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Abstract: Two C,, hexakis-adducts (2
and 3) were synthesized by using a pro-
tection—deprotection strategy. The sym-
metric fullerene tetrakis-adduct 8 was
obtained by anthracene removal from
the hexakis-adduct 7. Reaction of 8
with terpyridylglycine or pyridylglycine
afforded two hexakis-adducts, 2 and 3.
By using the retro-cyclopropanation re-
action, the four malonate addends lo-
cated on the equatorial belt of the hex-
akis-adducts were removed to afford

terpyridyl- or pyridylpyrrolidine
groups. The structures of 2 and 3 were
confirmed by matrix-assisted laser de-
sorption ionization  time-of-flight
(MALDI-TOF) mass spectrometry,
and 'H, ®C, and COSY NMR, and
UV-visible spectroscopy. The cyclic vol-
tammograms of fullerene multiadducts
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2, 3, and 9 show irreversible reductions.
Self-assembled monolayers (SAMs) of
1 and 3 were formed on gold surfaces
through nitrogen adsorption. SAMs of
3 represent the first example of a full-
erene hexakis-adduct formed on gold
surfaces through nitrogen adsorption.
Controlled  potential electrolyses
(CPE) were conducted to prepare
trans-1 bis-adducts 4 and 5 modified
with terpyridyl and pyridyl groups.

two trans-1 bis-adducts, 4 and 5, with

Introduction

Trapping individual or small numbers of molecules between
metal electrodes to build molecular-based electronic devices
has only been accomplished relatively recently (illustrated
in Scheme 1), although the idea was suggested more than 30
years ago.l' Several strategies including mechanical break
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Scheme 1. Schematic diagram of single-molecule-based transistors.
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junctions, metal evaporation, scanning tunneling microscopy,
and conducting atomic force microscopy have been em-
ployed to place molecules between electrodes at nanometer
separation.”* Recent advances consist of constructing mo-
lecular devices based on carbon nanotubes,” C, and
other organic molecules.” Building nanometer-scale elec-
tronic devices is very difficult and the process suffers from
low device yield, measurement reproducibility problems,
and lack of direct evidence for entrapment of molecules be-
tween metal electrodes. A frequently asked question is
whether a molecule is truly present between the electrodes.
Haiss et al. and Tao et al. reported the electrochemical de-
pendence of single-molecule conductivity by incorporating
redox-active molecules between the electrodes.*”! In a very
interesting experiment, Park et al. reported a single-mole-
cule transistor consisting of a cobalt bis(terpyridyl) complex
in which the electron transport was controlled by the redox
states of a single complexed Co ion."” The single-electron
current effect has been used as the signature of single-mole-
cule measurements.'” The electron transport via a single
molecule is affected by its structure, as reported by Mayor
et al., who found that a fully conjugated pathway in the mol-
ecule significantly increases the electronic coupling between
the gold electrodes and the molecule.')

Among single molecules trapped between two electrodes,
Cg is very attractive because of its unique electronic proper-

Chem. Eur. J. 2006, 12, 2846 —2853



ties and its rich redox chemistry.” Park et al. reported the
fabrication of a single-molecule transistor based on individu-
al Cg molecules sandwiched between two gold electrodes.
Nanomechanical oscillations of Cg trapped between two
gold electrodes were excited by an electron current passing
through the system. Ralph et al. investigated the Kondo-as-
sisted tunneling of a single C4 molecule that was trapped
between two ferromagnetic nickel electrodes." In all of
these cases, Cq, was not connected covalently to the elec-
trodes. The central concept behind the present work was to
prepare fullerene derivatives that can be covalently attached
to metal electrodes and to eventually investigate the influ-
ence of the rich redox chemistry of C4, on single-molecule
conductivity. Selection of the appropriate adducts for cova-
lent attachment and a strategy for regiochemical control are
the focus of this article. In 2003, Wilson et al. prepared a
pyridinofulleropyrroline derivative (1) which exhibited ef-
fective electronic coupling between the Cy, core and the pyr-
idyl nitrogen atom, as confirmed by '"H NMR spectroscopy,
molecular modeling studies, UV-visible spectroscopy, and
fluorescent-quenching experiments (Scheme 2).*! Electro-

ZnTPP

Scheme 2. Complexation of compound 1 with zinc tetraphenyl porphyrin
(ZnTPP).

chemical studies further con-
firmed this effective coupling
between the pyridyl nitrogen
atom and the fullerene core
based on the fact that the first
reduction of the C4 core was
shifted by 40 mV upon com-
plexation with a Zn-porphyrin
derivative.['"

Thus Cg, hexakis-adducts 2
and 3 with terpyridyl or pyridyl
groups in the trans-1 positions
and the corresponding trans-1
bis-adducts 4 and 5 (Scheme 3)
were selected as the synthetic
targets in the present work. Re-
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gioselective formation of trans-1 bis-adducts of Cg, has been
a challenging task. Relative to other bis-adduct isomers of
Cyo, the trans-1 arrangement is always among the least-abun-
dant isomers, based on kinetic and electronic evidence.[']
Hirsch et al. conducted the stepwise bis-addition of diethyl
malonate to Cg, and prepared the trans-1 bis-adduct of Cy,
in 0.8-2% yield after tedious chromatographic separation.!'’!
In the case of stepwise bis-addition to Cy, through the 1,3-di-
polar cycloaddition to yield bis(N-methylpyrrolidine) ad-
ducts, the yield of the trans-1 bis-adduct was 1.5% .7 To im-
prove the yield of trans-1 bis-adducts of Cy, the tether-di-
rected remote-functionalization synthetic procedure intro-
duced by Diederich et al. has proved to be an effective alter-
native.'¥! By using this method, they synthesized trans-1 bis-
adducts of Cy, in relatively high yields."**") A similar tether-
directed approach was developed by Rubin et al. to prepare
a trans-1 bis-adduct of C4 by using the Diels—Alder reac-
tion.?!! Surprisingly, the solid-state reaction of the monoan-
thracene adduct of Cg, or the mixture of C4, and anthracene
provided a remarkably selective synthesis of the trans-1
adduct, 6 (Scheme 4).?? By reacting 6 with an excess of di-
ethylbromomalonate, Kréutler et al. obtained the D,,-sym-
metric hexakis-adduct 7 in 95% yield (Scheme 4).”*! Due to
the thermal instability of the anthracene addends, a Cq, tet-
rakis-adduct 8 with all addends located on an equatorial belt
was obtained in 88 % yield. Our synthetic strategy is based
on this easily prepared tetrakis-adduct of C4, (8), shown in
Schemes 5 and 6 (see below). Here we report the synthesis
and characterization of hexakis-adducts 2 and 3 as well as
trans-1 bis-adducts 4 and 5.

