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Thermodynamic stabilities of alkylated C60 cations (RC60
+)

were determined based on the activation free energies of SN1
solvolysis of the title compounds, indicating that these
cations have stabilities comparable to that of the tert-butyl
cation.

Recent reports of the successful preparation of functionalized
C60 cations as long-lived ions1–3 have opened up new aspects of
fullerene chemistry. We recently reported that monoalkylated
C60 cations 1b and 1d can be generated by ionization of the
corresponding fullerenol precursors in CF3SO3H.1 The high
stability of the ions was demonstrated by the fact that they can
be kept over weeks without change even at ambient tem-
perature. The high stability of Ar5C60

+ in CHCl32 and the
isolation of HC60

+ in the form of a carborane anion salt,3 has
also been reported. The demonstrated stability of the function-
alized C60 cations under non-nucleophilic conditions led us to
quantitatively evaluate their thermodynamic stabilities. The
kinetics of SN1 solvolyses, activation parameters of which
reflect the properties of the intermediate carbocation relative to
those of the starting molecule, have been widely applied for the
investigations of the properties of carbocations. In this paper we
report on the kinetics of SN1 solvolysis reactions of 1-alkyl-
4-chloro-1,4-dihydrofullerenes 2a–d, which provides a measure
of the thermodynamic stabilities of monoalkylated C60 cations
1a–d.

The substrates for the solvolyses, 2a–d, were prepared by the
electrophilic addition of CH2Cl2, CHCl3, CCl4, and
Cl2CHCHCl2, respectively, to C60 using AlCl3 as a catalyst.
While the addition of the latter three chlorides gave only
1,4-adducts 2b–d, the reaction with CH2Cl2 gave a mixture
(approximately 1+1) of 1,2- (3a) and 1,4-adducts (2a).4 These
isomers could be separated by gel permeation chromatography,
but they isomerized slowly, by first-order kinetics, to give an
equilibrium mixture (Table 1). An accelerated isomerization
that occurred in a polar solvent C6D5NO2 suggests that the
reaction proceeds via a transition state with a considerable ionic
character.

For the solvolysis of 2, highly polar solvents (i.e. with a high
solvent ionizing power Y,5 typically hydroxylic solvents) that
are normally used for mechanistic studies of solvolysis are not
suitable because of the low solubilities of the compounds. This

problem was solved by using a mixed solvent system composed
of anisole, in which C60 derivatives are moderately soluble, and
highly ionizing 2,2,2-trifluoroethanol (TFE) in 9+1 volume
ratio. Keeping solutions of 2a–d at 25 or 50 °C in this mixed
solvent resulted in conversion to solvent substitution products 4
and 5 in over 80% total yields (Scheme 1).6

No reaction was observed in the absence of TFE (i.e. in pure
anisole). This fact is interpreted as indicating that substitution
does not occur by an SN2A type mechanism (Scheme 2), which
has been proposed to explain the high reactivity of poly-

† Electronic supplementary information (ESI) available: selected spectral
data for newly synthesized compounds. See http://www.rsc.org/suppdata/
cc/b2/b210126b/

Table 1 Rate constants and equilibrium constants for the interconversion of
2a and 3a at 25.0 °Ca

Solvent
Dielectric
constantb

k2a?3a/
1026 s21 Kc

1,2-Cl2C6D4 9.9 1.94 0.98
C6D5NO2 34.8 4.23 0.90

a Initial concentration, 2.3–4.2 3 1023 M. Measured in the presence of
2,6-lutidine (1.5–2.8 equiv.) to exclude the effect of trace amounts of acidic
impurities. b Values for the undeuteriated solvent. c K = [3a]eq/[2a]eq

Scheme 1 Solvolysis of 2 in anisole–trifluoroethanol.

Scheme 2 Proposed mechanism for the solvolysis of 2. A part of C60 core
is shown.
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fluorinated C60 toward hydrolysis.7 In this mechanism, the
formation of 4 and 5 by the direct nucleophilic attack at an
allylic position by TFE and anisole, respectively, and concomi-
tant elimination of the chloride ion would be expected. Rather,
the low nucleophilicity of the solvent and the absence of any
reaction in pure anisole suggests that the solvolysis proceeds by
an SN1 mechanism, where 4 and 5 are formed via a common
carbocationic intermediate 1, generated with assistance by
TFE.

