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Introduction

One of the first investigations of the chemistry of fullerenes
was their use as electrophiles for aromatic substitution, ini-
tial reactions being carried out using unhalogenated [60]ful-
lerene in a Friedel–Crafts reaction. In a qualitative study
with [60]fullerene, aromatic compounds PhR (R=H, Me,
1,3-Me2, F, Cl, OMe, and NMe2) were used,[1] and the effec-
tiveness of catalysts followed the normal Friedel–Crafts
order, namely, AlBr3 > AlCl3 > FeCl3 > FeBr3 > GaCl3

> SbCl5;[1,2] TiCl4, SnCl4, GeCl4, BF3 and BCl3 were ineffec-
tive.[3] [60]Fullerene was more reactive than with [70]fuller-

ene[4] because its electron withdrawal is greater, that is, it is
the better electrophile.

Other studies involved the use of the more electrophilic
halogenofullerenes. These can be generated in situ, for ex-
ample, using a mixture of aromatic compounds, bromine,
ferric chloride and [60]fullerene,[1,4,5] but like the foregoing
reactions, gave products that were difficult to separate and/
or characterise.

The most successful studies have used reactions of pre-
formed chlorofullerenes with aromatic compounds (mostly
benzene), which proceed via intermediate formation of ful-
lerene carbocations.[6] This led to isolation and characterisa-
tion of compounds such as, C60Ar5Cl and C60Ph5H,[7,8] C60Ph4

and C60Ph2,
[9] a phenylated isoquinolino[3,4:1,2][60]fuller-

ene,[10] benzo[b]furano[60]- and [70]fullerenes,[11] C70Ph10 and
C70Ph8,

[12] C70Ph9OH,[13] and two [70]fullerendiol isomers,
C70Ph8(OH)2.

[14]

The use of a fluorofullerene as an electrophile has been
reported in one study only, involving the FeCl3-catalysed re-
action of C60F18 with benzene, which produced the triphenyl
derivative (“triumphene”) (1, Ar=Ph).[15] We now report
the formation of a range of compounds derived from the re-
action of a variety of aromatic compounds with C60F18/FeCl3
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Abstract: The FeCl3-catalysed arylation
of C60F18 gives tri-substituted com-
pounds C60F15Ar3, where Ar=phenyl,
4-tolyl, 4-methoxyphenyl, 4-phenoxy-
phenyl, 4-chlorophenyl, 3,4-dichloro-
phenyl, 2-biphylenyl and 2-fluorenyl,
together with some bis- and mono-sub-
stituted product. Bis-substitution was
achieved with biphenylene and fluoran-
thene, and mono-substitution with bi-
phenylene (2-position), pyrene (1-posi-
tion), and naphthalene (1- and 2-posi-
tions); the tris-phenyl and tris-biphenyl-
ene derivatives are fluorescent. The 2-
naphthyl substituent freely rotates at
328 K, whereas rotation of the 1-naph-
thyl substituent is prevented by interac-
tion of the peri-hydrogen atom with

fluorine. The 1-naphthyl derivative
eliminates a molecule of HF during EI
mass spectrometry, whilst the 2-naph-
thyl derivative eliminates HF and all
fluorenes to give a naphthaleno[60]ful-
lerene. The reaction rate is relatively
unaffected by electron supply in the
aryl rings, but no product was obtained
with benzotrifluoride which defines the
lower reactivity limit. The low discrimi-
nation between aromatics makes it pos-
sible to isolate derivatives having dif-
ferent aryl groups attached to the cage.

Reactions occur mainly when the re-
agent solutions (or solutions in 1,2-di-
chlorobenzene) are evaporated to dry-
ness. In most FeCl3-catalysed reactions,
unreacted C60F18 was recovered, more
if the less effective SnCl4 was used as a
catalyst; use of AlCl3 resulted in poly-
arylation and degradation of the C60F18.
The structure of C60F17(1-biphenylyl)
was confirmed by single-crystal X-ray
analysis. Reaction of C60F18 with peryl-
ene/FeCl3/o-dichlorobenzene gave red
fluorescent “tagliatelli”-like threads
(up to 1 cm long) of self-assembled p-
stacked tetrachloroperylene arising
from chlorination by FeCl3.

Keywords: arenes · electrophilic
substitution · fullerenes · NMR
spectroscopy · steric effects
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and which give rise variously to tris-, bis- or mono-aryl de-
rivatives (1–3); some aromatic compounds did not give de-
rivatives due either to competing side reactions (self-con-
densation) or steric hindrance.

