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Abstract
Ketones, one of widely applied moieties in designing electrical and medical materials, commonly
converted from the alcohols through the oxidation reactions. However, when alcohols are
protected/functionalized, the direct oxidation strategies are substantially curbed. Here we show a highly
e�cient copper bromide promoted one-step direct oxidation of alkoxy to ketone with the aid of a fullerene
pendant. Mechanistic studies unveil that fullerene can serve as an electron poor proceeding the one-step
oxidation of alkoxy group to ketone. In the absence of fullerene pendant, the unreachable activation
energy threshold hampers the direct oxidation of alkoxy group. In the presence of fullerene pendant,
copper bromide oxidized fullerene radical cation can activate neighboring C–H bond of alkoxy moieties,
allowing a favorable energy barrier for initiating the direct oxidation of alkoxy group. Produced fullerene-
fused ketone indicates high thermal stability, affording the pin-hole free and amorphous electron-
transport layer with high electron-transport mobility.

Introduction
Oxidation reactions, such as the direct oxidation of alcohols to aldehydes or ketones, are among the most
critical and fundamental transformations in organic synthesis.1 However, the oxidation methods are
limited when alcohols are protected/functionalized with an alkyl group to form the alkoxy structure,2

which is mainly attributed to high activation energy barrier for directly converting the alkoxy group to
ketone structure.3 Consequently, the one-step direct oxidation of alkoxy to ketone has yet to be presented.
Fullerene, a well-known intrinsically electron-de�cient molecule, is prone to accept electrons affording the
reduced fullerene anion species for versatile functionalizations.4,5 With our interest in exploring the
classical organic chemistry reaction under assistance of fullerene, and also inspired by the recent studies
on fullerene radical cation (C60

•+) mediated reaction,6,7 we conceived that C60
•+ should be feasible for the

one-step oxidation of alkoxy group to ketone through the electron transfer activation. Herein, we report a
copper (II) bromide promoted one-step direct oxidation of alkoxy to ketones with the aid of an oxidizable
fullerene pendant (Fig. 1). Distinct from the unfavourable energy barrier in direct oxidation of alkoxy
group to ketone, fullerene pendant serves as an electron pool for facilitating the electron transfer from the
alkoxy structure to oxidant. Mechanistic studies indicate that the fullerene assisted one-step oxidation
involves two critical steps: 1) electron transfer from C60 to Cu[II] affords C60

•+, and 2) the generated C60
•+

attracts electron density from the neighbouring C–H bond, contributing to the further electron transfer
from the alkoxy structure to the fullerene cage. Meanwhile, obtained fullerene-fused ketones are
fabricated to the electron-transport layers through thermally deposition, which provides the photovoltaic
devices with uniformly pin-hole free electron-transport �lms. The reaction presented herein not only
provides an understanding on one-step oxidation of alkoxy group to ketone, but also access the high-
quality electron-transport layers through thermally evaporation.

Methods
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General procedures for the one-step oxidation reaction. For fullerene-fused ketones 2, all reactions were
performed by using 0.03 mmol of 1, 0.12 mmol anhydrous CuBr2 (Sigma-Aldric) in 10.0 mL of anhydrous

o-dichlorobenzene (o-DCB) under an argon atmosphere or open-air condition at 100 oC for 1.5 hours. After
reaction was over, resulting mixture was directly �ltered through a silica gel plug to remove insoluble salt,
and then evaporated in vacuo to remove the excess solvent. Finally, the residue was further separated on
a silica gel column with CS2 or CS2/dichloromethane as eluents to afford products 2.

18O isotope-labeled experimental procedure. 3.0 mg (3.6 μmol) of 1a and 1.5 μL of H2
18O (0.072 mmol,

20.0 equiv) were added to 3.0 mL of anhydrous o-DCB solution in the presence of CuBr2 (3.2 mg, 14.4

μmol, 4.0 equiv). After being vigorously stirred at 100 oC for 1.5 h with a tiny sealed tube, resulting
mixture was directly �ltered through a silica gel plug to remove insoluble materials. Finally, the �litrate
was condensed in vacuo for the following HRMS measurement.

