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Dinuclear rhodium complexes represent a distinct class of transition-metal compounds, exhibiting unique
reactivity enabled by close metal-metal proximity. However, despite extensive investigations, access to
highly reduced Rh, complexes has remained a challenge due to their intrinsic instability. Herein, we
report the synthesis and characterization of a series of dirhodium complexes in the formal oxidation
states of Rhi, Rhb, and RhS, supported by a flexible macrocyclic bis(pyridinediimine) (PDI,) ligand. Single-
crystal X-ray diffraction analysis revealed the crystal structure of the Rh, complexes. The PDI, ligand
system flexibly adapts both structure and electronics across redox states, facilitating reversible
multielectron interconversion. Structural analysis, UV-vis-NIR spectroscopy, Rh Lz-edge absorption
spectroscopy, and DFT calculations collectively demonstrate that the Rhb and Rh complexes are

stabilized by delocalization of electron density onto the redox-active PDI, ligand. Moreover, molecular
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Accepted 29th November 2025 orbital analysis indicates that the Rhz complex features a Rh—Rh bond mediated by 5p orbital
interactions. This work offers fundamental insights into the electronic structure and bonding of

DOI: 10.1039/d55c07037f dirhodium complexes in low oxidation states and expands the design principles for redox-active
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Introduction

Dinuclear metal complexes have attracted considerable atten-
tion due to their distinct reactivity compared to mononuclear
complexes. To realize such systems, dinucleating ligands have
been developed that hold metal centres in fixed and well-
defined proximity.”* These ligands enable the construction of
bimetallic structures that serve as minimal models for metal-
metal cooperation, providing valuable platforms for investi-
gating mechanisms involving multiple metal centres. Generally,
metal-metal bonding in these complexes leads to a unique
reactivity that is inaccessible to mononuclear systems, through
concerted multi-electron redox processes and multiple orbital
interactions. A representative example is the dinickel-catalysed
[4 + 1] cycloaddition reaction of vinylidenes and dienes, where
catalytic activity arises specifically from cooperative substrate
activation by the two nickel centres.?
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Among dinuclear metal complexes, Rh}) complexes have
been extensively studied due to their characteristic electronic
structure and catalytic reactivities. Paddlewheel-type di-
rhodium(u) complexes supported by bridging carboxylate
ligands are prototypical examples, featuring low-lying o*
orbitals of the Rh-Rh bond, which facilitate efficient group-
transfer reactions.*® Although the electrochemical properties of
RhY complexes have been extensively studied, the isolation of
their oxidation or reduction products remains quite rare.””
Doyle and co-workers reported the oxidation of RhY complex
supported by four caprolactamate ligands, affording a (Rh"-
Ph), complex that retains a paddlewheel-type framework but
lacks a formal Rh-Rh bond (Fig. 1A).” This system represents
the first crystallographically characterized Rhj complex, and
illustrates how ligand exchange can alter metal-metal interac-
tion and its redox behaviour. Nitrogen-ligated dirhodium()
complexes represent rare examples that undergo redox cycling
between Rhj and Rhj states under electrochemical conditions,
although the Rh} state was not characterized spectroscopically
and structurally (Fig. 1B)." A common feature of precedent di-
nuclear Rh complexes in Fig. 1A and B is their rigid coordina-
tion environment, which controls both the oxidation state and
the reactivity of the complexes. In other words, such rigidity
often limits the accessible range of oxidation states for the Rh,
core. The oxidation state of a Rh complex is strongly influenced
by its coordination geometry. Thus, flexible ligand frameworks
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have the potential to expand the accessible range of oxidation
states, thereby enabling more diverse reactivity patterns and
catalytic transformations.

The isolation and characterization of the further reduced
state, Rh remain a challenge. In 1980, Kubiak and Eisenberg
reported a dinuclear Rh® complex [Rh,(CO),(dpm),] (dpm =
bis(diphenylphosphino)methane). Although its low solubility
and high reactivity hindered detailed structural and spectro-
scopic characterization, the authors proposed that it contains
a Rh’-Rh° bonded dinuclear core (Fig. 1C)."* This Rhj complex
exhibits high catalytic activity in the water-gas shift reaction.
This study highlights both the challenges associated with
characterizing highly reactive RhJ species and the importance
of constructing dinuclear cores to achieve desirable catalytic
functions. The Nakajima and Tanase group utilized a tetra-
phosphine ligand to achieve a redox cycle involving a Rh} com-
plex and a mixed-valent Rh'~-Rh™ complex with a change in the
Rh-Rh distance from 2.67 to 3.82 depending on their oxidation
state and coordination geometry.”> These studies indicate that
the flexibility of the methylene linker between phosphorus
donor atoms supports geometrical adaptation upon changes in
the oxidation state of the Rh, core.

