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Expeditious Preparation of Open-Cage Fullerenes by   

Rhodium(I)-Catalyzed [2+2+2] Cycloaddition of Diynes and C60: an 

Experimental and Theoretical Study 

Albert Artigas, Anna Pla-Quintana, Agustí Lledó,* Anna Roglans,* and Miquel Solà*[a] 

Abstract: A novel methodology to transform C60 into a variety of open-

cage fullerene derivatives employing rhodium(I) catalysis has been 

developed. This transformation encompasses a partially 

intermolecular [2+2+2] cycloaddition reaction between diynes 1 and 

C60 to deliver a cyclohexadiene-fused fullerene, which concomitantly 

undergoes a formal [4+4]/retro-[2+2+2] rearrangement to deliver 

open-cage fullerenes 2. Most notably, this process occurs without the 

need of photoexcitation. The complete mechanism of this 

transformation has been rationalized by DFT calculations, which 

indicate that, after [2+2+2] cycloaddition, the cyclohexadiene-fused 

intermediate evolves into the final product through a Rh-catalyzed di-

-methane rearrangement followed by a retro-[2+2+2] cycloaddition. 

The obtained open-cage fullerenes can be derivatized by Suzuki-

Miyaura cross-coupling, or subjected to ring expansion to deliver a 12-

membered ring orifice in the fullerene structure. Overall, the 

methodology presented constitutes a straightforward entry to 

functional open-cage C60-fullerene derivatives employing catalytic 

methods.   

Introduction 

Functionalized C60 fullerenes, in which the properties of C60 can 

be combined with those of other classes of materials, are an 

important type of scaffolds with relevant applications in several 

fields, such as material science, nanotechnology and medicinal 

chemistry among others.[1] In particular, carbocyclic fullerene 

adducts with fused-ring systems have been studied in the field of 

organic photovoltaic solar cells.[2] Open-cage fullerenes, which 

result from selective cleavage of one or more fullerene carbon-

carbon bonds, are particularly interesting structures since they 

can act as host molecules encapsulating guests within their cavity, 

thereby forming endohedral complexes with emerging properties 

and particular reactivity.[3] From the practical point of view, open-

cage derivatives of C60 have proven useful as electron accepting 

materials in organic solar cells[4] and as ligands for the synthesis 

of metal complexes.[5] The photoinduced ring-opening reaction of  

 

cyclohexadiene-fused C60 derivatives by tandem                 

[4+4]/retro-[2+2+2] rearrangement is one of the most well-

established synthetic entries to open-cage fullerenes.[6] For all 

these reasons, the development of efficient synthetic routes to 

fullerene derivatives is still an appealing goal in organic synthesis. 

On the other hand, transition-metal catalyzed [2+2+2] 

cycloaddition reactions appear as the method of choice for the 

synthesis of six-membered rings and enable the construction of 

cyclohexadiene scaffolds when the reaction takes place between 

two alkynes and one alkene.[7] Given that the chemical reactivity 

of C60 is typical of an electron-deficient olefin it appears as a 

valuable candidate as a co-substrate in [2+2+2] cycloaddition with 

alkynes.[7a] Furthermore, cycloaddition reactions in empty 

fullerenes show a remarkable preference to [6,6] ring junction 

over [5,6] bonds.[1c,8]  

 

 

Scheme 1. Approaches to cyclohexadiene-fused and open-cage fullerenes 

derivatives. 

To the best of our knowledge, only two previous studies have 

reported transition-metal promoted [2+2+2] cycloaddition 

reactions of two alkynes with C60 while using stoichiometric 

amounts of the transition metal species (Scheme 1). The first, 
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published in 1998 by Cheng et al.,[9] described the cycloaddition 

of terminal diynes with C60 using excess amounts of a nickel 

precursor in order to avoid the gradual decomposition of the 

complex. In this study, the corresponding cyclohexadiene-fused 

derivatives were isolated and characterized. After irradiation with 

a 350 nm UV lamp, these compounds rearranged into the 

corresponding bis(fulleroids) (i.e. compounds in which two C–C 

bonds of the original C60 cage have been broken). The authors 

found that these fulleroids were thermally and photochemically 

more stable than their cyclohexadiene counterparts. The second, 

by Murata et al. in 2000,[10] described the reaction of fullerene with 

a palladacyclopentadiene –previously prepared by oxidative 

coupling of two molecules of a dialkyl acetylenedicarboxylate with 

Pd(0)–, affording the corresponding cyclohexadiene-type adducts. 