TEMPO experimental procedure. 3.0 mg (3.6 μmol) of 1a, 3.2 mg of CuBr2 (14.4 μmol, 4.0 equiv), and
2,2,6,6-tertramethyl-1-piperidinyloxyl (TEMPO) (2.3 mg, 4.0 equiv; 5.6 mg, 10.0 equiv) were added to 3.0
mL of anhydrous o-DCB solution. After being vigorously stirred at 100 oC for 1.5 h under the argon
atmosphere, resulting mixture was directly �ltered through a silica gel plug to remove insoluble materials.
Finally, ca. 50 μL of �litrate was directly loaded on HPLC to analyze results.

Measurement of trap-�lling limit voltage (VTFL) and trap density (nt). VTFL and nt were evaluated based on
space-charge-limited current (SCLC) using charge carrier only devices with a con�guration of
ITO/Fullerenes (75 nm)/Au (60 nm). The VTFL and nt were calculated from the following equation: 

 where e is electric charge (1.602 × 10-16 V m-1), 0 is the vacuum permittivity (8.85 × 10-19 V

m-1), r is the relative permittivity taken as 46.9, and d is the thickness of the fullerene layer. The thickness
of the fullerene layer was measured by using cross-sectional scanning electron microscopy. The
experimental dark current density was measured under an applied voltage swept from 0 to –5 V.

Measurement of electron mobility. The electron-transport layer only device with a con�guration of
ITO/Fullerenes (30 nm)/Al (80 nm) was fabricated to evaluate the electron carrier mobility of synthesized
fullerene-fused ketone. The mobility was determined by �tting the dark current to a model of a SCLC,

which is described by the equation:  where JSCLC is the current density, µ is the electron

mobility, e0 is the vacuum permittivity (8.85   10-19 V m-1), e0 is the relative permittivity taken as 46.9, L is
the thickness of the fullerene layer, and V is the effective voltage. The thickness of the fullerene layer was
measured by using cross-sectional SEM. The experimental dark current density was measured under an
applied voltage swept from 0 to –3 V.

Data availability
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The authors declare that the data supporting the �ndings of this study are available within the paper and
its supplementary information �les, or from the corresponding author upon reasonable request.

Results
Reaction optimization. Applied alkoxy substrate, indano[60]fullerene 1a, was synthesized according to
our previously reported fullerene-cation-mediated synthetic strategy.8 The optimized reactions are
summarized in Table, which includes the screening of the oxidants, reaction temperature, and reaction
time. The optimized conditions successfully achieved [60]fullerene-fused ketone 2a was obtained in an
isolated yield of 94%, with 4.0 equiv. CuBr2 as oxidant in an ortho-dichlorobenzene (o-DCB) solution at
100 °C for 1.5 h under an argon atmosphere (entry 12). It is worth noting that 2a can be obtained in
equally high yield when the reaction was carried out in ambient environment (entry 14). Thus, this
reaction appears to have high e�ciency and ease of operation, which would be useful for industrial-scale
synthesis of fullerene-fused ketones.

Substrate scope of the one-step oxidation reaction. The substrate scope was further explored with some
representative compounds. As shown in Table 2, this one-step oxidation reaction proceeded smoothly to
afford 2a–d in excellent yields. The optimized condition produced ketone 2a with an isolated yield of 94%
(entry 1). Methyl-substituted ketone 2b was obtained in similarly high yield of 93% (entry 2). To
investigate the electronic effect of substituents, electron-withdrawing 4-�uoro- and electron-donating 4-
methoxy-functionalized indano[60]fullerene substrates were synthesized. The corresponding ketones 2c
and 2d were successfully isolated in excellent yields of 92% and 94%, respectively (entries 3 and 4).

Discussion
Isotope-labelling experiments for determining the oxygen source. The successful oxidation of alkoxy
indano[60]fullerene 1a under the argon atmosphere, indicating that the oxygen source was not directly
from the air. Then, the oxygen source for this one-step oxidation was determined by performing the
reaction in the presence of 18O isotope-labelled water (H2

18O) within a sealed tube (Fig. 2). The control

experiment was performed without the addition of H2
18O under the optimized conditions. Then, the

molecular weight of the product 2a was measured by high-resolution mass spectrum (HRMS), which
showed a mass-to-charge ratio (m/z) of 824.0260 corresponding to non-18O-labeled 2a (Fig. 2a). When
the reaction was carried out in the presence of H2

18O, a peak at m/z 826.0342 was clearly observed by

HRMS, indicating that the obtained ketone contained 18O in its carbonyl group (Fig. 2b). Therefore, the
oxygen source for this oxidation reaction is H2O rather than the methoxy group or O2 from the air.