Results and Discussion

Synthesis of the terpyridylglycine precursor: To prepare
trans-1 bis-adducts of Cg, with terpyridyl or pyridyl groups,
the precursor, terpyridylglycine (TPG), needed to be synthe-
sized. As far as we know, this compound has not been re-
ported previously. Several research groups have reported
the effective and convenient synthesis of 2,2:6'2"-terpyri-
dine ligands by solvent-free reactions of 4'-chloro-2,2":6',2"-

Scheme 3. Structures of compounds 2, 3, 4, and 5.
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Scheme 4. Synthetic procedure of 8.

terpyridine (CITP) with aryl- or alkylamines.” Initially,
such solvent-free reactions of CITP with glycine or glycine
tert-butyl ester in a sealed glass tube under vacuum were
conducted. After varying the ratio of starting materials, and
the reaction times and temperatures, only trace amounts of
terpyridylglycine were obtained as indicated by means of
matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry and TLC analysis. In-
stead, a terpyridyl dimer connected by a nitrogen atom was
obtained in high yields. Reactions of 4'-amino-2,2":6",2"-ter-
pyridine (ATP) with fert-butyl bromoacetate were carried
out to synthesize terpyridyl glycine fert-butyl ester to afford
terpyridylglycine after removal of the fert-butyl group. Dif-
ferent bases including K,CO;, Et;N, and BuLi in solvents
such as DMF, CH;CN, and toluene were tried, but these did
not afford terpyridylglycine either. As reported, 4-pyridyl-
glycine was prepared in a high yield by the subsequent treat-
ment of 4-aminopyridine with HCOH, NaHSO,, and
KCN.” The same treatment of ATP did not yield terpyri-
dylglycine mainly due to the insolubility of ATP in water.
Terpyridylglycine was eventually synthesized in 73 % yield
by treating ATP with ethyl glyoxylate and concentrated HCl
followed by reductive hydrogenation.”” The characteriza-
tion of terpyridylglycine was established on the basis of
MALDI-TOF mass spectrometry, and 'H, ®C, and COSY
NMR spectroscopy (see the Supporting Information).

Synthesis of 2 and 9: The synthesis of 2 and 9 is outlined in
Scheme 5. Reaction of symmetric Cy, tetrakis-adduct 87!
with paraformaldehyde and terpyridylglycine in refluxing
1,2-dichlorobenzene afforded both bis- and mono(terpyrid-

terpyridylglycine
) HCOH

<R — » R
R reflux g

R
R = COOCH,CHj3 “3
8 9 - >
i N
N
2

Scheme 5. Synthesis of fullerene derivatives with terpyridyl groups.
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yl) C¢, adducts 2 and 9, respec-
tively. It is interesting to ob-
serve that mono(terpyridyl)
compound 9 was always present
even after increasing the reac-
tion time and/or by using a
large excess of paraformalde-
hyde and terpyridylgylcine.
Compounds 2 and 9 were char-
acterized by means of MALDI-
TOF MS, and 'H, “C, and
COSY NMR, and UV-visible spectroscopy. Figure 1 shows
the 'H NMR spectra of compound 2. The relatively sharp
singlet at d=5.32 ppm corresponds to the eight identical
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Figure 1. '"H NMR spectrum of compound 2 in CDCl,.

pyrrolidine protons. Two quartets at d =4.26-4.33 and 4.37-
4.44 ppm and two triplets at 6 =1.25-1.30 and 1.37-1.41 ppm
are due to the expected methylene and methyl groups on
the non-equivalent malonate adducts located on the equato-
rial belt of Cg,. Signals in the aromatic region were assigned
to five different kinds of protons in the terpyridyl rings by
using the correlation analysis. One singlet for the pyrrolidine
ring protons and two different quartets and triplets for the
methylene and methyl groups on the malonate belt clearly
indicate a D,;, symmetry for compound 2, that is, all the ad-
dends are located at octahedral positions (trans-1 bis(pyrro-
lidine) and equatorial malonate moieties). In addition, 30
sets of equivalent carbon signals in the *C NMR spectrum
are consistent with the proposed D,, symmetry of com-
pound 2 (see the Supporting Information). In the case of
compound 9, three quartets with a ratio of 1:1:2 were ob-
served at 0=4.24-4.28, 4.29-4.33, 434437 ppm for the
methylene groups of the malonate adducts, consistent with
the symmetry of the compound.
The triplets corresponding to
the malonate methyl groups
| were overlapping in this case.
In addition, one singlet at 6=
4.63 ppm was observed for the
four equivalent pyrrolidine ring
protons. To further prove the
symmetry of compounds 2 and
9, "C-enriched paraformalde-

N
N hyde was used to prepare com-
B 'N’ E pounds labeled with ®C at the
=N N pyrrolidine rings. The heteronu-

clear multiple quantum coher-
ence (HMQC) NMR spectra
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clearly showed the correlation between the *C label and the
hydrogen atoms on the pyrrolidine rings (see the Supporting
Information). MALDI-TOF MS data show molecular ion
peaks (m/z) at 1900 and 1628 for bis- and mono(terpyridyl)
compounds 2 and 9, respectively (see the Supporting Infor-
mation).