The pyridine-diimine (PDI) ligand is well known for its
strong coordination ability and high electron-accepting char-
acter, which enable it to stabilize metal centres in low oxidation
states.”®** This ligand motif has also been employed to support
dinuclear metal complexes by tethering two metal centres
through linker units.***” The Tomson group has demonstrated
that the PDI, ligand,t a macrocyclic ligand composed of two
PDI units connected by propylene linkers, is effective in stabi-
lizing dinuclear metal complexes. They have synthesized di-
nuclear complexes of iron, cobalt, and nickel, and reported on
the distinctive reactivity associated with dinuclear metal
systems.*®" Notably, they successfully isolated a formal
Coj complex by leveraging the highly electron-accepting nature
of PDI, ligand.” In these complexes, the linker connecting the
PDI units appropriately controls the metal-metal distance, and
the high electron-accepting ability of the PDI moieties is also
considered to contribute significantly to the stabilization of the
dinuclear structures. However, to our knowledge, PDI,-type
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ligands have not been applied to 4d transition metals in cata-
Iytically active or low-valent complexes, although related Ag(i)
complexes have been reported.”® Using the PDI, ligand system,
we herein report the synthesis of the first crystallographically
characterized formal RhJ complex and its Rhj and
RhY precursors, along with their NMR and UV-vis-NIR spectro-
scopic information, which are supported by DFT calculations
(Fig. 1D). Furthermore, we have employed Rh L;-edge XANES to
directly prove the electronic structure of the Rh complexes,
enabling us to discuss electron-sharing interactions between
the Rh centres and the electronically flexible ligands, PDI,,
hydride and ethylene.

Results and discussion
Synthesis of dinuclear Rh complexes

A treatment of Sr**-coordinated PDI, (ref. 24) with two equiva-
lents of [Rh(C,H,),Cl], in THF promptly generated dark-red
precipitates of the cationic dinuclear Rh trichloride complex
[Rh}(u-CI)Cl,(PDL,)|(OT) (1) (72% yield, Scheme 1).f The
formation of 1 was confirmed by single-crystal X-ray crystal-
lography (Fig. 2a). The crystal structure of 1 showed a di-
rhodium core with a bridging chloride, two terminal chlorides,
and the macrocyclic ligand in a folded geometry, where two
pyridine units stacked (Fig. S26 and Table S2 in SI). Each Rh
centre in 1 is six-coordinate, despite deviations from the ideal
right angles due to the formation of rigid Rh,Cl three-
membered rings. The interatomic Rh-Rh distance of 2.5804(5)
A falls within the typical range observed for Rh"-Rh" complexes
(2.3-2.6 A) with a covalent Rh-Rh bond, furnishing stable 18 e~
electronic structures on each Rh atom.” The "H NMR spectrum
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Scheme 1 Synthesis of [RhACL5(PDIL)I(OTH) (1) and

[RRS(NCCH3)4(PDIL)I(OTH4 (2).

Fig. 2 ORTEP diagrams of crystal structure of 1 and 2. Thermal
ellipsoids are set at the 50% probability. Hydrogen atoms and OTf are
omitted for clarity. Selected bond length of 1: Rh1-Rh2: 2.5804(5) A; 2:
Rh1-Rh2: 2.7019(4) A
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of 1 in acetonitrile exhibited diamagnetic signals in C,,
symmetry as found in its crystal structure (Fig. S1). By treating 1
with AgOTf, all the chlorides were replaced with CH3;CN to
generate dinuclear complex [Rh3(NCCH;),(PDL,)|(OTf), (2)
(Scheme 1). Single crystal X-ray diffraction analysis showed that
the exchange of the ligand elongated the Rh-Rh bond length
[2.7019(4) A] of 2 compared to that of 1 (Fig. 2b) and provided
a nearly ideal octahedral coordination environment with the
bond angles around the Rh centre being close to 90° (Fig. 2b
and Table S2). The coordination environment around each Rh
centre in 2 is similar to that of a paddle-wheel Rh, complex,*
which is considered to be in the Rh™ oxidation state, being
consistent with its diamagnetic behavior observed in the 'H
NMR spectrum (Fig. S7).

