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During the photochemical reaction of Cq, and C,, with anthracenes (A) two
types of transient EPR-active product are observed. The first is found in non-
polar and in polar solvents and probably represents biradicals (Cgo~A-A—-Cqgp)
or monoradicals C¢,—A-R with unknown residue R and resulting from a
photochemical reaction of preformed 2 +4 Diels—Alder adducts of the anthracenes
to Cgo. The second appears only in polar solvents and are tentatively assigned
as anions of these Diels—Alder adducts. All species are preferentially formed
from anthracenes with small substituents in the 9- and 10-positions. For C,,
several adducts of each type are found, which is ascribed to the non-equivalence
of the C,, addition sites. To support the assignments various alkyl radical

adducts to C,, have also been studied.

In the last years Cgq, has been functionalized in many
ways,' whereas for C,, fewer reactions are known. Most
processes are based on thermal chemistry, but several
photochemical reactions are also known, such as the
[2+2] cycloadditions of cyclohexenones®* and of N,N-
diethylpropynylamine® to Cg,, additions of alcohols and
hydrocarbons to a crown-ether methanofullerene* and a
cycloaddition of disilirane to C,,.> A photochemical
reaction between 3Cg, and anthracene has been found
by Goldshleger et al.® under conditions where anthracene
does not absorb. The product is identical with the thermal
2 +4 Diels-Alder adduct,” and is proposed to be formed
via an exciplex intermediate. This reaction was not
observed in studies involving Cg, or C,, and anthracenes
to obtain the fullerene triplet energies and the extinction
coefficients for their triplet-triplet absorption.®~1° There,
the triplet state of anthracene (Er =42 kcal mol ™ !)!! was
quenched by Cg, (Er=36.3 kcal mol~1)!? with a rate
constant of (6.1+1.0) x10° M~1 st 8 and by C,o (Ex=
353 kcal mol™')® with a rate constant of
(6.24+0.6)x10° M1 g1 10

Recently, we reported the detection of transient inter-
mediates by EPR during the photochemical reaction
between Cq, and several anthracenes in a non-polar
solvent.!* They exhibit hyperfine splittings by anthracene
substituents in the 9- and 10-position. The non-
equivalence of the coupling constants for equivalent
9,10-substituents rules out an assignment to the triplet
state of a Diels—Alder adduct. We considered the singly
bonded species Ia and Ib, and excluded the non-polar

1 Permanent address: Institut fiir Physikalische Chemie,
Universitdt Stuttgart, D-70550 Stuttgart, Germany.
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biradical structure Ia on the basis of the magnitudes of
the couplings. The triplet zwitterion Ib, in which the two
electrons could be located on the Cg4, residue, and the
biradical IT seemed compatible with the observed hyper-
fine coupling constants. For II the large distance between
the two unpaired electrons weakens their electron
exchange, and, consequently, its EPR spectrum should
be close to that of a monoradical. Unfortunately, it was
not possible to make a definite assignment.

To obtain more information we have now extended
the study by the inclusion of additional anthracene
derivatives, varied the solvent and also employed C,,. It
is shown that in polar solvents a second type of adduct
is formed, and that in general C¢, and C,, lead to very
similar species. We also present EPR data for several
new radical adducts to C4, which were studied to support
the interpretation of the hyperfine coupling constants.

Experimental

Ceo and C,, were prepared in a Kriatschmer—Huffman
type apparatus (7 mm graphite rods, 100 A dc discharge,
200 mbar of He). C¢, of about 99% purity and C,, of
about 97% purity were obtained by toluene extraction of
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the soot and subsequent chromatographic purification
with toluene and 1,2-dichlorobenzene as eluents. tert-
Butylbenzene and anhydrous argon-packed benzonitrile
were purchased from Aldrich and used as received. The
non-deuteriated anthracenes were from Aldrich or
Fluka, tetrabutylammonium perchlorate [(TBA)ClIO,]
from Fluka, and anthracene-d;, from Cambridge
Isotopes Laboratories. Anthracene-1,2,3,4,5,6,7,8,9-d,,
anthracene-1,2,3,4,5,6,7,8-d;, 9-methylanthracene-1,2,3,
4,5,6,7,8,10-d,, and 9-bromoanthracene-1,2,3,4,5,6,7,8,
10-d, were synthesized from anthracene-d;,.!°

Steady state EPR experiments were performed using
an X-band Bruker ESP-300 spectrometer equipped with
a field frequency lock and a flow system on oxygen-free
solutions of Cg, or C;y (1.5x 1074 M) and the anthra-
cenes (3x 1075 to 5x107* M) in tert-butylbenzene or
in benzonitrile—tert-butylbenzene (4:1). Except for
9,10-dimethylanthracene and Cg, (vide infra) there was
no obvious reaction on mixing of the components. The
flowing solutions were continuously irradiated in quartz
cells of 1 mm or 0.5 mm optical path length with light
from a 1000 W Hg-Xe lamp filtered with aqueous CuSO,
which has an optical window between 300 and 600 nm.
The small linewidths of the paramagnetic species required
the use of 25 kHz modulation frequency and the field
stabilization with the field frequency lock, and the often
low stationary concentrations dictated high filter time
constants (typically about 1.25s) and some overmodul-
ation of the spectra presented in the figures. All signals
were transient and decayed after illumination with the
experimental time constant.