The mono(terpyridyl) adduct 9 was easily separated from
the bis(terpyridyl) compound 2 by using column chromatog-
raphy. However, no well-defined bands were observed after
eluting compound 9. Four different fractions were collected
thereafter, all of which show the molecular ion peak for
bis(terpyridyl) compound 2. The resolution of the 'H NMR
spectrum is different for the different fractions. The first two
fractions show well-resolved '"H NMR spectra as shown in
Figure 1. Some signal broadening was observed for the frac-
tions that followed. These observations are probably the
result of different degrees of protonation of the pyrrolidine
ring and/or terpyridyl nitrogen atoms. It is worth mentioning
that longer reaction times (more than 48 h) and large ex-
cesses of paraformaldehyde and terpyridylglycine result in
better yields.

Synthesis of Cg4, hexakis-adduct with one terpyridyl and one
pyridyl group in trans-1 positions: Based on the successful
preparation of 2, the synthesis of Cy, hexakis-adduct 3 with
terpyridyl and pyridyl groups located in trans-1 positions rel-
ative to each other was undertaken, as shown in Scheme 6.
Compound 3 is interesting because it should directly attach
to gold or platinum surfaces through pyridyl nitrogen ad-
sorption. The penta-adduct 10 was prepared by refluxing 8
with paraformaldehyde and pyridylglycine in 1,2-dichloro-
benzene under argon for 1 h. The '"H NMR spectrum of 10
shows one singlet at d=4.54 ppm for the four equivalent
pyrrolidine ring protons, three quartets at 6 =4.33-4.37 and
4.43-4.47 ppm, and three triplets at 6=1.32-1.35, 1.37-1.39,
and 1.40-1.42 ppm for methylene and methyl groups of the
malonate moieties, respectively, which is similar to that of 9.
Reacting 10 with terpyridylglycine and paraformaldehyde
under the same conditions afforded the target compound 3.
The structure of 3 was confirmed by MALDI-TOF MS, and
'H, ®C, and COSY NMR, and UV-visible spectroscopy.

HCOH terpyridylglycine
pyridylglycine R R HCOH
g —— - -
reflux reflux

R = COOCH,CH;

Scheme 6. Synthesis of fullerene derivatives with terpyridyl or pyridyl groups.
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Figure 2 shows the COSY NMR spectrum of compound 3.
Two broad singlets around d =4.61 and 4.93 ppm correspond
to the protons in the pyrrolidine rings connected to terpyrid-
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Figure 2. COSY NMR spectrum of compound 3 in CDCl,.

yl and pyridyl groups, respectively. The quartets and triplets
for the methylene and methyl groups in the malonates over-
lapped. Singlets at 0 =6.85 and 8.41 ppm are correlated with
each other and are ascribed to two different kinds of pyridyl
protons. Other aromatic signals could be attributed to the
terpyridyl protons from the COSY spectrum. In addition,
the molecular ion peak (m/z) at 1746 was observed for com-
pound 3 in the MALDI-TOF mass spectrum (see the Sup-
porting Information).

Electrochemistry of penta- and
hexakis-adducts of Cg: Cyclic
voltammetry (CV) was used to
| evaluate the redox behavior of
2, 3, and 9. As shown in
Figure 3, reductions of penta-
and hexakis-adducts of Cg, are
irreversible on the CV time-
scale at 0.1 Vs~'. For 2, two re-
ductions were observed at
—1.40 and —1.76 V versus Fc/
Fc*. The first irreversible re-
duction is much smaller than
the second. Compound 3 also
exhibited an irreversible reduc-
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Figure 3. Cyclic voltammograms of compounds 2, 3, and 9 in CH,CI,.
Supporting electrolyte: 0.1 Bu,NPF. Scan rate: 0.1 Vs~'.

tion wave at —1.77 V. In the case of 9, three irreversible re-
ductions were observed at —1.53, —1.75, and —2.23 V. Com-
pared with pristine Cg and its lower adducts, hexakis-ad-
ducts are always difficult to reduce and the processes are ir-
reversible.” As reported before, an octahedral hexakis-cy-
clopropanated adduct of C4 showed an irreversible reduc-
tion wave at —1.87 V versus Fc/Fc*.® The difference of the
redox behavior of 2, 3, and 9 can be attributed to the
number of the addends added to the Cg, cage and the geom-
etry of the compounds. The more addends that are added to
the Cq, cage, the higher its LUMO energy level is, making it
more difficult for it to accept electrons.

Self-assembled monolayers (SAMs) of fullerene derivatives
1 and 3: Due to the interesting features of fullerene-based
thin-film materials, such as charge transport, biological ac-
tivity, and photoconductivity, fullerenes and their derivatives
have been attached to solid substrates by using techniques
such as Langmuir-Blodgett (LB), supramolecular assembly,
electrodeposition, spin-coating, and self-assembled monolay-
ers (SAMs).”3% Among them, the self-assembling method
has been preferentially employed because SAMs can afford
well-defined structures spontaneously. SAMs of fullerene
derivatives have been mainly obtained by the adsorption of
thiol, thioether, or thioctic ester derivatives on gold surfa-
ces.’!l Despite the fact that some reports have pointed out
that pyridyl nitrogen atoms can effectively adsorb on gold
and platinum surfaces in the same way as thiol sulfur atoms
do, SAMs of fullerene derivatives through nitrogen adsorp-
tion on gold surfaces are largely unexplored.

