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Abstract: A new type of fullerene-
pyrene hybrid molecule, C4ArsR [Ar=
1-pyrenyl, 4-(1-pyrenyl)C¢H,, 4-{(1-pyr-
enyl)CO,}CH,, and  4-{(1-pyrenyl)-
(CH,);CO,}CsH,; R=H and Me] was
synthesized by a regioselective penta-

gated using electrochemical measure-
ments, DFT calculations, single-crystal
X-ray structural analysis, and spectro-
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scopic and fluorescence measurements.
Intramolecular and intermolecular full-
erene—pyrene and pyrene—pyrene inter-
actions were characterized in the crys-
tals. Fluorescence measurements in
dilute solutions suggested the presence

addition reaction using organocopper
reagents. The compounds were investi-

Introduction

Fullerene derivatives bearing light-absorbing fragments,"
and their supramolecular assembly,? have been the subject
of numerous studies related to interest in photovoltaic devi-
ces and in light-harvesting systems in nature.’! Among
them, covalently multifunctionalized molecules bearing sev-
eral integrated chromophores on the fullerene core have at-
tracted special attention."* Such multifunctionalized mole-
cules are, however, almost inevitably very large, and conse-
quently, their synthesis requires many synthetic steps.
Herein, we report on a quick and effective synthesis of
[60]fullerene derivatives that bear five pyrene units, on the
structural analysis of these molecules and their molecular
assembly in crystals, and on their absorption and emission
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of intramolecular fullerene—pyrene and
pyrene—pyrene interactions.

spectra. From these data, we can elucidate the structural de-
pendence of the energy transfer between the excited state of
the pyrene moieties and the fullerene core.

Results and Discussion
Synthesis of the Penta(pyrenyl)[60]fullerene Derivatives

In this paper, we describe the synthesis of four penta-
(pyrenyl)[60]fullerene derivatives that have five pyrenyl
groups with either a direct connection or phenylene, phenyl-
ene-oxycarbonyl, and phenylene-oxycarbonylpropyl spacers
(Scheme 1). Compounds 1 and 2 were prepared in a single
step, and compounds 3 and 4 in several steps. The regiose-
lective penta-arylation reaction of 1-pyrenyl and 4-(1-pyre-
nyl)phenyl Grignard reagents!® with [60]fullerene in the
presence of a copper salt afforded 1 and 2 in a near-quanti-
tative yield. The reaction required moderate heating (40°C),
which perhaps indicates that these hindered Grignard re-
agents are less reactive than the corresponding phenyl re-
agent. To obtain 3 and 4, we first synthesized penta(4-hy-
droxyphenyl)[60]fullerene!”’ from the reaction of [60]fuller-
ene with a [4-(tetrahydropyranyloxy)phenyl]copper reagent,
followed by deprotection of the tetrahydopyranyl group
with a catalytic amount of p-toluenesulfonic acid. Esterifica-
tion of the penta(hydroxyphenyl)[60]fullerene with pyrene-
carboxylic and 3-(1-pyrenyl)propanoic acid chlorides in the
presence of a base produced the expected pentapyrenyl
compounds 3 and 4. All the pyrenyl compounds were ob-
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Scheme 1. Synthesis of penta(pyrenyl)[60]fullerenes. THP =tetrahydopyranyl, DMAP =4-dimethylaminopyridine.

tained in moderate to good overall yields, and were accepta-
bly stable in air. Compound 1 showed poor solubility in all
solvents, but compounds 2-4 were much more soluble, for
example, in aromatic solvents, CS,, THF, chloroform, and di-
chloromethane. In particular, compound 4 showed good sol-
ubility, even in aliphatic solvents. Characterization of the
compounds was performed using NMR and MS, as well as
X-ray crystallography for 1 and 3.

We also synthesized the corresponding methylated com-
pounds, Cg(1-pyrenyl)sMe (1), Cq[CsH,-(1-pyrenyl)]sMe
(2), CelCeH,-OCO-(1-pyrenyl)]sMe  (3'), and  Cg[CeH,-
OCO-(CH,);-(1-pyrenyl)]sMe (4), which were obtained by
deprotonation of 1-4 and subsequent electrophilic methyla-
tion with methyl iodide in quantitative yield.®! In contrast to
1 to 4, which tended to be oxidized on standing and were re-
active under reducing electrochemical conditions,” the me-
thylated products were very stable in solution under air for
a long period. Therefore, the methylated products were used
in the electrochemical experiments, while the protio com-
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pounds were used for crystallographic and spectroscopic
analyses.

