bonding situation in complexes 1-3 are quite the same, as
shown by their various computed indicators (Tables S2 and S3). In particular, the QTAIM and
NBO atomic charges (Table S3) are fully consistent across the series. It is of note that in the
three complexes, the fairly negative NBO metal charges differ from their positive QTAIM
counterparts. Such a discrepancy is to be associated with an unsymmetrical type of metal-
ligand bonding. The simulated UV-Vis spectra from the TD-DFT calculations also correspond
well to the experimental spectra (Figures S48 and S49), although they display sharper
absorption bands. This is nonetheless expected, as the fluctuating nature of 1 and 2, also

observed in the NMR spectra, leads to a broadening of the experimental absorption bands.

Table 1: Selected averaged experimental (SC-XRD) and computed (DFT) distances along with the corresponding
averaged Wiberg Bond Indices and QTAIM Delocalization Indices for [Ti(GaTMP)7] (1), [Zr(GaTMP)7] (2) and
[Zr(GaTMP)s]?* (5) as well as the theoretical structure of [Hf(GaTMP)7] (3), [Ti(GaTMP)g]2* (4) and [Hf(GaTMP)s]2*
(6).

Experimental DFT- Wiberg- QTAIM
. Optimized Bond- Delocalization
Distances ) . .
Distances Indices Indices
Ti—-Ga 2.428(1) 2.400 0.597 0.636
[Ti(GaTMP),] (1) Ga-N 1.862(12) 1.864 0.370 0.749
Ga--Ga 2.975(1) 2.945 0.283 0.350
Zr-Ga 2.580(2) 2.547 0.552 0.646
[Zr(GaTMP);] (2) Ga-N 1.822(15) 1.861 0.359 0.759
Ga---Ga 3.252(4) 3.204 0.222 0.276
Hf-Ga n/a 2.523 0.579 0.651
[Hf(GaTMP);] (3) Ga-N n/a 1.858 0.363 0.761
Ga--Ga n/a 3.176 0.221 0.286
Ti-Ga n/a 2.521 0.548 0.525
[Ti(GaTMP)s]?** (4) Ga-N n/a 1.835 0.301 0.826
Ga--Ga n/a 2.819 0.567 0.363
Zr-Ga 2.667(1) 2.637 0.636 0.540
[Zr(GaTMP)g)?* (5) Ga-N 1.835(11) 1.828 0.397 0.837
Ga---Ga 3.117(1) 2.929 0.459 0.328
Hf-Ga n/a 2.621 0.538 0.540
[Hf(GaTMP)s])?* (6) Ga-N n/a 1.828 0.406 0.837
Ga---Ga n/a 2915 0.480 0.333

To evaluate the Ga---Ga through-space interactions, an energy decomposition analysis
(EDA)(42-44) was performed on three dimeric (GaTMP). fragments extracted from the
optimized structure of [Ti(GaTMP);], with Ga—Ga distances of 2.837 A, 2.905 A, and 3.343 A.
Surprisingly, the total “bonding” energy (TBE) of the dimers was found to be very close to zero
(Table S7). A closer examination of the individual energy contributions reveals that, although
the (repulsive) total steric interaction (sum of the Pauli repulsion and electrostatic interaction

components) varies among the fragments — being highest for the shortest Ga—Ga distance —
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it is unexpectedly fully offset by the (attractive) orbital interaction, which varies symmetr gﬁggggogﬂz e
with the dispersion (van der Waals) contribution remaining small. This indicates that the
individual GaTMP units within the ligand sphere do not experience strong mutual repulsion or
attraction. The non-negligible stabilizing values of the orbital interaction components are
associated with the diffuseness of the Ga AOs, allowing significant overlap between the Ga
lone pair orbitals of one ligand and the vacant 4p(Ga) AOs of the other, even at distances
greater than 3.3 A. Analyzing the (GaTMP); ligand shells (L) extracted from the optimized
structures of 1, 2, and 3, a topological density analysis within the framework of the Quantum
Theory of Atoms in Molecules (QTAIM) formalism(45-47) led to the identification of 11 Ga:---Ga
bond critical points (BCPs) for the extracted L7 shells (Figure 2, Table S6). These indicate non-
negligible covalent bonding character between the Ga atoms and are further supported by the
Wiberg bond indices and QTAIM delocalization indices (Table S4). This demonstrates that the
Ga----Ga through-space interactions within the L7 ligand spheres play a crucial role in stabilizing

the complexes despite the steric bulk of the TMP backbone.

