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The diiridium complexes of lithium-ion endohedral fullerene
Li*@Ceo were synthesised in high yields. X-ray crystallography
revealed the n%n?-coordination of Li*f@Cgo and the disorder of
the Li* ion over two sites close to the coordinated carbons. *C
NMR study suggested the presence of dynamic behaviour via
haptotropic rearrangements. UV/Vis and CV characteristics were
also investigated experimentally and theoretically.

Donor-acceptor complexes consisting of a transition metal
(TM) donor and an organic acceptor have gained significant
attention owing to their wide range of applications in materials
engineering,' molecular electronics,” catalytic chemistry, etc.®
Adducts of electron-rich TM units with fullerene Cgq, can be
viewed as donor-acceptor molecules and are potential candi-
dates for excellent building blocks of such materials.* However,
developing highly functional materials based on Cgo-TM com-
plexes faces several challenges. For instance, the addition of
multi-metal centres to the Cg, shell is likely to result in the
formation of multiple regioisomers because the entire surface
of Cgo can act as a reaction site.> Moreover, electrically neutral
Ceo tends to easily aggregate because of its low solubility in
various organic solvents,® leading to low yields of Cee-TM
complexes and difficulties in isolation/characterisation. There-
fore, it is necessary to develop a method for the selective
synthesis of highly soluble single complexes.

From this perspective, lithium-ion endohedral fullerene
Li'@Cq’ is a promising molecule for selective synthesis
because Li'@Csqo has higher electron acceptability relative to
Ceo due to the electrostatic interaction between the Li* ion and
the Cqo carbons.® Consequently, Li'@Csq, readily reacts with
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electron-rich TM fragments to form Li’@Cgo~TM complexes as
demonstrated using mononuclear metal fragments [Fig. 1(a),
A-C].° These complexes exhibit greater stability compared with
the corresponding Cg, analogues due to the formation of strong
Cs0—TM bonds based on the stronger n-back-donation from TM
(donor) to Cg (acceptor) [Fig. 1(b)].'° Moreover, the ionic
nature of Li'@Cg, allows the improvement of its solubility,
modifying counter anions with high affinity toward organic
solvents."" Therefore, Li'@Cg-TM complexes could offer
access to unique molecular structures and properties that are
inaccessible by use of C¢, analogues. In this context, we recently
became interested in Li*@Cq,~TM complexes with multi-metal
units. In these complexes, the donor-acceptor interaction
between the TM and fullerene units and the electrostatic
interaction between the Cg, cage and endohedral Li*-ion should
be further modulated by n-back-donation from the multi-metal
centres.

As the first example of a multi-metallic C50c—TM complex, the
tetrairidium complex Ceof{Ir,Cly(cod),}, (D) (cod = 1,5-
cyclooctadiene) has been previously obtained as a low-solubility
product.’* However, no isolated yield or detailed properties,
except the crystal structure, have been reported. Inspired by
this example, we recently performed reactions of Li"@Cg, with
three halogen-bridged diiridium complexes, Ir,X,(cod), (X = Cl,
Br and I). Herein, we report the synthesis of dinuclear Li*@Cgo-

(@) (b) (c)
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n?-coordination

dinuclear
nZn?2-coordination
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Cgocage donor
\b—
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Fig. 1 (a) Previously-reported Li*@Cgo—TM complexes.’ (b) Schematic
diagram of the electrostatic interaction between the Cgo cage and metal
fragments ML, (c) Illustration of the Li*@Cgp—[Ir,] complexes in this work.
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Scheme 1 Synthesis of Li*@Cgo-diiridium complexes 1-3.

TM complexes, [{1-n*n-(Li* @Ceo) HIr,X,(cod),}J(NTf, ) [X = Cl
(1), Br (2) and I (3); Tf = CF3S0,], and their solid-state structures
and spectroscopic properties in solution [Fig. 1(c)].