Treatment of 1 with 4 equivalents of LiHBEt; generated
a black di(p-hydrido)dirhodium complex 3 (Scheme 2). In the
"H NMR spectrum of 3, a triplet signal corresponding to two
equivalent hydrides was observed at —9.80 ppm (/gny = 28 Hz)
(Fig. S11). Black needle-shaped crystals grown at —30 °C were
analysed by a single-crystal X-ray diffraction analysis (Fig. 3a).
The ligand adopted a planar geometry with two pyridine units
being nearly coplanar and oriented toward each other, accom-
panied by a drastic elongation of the Rh-Rh distance to
2.8264(8) A in comparison with those of 1 and 2. The structural
change is attributed to the reduction of Rh" to Rh", wherein the
Rh-Rh anti-bonding orbital (c*) is filled with two electrons,
resulting in the cleavage of the Rh-Rh bond. The hydride
ligands in 3 were placed in the differential Fourier map. The
generated Rh' centre is stabilized by adopting a trigonal bipyr-
amidal (TBP) structure with two hydride ligands on the equa-
torial positions. The di(p-hydrido) bridged structure is
consistent to the triplet signal observed in 'H NMR as

Fig. 3

mentioned above, although the position of two p-hydride
cannot be discussed in detail due to the quality of diffraction
data. This trigonal bipyramidal structure is in contrast to that of
[Co,(p-H),(PDI,)] has two-hydride ligands occupied apical and
equatorial positions of the square-pyramidal cobalt centre
(Fig. S31).>* Notably, 3 was oxidized by a proton donor to
regenerate Rhj (Scheme 2); treatment of 3 with HCI in THF
regenerated 1 as red precipitates with liberation of H,, as
confirmed by '"H NMR spectrum (Fig. S23).

Complex 3 hydrogenated ethylene under atmospheric pres-
sure to give ethane and is converted to RhJ(H,C=
CH,),(PDIL,) (4), as confirmed by the '"H NMR spectrum of the
resulting solution. It should be noted that a mononuclear
Rh(*'PDI)BH, complex A [*'PDI = 1,1'-(pyridine-2,6-diyl)bis(N-
(2,6-dimethylphenyl)-ethane-1-imine)] (Scheme 2) shows no
reactivity toward ethylene,?® in contrast to the bridging hydride
reactivity observed for 3. Single crystals of 4 suitable for X-ray
diffraction were successfully obtained from the resulting solu-
tion. The crystal structure revealed that the complex carries no
counter ion, indicating that both rhodium centres are formally
in the zero-oxidation state. Each Rh centre adopts a square
planar geometry, and the molecule possesses an inversion
centre located between the two Rh atoms. The Rh-Rh distance
is slightly elongated to 2.8439(6) A compared to that in 3.
Notably, this Rh-Rh distance is substantially shorter than the
Co-Co distance (2.957 A) in the formal Coy complex,> despite
the larger atomic radius of Rh, indicating the presence of Rh-
Rh interaction. The C3-C4 distance of ethylene ligand [1.416(6)
A]is elongated from the free ethylene (1.331 A) due to the strong
backdonation from the Rh centres (Fig. 3c). Among the 137 Rh-
ethylene complexes in the Cambridge Crystallographic Data
Centre (CSD) dataset (mean = 1.382 A, standard deviation =
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ORTEP diagrams of crystal structure of (a) 3 and (b) 4. Thermal ellipsoids are set at the 50% probability. Hydrogen atoms are omitted for