The '"H NMR spectra of these compounds are of interest
(Figure 1). First, the C;-symmetric pattern of the spectrum
of 1’ (Figure 1, bottom), owing to a restriction on the rota-
tion of the pyrene groups, was apparent. This is in contrast
to the C,-symmetric pattern of 1 (Figure 1, top) and the
other flexible compounds, 2-4 and 2'-4' (data not shown).
The magnetic anisotropic effects of the fullerene m-electron-
conjugated system caused the protons at the C1” and C9 po-
sitions in 1 and 1’ to undergo large changes in their chemical
shift. Thus, the signals owing to the C9 pyrene protons in 1
and 1’ (e.g., 6=9.87ppm in 1) are shifted significantly
downfield in comparison to pyrene itself (0=8.1 ppm). In
contrast, the C1” pyrene protons were shifted significantly
upfield (e.g., =5.30 ppm in 1 vs. 7.66 ppm for pyrene).

Electrochemical Properties and Electronic Structures of the
Penta(pyrenyl)[60]fullerene Derivatives

Cyclic voltammetric analysis of the pentapyrenylated deriva-
tives was performed to investigate the electronic perturba-
tion of the fullerene unit by the five pyrene groups. Com-
pounds 1'-4' exhibited two reversible one-electron reduc-
tions for the fullerene part, and one reversible three- to
five-electron reduction for the five pyrene groups (Figure 2).
The first and second reduction potentials (—1.31 and
—1.81V, respectively, versus a ferrocene/ferrocenium
couple) owing to the fullerene 50m-electron system were
shifted to the positive side compared to the reference penta-
aryl compound, Cy(C¢Hy-nBu-4)sMe (Figure 3), because of
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Figure 1. '"H NMR spectra of the penta(pyrenyl)[60]fullerenes 1 and 1" in CDCl; at 25°C.
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Figure 2. Electrochemical propeties of 2. a)Cyclic voltammogram.
b) Differential pulse voltammogram. Both measurements were per-
formed at 25°C in a THF solution containing nBu,NCIO, as a supporting
electrolyte.

the electron-withdrawing nature of the pyrene unit. This
tendency was observed most conspicuously in 1’, where the
pyrene unit is directly connected to the fullerene core.

DFT calculations of 1 at the B3LYP/6-31G* level were
performed to study the molecular orbital characteristics.
The lowest unoccupied molecular orbital (LUMO=
—2.857 eV) is localized at the fullerene 50m-electron system
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Figure 3. Reduction potentials of the penta(pyrenyl)[60]fullerenes 1’4,
reference compound, and pyrene at 25°C in a THF solution containing
nBu,NCIO, as a supporting electrolyte.

(Figure 4a), while the lowest unoccupied molecular orbital
of the pyrene part was observed at —1.769 eV as LUMO +4
(see the Supporting Information). The highest occupied mo-
lecular orbital (HOMO) is localized on the pyrene groups
(Figure 4b). We can surmise that the HOMO-LUMO orbi-
tal interaction between the pyrene part and the fullerene
core may have a favorable effect on the formation of the
one-dimensional head-to-tail stacking of the molecules, as
discussed later.

X-ray Structural Analysis and Supramolecular Interactions
in the Crystals

X-ray crystallographic analysis of 1 and 3 revealed two dif-
ferent types of intermolecular interactions in the crystals
(Figures 5-8). Single crystals suitable for X-ray diffraction
analysis were obtained by slow diffusion of ethanol into a
solution of 1 in CS, and a solution of 3 in chloroform.

Chem. Asian J. 2008, 3, 1350-1357
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Figure 4. Molecular orbital representation of 1: a) LUMO; b) HOMO.
The data were obtained from DFT calculations (B3LYP/6-31G*).

Figure 5. The molecular structure of 1. a) ORTEP drawing with thermal
ellipsoids at the 30% probability level. Solvent molecules have been
omitted for clarity. b) A top view of the CPK model. c¢) A side view of
the CPK model.

In the crystal structure of 1, the pyrene groups form a
propeller-like arrangement from the steric repulsion be-
tween the hydrogen atom on the fullerene skeleton and the
hydrogen atom of the neighboring pyrene group (Fig-
ure 5b). The picture in Figure 5b combined with molecular
modeling suggests that a slight twisting of the two neighbor-
ing pyrene units allows them to assume a near-parallel ori-
entation that is suitable for photoexcimer formation in solu-
tion (see below).

