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Abstract: In this study we present a method for functionalizing C60 through a Rh-catalyzed cyclization
reaction with 1,6-enynes, resulting in the formation of a fused bicyclic structure. Additionally, fullerene
derivatives are further functionalized through regioselective photooxygenation reactions. Our DFT calculations
reveal two distinct reaction pathways: one involving rhodium-catalyzed cycloisomerization of the enyne
followed by Diels-Alder with C60, and the other featuring a rhodium-catalyzed [2+2+2] cycloaddition of
enyne and C60 followed by isomerization. Surprisingly, both pathways exhibit nearly identical energy barriers.
However, experimental tests indicate that the predominant pathway varies depending on the substitution motifs
of the substrates.
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Introduction

Exohedrally modified fullerenes have attracted signifi-
cant attention due to their remarkable applications in
various fields such as biomedicine,[1] materials
science,[2] and next-generation photovoltaics.[3] This
has led to the exciting goal of achieving tailored and
selective decorations on this molecular architecture. A
crucial aspect for this purpose is the higher reactivity
of the double bonds present in the junctions between
two six-membered rings of fullerene cages, commonly
referred to as [6,6] bonds. These bonds, which are
shorter and exhibit double bond character actively
participate in numerous chemical reactions, with cyclo-
addition reactions playing a pivotal role.[4]

Among cycloadditions, those most widely used to
functionalize fullerenes are the Diels-Alder, the 1,3-
dipolar cycloadditions, and the Bingel-Hirsch
cyclopropanations.[5] While the conditions for the
monofunctionalization reaction are generally possible,

these reactions are prone to polyfunctionalization
leading to an intractable mixture of regioisomers.[6]

Although much less developed, transition metal-
catalyzed cycloaddition reactions of C60 with unsatu-
rated scaffolds represent a fundamental tool for the
construction of complex cyclic compounds fused to
fullerenes and generally do not suffer from
polyadditions.[7]

Rhodium is known to catalyze a vast range of
cycloaddition and cycloisomerization reactions of
unsaturated substrates. In an ongoing project from our
group, we described two different reactivity patterns in
the functionalization of fullerenes. On the one hand,
the [2+2+2] cycloaddition involving C60 as one of
the reactive unsaturations (Scheme 1a),[8] and on the
other hand, a cycloisomerization of a bisallene sub-
strate, generating in situ a reactive diene that engages
in a Diels-Alder cycloaddition with a [6,6] bond of C60
(Scheme 1b).[9] Whereas in the latter polyadditions
were clearly detected, the rhodium-catalyzed [2+2+
2] cycloaddition was never observed to take place on a
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monofunctionalized fullerene. Motivated by these
findings and intrigued by the diverse behavior ex-
hibited by different unsaturated substrates, our interest
shifted to 1,n-enynes. The key question at hand was
whether these substrates would engage in a [2+2+2]
cycloaddition reaction with C60 or trigger a cascade
process based on a cycloisomerization, followed by a
Diels-Alder reaction with the pristine fullerene (Sche-
me 1c).

1,n-Enynes have emerged as an extremely attractive
starting material for cycloisomerization and cyclo-
addition reactions. Since the pioneering study by
Trost,[10] enynes -and particularly 1,6-enynes- have
attracted considerable attention as valuable building
blocks for accessing a myriad of cyclic compounds in
an atom-economic processes under mild reaction
conditions. Enynes exhibit versatility by undergoing
various cycloisomerization processes under transition
metal catalysis[11] or by participating in cycloadditions
with a third unsaturation, the relevant cases of which
are the Pauson-Khand reaction[12] and the [2+2+2]
cycloaddition reaction.[13] In the former scenario,
cycloisomerization of enynes can afford cyclized 1,3-
dienes, which can be used as dienes in Diels-Alder
reactions in cascade processes.[14] Fuller-1,6-enynes
can participate in a thermal [2+2] intramolecular
cyclization to generate three fused rings on the same
hexagonal ring of the fullerene surface containing a
cyclobutene moiety.[15]

An example of the two different types of reactivity
can be seen in the works by Tanaka et al.[16,17] shown in
Scheme 2. The reaction of enynes with chelating
alkoxyacetaldehydes under rhodium catalysis and in
the presence of (R)-BINAP ligand took place via an
enantioselective [2+2+2] cycloaddition reaction
(Scheme 2a).[16] Conversely, when the reaction was
carried out with arylaldehydes and in the presence of a
Brønsted acid, the former favoured the cycloisomeriza-
tion of the enyne to give an exocyclic 1,3-diene, which
subsequently reacts with the aldehyde to give hetero-
Diels-Alder reaction in a cascade process
(Scheme 2b).[17] In these cases, both the nature of the
starting aldehyde and the reaction conditions direct the
course of the cycloaddition giving different products.