clarity. Selected bond length of 3: Rh1-Rh2: 2.8264(8) A; (c) bond lengths (A) of Rn—C3-C4 core structure for 4 (units omitted in the figure).
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0.045 A), the C-C bond distance obtained in this study (1.416 A)
falls within the longer region of the distribution, but slightly
shorter than the average value of metallacyclopropane C-C
bonds (25 data points, mean = 1.441 A, standard deviation =
0.057 A) (Fig. $32).*° The Rh-C3-C4 triangle was slightly di-
storted with two different Rh-C distances of 2.105(4) and
2.162(4) A, which are falling into common values (2.05-2.19 A)
for ethylene ligand on Rh,*¢ due to the steric repulsion
between the C4 atom with the other Rh centre (C4-Rh2: 3.036
A). The ligand backbone adopts an offset geometry, where the
two pyridines are non-coplanar but in parallel, reflecting the
structural flexibility of the PDI, ligand. The 'H NMR spectrum
of 4 shows two sets of signals, which were attributed to two
conformers of 4, and their ratio was reversibly changed with
varying the temperature (Fig. S21), indicating the presence of
conformational equilibrium (Fig. S22). From a solution of 4,
another conformer of 4, having a folded PDI, ligand, was also
isolated and structurally identified, although the data quality is
not sufficiently good (Fig. S30). The reverse reaction for the
formation of 4 was confirmed by treating 4 with H,, which
cleanly regenerated 3 without any byproducts (Fig. S24). The
occurrence of oxidative addition highlights the reactivity of 4 as
a formal Rhj species. The alkene hydrogenation activity was
also demonstrated with a small excess of cyclohexane (20
equivs.). Introduction of hydrogen gas (1.0 atm) into the THF
solution of 3 at room temperature produced cyclohexane (TON
= 17) as a sole product after one week. The electronic structure
of 4 is discussed in detail in the following sections.

Electronic structure of Rh, complexes

Electronic absorption spectroscopy. Complex 1 displayed
a sharp absorption band at 314 nm (¢ = 32000 M~ " cm ™)
(Fig. 4, black trace), assigned to an intra-Rh, core ¢ — o*
transition based on time-dependent density functional theory
(TD-DFT) calculations (Fig. S42 and Table S4). This type of
transition is well known in RhY complexes, as exemplified by
[Rh}(0,CCH,3),] which exhibits a sharp band at 221 nm.*” As
well, absorption band around 460 nm (¢ = 10400 M~ ' cm ™)
was assigned to a metal-metal-to-ligand charge transfer
(MMLCT) transition from the Rh, core to the PDI, ligand.
Complex 2 displays two distinct absorption bands: ¢ — o*(Rh-
Rh) at 269 nm (¢ = 29200 M~ " cm™ ") and w* — o* (Rh-Rh) at
293 nm (e = 24700 M~ " cm ™ ") (Fig. 4a, blue trace) (Fig. $43 and
Table S5). The MMLCT band at 380 (¢ = 6700 M~ ' cm™ ') and
450 nm (¢ = 10 500 M~ cm™ ') became weaker upon the ligand
exchange.

Dirhodium dihydride 3 exhibits an intense absorption band
with a maximum at 1180 nm (e = 12000 M~ em™"). This
characteristic absorption band is assigned to the ligand-to-
ligand transition (LLT), which is caused by the migration of
electron density from the Rh} centre to the PDI, ligand, forming
a formally reduced ligand PDI,>". Reference compound A shows
corresponding LLT transition band at 680 nm (Fig. 4b, black
trace), and this marked red shift observed for 3 compared to A is
induced by the connection of each PDI orbitals over Rh,H, core,
which effectively compress the HOMO-LUMO energy gap (vide
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Fig. 4 UV-vis-NIR absorption spectrum of (a) 1 (black) and 2 (blue)
(25.0 uM) measured in MeCN, and (b) 3 (red) and A (black) (100 uM)
measured in THF; 4 (blue) (100 uM) measured in CgHgUV.