The distance between the two fullerene molecules of 1 in
a unit cell is 10.2 A (compare the van der Waals distance be-
tween [60]fullerene molecules in their face-centered cubic
crystal of 10.0 A), and hence, the fullerene = surfaces are
pushed tightly against each other. In addition, it can be seen
that the fullerene m and the pyrene m surfaces interact with
each other (Figure 6b). This interaction holds the two mole-
cules together side by side, as seen in Figure 6a and b. We
can surmise that the 1-pyrene unit is too small to embrace
the second molecules of 1 to form the linear array observed
in 3.

The crystal structure of 3 showed an entirely different
supramolecular profile, because of the deep, cup-shaped

Chem. Asian J. 2008, 3, 1350-1357
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a)

Figure 6. Crystal packing of 1. a) A side view. b) A view displaying the -
7 stacking between the fullerene and the pyrene groups. The crystal is tri-
clinic, space group PI, a=16.883(5) A, b=17.771(5) A, ¢=18.157(5) A,
a=107.007(5)°, =103.635(5)°, y =103.635(5)°, V =4456.0(2) A>.

cavityll” formed by the phenylene-oxycarbonyl spacer
(Figure 7). We can readily see that the fullerene moiety in 3
is surrounded by the pyrene units of the next nearest neigh-
bor (Figure 8a), and therefore forms a one-dimensional col-
umnar array. The fullerene moiety cannot have a direct in-
teraction with the fullerene moiety of the neighboring mole-
cules (unlike in 1, as shown in Figure 6a), but instead, the
pyrene groups interact with the pyrene groups of the nearest
neighbor (Figure 8a) to form a quasi-hexagonal packing
with an antiparallel arrangement (Figure 8b). The fullerene—

Figure 7. ORTEP drawing of 3 with thermal ellipsoids at the 30 % proba-
bility level. a) A side view. b) A top view. Crystals suitable for X-ray
analysis were obtained as 3-4 CHCl;. The solvent molecules have been
omitted for clarity.

I
~YyszLze—

Figure 8. Crystal packing of 3. a) A side view. b) A top view. A single
layer is shown in this figure. The solvent molecules have been omitted
for clarity. The crystal is monoclinic, space group P2,/c (No.14), a=
22125(5) A, b=25296(5) A, ¢=22351(5)A, p=9049(5)°, V=
12508.8(9) A%,
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pyrene separation in 3 is 3.11 A, which is 10% shorter than
that in 1. The interfullerene distance within the column for
3is 11.25 A, which is long, as a result of the presence of the
cyclopentadiene hydrogen atom in the bottom of the cavity.

Energy-Transfer Properties and Supramolecular
Interactions in Solution

The pyrene and fullerene groups have their own characteris-
tic absorption and emission properties. The pyrene molecule
itself shows a strong absorption in the UV region, with an
absorption maximum at 2**=336 nm (¢=4.8x10* M~'cm™).
The fluorescence of the pyrene molecule C,sH,, occurred
through monomer and excimer emissions (A" =360-420 and
440-540 nm, respectively) with a large fluorescence quantum
yield. The penta(organo)[60]fullerenes generally showed a
broad UV absorption, featuring a characteristic absorption
maximum at about 340-360 nm (e~2x10°M'cm™') and
weaker absorptions in the visible range extending to A
~670nm (Table1). On the other hand, the penta-

Table 1. Spectroscopic data of 1-4 in a 5 pum solution at 25°C.

Compd  Solvent D™ eMtem™] Ay e
[nm] ([eV]) [nm] ([eV])

1 CH,Cl, 357 (3.47)  2.1x10° 460 (2.70)  1.7x107

1 toluene 357 (3.47)  2.1x10° 450 (2.76)  nd.

2 CHCl, 347 3.57)  2.0x10° 437 (2.84)  1.1x1072

3 CHCl, 357 (3.47)  1.7x10° 420 (2.95), 1.2x1072
441 (2.81)

4 CHCl, 345 (3.59) 2.2x10° 3951 (3.14), 3.3x1073
483 (2.57)

pyrene cyclohexane 336 (3.36) 4.8x10* 369 (3.36), 0.65
437 (2.62)"

[a] Quantum yield was determined using rhodamine B as a standard.
[b] Shoulder peak. n.d. =not determined.