) .\1 SCF Density
0 180

% 0.135
_ | 0.080
./.662 D
; { J

Figure 2: SCF density plot along the Ti-Ga2-Ga3-Ga7 plane extracted from the QTAIM topological analysis
reflecting the Ga'-Ga' bond paths, along which are located the Ga'-Ga!' bond critical points (BCPs).

BCP
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Another crucial contribution to Ga----Ga bonding interactions stems from through-bond effects.
While a strong interaction from the Ga lone pairs into the vacant TM AOs is observed for both
complexes, a significant n-backbonding interaction occurs from the two occupied d-type AOs
of the nd*-configurated TM into vacant combinations of 4p(Ga) AOs. There are 7 x 2 = 14 such
combinations, but those that primarily interact have the lowest energy, thus exhibiting the
highest Ga—Ga bonding character. This characteristic is conferred to the complexes’ highest
occupied molecular orbitals (MOs) (Figures S54 and S55). This n-backbonding interaction
results in total electron populations of 2.61 for the gallium-based 4p combinations in 1, 2.50 in

2, and 2.63 in 3 respectively, demonstrating that n-backbonding plays a crucial role in
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establishing bonding interactions between the gallylene ligands. A simplified orbitaDIOinteragjiécggcle Online

1:10.103
diagram for 1 and 2 is provided in Figure 3.

Ga-Ga

Energy
(4]
X
o

™ () (GaTMP);

Figure 3: Simplified MO diagram sketching the interactions of the TM (Ti, Zr, Hf) AOs with the frontier orbitals of
the (GaTMP)7 ligand shell.

Despite the comparable Ga—-Ga distances in the related complexes [Mo(GaTMP)g],
[Ru(GaTMP)s] (among basal gallium atoms in the pyramid), and [Ni2(GaTMP)s], their bonding
situation, especially regarding Ga—Ga interactions, revealed by computational methods was
rationalized in more classical way although not contradicting our findings.(29, 31)
Nevertheless, for [Ru(GaTMP)s] and [Mo(GaTMP)e] the T-backbonding was indeed observed
and discussed. These orbitals can be interpreted in light of our current findings as being also
responsible for Ga—Ga interactions. Reevaluating these known compounds thoroughly in light

of our discovery for 1 and 2 will be the subject of an upcoming dedicated manuscript.

EDA and QTAIM analyses of the analogous carbonyl compounds [TM(CO)7] (TM = Ti, Zr, Hf;
Tables S9 and S10) show a situation similar to that of the gallylene coordinated complexes.
The n-backbonding interaction results in a total electron population of 1.98 in the n*(CO)
combinations of the (CO); shell for [Ti(CO);] and 2.02 for [Zr(CO)7]. These n*(CO) orbital
combinations bond between the carbon atoms of the CO ligands and align well with the findings
from Frenking’s group.(6, 48) Nevertheless, the n*(CO) orbitals are considerably less diffuse
than the accepting 4p orbitals of the gallylene ligands. This is reflected in quasi-negligible C-C
Wiberg bond indices and much smaller QTAIM delocalization indices (Table S9) compared to
those found in 1, 2, and 3 (Table 1) and thus cannot be described as attractive ligand-ligand

interactions.

C00226A
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Table 2: Averaged topological BCP descriptors in of [Ti(GaTMP)7] (1), [Zr(GaTMP)7] (2) and [Zr(GaTMP)g]?* (5) as
well as the theoretical structure of [Hf(GaTMP)7] (3), [Ti(GaTMP)g]?* (4) and [Hf(GaTMP)s]?* (6). p , V?p, H, V and
G are the electron density, Laplacian of p density, energy density, potential energy density and kinetic energy
density values at the BCP, respectively. All values in a.u.