Considering the potential that enynes can have in
cycloaddition reactions and visualizing a method to
functionalize fullerenes, here we report our findings
with regard to the reaction of 1,6-enynes with C60
under rhodium catalysis (Scheme 1c). By investigating
the mechanistic pathway by DFT calculations, we aim
to gain valuable insights into these types of reactions.

Results and Discussion
The study was initiated by testing the reaction
conditions for the cycloaddition between fullerene C60
and N-tosyl-tethered enyne 1a (see Table 1 and
Table S1 in the Supporting Information). In our initial
attempts, an equimolar mixture of a cationic rhodium
complex [Rh(cod)2]BF4 (cod=cyclooctadiene) and
(R)-Tol-BINAP, pre-treated under hydrogenation con-
ditions, was used as a catalyst. Upon heating the
reaction mixture for 30 min in refluxing o-dichloroben-
zene (o-DCB) and using an excess of enyne 1a
(3 equiv. with respect to C60), product 2a was obtained
in a 56% yield (entry 1, Table 1). The equivalents of
the enyne were then reduced to 2 (entry 2, Table 1), the
solvent was changed to toluene (entry 3, Table 1) and
the temperature was lowered to 70 °C (entry 4, Table 1)
but none of these three modifications improved yields
of 2a. The temperature of 90 °C appears to be crucial

Scheme 1. Rh-catalyzed cycloaddition reactions of C60 with (a)
1,6-diynes,[8] (b) 1,5-bisallenes,[9] and (c) 1,6-enynes.

Scheme 2. Examples of the versatility of enynes in cyclo-
addition reactions.[16,17]
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for the successful completion of the reaction (compare
entries 1 and 4 in Table 1). Further optimization of the
reaction conditions was attempted by varying the
ligand. The use of biaryl biphosphines other than (R)-
Tol-BINAP (entries 5–9, Table 1) or monophosphine
XPhos (entry 10, Table 1) proved to be less effective.
Finally, two blank experiments were conducted indicat-
ing that the presence of Rh and ligand was required for
the success of the process (see Table S1 in the
Supporting Information).

The structure of 2a was unambiguously character-
ized using HRMS, NMR (1H, 13C, COSY, HSQC, and
HMBC), and UV-Vis spectra. The molecular formula
of this compound was determined to be C80H21NO2S
by ESI-HRMS ([M+Na]+, m/z=1082.1203), indicat-
ing the formation of a monoadduct. The 1H NMR
spectrum of 2a exhibited a singlet signal at 5.26 ppm
confirming by HSQC that this is the only Csp3H group
(H4 in scheme of Table 1) (C at 54.4 ppm) in the
structure. This is key in making the deduction that the
double bond is in the ring junction between the two
rings of the addend. In addition, for the protons in the
α-position of the nitrogen atom, two sets of diaster-
eotopic protons are observed. For position 2, two broad
doublet signals at 4.39 and 4.94 ppm (2J=14.4 Hz) are
observed and a multiplet signal at around 4.70 ppm is
assigned to protons at position 3. Finally, a multiplet at

4.10 ppm corresponding to the two methylene protons
in position 1 appeared in the spectrum (C atom at
39.4 ppm). These two protons, together with the proton
at position 4, showed correlation with carbon atoms of
the fullerene cage by HMBC.

The UV-Vis absorption spectrum showed an ab-
sorption band at 432 nm, which is in accordance with
the characteristic pattern expected for a cyclohexene-
fused C60 monoadduct.[9] Taken together all this data
allowed us to unambiguously identify the product
formed as 2a.

With an optimized set of conditions at hand
(entry 1, Table 1), the scope of the reaction was then
examined (Scheme 3). With N-tosyl tethered-enynes,

Table 1. Optimization of the rhodium(I)-catalyzed cycloaddi-
tion of enyne 1a with fullerene C60.[a]

Entry Ligand Solvent/T (°C) t (min) Yield (%)

1 (R)-Tol-BINAP o-DCB/90 30 56
2[b] (R)-Tol-BINAP o-DCB/90 30 42
3 (R)-Tol-BINAP Toluene/90 30 37
4 (R)-Tol-BINAP o-DCB/70 30 0
5 BIPHEP o-DCB/90 30 50
6 (R)-DTBM-Segphos o-DCB/90 30 31
7 Xantphos o-DCB/90 60 26
8 (R)-Segphos o-DCB/90 30 34
9 (rac)-BINAP o-DCB/90 30 32
10 XPhos o-DCB/90 90 0
[a] Reaction conditions: 0.07 mmol of C60, 3 equiv. of 1a,
10 mol% of Rh catalyst in o-DCB (1.4 mM) at the indicated
temperature and time. The 10 mol% mixture of [Rh-
(cod)2]BF4 and phosphine ligand was treated with hydrogen
in dichloromethane (CH2Cl2) solution for catalyst activation
prior to substrate addition.