(organo)[60]fullerenes showed a very weak fluorescence at
2™ 630 nm (in toluene, for CeeMesH, ¢p=2.2x107%, and for
CqPhsH, ¢p=1.5x1073).1

The UV absorption spectra of 1 to 4 are roughly superim-
positions of those of the individual components, fullerene
and pyrene, except that the pyrene absorption of 1 (357 nm)
was more red shifted than the other compounds (Figure 9a),
because of the strong intramolecular electronic interaction
of the fullerene and the pyrene moieties in 1. The most re-
markable observation is the very low quantum yield of the
emission of 1-4 (¢ on the order of 10~ to 1072), as opposed
to the very high value of pyrene itself (¢=0.65). The fluo-
rescence quantum yield decreased to ¢=1.7x107° for 1 and
3.3x107° for 4, compared to the strong emission of the
pyrene groups.

Interestingly, the fluorescence spectra of 1 and 4 showed
maxima at A°"=460 nm and 483 nm, respectively, indicating
that the emission occurred from a dimeric pyrene excimer
even at very low concentrations of 5x107°M, accompanied
by weak emission of the fullerene 50m-electron systems at
2™ =620-630 nm (Figure 9b). No, or very small, emission of
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Figure 9. a) Absorption spectra of 1 (blue line), 4 (purple line), and
pyrene (gray line). b) Emission spectra of 1 (blue line), 4 (green line),
and pyrene (gray line). Solvents: cyclohexane (pyrene), toluene (1), and
chloroform (4). Concentration: 1.0x10°m (absorption) and 1.0x10°m
(emission).

the monomeric pyrene group was observed. Therefore, we
conclude that the excimer emission occurred intramolecular-
ly from neighboring pyrene groups. In 1, the dimer responsi-
ble for the excimer emission is the one formed by the twist-
ing of the propeller structure (Figures 5 and 10), and in 4,
the excimer emission is due to an intramolecular pyrene—
pyrene interaction, as shown in Figure 10. Flexible spacers
in 4 likely contribute to form the dimeric structure of the
pyrene groups within the molecule.

Figure 10. Intramolecular interaction between the neighboring pyrene
groups of 1 and 4.

In contrast, compounds 2 and 3 did not show any excimer
emission (i.e., no emission at 1°" =460-480 nm), but showed
weak monomer emission A" =437 nm and 420 nm, respec-
tively, with quantum yields of ¢=1.1x10"2 and 1.2x 1072, re-
spectively. The tether connecting the pyrene and the fuller-

Chem. Asian J. 2008, 3, 1350-1357
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ene moieties was neither very short nor very long, and
therefore, the pyrene moieties in a dilute solution could
only emit light as the monomer.

Conclusions

In this study, we have reported on the efficient synthesis of
fullerene—-pyrene hybrid molecules, penta-
(pyrenyl)[60]fullerenes that bear five pyrene groups. The
molecules form either a head-to-tail columnar array (for 3)
featuring fullerene—pyrene interactions, or a linear fullerene
array featuring strong fullerene—fullerene interactions (for
1). The photoenergy absorbed by the pyrene units was read-
ily transferred to the fullerene moiety, and hence, the
pyrene fluorescence was largely quenched. A low residual
fluorescence was due to excimers in molecules of 1 and 4,
and due to monomers in 2 and 3. This difference can be as-
cribed to either structural flexibility or to the inflexibility of
the tether connecting the pyrene and the fullerene moieties.
We recently reported that fullerene molecules related to
those reported above can be attached to an indium tin oxide
surface and allowed to generate photoelectric current with a
quantum yield of about 20% (irradiation at 400 nm).!'?
Therefore, we expect that installation of a light-harvesting
antenna similar to the above pyrene rings would enhance
the efficiency of such a molecular photovoltaic device.

Experimental Section

General

All the reactions dealing with air- or moisture-sensitive compounds were
performed in an oven-dried reaction vessel under an argon or nitrogen
atmosphere using standard Schlenk techniques. Air- and moisture-sensi-
tive liquids and solutions were transferred via a syringe or a stainless
steel cannula. Analytical thin-layer chromatography (TLC) was per-
formed on glass plates with 0.25 mm 230-400 mesh silica gel containing a
fluorescent indicator (Merck, #1.05715.0009). The TLC plates were vi-
sualized by exposure to an ultraviolet lamp (254 nm and/or 356 nm).
Flash column chromatography was performed on Kanto Silica gel 60
(spherical, neutral, 140-325 mesh), as described by Still et al.'¥ The
water content of the solvents was determined to be less than 30 ppm
using a Karl Fischer moisture titration (MK-210, Kyoto Electronics Co.,
Japan). High-performance liquid chromatography (HPLC) was used to
monitor the reactions (column=Nomura Chemical Develosil RPFuller-
ene, 4.6x250 mm or Nacalai Tesque Cosmosil Buckyprep, 4.6 x250 mm,
detector =Shimadzu SPD-M10Avp, detection at 350 nm). The fluores-
cence quantum yields were determined according to a literature proce-
dure.™ The yields were calculated based on the starting fullerene com-
pounds.