For product identification, 4a–d were synthesized by the
AgBF4 promoted ionization of 2 in TFE–PhCN or by quenching
cation 1, generated from fullerenol 1,4-RC60OH1 in CF3SO3H,
with TFE. Compounds 5a–d were synthesized by the AlCl3 or
AgBF4 catalyzed electrophilic substitution of anisole with 2. By
using AgBF4, it is possible to generate cation 2 under non-acidic
conditions, providing a useful method for derivatization via a
fullerenyl cation precursor with a variety of acid-sensitive
nucleophiles.

Whereas NMR studies of cation 1b and 1d clearly indicated
that most of the positive charge is located on C-2,1 the
solvolysis and Lewis-acid promoted substitution gave 1,4-ad-
ducts. The selective formation of this regioisomer can be
attributed to the blocking of C-2 by the adjacent group R (see
below).

In the kinetic study, the progress of the solvolyses of 2b and
2d was monitored by measurement of the 1H NMR peak areas.
The rates of reaction of 2a and 2c were measured by changes in
HPLC (Buckyprep) peak areas.8 In all reactions the decay of the
substrate followed first-order kinetics. The rate constants (k1) at
25 and 50 °C provided the activation parameters listed in Table
2. The possible slow isomerization of 2a to 3a during solvolysis
would not affect the observed rate constant for 2a, since the two
isomers undergo solvolysis at essentially the same rate (3a
underwent solvolysis with a rate constant k1 = 1.10 3 1024 s21

at 50 °C), and the rates were determined based on the decay of
the total amount of 2a and 3a.9 Kinetic measurements of the
solvolysis of t-BuCl in the same solvent at 50 and 75 °C gave an
extrapolated value of 1.08 3 1027 s21 for k1 at 25 °C, which
corresponds to a Y value of 21.93. This indicates that this mixed
solvent has an ionizing power approximately equal to that of 99
vol% aqueous ethanol.10

All the reactions in Table 2 showed large negative entropies
of activation (DS‡). The magnitude of DS‡ observed for t-BuCl
is typical of the solvolysis of alkyl chlorides11 and is considered
to be largely due to solvation at the transition state, especially to
the leaving chloride ion. An additional 14–19 cal mol21 K21

lowering of DS‡ values for the reactions of 2a–d can be
attributed to the decrease in conformational freedom due to the
coordination of chlorine atom(s) in group R to the developing
cationic center in the transition state. This is consistent with the
observation for 1b and 1d, generated in CF3SO3H, that the 13C

NMR signal of the cationic carbon (C-2) is significantly high-
field shifted, owing to the partial through-space delocalization
of the positive charge to the chlorine atom(s) in group R.12

The free energies of activation (DG‡) observed for 2a–d are
only slightly lower than the DG‡ for t-BuCl. This indicates that
the alkylated C60 cations 1a–d have stabilities close to that of
the tert-butyl cation. This is rather surprising, considering the
well-known, electronegative nature of the C60 cage.13 It should
be noted that the kinetic data for 2a–d include the contribution
of the change in molecular strain by rehybridization of the
reaction center from sp3 to sp2. This might lead to an
underestimation of the cation stabilities to a small extent, since
such a change would develop a strain in the cationic sp2 carbon
due to deviation from planarity.14

In conclusion, the present study provides the first quantitative
evaluation of the thermodynamic stabilities of alkylated C60
cations based on kinetic data for the solvolysis of the
corresponding chlorides. The results indicate that the stabilities
of these ions are comparable to that of simple tertiary alkyl
cations.15
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Table 2 Rate constants and activation parameters for the solvolysis of 2a–d
and t-BuCl in anisole–2,2,2-trifluoroethanol (9+1 v/v)a

Substrate T/°C
k1

b/1026

s21
DH‡/kcal
mol21

DS‡/cal
mol21 K21

DG‡
25°C/

kcal mol21

2a 25.0 21.7c 11.6 241 23.8
50.0 107c

2b 25.0 14.6 10.6 245 24.0
50.0 62.6

2c 25.0 2.81 11.7 245 25.0
50.0 14.0

2d 25.0 2.89 11.4 246 25.0
50.0 13.9

t-BuCl 25.0 0.108d 18.8 227 26.9
50.0 1.37
75.0 12.0

a Initial concentration, 0.15–1.4 3 1023 M. 2,6-Lutidine (1.3–6.3 equiv.)
was added as a buffer in all runs. b Experimental error, ±5%. c Decay of the
sum of the amounts of 2a and 3a. d Extrapolated from data obtained at
higher temperatures.
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