SAMs of 1 were formed on gold surfaces by immersing
the gold beads into solutions of 1 in CS, for 48 h. Cyclic vol-
tammograms of the SAMs of 1 in CH;CN containing 0.1m
Bu,NPF; show two reversible redox waves at E;,=—0.97
and —1.25V versus Ag/Ag* corresponding to the first and
second reductions of the compound, respectively (Figure 4).
After conversion of those potentials versus Ag/Ag* to those
versus Fc/Fct P the values are —1.01 and —1.29 V. The first
and second reductions are shifted anodically by 50 and
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Figure 4. Cyclic voltammograms recorded in CH;CN of SAMs of 1. Sup-
porting electrolyte: 0.1 M Bu,NPF,. Scan rate: 1 Vs~'.

150 mV, respectively, relative to those of 1 in solution.!'! All
peak potentials are proportional to the sweep rate, which
was varied between 0.1 and 1 Vs™!, indicating surface-con-
fined behavior due to the immobilization of the electroac-
tive fullerene derivative on the gold surfaces.

SAMs of compound 3 were prepared by immersing the
clean gold beads in a 0.5 mm solution of 3 in CHCl; at 25°C
for two days.*¥ The SAM-modified gold beads were then
rinsed with CHCI; and dried with a stream of argon. The
electrochemical behavior of SAMs of 3 was investigated by
using cyclic voltammetry in CH3;CN containing 0.1m
Bu,NPF,; as the supporting electrolyte. As shown in
Figure 5, SAMs of 3 exhibit an irreversible redox wave at

20 —
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0.5 |-
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T

0.0 -
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0.0 0.5 1.0 1.5 -2.0
Potential/V vs Ag/Ag”

Figure 5. Cyclic voltammograms recorded in CH;CN of SAMs of 3. Sup-
porting electrolyte: 0.1 M Bu,NPF,. Scan rate: 0.1 Vs~

—1.12'V versus Ag/Ag* (—1.16 V vs Fc/Fc*P), which is as-
signed to the reduction of the Cg moiety. Although many
monoadducts of Cg, have been assembled on gold surfaces,
as far as we know, immobilization of a hexakis-adduct of C,
on gold substrates through the pyridyl nitrogen—gold inter-
action has never been reported previously. After several
scans the peak intensity decreased, but the redox peak in-
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tensity was eventually stabilized upon successive reductive
cycles, suggesting some stability of SAMs of 3.

Electrochemical retro-cyclopropanation of fullerene multi-
adducts: To prepare trans-1 bis-adducts of Cg, with terpyrid-
yl or pyridyl groups (4 and 5), electrochemical retro-cyclo-
propanation reactions were conducted to remove the four
malonate addends from compounds 2 and 3. Our group has
developed this reaction and used it in multiple applica-
tions.?*! All experiments were carried out by using a home-
made cell as previously described.?!! Controlled potential
electrolysis (CPE) was performed on samples under high
vacuum in CH,Cl, with 0.1m Bu,NPF, as the supporting
electrolyte. To determine the potential to be applied, the
CVs of the compounds were recorded. After electrolysis,
the solutions were exhaustively reoxidized at 0V before
product analysis.

Initially, the CPE of 8 was performed at —1.60 V as a con-
trol and significant voltammetric changes were observed, as
illustrated in Figure 6. Compound 8 exhibited two reversible
fullerene-based reductions at —0.98 and —1.36 V. The third

before electrolysis J

Current/pA

0.0 -0.5 -1.0 -1.5 -2.0 -2.5
Potential/V vs Ag wire

Figure 6. Cyclic voltammograms of 8 before and after electrolysis. Sup-
porting electrolyte: 0.1 M Bu,NPF,. Scan rate: 0.1 Vs,

reduction is chemically irreversible, probably due to the
cleavage of the cyclopropane bonds. After approximately
8e” per molecule were transferred, the CV showed the ap-
pearance of three reversible redox waves that match the
redox behavior of Cg, with the first reduction shifted anodi-
cally by 60 mV. After oxidation and careful chromatographic
purification, Cy, was obtained in 94 % yield, clearly indicat-
ing that the four malonate addends located on the equatori-
al belt of C4, were effectively removed by this electrochemi-
cal method.

The CPE of compound 2 was carried out at —1.58 V and
Figure 7 shows its electrochemical responses before and
after electrolysis. The cyclic voltammogram recorded after
the addition of 8e~ per molecule clearly exhibited two re-
versible reduction waves at —0.87 and —1.17 V versus Ag, in
sharp contrast to the CV response before electrolysis. The
first reduction shifts anodically by approximately 400 mV

Chem. Eur. J. 2006, 12, 2846 -2853
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after electrolysis

Current/nA
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Potential/V vs Ag

Figure 7. Cyclic voltammograms of 2 before and after electrolysis. Sup-
porting electrolyte: 0.1 M Bu,NPF,. Scan rate: 0.1 Vs~

relative to the large irreversible reduction peak before elec-
trolysis. These observations suggest that the malonate ad-
dends were removed and a new compound was formed. The
MALDI-TOF MS data of the mixture after electrolysis
showed the molecular ion peak for the trans-1 bis-adduct 4
(see the Supporting Information). CPE experiments of 2 in
THF and 3 in CH,Cl, gave similar results. We are currently
not able to isolate compounds 4 and 5 from the electrolyte
solution because of the limited amount and reduced solubili-
ty of the compounds.

