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Abstract: Fullerene derivatives with different addition patterns
exhibit different physical, chemical, and biological properties,
which are important for fullerene applications. Novel and rare
1,2,3,16-functionalized [60]fullerene derivatives having a five-
membered heterocycle fused to a [5,6]-junction were obtained
with high regioselectivity by electrochemical derivatization of
a [60]fulleroindoline. The product structures were determined
by spectroscopic data and single-crystal X-ray analysis. The
obtained high regioselectivity was rationalized using theoret-
ical calculations.

Recently, multiple addition reactions of fullerenes have
attracted attention because of the potential applications of
functionalized fullerenes in many different areas such as
materials and biological science.! However, owing to the
formation of various regioisomers in the preparation of
fullerene multiadducts, regiocontrol of the multiple addition
reactions has become one of the major challenges.>?! A
mixture of up to eight regioisomeric bis(adducts) of [60]full-
erene (Cy), that is, cis-1, cis-2, cis-3, e, trans-1, trans-2, trans-3,
and trans-4 isomers, by cycloaddition reactions can be
generated.”! Elegant approaches to achieve high regioselec-
tivity are the template-mediated and tether-directed multi-
functionalizations of fullerenes developed by the groups of
Hirsch and Diederich, respectively.”! As for tetrafunctional-
ized Cq derivatives containing noncyclic addends, the
reported common regioisomers are 1,2,3,4-isomers (A),[S]
1,4,11,15-isomers (B),”” and 1,2,4,15-isomers” (C; Figure 1),
which can be synthesized by either chemical or electro-
chemical methods. In contrast, the 1,2,3,16-isomers (D) are
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Figure 1. Addition patterns of tetrafunctionalized C, derivatives.

scarce and much less investigated.®! Rubin and co-workers
reported the synthesis of bicyclic octahydroquinolino-1,2,3,4-
tetrahydrofullerenes by the tandem nucleophilic addition/
Diels—-Alder reaction of N-butadienyl N,O-ketene silyl acetals
with Cq, and the obtained 1,2,3,4-adducts were then trans-
formed into 1,2,3,16-adducts by deprotonation with subse-
quent hydroxylation or alkylation.® Alternatively, nucleo-
philic addition to Cg, by the Grignard reagent generated from
2-(bromoethyl)-1,3-dioxolane afforded a 1,2-organodihydro-
fullerene acetal, which was then deprotonated, methylated,
and hydrolyzed to give a 1,4-organodihydrofullerene alde-
hyde. Subsequent condensation with aniline and then intra-
molecular Diels—Alder reaction took place at the neighboring
C=C bond on the fullerene surface and then aromatization
provided the final 1,2,3,16-adduct.®™ Although fullerene
derivatives with structures of types A and C have been
successfully obtained by electrosynthesis, the synthesis of the
rare type D structure has never been realized electrochemi-
cally. Herein, we disclose that efficient and straigtforward
synthesis of several 1,2,3,16-adducts can be achieved by
treating the electrochemcially generated dianion of a Cgy-
fused indoline derivative with either benzyl bromide or ethyl
bromoacetate. Importantly, either one or two CH,Ph or
CH,CO,Et moieties can be selectively introduced onto the
fullerene skeleton by rational control of the reaction con-
ditions, thus demonstrating the practicality and diversity of
the current protocol.

The employed [60]fulleroindoline 1 (for structure see
Scheme 1) was synthesized accorrding to our previous
procedure.”) The cyclic voltammogram (CV) of 1 in
o-dichlorobenzene (ODCB; Figure 2a) shows that the first
redox is a reversible one-electron transfer process with an E;,
of —0.56 V versus a saturated calomel electrode, whereas the
second redox is chemically irreversible on the CV timescale,
as evidenced by the appearance of decreased anodic current
in the reverse scan.”®!*! This result indicates that a hetero-
lytic cleavage of the C¢,—N bond likely occurs after 1 accepts
two electrons (Scheme 1).°!"! This process was further
confirmed by the in situ visible/near-infrared (Vis/NIR)
study of dianionic 1 obtained by controlled potential elec-
trolysis (CPE) at —1.1 V. The Vis/NIR spectrum of 1°~
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Figure 2. a) Cyclic voltammogram of 1 (1.0x 107> M) recorded in
ODCB containing 0.1 M tetra-n-butylammonium perchlorate (TBAP)
starting from 0.0 V toward the negative potential at a scan rate of

20 mVs™". b) In situ Vis/NIR spectrum of 1>~ in ODCB (1.8x 107 m).