Results and Discussion

The overall results are summarised in Table 1.

The effect of using the toluene solvate : In some initial ex-
periments, the toluene solvate of C60F18 (see Experimental
Section) was used, which resulted in substitution of both the

desired aromatic and toluene from the solvate. Thus in the
reaction with benzene, the product with a retention time of
6.1 min was shown by both 1H NMR and 19F NMR spectra
to contain both phenyl and tolyl groups. This was accompa-
nied by a fraction with a retention time of 7.85 min, which
was attributed to C60F15Ph3 (giving identical mass, 1H NMR
and 19F NMR spectra to those described previously).[15]

The lack of aromatic selectivity reflects the high reactivity
of the C60F18 electrophile.

The extent of substitution : The extent of substitution varies
somewhat according to the nature of the aromatic. Thus
tris-substitution is obtained for reactions with benzene, tolu-
ene, anisole, diphenyl ether, chlorobenzene, 1,2-dichloroben-
zene, biphenylene, and fluorine, bis-substitution in reaction
with toluene, biphenylene and fluoranthene, and mono-sub-
stitution in reaction with biphenylene, pyrene, naphthalene
and fluoranthene. The reason for the failure to obtain poly-
substitution with naphthalene, fluorene and pyrene is un-
clear but may have a steric origin. Likewise the failure to
obtain some mono-substitution products would seem to re-
flect the high reactivity of the electrophile. It is probable
that if required, the mono-substitution products for example
could be produced by using a deficiency of aromatic.

Unreactive aromatic compounds : Perylene, coronene, thio-
phene, azulene and benzotrifluoride did not give the desired
products. Reaction with perylene gave 1 cm long bright red
“tagliatelli”-like threads of a highly fluorescent derivative,
shown by analysis to be 3,4,9,10-tetrachloroperylene,which
evidently undergoes self-assembly p-stacking, and formed
through chlorination by the FeCl3 catalyst. A number of
other related derivatives (similar HPLC retention times)
were also obtained, due we believe to substitution at other
positions of the perylene.

No substitution into thiophene could be obtained, due
possibly to self-substitution. Use of a toluene solution of
thiophene resulted in normal substitution into toluene, as
described above.

Azulene also failed to be substituted, despite the 1-posi-
tion of azulene being extraordinarily electron supplying (s+

=�1.6).[16] Instead only polyazulenyl compounds were ob-
tained, attributed to a reactive electrophile being formed be-
tween azulene and FeCl3, which then self-substitutes. In an
attempt to overcome this SnCl4 was used as a catalyst, but
again only polyazulenyl compounds were obtained. It is sig-
nificant that other electrophilic substitutions of azulene in
the presence of Lewis acids are largely unsuccessful.

The lack of reaction with benzotrifluoride indicates the
lower limit of aromatic reactivity when using FeCl3 as catalyst.

ortho substitution : The fullerene size (exacerbated by the
presence on the cage of neighbouring halogens) can restrict
substitution at hindered sites. For example, previously no re-
action was observed between mesitylene and C60Cl6.

[8] How-
ever, the smaller size of fluorine reduces this problem and
ortho substitution occurs here in reaction with toluene, bi-
phenyl, diphenyl ether, and surprisingly, at the 1-position of
naphthalene.

Table 1. Products, HPLC retention times (min) and mass spectra details
for products obtained from FeCl3-catalysed reaction of C60F18 with aro-
matic compounds.

Aromatic Retention Type ms [amu]
compound time

benzene 7.85 tris 1236
6.1 see text see text

toluene 6.0, 6.4 tris 1278
8.9 bis 1206

15.5 mono 1134
anisole 6.85 tris 1326

9.75 bis 1238
17.7 mono 1150

diphenyl ether 4.8 tris[a] 1512
7.85 bis[b] 1362

15.1 mono 1212
chlorobenzene 9.5 tris 1340
1,2-dichlorobenzene 19.1 tris 1442
biphenyl 6.1, 7.8 tris[c] 1465

16.6 mono 1196
fluorene 7.1 tris

18.0 mono 1208
biphenylene 19.2[d,e] mono 1194

12.3[d] bis 1326
9.1[d] tris 1458

naphthalene 6.85, 7.25, 7.95 tris 1386[f]