[b] 2 equiv. of 1a were used.

Scheme 3. Scope of the cycloaddition of enynes 1a–1k with
C60. The values in parentheses are the yields based on the
amount of C60 consumed.
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several phenyl-substituted groups (with electron-donat-
ing and electron-withdrawing groups) at the terminus
of the alkyne were tolerated in the process and
fullerene derivatives 2a–2e were obtained with moder-
ate to good yields. An enyne with a heteroaromatic
ring at the alkyne terminus, such as thiophene,
successfully underwent a reaction, resulting in the
formation of derivative 2f with a 30% yield. With
regard to the substituent in the alkyne, not only
aromatic scaffolds but also a methyl-substituted alkyne
reacted with fullerene, to give compound 2g with a
52% of yield. We then explored whether 1,6-enynes
with a tether other than nitrogen could also yield
favorable reactions. Diethyl and ditertbutylmalonate
were tested as tethering units in the enyne with a
methyl substituent in the alkyne, providing a 49% and
71% yield of the fullerene derivatives 2h and 2 i,
respectively. In addition, an oxygen linkage could also
be used in the cycloaddition although final product 2 j
was obtained in a low yield. Finally, a 1,7-enyne was
also tested to obtain a [6,6]-ring fusion in the fullerene
derivative. In this case, the reaction was successful,
resulting in the formation of compound 2k with a 51%
yield.

Due to the photophysical properties of C60, this
compound and its derivatives serve as efficient photo-
sensitizers capable of generating singlet oxygen under
irradiation. Singlet molecular oxygen (1O2) readily
reacts with organic compounds. An example of this is
the reaction between alkenes and oxygen, which results
in the formation of allylic alcohols by regioselective
extraction of hydrogen from an allylic position on the
substrate.[18] Fullerenes functionalized with a cyclo-
hexene ring can undergo photooxidation through an
ene reaction with singlet oxygen to generate allylic
hydroperoxides that can subsequently be reduced to
their respective allylic alcohols.[19] With this idea in
mind, fullerene derivative 2g was irradiated with a
conventional lamp in the presence of air to afford
hydroperoxide 3g with a 29% yield in a regioselective
manner. Further reduction with triphenylphosphine
afforded the allylic alcohol derivative 4g with a 96%
yield. The two reactions could be done in one step,
without isolating the hydroperoxide, obtaining 4g with
an improved overall yield of 47% (Scheme 4).

Once we established a method to functionalize C60
with enynes under rhodium catalysis, we were
intrigued by the mechanism that governs the whole
process. We considered two plausible reaction path-
ways leading to the formation of cycloadducts 2. These
pathways include: (i) A [4+2] Diels-Alder reaction of
C60 with cyclopentadiene intermediate I, which would
be generated through a Rh(I)-catalyzed cycloisomeri-
zation (path a in Scheme 5); and (ii) a Rh-catalyzed [2
+2+2] cycloaddition reaction to form intermediate II,
followed by a Rh-catalyzed isomerization of the
double bond (path b in Scheme 5). To this aim, both

mechanisms were studied and compared by density
functional theory (DFT) calculations at the B3LYP-D3/
cc-pVTZ(SMD=o-DCB)//B3LYP-D3/cc-pVDZ level
of theory (T=363.15 K, see computational details)
(Figures 1 and 2). To minimize computational ex-
penses, we employed methyl-substituted enyne 1g
(R=Me) as a model substrate.

Both reaction pathways begin with the coordination
of the Rh complex to enyne 1g, forming intermediate
A1 (ΔG= � 2.2 kcal ·mol� 1). Subsequently, A1 experi-
ences an oxidative coupling to give rhodacyclopentene
intermediate A2. This step exhibits a minor exergonic-
ity of 1.4 kcal ·mol� 1 and occurs via TS A1A2, with a
barrier of 23.9 kcal ·mol� 1 in its most stable conforma-
tion. We have also considered alternative conforma-
tions of A1, A2, and TS A1A2, as detailed in
Figure S1 of the Supporting Information. The ones
depicted in Figures 1 and 2 represent the lowest energy
path. From A2, the two reaction paths diverge. In path
a (Figure 1), A2 is transformed into Rh-H intermediate
A3 through a β-hydride elimination mechanism. This
step has a high cost of 30.1 kcal ·mol� 1 and is ender-
gonic by 6.2 kcal/mol. Then, intermediate A3 readily
undergoes reductive elimination (TS A3A4), resulting
in A4, which ultimately releases intermediate I and

Scheme 4. Photooxygenation of fullerene derivative 2g and
further reduction to derivative 4g.