The reaction of [Li*@Cs,](NTf, ) with 1 equiv of Ir,Cl,(cod),
in 1,1,2,2-tetrachloroethane (TCE) for 5 min at room temperature
afforded almost quantitatively [{u-1%n>(Li'@Ceo)HIr,Cly(cod),}]
(NTf,7) (1). Complex 1 was isolated as black crystals in 89% yield
(Scheme 1). Using Ir,Br,(cod), and Ir,I,(cod), instead of Ir,Cl,(-
cod),, the corresponding complexes 2 and 3 were isolated in 86%
and 90% yields, respectively. Complexes 1-3 showed good solu-
bility in various organic solvents [CH,Cl,, THF, 1,2-dichloro-
benzene (0-DCB), etc.], which enabled us to collect multiple
spectroscopic data in solution, including 'H, “Li and *C NMR,
as well as UV/Vis and cyclic voltammetry (CV), in addition to their
solid-state structures.

The crystal structures of complexes 1-3 were determined
using single-crystal X-ray diffraction (SC-XRD). As shown in
Fig. 2(a) for 1, and Fig. S2 and S3 (ESIt) for 2 and 3, respectively,
it was unambiguously revealed that each complex had an [Ir,]
unit coordinated by the Li*@Cg, shell in an n*n?>-fashion. For
example, the four Ir-C(Cs,) distances of 1 are 2.170(4), 2.162(4),
2.169(4) and 2.170(4) A [Fig. 2(b)], which indicate the n*mn>-
coordination to the two iridium atoms at the [6: 6] positions of
the Cgo shell. The average values of the four bond distances, 1
[av. 2.168(2) A] is comparable with those of 2 [av. 2.169(2) A] and
3 [av. 2.183(4) A] (Table S2, ESI+), which are significantly shorter
than that of non-Li" encapsulated Cgy-iridium complex D

(a) (b) (©)
Cl2
2.162(4) cifn, 21694) oo
1" +0.52
(r1) \‘Ilr2] {r1 2
’
2.170(4) 5=/ |2170(4)
® 8-c2-C3 c2—C3
&1 g5, ¢4 5 C1 0170174
"\ . -0.15 -0.15
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(6:5) other carbons of Cgg
(68 A5, (66] [~0.07 to +0.07]
1.488(5) €2 1.499(5)
Cc1 Cc4
1.499(5) ~C6——C5 1.497(5)
1.385(5)" [6:5)
[6:5)
[6:6]

Fig. 2 (a) Molecular structure of the cationic part of 1 with thermal
ellipsoids at the 50% probability level. All hydrogen atoms are omitted
for clarity. The Li atom is disordered in the two sites (Lia: Lig = 53%: 47%).
(b) Selected bond distances (A) and schematic electronic interaction
between the Cgp shell and the encapsulated Li*-ion. [6:6] and [6:5]
denote the positions in the Cgg shell. (c) Selected NPA charge calculated
by DFT.
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[av. 2.218(3) A]l.'> Moreover, the three C-C bond distances at
the C1-C2-C3-C4 moiety of 1 are lengthened by 6-8% upon
coordination, relevant to the corresponding values of Li"@Cg
(1.39 and 1.45 A at the [6: 6] and [6: 5] positions, respectively)
[Fig. 2(b)]. These C-C distances at the C1-C2-C3-C4 moiety
were almost the same on average among the three complexes
[av. 1.506(3) (1), av. 1.508(3) (2) and av. 1.511(6) (3) A], and are
significantly longer than that of D [av. 1.487(6) A].*? Thus, the -
back-donation from the two Ir centres to the Cgo shell in 1-3 is
estimated to be much stronger than that of related neutral D,
owing to the presence of the Li" ion.

The endohedral Li*-ion is disordered in two positions in
dinuclear 1-3, in contrast to mononuclear A-C, where the
position of the Li*-ion is fixed in a single site close to the metal
(1.54-1.57 A away from the Cg, centroid).’ The averaged posi-
tion is shifted to the metal fragment from the Ce, centroid by
av. 1.56 (1), 1.55 (2) and 1.58 (3) A, reflecting the considerable
electrostatic interaction between the Li* ion and the Cg, cage
[Fig. 2(b) and (c)]. The disordering of the Li" ion in two
positions can be caused by the presence of two sets of the
negatively charged C-C bonds attached to the diiridium unit
and/or the electrostatic effect of the counter ion (The closest
distance between Li, and atoms (F3B and O3C) of NTf, ™ for 1 is
5.6 A). In other words, the disordering of the Li*-ion of 1-3 was
restricted to only near the two metal sites, in contrast to the
endohedral Li*-ion in the Li*@Cg, salts, which were disordered
at multiple sites.”*” Relevant restricted disordering of the Li'-
ion has also been reported for Li'@Cgo-Cu, polymer.'* The
occurrence of such disordering is an interesting issue in the
chemistry of Li*@Cgo"** because the positional change of
the Li* ion by the action of external perturbation is expected
to apply to molecular electronics, such as the recently reported
multiple-conductivity switching of Li*@Ce.">

