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The degeneratéE;, ground state and the thermally accessible low-lyiAg, excited state of €'~ give a

broad ESR signalAHms = 30.9 G at 213 K) which has a smallgivalue (1.9984) as compared to the free

spin value (2.0023) and linewidth which decreases with decreasing temperatirg € 6.5 G at 133 K).

The I, symmetry of the parentdgis lowered by the introduction of two benzyl groups tes @ give 1,4-
(CsHsCH,)2Cso, Which leads to the largey value (2.0004) of 1,4-(€HsCH,).Csc~ than that of Gg~ (g =

1.9984) and a much smaller linewidthKng = 2.5 G at 213 K) which is independent of temperature. An
even smallerAHqg value (0.17 G) and a largervalue (2.0011) are observed in the tetrabenzylaiduct

radical anion, 1,4,10,24-sCH,),Csc". This is ascribed to a large splitting of the degenetaterbitals

caused by introduction of four benzyl groups te.@n this case, a hyperfine structure due to two nonequivalent
protons of only one benzyl groupl; = 0.31 G,aH, = 0.11 G) is observed and this is consistent with the
predicted localized spin density at the C2 position next to the C1 carbon to which a benzyl group is attached.
The observation of two nonequivalent hyperfine coupling constants due to the benzyl methylene protons
indicates that rotation of the benzyl group at the C1 position is slow on the ESR time scale. The slow rotation
rates of the benzyl groups in 1,4-dibenzyl adducts gfadd the activation parameters were determined from

a line broadening of the methylene protons in tHeNMR spectra with increasing temperature.

Introduction of the parent & radical anion. The hindered rotation of the
addends on g is also examined by measuring the temper-

Buckminsterfullerene, &, hasl, symmetry and thg, LUMO ature dependence of il NMR specira,

(lowest unoccupied molecular orbital) aingLUMO+1 orbitals
are both triply degeneraté’.Placing one electron into the triply . ]
degenerate LUMO gives a species whose ESR spectrum showXperimental Section
a very broad signal with g value (1.9984) which is significantly
lower than the free spin value (2.0023¥.Although Jahn-Teller
distortion lowers the symmetry ofe¢g~ to Dsy, the SOMOs
(singly occupied molecular orbitals) of the monoanion are still
doubly degenerate, causing the Igwalue and the large line-
width.3=5 A strong NIR band is seen dtyax = 1080 nm for
Cso'~, and this absorption band is ascribed to the symmetry
allowed t,—ti4transitiorf and predicted to be about 1 é\The
symmetry of derivatized & radical anions is reduced from that
of Cgo'", and this is expected to affect both the NIR (Near
Infrared) and ESR spectra. The introduction of more than two
groups to G at proximate positions may also lead to a hindered
rotation of the addends. However, no systematic study has yet
been reported as to the effects of addends on the ESR spectrg
of derivatized G radical anions nor is there any information
in the literature on the hindered rotation of the addends.

We recently reported that a series of dialkyl and tetraalkyl
derivatives of Go could be formed by the reaction ofs&"
with alkyl halides (RX)8° The present paper reports the first
systematic study on how splitting of the degenerate LUMO and
LUMO++1 Gy orbitals is caused by introduction of two or four
benzyl groups to & and this leads to ESR spectra of the
organofullerene radical anions that are quite different from those

Materials. Cgo (>99.95% pure) was purchased from Science
Laboratories Co., Ltd., Japan, and used as received. Benzonitrile
(PhCN) was purchased from Wako Pure Chemical Ind. Ltd.,
Japan, and distilled over,®s prior to use'° All alkyl halides,
naphthalene, trifluoroacetic acid, and sodium were obtained
commercially from Aldrich and Wako Pure Chemical Ind. Ltd.,
Japan in special grade. gShexanes, toluene, acetonitrile,
methanol, and silica gel from EM Science (Gibbstown, NJ) were
used without further treatment. Toluedgfor NMR measure-
ments was purchased from EURI SO-TOP, CEA, France and
used as receivedert-Butyl iodide ¢-Bul) from Wako Pure
Chemical Ind. Ltd. was distilled in the dark under a reduced
ressure of 100 mmHg at 333 K. Tetrahydrofuran (THF) was
ried by refluxing under nitrogen with sodium prior to use.
Tetran-butylammonium perchlorate (TBAP) was recrystallized
from ethanol and dried under vacuum at 313 K. The sodium
salt of the naphthalene radical anion (Xx410°1 M in THF)
was prepared by reduction of naphthalene (5.5 mmol) with
sodium (5.0 mmol) under deaerated conditions in distilled THF
at 298 K. The dimeric 1-benzyl-1,4-dihydronicotinamide [(BNA)
was prepared according to procedures described in the litera-
turelt.12