Notably, although an excess of H2
18O was used, the mass peak of non-18O labelled ketone 2a can still be

seen in the HRMS spectrum of the 18O-labeled ketone 2a-(18O). (See Supplementary Fig. 1, Tables 1 and 2
for details).
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Kinetic studies. Reaction kinetics of this one-step direct oxidation reaction were carried out to further
understand the reaction characteristics (Fig. 3). All reactions were performed under the same conditions
except varying the temperature. The concentration changes over time were monitored by high-
performance liquid chromatography (HPLC) (See Supplementary Figs. 2–5, Tables 3–6 for details). The
change in concentration of reactant 1a and product 2a over time clearly indicated that this oxidation
reaction reached equilibrium faster and gave higher yield when the reaction temperature increased (Figs.
3a and 3b). No by-products were formed during the transformation of 1a to 2a, demonstrating that this
oxidation route has high selectivity and e�ciency. The consumption ratio of 1a was plotted on a
logarithmic scale to determine the reaction order. The natural logarithm of the 1a consumption ratio
exhibited a strong linear time dependence, suggesting that this oxidation reaction exhibit the �rst-order
characteristics (Fig. 3c). The rate constant (k) dramatically increased from 6.4 × 10-4 mol-1 L-1 s-1 to 7.8 ×
10-3 mol-1 L-1 s-1 when the reaction temperature was increased from 353 K to 375 K (Table 3). Next, the
activation energy Ea, activation enthalpy ΔH‡, activation entropy ΔS‡, and activation Gibbs free energy

ΔG‡ were obtained from Arrhenius plots (ln k vs. 1/T) and Eyring plots (ln(k/T) vs. 1/T) on the basis of
following equations, respectively (Fig. 3d):9,10

ln k = – Ea/RT + ln A                                                                                                                                                   
(1)

ln (k/T) = – ΔH‡/RT + [ln (kB/h) + ΔS‡/R]                                                                                                        
            (2)

Here, k is the rate constant, T is the temperature, R is the gas constant, ln A is a constant, kB is the
Boltzmann constant, h is the Planck constant. The results summarized in Table 1 indicate that this one-
step direct oxidation has an Ea of 120.6 kJ mol-1, with an endothermic ΔH‡ of 116.4 kJ mol-1, a positive

ΔS‡ of 6.2 J mol-1 K-1.

Mechanistic studies. To gain more understandings on this one-step oxidation reaction, further
investigations were carried out to understand the additional products and active intermediates. In situ
proton nuclear magnetic resonance (1H NMR) was applied to analyze the leaving form of the methyl
group in 1a (Fig. 4a). As shown in Fig. 4a, 1H NMR of 1a clearly depicted a methyl peak with a chemical
shift (δ) at 4.252 ppm. After the reaction was �shed, the in situ 1H NMR of reaction mixture indicated a
disappearance of methyl peak in 1a, while a new singlet peak appeared at δ = 2.619 ppm. Compared to
the methyl peak in methanol (δ = 2.827), which we hypothesized as the potential leaved form of methyl in
this reaction, the reaction mixture showed substantially up-�eld shifted. Additionally, the reaction mixture
was examined to be acidic, indicating the generation of acid during the reaction. Accordingly, we
hypothesized the 1H NMR signal (δ = 2.619) of reaction mixture should be derived from the methyl in
CH3Br,12 which was produced by the reaction between generated HBr and MeOH leaved from 1a
especially reacting at high temperature. Meanwhile, when CH3Br was formed, H2O was simultaneously
generated, which could then serve again as an oxygen source for this oxidation. Also, this result explained
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why non-18O labelled 2a was still detected even when we used a large excess of H2
18O. Therefore, the

methyl group in 1a leaved in a methanol form, which further suggests that this oxidation reaction should
involve a hemiketal intermediate. Also, the slightly positive ΔS‡ of this reaction reasonably explained the
increased disorder because of the additional products of MeOH and HBr. Besides the analysis of
additional products that generated during the reaction, further experiments were performed to con�rm
which active intermediate that mediated this one-step oxidation. Then, the radical scavenger 2,2,6,6-
tertramethyl-1-piperidinyloxyl (TEMPO) was applied to con�rm the generation of C60

•+ intermediate from
the single electron transfer between fullerene and CuBr2 (Fig. 4b). When the reaction was run in the
presence of 4.0 equiv. of TEMPO, the yield of 2a was dramatically decreased from 95% to 8%. A further
increase in amount of TEMPO to 10.0 equiv. stopped the reaction, suggesting that the electron transfer
process was completely suppressed. Therefore, the one-step direct oxidation of alkoxy is initiated by
electron transfer from C60 to CuBr2, and C60

•+ plays a key role in the following oxidation steps.