10.8 tris/bis 1386, 1278
16.4, 19.0 mono 1170

pyrene 18.5 mono 1244
fluoranthene 12.0 bis 1426

18.1 mono 1244

[a] A peak at 1851 amu shows addition of two further diphenyl ether
molecules to the cage. [b] Shows the presence of o and p groups. [c] Also
a trace of C60F15 (biphenylyl)3O (1481 amu) at 7.3 min. [d] These com-
pounds have an orange fluorescence. [e] Orange crystals. [f] Together
with other components (see text).
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Interactions between aryl groups and fluorine atoms on the
cage : The mono-substitution product obtained from reaction
at the 1-position of naphthalene showed in the 1H NMR
spectrum, a 2.8 Hz coupling of the H-8 peri-hydrogen atom
to the adjacent fluorine atom on the cage. Likewise the
mono-substitution product obtained from reaction at the 1-
position of pyrene showed a 2 Hz coupling between the H-
10 peri-hydrogen atom and the neighbouring fluorine atom.
The proximity of an aryl hydrogen atom and a cage fluorine
atom in the case of C60F172-naphthyl resulted in loss of HF
and ring closure during EI mass spectrometry.

Free rotation of the aryl groups: The distance between the
aryl groups is too large to hinder free rotation at room tem-
perature (but may in the case of large aromatics hinder sub-
stitution of the other labile fluorines, see 2 above). In the
mono-substituted derivatives, the 2-naphthyl substituent is
able to rotate freely, but rotation of the 1-naphthyl- and 1-
pyrenyl derivatives is restricted due to hindrance by the ful-
lerene cage.

Substitutions of the individual aromatic compounds:

Benzene : This has been described under 1 above.

Toluene : Four fractions were obtained with retention times
of 6.0, 6.4, 8.9 and 15.5 min. The spectroscopic data (see Ex-
perimental Section) showed that these were due to
C60F15(tol)3, (all-para substituted), C60F15(tol)3, (two para
and either a meta or an ortho group), C60F16(tol)2, and
C60F17tol, respectively. The monosubstitution derivative was
isolated as the main one, but in low yield, in the reaction
using SnCl4 as catalyst, confirming that this is less effective
than FeCl3.

Anisole and diphenyl ether : Anisole gave fractions with re-
tention times of 6.85, 9.75 and 17.7 min due to C60F15(ani-
syl)3, C60F16(anisyl)2, and C60F17(anisyl), respectively, whilst
diphenyl ether gave fractions of 4.8, 7.85 and 15.1 min, due
to C60F15(C6H4OPh)3, C60F16(C6H4OPh)2, and C60F17(C6H4-
OPh), respectively (see Experimental Section).

Another sample of C60F15(C6H4OPh)3 showed a mass
spectrum peak at 1851 amu, which was attributed to the ad-
dition of two further diphenyl ether molecules to the un-
fluorinated part of the cage.

The lack of symmetry in the 1H NMR spectrum (not shown)
for C60F16(C6H4OPh)2, revealed that it did not consist of a
single isomer having two 4-C6H4OPh substituents. Thus,
ortho substitution had occurred giving isomers having either
a 4- and a 2-C6H4OPh substituent or two 2-C6H4OPh sub-
stituents present, which was confirmed by the 19F NMR
spectrum (Figure 1). For C60F18 and derivatives, the fluorine
resonances fall generally within the following four main
areas of dF values: 128–134 (the three outermost fluorine
atoms), 136–138 (the six fluorine atoms attached to the cen-
tral aryl ring), 141–151 (the six fluorine atoms further out
from this ring), 157–170 ppm (the three fluorine atoms sur-
rounded by three sp3-hybridised carbon atoms. These latter

peaks are moved downfield to around d=�137 ppm when
fluorine is replaced by aryl. For a symmetrical bis-para-sub-
stituted derivative there should therefore be a total of nine
lines, with just one upfield peak, and similarly a bis-ortho-
substituted derivative (assuming free rotation of the aryl
groups) would also give nine lines, whilst an o/p combina-
tion would give 15 lines, and again just one upfield peak.
The 25-line spectrum (some overlap) indicates a combina-
tion of all three, which was confirmed by the presence of
three upfield lines in a ratio of approximately 2:2:1, due to
p/p, o/p and o/o combinations, respectively.