To investigate the product of the spontaneous reaction
of Cg and 9,10-dimethylanthracene these compounds
(Coo: 18 mg, 0.5 mmol; 9,10-dimethylanthracene: 5 mg,
0.49 mmol) were stirred together in benzene at ambient
temperature for 1 h to form a brown solution. The
solvent was removed under vacuum, and the dark brown
residue was washed with methanol and pentane and
dried. The NMR spectrum revealed the 2 +4 Diels-Alder
adduct as the main component: ‘H NMR (200 MHz,
CD,Cl,): & (ppm) 2.83 (s, 6 H, CHj), 7.75-7.80,
7.47-7.52 (4 H and 4 H, AA'BB’ similar to the data for
the anthracene adduct’). It could not be separated from
unreacted Cq, by column chromatography and decom-
posed slowly at room temperature. Electrochemical
experiments were carried out using a commercial cell
(Bruker) in the cavity of the EPR spectrometer.! A
mercury pool served as the working electrode and a
platinum wire as the counter electrode. The reference
electrode was saturated calomel (SCE), and the solvent
a mixture of benzonitrile—tert-butylbenzene (4:1) con-
taining 0.1 M (TBA)CIO,. The solutions for electrolysis
were degassed by several freeze—thaw cycles and purged
with argon during the experiments.

Results and discussion

Adducts to Cgy in tert-butylbenzene. Table 1 gives the
hyperfine coupling constants and peak-to-peak line-

Table 1. Hyperfine coupling constants (mG) and linewidths
(mG) of anthracene adducts to Cg in tert-butylbenzene
at 270 K.

Coupling
System constants AHy,
Anthracene (Fig. 1a)? 720 (1H,) 250°
1-Methylanthracene 720 (1H,) 250°
2-Methylanthracene 720 (1H,) 250°
Anthracene-d,q 112 (1D,) 60
Anthracene-1,2,3,4,5,6,7,8-dg 720 (1H,) 55
125 (1H,)
Anthracene-1,2,3,4,5,6,7,89-dy a 720 (1H,) 70
b 120 (1D,)
120 (1H,) 50
9-Methylanthracene (Fig. 1b) 175 (1H,) 110
125 (3H;)
9-Methylanthracene- 125  (3H;) 70
1,2,3,4,5,6,7,8,10-dy (Fig. 1c)
9-Hydroxymethylanthracene 390 (1H;)
(Fig. 2a) 170 (1H,) 140
9-Bromoanthracene (Fig. 2b) 150 (1H,) 130
9-Bromoanthracene- 110

1,2,3,4,5,6,7,8,10-d, (Fig. 2¢)

2 Also observed in benzene. ? Including the partially resolved
H,-coupling.

widths for all intermediates during the photoreaction of
anthracenes and Cg, observed so far, and Figs. 1 and 2
show EPR spectra for several derivatives. Except for the
species obtained with 9-bromoanthracenes which have
£=2.00263, all other products have g=2.00218-2.00220.

adducts 3Ce0

Fig. 1. EPR spectra observed during photolysis of a solution
of 1.5x107* M Cg in tert-butylbenzene at 270K in the
presence of 2.5 x 10™* M anthracene (a), 9-methylanthracene
(b) and 9-methylanthracene-1,2,3,4,5,6,7,8,9-dy (c).

1051



KLEMT ET AL.

1G

b)

<)

Fig. 2. EPR spectra observed during photolysis of a solution
of 1.5x107* M Cg in tert-butylbenzene at 280K in the
presence of 2.5x10"* M 9-hydroxymethylanthracene (a),
3x107*M 9-bromoanthracene (b) and 3x107*M
9-bromoanthracene-1,2,3,4,5,6,7,8,10-dy (c).

These g-factors are higher than that of the triplet state
of Cgo (g=2.00133),'” which is present in Figs. 1 and 2
as a singlet at higher field than the adduct lines.

The g-factors, hyperfine coupling constants and line
widths of the intermediates are very similar to those of
alkyl radical adducts to Cg,.'® Hence, they are very
probably similar adducts, with the unpaired electron spin
density mainly on Cg, with little delocalization onto the
anthracene part. From the variation of the hyperfine
coupling constants with anthracene deuteriation we fur-
ther concluded' that all adducts have similar structures,
and that the coupling constants are due to the substitu-
ents in positions 9 and 10 of one anthracene unit.

