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Introduction

Improving the understanding of electronic conduction
through molecular-scale wires is a major challenge since it
involves phenomena that are critical for major develop-
ments in the emerging field of “molecular electronics”.[1]

Recognizing the importance of this, concerted efforts have
been directed in recent years towards the rational and sys-
tematic preparation of discrete organic molecules that pro-
mote the rapid and efficient transport of charge over long

distances. Among these organic molecules, which all exhibit
well-defined chemical structures, p-conjugated oligomers
are particularly promising.[2] Thus, functionalized oligomers,
ranging from oligo(phenyleneethynylene)s[3] and oligo(phe-
nylenevinylene)[4] to oligothiophenes,[5] with a variety of
functional end-groups have been developed to fine-tune the
preparation of nanoscale materials for application in differ-
ent fields.[6]

Recently, we reported on a series of donor–acceptor en-
sembles in which p-conjugated oligomeric building blocks of
different conjugation length serve as “wires” to connect an
electron-accepting [60]fullerene (C60) with an electron-do-
nating p-extended tetrathiafulvalene (exTTF). In the corre-
sponding monomeric-through-heptameric phenyleneviny-
lene systems both redox-active components are located at
the terminal positions of the oligomer. Photophysical studies
carried out on these exTTF–wire–C60 systems revealed 1)
exceptionally low attenuation factors (b�0.01 2�1) and 2)
strong electronic coupling elements (V~5.5 cm�1) even at
distances as large as 5 nm. Based on these findings we
postulated that exTTF–wire–C60 systems would exhibit mo-
lecular-wire behavior.[7] This earlier study has recently been
extended to related donor–wire–C60 systems in which zinc
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tetrakis(di-tert-butylphenyl)porphyrinate (ZnP) functioned
as the photoexcited electron donor. Despite the different
electronic conjugation that exists, especially between the
donor unit (ZnP) and oligomer moieties, slightly divergent
nanowire behavior (b�0.03 2�1) was manifested by the p-
conjugated phenylenevinylene oligomer.[8]

In temperature-dependent measurements the charge re-
combination kinetics of both donor–wire–C60 systems (i.e. ,
donor=exTTF or ZnP) imply an efficient decoupling of the
donor and acceptor moieties that leads to a significant slow-
down in the rates of electron transfer. Reversible interrup-
tion of the p conjugation through temperature-induced rota-
tion along the wire axis is thought to be responsible for this
effect. An intriguing challenge lies in the incorporation of
oligomeric building blocks that irreversibly break the p con-
jugation through, for example, the chemical nature of the
oligomer. Chiral binaphthyl (BN) derivatives meet such cri-
teria. They have also been used as electroactive species and,
in contrast to p-conjugated phenylenevinylene oligomers,
the p conjugation between the two naphthyl units is effi-
ciently disrupted by the existing atropisomerism.[9]

By using soluble BN we have targeted the synthesis of a
series of p-conjugated polymers with well-balanced control
over the effective conjugation length spanning the BN
units.[10] The use of BN systems as nonconjugated donor–ac-
ceptor bridges has not been addressed or explored to date

despite the strong impact that we expect from its presence
on the electronic features of donor–BN–acceptor ensembles.
Therefore, we describe herein for the first time two new
donor–bridge–acceptor systems, exTTF–BN–C60 and ZnP–
BN–C60, in which both electron donors are covalently linked
to C60 through BN groups. In order to increase the solubility
of these systems, the BN groups bear solubilizing alkoxy
chains. In contrast to previous systems, the BN groups facili-
tate geometric conformational changes that impact on the
electron donor–acceptor interactions in the resulting ensem-
bles. The effects on the stabilization of the photogenerated
radical-ion pairs are particularly pronounced.