Chlorobenzene : This formed the tri-substituted derivative
showing the parent ions at 1338/1340 amu and fragmenta-
tion ions at 1227, 1116 and 1005 amu due to stepwise loss of
the aryl groups. The halogen atoms in the aryl group pro-
vide a pathway for further derivatisation.

1,2-Dichlorobenzene : Despite the electron-withdrawing
effect of two chlorine atoms, this gave a tris-adduct,
1442 amu, eluting at 19.1 min. Figure 2 shows the single-
crystal X-ray structure (the first for a member of the “trium-
phene” family) and crystal packing. It confirms the symme-
try and substitution at the 4-position of 1,2-dichlorobenzene,
but since the R factor is 20 % (m-chloro substituent occupies
either of the 3- and 5-positions), crystallographic data are
not given.

Biphenyl : This gave fractions with HPLC retention times of
6.1, 7.8, and 16.6 min due to the two tris-substituted
[C60F15(biphenyl)3] and one mono-substitution product
[C60F17(biphenyl)], respectively; the different tris-product re-
tention times are due to para and, remarkably, ortho substi-
tution. An (uncharacterised) oxide derivative of the tris
compound eluted at 7.3 min (see Experimental Section).

Fluorene : Using toluene as solvent gave an early eluting
component (4 min), which according to MS was assigned to
a mixture of fluorene dimers and trimers resulting from self
substitution, together with the main yellow-orange mono-

Figure 1. 19F NMR spectrum of C60F16(C6H4OPh)2.
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substitution product 3, Ar=2-fluorenyl, 1208 amu, eluting at
18.0 min.

The tris-substituted product was obtained by carrying
out the reaction in 1,2-dichlorobenzene. The structure was
confirmed by the 19F NMR spectrum which at low tempera-
ture became more complicated due to restricted rotation of
the 2-fluorene substituents which may lie in either “A” or
“B” conformations, giving three possibilities: AAA, ABB,
AAB.

Biphenylene : This gave the mono-, bis- and tris-substituted
derivatives (1194, 1326 and 1428 amu, respectively) with cor-
responding HPLC retention times of 19.2, 12.3 and 9.3 min.
We anticipated reaction at the 2-position of biphenylene
since it is the most reactive towards electrophilic substitu-
tion,[17] and this was confirmed by the single-crystal X-ray
structure of the orange crystals of the mono-substitution
product, two views of which are shown in Figure 3.

Naphthalene : Four fractions were obtained at 7.25, 7.95 min
[both C60F15(naphthyl)3 isomers, with combinations of 1- and
2-naphthyl substituents], 16.4 min (C60F17(2-naphthyl)) and
19.0 min (C60F17(1-naphthyl)). The 2-naphthyl mono-substi-
tution product gave a parent ion in the EI mass spectrum at
1170 amu, with fragmentation ions for C60F17 (1043 amu).
The peak assignments (Figure 4) are deduced from the re-
spective 1H and 19F NMR spectra (see Experimental Sec-
tion).

The structure of C60F17(1-naphthyl) (Figure 5) was con-
firmed by EI mass, 1H, and 19F NMR spectra (see Experi-
mental Section). The mass spectrum (see Figure 10) differs
from that of the 2-naphthyl isomer, in the presence of the
1150 amu peak due to HF elimination of H8 and an F atom,
which are in close proximity, giving a naphthaleno[60]fuller-
ene. The 19F NMR spectrum shows that free rotation of the
1-naphthyl substituent is prevented (giving C1 symmetry)
and that H8 shows 2.4 Hz coupling to the adjacent F atom, a

Figure 2. Single-crystal X-ray structure (a) and packing diagram (b; projection view down the a axis) of C60F17(1,2-Cl2C6H5)3.

Figure 3. a) The single-crystal X-ray structure of C60F17(2-biphenylenyl); b) view showing the location of the toluene solvate; c) lattice structure with pro-
jection down the b axis.[18]
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similar coupling being observed with the peri-hydrogen
atom of pyrene (see below).

Fluoranthene : This gave both mono- (1244 amu) and bis-
(1426 amu) substitution prod-
ucts. The NMR spectra were in
each case very complicated as
expected since there are two
sites each more reactive than
the 1-position of naphthalene,
and two each more reactive
than the 2-position of naphtha-
lene.[19] Consequently a mixture
of derivatives results.