All '"HNMR spectra were taken at 500 MHz (JEOL ECA-500 spectrom-
eter). The chemical shift values for the protons were reported in parts
per million (ppm, O scale) from an internal tetramethylsilane standard
(0=0.00 ppm) or from the residual protons of the deuterated solvent for
'HNMR (e.g., 6=726ppm for chloroform), and from the solvent
carbon atoms (e.g., d=77.00 ppm for chloroform) for the >C NMR data.
The data were presented as follows: chemical shift, multiplicity (s=sin-
glet, d=doublet, m=multiplet and/or multiplet resonances), coupling
constant (in Hz), signal area integration in natural numbers, and assign-
ment (in italics). The IR spectra were recorded using a React IR 1000
Reaction Analysis System equipped with DuraSample IR (ASI Applied

Chem. Asian J. 2008, 3, 1350-1357
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System) and were reported in cm™'. The UV/Vis and fluorescence spectra
were recorded using Hitachi U3500 and Hitachi F4010 spectrometers, re-
spectively. The mass spectra were recorded using Waters ZQ2000 or
JEOL JMS T100 LC mass spectrometers.

Materials: All commercially available reagents, except those noted
below, were used after nitrogen saturation or recrystallization. Anhy-
drous tetrahydrofuran (THF) was purchased from Kanto Chemical Co.,
Inc. (free from stabilizer) and dried by distillation over a Na/K alloy. The
1,2-Cl,C¢H, used was dried by distillation from CaH, and stored under
4 A molecular sieves. The CuBr-SMe, used was freshly prepared from
CuBr (washed with methanol before use) and dimethyl sulfide and repre-
cipitated from pentane.™™ A solution of KOfBu in THF was purchased
from Aldrich Inc., and was used as received. The 1-pyreneboronic
acid,l'® 1-(4-bromophenyl)pyrene,'”! and pyrene-1-carboxylic acid™®! were
prepared according to a literature procedure. The penta(4-hydroxyphe-
nyl)[60]fullerene, Cq(CcH,OH)sH, was synthesized according to a previ-
ous report.

Synthesis

1: A THF solution of 1-pyrenylmagnesium bromide (0.70m, 10 mL,
7.0 mmol) at 0°C was added to a suspension of CuBr-SMe, (1.44 mg,
7.0 mmol) and Cy, (500 mg, 0.70 mmol) in 1,2-Cl,C¢H, (20 mL). The reac-
tion mixture was then warmed to 25°C, and stirred for a period of 12 h.
The reaction was monitored using HPLC (Buckyprep, eluent="7:3 tolu-
ene/2-propanol, flow rate=2.0 mLmin!, retention time =5.1 min), until
completion of the reaction. The reaction was quenched by using an aque-
ous saturated NH,CI solution (ca. 0.5 mL), followed by the removal of
any volatile materials under reduced pressure. The mixture was diluted
with toluene and CS, (5:5 toluene/CS,, ca. 200 mL) and filtered through a
pad of silica gel. The orange-colored eluent was evaporated to obtain a
solid. The crude product was purified using silica gel column chromatog-
raphy (0%-5% toluene in CS,) to obtain the desired compound (880 mg,
70%) as a red solid after recrystallization using CS, and ethanol.
'"HNMR (500 MHz, CDCLy): §=5.30 (d, J=9.5 Hz, 1H, CyH,), 6.26 (s,
1H, Cy-H), 6.86 (d, J=7.7Hz, 1H, CH,), 6.94 (d, /=83 Hz, 1H,
CisHy), 7.24 (d, J=9.7Hz, 2H, C\;H,), 7.50 (d, /=83 Hz, 2H, C\sH,),
7.56-7.64 (m, 7H, C\xHy), 7.70 (t, J=8.5Hz, 2H, C\:H,), 7.76 (d, J=
8.8Hz, 1H, CH,), 7.79 (d, J=8.8 Hz, 2H, CH,), 7.82 (d, J=8.8 Hz,
1H, CHy), 7.89 (d, J=85Hz, 2H, CH,), 791 (d, /=72Hz, 2H,
CisHy), 7.95-7.99 (m, 8H, C\cH,), 8.03 (d, J=9.1 Hz, 2H, C,.H,), 8.07 (d,
J=17.5Hz, 1H, C4H,), 8.19 (d, /=7.1 Hz, 2H, CcH,), 8.78 (t, J=8.0 Hz,
4H, C¢H,), 8.81 (d, J=9.8 Hz, 2H, C;sH,), 9.87 ppm (d, J=9.5Hz, 2H,
Ci¢Hy); IR (ReactIR diamond probe): 7=3043, 2964, 2930, 1507, 1496,
1459, 1436, 1415, 1291, 1248, 1214, 1181, 1166, 1142, 1111, 971, and
967 cm'; APCI-HRMS (—) calcd for C,40H,s [M—H] : 1725.3521; found:
1725.3523.