infra). The absorption bands of 3 at 420 nm (10900 M~ ' cm™ %)
and A at 420 nm (3650 M~ cm ') are assignable to MMLCT.
The CgHg solution of complex 4 also exhibits absorption
extending into the NIR region, indicating effective orbital
conjugation across the two PDI units with help of Rh, orbital, as
observed for complex 3 (vide infra). Rather complicated spec-
trum was interpreted taking the conformer of 4 into account
under the support of TD-DFT. The absorption band at 411 nm (e
= 7500 M " em™ ') and 867 (¢ = 4600 M~ ' cm ') nm were
ascribed to the MMLCT and LLT in offset conformer of 4. The
bands at 388 nm (¢ = 7400 M " cm '), 719 nm (¢ =
4300 M~' em™'), and 1205 nm (¢ = 1900 M~ "' cm™ ") were
assigned to MMLCT and two modes for LLT in folded
conformer of 4 (Fig. 4b, blue trace). In the folded conformer, the
interaction between stacked pyridine moieties generates two
absorption modes of LLT. Lowering the measurement temper-
ature decreased the absorption at 867 nm with concomitant
increase of the absorption at 719 nm (Fig. S25), further con-
firming the presence of conformers as observed in NMR spectra.
Absorption spectra of 3 and 4 suggested the characteristic
electronic structure of their ligand system, therefore, we further
conducted the structural analyses on the ligand systems.
Structural parameters for PDI, ligand. Reduction of pyridine
diimine (PDI) based ligands is known to change its bond
lengths alternation, and their correlation with electron density
has been summarized by Wieghardt et al.*®* Upon reduction, the
bond between the imine nitrogen (N;,,) and carbon (C;y,), as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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well as between the pyridine nitrogen (N,,) and its adjacent
carbon (Cp,), decreases in double-bond character, concomitant
with a bond contraction between Cj,, and Cp, which gains
double-bond character. The decrease in bond-length alterna-
tion is summarized by the A value, as defined in eqn (1), where
dcim,cpy represents the average of the all C;,,-C,, distances, and
dcpy,pr and dc,__n, correspond to the averages of the N, ~Cp,
and C;,-Ni, bond distances, respectively. The A values for
complexes 1 and 2 (0.157 A and 0.169 A, respectively) are
reasonably large for neutral PDI (Fig. 5), compared to the re-
ported A values for Rh™™ and Rh' complexes with neutral PDI
ligands, which span 0.100-0.166 A. The average values for Rh™
(10 examples, [Rh"(PDI”)],,) and Rh' (20 examples,
[Rh'(PDI°)],y,) complexes are 0.158 and 0.119, respectively.” In
contrast, the A values of complexes 3 and 4 (0.070 A and 0.083 A,
respectively) are significantly smaller than [Rh'(PDI°)],y, . These
values fall between those for [Zn'(PDI)]" and [Zn"(PDI*7)]
(0.120 and 0.065 A, respectively),™® indicating ligand reduction
to form PDIL,>~ state and consequently diminished bond-length
alternation. This structural feature is consistent with the HOMO
phase of 3 and 4 (vide infra). Interestingly, the formal Rh'
complex A also exhibited a small A value of 0.095 A, suggesting
substantial electron delocalization over the PDI unit. In
contrast, Tomson's formal Coj complex exhibited an even
smaller A value of 0.052 A, indicating that in our Rh, systems
less electron density is transferred to the PDI units. As a coun-
terpart of this electronic migration, the electronic structure of
the Rh, core of them was further discussed on X-ray absorption
spectroscopy.

1
A = dey,cpy = 5 (dey gy + dcy ) 1)
L;-edge XANES spectroscopy. X-ray absorption near edge

structure (XANES), in particular K-edge XANES, is a well-
established method for probing the electronic structure of

1 [Rh,CI5(PDI,))(OTf)
A: 0.157

2 [Rh'',(NCCHg3)4(PDI,))(OTf); A [Rh'(VPDI)(BH,)]
A: 0.169 A: 0.095

3 [Rhy(u-H)o(PDI)]

4 [Rhy(C2Hy)2(PDIL)]

A: 0.070 A:0.083
(b) [RA"(PDI%), g
3 4 A [RA(PDO),,, 1 / 2
—T—&—0—O0~ —Q— —®—0— T 1
006 008 010 012 014 016 018 020
A value (A)

Fig. 5 (a) Averaged bond lengths of pyridine—diimine moiety. (b)
Number line for the A value of Rh complexes.
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Fig. 6 (a) Rh Lz-edge XANES spectra of complexes 2 (green), 3 (blue),
4 (red), A (light blue) Rn® powder (black dot) and Rh"(acac)s (orange
dot), Inset: expanded spectra for absorption edge. (b) Number line of
absorption edge energies for Rh complexes obtained by deferential of
spectra.

transition-metal complexes and has been applied to studies of
Rh systems.***° The K-edge energy decreases with an increase in
the electron density of the observed metal in a similar geometry.
In our system, however, the absorption energy of K-edge spectra
does not give clear information for the electronic states of the
Rh centres (Fig. S33), probably due to the variety of the coor-
dination geometry and the substantial mixing of ligand orbitals
with Rh, core orbitals. Therefore, we examined L;-edge XANES,
much sensitive to the difference in the electronic structure of
metal centres.