Results

Synthesis and characterization : To prepare the target com-
pounds exTTF–BN–C60 (6) and ZnP–BN–C60 (7), several
molecular building blocks were synthesized following previ-
ously described procedures.[8,11–13] The synthesis of formyl-
functionalized enantiomerically pure binaphthyl moiety 1
was achieved through the bromination of (R)-1,1’-bi-2-naph-
thol at the 6,6’-positions and subsequent o-alkylation with
dodecyl bromide. The product so-obtained was then treated
with nBuLi and DMF to afford compound 1.[12] Triphenyl-
phosphonium-containing extended-TTF 2 was prepared
from the corresponding 2-hydroxymethyl derivative, which,
in turn, was obtained through a multistep synthetic proce-
dure.[11] Finally, treatment of zinc(ii) bromomethylporphyri-
nate[13] with P(OMe)3 led to dimethylphosphonate porphyrin
derivative 3.[8] The single chromophore zinc(ii) tetrakis(di-
tert-butylphenyl)porphyrinate (ZnP) and exTTF were also
prepared as reference compounds.
Scheme 1 summarizes the preparation of the intermediate

systems exTTF–BN (4) and ZnP–BN (5). The Wittig reac-
tion between phosphonium salt 2 and an excess of dialde-
hyde 1 using potassium tert-butoxide as a base gave 4 in
51% yield. Similarly, conversion of phosphonate-containing
porphyrin 3 and binaphthyl-dialdehyde 1 into 5 was ach-
ieved through a Wittig–Horner olefination reaction in 68%
yield. Both processes gave rise to minute amounts of the
symmetrical exTTF–BN–exTTF and ZnP–BN–ZnP systems,
respectively, which were separated from the corresponding
target systems (i.e., 4 and 5) by column chromatography.[14]

The D–s–A systems 6 and 7 were prepared by the Prato
reaction,[15] namely, by cycloaddition between 4 or 5, N-oct-
ylglycine, and C60 in chlorobenzene, in 37 and 47% yields,
respectively (Scheme 1). Owing to the presence of dodecyl-
oxy chains on the BN moiety as well as the octyl chain on
the pyrrolidine ring both triads are sufficiently soluble in
common organic solvents to allow their spectroscopic, elec-
trochemical, and photophysical characterization. Note that 6
and 7 are not pure enantiomers but diastereoisomers since
chiral centers have been created at the fulleropyrrolidine
rings. However, high-resolution 1H and 13C NMR spectros-
copy (500 MHz) was not sensitive enough to distinguish be-
tween the diastereomers.

Abstract in Spanish: Se han preparado dos tr�adas (Dador-
Espaciador-Aceptor) exTTF–BN–C60 (6) y ZnP–BN–C60 (7),
empleando una estrategia sint-tica en varios pasos a partir de
unidades solubles de binaftilo enantiomericamente puro. En
dichas tr�adas los dadores de electrones (exTTF o ZnP) est0n
unidos covalentemente al C60 a trav-s de un puente de binafti-
lo quiral. A diferencia de otros espaciadores oligom-ricos, en
los BN la conjugaci3n entre las unidades dadora y aceptora
se encuentra interrumpida y se facilitan los cambios en la
geometr�a conformacional. Por consiguiente, tanto las distan-
cias como las interacciones electr3nicas entre el dador y el
C60 cambian de manera dr0stica. Ambas tr�adas D–s–A (6 y
7) dan lugar a los procesos redox correspondientes a las tres
unidades electroactivas, es decir dador, BN y C60. Sin embar-
go, se observaron diferencias apreciables al comparar la
tr�ada 6, en la que no se detectan interacciones exTTF–C60,
con el sistema D–s–A 7, donde la geometr�a favorece tanto
las interacciones dador–aceptor, como las interacciones p–p
que dan lugar a una comunicaci3n electr3nica ZnP–C60.