In particular, for anthracene and 1- and
2-methylanthracene the same spectrum with one resolved
proton coupling and a clear indication of a second
smaller doublet splitting is observed (Fig. la) which
makes it unlikely that Cg, is linked to an outer anthracene
ring. For anthracene-d,, the larger proton coupling is
replaced by a deuteron coupling of expected magnitude.
Anthracene-1,2,3,4,5,6,7,8-d;s shows two resolved
proton couplings and sharper lines. The larger coup-
ling is the same as for anthracene, and the smaller
one is also indicated for the undeuteriated anthracenes
but partially obscured by the line width. Anthracene-
1,2,3,4,5,6,7,8,9-d, gives two species in a ratio of about
one. The first has a deuterium coupling close to that of
anthracene-d;, and a proton coupling which is very
similar to the smaller proton coupling of anthracene-dj,
and the second has the same proton coupling as anthra-
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cene and no resolvable deuterium coupling. For all
perdeuteriated species the apparent linewidth is smaller
than for the protonated analogs which suggests addi-
tional unresolved couplings for the latter. Obviously, the
protons or deuterons in the 9- and 10-positions of
anthracene are inequivalent, and this suggests a single
bond between Cgy, and one of the central carbon atoms
of anthracene. In analogy to alkyl radical adducts we
assign the larger coupling constant (H: 720 mG, D:
112-120 mG) to the atom at the site of addition and the
smaller one (H: 120 mG, D: unresolvably small) to the
remote atomic substituent of the central anthracene ring.

9-Methylanthracene yields only one adduct with hyper-
fine couplings to three methy! protons and to a single
proton (Fig. 1b). To confirm the analysis of the spectrum
we used in addition 9-methylanthracene completely
deuteriated except for the methyl group. The resulting
spectrum (Fig. 1c) has somewhat sharper lines and cle-
arly shows the interaction with the methyl group with
the same coupling constant as for the undeuteriated
compound. The coupling constant of the deuterium atom
is now too small to be resolved, and the coupling constant
of the single proton of the 9-methylanthracene adduct is
similar to that of the remote proton for anthracene-dg
and -d,. Hence, we must conclude that for
9-methylanthracene Cg, is linked to C9, i.e., the more
substituted carbon atom. The same situation holds for
9-hydroxymethylanthracene and the 9-bromoanthra-
cenes. The adduct of the former (Fig. 2a) exhibits two
hyperfine splittings due to two inequivalent protons, the
smaller coupling being similar to that of the remote
proton of the aforementioned adducts. Hence, the larger
splitting of 390 mG is due to one proton of the CH,OH
group. The EPR spectra obtained during photolysis of
Ce¢o with 9-bromoanthracene and 9-bromoanthracene-
1,2,3,4,5,6,7,8,10-d, are shown in the lower part of Fig. 2.
9-Bromoanthracene shows the small remote proton split-
ting, whereas 9-bromoanthracene-1,2,3,4,5,6,7,8,10-d,
exhibits a single line, in agreement with an unresolved
small coupling of a remote deuterium atom.

Several additional anthracenes were employed to
search for similar adducts. For 9-phenylanthracene,
9,10-diphenylanthracene, 9-anthraldehyde, 9-cyano-
anthracene, 9,10-dibromoanthracene and 9,10-dichlo-
roanthracene we did not observe a photochemical reac-
tion, and the only observation was the triplet state of
Cgo- For 9-nitroanthracene and 9-chloromethylanthra-
cene a photochemical reaction took place, but no adducts
were detected. For 9,10-dimethylanthracene, reaction
with Cg, to give a Diels-Alder adduct occurs at room
temperature even without irradiation. No EPR signal at
all was observed when this Diels—Alder adduct was
irradiated in tert-butylbenzene, and only 3Cg, was found
during photolysis of 9,10-dimethylanthracene and Cg,
solutions which were precooled to prevent the thermal
reaction. However, EPR-active adducts were observed
during photolysis of Cg, with tetracene and rubrene. The
spectrum obtained for tetracene is similar to that for
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anthracene, whereas for rubrene a complicated pattern
arises which was not analyzed. No reaction was observed
for naphthalene, phenanthrene and benzo[a]pyrene.

With respect to the structure of the EPR-active species
it appears to us now that both forms Ia and Ib with a
single bond between the anthracenes and Cq, and no
further substituents are unlikely. Ia should give much
larger coupling constants especially for the proton in
position 10 which is at the center position of a cyclo-
hexadienyl fragment.!® RHF-PM3 calculations on the
triplet state showed that the open form Ia is an energy
minimum with a bond length of 156 pm between Cg,
and C9. The spin density distribution is as expected for
Ia and there is no extensive charge separation as sug-
gested by Ib. Furthermore, triplet states of Diels—Alder
adducts to Cqo, i.¢., species that also carry two unpaired
electrons on the fullerene part as in Ib, have recently
been found?® to exhibit rather broad EPR lines and g-
factors outside the range found here.