The examined 1,4-&so derivatives (R= CgHsCH,, 2-BrGsHgy-
 Osaka University. CH,, 3-BrGsH4CHy, and 4-BrGH4CH,) were prepared by a
* University of Houston. reaction of electrogenerateds®  with RBr as described
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previously!? This method was also utilized to preparesiie a) Ceo™
CH,)4Cso starting from 1,4-(@HsCH,)2Ce0.21* The reaction

between electrogeneratedstsCH,)2Cs0?~ and GHsCH,Br in

benzonitrile was allowed to proceed for 60 min. Benzonitrile

was removed from the solution by a rotary evaporator after

which the solid residue was washed with methanol and filtered

to eliminate the TBAP supporting electrolyte and excegdsC

CH.Br. The crude solid was mixed with a hexanes/toluene

mixture (55:45 v/v) and then analyzed by HPLC. Some material ;

could not be eluted with the hexanes/toluene mixture and )

required pure toluene to be eluted. The crystal structure of one e TN 06
fraction eluted with the hexanes/toluene mixture was determined " I
as a 1,4;1,4-isomer of (BlsCH,)4Cso, Which is designated as sharp signal: ¢ = ZI-ZOS%G

1,4,10,24-(GHsCH,)4Cs0.1* Preparation of tert-butyl-4-benzyl-

1,4-dihydro[60]fullerene 1,4+Bu)(CsHsCHy)Cgo Was accom-
plished by a reaction between chemically generatgfGind

t-Bul (1.66 mL) to givet-BuCsg~, which reacts further with
CeHsCH,Br to yield the final produc?.

ESR Measurements.In a typical experiment for ESR
measurements, a deaerated benzonitrile solution contaigijng C
1,4-RCeo derivatives (R: CeHsCH,, 2-BrCsH4CHy, 3-BrCsH,-
CH; and 4-BrGH4CHy), 1,4-¢-Bu)(CsHsCH2)Cgo Or 1,4,10,-
24-(CsHsCHy)4Coo (2.8 x 1074 M), and (BNA), (1.4 x 1073
M) was addedd a 3 mmquartz ESR tube under an atmospheric
pressure of Ar. The samples containing (BNAhd Gy or the
Ceo derivative were then irradiated in the cavity of the ESR
spectrometer with the focused light of a 1000 W high-pressure Figure 1. ESR spectra of (a) &~ generated in the photoinduced
Hg lamp through an aqueous filter. The ESR spectra of the €léctron transfer from (BNA)(1 x 107 M) to Ceo (2 x 10°* M) in

. . deaerated benzonitrile under irradiation of Y¥is light from Xe lamp
radical anions of 1'4'(5H5CH2)2C§0 or 1’4'10'2‘_1'(@"5' and (b) 1,4-(GHsCH,),Ces'~ generated in the electron-transfer reduction
CH2)4Ceo formed by the photochemical reactions with (BNA)  of 1,4-(GHsCH;).Cs0 (2 x 10~* M) by naphthalene radical anion (2
were measured at various temperatures (133 to 233 K) with ax 1074 M) in deaerated PhCN observed in frozen benzonitrile at 213
JEOL X-band spectrometer (JERE1XE) using an attached K. Asterisk (*) denotes an Mif marker.

VT (variable temperature) apparatus. The radical anion of 1,4- . .

(CsH5CHy)2Cso Was also obtained by electron-transfer reduction Results and Discussion

with an equivalent amount of naphthalene radical anion which  ESR Spectra of Radical Anions of G Derivatives. When
was prepared by reduction of naphthalene radical anion with the dimeric 1-benzyl-1,4-dihydronicotinamide [(BNAs used
Nal'? The ESR spectra were recorded under nonsaturatingas an electron donor, irradiation of a PhCN solution containing
microwave power conditions. The magnitude of modulation was (BNA), and G with visible light results in the complete one-
chosen to optimize the resolution and the signal-to-nd#é¥) ( electron reduction of & to Cso~ (eq 1)? The formation of
ratio of the observed spectra, when the maximum slope line- C¢s~ detected by ESR spectroscopy after the photochemical
width (AHmg) of the ESR signals was unchanged with larger
modulation. They values and hyperfine coupling constants were
calibrated with an M&" marker.