1": All the methylated compounds 1'-4" were synthesized using a deproto-
nation/methylation method according to a previous report.®! A THF solu-
tion of 1-pyrenylmagnesium bromide (0.70M, 10 mL, 7.0 mmol) was
added to a suspension of CuBr-SMe, (1.4 g, 7.0 mmol) and C, (500 mg,
0.70 mmol) in 1,2-CL,C¢H, (20 mL) at 0°C. The reaction mixture was
stirred at 25°C for a period of 12 h. The reaction was monitored using
HPLC to confirm the conversion of the reaction. Methyl iodide
(0.44 mL) was added to this solution, and then the reaction solution was
refluxed. HPLC analysis suggested the completion of the methylation
after a period of 6 h (Buckyprep, eluent=7:3 toluene/2-propanol, flow
rate=2.0 mLmin™', retention time =4.9 min). After the removal of any
volatile materials under reduced pressure, the crude mixture was diluted
with toluene and CS, (5:5 toluene/CS,, ca. 200 mL) and filtered through a
pad of silica gel. The orange-colored eluent was evaporated to obtain a
solid. The crude product was purified using silica gel column chromatog-
raphy (0%-5% toluene in CS,) to obtain the desired compound (920 mg,
73%) as a red solid after recrystallization with CS, and ethanol. 'H NMR
(500 MHz, CDCLy): 6=1.97 (s, 3H, C4-CHj;), 518 (d, J=9.1 Hz, 1H,
CisH,), 6.66 (d, J=7.5Hz, 1H, C,;H,), 6.92 (d, J=8.0 Hz, 1H, C\sH,),
7.10 (d, J=9.1 Hz, 1H, CxH,), 7.17 (d, J=9.1 Hz, 1H, C(H,), 7.38-7.47
(m, 2H, CyxH,), 7.53 (d, J=8.5 Hz, 1H, C\(H,), 7.59-7.65 (m, SH, C,;H,),
7.69 (d, J=9.1 Hz, 1H, CH,), 7.69-7.89 (m, 8H, CsHy), 7.95-8.12 (m,

www.chemasianj.org 1355



FULL PAPERS

10H, CH,), 8.17-8.25 (m, 6H, C,sH,), 8.69 (d, /=9.1 Hz, 1H, C:H,),
8.78 (d, J=10.1Hz, 1H, C,.H,), 8.85 (d, J=8.0 Hz, 1H, C,.H,), 8.91 (d,
J=8.0Hz, 1H, C;H,), 9.03 (d, J=8.0 Hz, 1H, C;xHy), 9.06 (d, J=8.0 Hz,
1H, C\¢H,), 9.36 (d, /=9.5Hz, 1H, CH,), 9.41 (d, /=10.0Hz, 1H,
CisHy), 998 (d, /J=9.1Hz, 1H, C,;H,), 10.10 ppm (d, J=9.5Hz, 1H,
CysHy); P*CNMR (125 MHz, CDCly): §=26.53 (C4-CH;), 60.34, 63.55,
64.48, 64.54, 64.96, 70.63, 123.85-131.35 (C,cH,), 135.13, 139.15, 141.22,
141.37, 141.79, 143.72, 143.86, 143.88, 143.90, 144.04, 144.16, 144.17,
14423, 14428, 144.85, 144.89, 145.43, 145.56, 145.93, 146.17, 146.55,
147.63, 147.86, 147.97, 148.08, 148.15, 148.18, 148.29, 148.33, 148.56,
148.68, 148.74, 148.76, 148.85, 149.02, 149.15, 149.19, 149.72, 151.35,
153.83, 155.67, 155.93, 158.36, 159.58, 160.45, 162.07, 162.43, 165.58 ppm;
IR (ReactIR diamond probe): #=3043, 2964, 2930, 1507, 1496, 1459,
1436, 1415, 1291, 1248, 1214, 1181, 1166, 1142, 1111, 971, and 967 cm™';
APCI-MS (—): m/z: 1739 ([M]").