Conclusion

We have reported the synthesis of two hexakis-adducts of
Cyo with terpyridyl or pyridyl groups in a trans-1 position
and the electrochemical retro-cyclopropanation reaction to
prepare their corresponding trans-1 bis-adducts. Two hexa-
kis-adducts and one penta-adduct of Cy, were prepared and
characterized by MALDI-TOF mass spectrometry, and 'H,
BC, COSY NMR, and UV-visible spectroscopy, and cyclic
voltammetry analyses. Electrochemical studies show that
SAMs of compounds 1 and 3 form spontaneously on gold
surfaces. SAMs of 3 represent the first example of a hexa-
kis-adduct of C4, on gold surfaces through nitrogen adsorp-
tion. Controlled potential electrolyses of multiadducts of Cg,
revealed that it is possible to prepare trans-1 bis-1,3-dipolar
cycloadducts of Cg,, which are extremely difficult to synthe-
size by statistical bis-addition procedures. Future work will
include the purification of trans-1 bis-adducts of Cg, with ter-
pyridyl and pyridyl groups, construction of supramolecules
on solid substrates, and fabrication of fullerene-based single-
molecule transistors.

Experimental Section

General method: Reagents were purchased from commercial suppliers
and used without further purification. Compound 8 was prepared as de-
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scribed in a published procedure. Gold wire (99.999%) was obtained
commercially. NMR spectra were recorded on a Bruker Ac 300 or 500
spectrometer. UV/Vis spectroscopy was recorded on a Shimadzu 2101PC
spectrophotometer. Mass spectroscopy was recorded with an Omni Flex
MALDI-TOF spectrometer. Deionized water was prepared with a nano-
pure infinity ultrapure water system.

Monolayer preparation: The gold beads were prepared as previously de-
scribed™® and cleaned by electrolysis in 0.1m HCIO, at a potential of
2.3V for Smin and dipped into 0.1m HCI for 20 min. The gold beads
were then washed with water and then methanol. Monolayers of 3 and 1
were self-assembled by immersing the gold beads into a deaerated solu-
tion of 3 in CHCl; and a solution of 1 in CS, for 48 h. The SAM-modified
gold beads were rinsed with suitable solvents and dried in a stream of
argon.

Electrochemical measurements: All electrochemical measurements were
performed in redistilled CH,Cl, (degassed with argon) with 0.1m
nBu,NPF, as the supporting electrolyte on a CHI 660 Electrochemical
Workstation (CH Instruments Inc, Austin, Texas). A platinum wire was
employed as the counter electrode. A silver wire was used as the refer-
ence. Ferrocene (Fc) was added as an internal reference and all the po-
tentials were referenced relative to the Fc/Fc* couple. A glassy carbon
electrode (CHI, 3 mm in diameter), polished with 0.3 pm aluminum paste
and ultrasonicated in a deionized water bath, was used as the working
electrode. Bulk electrolysis was performed by using a homemade electro-
chemical cell. A 2-4 mg sample of fullerene derivatives 2, 3, or 8 was
used for each experiment, and 600 mg of the supporting electrolyte
(TBAPF;) was added to the electrolysis cell. The cell was degassed and
pumped to a pressure of 107°torr. The solvent (dichloromethane or
THF), which had also been degassed and pumped to the same pressure
in the presence of calcium hydride, was then vapor-transferred into the
cell. Prior to controlled potential electrolysis (CPE), cyclic voltammetry
was performed by using a glassy carbon electrode to obtain the reduction
potential versus an Ag wire pseudoreference electrode. The latter was
separated from the bulk solution by using a Vycor tip. CPE at 293 K was
performed on a Pt-mesh (100 mesh, 6.5 cm?) working electrode. After re-
ductive electrolysis, the solution was reoxidized at 0 V.

Synthesis of terpyridylglycine: A solution of 4’-amino-2,2":6'2"-terpyri-
dine (0.40 g, 1.61 mmol), ethyl glyoxylate (50% in toluene, 0.36 g,
1.78 mmol), 95% ethanol (8 mL), and concentrated HCI (12 mL) was al-
lowed to stand at room temperature for 1h in a hydrogenation bottle.
The catalyst (0.30 g of 5% Pd on carbon) was added, and the mixture
was hydrogenated by using a Parr low-pressure reaction apparatus charg-
ed initially at 48 psi until no further absorption of hydrogen was evident.
Distilled water (20 mL) was added, and the mixture was heated on a
water bath to dissolve the pale yellow precipitate that formed during the
reaction. Removal of the catalyst by filtration of the warm mixture and
evaporation of the filtrate gave the terpyridylglycine hydrochloride as a
light yellow-green solid. Concentrated HCl was added, and the mixture
was heated at 100°C for 1 h, cooled to 25°C, and allowed to stand for a
week. Collection of the solid by vacuum filtration gave a pale yellow-
green solid (0.38 g, 76%). 'HNMR (D,0O, 300 MHz): 6=8.53-8.54 (d,
J=52Hz, 2H), 835-8.40 (t, /J=7.6 Hz, 2H), 8.22-8.25 (d, J=7.8 Hz,
2H), 7.81-7.85 (t, J=6.4Hz, 2H), 7.05 (s, 2H), 3.88 ppm (s, 2H);
BCNMR (D,0, 75MHz): 0=172.70, 156.50, 147.26, 145.55, 142.15,
127.85, 123.70, 108.93, 43.60 ppm; MS (MALDI): m/z: 307 [M*+1], 306
[M*].