NMR Measurements.’H NMR spectra of 1,4-RCq deriva-
tives (R = CeHsCHz, 2-BTC6H4CH2, 3—BrC6H4CH2, and
4-BrCgH4CHy) and 1,4-{-Bu)(CeHs—CH,)Cgp in tolueneelg were
recorded on either a Bruker AMX-600 or a JEOL GSX-400
(400 MHz) spectrometer at different temperatures. Chemical
shifts were expressed in parts per million downfield from
tetramethylsilane as an internal standa¥d=( 0).

Theoretical Calculations. Theoretical calculations were
performed using the MOPAC program (version 6) which is
incorporated in the MOLMOLIS program by Daikin Industries,
Ltd. The PM3 Hamiltonian was used for the semiempirical MO  reaction of Go with (BNA); is shown in Figure 1a; there is a
calculations'® Final geometries and energetics were obtained characteristic broad signal o€~ (g = 1.9984,AHme = 30.9
by optimizing the total molecular energy with respect to all G) observed at 213 K together with a sharp “spike” sigmgl (
structural variables. The heats of formatiaxH;) were calcu- = 2.0000,AHns = 2.0 G) which is always seen in the ESR
lated with the restricted Hartred-ock (RHF) formalism using  spectrum of Gz~.3-516-19 The percentage of the spike signal
a keyword “PRECISE”". To estimate the rotation barrier of the is just less than 1% of the major broad signal ofyC
benzyl groups on 1,4-@EIsCH,).Cso, the AH; values were Essentially, the same ESR signals are obtained fgr C
calculated by optimizing the total molecular energy with respect produced by the reduction ofsgwith naphthalene radical anion.
to all structural variables except for the torsion angle which  The radical anion of 1,4-(§sCH,).Cec?® shows a much
was varied. sharper signal thangg~ and has a largeg value @ = 2.0004,

AHug =25 G
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Figure 2. Temperature dependence of linewidth of ESR spectra for
Ceo~ (@) and 1,4-(GHsCH,).Csc'~ (A) in frozen benzonitrile.

AHps = 2.5 G) as illustrated in Figure 1b. In addition, no
additional broader or narrower signals are observed. Hyperfine
structure due to methylene protons of the benzyl groups is also
not observed, even at a much smaller modulation (0.2 G), and
this could be due to the fact that the hyperfine coupling constants
may be too small to detect with this linewidth (2.5 G).

Figure 2 shows plots of the linewidtiAHy,g) for the broad
signal of Go'~ and the sharp signal of 1,4-B5CH,),Css"~ as
a function of temperature. TheHg value of Go'~ increases
significantly with temperature as was earlier repoftedft while
the AHpyg value of 1,4-(GHsCH,)2Cso'~ remains unchanged at
2.5 G, irrespective of temperature. The broad ESR signal, the
temperature dependence of thélng value of Go~, and its
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Figure 3. (a) The MO calculation optimized structure and (b) the

schematic representation of 1,4,10,24HECH,)Ceo. The position of
substitution on the g molecule is indicated by the solid circles at 1,

4, 10, 24. The number in the open ellipse represents the sum of the
square of the carbon 2p orbital coefficients [(2pt (2p,)? + (2p)%

smallg value as compared to the free spin value (2.0023) have for the LUMO orbital. Selected carbon atoms are labeled using IUPAC

been ascribed to a degener#g, ground state and a thermally
accessible low-lyingfA,, excited state, both of which would
arise from JahnaTeller distortion of Gy~ along the principal
axis inDsqg symmetry!822.23Since 1,4-(GHsCH,),Cgso has much
lower symmetry Cs symmetry), the triply degeneratg brbitals
in the parent g would no longer be degenerate in 1,4l
CH,)2Cso. In such a case, there would be no thermally accessible
low-lying excited state in 1,4-(§HsCH,).Ceso"~. A lower g value
and larger linewidth results from a sptorbit coupling which
arises because of the existence of a low-lying excited 3tate.
The linewidth of 1,4-(GHsCH,),Cso'~ therefore becomes much
smaller than that of g~ and should be independent of
temperature while thg value (2.0004) becomes larger than that
of Ceo'™ (g = 1.9984). A relatively narrow ESR signahfmg
= 0.5-3 G) was also reported for &£~ which has low
symmetry D,) with a g value close to the free spin valde.
The radical anion of g which hasD,y symmetry also gives a
g value close to the free spin value with a relatively small line-
width (AHme = 2.3 G)26

The introduction of two additional benzyl addends to the
dibenzyl adduct of g may result in much larger splitting of
the triply degeneratg, orbitals than is seen in the parerg,C
An X-ray structure of the major product isolated in a reaction
of the dianion of 1,4-(gHsCH,).Ceso With CsHsCH,Br reveals
formation of 1,4,10,24-(8H5CH,)4Cso Which has no symmetry
(C1).1*27 The optimized structure of 1,4,10,244@GCH,)4Ceo
was obtained by PM3 MO calculations and is shown in Figure
3, agreeing well with the X-ray structuté.