Scheme 1. Formation of 1> involving the C,—N bond cleavage upon
acceptance of two electrons via CPE at —1.1 V.

(Figure 2b) shows strong absorption bands at 1 =966, 724 and
648 nm, which are in excellent agreement with those of
the singly bonded dianions of a [60]fullerooxazoline (4 =963,
710 and 645 nm)"! and a [60]fullerosultone (A=983 and
648 nm).[1!)

The unique ring-opened structure of 1>~ makes it a perfect
building block in electrosynthesis. When 12~ was treated with
1.5 equivalents of PhCH,Br for 5 hours at ambient temper-
ature, the product 2, with a 1,2,3,16-addition pattern, was
obtained exclusively in 55% yield (Scheme 2). Apparently,
a hydrogen and a benzyl group were regioselectively added to
the fullerene skeleton at C1 and C16, respectively, accom-
panied by the migration of the indoline moiety from a [6,6]-
junction to a [5,6]-junction on the fullerene surface. As has
been demonstrated previously by Gao et al., the most likely
source of the fullerenyl proton in 2 is the water residue in
ODCB, and it is extremely difficult to completely remove it
from the organic solvent even after a strict drying treat-
ment.'” However, when a tenfold excess of water was added,
the yield of 2 was decreased slightly to 51 %, thus indicating
that the water contained in the solvent was enough for the
reaction and that too much water was unfavorable. Intrigu-
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Scheme 2. Reaction of 1%~ with benzyl bromide under different reaction
conditions.

ingly, when NaH was added to remove the trace amount of
water present in the system and a large excess of PhCH,Br
was used, another 1,2,3,16-adduct with two PhCH, groups
could be selectively generated. When 1°~ was allowed to react
with NaH and benzyl bromide (1:50:50) for 5 hours, 3 was
formed in 60 % yield (Scheme 2).

The reaction could be extended to other substrates. We
then employed ethyl bromoacetate as another representative
electrophile. Similarly, the reaction of 1>~ with ethyl bromoa-
cetate (1:1.5) afforded 4 in 55% yield, while treatment of 1>~
with NaH and ethyl bromoacetate (1:100:100) provided 5 in
40% yield (Scheme 3).

Products 2-5 were characterized by MALDI-TOF MS,
"H NMR, "C NMR, FT-IR, and UV/Vis spectroscopy, and 2
was further identified by single-crystal X-ray crystallography.
The mass spectra of 2-5 show corresponding [M+Na]* ion
peaks. In the 'H NMR spectrum of 2, besides the signals from

BrCH,CO,Et, H,0
N, 5 h, 55%

BrCH,CO,Et, NaH
N,, 5 h, 40%

Scheme 3. Reaction of 1>~ with ethyl bromoacetate under different
reaction conditions.
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the aromatic moiety, a singlet for the fullerenyl proton at 6 =
5.99 ppm and an AB quartet at  =4.43 and 4.21 ppm with J =
13.2 Hz, for the protons of the methylene group bonded to the
fullerene cage, are observed.”™ Similarly, the 'H NMR
spectrum of 4 shows a singlet at 0 =598 ppm for the
fullerenyl proton and an AB quartet at 0=4.06 and
3.89 ppm with J=14.6 Hz for the methylene protons. Com-
pared to the "H NMR spectra of 2 and 4, the absence of the
fullerenyl proton signal and the appearance of an additional
AB quartet for the methylene protons of CH,—Cy, in the
"H NMR spectra of 3 and 5 suggest that the fullerenyl proton
is substituted by an additional RCH, (R =Ph, CO,Et) group.
The *C NMR spectra of 2-5 exhibit more than 51 peaks in the
range of 6 =157-133 ppm for the 56 sp>-carbon atoms of the
fullerene cage, and four peaks between d = 89-52 ppm for the
four sp*-carbon atoms of the fullerene skeleton, all of which
are consistent with their C; symmetry. The UV/Vis spectrum
of 2, distinct from that of the starting material 1, has three
major absorption bands at 4 =253, 316, and 403 nm, along
with two weak absorption bands at A=701 and 747.5 nm,
similar to those of 1,2,3,16-functionalized fullerenes in the
literature.®™ The fact that the UV/Vis spectra of 3-5 are nearly
identical to that of 2, indicates that they are also 1,2,3,16-
adducts (see Figure S1 in the Supporting Information).
Single crystals of 2 were obtained by slow evaporation of
its toluene solution at room temperature. As a consequence of
the inherent chirality possessed by the 1,2,3,16-configuration,
the crystal structure contains a pair of enantiomers, but in
unequal amounts. The two disordered Cg, cages are in a ratio
of 0.58:0.42, although the addends and a majority of the cage
carbon atoms overlap. Similar situations related to the
orientational disorder are encountered in many fullerene
crystals.'’¥] The structure of the major enantiomer (Figure 3)
reveals clearly that a heterocycle is bonded to Cy, through a N