In an early study by Cheng et al.,[11] a metal-free cyclotrimerization 

of ethyl propiolate with fullerene promoted by PCy3 was described 

(Scheme 1). However, this transformation operates on a different 

reaction manifold that is limited to Michael acceptors. Based on 

our previous experience in Rh-catalyzed [2+2+2] cycloaddition 

reactions between alkynes and both alkenes and allenes,[12,7b] we 

envisaged to develop a catalytic version of the [2+2+2] 

cycloaddition reaction between diynes and fullerene. Subsequent 

[4+4] photocycloaddition and retro-[2+2+2] reaction of the 

cyclohexadiene derivatives would provide, overall, a versatile and 

efficient entry to open-cage fullerenes. Based on our previous 

theoretical DFT study that showed the viability of a rhodium-

catalyzed [2+2+2] cycloaddition reaction of two alkynes and 

C60,[13] we present here a successful implementation of this 

methodology that affords open-cage fullerenes in a single 

reaction step.  

Results and Discussion 

At the onset, a variety of reaction conditions for the model 

cycloaddition between fullerene C60 and non-terminal N-tosyl 

tethered diyne 1a were explored (Table 1). Eventually, we found 

that a 10% mol of a mixture of a cationic rhodium complex with 

Tol-BINAP (P1) as a diphosphine in o-dichlorobenzene at 90 °C 

for 4 hours afforded a 52% isolated yield of a dark brown solid. 

The mixture of [Rh(cod)2]BF4 and Tol-BINAP was treated with 

hydrogen in dichloromethane (DCM) solution for catalyst 

activation prior to substrate addition. The molecular formula of the 

new compound was determined by HRMS to be C75H17NO2S, 

indicating that the cycloaddition had taken place. 1D and 2D NMR 

spectroscopic experiments were used to ascertain the structure 

of the product formed. Both the 1H and 13C NMR spectra show 

that the new compound has Cs rather than C2v symmetry, the 

latter resulting from a cycloaddition reaction at the [6,6] bond. A 

careful analysis of the NMR data revealed an unanticipated but 

yet desirable outcome: the compound formed was not the 

expected cycloadduct, but rather the corresponding open-cage 

bis(fulleroid) structure (Figure 1). The 1H NMR exhibits a singlet 

at  2.79 ppm, corresponding to the two methyl groups originating 

from the starting diyne, and, importantly, two multiplets centered 

at 4.46 ppm and 4.59 ppm. The latter correspond to two pairs of 

diastereotopic protons, H3 and H3’ respectively, a key feature to 

identification of the symmetry point group. The 13C NMR showed 

35 signals in the sp2 carbon region (30 from the fullerene core, 

partially overlapped, 4 from the tosyl group and 1 from the fused 

double bond) and 4 signals in the sp3 carbon region at 21.8, 27.7, 

43.4 and 55.0 ppm. An HMBC experiment was conducted to 

confirm the open-cage structure. The 2D spectrum displays a two 

bond correlation between the protons of the methyl group and the 

Csp3 at 43.4 ppm and a three bond correlation between the same 

protons and three Csp2 quaternary carbon atoms (134.9, 137.4 

and 150.2 ppm), proving the accuracy of our earlier observation. 

The assignment of the most characteristic signals in the 1H and 
13C NMR spectra is shown in Figure 1. 

 

Figure 1. Selected 1H and 13C (in italics) NMR chemical shifts of 2a. 

Having established a straightforward entry to open-cage 

fullerenes based on a cascade process triggered by the Rh-

catalyzed [2+2+2] cycloaddition and followed by fullerene-cage 

opening, we next examined the effect that altering various 

reaction parameters had on the efficiency of the process (Table 

1). The Wilkinson catalyst – [RhCl(PPh3)3], a neutral rhodium 

complex – did not promote the reaction even when stoichiometric 

amounts of catalyst were used (entries 1 and 2, Table 1). We then 

moved to a combination of a cationic rhodium complex 

[Rh(cod)2]BF4 with several phosphines as ligands. BINAP (P2) 

was initially used as benchmark ligand. When the reaction mixture 

was heated at 90 °C for 4 hours, a 20% yield of cycloadduct 2a 

was obtained (entry 3, Table 1). Extending the reaction time to 16 

hours did not result in any significant improvement (entry 4, Table 

1). Two control experiments were then run, one in the absence of 

BINAP (entry 5, Table 1) and the other in the absence of Rh 

complex (entry 6, Table 1), which revealed the essential role of 

the two components in this transformation. Increasing the reaction 

temperature to 120 °C (entry 7, Table 1) or using microwave 

heating at 80 °C for 40 minutes (entry 8, Table 1) did not improve 

the results. We reasoned that homocoupling reactions of 1a might 

effectively compete with the desired cycloaddition pathway, and 

we ran a reaction slowly adding 1a to a mixture of fullerene and 
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the catalytic system at 90 °C. However, again only a 20% yield of 