The radical anion of 1,4,10,24-{85CH,)4Cso produced by
the photochemical reaction with (BNA3hows a much sharper
ESR signal as compared to 1,46t6CH,).Cso"~, and this

numbering.
g=2.0010
05G

—

a) Observed

b) Simulation

aH;=031G
aHy,=0.11G
AHpg =017 G

Figure 4. ESR spectrum of (a) 1,4,10,24@CH,)sCec~ generated
in the photochemical reduction of 1,4,10,24:gCH,)4Cso (2 x 1074

M) with (BNA), (2 x 107 M) in deaerated PhCN observed at 298 K
and (b) the computer simulation spectrum.

spectrum is illustrated in Figure 4a where the hyperfine structure
is observed with a small modulation (0.2 G). Thevalue of
2.0010 for 1,4,10,24-(§HsCH,)4Cs>~ becomes closer to the
free spin valued = 2.0023) and is quite different from trge
value of G¢~ (g = 1.9984). Figure 4b shows the computer
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simulation spectrum of the tetrabenzyds@dduct monoanion
and gives ahl= 0.31 G, aH = 0.11 G, andAHyg = 0.17 G,
which agree with the experimental results in Figureé¥a.

The much smalleAHns value (0.17 G) and largeg value 208 K
(2.0011) of 1,4,10,24-(§HsCH,)4Cso~ as compared to g~
(AHms = 30.9 G andy = 1.9984) are ascribed to a large splitting
of degeneratg, orbitals caused by introduction of four benzyl
groups to Go. The hyperfine structure in Figure 4 arises from
interaction of the single unpaired electron with two nonequiva-
lent protons of only one of the four benzyl groups in 1,4,10,-
24-(CsHsCHy)4Css' . The magnitude of the proton hyperfine 313K
coupling constant may be proportional to the spin density on
the carbon that is located next to the carbon to which the benzyl

group is attached. The square of the coeffici€hf)(of the p

st atomic orbital of thath carbon atom in the LUMO of 1,4,-

10,24-(GHsCH,)4Csp may correspond to the spin density in the

radical anion. MO calculations of the radical anion of 1,4,10,- - 331K
24-(GsHsCH,)4Cs0o with the unrestricted Hartred=ock (UHF)

formalism would have been preferred but unfortunately the SCF
field could not be obtained in the calculation. Thus, a PM3
semiempirical MO calculation of 1,4,10,24dCHy)4Cso Was
made with the restricted Hartre&ock (RH) formalism to give

the Ci2 values of the pr atomic orbital of carbons in the LUMO 346 K
orbitals and only the€;2 values for the carbons next to those to
which benzyl groups are attached are shown in Figuré® 8b.

=

is found that the C2 position next to the C1 carbon to which a
benzyl group is attached has the largest value (0.83This
suggests that the unpaired electron in 1,4,10,2#{CH,),Csc~

is much more localized as compared to the completely delo-
calized unpaired electron ing~. The observation of two
nonequivalent hyperfine coupling constants due to the benzyl
methylene protons of tetrabenzyl adduct anion radical indicates
that rotation of the benzyl group at the C1 position is slow on
the ESR time scale. Rotation of the other three benzyl groups
may also be slow due to the steric effects of the bulky benzyl
groups located close to each other. Rotation rates of the benzyl
groups in the neutral 1,4-dibenzyl adducts aof, @ere also
examined on the NMR time scale which is much slower than
an ESR time scale and this is discussed below.

