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Complex 1, [(Trapen™9)ThCl, Trapen™S = N(CH,Ph(o-NSiMes)s)], reacts with sodium azide to afford the
dimeric complex 2, [(Trapen™N3Th),]. Treatment of 2 with KCg yields a binuclear oxo-bridged thorium
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Accepted th December 2025 complex 3, [(Trapen™5Th),(u-O)l. The crystal structure of 3 reveals a highly symmetrical configuration

with a Th-O-Th unit, and the Th-O bond length is 2.271(2) A. Density functional theory calculations

DOI: 10.1039/d5ra09492e indicate significant covalent character in the Th—-O-Th interaction, surpassing that in related Th-N-Th
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1 Introduction

Over the past decade, due to their unique electronic configurations
and structural adaptability, actinide chemistry has attracted
significant interest." This is attributed to their large ionic radii and
variable coordination geometries.”™ Among these, uranium and
thorium occupy a privileged position in actinide research because
they are accessible in standard laboratory settings, while trans-
uranic elements require specialized containment infrastructure.'**
Recently, there has been burgeoning interest in the bonding modes
between uranium-ligand and uranium-metal,””** which stems from
the desire to gain a deeper understanding of the chemical bonding
of uranium and to establish a connection between it and observed
physicochemical properties.***” >

Despite the numerous significant and increasing research
findings regarding the chemical bonds of U-C/N/O in recent
years,'??>?%30-32 An-X-An complexes have been rarely reported
especially the Th-X-Th species. Compared with uranium (whose
chemical bonding paradigms involves partial 5f orbital
hybridization), the Th(iv) ion exhibits negligible 5f orbital
participation in bonding. This is due to its larger ionic radius
(94 pm for Th(wv) vs. 89 pm for U(wv)) and diminished radial
extension of the 5f orbitals.®® This difference confines the
bonding of thorium predominantly due to electrostatic inter-
actions, rendering thorium-ligand bonds generally more labile
than their U(v) counterparts.”® Since the seminal report by
Liddle et al. on a binuclear Th complex bridged by two p,-
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systems and the Th—O bonding in complex 3 displays stronger covalent interactions.

alkoxide centers, there has been growing interest in actinide
binuclear complexes.* The dithorium(v)-phosphinidiide
[{Th(Tren™")},(u-PH)] and dithorium(iv)-u-phosphido
[{Th(Tren™ ")}, (u-P)] [Na(12C4),] complexes, featuring Th-PH-
Th and Th=P=Th linkages were successfully isolated, respec-
tively.'”** Calculation results suggest that the 5f- and 6d-orbital
components of [{Th(Tren™"®)},(-PH)] and [{Th(Tren™"%)},(n-
P)] are reasonably balanced at ~36 and 50%, respectively, where
thorium bonding is traditionally considered to have dominant
6d-orbital character whereas uranium is usually considered to
have dominant 5f-orbital contributions.*® Subsequently, analo-
gous species [{Th(Tren"""®)},(u-AsH)] and [{Th(Tren™")},(u-As)]
[K(15C5),] with Th-AsH-Th and Th=As=Th units,'® respec-
tively, were also successfully isolated using a similar synthetic
approach. The Th-As bonds in both complexes have obvious
ionic properties. Meanwhile, the Th-N,yiqe bonds in two
ThN(H)Th complexes also showed obvious ionic characteris-
tics.”> These finding provide experimental evidence for con-
structing binuclear thorium complexes with a Th-X-Th unit.

Here, we report the synthesis and characterization of a di-
nuclear thorium complex 3 [(Trapen™®Th),(n-0)], which
contains a linear Th-O-Th core via in situ reduction. To eluci-
date the bonding nature of the Th-O-Th unit, we performed
computational studies on these molecules using density func-
tional theory (DFT) and localized bond orbital (LBO) methods.
Compared with the Th-X-Th complexes reported by Liddle
et al.,"”*® this work not only expands the diversity of the Th-X-
Th structural system, extending it from N and P to O, but also
reveals that the Th-O bond exhibits greater covalent character
than the Th-N bond. This finding challenges the conventional
view that Th-O single bond is predominantly ionic.