Synthesis of 2 and 9: A mixture of 8 (10 mg, 0.0074 mmol), paraformalde-
hyde (2mg, 0.07 mmol), and terpyridylglycine (9 mg, 0.03 mmol) was
placed under reflux in 1,2-dichlorobenzene (6 mL) under argon. The re-
action was monitored by TLC analysis. After stirring under reflux for
15 h, another 1 mg of paraformaldehyde and 4 mg of terpyridylglycine
were added to the reaction mixture and stirred under reflux for a further
30 h. The solution was washed with water, dried over Na,SO,, and the
solvent was removed under reduced pressure. The crude product was pu-
rified by column chromatography (silica gel). 1-2% MeOH/CH,Cl,
eluted mono(terpyridyl) compound 9 as a brown solid (1.8 mg, 15%) and
3-6% MeOH/CH,CI, eluted different fractions of compound 2 (6.6 mg,
total yield=47%).
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Compound 2: '"HNMR (CDCl,;, 300 MHz): 6=8.68-8.75 (m, 8H), 8.12
(s, 4H), 7.87-7.92 (t, J=7.8 Hz, 4H), 7.36-7.39 (t, /J=6.0 Hz, 4H), 4.93 (s,
8H), 4.39-4.44 (q, 8H), 4.26-4.33 (q, 8H), 1.37-1.41 (t, J=7.2 Hz, 12H),
125-130 ppm (t, J=7.2Hz, 12H); *CNMR (CDCl, 75 MHz): o=
163.80, 163.51, 156.41, 156.14, 154.60, 152.41, 148.94, 146.90, 145.46,
143.94, 140.32, 139.77, 136.81, 123.74, 121.41, 107.14, 70.87, 68.18, 66.93,
66.22, 62.79, 59.89, 46.12, 44.84, 29.69, 14.15, 14.01 ppm; UV/Vis (CHCl,):
Amax =265, 378, 487, 523 nm; MS (MALDI): m/z: 1900 [M*+1], 1754,
1681, 1594, 1440.

Compound 9: 'HNMR (CDCl;, 500 MHz): 6=8.67 (m, 4H), 7.93 (s,
2H), 7.78 (brs, 2H), 7.29 (brs, 2H), 4.63 (s, 4H), 4.34-4.37 (q, 4H), 4.29-
432 (q, 4H), 4.22-4.25 (q, 8H), 1.18-1.35ppm (m, 24H); "CNMR
(CDCl;, 125 MHz): 0=163.65, 154.87, 154.12, 152.81, 147.16, 146.45,
146.21, 145.95, 145.33, 144.25, 143.48, 143.09, 142.29, 138.68, 138.05,
136.67, 126.78, 124.34, 121.35, 113.55, 70.61, 69.21, 67.45, 62.90, 60.16,
36.74, 36.23, 30.56, 14.16, 14.05 ppm; UV/Vis (CHCL): A,,,,=265, 344,
478, 544 nm; MS (MALDI): m/z: 1628 [M*+1], 1555, 1484, 1411, 1340.

Synthesis of 10: A mixture of 8 (15 mg, 0.01 mmol), paraformaldehyde
(15 mg, 0.49 mmol), and N-pyridylglycine (25 mg, 0.16 mmol) was placed
under reflux in 1,2-dichlorobenzene (10 mL) under argon for 1h. The
solvent was removed under reduced pressure. The crude product was pu-
rified by flash column chromatography on silica (eluent dichloromethane,
then dichloromethane/methanol 100:3). This afforded 10 (4 mg, 28 %).
'"H NMR (CDCl,, 500 MHz): 0 =8.33-8.34 (d, J=6.5 Hz, 2H), 6.81-6.82
(d, 2H), 4.56 (s, 4H), 4.43-4.47 (q, 4H), 4.31-4.39 (m, 12H), 1.40-1.42 (t,
J=17.0Hz, 6H), 1.36-1.39 (t, /=7.0 Hz, 6 H), 1.32-1.35 ppm (t, /=7.0 Hz,
12H); UV/Vis (CHCLy): A =247, 285, 473, 540 nm; MALDI-TOF: m/z:
1472.

Synthesis of Cy, derivative 3: A mixture of 10 (6 mg, 0.004 mmol), para-
formaldehyde (1.4mg, 0.05mmol), and terpyridylglycine (4 mg,
0.013 mmol) was refluxed in 1,2-dichlorobenzene (4 mL) under argon.
After 15 h, another 1 mg of paraformaldehyde and 2 mg of terpyridylgly-
cine were added to the reaction mixture, which was stirred under reflux
for another 20 h. The solution was washed with water, dried over
Na,SO,, and the solvent was removed under reduced pressure. The crude
product was purified by column chromatography (silica gel). Unreacted
10 (1.4 mg) and compound 3 (2.8 mg, 52% based on consumed 10) were
eluted with 2 and 4% MeOH/CH,Cl,, respectively. 'H NMR (CDCl,,
500 MHz): 6=8.62 (m, 4H), 8.32 (s, 2H), 8.03 (s, 2H), 7.71 (brs, 2H),
7.28 (brs, 2H), 6.82 (s, 2H), 4.93 (s, 4H), 4.64 (s, 4H), 4.22-4.38 (m,
16H), 1.21-1.39 ppm (m, 24H); UV/Vis (CHCL): A,,,,=265, 382, 488,
523 nm; MS (MALDI): m/z: 1747 [M*+1], 1746 [M*], 1674, 1602, 1531,
995.

Acknowledgements

Financial support from the National Science Foundation, (Grant No.
CHE-0509989) is greatly appreciated. We also thank Dr. J. F. Nierengart-
en and Dr. Z. G. Zhou for suggestions regarding the synthesis of terpyri-
dylglycine.

[1] A. Aviram, M. Ratner, Chem. Phys. Lett. 1974, 29, 277-283.

[2] M. A. Reed, C. Zhou, C.J. Muller, T. P. Burgin, J. M. Tour, Science
1997, 278, 252-254.