Complexes 2-4, with reference compounds A were subjected
to L;-edge XANES measurements. All spectra were corrected for
intensity saturation and then fitted using Lorentzian functions.
Complex 2 showed a peak at 3009.39 eV, while those of 3, 4, and
A observed at similar energies (3009.05, 3009.38, and
3008.69 eV, respectively, Fig. 6a). The rising edge energies were
determined with the derivative of the spectra (Fig. S34 and Table
S3), which are located between those of authentic samples
Rh™(acac); (3008.69 eV) and Rh° powder (3006.24 eV) (Fig. 6b).
Complex 2 exhibited the edge energy (3007.99 eV) slightly
smaller than that of Rh™(acac);, consistent to its formal
oxidation state. Edge energies of formal Rh' complex 3 and A
were indistinguishable (3007.28 eV) and higher than that of Rh°
powder. The absorption edge energy of 3 is consistent with the
formal oxidation state, Rh}. However, structural analysis indi-
cates that the ligand of 3 is reduced to PDI,>" (vide infra).
Therefore, structure and XAS spectrum of 3 indicate the
bridging hydride ligands lose a considerable amount of elec-
tron, giving electronic structure of Rhj(H®),(PDL,>"). The edge
energy of compound 4 lies between those of 2 and 3, indicating
the actual oxidation state of 4 is somewhat higher than oxida-
tion state, Rh}. Based on structural analysis, the ligand in 4 is
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and bond paths (solid lines) calculated by AIM analysis based on
electron density obtained at the UB3LYP/WTBS level of theory with
D3BJ dispersion correction.

@

assigned as PDI,>". The Rh, core donates a significant amount
of electron density to both the ethylene and PDI, ligands,
leading to an electronic structure that can be described as
Rh}(C,H,),(PDI,>") < Rh3(C,H,*> ),(PDL,*>"), which is consis-
tent with the elongated C-C bonds of ethylene ligands. The
electronic structures of 3 and 4 were further investigated using
DFT calculations.

Theoretical calculation. Orbital composition analysis
revealed that the HOMO is mainly composed of the two PDI
moieties, which are effectively bridged by contributions from
Rh and H-ligand orbitals (14.5% and 9.0%, respectively)
(Fig. 7b). As described above, the ligand-based HOMO accounts
for characteristic absorption band of 3 in near-IR region. The
HOMO exhibits nodal planes on N;,~Ciy,, and C,y~Np,, bonds of
the ligand, which is characteristic of the LUMO of the free PDI
ligand (Fig. S35). Orbital analysis of 3 further reveals eight
occupied orbitals besides the HOMO and two unoccupied
orbitals that are primarily derived from Rh d-orbitals (Fig. S38).
The Rh}(PDIL,*>") electronic configuration is consistent with its A
value and L;-edge absorption energy. This suggests that
a substantial portion of the hydride electron density is delo-
calized onto the PDI ligand, as discussed above. Notably,
a similar A value and edge energy were observed for A (vide
infra). The HOMO shape of A also resembles that of 3 (Fig. S41),
although their orbital energies differ: —3.26 eV for 3 and -
4.85 eV for A. Natural population analysis (NPA) revealed
hydride ligand NPA charges of +0.004 and +0.020 for 3, and
+0.010 and +0.010 for A, which are much positive than that of
the reference compound Rh'(PDI)(H) (—0.10) (Fig. S49). Since in
3 and A, the d-orbital interacting with the hydride ligands also
overlap with the m-orbitals of PDI, such delocalization can
proceed effectively.

Quantum theory of atoms in molecule (QTAIM) analysis
indicates the absence of a direct Rh-Rh bond in complex 3,
aligning with the expected d® configuration of the Rh centres

=) fi%e
Bu /_\N—R/r< >T_N/_\ By <«—» 'Bu /_\N—l‘} R:}{“—N/_\ Bu - Bu—(C
Y. g

Rh',(H"),(PDl,)

Rh?,(H°),(PDI;)

Rh',(H),(PDL,>)

Scheme 3 Resonance structures of 3.
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Scheme 4 Resonance structures of 4.