Figure 3. ORTEP diagram for the major enantiomer (0.58 occupancy)
of 2 with thermal ellipsoids shown at 20% probability. The minor
enantiomer and the toluene molecule are omitted for clarity.
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and a C,,, at the C2 and C3 positions, respectively, and that
a hydrogen atom is attached to C1. As for the benzyl group, it
is located at the C16 position, distant from the other three
addends. The four functionalized carbon atoms of the full-
erene cage are uplifted from the spherical surface notably
because of their sp® character. The bond lengths for C1—C2,
C3—C4, C4—-C5, C1-C6, C3—C14, C15—C16, and C16—C17 are
1.544(7) A, 1.504(7) A, 1.465(13) A, 1.494(11) A, 1.523(7) A,
1.516(8) A, and 1.513(8) A, respectively, and are within the
range of typical C—C bond lengths. In comparison, the bond
length for C2—C3 is 1.620(7) A, which is remarkably elon-
gated with respect to a C—C bond,"™"™! whereas C5—C6,
C4—C17, and C14—C15 have bond lengths of 1.374(10) A,
1.356(7) A, and 1.369(7) A, respectively, thus possessing
double bond character. To our knowledge, this is the first
single-crystal structure for 1,2,3,16-adducts of Cg,.

To gain insight into the regioselective formation of the
1,2,3,16-adducts, density functional theory calculations at the
B3LYP/6-31G* level of theory were performed. Figure 4
shows the partial natural bond orbital (NBO) charge distri-

1% 6

Figure 4. Partial NBO charge distributions of 1~ and 6.

bution of the optimized 1?~, which possesses a ring-opened
structure from a Cy—N bond rupture. C16 (—0.078) and C4
(—0.069)1% are the two most negatively charged carbon atoms
among the nonfunctionalized Cg4, carbon atoms, and are more
prone to react with an electrophile. The preferred reaction
pathway would be governed by both the electron density of
the attacking carbon atom and steric hindrance encountered
in the forming species. Therefore, the regioselectivity is
dependent on the size of the addends and the stability of the
resulting intermediates.”* In the optimized structure of 1°-,
the nitrogen atom locates above C2 with a distance of merely
2.532 A. This distance is so short that the two nearby atoms
tend to bond together immediately in the subsequent reaction
process to form a heterocycle fused with a [5,6]-junction.
Taking the reaction of 1~ with benzyl bromide as an example,
the most likely intermediate is either 6 or 7, after the addition
of the benzyl group to 1>, and subsequent ring-closure
process. Compared to 7, 6 has a double bond in a five-
membered ring, which is energetically unfavorable.[***!
Nevertheless, this unfavorable energy increase would be
compensated by a decrease in steric hindrance between the
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6 (0.0 kJ mol)

7 (12.7 kJ mol)
Figure 5. Relative energies of optimized 6 and 7.