2a was obtained (entry 9, Table 1). We then turned our attention 

to other bidentate phosphines: H8-BINAP (P3, entry 10, Table 1), 

BIPHEP (P4, entry 11, Table 1), DTBM-SEGPHOS (P5, entry 12, 

Table 1), DPPE (P6, entry 13, table 1), DPPF (P7, entry 14, Table 

1) and Tol-BINAP (P1, entry 16, Table 1). Among these P1 gave 

the best results. Finally, MonoPhos (P8) – a monodentate 

phosphoramidite – was also tested, but only traces of 2a were 

obtained (entry 15, Table 1). At this point and with the optimal 

ligand of choice – Tol-BINAP – we proceeded to evaluate the 

effect of fullerene concentration and diyne excess. We found that 

both the reduction of fullerene concentration (entry 17, Table 1) 

and the use of diyne 1a in excess with respect to fullerene (entry 

18, Table 1) improved the yield of the reaction (from 28% to 36% 

and 43%, respectively). An additive effect was observed when the 

two factors were combined ([C60] = 1.4 mM and 5 equiv. of 1a) 

resulting in our optimized set of conditions (entry 19, Table 1). 

Having established the optimum reaction conditions, the 

scope of the reaction was then evaluated, as shown in Figure 2. 

In a first step, the nature of the substituents of the phenyl ring at 

the sulfonamide tether in diyne 1 was evaluated. The 

corresponding cycloadducts 2b-e were obtained in excellent 

yields in all cases, including bromo- and iodobenzene derivatives 

(2c-d) that have the potential for further functionalization (vide 

infra). A diyne bearing the 5-methyl-2-pyridinesulfonyl group 

provided 2f in a 52% isolated yield, indicating that the presence 

of a potentially coordinating nitrogen atom did not poison or 

interfere with the catalyst. A sulfonamide tether with aliphatic 

substitution (trimethylsilylethane) was also efficient, delivering the 

fulleroadduct 2g in a 35% isolated yield. Other diynes with diethyl 

malonate, methylene and oxygen tethers were also tested. 

However, only the malonate provided good yields of cycloadduct 

2h, while the other two did not furnish any product at all (2i and 

2j). Several terminal diynes and others with different substitution 

at the two termini were then evaluated. The results indicate that 

alkyne substitution has a dramatic effect on the reaction outcome: 

only the substrates with at least one internal alkyne gave the 

corresponding cycloadduct (2k and 2o), albeit in low yields. In the 

cases of the cycloaddition of diynes 2k-2p, homocoupling of the 

diyne compete with the cross-coupling with fullerene, especially 

in the cases that diynes have terminal alkynes such as 2k, 2l, 2o, 

and 2p. 

Further functionalization of cycloadducts 2. The halogen atom 

in derivatives 2c and 2d opens the door to further functionalizing 

the fulleroid adducts. Therefore, iodo derivative 2d was submitted 

to a Suzuki-Miyaura cross-coupling reaction with p-

methoxyphenyl boronic acid. After some experimentation, we 

found that a 10% mol loading of Pd(PPh3)4 in a mixture of o-

dihlorobenzene/water 9:1 at 100 ºC in the presence of cesium 

carbonate as a base provided the best reaction conditions 

(Scheme 2). Biphenyl derivative 4a was obtained with a 63% yield. 

 

 

Table 1. Rhodium(I)-catalyzed cycloaddition of C60 with diyne 1a: effect of 

reaction parameters. 

 
Entry Deviation from standard conditions Yield of 2a[a] 