2: A solution of C4 (50 mg, 0.070 mmol) in 1,2-CL,CsH, (2.0 mL) was
added at 0°C to an organocopper reagent prepared from 4-(1-pyre-
nyl)C;H,MgBr'(0.60M, 1.2mL, 0.70 mmol) and CuBr-SMe, (140 mg,
0.70 mmol) in THF (1.0 mL). The resulting dark brown suspension was
gradually warmed to 25°C over a period of 30 min. The reaction was
monitored using HPLC, suggesting the reaction was complete after 6 h
(Buckyprep, eluent =7:3 toluene/2-propanol). The reaction was quenched
with an aqueous saturated NH,Cl solution (ca. 0.05 mL), followed by the
removal of any volatile materials under reduced pressure. The mixture
was diluted with toluene and CS, (5:5 toluene/CS,, ca.20 mL) and fil-
tered through a pad of silica gel. After an orange-colored eluent was
evaporated to obtain a solid, the crude product was purified using silica
gel column chromatography (0%-5% toluene in CS,) to obtain the de-
sired compound (110 mg, 72%) as an orange solid. "H NMR (500 MHz,
CDCLy): 6=5.74 (s, 1H, Cq-H), 7.37-7.40 (m, 8H, C,H,), 7.47, 7.49 (m,
4H, C4H,), 7.57-7.60 (m, 8H, CsH,), 7.67-7.76, 7.78-7.84, 7.85, 7.87,
7.88-7.90, 7.92, 7.94, 7.95, 7.96, 7.97-7.98, 7.99-8.20, 8.18-8.20, 8.23,
8.25 ppm (m, 45H, CysH,); *C NMR (125 MHz, CDCl;): 6 =34.75, 58.03,
58.97, 61.02, 124.57-125.24, 125.88-126.02, 127.06-128.45, 130.52-131.47,
136.64, 136.77, 137.12, 138.66, 139.43, 139.67, 140.24, 140.67, 140.83,
143.97, 144.22, 14435, 144.33, 144.57, 144.63, 144.77, 145.84, 146.08,
147.14, 147.22, 147.87, 148.24, 148.57, 148.71, 148.80, 148.97, 152.34,
152.67 ppm; IR (ReactIR diamond probe); 7=3037, 2964, 2933, 2848,
1602, 1584, 1559, 1517, 1497, 1488, 1459, 1434, 1418, 1405, 1289, 1192,
1177, 1111, 1073, 1023, 1005, and 967 cm™'; APCI-MS (-): m/z: 2105
(M1).

Preparation of acid chlorides: Pyrene-1-carbonyl chloride: To a mixture
of pyrene-1-carboxylic acid (5.0g, 2.05mmol) and DMF (60 uL,
0.72 mmol) in dichloromethane (100 mL), thionyl chloride (0.4 mL,
5.2 mmol) was added dropwise at a rate sufficient to maintain a steady
evolution of gas. This solution was heated at reflux for a period of 2 h
and cooled to ambient temperature, and the excess thionyl chloride was
removed in vacuo to give the acid chloride, which was used in the next
reaction without further purification. 4-(Pyren-1-yl)butanoyl chloride was
prepared using the same procedure.

