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Abstract: A newly designed electron donor–acceptor conjugate consisting of an 

endohedral dimetallofullerene (La2@Ih-C80) and phenoxazine (POZ) was 

successfully synthesized by exploiting Prato conditions.  Our results document 

that the 1,3-dipolar cycloaddition took place across the [5,6] junction to afford 

exclusively the corresponding [5,6]-cyloadduct.  The structure of the conjugate 

was characterized by means of NMR spectroscopy, absorption spectroscopy, and 

electrochemical studies.  Computational calculations suggest that the HOMO is 

distributed on the POZ moiety whereas the LUMO is located at the endohedral 

La atoms, leading to efficient separation of the HOMO and LUMO in the conjugate.  

Time-resolved absorption spectroscopic investigations and 

spectroelectrochemical measurements corroborate the formation of the 

energetically low-lying (La2@Ih-C80)•–-(POZ)•+ radical ion pair state via ultrafast 

through-space electron transfer. 

Introduction 

A variety of electron donor–acceptor (D–A) conjugates have been designed and 

synthesized for artificial photosynthesis and photovoltaics in the field of solar 

energy conversion schemes.1  Particularly, fullerene have been recognized as 

an excellent electron acceptor.2  Owing to its three-dimensional rigid structure, 

C60 – the most abundant fullerene – possesses small reorganization energy in 

charge transfer reactions, which plays an important role in efficient and fast 

charge separation as well as slow charge recombination.  In addition, C60 has 

high electron affinity and features high carrier transport properties.3  To date, a 

large number of electron D–A conjugates, where an electron donor is combined 

with C60, have been prepared and their photoinduced electron transfer properties 

have been explored.4 

  Recently, another class of fullerenes, namely endohedral metallofullerenes 



(EMFs)5, has gained interest as an alternative component for such D–A 

conjugates.6  As a matter of fact, the electronic properties of EMFs differ greatly 

from that of C60 and depend on the fullerene size, on one hand, and the encaged 

metal species, on the other hand.  For example, a dimetallic EMF, M2@Ih-C80 (M 

= La or Ce) undergoes much easier reduction and oxidation than C60.7  

Therefore, from an electrochemical perspective, M2@Ih-C80 is likely to serve as 

either an electron acceptor or an electron donor.  Recent advances in the field 

have shown that La2@Ih-C80 act as an electron acceptor in the excited state, 

when, for example, combined with extended tetrathiafulvalene (exTTF) via a 5,6-

pyrrolidine ring6d (1; see Figure 1).  In this particular case, photo-excitation of 1 

is the inception to a fast charge separation resulting in the formation of a 3.2 ns 

lived radical ion pair in toluene.  It is also noteworthy that switchable charge 

transfer events were found when zinc tetraphenylporphyrin (ZnP), a weaker 

electron donor than exTTF, was attached to M2@Ih-C80 (M = La, Ce) (2).6e,f  

Time-resolved absorption spectroscopic investigations revealed that the 

unprecedented M2@(Ih-C80)•+–(ZnP)•– radical ion pair was produced in polar 

solvents (benzonitrile and DMF), while the (M2)•–@Ih-C80–(ZnP)•+ radical ion pair 

was produced in less polar solvents (toluene and THF).  More recently, it was 

demonstrated that La2@Ih-C80 acts as a pure electron donor both in nonpolar and 

polar media when combined with the electron accepting 11,11,12,12-tetracyano-

9,10-anthra-p-quinodimethane (TCAQ) (3).6i  Lately, a non-covalent 

coordinative D–A hybrid composed of zinc tetraphenylporphyrin (ZnP) and a 

pyridyl-appended La2@Ih-C80 (4) has been reported.6j  

  To date, limited examples of EMF-based electron D–A conjugates put limitation 

on a comprehensive understanding of the photophysical properties of EMFs.  In 

view of designing new electron D–A conjugates, chemical stability of the 

corresponding radical ion pair species is imperative.  In this respect, 

heteroaromatics such as 10-methylphenothiazine and 10-methylphenoxazine are 

known as excellent electron donors due to their ability to form stable radical 

cations.8  Such heteroaromatics exhibit low ionization potentials, which are 

additional criteria for efficient solar conversion schemes.   