1 RhCl(PPh3)3, [C60] = 7 mM, 1 eq. 1a, 16h 0 

2 1 eq. RhCl(PPh3)3, [C60] = 7 mM, 1 eq. 1a, 16h 0 

3 P2 instead of P1, [C60] = 7 mM, 1 eq. 1a 20 

4 P2 instead of P1, [C60] = 7 mM, 1 eq. 1a, 16h 20 

5 No phosphine, [C60] = 7 mM, 1 eq. 1a, 16h 0 

6 No Rh, P2 instead of P1, [C60] = 7 mM, 1 eq. 1a, 

16h 0 

7 P2 instead of P1, [C60] = 7 mM, 1eq. 1a, 120°C 20 

8 P2 instead of P1, [C60] = 7 mM, 1 eq. 1a, 80°C 

MW heating, 40 min. 10 

9 P2 instead of P1, [C60] = 7 mM, slow addition of 

1a (1 eq.) over 4h. 20 

10 P3 instead of P1, [C60] = 7 mM, 1 eq. 1a 20 

11 P4 instead of P1, [C60] = 7 mM, 1 eq. 1a traces 

12 P5 instead of P1, [C60] = 7 mM, 1eq. 1a 20 

13 P6 instead of P1, [C60] = 7 mM, 1eq. 1a 10 

14 P7 instead of P1, [C60] = 7 mM, 1eq. 1a traces 

15 P8 instead of P1, [C60] = 7 mM, 1eq. 1a traces 

16 [C60] = 7 mM, 1eq. 1a 28 

17 1eq. 1a 36 

18 [C60] = 7 mM 43 

19 None 52[b] 

  

[a] Isolated yield. [b] The yield based on consumed C60 was 98%. 
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Fullerenes and fulleroids can act as mild electron acceptors 

forming charge-transfer dyads with electron-releasing moieties, 

such as ferrocene.[14] Moreover, fullerenes appended with 

photoactive moieties –e.g. pyrene–,[15] can operate as light 

harvesting antennas through intramolecular energy transfer 

processes. All these fullerene derivatives constitute promising 

scaffolds for photovoltaic materials. In this scenario, our Suzuki-

Miyaura cross-coupling derivatization appears as an ideal method 

to append such electron donor or photoactive moieties to fulleroid 

derivatives. Using the same reaction conditions as for p-

methoxyphenylboronic acid, 1-pyrenylboronic acid was coupled 

with cycloadduct 2d under palladium catalysis to afford derivative 

4b in excellent yield. However, in the case of ferrocene boronic 

acid, competitive dehalogenation took place, delivering 4c in a 

modest 14% yield (Scheme 2). 

 

 

Figure 2. Scope of the [2+2+2] cycloaddition of C60 with diynes 1. Reaction 
conditions: 0.07 mmol of fullerene, 5 equivalents of diyne 1, 10% mol of Rh 
catalyst in 50 mL of o-dichlorobenzene (o-DCB) at 90 °C for 4h. The 10% mol 
mixture of [Rh(cod)2]BF4 and Tol-BINAP was treated with hydrogen in 
dichloromethane (DCM) solution for catalyst activation prior to substrate 
addition. 

 
 

Scheme 2. Suzuki-Miyaura cross-coupling reaction between iodo-fulleroid 
derivative 2d with several boronic acids 3a-c. Reaction conditions: 0.054 mmol 
of 2d, 2 equivalents of boronic acid 3, 2.5 equivalents of Cs2CO3, 10% mol of 

Pd(PPh3)4 in 10 mL of a mixture of o-dichlorobenzene:water (9:1) at 100 °C for 
4h. 

Oxidative cleavage of fulleroid derivative 2a. As previously 

described for other open-cage fullerene derivatives,[16] one of the 

double bonds in the 8-membered ring orifice in 2a can undergo 

oxidative cleavage via a photooxygenation process that affords 

an open-cage fullerene with a 12-membered ring opening 

containing two carbonyl carbon atoms, 5. Upon exposure of a 

CDCl3 solution of 2a in an NMR tube to sunlight and air for 5 hours, 

only compound 5 was observed by NMR and HRMS analyses 

(Scheme 3). The molecular formula of 5 was determined to be 

C75H17NO4S by HRMS, indicating the addition of O2 to 2a. The 

color of a solution of compound 5 in chloroform is brown-yellow 

and the UV-vis spectrum showed maximum absorptions at 254 

and 322 nm, whereas the starting compound 2a is purple in 

chloroform solution, displaying maxima at 262, 326 and 520 nm. 

The two UV-vis spectra were similar, but the lack of absorption at 

520 nm in 5 indicates the cleavage of one of the aromatic double 

bonds of the C60 and its replacement by two carbonyl groups, 

disrupting the -conjugated system of the C60 core. NMR analysis 

revealed the loss of molecular symmetry in the process. The 1H 

NMR exhibited two different methyl groups at  2.21 ppm (C7) and 

2.57 ppm (C8), and the 13C NMR displayed two signals 

corresponding to two different carbonyl groups at 191.5 ppm 

(C10) and 201.5 ppm (C9). In addition, the two quaternary sp3 

carbons, C6 and C5, appeared at 42.7 and 51.7 ppm, respectively. 