On the other hand, a general structure III, which
includes biradical II, appears reasonable and is supported
by the analogy of the observed coupling constants with
those of known alkyl radical adducts. (a) At first sight,
the coupling constant of 720 mG for a proton of a CH
group linked to C¢, appears high in comparison with
reported H,-coupling constants of alkyl adducts,'® such
as 470 mG for (CH,),CH. However, recently larger
values have been reported for fluorinated alkyl adducts,*!
and Table2 shows that cyclohexyl, a-hydroxybenzyl
(assignments by analogy with C¢HsCH,??) and formyl
adducts (photolysis of CH,CH,CHO?) exhibit H,-coup-
lings which are also fairly large. Hence, the assignment
of the large coupling is reasonably justified, and indicates
that H, is placed over the cyclopentyl ring. (b) The
coupling constant of the methyl protons in the
9-methylanthracene adduct (125 mG) agrees very well
with other data on &-CHj-couplings.!® For
9-hydroxymethylanthracene only one y-proton of the

Table 2. Hyperfine coupling constants (mG) of radical
adducts®® to Ceq.

Radical Coupling constants TK
{CH3),CCH,CH,CH5® 190 (6H;) 360
. 100 (2H;)
c-CgHyq @ 560 (1H,) 320
360 (2H;)
120 (2H,) or (2H;)
(CH;),COH® 150 (6H;) 320
. 90 (1H;)
CH,0OH° 170 (2H,) 320
_ 75 (1H5)
CeHsCHOH® 720 (1H,) 310
200 (2H,)
CHO 2080 (1H,) 320

# All g-factors are in the range 2.0022-2.0023. ® Except where
noted in tert-butylbenzene. ¢ Photolysis of (CH3)sCOOC(CH3)3
+RH. 9Solvent benzene. °Photolysis of HO{CH3),COC-
(CH3),0H.

CH, group has an appreciable coupling, but a similar
situation is known for the adduct of Si(CH,CH,);.2* (c)
The coupling to the remote proton (125 mG for anthra-
cene-dg) is without precedence for alkyl adducts for
which appreciable couplings are only known for y-, 8-
and e-protons.'® However, the MM *structure of III
calculated with R=H given below indicates that the
remote proton should be very close (275 pm) to the Cg,
atom with the largest spin density,?®> and this may well
explain the long-range coupling. Further support is the
similarity of the g-factors with those of alkyl adducts,
including the slightly higher value for the brominated
species.

R H

H Co
111

On the basis of the magnetic properties it is not possible
to ascertain the nature of our adducts beyond structure
HI with an unspecified group R, but, as shown later on,
the biradical structure II seems chemically reasonable.
For anthracene-dgz we found no temperature dependence
of the line positions from —38 to + 70 °C, which suggests
a fairly rigid adduct structure. The formation of the
species must be rather complex, however, as evidenced
from the polarization of the signals and its time depend-
ence: As Fig. 1a shows, the adduct of anthracene appears
in emission at 270 K, and the same was found for all
deuteriated anthracenes earlier.'* The other adducts show
absorption at 270 K but the general polarization pattern
depends strongly on the experimental conditions. Low
temperatures, low flow rates and low anthracene concen-
trations favor emission whereas high temperatures, flow
rates and anthracene concentrations lead to enhanced
absorption. 3Cg, appears always in absorption. After
initiation of the photolysis the anthracene adduct first
shows absorption and then emission after several
seconds, and 3Cg, appears only slowly whereas it forms
instantaneously in samples without anthracenes.
Obviously, the development of the emissive polarizations
requires the presence of *Cgy.

Adducts to C,y in tert-butylbenzene. While all carbon
atoms of Cg, are equivalent, C,, has five non-equivalent
carbon atoms to which additions may occur to produce
five isomeric adducts. The five sites are numbered A, B,
C, D and E in Fig. 3 and are occupied by 10, 10, 20, 20,
and 10 carbon atoms,?® respectively. During the reaction
with monoradicals several of the expected isomers have
been observed, namely three for methyl*’ and tert-
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Fig. 3. Schematic structure of C;5 with the five non-
equivalent types of carbon atom.

butyl,?® four for perfluoromethyl,?’ phenyl,?’ the hydro-
gen,?® and the fluorine®® atoms and five for muonium.*!
Generally, their hyperfine coupling constants do not
deviate strongly from those of the corresponding Cg,
adducts but the g-factors of the different isomers show a
remarkably large spread.