[3] M. Magoga, C. Joachim, Phys. Rev. B 1997, 56, 4722-4729.

[4] X.D. Cui, A. Primak, X. Zarate, J. Tomfohr, O.F. Sankey, A.L.
Moore, T. A. Moore, D. Gust, G. Harris, S. M. Lindsay, Science 2001,
294, 571-574.

[5] a) H. Park, J. Park, A. K. L. Lim, E. H. Anderson, A.P. Alivisatos,
P.L. McEuen, Nature 2000, 407, 57-60; b) A. Chakraborty, K.
Kumar, K. L. Sebastian, Phys. Rev. B 2003, 68, 085411-1-085411-6;
¢) N. A. Pradhan, N. Liu, C. Silien, W. Ho, Nano Lett. 2005, 5, 55—
59; d) L. H. Yu, D. Natelson, Nano Lett. 2004, 4, 79-83.

[6] a) P. Jarillo-Herrero, J. Kong, H. S.J. van der Zant, C. Dekker, L. P.
Kouwenhoven, S.D. Franceschi, Nature 2005, 434, 484-488; b) S.

Chem. Eur. J. 2006, 12, 2846 —2853


www.chemeurj.org

Fullerene Adducts

Tans, A. R. M. Verschueren, C. Dekker, Nature 1998, 393, 49-52;
c)J. A. Misewich, R. Martel, P. Avouris, J. C. Tsang, S. Heinze, J.
Tersoff, Science 2003, 300, 783-786.

a) S. Kubatkin, A. Danilov, M. Hjort, J. Cornil, J.-L. Bredas, N.

Stuhr-Hansen, P. Hedegrad, T. Bjornholm, Nature 2003, 425, 698—

701; b) T. Hassenkam, K. Moth-Poulsen, N. Stuhr-Hansen, K. Nor-

gaard, M. S. Kabir, T. Bjornholm, Nano Lett. 2004, 4, 19-22; c) Q.

Xu, L. Li, Y. Xiao, H. Sakaguchi, N.J. Tao, Nano Lett. 2005, 5,

1491-1495.

[8] Q. Xu, X. Y. Xiao, X. M. Yang, L. Zang, N.J. Tao, J. Am. Chem.
Soc. 2005, 127, 2386-2387.

[9] W. Haiss, H. van Zalinge, S.J. Higgins, D. Bethell, H. Hobenreich,
D. J. Schiffrin, R.J. Nichlos, J. Am. Chem. Soc. 2003, 125, 15294
15295.

[10] J. Park, A.N. Pasupathy, J. I. Goldsmith, C. Chang, Y. Yaish, J. R.
Petta, M. Rinkoski, J. P. Sethna, H. D. Abruna, P. L. McEuen, D. C.
Ralph, Nature 2002, 417, 722-725.

[11] M. Mayor, K. B. Weber, J. Reichert, M. Elbing, C. von Hanish, D.
Beckmann, M. Fischer, Angew. Chem. 2003, 115, 6014-6018;
Angew. Chem. Int. Ed. 2003, 42, 5834 -5838.

[12] A.N. Pasupathy, R. C. Bialczak, J. Martinek, J. E. Grose, L. A. K.
Doneyv, P. L. McEuen, D. C. Ralph, Science 2004, 306, 86—89.

[13] S.R. Wilson, S. MacMahon, F. T. Tat, P. D. Jarowski, D. I. Schuster,
Chem. Commun. 2003, 226-227.

[14] F.T. Tat, Z. Zhou, S. MacMahon, F. Song, A. L. Rheingold, L. Eche-
goyen, D. 1. Schuster, S. R. Wilson, J. Org. Chem. 2004, 69, 4602—
4606.

[15] Q. Lu, D.I. Schuster, S.R. Wilson, J. Org. Chem. 1996, 61, 4764 —
4768.

[16] a) A. Hirsch, I. Lamparth, H. R. Karfunkel, Angew. Chem. 1994,
106, 453-455; Angew. Chem. Int. Ed. Engl. 1994, 33, 437-438; b) F.
Djojo, A. Herzog, 1. Lamparth, A. Hirsch, Chem. Eur. J. 1996, 2,
1537-1547.

[17] a) L. Pasimeni, A. Hirsch, I. Lamparth, A. Herzog, M. Maggini, M.
Prato, C. Corvaja, G. Scorrano, J. Am. Chem. Soc. 1997, 119, 12896—
12901; b) M. Prato, M. Maggini, Acc. Chem. Res. 1998, 31, 519-526;
¢) S. Marchesan, T. Da Ros, M. Prato, J. Org. Chem. 2005, 70, 4706—
4713.

[18] L. Isaacs, R. F. Haldimann, F. Diederich, Angew. Chem. 1994, 106,
2434-2437; Angew. Chem. Int. Ed. Engl. 1994, 33, 2339-2342.

[19] a) J.-P. Bourgeoise, L. Echegoyen, M. Fibbioli, E. Pretsch, F. Dieder-
ich, Angew. Chem. 1998, 110, 2203-2207; Angew. Chem. Int. Ed.
1998, 37, 2118-2121; b) J.-P. Bourgeoise, M. Seiler, M. Fibbioli, E.
Pretsch, F. Diederich, Helv. Chim. Acta 1999, 82, 1572-1595.

[20] N. Armaroli, G. Marconi, L. Echegoyen, J.-P. Bourgeois, F. Dieder-
ich, Chem. Eur. J. 2000, 6, 1629-1645.

[21] a) W. Qian, Y. Rubin, Angew. Chem. 1999, 111, 2504-2508; Angew.
Chem. Int. Ed. 1999, 38, 2356—2360; b) W. Qian, Y. Rubin, Angew.
Chem. 2000, 112, 2504-2508; Angew. Chem. Int. Ed. 2000, 39, 3133 -
3137.