Estas interacciones a trav-s del espacio se reflejan, por ejem-
plo, en los potenciales redox. Estudios en estado excitado, lle-
vados a cabo mediante espectroscopia de fluorescencia y de
absorci3n con resoluci3n temporal, apoyan las interacciones
a trav-s del espacio frente a las interacciones a trav-s de
enlace. Aunque ambas tr�adas forman el par ion radical, es
decir, exTTFC+–BN–C60C� y ZnPC+–BN–C60C� , se han encon-
trado diferencias notables en sus tiempos de vida media, de
165 ms y 730 ns, respectivamente.
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All structures were validated by spectroscopic analyses.
For example, the 1H NMR spectrum of 6 shows a distinctive
singlet at d=6.30 ppm, which corresponds to the protons lo-
cated in the dithiole rings. Similarly, a typical AB system,
corresponding to the trans olefinic protons, was observed for
6 at around d=7.3 ppm (J�16 Hz). The spectrum of 7 ex-
hibits a multiplet at around 9 ppm which arises from por-
phyrinic pyrrole protons. The pyrrolidine signature appears
in the spectra of both 6 and 7 as two doublets and one sin-
glet between d=3.8 and 5.2 ppm. For 7 the second doublet
is overlapped by OCH2 protons between d=3.7 and
4.0 ppm. Finally, the proposed structures were confirmed by
high-resolution mass spectrometry.

Electrochemistry : The electrochemical features of 6 and 7
were probed by cyclic voltammetry at room temperature
(see Figure 1). Their redox potentials are collected in
Table 1, along with those of the reference systems ZnP,
exTTF, 2,2’-bis(dodecyloxy)-1,1’-binaphthalene (BN–ODod),
fulleropyrrolidine (Fp), and pristine C60.
Compounds 6 and 7 exhibited amphoteric redox behavior,

namely, several oxidation and reduction steps. In particular,
both exhibit four reduction waves corresponding to the first
four reduction steps of the fulleropyrrolidine unit, which are

Scheme 1. Synthesis of triads 6 and 7.
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cathodically shifted relative to those of pristine C60. This be-
havior has been attributed to the saturation of a double
bond in the fullerene unit, which raises the LUMO
energy.[16] For triad 7, two additional reduction waves were
registered at �1.42 and �1.79 V, which correspond to the
redox processes of the ZnP moiety[17] (Figure 1b).
Both triads exhibited oxidation waves that correspond to

the donor unit as well as to the alkoxy-substituted BN
moiety.[12,18] For example, 6 shows a first oxidation wave at

0.57 V corresponding to the exTTF moiety and two addi-
tional waves at 1.04 and 1.33 V assigned to BN. The oxida-
tion wave of the exTTF group in 6 is somewhat shifted rela-
tive to that of the exTTF reference as a result of the chemi-
cal functionalization of the exTTF moiety. Triad 7 exhibits
the first two oxidation waves of ZnP at 0.89 and 1.25 V,
while BN is oxidized at about 1.45 V. In 7, the first oxidation
wave of BN is masked by the ZnP oxidation.
A closer inspection of Table 1 reveals several interesting

trends. In 7, both oxidation and reduction waves are slightly
shifted, relative to the reference systems, towards more posi-
tive and negative potentials, respectively. Trends like this
suggest charge-transfer behavior in which the electron densi-
ty is partially shifted from the electron donor (i.e. , ZnP) to
the electron acceptor (i.e., C60). On the basis of the same
redox potential analysis, no significant electronic interac-
tions are found for the ground state of 6.

Molecular geometry : Owing to the rotational freedom of
the naphthyl–pyrrolidine linkage we determined the geome-
try of ZnP–BN–C60 (7) and exTTF–BN–C60 (6) by theoreti-
cal calculations at the semiempirical PM3 level. For ZnP–
BN–C60 (7) we found two conformers, namely, I and II,
which are characterized by a folded and a stretched linear
geometry, respectively. Both are illustrated in Figure 2. No-
tably, conformer I is 1.2 kcalmol�1 more stable than con-
former II. A characteristic of conformer I is the close prox-
imity of the electron donor (ZnP) and the electron acceptor
(C60). Such geometries open the way for appreciable
through-space–through-solvent electronic interactions. On
the other hand, three conformers (i.e., I, II, and III)
emerged for the exTTF–BN–C60 system, including two that
could be considered equivalents of conformers I and II of
the ZnP–BN–C60 system (see Figure 2). However, none of
the three conformers showed thermodynamic selectivity.
Note that our calculations were based on a comparison of
features such as binding energy or heat of formation, which
led overall to marginal differences of less than 0.6 kcalmol�1