Furthermore, two bands at 1682 cm-1 and 1734 cm-1 

corresponding to the carbonyl groups can be observed in the IR 

spectrum. 
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Scheme 3. Oxidative cleavage of bis(fulleroid) derivative 2a. Arbitrary 
numbering shown in blue. 

Electrochemical behavior of fulleroid derivatives 4b, 4c and 

5. The electrochemical behavior of compounds 4b, 4c and 5 was 

studied by cyclic voltammetry to complete their characterization, 

and to ascertain the effect of the structural modifications 

introduced in the electron accepting properties of the resulting 

fulleroadducts with respect to C60 (Table 2). 

 

Table 2. Redox potentials of fulleroids 2a, 4b, 4c, 5 and C60. [a] 

Entry Compound E1
red E2

red E3
red 

1 C60 -1.109 -1.514 -2.009 

2 2a -1.213 -1.626  

3 4b -1.228 -1.633  

4 4c -1.211 -1.594  

5 5 -0.987 -1.370  

 
[a] E½ in V vs Fc/Fc+, 0.2 mM C60/2a/4b-c/5 and 0.1 M Bu4N+ClO4

- in o-
dichlorobenzene, SCE reference electrode, Pt working electrode, Pt wire 
auxiliary electrode, scan rate 50 mV.s-1, 25 °C). 

All the compounds studied showed two fully reversible 

reduction waves under the experimental settings employed, 

corresponding to sequential one electron reduction of the 

fullerenic core. As expected, the partial disruption of conjugation 

in bis(fulleroids) 2, 4b and 4c results in a cathodic shift with 

respect to C60. The obtained potentials compare favorably with 

structurally analogous bis(fulleroids).[4a] Moreover, the 

introduction of electro- or photoactive moieties as in 4b/c does not 

significantly alter the overall redox properties (compare entries 2-

4 in Table 2), indicating that our synthetic scheme is a reliable 

entry into such fullerene dyads. Conversely, dicarbonyl derivative 

5 is more easily reduced than C60, and displays a redox behavior 

akin to that of previously obtained open-cage fullerenes with 

homologous  structure.[4a] 

 

Computational study of the reaction mechanism. We 

completed our study by evaluating computationally the reaction 

mechanism that transforms 1a into 2a, in a process catalyzed by 

Rh(Tol-BINAP)+ (P1 = Tol-BINAP in Table 1). The calculated 

Gibbs reaction profile at the M06-D3/cc-pVTZ-PP//B3LYP-D3/cc-

pVDZ-PP level of theory (see Computational Methods for a 

detailed description) of the determined reaction mechanism is 

depicted in Figure 3. To reduce the computational effort required, 

the tosyl group present in the experimental diyne was substituted 

by a mesyl group. Moreover, the tolyl groups of the catalyst were 

substituted by methyl groups, since it is generally accepted that 

PMe3 is a better model of PPh3 than PH3.17 Finally, the 

naphthalene moieties were modelled by benzene units (ligand P9, 

see inset of Figure 2). Because it is likely that the reduction 

considered in our models does not affect critically their chemical 

behavior, we are confident that the conclusions reached with our 

model systems should be still valid for the real systems. 

The steps of the first part of the reaction (from A0 to A5) 

correspond to the classic [2+2+2] reaction mechanism. The 

reaction starts with the coordination of the two triple bonds of 

diyne of 1a with Rh(P9)+ to form the 16-electron A1 intermediate 

and releasing 15.9 kcal/mol. Then, the oxidative coupling takes 

place through TS A1A2 with a Gibbs energy barrier of 25.7 

kcal/mol, to form rhodacyclopentadiene intermediate A2 in an 

exergonic process by 5.1 kcal/mol. The large difference between 

double C=C (1.345 Å) and single C-C (1.481 Å) bond lengths in 

intermediate A2 indicates localization of the π-electron density 

and lack of aromaticity.18 For this transformation (A1 to A2), which 

is the rate determining step in the catalytic cycle, we have 

explored the influence of using a more realistic model of our 

catalyst (see Figure S5 in the SI). In particular, we have 

substituted the methyl groups of our Rh(P9)+ model, shown in 

Figure 3, by phenyl groups. The changes in the Gibbs energy 

barrier and Gibbs reaction energies for this oxidative coupling 

process, when going from the Rh(P9)+ model to the more realistic 

model, are less than 2 kcal/mol. This is an indication that our 

model catalyst is appropriate for the present study.  