2 Results and discussion
2.1 Synthesis

After stirring a tetrahydrofuran solution of Trapen™5Li; with
ThCl,(DME), from —30 °C to room temperature for 12 h,*” the
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Scheme 1 Synthesis of complexes 1-3.

solvent was removed under vacuum. Then, the residue was
extracted with toluene, and Trapen™°ThCI(1) was obtained as
a colorless solid in 70% yield (Scheme 1). The complex 2 was
synthesized in moderate yield by adding a THF solution of 1 to
a THF solution of NaNj; (1.1 equiv) at —30 °C, along with elim-
ination of NaCl. The structures of 1 and 2 were fully charac-
terized by NMR and FT-IR spectroscopies. The 'H NMR
spectrum of 1 recorded in C¢D¢ spans the range 0 to +8 ppm,
which is consistent with the result that we previously re-
ported.?”*® For 2, the "H NMR spectrum shows the range from
0 ppm to 7.18 ppm, similar to that of complex 1. In addition, the
FT-IR spectrum of 2 exhibits a strong azide stretching band at
2127 cm™ ' and 2086 cm ™!, which is the characteristic of bridged
thorium-azide bond.* The *°Si NMR spectrum of complex 2
shows a rather remarkable signal with a single peak at
—5.23 ppm. The reduction of complex 2 with 2.4 equivalent of
KCg in THF caused the formation of complex 3, which precipi-
tated from toluene solution at —30 °C as colorless crystals in
42% yield. Complex 3 was fully characterized by means of
spectroscopy and X-ray crystallography. The "H NMR spectrum
indicates that the 3 exhibits C; symmetry, and resonance
signals from 0 to +8 ppm assigned to 90 protons integrate
properly. The TMS groups on the arylamine pendant arm were
observed at 0.14 ppm. Unfortunately, no discernible signals
were observed in the *°Si NMR spectrum of complex 3.**

2.2 Solid state structures

Owing to the inherent twinning and structural disorder in the
crystal of complex 2, multiple restraints were necessitated
during the X-ray diffraction refinement process to stabilize the
structural model. Given the uncertainties introduced by these
refinement constraints, detailed discussion of bond lengths
and angles for complex 2 is omitted herein. The solid-state
molecular structures of 3 was confirmed by single crystal X-ray
diffraction (Fig. 1). Complex 3 crystallizes in monoclinic space
group P2,/c and the solid-state structure is shown in Fig. 1. The
single-crystal X-ray analysis of 3 reveals a linear Th-O-Th
(180.0(15)°) unit, which is an oxo-bridged binuclear structure.
The Th-O distance is 2.271(2) A, which is consistent with the
sum of the covalent bond radii of thorium and oxygen (2.15
A).*% In addition, the Th-O bond lengths (2.271(2) A) lie
between the Th-OCP single bond length (2.331 A) and the Th-
OTMS single bond length (2.173 A).>%** The ligand type and
coordination mode significantly influence the bond lengths.
Despite variations in bond distances, theoretical calculations
reveal that the Th-O bond exhibits appreciable covalent char-
acter. The average distance Th-N,mige is 2.333 A and Th-N,mine
distance of complex 3 is (2.801(3) A).
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Fig. 1 Molecular structures of 2 (a), and 3 (b) from X-ray crystallog-
raphy with 30% probability ellipsoids. Carbon atoms were represented
in stick form. Hydrogen atoms were omitted for clarity.

2.3 Computational results

To explore the electronic structures and chemical bonding of
complexes 2 and 3, we performed quantum calculations and
analyses using the Gaussian 16 program package** and Mul-
tiwfn 3.8 software*>*® to investigate the structures and bonding
nature of these complexes. Detailed computational methods are
provided in the SI. The optimized structures are shown in Fig. 2.
As shown in Table S3, the differences between gas-phase opti-
mized structures (BP86/RECP/6-31G(d) theoretical level) and
experimental crystal structures in terms of bond lengths are less
than 0.1 A. This indicates that the computational method is
reliable for the studied complexes.*” As a generalized gradient
approximation (GGA) functional, BP86 has been widely used in
computational studies of various complexes. Previous studies
have confirmed its reliability in handling actinide
complexes.*®*=*! In this work, the structures optimized using
BP86 were compared with the single-crystal structures of the
studied complexes. The results show a good agreement between
the structural parameters of the optimized complexes and the
experimental data with bond length differences within 0.1 A,
indicating that BP86 is applicable to the studied complexes.

Previous studies have shown that for high-valent actinide
complexes, spin-orbit coupling (SOC) has little effect on geometric
structures.” Previously reported Th(wv) organometallic complexes
(such as Th-Sb complexes) also did not include SOC effects in the
corresponding calculations.” In addition, it has been shown that
the results obtained using pseudopotential method for actinide
complexes are generally consistent with those from all-electron
calculations.®® Therefore, for the studied closed-shell Th(w)
complexes, scalar relativistic effects were considered by the
pseudopotentials without SOC effects in the calculations.