  In this report, we describe the synthesis of a novel La2@Ih-C80-based electron 

D–A conjugate (5) by attaching an electron donating POZ and the photophysical 



characteristics by means of time-resolved absorption spectroscopy.  We also 

investigated the photophysics of 4 as a reference, because spectroscopic 

signatures of any states of the La2@Ih-C80 moiety in 5 are more similar to La2@Ih-

C80 with the same exohedral functionalization, i.e. 4, than pristine La2@Ih-C80. 

 

Figure 1. M2@Ih-C80-based electron D–A conjugates 1–5. 

 

Results and Discussion 

Scheme 1 illustrates the synthetic route towards conjugate 5.  In particular, the 

so-called “Prato reaction”,9 namely the 1,3-dipolar cycloadditions of in-situ 

generated azomethine ylides to fullerenes, was employed.  La2@Ih-C80, N-

substituted POZ-containing aldehyde 6, and 2-methyl-2-(methylamino)propanoic 

acid were heated under reflux in toluene for 3 h.  Analytical high-performance 

liquid chromatography (HPLC) afforded a new peak for the reaction mixture.  

Product 5 was formed in a regioselective manner (see Figure S1 in the ESI) and 

isolated by preparative HPLC using a Buckyprep column.  The yield was 75% 

based on consumed La2@Ih-C80.  Evidence for formation of 5 came from a 

matrix-assisted laser desorption ionization–time-of-flight (MALDI–TOF) mass 

spectrum with a peak at m/z 1639. 

  From Figure S5 we note that two different types of carbon–carbon bonds are 

available in La2@Ih-C80 for the reaction with azomethine ylides.  On one hand, it 

is the bond that bisects two hexagons, that is, a [6,6]-junction, and, on the other 

hand, it is the bond that bisects a pentagon and a hexagon, that is, a [5,6]-junction.  

In addition, when considering the POZ moiety, four substitution patterns are 

possible for 5.  Although both 1H and 13C NMR spectra of 5 – Figures S6 and S7 



– fail to provide structural insights as far as the C1 symmetry is concerned, they 

turned out to be useful for verifying the purity of 5.  In both spectra only a single 

set of NMR signals are discernible.  For example, 75 out of 78 signals in the 13C 

NMR spectrum are assignable to the sp2 cage carbons.  In addition, the two 

signals appeared at 63.8 and 66.5 ppm are ascribable to the sp3 cage carbons.   

  Evidence for the [5,6]-addition pattern comes from the absorption spectra of 5 

and of other La2@Ih-C80-based pyrrolidinofullerenes.  Firstly, a distinctive 

absorption maximum centered at around 687 nm was seen for [6,6]-

La2@C80(CH2)2NTrt, which is characteristic of the [6,6]-pyrrolidino M2@Ih-C80 

isomer.  Secondly, no characteristic features were noted in the absorption 

spectrum of the corresponding [5,6]-pyrrolidino M2@Ih-C80 isomer [5,6]-

La2@C80(CH2)2NTrt (see Figure S9).10 

 

 

Scheme 1. Synthesis of conjugate 5 and its optimized structure. 

 

  The electrochemical features of 4, 5, and the corresponding references in the 

form of cyclic (CV) and differential pulse voltammetry (DPV) are illustrated in 

Figures S10 and S11, respectively, and are summarized in Table 1.  Importantly, 

subtle differences characterize the redox potentials of the [6,6]- and [5,6]-

La2@C80(CH2)2NTrt isomers.10b  In this context, the redox potentials of 5 more 

closely resemble those of [5,6]-La2@C80(CH2)2NTrt, which further supports our 

conclusion that a [5,6]-addition pattern is present in 5.  The first oxidation of 5 

corresponds to the overlapping oxidations of POZ and the pyrrolidine.  

 

 

Table 1. Redox Potentials[a] of 4–6 and Corresponding References 



Compound oxE2 oxE1 redE1 

4 +0.56 +0.16[d] –0.52 

5 +0.53 +0.14[d,e] –0.49 

6 N/A +0.22 N/A 

[5,6]-La2@Ih-C80(CH2)2NTrt[b] +0.63 +0.23 –0.45 

[6,6]-La2@Ih-C80(CH2)2NTrt[b] +0.95 +0.55 –0.51 

La2@Ih-C80
[c] +0.95 +0.56 –0.31 

 [a] All of the potentials, in volts, were measured relative to the 

ferrocene/ferrocenium couple and were obtained by DPV. [b] Ref. 10b. [c] 

Ref. 7a. [d] Irreversible. [e] Two-electron oxidation process. 