Pyrene : Using 1,2-dichloroben-
zene as solvent gave the mono-
substitution product, 1244 amu,
with a retention time of
18.1 min. Substitution occurs at
the most reactive 1-position
(s+ =�0.705, cf. �0.36 for the

5-position).[20] As in the case of the 1-naphthalene deriva-
tive, free rotation is prevented, but the 19F NMR spectrum
(Figure 6 assignments deduced from 2-D COSY), shows
near symmetry with peaks 6 and 11, 7 and 10, 5 and 12, 2
and 15, 8 and 9, 16 and 17, showing close coincidence. The
near symmetry indicates that the plane through pyrene is
almost at right angles to the plane that passes through the
centeral benzenoid ring of the fluorofullerene.

Substitution in the 1-position was confirmed by the
1H NMR spectrum; the peaks were assigned (Figure 7) by
decoupling and 2D COSY. There is a 2 Hz coupling between
peri-hydrogen H10 and the nearest fluorine atom on the ful-
lerene cage, as found similarly for the 1-naphthyl derivative.

Derivative fluorescence : Fullerenes strongly quench the
fluorescence of species that normally fluoresce in the visible,
due evidently to transfer of energy from the excited singlet
state of the arene to the fullerene, see for example reference
[21]. The biphenylene derivatives nevertheless appeared to
show orange fluorescence when irradiated at 365 nm. We
therefore carried out a preliminary investigation of fluores-
cence of three of the tris-substituted compounds containing
phenyl, fluorenyl and biphenylenyl substituents.

Irradiation of the phenyl compound at 344 nm produced
an emission with a maximum at 530 nm (curve b, Figure 8),
irradiation of the biphenylenyl compound at 344 and 375 nm
produced emissions at 525 and 515 nm (curves c and a, re-
spectively, Figure 8), whereas irradiation of the fluorenyl
compound at either 344 or 375 nm produced no emission
(curve d, Figure 8).

We hope subsequently to be able to carry out a more de-
tailed study of the fluoresence of a greater range of arylated
fullerenes.

Conclusion

Through reaction of C60F18 with a variety of aromatic com-
pounds we have shown that electrophilic substitution of the
fullerene into many aromatic compounds can be accom-
plished, which paves the way for the formation of a wide

Figure 4. Schlegel diagram for C60F17(2-naphthyl); numbers in the aryl
ring and fullerene cage refer to the 1H and 19F NMR spectra, respective-
ly.

Figure 5. Schlegel diagram for C60F17(1-naphthyl); numbers in the aryl
ring refer to the 1H NMR spectrum; letters on the fullerene cage refer to
the 19F NMR data (see text for resonances).

Figure 6. 19F NMR spectrum for C60F17(1-pyrene).
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range of more complex arylfullerenes, all of which retain the
unique shape of C60F18. These compounds are potentially im-
portant donor–acceptor dyads, combining as they do the en-
hanced electron withdrawal by the fluorofullerene core, and
the presence of three electron-donating addends. Some of
the compounds are rare examples of fluorescent fullerenes.

Experimental Section

Reagents : All aromatic compounds were commercial samples used with-
out further purification.

Preparation of C60F18 : A small-scale preparation of C60F18 has been de-
scribed before[22] but was prepared for this work in two ways:

1) K2PtCl6 (Aldrich) was converted by reacting with fluorine gas, into
K2PtF6, an intimately ground mixture of the latter was then heated with
[60]fullerene (3:1 weight ratio) to 460 8C under vacuum by the method
described previously.[23] The crude material (65 % yield) was then purified
by HPLC to give a 63.5 % yield of the 1:1 C60F18:toluene solvate (41 %
overall). In some experiments this was used without further treatment,
though in these cases some mixed arylation resulted from the toluene
present. A portion of the sample was dissolved in dichloromethane and

concentrated to dryness in a rotary evaporator; this procedure was re-
peated three times to remove any toluene. The dried solid was then
heated under vacuum for 2 h at 110 8C. This resulted in an overall 10 %
weight loss (approximately that calculated for the weight of toluene in
the 1:1 solvate), and no further loss occurred on additional heating (up to
110 8C). The overall yield of pure C60F18 was thus 37%.