Scheme 5. The two mechanistic hypotheses considered in our
DFT study.
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regenerates A1 by the entrance of another molecule of
substrate (1g) into the catalytic cycle. These two
consecutive steps have a low barrier of 5.2 kcal ·mol� 1
and are exergonic by 32.4 kcal ·mol� 1. Intermediate I is

a reactive diene that can react with fullerene C60 in a
Diels-Alder cycloaddition to deliver reaction product
2g. The overall process exhibits a substantial exergo-
nicity of 32.0 kcal ·mol� 1 and has a Gibbs energetic

Figure 1. B3LYP-D3/cc-pVTZ(SMD=o-DCB)//B3LYP-D3/cc-pVDZ Gibbs energy profile computed at 363.15 K of the Rh-
catalyzed reaction between C60 and enyne 1g (path a).

Figure 2. B3LYP-D3/cc-pVTZ(SMD=o-DCB)//B3LYP-D3/cc-pVDZ Gibbs energy profile computed at 363.15 K of the Rh-
catalyzed reaction between C60 and enyne 1g (path b).
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span (δG)[20] between the turnover frequency (TOF)
determining intermediate (TDI, A2) and the TOF
determining transition state (TDTS, TS A2A3) of
30.1 kcal ·mol� 1.

On the other hand, in path b (Figure 2), intermedi-
ate A2 can coordinate a [6,6] bond of a C60 molecule
to provide intermediate B3 in an endergonic process
that has a cost of 10.8 kcal ·mol� 1. Subsequently,
insertion of this double C-C bond via Schore’s
mechanism[21] yields rhodacycloheptene intermediate
B4, which is then converted into B5 via reductive
elimination. As a whole, the mechanistic steps that
transform A2 into cyclohexene intermediate B5 are
exergonic by 17.0 kcal ·mol� 1 and have a barrier of
30.3 kcal ·mol� 1. Importantly, in B5, the rhodium
centre is located in close proximity (1.97 Å) to the
hydrogen atom of the Csp3 at the junction between the
5- and 6- membered rings of the addend. This
particular feature facilitates a β-hydride elimination
step that occurs through a relatively accessible barrier
(TS B5B6) of 13.9 kcal ·mol� 1 (vs. 30.1 in path a).

The resulting Rh-H intermediate B6 is finally
converted into the final product via reductive elimi-
nation (TS B6B7) and catalyst release by substitution
with another unit of 1g, restarting the catalytic cycle.
The whole process was found exergonic by
29.9 kcal ·mol� 1 and has a δG between the TDI (A2)
and the TDTS (TS B4B5) of 30.3 kcal ·mol� 1.

As discussed in the preceding paragraphs, the two
mechanisms that have been studied have almost
identical barriers. Therefore, from the results obtained,
we deduced that both paths a and b may be involved in
the transformation of C60 and enynes 1 into cyclo-
adducts 2. To gain a better understanding of the
process, we decided to experimentally investigate the
reaction mechanism further. We reasoned that if path a
was the dominant route, an elevated concentration of
enyne 1g in the reaction medium should promote
polyaddition of intermediate I on C60. The occurrence
of polyadducts in DA reactions involving fullerenes
has been well-documented.[6] Most notably, the Rh-
catalyzed reaction of C60 with bisallenes, which has
been established as proceeding through the cyclo-
isomerization/[4+2] pathway,[9,22] results in the for-
mation of bis and tris adducts when an excess of
bisallene is present in the reaction mixture. Similarly,
when reacting C60 in the presence of 6 equiv. of 1g (vs.
3 equiv. in the optimized reaction conditions), we
observed the progressive disappearance of cycloadduct
2g, together with the appearance of more retained
spots on the TLC plate, which was attributed to
polyaddition products by MALDI-MS experiments.
Moreover, it was possible to isolate intermediate I
(27% yield) using these reaction conditions (See
Supporting Information). Isolation of intermediate I
shows the pivotal role of this intermediate in the global
process and, in light of these results, it may be

concluded that path a operates for the formation of 2g.
Conversely, when performing the same experiment in
the presence of excess 1a (6 equiv.), the spot attributed
to the monoadduct remained unaltered after 30 min of
reaction.[23] Additionally, no traces of bis or tris
adducts were detected by MALDI-MS experiments in
any of the fractions eluted after 2a by column
chromatography. Similar behaviour was observed in
the case of the [2+2+2] cycloaddition of diynes and
C60,[8a] suggesting that path b is the predominant
pathway for 2a under the tested conditions. Thus, the
fact that subtle structural difference led to significantly
distinct outcomes again reinforces the equal feasibility
of the two mechanisms and they can both come into
play during the reaction depending on the specific
conditions and reactants used.

