Long-Lived Ce Radical Anion Stabilized inside an Electron-Deficient
Coordination Cage
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ABSTRACT: Fullerene Cg and its derivatives are widely used in molecular electronics, photovoltaics and battery materials owing to
their exceptional suitability as electron acceptors. In this context, single-electron transfer on Ceo generates the Ceo"~ radical anion.
The short lifetime of free Cs*~, however, hampers its investigation and application. In this work, we dramatically stabilize the usually
short-lived Ceo"™ species within a self-assembled M,L, coordination cage consisting of a triptycene-based ligand and Pd(ll) cations.
The electron-deficient cage strongly binds Ce by providing a curved inner ni-surface complementarity to the fullerene’s globular
shape. Cyclic voltammetry revealed a positive potential shift for the first reduction of encapsulated Cq, indicative of a strong inter-
action between confined Cso*~ and the cationic cage. Photochemical one-electron reduction with 1-benzyl-1,4-dihydronicotinamide
allows selective and quantitative conversion of the confined Cgo molecule in millimolar acetonitrile solution at room temperature.
Radical generation was confirmed by NMR, EPR, UV-Vis-NIR spectroscopy and ESI mass spectrometry. The lifetime of Cg"~ within
the cage was found to be so large that it could still be detected after one month under inert atmosphere.

Since the discovery of fullerene Ceo by Kroto, Smalley and Curl,’!! the football-shaped molecule has inspired scientists across a range
of fields to investigate its properties, host-guest capabilities, derivatization, and application.>”1 Nowadays, Cs and its derivatives
have been widely applied in material science, especially in photovoltaics and organic electronics as electron-accepting and/or elec-
tron-transporting materials.[*82% |n organic devices, one-electron transfer from donors to Ceo affords the Ceo" radical anion. Cep"~
plays a key role as carrier for efficient charge harvesting.®! Furthermore, Cso"~has potential as near-infrared (NIR) dye, with possible
application in bioimaging and photodynamic therapy.'' 12 Hence, there is considerable interest to further elucidate the nature of
Cso"~and enhance its stability for a range of applications.'? However, Cs*"is in general a short-lived species having a lifetime lower
than one second, in particular in solution at ambient conditions. Hence, in situ spectroscopic techniques during either bulk-electrol-
ysis conditions or electron donation from a chemical reductant pool (such as amines) under inert conditions are required for inves-
tigating naked Cgo"~.[*>¢1 Therefore, a facile method to stabilize once-generated Ceo*~ species in solution appeared to us as a reward-
ing goal.

Coordination cages are three-dimensional assemblies created via metal-mediated self-assembly of organic bridging ligands with
tailored shapes. Selective guest encapsulation can lead to cage-catalyzed reactions,!*”-2% alter the regioselectivity of chemical trans-
formations,!?! allow recognition of subtle structural differences between guests,'?224 and stabilize reactive species.?> 26l
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Figure 1. Structures of ligand 1 and cage Pd,1, and schematic depiction of fullerene binding and photochemical single electron
reduction.



Fullerenes are attractive guest-molecules due to their globular shape and large n—surface.?”31 A variety of fullerene complexes
have been reported, with metal-mediated binders moving into focus in the last couple of years.32-3%

Previous studies revealed that fullerene Cgo encapsulated in cationic metallo-supramolecular assemblies shows a positive shift for
the first reduction potential as compared to bulk Cs.3% 33 This observation points at the prospect that the reduction product Cep"~
is stabilized within such coordination cages, most probably due to a combination of ionic interactions and close contacts with sur-
rounding aromatic ligands. This hypothesis prompted us to tackle the challenge of stabilizing notoriously short-lived Ce*~ inside a
coordination cage. We assumed that chemical reduction of already confined Csois the most promising method to achieve formation
of such a host-guest compound,® 3236 37 3¢ the lifetime of free Cs*~ would be much shorter than the typical encapsulation time
scale, in particular when working in a heterogeneous system.% 33 A proper molecular design of the host is critical to allow access
of a chemical reductant while shielding the formed radical anion from its surroundings to slow down dimerization or re-oxidation
pathways.

Therefore, we have synthesized a lantern-shaped coordination cage Pd,1, via self-assembly of Pd(ll) cations and triptycene-based
bipyridyl ligand 1 featuring two phthalimide moieties.[?® 3% While the triptycene backbones offer a rather limited n—surface area for
interaction with the aromatic guest, they show perfect shape-complementarity to globular Ce.[*> %! Here, we show the encapsula-

tion of C¢o by Pd,1,4 and the clean generation and long-time stabilization of the Cg*~ radical anion inside the electron-deficient nano
confinement. To the best of our knowledge, we achieved the longest lifetime of Cs*~ reported so far (Figure 1).
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Figure 2. (a) Synthesis of Pd,1,and encapsulation of Cs. *H NMR spectra (CDsCN, 500 MHz, 298 K) of (b) 1, (c) Pd,1,and (d)
Cso@Pd214 (*=CHC|3)

Ligand 1 was synthesized by condensation of 2,3,6,7-triptycene carboxylic dianhydride and 3-aminopyridne (Scheme $1).14243 Upon
heating 1 with [Pd(CHsCN)4](BF), in acetonitrile for 24 h, Pd,1, formed quantitatively as confirmed by HR-ESI mass spectrometric
and NMR spectroscopic analyses (Figure 2a). In the *H NMR spectrum, downfield-shifts were observed especially for the pyridine-
donor sites due to coordination to the Pd(ll) cations as previously observed for other Pd(ll)-coordination cages (Figure 2b-c).[44-461

Figure 3. Single crystal X-ray structure of (a) Pd,14 and (b) Ceo@Pd,14. Hydrogen atoms, counter anions, solvent molecules are
omitted for clarity (C: gray, N: blue, O: red, Pd: orange).