2) An intimately ground mixture of [60]fullerene (80 mg), MnF3 (270 mg)
and K2NiF6 (160 mg, Apollo Fluorochemicals) was placed in a Pyrex
glass tube (120 P 8 mm i.d), and distributed evenly along it; it is essential
to avoid having a “plug” of material present as this can cause its ejection
on pre-heating. Packing of the tube is easier (and the yields are higher) if
“old” tubes are re-used, probably due to deactivation of hydroxy sites on
the glass. They are then placed in a larger tube (300 P 11 mm i.d.) inside a
silica tube contained within a tube furnace. After application of vacuum
(two-stage pump), the temperature was raised successively to 60, 150, 220
and 280 8C and kept at each temperature until the pressure returned to
0.005 mBar. The temperature was then raised rapidly to 520 8C (setting
the furnace initially to 600 8C to get the most rapid heating) and then
ramping back when the temperature had reached 470 8C to avoid over-
shoot. Fluorination is complete in about 20 min, and during release of
fluorine by the fluorinating reagents, the pressure increases to 0.1 mBar.
This increase is disadvantageous to the formation of C60F18 because it is
not swept efficiently away from the reaction zone, thereby affording op-
portunity for further fluorination to give the unwanted C60F36. Notably,
little product is deposited in the cold zone until the higher vacuum is re-
stored, and yields are reduced if larger quantities of reagents are taken,
because a larger degradation of the vacuum occurs during fluorination.
Higher yields should be obtainable by using a ballasted system coupled
with a pump of higher efficiency than that presently available to us, and
this is to be investigated.

The tubes were removed, cooled rapidly, and the product was extracted
with toluene (sonication), filtered, concentrated and purified by HPLC.
The whole contents of each run were purified in one injection (6–7 mL)
using a 250 P 20 mm Cosmosil Buckyprep column, (18 mL min�1 toluene
flow rate). The average yield per run of pure C60F18:toluene solvate was
16–17 mg (14 %). Three runs were routinely carried out per day (using
fast cooling of the furnace at the end of each run), giving weekly yields
of about 250 mg for this and other ongoing work. At full capacity our
HPLC system is able to purify 400 mg of C60F18 per week.

Arylation: In previous work using benzene as the aromatic compound,[15]

the reagents (C60F18/benzene/FeCl3) were mixed together, one batch
being left at room temperature, the other was heated to 70 8C for 1 h.
The solutions were then left (for logistical reasons) to evaporate to dry-
ness over a period of about three months. On the assumption that the re-
action was occurring whilst the reagents were in solution, we repeated
this procedure but analysed the solutions, and found very little reaction
to occur. They were concentrated for C60F18 recovery using a rotary evap-
orator at 40 8C, when it was discovered that reaction then took place.
Subsequent experiments confirmed that reaction under these conditions
occurred only when the reagents were evaporated essentially to dryness,
and would seem to be a concentration effect. All subsequent prepara-
tions were performed using two regimes: 1) a mixture of the aromatic
compound (excess), C60F18 (3–5 mg) and (except where otherwise indicat-
ed) FeCl3 (10 mg, excess) was heated to 40 8C and concentrated to dry-
ness using a rotary evaporator; use of catalytic quantities of FeCl3 gave
lower yields. Solid aromatic compounds were dissolved first in either ben-
zene or toluene, and this resulted in some mixed substitution, which also
provided information on the relative reactivities of the aromatic com-
pounds; 2) the aromatic compound was dissolved in 1,2-dichlorobenzene
and heated to 90 8C with C60F18/FeCl3 and then evaporated to dryness
under vacuum. This gave a better yield of tris adducts in some cases, but
also produced accompanying substitution into 1,2-dichlorobenzne. SnCl4

was a less effective catalyst giving greater recovery of unreacted C60F18,
whilst use of AlCl3 resulted in polyarylation, and loss of all of the C60F18.

We briefly investigated the use of other solvents: poor yields were ob-
tained by using CCl4, CH2Cl2, C6F6 and 1,2-dichloroethane (the most sat-
isfactory of the non-aromatic compounds). Overall, benzene, toluene and
1,2-dichlorobenzene were best.

At the end of reaction, toluene was added to the solid mixture which was
filtered and the products were separated by HPLC using a Cosmosil 5

Figure 7. 1H NMR spectrum for C60F17(1-pyrene).

Figure 8. Emission spectra of some tris-substituted aryl fluorofullerenes
(for details see text).
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PYE column with toluene elution at 4 mL min�1, and then examined by
mass spectrometry (EI, 70 eV), 1H and 19F NMR spectroscopy. Because
of the small scale used in this work, products were each obtained in
about 1 mg yields.