Coordination of A2 to a [6,6] bond of C60 to yield A3 is an 

endergonic process that requires 10.0 kcal/mol. In A3, C60 is 

coordinated to Rh occupying an axial position of a distorted 

trigonal bipyramid. The insertion of C60 into the Rh-C(sp2) bond 

results in the formation of the rhodabicyclo[3.2.0]heptadiene 

intermediate A4 in a step that has a Gibbs barrier of 5.9 kcal/mol 

and releases 1.8 kcal/mol. The next step corresponds to the 

formation of intermediate A5, which is formed by a reductive 

elimination process that has to overcome a very low Gibbs energy 

barrier of 3.2 kcal/mol and is exergonic by 26.8 kcal/mol. In A5, 

Rh is coordinated to both the cyclohexadiene and C60 moieties. 

We also explored the formation of A5 through 

rhodacycloheptadiene intermediate A5’ (Supporting Information, 

Figure S1) followed by reductive elimination through TSA5’A5. 

This transformation has to surmount a Gibbs energy barrier of 

21.2 kcal/mol and it is slightly exergonic by 2.7 kcal/mol, and, 

consequently, this alternative route through intermediate A5’ is 

not competitive and was ruled out. Finally, we also analyzed the 

possible formation of a rhodanorbonene complex through a 

rhodium-mediated [4+2] cycloaddition but all our attempts to find 
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this intermediate failed. It is worth noting that with Wilkinson’s 

catalyst the same reaction mechanism was found, except for the 

insertion step which leads in this case to a rhodacycloheptadiene 

intermediate analogous to A5’ (Schore’s mechanism)[19] without 

formation of a rhodabicyclo[3.2.0]heptadiene intermediate A4.[13] 

 
 

 

Figure 3. M06-D3/cc-pVTZ-PP//B3LYP-D3/cc-pVDZ-PP Gibbs energy profile of the [2+2+2] cycloaddition reaction of C60 and a model of non-terminal tethered diyne 
1a to yield the cyclohexadiene-fused C60 derivative A5 followed by fullerene cage opening to form A9. Energies in parenthesis are electronic energies. All relative 
energies in kcal/mol are given relative to A0 (C60 + catalyst + 1a). 

In summary, the [2+2+2] cycloaddition that produces A5 from A0 

has an energetic span[20] between the turnover frequency (TOF) 

determining intermediate (TDI, A1) and TOF determining 

transition state (TDTS, TS A1A2) of 25.7 kcal/mol. This is in 

accordance with most [2+2+2] cycloadditions in which the rate 

determining step (rds) is the oxidative coupling. 

We also analyzed another reaction path that transforms A0 

into A4. In this alternative pathway (Figure S2, see SI), the 

oxidative coupling occurs between one alkyne group of 1a and 

C60 to form a cyclopentene intermediate. Then, the insertion of the 

second alkyne takes place in a Rh-C(sp2) bond to form 

rhodacycloheptadiene A4. This alternative pathway has an 

energetic span between the TDI (A5) and TDTS (TS B1B2) of 

36.5 kcal/mol and, therefore, has been discarded as a possible 

reaction pathway. 

Release of the cyclohexadiene-fused C60 from A5 allows 

recovery of A1 to restart the catalytic cycle. The dissociation 

process releases 8.9 kcal/mol. However, the cyclohexadiene-

fused C60 adduct is not the final product of the reaction, and it 

evolves to generate the corresponding bis(fulleroid). We explored 

different scenarios for the formation of this open-cage fullerene 

product. First, we considered a [4+4]/retro-[2+2+2] sequence of 

cycloadditions in the isolated cyclohexadiene-fused C60 adduct. 

The linear transit of the [4+4] cycloaddition in the singlet state 

shows that this process has a barrier of about 50 kcal/mol (see 

Figure S3 in the SI). This result is not unexpected since it is well-

known that [4+4] cycloadditions are thermally forbidden by the 

Woodward-Hoffmann rules.[21] In the triplet state, this barrier is 

reduced to ca. 13 kcal/mol. Therefore, the combination of [4+4] 

and retro-[2+2+2] cycloadditions would be possible under 

photoexcitation of the cyclohexadiene derivative. A similar 

scenario occurs when a stepwise di--methane rearrangement is 

considered,[22] with formation of a singlet biradical C2 (see Figure 

S4). For this di--methane rearrangement mechanism, we also 

analyzed the reaction in both the open-shell singlet and triplet 

excited states. In fact, a bis(fulleroid) species was 

photochemically synthesized for the first time by Rubin et al. in 

1996 from a cyclohexadiene derivative of C60.[6c,23] The singlet 

excited state of the cyclohexadiene-fused C60 adduct is readily 

populated by photoexcitation. The triplet state can be populated 

from the singlet excited state followed by intersystem crossing 

(ISC). It has been reported that the ISC from the first singlet 

excited state to the first triplet excited state (S1 to T1) occurs with 

high efficiency in C60, mainly due to the small splitting between 

these two states as well as the large spin-orbital interaction in the 

spherical cage.[24] As shown in Figure S4, the di--methane 

rearrangement mechanism in both the singlet and triplet excited 

states is possible with relatively low barriers. In the triplet state, 

the rds step is the formation of the first biradical intermediate with 

a closed cyclopropane ring, and has a barrier of 22.3 kcal/mol. 