It should be noted that the two halogen ligands, X1 and X2,
are inequivalently bridged over the two iridium atoms in
complexes 1-3: X1 and X2 are located at the endo- and exo-
positions, respectively, with respect to the coordinated six-
membered ring of Cgo. The Ir-X2 distances [av. 2.5433(7) (1),
2.6459(4) (2) and 2.7676(4) (3) A] are longer than those of Ir-X1
[av. 2.3990(6) (1), 2.5262(4) (2) and 2.6803(5) (3) A] by ca. 0.1 A.
The average Ir-X1/X2 bond distances are elongated by about
0.1-0.2 A in the order of Cl < Br < I, in accordance with the
ionic radii of the halogens (Cl = 1.81, Br = 1.96 and I = 2.20 A).*°
Oppositely, the Ir-X-Ir bond angle decreases in this order
(Table S2, ESIt). These structural differences are small but
may influence their electronic structures.

The high solubility of complexes 1-3 in CD,Cl, allowed us to
investigate their properties in solution. In the “Li NMR spectra
of 1-3, all the signals of the Li" ion were observed exactly at &
—11.0, which is shifted up-field by 0.9 ppm from that of
[Li'@Cgo](NTf,) (6 —10.1), due to the coordination of the
Li'@Ceo cage to the metal fragment. This up-field shift of the
signal is comparable with those reported for mononuclear
complexes A (5 —11.6), B (6 —11.0) and C (5 —10.8).° The
"H NMR spectra of 1-3 at room temperature (300 K) showed
multiple broadened signals assignable to the cod ligand in the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) *H NMR spectrum of 1 in CD,Cl, (400 MHz, 300 K). (b) *C{*H}
NMR spectra of 1 in CD,Cl, at 300 and 200 K (101 MHz). (c) A possible
mechanism for the dynamic behaviour of 1 via haptotropic
rearrangements.

region of ¢ 1.5-5.5 [Fig. 3(a)]. The two cod ligands were
observed to be equivalent, indicating that the complex had a
Cs-symmetric structure with a pseudo-mirror plane passing
through the two halogen atoms and the Li‘-ion in solution.
In the "C NMR spectrum at 300 K [Fig. 3(b)], a very broad signal
was observed in the Cgo carbon region (6 140-150), implying
fluxional behaviour. Upon decreasing the temperature to 200 K,
the broad signal was separated into 30 singlets among the
expected 32 signals in theory (28 singlets at 6 135-155 and two
singlets at 0 55-85), two of which must overlap (6 145.4 and
143.4). The two signals observed at ¢ 83.3 and 57.5, which are
considerably shifted up-field compared with those of other Cg,
and are assigned to the carbons bonded to the Ir atoms. A
similar up-field shift was observed for B (6 76.8) and C (8 76.1).°
The signal change of the Cgp-carbons between 300 and 200 K
was likely driven by haptotropic rearrangements, where the
diiridium unit migrated over the surface of the fullerene cage
by changing the positions of the coordination bonds with Cgo
carbons between intra- or inter-rings [Fig. 3(c)].>"”

The UV/Vis spectra of 1-3 measured in CH,Cl, exhibited
three extensive absorption bands (at ca. 330, 420 and 530 nm),
together with a very weak shoulder-like band extending to ca.
800 nm in all cases (see Fig. S20 in ESIt). As a representative
example, the two bands at 327 and 530 nm of 1 are assigned to
n-m* transitions, although some contributions from the Ir
d-orbitals are present, according to TD-DFT calculations (calcd.
Amax = 331 nm, f=0.109 and 541 nm, f= 0.032 for 1, see ESIY).
These two bands were comparable to those observed for Ir
complex A (Amax = 331 and 582 nm).9 The other band at 416 nm

This journal is © The Royal Society of Chemistry 2025
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was assigned to a metal-to-ligand charge transfer (MLCT)
transition (calcd. Amax = 424 nm, f= 0.082). The last very weak
band is assignable to HOMO — LUMO (vide infra), which
should be an almost forbidden transition (caled. Amax =
689 nm, f = 0.002 for 1). Interestingly, the absorption coeffi-
cients of the bands at longer wavelengths (ca. 420, 530 and
700 nm) slightly increased and red-shifted in descending order
of the halogen atoms, suggesting some contribution from the
halogen orbitals to the transitions (vide infra).