bulky benzyl group and the existing aryl appendage when it is
located in the para position. As a consequence, 6 should be
preferably formed as it is more stable than 7 by 12.7 kI mol™
(Figure 5). The NBO charge distribution of 6 (Figure 4) shows
that C1 carries a much greater negative charge (—0.123) than
other nonfunctionalized fullerene carbon atoms, and should
be the most easily protonated. However, the electron
densities at C5, C10, and C17 are also relatively high, and
thus these carbon atoms could also be potential reaction sites.
To better understand the regioselective formation of 2,
further calculations on the stability of 2 and the regioisomers
2a-c (generated by protonation on C5, C10, and C17 atoms,
respectively) were carried out. The calculation results indi-
cate that 2 is more stable than 2a—c by at least 24.8 kJmol™'
(see Figure S4), thus making it clear that the protonation
should be preferred at C1. Similar to 2, 3 is more stable than
its regioisomers 3a—¢ by more than 15.1 kJmol™" (see Fig-
ure S5). The above computational results corroborate
strongly with our experimental results, thus explaining why
products with the 1,2,3,16-configuration can be regioselec-
tively generated.

In summary, we have achieved the efficient and regiose-
lective syntheses of the rare 1,2,3,16-adducts by the reaction
of the dianionic 1°~, which is formed by the electroreduction
of 1, with benzyl bromide or ethyl bromoacetate. Intriguingly,
either one or two CH,Ph or CH,CO,Et groups are selectively
introduced onto the fullerene surface in the absence or
presence of sodium hydride. After receiving two electrons,
1 undergoes a C4—N bond cleavage to give a ring-opened
intermediate 1?, which cyclizes to provide a heterocycle
bonded to a [5,6]-junction from the original [6,6]-junction
upon the addition of either a CH,Ph or a CH,CO,Et group at
C16. The structural assignment for the products 2-5 as
corresponding 1,2,3,16-adducts is unequivocally estalished by
single-crystal X-ray crystallography. The observed regiose-
lectivity is controlled by both charge distribution and steric
factors, as supported by the computational results. It is
expected that further chemical or electrochemical function-
alizations of the 1,2,3,16-aducts would provide new fullerene
derivatives with novel addition patterns and different proper-
ties.
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Experimental Section

Electrochemical synthesis of 1: 25.6 mg (0.030 mmol) of 1 was
electroreduced by CPE at —1.10 V vs SCE in 16.5mL of ODCB
solution containing 0.1M TBAP under nitrogen at room temperature.
The potentiostat was turned off when the theoretical number of
coulombs required for full conversion of 1 into 1~ was reached. For
the preparation of 2 and 4, 0.045 mmol of benzyl bromide or ethyl
bromoacetate were added to the solution of 1>~, and the reaction was
stirred for 5 h. The reaction mixture was then filtered through a silica
gel plug to remove TBAP. After evaporation in vacuo, the residue was
separated on a silica gel column with CS,/CH,Cl, (3:1) as the eluent
and washed three times with acetone to afford 2/4. For the
preparation of 3 and 5, NaH (57-63% oil dispersion, 1.500 mmol
for 3 or 3.000 mmol for 5) and benzyl bromide (1.500 mmol) or ethyl
bromoacetate (3.000 mmol) were sequentially added to the solution
of 1*". The reaction was stirred for 5 h. The same workup procedure as
for 2/4 afforded 3/5.

Crystal data for C;sH;;NO-C;H; (2-C;Hg): Crystals grown by slow
evaporation of a saturated solution in toluene at room temperature.
Black blocks, 0.32x0.24x0.20 mm®; orthorhombic, space group
Pbca, a=14.8117(3), b =22.3284(6), ¢ =27.3697(7) A, a=90.00, f =
90.00, y=90.00°, V=9051.8(4) A% 1=1.54184A, Z=8; pou=
1.544 mgm>; ©=0.703 mm™!, T=288(2) K; Gemini S Ultra CCD
detector; w scans, 20, = 132.06°; 22559 reflections collected; 7737
independent reflections (R, =0.0581); Direct methods solution
(SHELXS97);!'9  full-matrix  least-squares based on F
(SHELXL97);! R, =0.1374, wR, = 0.2897 for all data; conventional
R, =0.0924 computed for 4767 observed data (I>20(l)) with 878
parameters and 134 restraints. CCDC 974718 contains the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Calculations were performed with the Gaussian09 program!® at
the B3LYP/6-31G* level.
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