Our mechanistic insights regarding to the C60
•+ intermediate mediated one-step oxidation are provided in

Fig. 5. Based on the above experimental results and our previous research,7 we considered that the
oxidation of fullerene to C60

•+ through single electron transfer in the presence of copper bromide
demonstrate a critical role in this reaction. As depicted in Fig. 5, in this one-step oxidation, we
hypothesized that the fullerene pendant in 1a is initially oxidized by CuBr2 via single-electron transfer,
producing the key active specie, indano[60]fullerenyl radical cation I. Owing to the electron de�ciency of
C60

•+, the neighbouring C–H bond is then cleaved to generate neutral radical II with the release of one
proton, which then spontaneously reacting with the isolated bromide anion to form HBr. Next, CuBr2

further oxidizes II to generate corresponding cation III, which undergoes nucleophilic addition by H2O,
producing hemiketal intermediate IV. Finally, [60]fullerene-fused ketone 2a is produced through the loss of
methanol and deprotonation. Meanwhile, the methanol produced can react with HBr to generate CH3Br
and H2O, which then quickly reacts with benzyl cation III (See Supplementary Fig. 6 for details). Therefore,
fullerene pendant can facilitate the one-step direct oxidation of the alkoxy group to ketone by serving as
an electron pool.

 

Computation studies. To provide further support for the proposed mechanism, density functional theory
(DFT) calculations were performed to understand the key species and reaction barriers (Fig. 6, See
Supplementary Table 7 for details). The DFT results indicated that the rate-determining step is proton
transfer from H2O to the methoxy group, which had computed potential energy barrier of 124.5 kJ mol-1,

in fair agreement with the experiment value. It should be noted that Br– e�ciently accelerated this proton
transfer, as shown by DFT calculations in the absence of Br– (See Supplementary Fig. 7 and Table 9 for
details). In addition, the calculations showed facile oxidation of 1a by copper (II) and relatively easy
deprotonation of I to form the benzyl cation III and HBr, with an energy barrier on the order of 38.6 kJ mol-
1 (See Supplementary Fig. 8 for details). Therefore, CuBr2 plays two roles in this one-step oxidation
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reaction: a) oxidation of fullerene via electron transfer with assistance of bromide anion; b) proton
transfer for formation of the hemiketal through the formation of Br–.

Performance of evaporable fullerene-fused ketone. So far, fullerene derivatives have been demonstrated
as versatile and high-performance electron-transport materials in perovskite solar cells,13,14 but the high-
performance fullerene electron-transport materials have never been achieved using vacuum-deposition
process.15–17 Accordingly, both the indano[60]fullerene 1a and the produced fullerene-fused ketone 2a
were further processed through the vacuum-deposition process to fabricate the electron-transport layer.
HPLC analyses of vacuum-deposited 1a-�lm indicated that 1a is instable in the vacuum-deposition
process (Fig. 7a). To our delight, we observed that no thermally decomposed components were detected
when vacuum-depositing 2a, which indicated fullerene-fused ketone has stronger stability (Fig. 7b).
Further thermogravimetric analyses (TGA) manifested that 2a show high thermal stability with an initial
decomposing temperature at 409.5 oC, which is much thermally stable than that of 1a or PC61BM (See
Supplementary Fig. 9 for details). Transmission electron microscopy (TEM) was carried to compare the
morphology of spin-coated and vacuum-deposited 2a-�lms, respectively. Fig. 7c indicated that the spin-
coated 2a-�lm show obvious pinholes with substantial crystalline found in the selected area electron
diffraction (See Supplementary Fig. 10a for details). In stark contrast, the vacuum-deposited 2a-�lm
exhibits a highly uniform and amorphous morphology, which bene�ts the high electron-transport
performance (Fig. 7d and See Supplementary Fig. 10b for details).6 To evaluate the charge carrier
mobility of fullerene-fused ketone 2a, space-charge-limited current (SCLC) measurements was applied to
compare the trap-�lling limit voltage (VTFL) and trap density (nt) of spin-coated and vacuum-deposited 2a-
�lms, respectively (Figs. 7e & 7f). In well accordance with TEM observations, the spin-coated 2a-�lm
showed more defects with higher VTFL (1.49 V) and nt (1.4 × 1018 cm-3), compared with VTFL (1.01 V) and