EPR spectra obtained during photolysis of a solution
of C,, and anthracenes in tert-butylbenzene are shown
in Fig. 4. In all cases we find a fourfold repetition of the
spectral features of the adducts to Cq, 1.€., four isomers.
They are numbered 1, 2, 3 and 4 according to increasing
g-factors, and the positions of the numbers in Fig. 4
indicate the centers of the individual spectra. The triplet
state of C,, (g=2.00185) is not observed because of its

4 302 !
a)
b)
1G
<>
<)
d

Fig. 4. EPR spectra observed during photolysis of a solution
of 1.5x107"*M Cy, in tert-butylbenzene at 300K in the
presence of 1.2 x 10™* M anthracene (a), anthracene-d,q (b),
anthracene-1,2,3,4,5,6,7,8-dg (c) and anthracene-
1,2,3,4,5,6,7,8,9-dy (d).
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large linewidth.!” Table 3 gives the hyperfine coupling
constants, peak-to-peak linewidths and g-factors of those
isomers for which the line positions could be reliably
obtained from the spectra. For the others there are
ambiguities due to overlap and strong polarization effects
which are similar to those observed with Cg,.

The four isomers are clearly seen for anthracene, and
I- and 2-methylanthracene (Fig. 4a) as four doublets
with proton coupling constants of 710 to 780 mG,
anthracene-d,, (Fig. 4b), as four deuterium triplets with
coupling constants of 100 to 120 mG and anthracene-dy
(Fig. 4c), as four proton doublets with the same large
coupling constant as found for anthracene. Only for the
isomers 1 and 4 of anthracene-dg is the small remote
proton coupling resolved.

Fig. 5 reveals that four isomeric adducts with very low
signal intensities and similar g-factors are also obtained
for 9-methylanthracene, 9-methylanthracene-1,2,3,4,5,
6,7,8,10-d;, and 9-hydroxymethylanthracene in tert-
butylbenzene, and their properties are also given in
Table 3 as far as they could reasonably be determined
from the spectra. In comparison with the Cg, adducts
(Figs. 1. 2, Table 1). the coupling constants are lower,
and for 9-hydroxymethylanthracene only isomers 1 and
4 show resolved hyperfine structure. No adduct was
observed during photolysis of C,, and 9,10-dimethyl-
anthracene in the same solvent.

The similarity of the hyperfine patterns of the adducts
of anthracenes to C,, and to Cg, indicates structures
analogous to III or II. For monoradicals the assignment
of the different isomers to the different addition sites A
to E of C,, has proved difficult, and conflicting views
have been expressed.?”-?® For carbon-centered radicals
one generally finds one adduct with a g-factor smaller
than that of the C4, adduct and two to three species with
larger values. The g-factors range from about g=2.0020
to g=2.0028. The anthracene adducts behave similarly
but cover a considerably larger range from g=2.0016
(isomer 1) to g=2.0034 (isomer 4), and the upper value
is clearly outside the normal range for radicals consisting
only of carbon and hydrogen atoms. Based on the local
environment the C,, adducts should deviate increasingly
from the Cg, species in the order A to E,?” and based
on this, relative signal intensities, g-factors and coupling
constants, the monoradical adducts with the intermediate
g-factors (our isomers 2 and 3) have been assigned to
the sites of addition D and C.?”"* Whilst there is
agreement on this point, Morton et al?® attribute the
low g isomer (1) to site B and the high g isomer (4) to
A, whereas Krusic et al.?” assign the former to B or A
or a superposition of both and the latter to E. Krusic
et al.?” base their assignment of isomer 4 to E mainly on
its g-factor of 2.0026-2.0027 which is compatible with a
cyclohexadienyl-type structure though the E isomer
should be thermodynamically disfavored.>?> Here, we
observe the remote proton coupling for anthracenes and
a coupling to one &-proton for 9-hydroxymethylan-
thracene only for the isomers 1 and 4, i.e., their struc-
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Table 3. Hyperfine coupling constants (mG), linewidths (mG) and g-factors of anthracene adducts to C,q in tert-butylbenzene
at 270 K. Isomers with strongly overlapping lines are not included.

System Isomer Coupling constants AH,, g-factor
Anthracene (Fig. 4a) 2 780 (1H,) 1107 2.00214
4 710 (1H,) 150 2.00342
1-Methylanthracene 2 790 (1H,) 130 2.00216
4 710 (TH,) 1702 2.00342
2-Methylanthracene 2 780 (1H,) 1107 2.00215
4 710 (1H,) 150? 2.00341
Anthracene-d,o (Fig. 4b) 1 110 (1D,) 60 2.00161
2 120 (1D,) 60 2.00216
3 100 (1D,) 60 2.00249
4 110 (1D,) 60 2.00341
Anthracene- 720 (1H,)
1,2,3,45,6,7,8-s 1 { 80 (1H) } %0 z00761
(Fig. 4c)
2 780 (1H,) 80 2.00214
710 (1H,)
4 { 80 “ H:) } 50 2.00341
Anthracene- 1a 720 (1H,) 60 2.00161
1,2,3,45,6,7,89-dy 110 (1D,)
(Fig. 4d) 1b { 80 (1H)) } 60 200161
2a 780 (1H,) 70 2.00215
2b 120 (1D,) 60 2.00215
4a 710 (1H,) 60 2.00341
110 (1D,)
4b { 80 I HZ) } 60 2.00341
9-Methylanthracene? 1 200° 2.00158
(Fig. 5a) 2 140° 2.00201
3 200°  2.00239
4 200° 2.00345
9-Methylanthracene- 1 85 (3H;) 50 2.00159
1,2,3,4,5,6,7,8,10-d* 2 Multiplet® ~2.0022
(Fig. 5b) 3 Multiplet® ~2.0024
4 75 (3H;) 50 2.00341
9-Hydroxymethylanthracene® 1 ~270 (1H;) ~140° =2.0016
(Fig. 5¢) 2 150 2.00202
3 1907 2.00239
4 ~270 (1H;) ~130° =~2.0034