The covalency of the chemical bonds can be estimated by the
bond order and localized molecular orbital (LMO) analyses.> The
Wiberg bond indices (WBIs) of Th-N and Th-O bonds for
complexes 2 and 3 are shown in Tables S5-S10. The WBIs values of
Th-O bonds are significantly larger than Th-N bonds, showing the

Fig.2 Optimized structures of complexes 2 and 3 at the BP86/RECP/
6-31G(d) level of theory.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stronger covalent interactions of Th-O bonds. Meanwhile, the Th-N
values decrease from 1.339 to 1.281 from complexes 2 to 3, which
agrees with the trend of changes in bond lengths. For complex 3, the
WBI value for the Th-O bond is relatively large (1.580). Since the
WBI values are sensitive to the choice of computational methods,*
to comprehensively evaluate the bonding characteristics of the Th-
N and Th-O bonds, we performed calculations of WBIs and Mayer
bond orders (MBOs) using different computational software
programs and theoretical methods (B3LYP and BP86).”**” The
results are presented in Tables S7-S12. As shown in Tables S7-S12,
the trends in the MBO values of the Th-N and Th-O bonds are
consistent with those of the corresponding WBI values, further
supporting our conclusions.*® Compared to the computed Th-O
bond WBIs of the reported Th(Tren"™")Cl complex with thorium-
oxygen linkages,* the calculated WBIs for complex 3 is 0.714 at the
same theoretical level (B3LYP/ECP60MWB/6-31G(d)), significantly
higher than reported WBIs (0.488). This confirms that the Th-O
bond in the studied complex shows higher covalent character.
Therefore, compared to the reported thorium bonding modes, the
linear Th-O-Th mode exhibits stronger covalent interactions.

LMO analysis was also carried out for complexes 2 and 3
(Fig. S18, S19 and Table S11). As shown in Fig. S18 and Table
S11, the o-bonding orbitals are formed between the Th atoms
and the N atoms of the ligands as well as the azide bonds (N=
N=N), while both - and m-bonding orbitals exist between the
Th atom and O atoms.” The Th-N o-bonding orbitals are
mainly composed of contributions from the 7s and 6d orbitals
of Th atoms and the 2s/2p orbitals of N atoms. The Th-O o-
bonding orbitals primarily involve the 7s, 6d, and 5f orbitals of
Th and the 2p orbitals of O, whereas the -bonding orbitals are
formed through interactions between the 6d orbitals of Th and
the 2p orbitals of O.

3 Conclusions

In summary, we obtained a binuclear thorium complex featuring
a Th-O-Th unit through the in situ reduction, which was stabilized
by a tripodal Trapen ligand. Density functional theory (DFT) results
show that the Th-O bonding in complex 3 displays stronger cova-
lent interactions. This work provides valuable insights to study the
structure and bonding properties of binuclear complexes with Th-
X-Th. In the future, we plan to explore potential applications in
small molecule activation and catalysis.

4 Experimental
4.1 Caution!

As reactants, thorium-containing complexes exhibit both
radioactivity and chemical toxicity. The handling of these
substances in the experiment mandates strict adherence to
safety protocols involving proper care and protection.**

4.2 General methods

All reactions were performed under an inert atmosphere of dry
argon, employing either standard Schlenk techniques or a Vigor
argon-filled glovebox, unless specified otherwise. The internal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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oxygen and moisture levels in the glovebox atmosphere were
monitored by an O,/H,0 Analyzer to ensure both were less than
1 ppm.*> The commercial reagents and solvents utilized in this
study were procured from sources including J&K, Energy
Chemical, Acros Organics, and other vendors. Solvents under-
went drying and degassing via a Vigor solvent purification
system. They were subsequently stored in Schlenk bottles,
either above a sodium mirror under an argon atmosphere or
over activated 4 A molecular sieves (for THF). Drying of benzene-
d6 was performed over Na/K alloy, followed by storage under an
argon atmosphere until use. All NMR spectra were performed
using a Bruker AVACNEIII HD 500 spectrometers (‘H 500 MHz)
'"H NMR chemical shifts (6) were relative to tetramethylsilane
(TMS) at room temperature.* Multiplicities are abbreviated as
follows: singlet(s); doublet(d); triplet(t); quartet(q); multi-
plet(m); broad(br). Absolute values of the coupling constants, J,
are provided in Hertz (Hz).** Crystals of all complex were
examined using a Bruker D8 VENTURE X-ray CMOS diffrac-
tometer with a mirror-monochromated Mo Ka X-ray source (A =
0.71073 A) or a Cu Ka X-ray source (A = 1.54184 A) at 170 K.»?
Using Olex2, the structure was solved with the ShelXT structure
solution program using Intrinsic Phasing. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were
refined with constrained geometries and riding thermal
parameters. All FT-IR spectra were recorded using a Bruker
Tensor 27 with a KBr pellet.**
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