Plate-like single crystals were grown by slow diffusion of diisopropylether into the acetonitrile solution of Pd,1,. X-ray analysis using
synchrotron radiation®”! unambiguously revealed the expected structure in the solid state (Figure 3a). VOIDOO calculations sug-
gested about 650 A3 for the cavity size which is large enough to encapsulate Cg, occupying a volume of 547 A® (Supporting
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Information, Figure S19).48! Subsequently, fullerene encapsulation into Pd,14 was carried out by dispersing an excess amount of
powdered Cg into the acetonitrile solution of Pd,1,at 70 °Cfor 24 h. The transparent solution turned purple after heating, indicating
Ceo encapsulation. The formation of the host-guest complex was confirmed by ESI-MS spectrometry and NMR spectroscopy. Upon
encapsulation, all *H NMR signals shifted (Figure 2d). In particular proton H?, which is pointing inside the cavity, undergoes a signif-
icant shift, thus reflecting a drastic change of the chemical environment inside the coordination cage (Figure 2a).38! In the 3C NMR
spectrum, a sharp signal was observed at 141.76 ppm belonging to encapsulated C¢o whereas pure Cg is not soluble in acetonitrile.
The structure of the host-guest complex was elucidated by single crystals X-ray structure analysis (Figure 3b). A slight shrinkage of
the PdeeePd distance was observed as compared to empty Pd,14in the solid state by 0.435(9) A, most probably to maximize n—t
interactions between the concave ligands and convex Ce (Figure S14-15).

The electron deficient character of 1, combined with its coordination to the cationic metal nodes, prompted us to investigate the
electronic properties of the Cso molecule inside the coordination cage. Usually, bulk Cso shows a first reduction wave around -1.0 V
in organic solvents versus the first oxidation potential of ferrocene.*?! Cyclic voltammetry applied to empty cage Pd,1, revealed a
first reduction wave at —1.78 V, assignable to a reduction of the ligand (Figure 4a). On the other hand, the cyclic voltammogram of
Ceo@Pd,1,showed several irreversible reduction waves at less negative potentials besides the reversible cage reduction at -1.79 V
(Figure 4b). The newly observed signals can be attributed to stepwise reduction steps of the confined C¢o molecule. This result was
also supported by DFT calculations implying that the LUMO should be localized on the C¢o molecule within the host-guest complex
(Figure 4d). The first reduction potential for the encapsulated Csp molecule was observed at —0.48 V as a reversible wave when the
measurement was run within a narrower window from —0.7 V to —0.2 V (vs. Fc/Fc*; Figure 4c). Noteworthy, this value is the least
negative potential value for C¢ molecules encapsulated in coordination cages reported so far.3% 33 This result suggests significant
interaction between the reduced anionic species Cs*~ and the cationic cage (Table S3). Gas-phase DFT calculations indeed indicate
that Ceo"~ should be much stronger bound than Ceo (Supporting Information).
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Figure 4. Cyclic voltammograms (0.1 M TBAPFs, 100 mV/s, 0.70 mM, acetonitrile) of (a) Pd,14, (b) Ceo@Pd,14 and (c) Ceo@Pd,14
measured within a potential window from —0.7 V to —=0.2 V (vs. Fc/Fc?). (d) LUMO of Cso@Pd,1, calculated with M06-2X DFT func-
tional and Lanl2dz basis set for Pd atoms and 6-31G(d,p) for other atoms with PCM solvent consideration (geometry optimized on
MO06-2X/Lanl2dz level).