In common with many other fullerene derivatives, some compounds
showed instability towards EI mass spectrometry, with loss of some or all
of the aryl groups, leaving the fluorinated fragment from which the
nature of the parent species was determined (confirmed by the NMR
spectra). The fluorofullerene fragments that indicated the parent species
were: 1005 amu (C60F15); 1024 (C60F16); 1043 (C60F17), and these are evi-
dent in typical examples of the mass spectra that are shown.

Spectroscopic data

Mass spectra : These were all EI and run at 70 eV.
1H and 19F NMR spectra : 1H and 19F NMR spectra were run at 500 and
377 MHz (CDCl3), respectively.

Benzene: The mass spectrum of the eluent with a retention time of
6.1 min showed peaks (amu) at 1005 (30 %), 1082 (5 %), 1159 (20 %),
1278 (55 %), 1326 (6 %) and 720 (100 %), confirming the presence of
phenyl and tolyl groups.

Toluene : The mass spectrum of the fraction with a retention time of
6.0 min (Figure 9) showed the parent ion at 1278 amu [C60F18(tol)3], and
fragmentation ions at 1187, 1096 and 1005 amu due to the loss of the
three aryl groups. The 19F NMR spectrum comprised three peaks at d=

�137.43 (bs, 3F), �138.44 (bs, 6F) and �145.17 ppm (bs, 6F), and the
1H NMR spectrum (500 MHz, CDCl3) showed d=7.61 (d, 3J(H,H)=
8 Hz, 2H, meta to Me), 7.43 (d, 3J(H,H)=8, 0.5 Hz, 2 H, ortho to Me),
and 2.48 ppm (s, 3H, Me). Irradiation of the latter collapsed the upfield
peaks to a doublet showing them to be due to the hydrogen atoms adja-
cent to the methyl group, and this is also consistent with the location of
the more downfield pair, which are ortho to the electron-withdrawing
cage.

The mass spectra of the fractions with retention times of 8.9 and 15.5 min
gave parent ions at 1206 amu [fragmentation ion at 1024 amu (C60F16)],
and 1134 amu [fragmentation ion at 1043 amu (C60F17)], respectively.
Both spectra showed fragmentation ions at 904 and 812 amu due to loss
of all the fluorine atoms.

Anisole : The mass spectra of the fractions with retention times of 6.85,
9.75, and 17.7 min gave parent ions at 1326, 1238, and 1150 amu
(Figure 10). The latter shows the main fragmentation ion at 1043 amu
(C60F17

+ , due to loss of the aryl group) and 828 amu (C60anisyl+ , due to
loss of all of the fluorine atoms).

Diphenyl ether : The mass spectra of the fractions with retention times of
4.8, 7.85 and 15.1 min showed parent ions in the mass spectra at 1513

(Figure 11), 1362 and 1212 amu due to C60F15(C6H4OPh)3,
C60F16(C6H4OPh)2, C60F17(C6H4OPh), respectively.

Biphenyl : The fractions with retention times of 6.1 and 7.8 min gave EI
mass spectra showing parent ions at 1465 amu [C60F15(biphenyl)3] with
fragments at 1311, 1158 and 1005 amu due to aryl loss. By analogy with
the results with toluene, the fractions are assigned to para- and ortho sub-

stitution. The 16.6 min fraction gave parent/fragmentation ions at 1196/
1043 amu (C60F17(biphenylyl)), and the 7.3 min fraction gave parent/frag-
mentation ions at 1481/1326 amu, [C60F15(biphenyl)2O] (either an ether
or fluoroxy derivative).

Fluorene : The 19F NMR spectrum of the tris-derivative shows three
peaks at dF=�136.1 (bs, 3F), �137.8 (bs, 6F) and �144.0 ppm (bs, 6F).
The 1H NMR spectrum (328 K) gave d=8.04 (s, 1 H, H1), 7.89 (dd,
3J(H,H)=7.8, 2.2 Hz, 1H, H3), 7.74 (d, 3J(H,H)=7.8 Hz, 1H. H4), 7.73
(d, 3J(H,H)=7.7 Hz, 1 H, H5), 7.34 (d, 3J(H,H)=7.6 Hz, 1H, H8), 7.25,
(m, H6,7 2H, m), 3.54 ppm (s, 2H, s CH2). H1 and H8 were identified by
nOe between them and the methylene group, and the 2.2 Hz coupling of
H3 is due to interaction with the nearby fluorine on the cage.