(relative stability I> III> II).
We have also calculated the HOMO and LUMO topolo-

gies corresponding to the minimum-energy conformations
determined for compounds 6 and 7 (Figure 3). Note that, as
expected, the LUMO is localized only on the C60 electron-
acceptor unit in 6 and 7. However, there is a significant dif-

ference between the HOMOs
of the two molecules. Thus,
compound 6 exhibits an
HOMO that is delocalized over
the exTTF electron-donor unit
and the adjacent naphthyl unit
of the binaphthyl system with
larger coefficients on the cen-
tral exTTF moiety, which per-
fectly supports the electro-
chemical findings as well
as the electronic communica-
tion through the p-conjugated

Figure 1. Cyclic voltammograms for a) compound 6 and b) compound 7
at room temperature (solvent: oDCB/MeCN 4:1 v/v; supporting electro-
lyte: Bu4NClO4; scan rate=200 mVs�1). Only three waves are shown for
the C60 moiety (see the Supporting Information for full details of reduc-
tion).

Table 1. Redox potentials of novel compounds 6 and 7 and reference compounds.[a]

Compound E1
pa E2

pa E3
pa E1

pc E2
pc E3

pc E4
pc E5

pc E6
pc

exTTF 0.55 – – – – – – – –
ZnP 0.84 1.23 – �1.42 �1.78 – – – –
BN–ODod 1.51 – – – – – – – –
C60 – – – �0.54 �0.96 �1.43 �1.92 – –
Fp[b] – – – �0.64 �1.03 �1.58 �1.99 – –
6 0.57 1.04 1.33 �0.64 �1.05 �1.60 �2.09 – –
7 0.89 1.25 1.45 �0.65 �1.05 �1.42 �1.60 �1.79 �2.07

[a] V versus SCE; working electrode: GCE; reference electrode: Ag/Ag+ ; counter electrode: Pt; 0.1m
Bu4NClO4; scan rate: 200 mVs�1; concentration: 0.5–2.0Q10�3m ; solvent: oDCB/MeCN (4:1 v/v). Values were
determined within the experimental error of �5 mV. [b] Fp: N-methylpyrrolidino[3,4:1,2][60]fullerene.

www.chemeurj.org J 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 7199 – 72107202

D. M. Guldi, N. MartDn et al.

www.chemeurj.org


vinyl linkage that exists between the exTTF and naphthyl
units. In contrast, the HOMO of the donor–spacer–acceptor
system 7 is mainly localized on the ZnP electron-donor unit
with a small contribution from the adjacent naphthyl moiety
which has, relative to 6, smaller coefficients over the naph-
thyl unit (see Figure 3). This difference can be attributed to

the dihedral angle of 688 be-
tween the phenyl group and the
porphyrin in 7.[19]

Absorption spectroscopy : Com-
pared with the absorption spec-
tra of the individual building
blocks, that is, BN, ZnP, exTTF,
and Fp, the spectra of ZnP–
BN–C60 (7) and exTTF–BN–C60

(6) deviate appreciably from
the strictly linear superimposi-
tion of the individual compo-
nents (see Figure 4). In particu-
lar, BN exhibits transitions at
234, 282, and 339 nm. The spec-
trum of ZnP consists of two
sections: 1) the Soret band with
a maximum at 424 nm and 2)
the Q band with maxima at 551
and 590 nm. For exTTF a maxi-
mum is recorded at 431 nm,
while FpRs strongest bands are
at 220, 265, and 330 nm and
extend all the way to the ener-
getically lowest-lying transition
at around 690 nm. Unmistaka-
bly, Figure 4b illustrates that in
7 the ZnP-centered transitions
(i.e., the Soret and Q bands)
are slightly shifted to the red
(2 nm for the Soret band).
Again, this finding suggests a
kind of electron-donor–elec-
tron-acceptor interaction.[20]