Next, we explored the chemical reduction and stabilization of formed Ceo*~ in the cage. 1-Benzyl-1,4-dihydronicotinamide (BNAH) is
the most suitable photochemical one-electron reductant as described by Fukuzumi.b® In the reduction process, Ce itself works as
a photosensitizer to activate BNAH by an energy transfer from its excited triplet state. 'H NMR showed that Cso@Pd,1, is stable in
the presence of 0.5 equivalent of BNAH in the dark (Figure 5d). The mixture was irradiated with a white LED light source for 2 mins
and a 'H NMR spectrum was measured immediately after irradiation (Figure 5a). Interestingly, all *H NMR signals of Cso@Pd,1,4
broadened while BNAH was completely transformed into the corresponding oxidized species (Figure 5c). It is known that *H NMR
signals broaden when host-molecules are accommodating radical species due to accelerated nuclear spin relaxation processes.V
52 Subsequently, the broadened signals became again sharper over time due to deactivation of the radical species. Surprisingly, the
decay of the radical species lasted for at least 2 h despite the aerobic atmosphere the acetonitrile solution was exposed to (Figures
5b, $23). It should be noted that photochemical reduction did not take place with only Pd,1, (Figure S24). In addition, only Ceo@Pd,14
but not empty Pd,1, gave broadened signals when a 1:1 mixture of Cco@Pd,1,and Pd,1, was irradiated in the presence of BNAH
(Figure S25). These control experiments suggested that not the cage but the confined Ce is reduced. Furthermore, we measured
ESI-MS right after photochemical reduction. As a result, a prominent signal corresponding to a one-electron-reduced [Cso@Pd,14]3*
species was observed (Figure 5e). These results further supported formation of Ce*~and its stabilization inside Pd,1,.
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Figure 5. (a) Photochemical reduction of Ceo@Pd,14. *H NMR spectra measured after (b) 2 h, (c) 5 mins and (d) before irradiation.
(e) ESI-MS spectrum of Ceo*"@Pd,14.

Ceo"~is known to show a characteristic absorption in the NIR region.[*3*51 A UV-Vis-NIR spectrum was measured immediately after
photochemical reduction. As a result, new absorption bands at 975 and 1111 nm were observed while the encapsulated C¢o showed
absorption at 546 and 599 nm before reduction (Figure 6a). The observed spectral characteristics are in very good accordance with
Ceo"~ absorption spectra reported in the past.[3-15 371 The absorption intensity decreased over time due to re-oxidation of encapsu-
lated Ceo*~. The half-lifetime of Cso*~ was estimated to be 13 mins by following the decline of the 1111 nm absorption in aerated
acetonitrile solution at 298 K (Figure S27). The observed NIR absorptions showed a red-shift by about 20-30 nm compared with the
reported absorption of naked Ceo*". It is known that both absorptions originate from an electron transition from SOMO to LUMO
levels.™™3] According to resonance Raman spectroscopy studies, two totally symmetric A, vibrational modes are the reason for the
observed splitting.[*>%3 Therefore, modulation of the molecular vibrations within Ce*~ is suspected as reason for the red-shift ob-
served in the absorption spectrum, most probably due to the close confinement of the radical anion within the inner space of
cationic host Pd,1,. We further could show that the encapsulated Cso*~ radical anion can be rapidly and cleanly re-oxidized by adding
tetracyanoethylene (TCNE) as confirmed by NMR and MS analyses (Figure S39, S40).
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Figure 6. UV-Vis-NIR spectra (acetonitrile, 0.35 mM, 298 K) of Ceo""@Pd,1, measured in (a) aerobic conditions and (b) under N,
atmosphere over time. Time-dependent EPR spectra of C¢o"@Pd,1, prepared under (c) aerobic conditions and (d) in N, atmosphere,
both recorded at X-band and at 100 K. The corresponding simulations of the EPR spectra (red) are shown in the inset (for details
see Sl).

We further investigated the lifetime of Ceo"~ inside Pd,14in inert atmosphere (Figure 6b). Identical absorptions were observed in the
NIR region but their decline was significantly lengthened by removing oxygen. Subsequently, X-band EPR spectra were measured
for the samples prepared in air and inert atmosphere at 100 K. The Cgo*~ signal, having an isotropic g value of 1.999, was detected
in both samples (Figure 6¢ and d, see S36 for details). In case of the sample prepared in air, an additional signal with gi,, = 2.001
arising from an oxygenated species was observed (Figure 6¢).** The existence of such oxygenated species was also confirmed un-
ambiguously by ESI-MS analysis (Figure S32, S33). In contrast, encapsulated Ce*~ was the only paramagnetic species observed in
the sample prepared under N, atmosphere (Figure 6d). The half-lifetime of Ce"~ was estimated to be 14 min under aerobic condi-
tions, in full agreement with the value obtained by UV-Vis-NIR spectroscopy. Under inert atmosphere conditions, aliquot-based EPR
measurements delivered a half-lifetime of 893 min while direct monitoring of the radical decay by UV-Vis-NIR spectroscopy at room
temperature pointed to a half-lifetime of about 300 min (see Sl for discussion of possible reasons of this deviation). Astonishingly,
the EPR signal of the encapsulated Ceo°*~ could be still observed after one month (within the EPR instrument’s detection limit in the
low micromolar range), which — to the best of our knowledge — is the longest lifetime reported for the Cg°~ radical anion so far
(Figure S38).

In conclusion, we deliver the encapsulation and long-time stabilization of photochemically generated Cso*~ inside a lantern-shaped
coordination cage. The electron deficient cage tightly binds the anionic guest and serves as a protecting group to shield the radical
species, most probably by kinetically hampering access of oxidants. We believe that our system represents an important step to-
wards application of Ceo*~ for various chemical, spectroscopic and imaging purposes. This well-behaved spin-system should further
be attractive for EPR labelling chemistry, molecular magnetism and material science applications.
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