3: To a mixture of Cg(C,H,OH)sH (200 mg, 0.17 mmol) and pyrene-1-
carbonyl chloride (300 mg, 1.1 mmol) in THF (80 mL), triethylamine
(0.16 mL, 1.2 mmol), and 4-dimethylaminopyridine (140 mg, 1.2 mmol)
were added at 0°C. The reaction was monitored using HPLC, suggesting
the reaction was complete after a period of 3 h (RPFullerene, eluent=
5:5 toluene/methanol, flow rate =2.0 mLmin~", retention time =5.0 min).
After the solvent was removed under reduced pressure, the resulting
crude product was purified using silica gel column chromatography with
CS, and chloroform (5:5 CS,/chloroform) as eluents, and recrystallized
using chloroform and ethanol to obtain the desired compound (280 mg,
70%) as reddish-orange microcrystals. '"H NMR (500 MHz, CDCl,): 0=
5.56 (s, 1H, Cq-H), 7.36-7.41 (m, 8H, C4H,), 7.47-7.51 (m, 4H, CH,),
7.65-7.68 (m, 8H, CH,), 7.83-8.36, 8.87-8.93, 9.29, 9.30, 9.34-9.37, 9.51,
9.53 ppm (m, 45H, C,;H,). "C NMR (125 MHz, CDCL,): 6=58.4, 58.6,
62.1, 63.1, 93.8, 99.7, 121.0, 121.7, 121.8, 122.5-122.8, 123.8-124.0, 124.7—
125.0, 126.0-126.4, 126.5, 126.8-127.1, 128.8, 129.0-129.3, 129.7-130.2,
130.5-130.8, 131.8-131.9, 132.6, 134.6, 134.7, 135.5, 136.8, 136.9, 141.3,
142.8, 142.9, 143.3, 143.6, 143.9, 144.2, 144.2-144.8, 145.2, 1454, 145.7,
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145.8, 146.8, 147.0, 147.1, 147.7, 148.0, 148.1, 148.2, 148.4, 148.6-148.8,
150.2, 150.7, 150.9, 151.3, 151.5, 151.9, 152.3, 155.0, 156.0, 159.163.1,
165.4 ppm; IR (ReactIR diamond probe): 7=3043, 2964, 2952, 2890,
1727 (s), 1596 (s), 1503 (s), 1385, 1328, 1248, 1229, 1206, 1191, 1142, 1123,
1123, 1079, 1017, 1017, and 971 cm™'; APCI-MS (-): m/z: 2325 ([M]").
4: Compound 4 was synthesized using the same synthetic route as 3 start-
ing from Cg(C:H,OH)sH (300 mg, 0.25 mmol) and 4-(pyren-1-yl)butano-
yl chloride (520 mg, 1.7 mmol). The desired compound was obtained as
an orange solid (560 mg, 87%). '"HNMR (500 MHz, CDCl,). 6 =2.07-
2.18 (m, 10H, CH,), 2.44-2.52 (m, 10H, CH,), 3.17-3.26 (m, 10H, CH,),
5.18 (s, 1H, Cq-H), 6.88-6.92 (m, 10H, C4H,), 6.99-7.01 (m, 10H, C¢H,),
7.31, 7.33, 7.49, 7.50, 7.61-8.13, 8.19, 8.21, 8.23, 8.25, 8.28, 8.29, 8.31 ppm
(m, 45H, Ci¢H,); "CNMR (125 MHz, CDCl;): §=26.54, 26.83, 32.46,
32.54, 33.77, 33.93, 63.17, 93.84, 99.71, 122.08, 122.16, 123.13, 123.23,
124.77, 124.85, 124.91, 125.35, 125.73, 126.67, 127.24, 127.36, 127.42,
128.27, 128.34-129.07, 129.83, 130.78, 130.92, 131.45, 131.57, 135.32-
136.16, 136.93, 137.07, 137.82, 142.87, 143.04, 143.27, 143.93, 144.07,
144.12, 144.25, 144.97, 145.22, 145.57, 146.81, 146.94, 147.02, 147.27,
147.53, 147.98, 148.04, 148.18, 14824, 148.58, 148.62, 149.19-150.14,
151.12, 151.75, 152.33, 155.67, 171.64, 171.77, 173.42 ppm; IR (ReactIR
diamond probe): 7=3041, 2939, 2875, 1756 (s), 1603 (w), 1503 (s), 1459,
1416, 1208, 1169, 1123 (s), 1017, 1017, and 841 cm™'; APCI-MS (—): m/z:
2535 ([M]).

X-ray Crystallographic Analysis

The data sets of 1 and 3 were collected using a MacScience DIP2030
Imaging Plate diffractometer employing Moy, radiation (graphite mono-
chromated, 4=0.71069 A). The positional and thermal parameters of the
non-hydrogen atoms were refined anisotropically on F* using the full-
matrix least-squares method employing the SHELXL-97 software pro-
gram.”™ The hydrogen atoms were placed at the calculated positions and
refined using a riding mode on their corresponding carbon atoms.
CCDC-682300 and 682301 contain the supplementary crystallographic
data for this paper.

Electrochemical Measurements

Cyclic voltammetry and differential pulse voltammetry were performed
using a Hokuto Denko HZ-5000 voltammetric analyzer. A glassy carbon
electrode, platinum coil, and an Ag/Ag* electrode were used as the
working, counter, and reference electrodes, respectively. All half-wave
potentials E;,=(E,+E,,)/2, where E, and E,, are the cathodic and
anodic peak potentials, respectively, were corrected against a ferrocene/
ferrocenium couple, Fe/Fc*.

Theoretical Calculations

All the theoretical calculations were performed using the Gaussian03
software package. The density functional theory (DFT) method was em-
ployed using the B3LYP hybrid functional.”!! A 6-31G* basis set was
used for the geometry optimization of model compounds 1 and 1'.%?
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