Once this intermediate is formed, an ISC brings it to the singlet 

ground state. From here, the closed-shell singlet [5,6] 

(bis)methanofullerene species containing two cyclopropane rings 

is formed with a barrier of only 3.3 kcal/mol. Finally, a thermally 

allowed retro-[2+2+2] cycloaddition takes place with a barrier of 

2.0 kcal/mol to yield the final [5,6] open bis(fulleroid)product. The 
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greater stability of the bis(fulleroid)product as compared to the 

(bis)methanofullerene intermediate can be attributed to a) release 

of ring strain upon opening of the two cyclopropyl rings which are 

fused to C60 pentagons, and b) retention of the 60 electron 

spherical conjugation and homoaromaticity.[22] The latter relates 

to the fact that open [5,6] isomers avoid localization of double 

bonds in pentagonal rings.[25] 

 
 

Figure 4. Structure of intermediates A5, A6, A7 and A8. Hydrogen atoms have 
been omitted for clarity. Bond distances reported in Å. 

Taken together, this data shows that neither the di--methane 

rearrangement pathway nor the [4+4]/retro-[2+2+2] reaction 

mechanism can explain the formation of the final bis(fulleroid) 

product without photoexcitation. Furthermore, it is noteworthy that 

very similar cyclohexadiene derivatives of C60 previously reported 

by Cheng et al. required UV (=350 nm) irradiation for 2 h to 

rearrange into the corresponding bis(fulleroids).[9] Since we have 

not employed photoexcitation in our system, a reaction path 

taking place in the ground state must be operative. At this point, 

it is convenient to remember that the presence of metals in a 

formal cycloaddition can (i) transform pericyclic reactions into 

stepwise processes,[26] or (ii) -within a concerted pathway- modify 

the formal topology of orbital symmetry-allowed mechanisms by 

means of the participation of the orbitals provided by the metallic 

center.[27] With these ideas in mind, we investigated the 

transformation of A5 to A9 catalyzed by Rh(P9)+. As shown in 

Figure 3, the reaction mechanism that we found follows a Rh-

catalyzed di--methane rearrangement pathway. Thus, 

conversion of the cyclohexadiene-fused C60 intermediate A5 to 

the [5,6] (bis)methanofullerene intermediate A7 is a stepwise 

process in which, first, a cyclopropane ring is formed to yield A6 

(Gibbs barrier of 16.5 kcal/mol, Gibbs reaction energy of 7.0 

kcal/mol). In A6, Rh is 4-coordinated to the methanofullerene 

(Figure 4), thus stabilizing the allyl radical formed. The second 

cyclopropane ring formation has to surmount a Gibbs energy 

barrier of 17.0 kcal/mol and is endergonic by 1.1 kcal/mol. 

Therefore, conversion of A5 into [5,6] (bis)methanofullerene 

intermediate A7 has an overall Gibbs energy barrier of 24.0 

kcal/mol (TS A6A7 with respect to A5) and is endergonic by 8.1 

kcal/mol. A7 is a [5,6] (bis)methanofullerene that is 4-

coordinated to Rh by one [5,6] bond of the fullerene cage and by 

the double bond of the cyclochexene addend. Opening of the two 

fullerene C–C bonds of the cyclopropane moieties to form the 

bis(fulleroid)product A8 coordinated to Rh(P9)+ takes place 

concertedly in a process that requires to surpass a barrier of 6.3 

kcal/mol and releases 16.9 kcal/mol. Intermediate A8 is                 

2-coordinated to one of the double bonds at the rim of the             

8-membered hole of the fullerene. This structure is analogous to 

the X-ray structure reported by Rubin et al. for a similar complex. 

In the latter case, a Co(Cp) fragment is 4-coordinated to the 

(bis)fulleroid.[6c] Final liberation of product A9 and recovery of A1 

is slightly exergonic by -2.8 kcal/mol. Overall, once a Rh(P9)+-

catalyzed di--methane rearrangement pathway is considered, 

the barriers become relatively low and the full process is 

exergonic. Therefore, we demonstrated that the evolution from 

cyclohexadiene-fused C60 intermediate to the bis(fulleroid) 

product is possible without irradiation as far as the catalyst is 

present in the reaction. This conversion occurs through a di--

methane rearrangement pathway followed by a retro-[2+2+2] 

cycloaddition. This last step is thermally allowed and can be 

performed either in the presence or in the absence of catalyst (see 

Figure S4). 