[22] B. Kriutler, T. Miiller, J. Maynollo, K. Gruber, C. Kratky, P. Ochsen-
bein, D. Schwarzenback, H.-B. Biirgi, Angew. Chem. 1996, 108,
1294-1296; Angew. Chem. Int. Ed. Engl. 1996, 35, 1204—-1207.

7

[

FULL PAPER

[23] R. Schwenninger, T. Miiller, B. Krautler, J. Am. Chem. Soc. 1997,
119,9317-9318.

[24] a) R. Kessinger, J. Crassous, A. Herrmann, M. Riittimann, L. Eche-
goyen, F. Diederich, Angew. Chem. 1998, 110, 2022-2025; Angew.
Chem. Int. Ed. 1998, 37, 1919-1922; b) J. Crassous, J. Rivera, N. S.
Fender, L. H. Shu, L. Echegoyen, C. Thilgen, A. Hermann, F. Die-
derich, Angew. Chem. 1999, 111, 1716-1721; Angew. Chem. Int. Ed.
1999, 38, 1613-1617; c) M. A. Herranz, F. Diederich, L. Echegoyen,
Eur. J. Org. Chem. 2004, 2299-2316.

[25] a) B. Whittle, S. R. Batten, J. C. Jeffery, L. H. Rees, M. D. Ward, J.
Chem. Soc. Dalton Trans. 1996, 4249-4255; b) R. Ruloff, G. van Ko-
ten, A. E. Merbach, Chem. Commun. 2004, 842-843; c) E. C. Con-
stable, C. E. Housecroft, Y. Tao, Synthesis 2004, 6, 869 —874.

[26] V.M. Ohta, M. Masaki, Bull. Chem. Soc. Jpn. 1960, 33, 1150.

[27] R.M. Hoyte, J. Zhang, R. Lerum, A. Oluyemi, P. Persaud, C.
O’Connor, D. C. Labaree, R. B. Hochberg, J. Med. Chem. 2002, 45,
5397-5405.

[28] C. Boudou, J.-P. Gisselbrecht, M. Gross, L. Isaacs, H. L. Anderson,
R. Faust, F. Diederich, Helv. Chim. Acta 1995, 78, 1335-1345.

[29] a) M. Prato, J. Mater. Chem. 1997, 7, 10970-11109; b) F. Diederich,
M. Gomez-Lopez, Chem. Soc. Rev. 1999, 28, 263-277.

[30] a) C. Jehoulet, Y.S. Obeng, Y.-T. Kim, F. Zhou, A.J. Bard, J. Am.
Chem. Soc. 1992, 114, 4237-4247; b) F. Arias, L. A. Godinez, S.R.
Wilson, A. E. Kaifer, L. Echegoyen, J. Am. Chem. Soc. 1996, 118,
6086-6087; c) C. Luo, D. M. Guldi, M. Maggini, E. Menna, S. Mon-
dini, N. A. Kotov, M. Prato, Angew. Chem. 2000, 112, 4052-4056;
Angew. Chem. Int. Ed. 2000, 39, 3905-3909; d) T. Hasobe, H. Ima-
hori, P. V. Kamat, T. K. Ahn, S. K. Kim, D. Kim, A. Fujimoto, T.
Hirakawa, S. Fukuzumi, J. Am. Chem. Soc. 2005, 127, 1216-1228;
e) G. Yu, J. Gao, J. C. Hummelen, F. Wudl, A.J. Heeger, Science
1995, 270, 1789-1791; f) K. M. Chen, W. B. Caldwell, C. A. Mirkin,
J. Am. Chem. Soc. 1993, 115, 1194-1196.

[31] a) X. B. Shi, B. Caldwell, K. M. Chen, C. A. Mirkin, J. Am. Chem.
Soc. 1994, 116, 11598-11599; b) M. Fibbioli, K. Bandyopadhyay, S.-
G. Liu, L. Echegoyen, O. Enger, F. Diederich, P. Buhlmann, E.
Pretsch, Chem. Commun. 2000, 339-340; c) H. Imahori, T. Azuma,
S. Ozawa, H. Yamada, K. Ushida, A. Ajavakom, H. Norieda, U.
Sakata, Chem. Commun. 1999, 557 -558.

[32] a) S. Zhang, D. Dong, L.-B. Gan, Z.F. Liu, C. H. Haung, New J.
Chem. 2001, 25, 606-610; b) O. Dominguez, L. Echegoyen, F.
Cunha, N. J. Tao, Langmuir 1998, 14, 821-824; c¢) C. M. Du, B. Xu,
Y. L. Li, C. Wang, S. Wang, Z. Q. Shi, H.J. Fang, S. X. Xiao, D. B.
Zhu, New J. Chem. 2001, 25, 1191-1194.

[33] N. G. Connelly, W. E. Geiger, Chem. Rev. 1996, 96, 877.

[34] a) S. Zhang, L. Echegoyen, J. Am. Chem. Soc. 2005, 127, 2006; b) S.
Zhang, A. Palkar, A. Fragoso, P. Prados, J. de Mendoza, L. Echegoy-
en, Chem. Mater. 2005, 17, 2063; c) S. Zhang, L. Echegoyen, Org.
Lett. 2004, 6, 791; d)S. Zhang, L. Echegoyen, Tetrahedron Lett.
2003, 44, 9079; e) S. Zhang, F. Song, L. Echegoyen, Eur. J. Org.
Chem. 2004, 2936.

Received: October 26, 2005
Published online: January 17, 2006

Chem. Eur. J. 2006, 12, 2846 -2853

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

— 2853


www.chemeurj.org