2 Partially caused by unresolved hyperfine structure. ® Distorted quartet. ¢ T=230 K.

tures should be closer to that of the Cq, adduct than 2
and 3. Hence, we prefer the assignment of Morton et al.?*
and attribute the isomers 1, 2, 3 and 4 to the sites of
addition B, D, C and A, noting that the very high g-
value of our isomer 4 in is any case far from what is
expected for a cyclohexadienyl-type structure. So far, the
large differences in the g-factors cannot be used for an
assignment since the excited states of the radical adduct
isomers are not known.

Adducts to Cg, in benzonitrile—tert-butylbenzene. If the
photolysis of C4, and anthracenes is carried out ina 4: 1
by volume mixture of benzonitrile and tert-butylbenzene,
i.e., in a more polar solvent, one observes additional
intermediates besides the adducts of anthracenes and Cg,
described above (Figs. 1, 2, Table 1) and named adducts
A, hereafter. Fig. 6 displays spectra obtained with pro-
tonated and deuteriated anthracenes. The new adducts

B appear at higher fields than 3Cg, and thus have rather
low  g-factors.  Anthracene, 1-methylanthracene,
2-methylanthracene  (Fig. 6a) and  anthracene-
1,2,3,4,5,6,7,8-dg (Fig. 6¢) yield a triplet with a 300 mG
coupling to two equivalent protons, anthracene-d, gives
a 300 mG doublet (Fig. 6d) and anthracene-d;, a single
peak (Fig. 6b) with a linewidth that suggests unresolved
deuterium couplings. These patterns suggest that the 300
mG couplings are due to the 9- and 10-protons of
anthracene, and that the expected 50 mG couplings for
deuterium atoms in these positions are too small to be
resolved. Intermediates of type B are also observed for
various more substituted anthracenes (Figs. 7, 8 and 9).
9-Methylanthracene gives the 300 mG coupling to one
proton and no hyperfine interaction with the protons of
the methyl group, and 9-methylanthracene-1,2,3,4,5,6,7,
8,10-d, leads essentially to a single peak.
9,10-Dimethylanthracene, which does not produce

1055



KLEMT ET AL.

b)

Fig. 5. EPR spectra observed during photolysis of a solution
of 1.5x107*M Cy in tert-butylbenzene at 230K in the
presence of 2.5 x 107* M 9-methylanthracene (a), 9-methyl-
anthracene-1,2,3,4,5,6,7,8,10-d; (b) and 9-hydroxymethyl-
anthracene (c).

adduct A 3Ce0 adduct B
a)
b)
1G
<>
©)
d)

Fig. 6. EPR spectra observed during photolysis of a solution
of 1.5x107* M Cgo in benzonitrile-tert-butylbenzene (4:1)
at 300K in the presence of 1.2x10™* M anthracene (a),
anthracene-dy, (b), anthracene-1,2,3,4,5,6,7,8-dg (c), and
anthracene-1,2,3,4,5,6,7,8,9-d, (d).

adducts A, gives a strong singlet exhibiting even some
13C satellites which were however too weak to be ana-
lyzed. The same singlet is obtained if the thermally
synthesized Diels-Alder adduct of Cg and
9,10-dimethylanthracene is irradiated in the more polar
solvent mixture. 9-Hydroxymethylanthracene (Fig. 8a)
gives a doublet of doublets. The larger coupling constant
is nearly equal to that observed for anthracene and
9-methylanthracene, i.e., it is due to a ring proton, and
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adduct A 3C¢p  adduct B

1G

Fig. 7. EPR spectra observed during photolysis of a solution
of 1.5x107* M Cg, in benzonitrile-tert-butylbenzene (4:1)
at 300 K in the presence of 3x10~% M 9-methylanthracene
(a), 9-methylanthracene-1,2,3,4,5,6,7,8,10-d; (b) and
9,10-dimethylanthracene (c).

adduct A 3Ce0 adduct B

Fig. 8. EPR spectra observed during photolysis of a solution
of 1.5x107* M Cg, in benzonitrile-tert-butylbenzene (4:1)
at 300K in the presence of 1.1x107*M
9-hydroxymethylanthracene (a), and 24x107*M
9-phenylanthracene (b).

the smaller one must then belong to one of the two alkyl
protons. 9-Phenylanthracene leads to the same doublet
as methylanthracene (Fig. 8b). Finally, intermediates B
are also detected during photolysis of Cg with
9-bromoanthracene and 9-bromoanthracene-1,2,3,4,5,
6,7,8,10-d, in benzonitrile—tert-butylbenzene (Fig.9),
9-bromoanthracene yielding the now familiar doublet.
Owing to the presence of a heavy atom the g-factors of
the bromo-containing species are shifted to larger values
and the spectra appear on the low field side of Cg,. All
coupling constants, linewidths and g-factors are summar-
ized in Table 4.