 

  The results of theoretical calculations as depicted in Scheme 1 and Figure S19 

suggest a folded conformation for 5.  As such, POZ and La2@Ih-C80 must be 

assumed to be in close proximity to each other.11  Decisive for the effective 

formation of the (La2@Ih-C80)•–-(POZ)•+ radical ion pair state is the fact that the 

distributions of the POZ-centered HOMO and the endohedral M2-centered LUMO 

are well separated – Figure S20. 

  The electrochemical oxidation of POZ and reduction of 4 to form the radical 

cation of POZ and the radical anion of 4, respectively, was probed in 

spectroelectrochemical experiments.  This was deemed important to assign the 

differential absorption changes.  In terms of reduction of 4, a broad maximum at 

around 1215 nm as well as weaker minima at 835 and 960 nm emerged as 

characteristics as shown in Figure 2a.6j  In addition, the radical anion species of 

4 has distinct maxima at 512, 572, 605, and 772 nm as well as a minimum at 674 

nm. In terms of oxidation of POZ, the differential absorption spectra following the 

conclusion of the spectroelectrochemical oxidation in deaerated 1,2-

dichlorobenzene (1,2-DCB) reveal maxima at 411 and 544 nm as shown in Figure 

2b.  

 

 

 

 

 



 

Figure 2. (a) Differential absorption spectra (visible and near-infrared) obtained 

upon electrochemical reduction of 4 at an applied bias of −0.5 V in argon-

saturated 1,2-DCB at room temperature. (b) Differential absorption spectra 

(visible and near-infrared) obtained upon electrochemical oxidation of POZ at an 

applied bias of +0.5 V in argon-saturated 1,2-DCB at room temperature. 

 

  Excited state events of the La2@Ih-C80 and POZ moieties in 5 following 

femtosecond and nanosecond excitation were investigated by means of transient 

absorption measurements.  Figure 3 shows the differential absorption changes 

of POZ upon excitation at 387 nm.  These include strong maxima at 500 and 

685 nm, which relate to the singlet excited state of POZ.  In POZ, the singlet 

excited state decays via intersystem crossing with a lifetime of 1.5 ± 0.1 ns to 

afford the corresponding triplet excited state.  For the latter, transient maxima 

are registered at 465 and 535 nm.  



  In reference to Figure 4, we note that for 4, photo-excitation at 387 nm leads 

to appreciable ground state bleaching at 465 nm.  This bleaching is 

accompanied by a rather well-resolved fine structure with maxima at 515, 566, 

614, 800, and 900 nm.  Notably, La2@Ih-C80 has a closed-shell character.  Still, 

its singlet excited state is rather short-lived with a lifetime of 45 ± 5 ps.  A heavy-

atom effect seems a plausible rationale as it facilitates the spin-orbit coupling and, 

in turn, the intersystem crossing.  Commencing with the singlet-excited-state 

decay, a weak and broad absorption in the 800–1200 nm range, along with broad 

features that taper at 550 nm, develops.  The latter relates to the triplet excited 

state of La2@Ih-C80, which is formed from efficient intersystem crossing, in 

accordance with literature reports.6i,12 

  Either 387 or 420 nm laser pulses exclusively address the La2@Ih-C80 singlet 

excited state due to the lack of any POZ absorption at these excitation 

wavelengths as shown in Figure S12.  Conjugate 5 reveals, right after the 

conclusion of the 387 nm excitation – Figures 5 and S13–S15 – differential 

absorption changes in the form of transient maxima at 512, 565, 610, 800, and 

900 nm as well as a transient minimum at 465 nm.  We assign these changes 

to the La2@Ih-C80 singlet excited state (1.4 ± 0.2 eV) in good agreement with the 

experiments with 4.6k 

  It is not the slow intersystem crossing, which populates the corresponding 

triplet excited state in 5.  Instead, the La2@Ih-C80 singlet excited state decays 

ultrafast with solvent dependent lifetimes of 6.4 ± 0.6 ps in toluene, 2.1 ± 0.5 ps 

in THF, and 0.7 ± 0.3 ps in benzonitrile, as shown in Figures S16, and S17. 