Hindered Rotation of Benzyl Groups in Neutral Com- Figure 5. Temperature dependence of the NMR spectra of 1g#{C
pounds. The IH NMR signals due to the benzyl methylene CH,),Cs in tolueneds at various temperatures.
protons of each iq derivative (R= 2-BrCsH,CHy, 3-BrCsHy4-
CH,, or 4-BrGH4CHy) in CS,/CDCl; have been reported to
show an AB quartet between 3.68 and 4.16 gpriihe two
methylene protons of each benzyl group in the 1,4-disubstituted
Cso derivative are not equivalent due to tkig symmetry of (2)
each compound and these two protons are therefore diaste-
reotopic to give an AB quartet when rotation is slow on the whereAdy is the value without rotation ang is the resonance
NMR time scale’! The difference in chemical shifts of the two  frequency (400 MHz). The rotation rate constank} thus
methylene proton resonances of 1,4HECH,).Cso, Which is obtained are plotted as a function of temperature for each 1,4-
defined as\o, decreases with increasing temperature as shown R2Cgg derivative using the Eyring equation, eq 3. The
in Figure 5. The slow rotation at 298 K gives rise to AB quartet
signals from individual diastereotopic protons. However, as the 3)
temperature increases, the rotation rate of the two benzyl groups
increases, the signals broaden and a smalevalue begins enthalpies and entropies of activatiohH* and AS) for the
to coalesce (Figure 5). The temperature dependenté wélues rotational barrier in each moleculks(is the Boltzman constant,
for each 1,4-RCqo derivative (R= 2-BrCsH4sCH,, 3-BrCsHy- his Planck’s constant, arRRis the universal gas constant in eq
CHjy, or 4-BrGH4CHy) and 1,4-{-Bu)(CsHsCH,)Csg is shown 3) are obtained from the Eyring plots in Figure 7 and the
in Figure 6. In the case of 1,4-(2-Bgg4CH,).Cso and 1,4-(- activation parameters thus obtained are listed in TaSfe 1.

The rotation rate constank)(can be derived from théo
value using eq 22

k= [(Ad — A6, Y(2V2)

In(k/T) = —AH*/RT+ AS/R + In(kg/h)

Bu)(CsHsCH)Cgso, coalescence of these methylene proton
signals that have largéxd values than 1,4-(§HsCH,).Cgo Was
not reached up to 370 K, at which point the signals of 1,4-
(CsHsCH,)2Cqo already coalesced (Figure 5). At the higher
temperature the compound starts to decompose.

The AH* values are in the range 2:2.8 kcal mot?, while
the AS' values are highly negative and range frem5 to—48
cal K1 mol~1. The largestAH* value (2.8 kcal mol?) is
obtained for 1,44Bu)(CsHsCH,)Cgo due to the large steric
interaction between the bulkyBu group and @HsCH, group
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Figure 6. Temperature dependence of the difference in chemical shifts
(A0) of two benzyl protons of 1,4-(§EsCH,).Cso (O), 1,41-Bu(CsHs-
CH,)Ceo (2), 1,4-(3-BrCsH4CH,)2Ceo (O), 1,4-(4-BrCsH4CH,)2Ceo (@),

and 1,4-(2-BI’C6H4CH2)2C50 (A) (20 x 1074 M)
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Figure 7. Arrhenius plots of rotation rate constank¥ s T-* of benzyl
group for 1,4-(GHsCH,)2Ceo (O), 1,41-Bu(CsHsCH,)Ceo (&), 1,4-(3-
BI’C5H4CH2)2C50 (D), 1,4-(4-BI'CGH4CH2)2C50 (.), and 1,4-(ZBI'C5H4-
CHz)zCeo (A) (2.0 x 1074 M).

TABLE 1: Activation Parameters of Rotation of Benzyl or
Substituted Benzyl Groups in 1,4-Dialkylated Go

AH*2 ASP

compound kcal mol? cal K"t mol~*
(t-Bu)(CeHsCH)Coo 2.8 —46
(CeHsCH)2Ceo 2.3 —48
(2-Brc6H4CH2)2C60 2.2 —45
(3-BI’C6H4CH2)2060 2.2 —48
(4-BI'C6H4CH2)2060 2.7 —47

a2The experimental error i&0.2 kcal mot™. ® The experimental error
is +£2 cal Kt mol™.

as compared to other dibenzyl adducts. The smé&if value

for 1,4-(GHsCHy).Ceo is consistent with the maximum change
(1.5 kcal mot?) in the heat of formation of 1,4-@ElsCH,)2Ceo
(AAHy) with variation of the dihedral angled) taken as the
torsion angle shown in Figure 8 (see Experimental Section).
All other structural variables including the geometry of the other

Fukuzumi et al.

AAH;, keal mol!
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Figure 8. Plot of change in the calculated heat of formatida\Hs)
vs torsion anglef) defined as the dihedral angle for the rotation of
benzyl group in 1,4-(6HsCH:)2Cso.

160

benzyl group were optimized in the calculation. The calculation
indicates that rotation of the two proximate benzyl groups in
1,4-(GHsCH,)2Csp highly correlates to each other. This may
be the reason for the largely negatix&* values observed in
the hindered rotation of the benzyl groups in the compounds
listed in Table 1.
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