5p orbitals of Rh, (7.7%) + m* of PDI,

Fig. 8 (a) The HOMO of [Rh(C,H,4),(PDI)] (4) calculated with DFT at
the level of UB3LYP-D3BJ/def2-SVP. (b) Partial molecular graph of 4
with bond critical points (green spheres), and bond paths (solid lines)
calculated by AIM analysis based on electron density obtained at the
UB3LYP/WTBS level of theory with D3BJ dispersion correction.

(Fig. 7c and S47). Taken together with the structural parameter
of the ligand (A), Ly-edge XANES data, and orbital analysis,
these result support the resonance structure Rhj(H®),(PDI,>")-
as the predominant contributor where the hydride (H™) ligands
lose its charge, as shown in Scheme 3.**?

The HOMO of 4 is mainly composed of the ligand as in of 3.
However, in contrast to 3, the HOMO of 4 does not conjugate
with the Rh 4d-orbital. Other than the HOMO, eight occupied
orbitals and two unoccupied orbitals based on the Rh d-orbital
(Fig. $39), indicating a 4d® configuration for each Rh centre as
well as 3. This supports the presence of Rh}(PDI,>") resonance
structures as a major contributor, which is consistent with its A
parameter value and L;-edge XANES data (Scheme 4). Interest-
ingly, although the HOMO of 4 remains primarily ligand-
centred, it exhibits a notable 7.7% contribution from Rh 5p
orbital, located between the two Rh centres (Fig. 8a). Partici-
pation of p orbital should be caused by high-lying d,:_,> orbital
of each Rh centre, resulted from their tetragonal geometry, and
the p orbitals effectively conjugate molecular orbitals on each
PDI moiety. QTAIM analyses of 4 identified a bond critical point
(BCP) between the two Rh centres (Fig. 8b), in contrast to the
case of 3 with no BCP between the two Rh centres. Despite
lacking a direct Rh-Rh bond, complex 3 shows a slightly shorter
Rh-Rh distance (0.018 A) than complex 4, likely due to
enhanced electron sharing between the Rh centres mediated by
the two bridging hydride ligands. Since all Rh-Rh bonding
interactions via d-orbitals are cancelled by occupation of their
corresponding antibonding orbitals, this BCP is ascribed to
Rh(5p)-Rh(5p) interaction (Fig. S48 and Table S12). This
supports that the existence of Rh3(CH,=CHS,),(PDI,) resonance
structure with Rh 4d® 5p" electronic configurations (Scheme 4).

Conclusions

We successfully achieved the first isolation and characterization
of a dinuclear formal Rh® complex, stabilized by the electron-
accepting ability of the PDI, ligand. Starting from a Rhj spe-
cies, we synthesized a di(p-hydrido) complex in the Rhj state,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and a di(ethylene) complex in the Rhj state. These trans-
formations represent a fully reversible four-electron redox
process.

These complexes were identified and characterized using
UV-vis-NIR spectroscopy, 'H and "*C NMR spectroscopy, Rh L;-
edge XANES, and single-crystal X-ray diffraction analysis. The
PDI, ligand functions as a structurally adaptive scaffold that
responds to changes in the oxidation state of the rhodium
centres by adjusting the Rh-Rh distance, Rh coordination
geometries (octahedral, trigonal bipyramidal, and square
planar), and orientation of PDI unit, thereby modulating ener-
gies of d-orbitals and their overlap. This adaptive coordination
behaviour enables the stabilization of dinuclear Rh complexes
across multiple redox states.

The non-innocent nature of the PDI unit facilitates access to
the Rh} and RhJ oxidation states by accepting electron density.
Despite substantial stabilization through electron delocaliza-
tion, the formal Rh) complex reacts with H, to form the
Rh3H, complex with concurrent formation of CH;CHj,
demonstrating its reactivity as a formal RhJ species. Notably,
theoretical calculations revealed that the formal Rh9 complex
exhibits an electronic structure in which the Rh-Rh o-bond
arise from Rh 5p orbital overlap, rather than conventional 4d-
based bonding.

Overall, this study demonstrates that ligand frameworks
with both structural and redox flexibility can endow dinuclear
complexes with electronic flexibility, offering a conceptual
foundation for stabilizing highly reduced metal-metal bonded
species. Ongoing studies are exploring the reactivity of this
formal Rh) complex, and the results will be reported in due
course.
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