  Simultaneously with the singlet excited state decay, new transitions develop in 

the visible and near-infrared region of spectrum on a timescale of a few 

picoseconds.  At first glance, maxima are seen at 512, 535, 565, 610, 700, 800 

nm and a broad near-infrared tail.  A closer look reveals that the maximum at 

535 nm bears resemblance with the spectroelectrochemical findings regarding 

the POZ radical cation – POZ•+.   The visible region, in contrast, as well as a 

broad near-infrared tail is attributable to the La2@Ih-C80 radical anion – (La2@Ih-

C80)•–.  Taking the aforementioned into concert, we conclude that an 

energetically (La2@Ih-C80)•–-(POZ)•+ low-lying radical ion pair state (0.63 eV) is 

formed via ultrafast through-space electron transfer.  Both fingerprints were 



employed as reliable probes for the lifetime determination of the (La2@Ih-C80)•–-

(POZ)•+ radical ion pair state.  From a global analysis, charge recombination 

lifetimes of 96 ± 7, 63 ± 8, and 101 ± 35 ps were determined in toluene, THF, and 

benzonitrile, respectively.  Solvent dependency for the biphasic La2@Ih-C80 

singlet excited state decay in 5 clearly underpins our assignments of charge 

separation and charge recombination.  

 

Figure 3. (a) Differential absorption spectra (visible and near-infrared) obtained 

upon femtosecond flash photolysis (387 nm) of POZ (10−5 M) in argon-saturated 

THF with several time delays between 0 and 7500 ps at room temperature. (b) 

Time-absorption profiles of the spectra shown above at 500 (black) and 685 nm 

(red) monitoring the intrinsic intersystem crossing. 

 

 

 

 

 

 

 



 

Figure 4. (a) Differential absorption spectra (visible and near-infrared) obtained 

upon femtosecond flash photolysis (387 nm) of 4 (10–5 M) in argon-saturated 

toluene with several time delays between 0 and 117 ps at room temperature. (b) 

Time-absorption profiles of the spectra shown above at 465 (black) and 515 nm 

(red) monitoring the intrinsic intersystem crossing.6k 

 

 

 



Figure 5. (a) Differential absorption spectra (visible and near-infrared) obtained 

upon femtosecond flash photolysis (387 nm) of 5 (10–5 M) in argon-saturated THF 

with several time delays between 0 and 150 ps at room temperature. (b) Time-

absorption profiles of the spectra shown above at 465 (black) and 512 nm (red) 

monitoring the charge separation and charge recombination. 

 

Table 2. Characteristic Absorption Spectral Change 

POZ Absorption maximum (nm) 

Radical cation[a] 411, 544 

Singlet excited state[b] 500, 685 

Triplet excited state[b] 465, 535 

 

Conjugate 4 Absorption maximum 

(nm) 

Absorption 

minimum (nm) 

Radical anion[a] 512, 572, 605, 772, 

1215 (broad) 

674, 835, 960 

Singlet excited state[b] 515, 566, 614, 800, 

900 

465 

Triplet excited state[b] 550 (broad), NIR 

(broad) 

 

 

Conjugate 5 Absorption maximum 

(nm) 

Absorption 

minimum (nm) 

Singlet excited state[b] 512, 565, 610, 800, 

900 

465 

Radical anion 

((La2@Ih-C80)•−)[b] 

512, 565, 610, 800, 

900, NIR tail 

 

Radical cation 

( (POZ)•+)[b] 

535  

 [a] Electrochemically generated. [b] Excited at 387 nm. 

 

 

Conclusions 

In short, we have prepared a new electron donor-acceptor conjugate featuring 

La2@Ih-C80 as an electron acceptor and POZ as an electron donor, respectively, 

by exploiting Prato conditions. The reaction took place preferably at the [5,6]-

junction to allow regioselective formation of conjugate 5.  Computational 

calculations suggest a folded conformation for 5, in which the POZ moiety is in 



close proximity to the fullerene cage.  Corroboration for the formation of the 

(La2@Ih-C80)•–-(POZ)•+ radical ion pair state came from time-resolved absorption 

spectroscopic studies.  Throughout, we conclude that electron transfer upon 

photo-excitation is governed by a through-space mechanism.  Though the 

presented charge separated state lifetime of the conjugate is short, this 

investigation provides a new insight for the excited state characteristics of EMF-

based electron donor-acceptor conjugates. 

 

Experimental Section 

N-substituted POZ-containing aldehyde 613 and La2@Ih-C80
14 were synthesized 

according to literature procedures. 