For the assignment of the intermediates B we first note
that their g-factors are remarkably low and close to data
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adduct A adduct B 3Cqg

b)

Fig. 9. EPR spectra observed during photolysis of a solution
of 1.5x107* M Cg in benzonitrile-tert-butylbenzene (4:1)
at 300 K in the presence of 1.6 x 10™* M 9-bromoanthracene
(a), and 9-bromoanthracene-1,2,3,4,5,6,7,8,10-d, (b).

Table 4. Hyperfine coupling constants (mG), linewidths (mG)
and g-factors of Cgo adducts in benzonitrile-tert-butylbenzene
(4:1) at 300 K.

Coupling
System constants AHg, g-factor
Anthracene (Fig. 6a) 300 (2H,) <100 2.00069
1-Methylanthracene 300 (2H,) <100 2.00069
2-Methylanthracene 300 (2H,) <100 2.00069
Anthracene-d,, (Fig. 6b) 180 2.00068
Anthracene- 300 (2H)) <100 2.00069
1,2,3,45,6,7,8-dg
(Fig. 6¢)
Anthracene- 300 (1H,) 150 2.00068
1.2,3,4,5,6,7,8,9-dy
(Fig. 6d)
9-Methylanthracene 300 (1H,) 70 2.00073
(Fig. 7a)
9-Methylanthracene- 140 2.00071
1,2,3,4,5,6,7,8,10-dy
(Fig. 7b)
9,10-Dimethylanthracene 55 2.00073
(Fig. 7¢)
9-Hydroxymethyl- 320 (1H))
anthracene 150 (1H;) }S‘IOO 2.00073
(Fig. 8a)
9-Phenylanthracene 320 (1H,) <100 2.00078
(Fig. 8b)
9-Bromoanthracene 350 (1H,) 120 2.00156
(Fig. 9a)
9-Bromoanthracene- 150 2.00156
1,2,3,4,5,6,7,8,10-dy
(Fig. 9b)

reported for the monoanion of Cg, and for anions of
Cgo-molecule adducts.®*** Further, the 9- and 10-protons
of the anthracene residue are equivalent. Hence, we
suggest that species B are the anions of the Diels-Alder
adducts between Cg, and the anthracenes, and that their
formation is facilitated by the polar solvent. In fact, it is
known that such adducts are as easily reduced as the
parent Cg,.”® It appears very unlikely that we observe
the triplet states of the Diels—Alder adducts since for

such species much larger linewidths have been reported.°
However, the nature of the counter radical cation is
unclear.

The rather small hyperfine coupling constants of the
adducts B are compatible with previous findings: at
160 K the anion of 1,2-CgH, shows g=2.000 and a
linewidth of 3 G3* which may bury only a small unre-
solved hyperfine coupling. For the anionic part of a
donor *-bridge-Cq,~ supramolecule g =1.990 and a line-
width of 1.4 G have been reported at 80 K,3% and the
hyperfine interaction to adjacent protons was not
resolved. Obviously, in the anions of 1,2-adducts to Cg,
the spin density distribution is spread out more over the
fullerene part than in monoadducts of radicals. This was
confirmed by spin density calculations using
RHF/MNDO in the PM3 parametrization. For the anion
of Cg,H, the total spin populations are 2.2 x 10~ at the
hydrogen atoms and 1.8x 1073 at the carbon atoms
neighboring the addition sites whereas the H-atom of
the CgoH radical carries a PM3 spin density of about
0.03.2% For the anion of the anthracene adduct we
obtained a similar spread of spin distribution over the
Cgo part and very small spin populations at the anthra-
cene atoms such as about 6x107¢ for the coupling
protons. These results support the assignment of the
adducts B to anions of Diels—Alder adducts, but are not
strong evidence since very small hyperfine coupling
constants are generally difficult to interpret.