Also the spectrum of 7 (Fig-
ure 4a) is different to that of
the individual components: The
lmax for 6 is slightly batho-
chromically shifted (~5 nm for
the exTTF moiety).[21] This is
primarily accounted for by the
p conjugation that exists be-
tween the exTTF unit and the
adjacent naphthalene moiety.
In summary, electrochemis-

try, molecular modeling, and
ground-state features suggest
the presence of weak electronic
donor–acceptor interactions in

7, which could be driven by the flexibility of BN and
charge-transfer interactions. Note there are plenty of prece-
dents for interacting ZnP/C60, covalent and noncovalent, en-
sembles.[22] In 6, on the other hand, such interactions appear
to be absent, owing to the mismatching geometric needs of
exTTF and C60 (vide infra).

Figure 2. Most stable conformers determined for compounds 7 (I and II) and 6 (I, II and III) by semiempirical
calculations (PM3). The numbers represent the edge-to-edge distance between C60 and the donor unit. Dode-
cyl groups were substituted with methyl groups for the computational study.

Figure 3. HOMO and LUMO topologies of the minimum-energy conformations determined for triads 6 and 7.
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Fluorescence spectroscopy : Steady-state and time-resolved
fluorescence spectra of dilute ZnP–BN–C60 solutions reveal
a solvent-independent deactivation of the ZnP fluorescent
state: Regardless of the solvent polarity the fluorescence
quantum yield (8.0�0.2Q10�3) remained constant. This is
shown in Figure 5 and does not vary notably with excitation
wavelength (i.e. , 425 or 560 nm). Note that these quantum
yields, relative to the ZnP reference, reflect a fluorescence
quenching of around 80%. Similarly, the ZnP fluorescence
was found to have the same short lifetime (i.e., 0.32�
0.02 ns) when fluorescence decay was measured at 605 or
655 nm in toluene, THF, and benzonitrile.
A first insight into product formation was possible after

amplifying the 700–750 nm region, which in toluene re-
vealed the signature of fullerene fluorescence (see the insert
to Figure 5).[23] A quantum yield of 5.0�0.5Q10�4 indicates
that a nearly quantitative (i.e., ~80%) transduction of the
singlet excited state, funneling the excitation light from the
ZnP chromophore (2.1 eV) to C60 (1.76 eV), had occurred.
Although the fullerene signature only appears as a weak
shoulder, it is still important to verify that this feature is
missing in the more polar solvents. In parallel experiments,
we tested the C60 fluorescence lifetime at 725 nm. Here the

fluorescence time-profiles were bi-exponential with a short-
(~0.4 ns) and a long-lived component (~1.5 ns). While the
former component corresponds to the quenched ZnP fluo-
rescence, the latter corresponds to the intrinsic and un-
quenched fluorescence lifetime of C60.
No direct product assignment was possible in more polar

solvents. However, the absence of any notable fullerene
fluorescence suggests electron-transfer quenching occurs
which yields a charge-separated radical-ion pair. Note that
the binaphthyl building block, with two independent naph-
thalene units, is ruled out as an active redox component
and, therefore, serves exclusively as a bridging unit.
In exTTF–BN–C60, which was excited at 335 nm, we noted

very different fluorescence behavior. Experiments in a vari-
ety of solvents (see Figure 6) indicated that the fluorescence
of the C60 building block (i.e. , Fp) was quenched. As the po-
larity increases (i.e., toluene, chloroform, and THF) the
fluorescence weakens. Going beyond this point, namely, di-
chloromethane, o-dichlorobenzene, and benzonitrile, the
fluorescence starts to increase again. We ascribe this trend
to repulsive forces in the exTTF/C60 couple that are aug-

Figure 4. a) UV/Vis spectra of 6 and its molecular components exTTF,
BN–ODod (2,2’-bis[dodecyloxy)-1,1’-binaphthalene], and Fp used as ref-
erence; b) UV/Vis spectra of 7, ZnP, BN–ODod, and Fp in dichlorome-
thane.