The cyclic voltammograms of 1-3 were recorded in 0-DCB
(Fig. S21 and S22, ESIt). All the complexes exhibited one set of
oxidation peaks with slight cathodic shifts in the oxidation
potentials from 1 (E;;, = +1.00 V) to 2 (Ey;, = +0.84 V) and 3
(Ey/, = +0.86 V). In contrast, 1-3 displayed five reduction peaks
accompanied by peaks originating from free Li'@Cg, (Fig. S22,
ESIt), implying the occurrence of a dissociation equilibrium
between the fullerene cage and metal units in solution under
reductive conditions.

To obtain further insight into the electronic structures of
1-3, we performed orbital analysis of their cationic parts using
DFT calculations [B3PW91-D3/SDD for Ir and I, 6-311+G(d,p)
for others//B3PW91/Lanl2DZ for Ir and I, and 6-31G(d) for
others]. As depicted in Fig. S26-S28 in the ESL{ the three
complexes have analogous orbitals. Thus, the important orbi-
tals of chlorido complex 1 are shown in Fig. 4 as representa-
tives. Both the HOMO and HOMO-1 of 1 consist of a Cgq T-
orbital combined with the d-orbitals of two iridium atoms in a
bonding fashion and the p-orbital of one of the two bridging
halogen atoms (CI2 atom). In contrast, the LUMO of 1 represents
the m*orbitals localised in the Cg, shell. The LUMO+1 consists of
the Cg m*-orbital combined with the d-orbitals of two Ir atoms in
an antibonding fashion, accompanied by a slight contribution
from the bridging halogen orbitals. The participation of the Ir d-
orbitals and halogen p-orbitals in the fullerene m system is also
found in other bonding and antibonding orbitals, which can be
responsible for the aforementioned spectral changes among 1-3
in the UV/Vis and CV measurements, reflecting the energy differ-
ences and orbital sizes of 3p (Cl), 4p (Br) and 5p (I) of the halogen
atoms. Moreover, from these frontier orbital features, it is under-
stood that oxidation reduces the electron density of the entire
molecule. In contrast, reduction occurs initially in the fullerene
cage. However, over-reduction weakened the coordination of the
fullerene cage to the Ir, unit, as observed by CV measurements.

In addition, the NPA charge distribution supported the
presence of strong Ir-to-Cg, m-back-donation in 1-3 (Fig. S29-
S31, ESIY). In the case of 1, the four carbon atoms bonded to Ir

HOMO-1

HOMO LUMO LUMO+1

Fig. 4 Selected Kohn—-Sham orbitals of 1 (isovalue = 0.02). The contour
map of HOMO is inserted in the square brackets.
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atoms are much more negatively charged (—0.15 to —0.17),
relevant to the remaining carbons of Cg, (—0.07 to +0.07), as
illustrated in Fig. 2(c).

In summary, three diiridium complexes coordinated with
Li"-ion endohedral fullerene were successfully synthesised as
soluble products in high yields (~90%). SC-XRD, DFT calcula-
tions and multiple spectroscopic techniques revealed their
fundamental properties. The SC-XRD study confirmed the
n*mn? coordination of the Li'@Ce, cage to the Ir, unit and the
disordered location of the Li*-ion at two positions adjacent to
the two metal atoms. The latter observation indicated the
existence of enhanced electrostatic interactions between the
Li" cation and the negatively charged carbon atoms caused by
strong m-back-donation from the two metal centres to the Cgq
cage, which was supported by DFT calculations. The "Li NMR
spectra supported the coordination of the Li'@Cg, cage to the
metal fragment. 'H and VT *C NMR studies revealed dynamic
behaviours, including haptotropic rearrangements. Moreover,
UV/Vis and CV characteristics and DFT calculations suggest
significant orbital interactions among the Cg, m-system, the d-
orbitals of diiridium, and the p-orbitals of the bridging halogen
atoms. The development of electron transporting materials
based on complexes 1-3 is currently underway.
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