Conclusion
In conclusion, we have developed a method to
synthesize a series of fullerene adducts bearing 5,6-
membered polyheterocyclic addends. A combination
of DFT calculations and experimental evidence al-
lowed us to shed light on the mechanism of the
reaction, which can take place through two different
pathways depending on the substrates used. In
addition, the photooxygenation reaction of the synthe-
sized fullerene derivatives can concomitantly affect the
chemical modification of the cyclohexene framework
to give regioselectively interesting oxygenated sys-
tems.

Experimental Section
General Procedure for the Synthesis of Derivatives
of C60 (2a)
In a 10 mL capped vial under a nitrogen inert atmosphere, a
solution of [Rh(cod)2]BF4 (2.8 mg, 0.0069 mmol) and (R)-Tol-
BINAP (4.9 mg, 0.0072 mmol) in anhydrous CH2Cl2 (4 mL)
was prepared. Hydrogen gas was bubbled into the catalyst
solution for 30 min before it was concentrated to dryness,
dissolved in anhydrous o-DCB, and transferred via syringe into
a solution of C60 (50.5 mg, 0.07 mmol, 1 equiv.) and 1,6-enyne
1a (72.2 mg, 0.21 mmol, 3 equiv.) in anhydrous o-DCB
(1.4 mM), preheated to 90 °C. The resulting mixture was stirred
at 90 °C for 30 min (TLC monitoring). The reaction mixture
was purified by column chromatography using CS2 as the eluent
to provide unreacted C60 (16.7 mg). Further elution with
hexanes/EtOAc (9:1) followed by hexanes/toluene (1:1) gave
compound 2a as a dark brown solid (41.3 mg, 56% yield; 83%
yield based on consumed C60).

Experimental Procedure for the Synthesis of Hy-
droperoxide Derivative 3g
In a 50 mL round bottom flask with a magnetic stirrer, a
solution of 2g (26.3 mg, 0.027 mmol) in toluene (15 mL) was
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exposed to light and air for 7 h. The resulting solution was
purified by column chromatography on silica gel using mixtures
of toluene/dichloromethane (10:0 to 0:10) as the eluent to afford
3g (7.8 mg, 29%) as a brown solid.

Experimental Procedure for the Reduction of 3g to
4g
In a 50 mL round bottom flask with a magnetic stirrer, a
solution of 3g (21.9 mg, 0.022 mmol), PPh3 (17.9 mg,
0.068 mmol) and toluene (15 mL) was stirred for 3 h at room
temperature. The resulting solution was purified by column
chromatography on silica gel using mixtures of toluene/
dichloromethane (10:0 to 0:10) as the eluent to afford 4g
(20.7 mg, 96%) as a brown solid.

Computational Details
Geometries of all stationary points were optimized without
symmetry constraint with the Gaussian 16 program[24] using the
DFT B3LYP hybrid exchange-correlation functional[25] employ-
ing the all-electron cc-pVDZ basis set.[26] The D3 Grimme
energy corrections for dispersion[27] with the original damping
function were added. The electronic energy was improved by
performing single point energy calculations with the cc-pVTZ
basis set[28] and the same density functional. Analytical Hessians
were computed to determine the nature of stationary points (one
and zero imaginary frequencies for TSs and minima, respec-
tively) and to calculate unscaled zero-point energies (ZPEs) as
well as thermal corrections and entropy effects using the
standard statistical-mechanics relationships for an ideal gas.[29]
These two latter terms were computed at 363.15 K and 1 atm to
provide the reported relative Gibbs energies. Solvent effects
were computed with the solvent model based on density (SMD)
continuum solvation.[30] As a summary, the reported Gibbs
energies contain electronic energies including solvent effects
calculated at the B3LYP-D3/cc-pVTZ(SMD=o-DCB)//B3LYP-
D3/cc-pVDZ level together with gas phase thermal and entropic
contributions computed at 363.15 K and 1 atm with the B3LYP-
D3/cc-pVDZ method.

Supporting Information
Experimental procedures, compound characterization
data including NMR spectra for all compounds. Xyz
Cartesian coordinates, energies, and vibrational fre-
quencies of all optimized complexes can be accessed
via the ioChem-BD repository.[31] (See Supporting
Information).
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