Conclusions 

In conclusion, we have developed an efficient cascade process 

leading to functionalized open-cage fullerene derivatives. The 

method is modular and catalytic in rhodium, providing the 

corresponding fulleroadducts in good to moderate yields starting 

from simple diyne precursors. The resulting fulleroadducts can be 

decorated with varied functionality, including haloarene handles 

for further functionalization through Pd-catalyzed cross-coupling 

reactions. Overall, this reaction sequence provides a versatile 

entry to donor-acceptor fulleroid dyads based on catalytic 

methods. DFT calculations show that the reaction takes place via 

a Rh-catalyzed [2+2+2] cycloaddition through a 

rhodabicyclo[3.2.0]heptadiene intermediate to yield a 

cyclohexadiene-fused C60 intermediate. This intermediate 

evolves to the final bis(fulleroid) product following a Rh-catalyzed 

di--methane rearrangement pathway followed by a retro-[2+2+2] 

cycloaddition. The initial oxidative coupling step of the Rh-

catalyzed [2+2+2] cycloaddition is the rate-determining step of the 

whole reaction pathway. 

Experimental Section 

Representative procedure for the preparation of 2a. In a 10 

mL capped vial, a mixture of [Rh(cod)2]BF4 (2.8 mg, 0.007 mmol, 

0.1 equiv.) and Tol-BINAP (4.8 mg, 0.007 mmol, 0.1 equiv.) was 

purged with nitrogen and dissolved in anhydrous CH2Cl2 (4 mL). 

Hydrogen gas was bubbled into the catalyst solution and the 

mixture was stirred for 30 min. The resulting mixture was 

concentrated to dryness. Anhydrous o-dichlorobenzene (10 mL) 

was added and the resulting solution was then transferred via 

syringe into a solution of C60 (50 mg, 0.07 mmol, 1 equiv.) and 
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diyne 1a (96 mg, 0.35 mmol, 5 equiv.) in anhydrous o-

dichlorobenzene (40 mL, final [C60] = 1.4 mM) preheated to 90 ºC. 

The resulting mixture was heated to 90 ºC and stirred for 4h. The 

solvent was removed under reduced pressure and the crude 

reaction mixture was purified by column chromatography on silica 

gel using toluene as the eluent, affording unreacted C60 (25 mg) 

and 2a (36 mg, 52% yield, 98% yield based on consumed C60) as 

a dark brown solid. Analytical samples were prepared by washing 

2a with n-pentane (3 x 2 mL). 

Computational Methods 

Geometries of all stationary points were optimized without 

symmetry constraint with the Gaussian 09 program[28] using the 

DFT B3LYP hybrid exchange-correlation functional.[29] The all-

electron cc-pVDZ basis set[30] was employed for non-metal atoms 

and the cc-pVDZ-PP basis set[31] containing an effective core 

relativistic pseudopotential was used for Rh. The electronic 

energy was improved by performing single point energy 

calculations with the cc-pVTZ (cc-pVTZ-PP for Rh) basis set and 

the M06 functional[32] and including solvent effects corrections of 

a o-dichlorobenzene solution computed with the solvent model 

based on density (SMD) continuum solvation model.[33] The D3 

Grimme energy corrections for dispersion[34] with the original 

damping function were added in all B3LYP/cc-pVDZ-PP and 

M06/cc-pVTZ-PP calculations. Analytical Hessians were 

computed to determine the nature of stationary points (one and 

zero imaginary frequencies for TSs and minima, respectively) 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.[35] These two 

latter terms were computed at 363.15 K and 1 atm to provide the 

reported relative Gibbs energies. As a summary, the reported 

Gibbs energies contain electronic energies including solvent 

effects calculated at the M06-D3/cc-pVTZ-PP//B3LYP-D3/cc-

pVDZ-PP level together with gas phase thermal and entropic 

contributions computed at 363.15 K and 1 atm with the B3LYP-

D3/cc-pVDZ-PP method. To reduce the computational cost of the 

calculations, the tosyl group present in model compound 2a was 

substituted by a mesyl group, the four tolyl groups present in the 

Rh(I)-Tol-BINAP catalyst were substituted by methyl groups, and 

the binaphthyl core was substituted by biphenyl (ligand P9, see 

Figure 2). 
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