nt (9.3 × 1017 cm-3) of the vacuum-deposited 2a-�lm. Moreover, additional SCLC measurements further
compared vacuum-deposited C60- and 2a-�lms (Figs. 7g and 7h). The 2a-�lm exhibited an equally high

electron mobility (2.16 × 10-6 cm2 V-1 s-1) compared with C60-�lm (2.33 × 10-6 cm2 V-1 s-1), which
suggesting that fullerene-fused ketone can be applied as an e�cient electron-transport layer to replace
the pristine [60]fullerene in perovskite solar cells.

In summary, here we report a facile CuBr2-promoted one-step direct oxidation of alkoxy to ketone with the
aid of an oxidizable fullerene pendant. The mechanistic investigation demonstrates in situ generated
fullerenyl radical cation (C60

•+) behaves as an electron pool to facilitate the one-step direct oxidation: a)

initiating oxidation via electron transfer from C60 to CuBr2 to form C60
•+ and b) activating cleavage of the

neighbouring C–H bond by withdrawing electrons from the bond and subsequently affording the key
hemiketal intermediate. Moreover, we found that produced fullerene-fused ketone can form the high-
quality electron-transport �lm using the vacuum-deposited process. Therefore, this reaction will not only
provide a useful method in fundamental organic chemistry regarding the direct oxidation of alkoxy to
ketone and in fullerene cation chemistry, but also provide an evaporable fullerene material for high-
performance electron-transport material in perovskite solar cells.
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Table 3 Kinetic parameters of the one-step oxidation reactiona

Temp.

(K)

Rate constant

(mol-1 L-1 s-1)

Ea

(kJ mol-1)

ΔH‡

(kJ mol-1)

ΔS‡

(J mol-1 K-1)

ΔG‡

(kJ mol-1)

353 6.4 × 10-4 120.6 116.4 6.2 114.1

360 1.5 × 10-3

368 3.2 × 10-3

375 7.8 × 10-3
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aActivation free energy ΔG‡ was estimated from ΔH‡, ΔS‡ and temperature at 375 K according to the
equation ΔG‡ = ΔH‡ – TΔS‡.11

Figures

Figure 1

Working concept. One-step direct oxidation of alkoxy groups to ketones with the fullerene as redox
pendant.
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Figure 2

18O isotope-labelling experiments. Reaction conditions: 1a (3.0 mg, 3.6 μmol), CuBr2 (4.0 equiv.), o-DCB
(3.0 mL) at 100 °C for 1.5 h in a sealed tube. a) Absence of H218O. b) 20.0 equiv. H218O.
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Figure 3

Reaction kinetics. Reaction conditions: 1a (3.0 mg, 3.6 μmol), CuBr2 (4.0 equiv.), o-DCB (3.0 mL). a)
Concentration of 1a over time at different temperatures. b) Concentration of 2a over time at different
temperatures. c) Plots of ln([1a]0/[1a]) over time at different temperatures, where [1a]0 and [1a] are the
initial and remaining concentrations of 1a, respectively. d) Arrhenius plot (black) and Eyring plot (blue) for
this one-step oxidation reaction.
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Figure 4

Mechanistic studies. a) 1H NMR with the H2O as internal reference located at up-�eld for identifying the
methyl structure of 1a (black), reaction mixture (red), and methanol (blue). b) Experiments in the presence
of different amount of TEMPO as radical scavenger.
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Figure 5

Proposed mechanism. Plausible mechanism for CuBr2-promoted one-step direct oxidation of alkoxy
group to ketone.
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Figure 6

Computation studies. DFT calculation for the key step from intermediate III to 2a in the presence of Br–.
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Figure 7

Properties of evaporable fullerene-fused ketone material. HPLC analyses of a) vacuum-deposited
indano[60]fullerene 1a-�lm. b) Vacuum-deposited [60]fullerene-fused ketone 2a-�lm. TEM observations of
c) spin-coated 2a-�lm and d) vacuum-deposited 2a-�lm with the magni�cation as an inset. Trap density
measurement of e) spin-coated 2a-�lm and f) vacuum-deposited 2a-�lm. The SCLC based electron
mobility measurement of g) vacuum-deposited C60-�lm and h) vacuum-deposited 2a-�lm.
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