On lowering the temperature to 280 K, restricted rotation of the asym-
metric 2-fluorenyl group caused the methylene peak to split into three
peaks at d=3.40, 3.52 and 3.56 ppm in a ratio of about 1:4:4.

Figure 9. EI mass spectrum for C60F15(tolyl)3.

Figure 10. EI mass spectrum for C60F17(anisyl).

Figure 11. EI mass spectrum for C60F15(C6H4OPh)3.
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Naphthalene : The tris-naphthyl derivatives eluting at 7.25 and 7.95 min
gave parent ions at 1387 amu.
1H NMR spectrum for C60F17(2-naphthyl): d=8.09 (d, 3J(H,H)=8.7, 1 H,
H4), 8.07 (d, 3J(H,H)=ca. 2 Hz, 1H, H1), 7.95–8.00 (bm, 2H, H5,8), 7.77
(d, 3J(H,H)=8.4, 2.1 Hz, 1H, H3), 7.65–7.63 ppm (bm, 2H, H6,7). were
identified by decoupling. The nine-line 19F NMR spectrum (Figure 12),
proves the Cs symmetry and that the 2-naphthyl group rotates freely. The

peaks (all 2F multiplets except no. 5 which is 1F) appear at dF=130.60,
135.26, 135.41, 137.54, 137.59, 143.42, 144.46, 144.52, 158.01 ppm and are
assigned (Figure 4) from experience with C60F18 derivatives.

Figure 13 is the EI mass spectrum for C60F17(1-naphthyl). The NMR spec-
trum shows seven equal-intensity lines, assigned through multiplicity and
de-coupling, at d=8.87 (dm, 3J(H,H)=7.7 Hz, H8), 8.04 (d, 3J(H,H)=
7.9 Hz, H4), 8.02 (d, 3J(H,H)=8.2 Hz, H5), 7.90 (d, 3J(H,H)=6.9 Hz, H2)

7.74 (t, 3J(H,H)=8.3 Hz, H7), 7.648 (t, 3J(H,H)=7.0 Hz, H6), 7.642 ppm
(t, 3J(H,H)=7.9 Hz, H3).

The 19F NMR spectrum shows seventeen peaks (all 1F multiplets except
where stated) at dF=�130.39, �130.68, (a-type fluorine atoms); �136.30
(2F), �136.43, �136.62, �137.32, �137.67 (c-type fluorine atoms);
�138.84 (d-type fluorine atoms); �141.70, �143.63 (2 F), �144.45,
�145.73, �148.16 (all e-type fluorine atoms); �158.03, �158.38 ppm (g-

type fluorine atoms). These peaks all
fall in the ranges found generally for
C60F18 derivatives, except for peak d
(and likewise peak 5 for the 2-naph-
thyl isomer), which is shifted down-
field due to loss of an adjacent fluo-
rine and its electron-supplying lone
pair.

Pyrene : 19F NMR data for C60F17(1-
pyrene): dF=�130.33 (d, 3J(F,F)=
19.7 Hz, 1F), �130.55 (d, 3J(F,F)=
18 Hz, 1F), �136.20 (bs, coincident,
2F), �136.30 (bs, 1F), �136.50 (bs,
1F), �137.22 (bs, coincident, 2 F),
�137.37 (m, 1F), �141.73 (d, 3J(F,F)=
31 Hz, 1F) , �143.53 (s, coincident,
2F), �144.25 (d, 3J(F,F)=24 Hz, 1F),
�145.71 (d, 3J(F,F)=27 Hz, 1F),
�144.80 (d, 3J(F,F)=27 Hz), �157.95
(m 1F), �158.26 ppm (m, 1F).
1H NMR data for C60F17(1-pyrene):
d=9.11 (dt, 3J(H,H)=9.4, 2 Hz, 1H),
8.40, (d, 3J(H,H)=8.2 Hz, 1 H), 8.37
(d, 3J(H,H)=9.4 Hz, 1H), 8.34 (d,
3J(H,H)=8.2 Hz, 1H), 8.332 (d,
3J(H,H)=7.5 Hz, 1H), 8.327 (d,
3J(H,H)=6.9 Hz, 1H), 8.23 (d,
3J(H,H)=8.9 Hz, 1H), 8.152 (d,
3J(H,H)=8.9 Hz, 1 H), 8.133 ppm (t,
3J(H,H)=7.7 Hz, 1 H).
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