Figure 5. Room-temperature fluorescence spectra of ZnP–BN–C60 (7) in
different solvents (see label for assignment) recorded with solutions that
exhibit optical absorptions of 0.5 at the 425 nm excitation wavelength.
Insert shows an amplification of the fluorescence spectrum in toluene.

Figure 6. Room-temperature fluorescence spectra of exTTF–BN–C60 in
different solvents (see label for assignment) recorded with solutions that
exhibit optical absorptions of 0.5 at the 337 nm excitation wavelength.
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mented by the properties of the solvents. A similar trend
was observed in the fluorescence decay measurements.

Transient absorption spectroscopy : Conclusive information
about the photoproducts came from transient absorption
spectroscopy. In particular, with the help of short laser
pulses (i.e., 18 ps or 8 ns) at 532 nm, which corresponds to
the region in which one of the Q-band transitions is a maxi-
mum, or 355 nm, at which C60 absorbs, the fate of the ZnP
and C60 singlet excited states was probed.

ZnP and C60 references : In a reference experiment with the
ZnP building block two transients were discerned on the
pico- and nanosecond time scale. The first transient, which
appeared simultaneously with the conclusion of the picosec-
ond laser pulse, has been assigned to the short-lived singlet
excited state, 1*ZnP.[24] Spectral characteristics of 1*ZnP are
minima in the Q-band region and a broad transition in the
600–750 nm range. Fast and efficient intersystem crossing
between the singlet and triplet states is responsible for the
short singlet lifetime of 2.3 ns. The second transient, namely,
the triplet excited state, appeared on the picosecond time
scale as a slowly evolving species, while on the nanosecond
scale its formation is virtually instantaneous.[24] The most im-
portant signature of the ZnP triplet is a maximum at around
860 nm (see Figure 7).

Similarly, singlet and triplet transitions were recorded for
the C60 building block (i.e., Fp). While the singlet excited-
state absorption maximum at 880 nm, in the form of a
rather broad band, was found instantly after the picosecond
excitation, the much slower generated triplet exhibits the
following characteristics: Maxima at 360 and 700 nm and a
shoulder at 800 nm (not shown).

ZnP–BN–C60 : With ZnP–BN–C60, differential absorption
changes recorded immediately after the laser pulse include

Q-band minima and maxima in the 600–750 nm range. This
observation is crucial, since it attests the exclusive formation
of the ZnP singlet excited state in ZnP–BN–C60.
In toluene, two distinct follow-up reactions occur after the

completion of the initially formed 1*ZnP. The first process is
a fast decay, which is essentially complete 500 ps after the
laser pulse, and has a rate constant of 2.5�0.2Q109 s�1. In
contrast, the second, slower step is a grow-in process with a
time constant of 1.8 ns (5.5�0.5Q108 s�1). Spectral analysis
of the two transients formed in toluene, after 500 and
4000 ps, shows that the first-formed species has a broad
band in the 850–950 nm range. These spectral characteristics
are similar to those noted for the C60 singlet excited-state
absorption.[23] On the other hand, the slower produced tran-
sient exhibits the characteristics of the C60 triplet excited
state, that is, a maximum at 700 nm. Consequently, we can
conclude that a long-range singlet–singlet energy transfer,
occurring by a dipole–dipole mechanism, governs the deacti-
vation of the photoexcited ZnP. In line with this energy-
transfer mechanism, the differential absorption changes re-
corded immediately after a 20 ns pulse showed the spectral
features of the C60 triplet excited state—two maxima located
at 360 and 700 nm and a low-energy shoulder at around
800 nm—formed in nearly quantitative yields.
The picture is different in THF and benzonitrile. Instead

of seeing the transduction of singlet excited-state energy,
which ZnP–BN–C60 exhibits in toluene, the singlet–singlet
features decay through an intramolecular electron-transfer
reaction. Spectroscopic proof for the formation of a radical-
ion pair was obtained from the features that developed in
parallel with the disappearance of the ZnP singlet–singlet
absorption, which is exemplified in Figure 8.
In the visible region, the broad absorption in the 600–