Synthesis of 5. A mixture of La2@Ih-C80 (1.0 mg, 8.1 10–4 mmol), 6 (14 mg, 4.1 

10–2 mmol, 50 eq.) and 2-methyl-2-(methylamino)propanoic acid (10 mg, 8.5 10–

2 mmol, 105 eq.) in toluene (20 mL) was placed in a pyrex tube.  After degassing 

by three freeze–pump–thaw cycles under reduced pressures, the mixture was 

heated to reflux under Ar for 3 h.  The mixture was filtered through a membrane 

filter (pore size, 0.45 mm) and the solvent was removed using a rotary evaporator.  

The residue was dissolved in toluene and injected into a preparative HPLC to 

allow isolation of 5.  Pure 5 was obtained as a brown solid (Yield, 75% based on 

consumed La2@Ih-C80, determined using HPLC). 

Data for 5. 1H NMR (500 MHz, in CS2 ([D6]acetone capillary as lock solvent; 293 

K) δ 6.95–7.00 (m, 1H; Ar-HE’), 6.65–6.68 (m, 1H; Ar-HE), 6.32–6.35 (m, 1H; 

Ar-HF’), 6.15 (dd, J = 2.0, 8.3 Hz, 1H; Ar-HF), 5.95 (dt, J = 1.2, 7.6 Hz, 2H; Ar-HK), 

5.75–5.85 (m, 6H; Ar-HJ, L, M), 3.60 (s, 1H; CHD), 3.44 (t, J = 5.5 Hz, 2H; OCHI
2), 

3.06 (t, J = 7.5 Hz, 2H; NCHG
2), 1.72 (s, 3H; NCHC

3), 1.45–1.50 (m, 2H; CHH
2), 

1.32 (s, 3H; CHB
3), 0.84 (s, 3H; CHA

3) ppm; 13C NMR (125 MHz in CS2 

([D6]acetone capillary as lock solvent); 293 K) δ 159.01 (Ce), 154.74, 152.94, 

150.76, 149.30, 148.76, 148.23, 147.43, 146.70, 146.56, 146.19, 145.89, 145.31, 

144.89 (Cg), 144.78, 144.70, 144.65, 144.60, 144.55, 144.03, 143.96, 143.42, 

143.26, 143.21, 142.91, 142.86, 142.81, 142.10, 142.01, 141.89, 141.48, 141.26, 

141.14, 141.04, 140.93, 140.54, 140.45, 140.40, 140.32, 140.15, 140.08, 140.00, 

139.88, 139.81, 139.69, 139.65, 139.02, 138.96, 138.92, 138.89, 138.74, 138.37, 

138.30, 138.10, 137.90, 137.69, 137.63, 137.28, 137.20, 136.79, 136.64, 136.50, 



136.46, 136.39, 136.23, 136.12, 135.94, 135.67, 135.24, 135.18, 134.35, 133.01 

(Cd), 132.90, 131.91 (CE’H), 130.58 (CEH), 129.80, 129.30, 129.25 (Cf), 128.99, 

128.60, 124.06 (CKH), 122.86, 121.55 (CLH), 115.89 (CJH), 115.10 (CF’H), 113.70 

(CFH), 111.44 (CMH), 81.97 (CDH), 72.43 (Ca), 66.32 (Cb), 65.33 (OCGH2), 63.93 

(Cc), 41.08 (NCIH2), 32.17 (NCCH3), 26.28 (CBH3), 26.18 (CHH3), 16.43 (CAH3) 

ppm, 97 resonances out of 100 ones due to peak overlap; MALDI-TOF MS (TPB): 

m/z: 1639 ([M]–), 1238 ([M – C26H28N2O2]–). 

Stability of 5. When pure 5 was heated at 120°C for 2h, retrocycloaddition took 

place and the gradual formation of pristine La2@Ih-C80 was observed.  When the 

retrocycloaddition was conducted in the presence of N-phenylmaleimide, 

formation of the corresponding 1,3-dipolar cycloadduct (7, see Figure S4) of the 

1,3-azomethine ylide intermediate and N-phenylmaleimide was observed in the 

MALDI-TOF mass spectrum  (see Figures S3, S4).  As such, Martín et al. have 

reported similar retrocycloadditions of fulleropyrrolidines and endohedral 

fulleropyrrolidines.15 
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