[Ti(GaTMP)7] (1) [Zr(GaTMP)7] (2) [Hf(GaTMP)7] (3)
6xTi- 6xGa— 3xGa- 6xZr- 6xGa— 2xGa— 6xHf- 6xGa- 0xGa-—
Ga N Ga Ga N Ga Ga N Ga
) 0.057  0.129 0.041 0.055 0.129 0.038 0.058 0.130 n/a
V2p 0.1 0.409 0.016 0.085  0.419 0.015 0.091 0.419 n/a
H -0.016  -0.06 -0.013 | -0.016  -0.06 -0.011 | -0.017  -0.061 n/a
% -0.057 -0.191 -0.03 -0.053 -0.225 -0.026 | -0.058 -0.227 n/a

VIl G 1.392 1.37 1.766 1.425 1.365 1.751 1.434 1.369 n/a

[TI(GaTMP)g]?* (4) [Zr(GaTMP)g]?* (5) [Hf(GaTMP)s]?* (6)
8xTi- 8xGa— 10 x 8xTi- 8xGa— 9xGa-| 8xTi- 8xGa- 9xGa—
Ga N Ga-Ga Ga N Ga Ga N Ga
p 0.048 0.137 0.040 0.049 0.139 0.036 0.051 0.139 0.037

V2p 0.079 0.440 0.009 0.071 0.455 0.013 0.074 0.453 0.013
H -0.012 -0.068 -0.013 | -0.013 -0.069 -0.010 | -0.014 -0.069 -0.011
4 -0.043 -0.246 -0.028 | -0.043 -0.252 -0.023 | -0.046 -0.252 -0.025

Vil G 1.371 1.382 1.847 1.416 1.378 1.757 1.424 1.379 1.760

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The bonding analysis of the dicationic eight-coordinate complexes 4, 5, and 6 leads to very

similar findings. While more Ga'-Ga' BCPs were identified through their topological QTAIM

Open Access Article. Published on 12 March 2026. Downloaded on 3/14/2026 1:04:08 PM.

analysis — 10 BCPs for 4, 9 BCPs for 5 and 6 — their descriptors are consistent with the findings

(cc)

for the neutral seven-coordinate species (Table 2). The same bonding principle of tangential
n-backbonding interaction is highlighted by a total electron population in the gallium-based 4p
combinations of 1.12 for 4, 5, and 6. The Wiberg bond indices and QTAIM delocalization
indices for the Ga:--Ga interactions are, however, noticeably larger for the dicationic complexes
(Table 1), reflecting both the good n-backbonding properties of the group IV TM?* centers and

the shorter Ga-Ga distances in 4, 5, and 6 as compared to their neutral homologues.

These findings highlight the significance of the diffuseness of the Ga AOs and the =n-
backbonding in stabilizing [TM(GaTMP);] and [TM(GaTMP)s]>* complexes, revealing the
unique bonding characteristics of gallium-rich ligand environments, where the expected ligand-

ligand steric repulsion is replaced by a soft attraction.
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3d and 4d transition metal series, including a 19 VE complex of manganese, providing further
insight into the stabilizing role of metallo ligand-based interactions and better understanding

the fundamental properties of the gallium(l) amide ligand and related systems.

Conclusions

In summary, we have isolated the first homoleptic Ti® and Zr® complexes exclusively bearing
monodentate ligands by substituting the m8-hydrocarbon ligand with gallylene donors. In
addition, the eight-coordinate Zr?* complex 5 could be obtained through the oxidation of 2 with
Fc[BArf4] and isolated. The stabilization of these highly coordinated species is enabled by a
combination of through-space and through-bond Ga'--Ga' interactions, the latter being
mediated by n-backbonding from the metal centers. These interactions, which substantially
overcome steric repulsions between the ligands, are facilitated by the diffuse nature of the
gallium 4p orbitals, allowing for effective electron delocalization across the ligand sphere. This
bonding scenario, which is not available for the formally isolobal carbonyls, phosphines, or N-
heterocyclic carbenes, offers a new strategy for accessing highly reduced early transition metal
complexes with structural and bonding features bridging to related sub-nano meter sized mixed
metal clusters and may be extended to other systems, including unprecedented all-Ga

metalloligand coordinated lanthanide and actinide complexes, which we will pursue.
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[Zr(GaTMP);] (2) and [Zr(GaTMP)g][BArF4], (5). These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data _request@ccdc.cam.ac.uk, or by contacting
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