We have also tried to generate the anionic species
electrochemically. In our hands, reduction of the parent
Cgo in benzonitrile at —0.4 V (vs. SCE) gave initially the
two narrow lines which have been extensively discussed
recently.3® Later on, an additional broad linewidth g=
2.0000 appeared superimposed, as also observed in earlier
work.?” In-situ electrochemical reduction of the thermally
synthesized Diels-Alder adduct of C4 and
9,10-dimethylanthracene at a potential of about —0.5V
vs. SCE in benzonitrile—zert-butylbenzene leads to the
observation of three single-line species. In the beginning
the EPR-spectrum was a superposition of a relatively
broad line with g=2.0005 and 1.6 G linewidth and a
narrow line with g=2.0007 and 0.4 G linewidth, and
later on an additional line with g=2.0008 and 0.7 G
linewidth grew in. Of the three species the intermediate
with g=2.0007 is closest to the adduct B found photo-
chemically (Table 4, g=2.00073), and the enlarged line-
width in the electrochemical experiments may be due to
degenerate electron exchange of the anions with unre-
duced precursor molecules, but this remains ambiguous.

Adducts to C,, in benzonitrile—tert-butylbenzene.
Photolysis of C,, with anthracenes in the more polar
solvent mixture also lead to new but very weak and only
partially reproducible EPR signals, and clear signatures
were obtained only for methylated anthracenes (Fig. 10).
For 9-methylanthracene-1,2,3,4,5,6,7,8,10-d, (Fig. 10b)
and 9,10-dimethylanthracene (Fig. 10c) three single-line
isomers 1, 2 and 3 with some indications of further

1057



KLEMT ET AL.

b)

Fig. 10. EPR spectra observed during photolysis of a solution
of 1.5x107* M C;0 in benzonitrile-tert-butylbenzene (4:1)
at 300 K in the presence of 107 M 9-methylanthracene (a),
9-methylanthracene-1,2,3,4,5,6,7,8,10-dy (b), and
9,10-dimethylanthracene (c).

hyperfine splitting appear in addition to adducts of type
A and lower g adducts to the Cq, impurity. For
9-methylanthracene (Fig. 10a) the isomer 3 with a doub-
let splitting is certainly not due to type A adducts but
the other signals may well be. The data of the new
species are given in Table 5. It is noteworthy that the
coupling constants of the adducts obtained for
9-methylanthracene and C,, or Cg, in the polar solvent
are identical. Hence, the species of Fig. 10 may well also
be radical anions of Diels-Alder adducts. Furthermore,
as for adducts of type A, the g-factors of the C,, adducts
are generally larger than those of the Cgy-derived species.
Because there are only a few examples the assignment of
the isomers 1, 2 and 3 to the different sites of addition
to C,, is not yet possible.

Formation mechanisms. We have pointed out above that
the intermediates observed in this work are probably not
primary photochemical reaction products between the
fullerenes and the anthracenes but may have a more

Table 5. Hyperfine coupling constants (mG), linewidths (mG)
and g-factors of C;4 adducts in benzonitrile-tert-butylbenzene
(4:1) at 300 K.

Coupling
System Isomer constants AH,, g-factor
9-Methylanthracene 3 300 (1H,) 110 2.00291
(Fig. 10a)
9-Methylanthracene- 17 1.00191
1.2,3,45,6,7,8,10-dy 2° 2.00248
(Fig. 10b) 3? 2.00291
9,10-Dimethylan- 14 2.00191
thracene (Fig. 10c) 2 60 2.00248
3 250 2.00290

2 Partially resolved hyperfine structure.

1058

complicated formation mechanism. This point is
strengthened by the finding that for other concentrations
and temperatures than those employed here, additional
EPR signals appear in many cases which may be multiple
adducts, as is common in alkyl radical additions.?%*38

The intermediates of type A in non-polar solvents have
been reasonably explained in terms of the general struc-
ture III. The residue R can be any diamagnetic group
and even a hydrogen atom or the replica of the basic
structure. In the latter case the intermediates are the
biradicals II. Since the spectra did not change with the
solvents used which would deliver different groups R we
favor the explanation of biradical II. One attractive
pathway for its formation starts from excitation of
preformed 2+4 Diels—Alder adducts which are known
to absorb in the applied wavelength region® and are
expected to be photochemically reactive. Reaction with
the ground state Diels—Alder adduct may lead directly
to biradicals II by coupling at the anthracene residues in
position 10. In analogy to the parent anthracenes the
dimerization at the site of the substitution is expected to
be strongly sterically hindered,> and this may explain
why our intermediates A for the 9-substituted anthra-
cenes carry the substituent at the carbon atom linked to
the fullerene and why no adducts A are formed for
9,10-disubstituted anthracenes.

In the more polar solvent, the preformed Diels-Alder
adduct may undergo a photochemical electron transfer
reaction with a suitable electron donor. From the Rehm—
Weller equation and the photophysical properties and
reduction potentials of Diels-Alder adducts,’® which are
similar to those of the fullerenes,33**° an electron transfer
to the triplet state of the adducts is not feasible from the
solvents benzonitrile and tert-butylbenzene and from the
fullerenes, but is possible for anthracene and its derivat-
ives. The observation of anthracene cations could be
obscured by exchange broadening of their EPR lines.
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