700 nm region corresponds to the one-electron oxidized
ZnPC+ ,[25] while in the near-infrared region the maximum at

Figure 7. Differential absorption spectrum (near-infrared) obtained upon
nanosecond flash photolysis (355 nm) of ~1.0Q10�5m solutions of ZnP in
nitrogen-saturated toluene with a time delay of 50 ns at room tempera-
ture. The spectrum corresponds to the triplet–triplet spectrum of the ZnP
chromophore.

Figure 8. Differential absorption spectra (visible and near-infrared) ob-
tained upon picosecond flash photolysis (532 nm) of ~1.0Q10�5m solu-
tions of ZnP–BN–C60 in nitrogen-saturated THF with a time delay of
�50 ps (dotted spectrum), +50 ps (solid spectrum), and 4000 ps (dashed
spectrum) at room temperature. The spectra correspond to the changes
that are associated with the formation and subsequent transformation of
the ZnP singlet excited state to the radical ion pair, ZnPC+–BN–C60C� .
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1000 nm resembles the signature of the one-electron re-
duced C60C� .[26] Both radical-ion-pair attributes (see Figure 9)
are stable on the picosecond time scale and start to decay
slowly in the nanosecond regime in most solvents. Time–ab-
sorption profiles illustrate that ZnPC+–BN–C60C� decays in a

single step with radical-ion-pair lifetimes in THF, o-dichloro-
benzene, and benzonitrile that are, however, quite short
with values of 1090, 980, and 730 ns, respectively.
As can be seen from Figure 10, a residual ZnPC+–BN–

C60C� radical-ion-pair absorption of less than 5% was seen
on a time scale of more than 5 ms.

exTTF–BN–C60 : In the picosecond transient absorption
measurements, when exciting exTTF–BN–C60 with 355 nm
laser pulses, the differential absorption changes that we re-

corded immediately after the excitation resemble those of
photoexcited C60. In particular, the 880 nm band corre-
sponds to the singlet–singlet transition of C60. Again this
confirms, despite the presence of exTTF, the successful for-
mation of the C60 singlet excited-state. Unlike ZnP–BN–C60,
the initial singlet excited state was subject to solvent-depen-
dent decay.
The product of the initial decay is the metastable

(exTTF)C+–BN–C60C� radical-ion pair, which exhibits the at-
tributes of the one-electron oxidized exTTF moiety (lmax~
665 nm)[27] and that of the one-electron reduced fullerene
(lmax~1000 nm). Figure 11 shows these absorption changes.
It is only after 6 ns laser excitation that the (exTTF)C+–BN–
C60C� transient starts to decay.

In THF, the decay dynamics of the radical-ion-pair ab-
sorption, as typically recorded on the nanosecond/microsec-
ond time scale, reveal a two-component decay (Figure 12a).
The faster decaying segment has a lifetime of 2.2 ms, while
that of the slower decaying segment lies in the range of sev-
eral tens of microseconds, 63 ms to be exact. Both decay
components were best fitted by first-order kinetics, confirm-
ing intramolecular reactions. Determination of the quantum
yields of charge separation for the two radical-ion pairs led
to the conclusion that the short- and long-lived radical-ion
pairs are formed in an 8:2 ratio. In o-dichlorobenzene the
lifetime of the short-lived component is 0.95 ms.
The same (exTTF)C+–BN–C60C� radical-ion pair evolves in

benzonitrile. In contrast with the case in THF, in benzoni-
trile we see 10% of the fast and 90% of the slow decaying
component (see Figure 12b). First-order kinetic analysis re-
vealed a lifetime of 165 ms, which indicates remarkable radi-
cal-ion-pair stability.

Figure 9. Differential absorption spectrum (visible and near-infrared) ob-
tained upon nanosecond flash photolysis (532 nm) of ~1.0Q10�5m solu-
tions of ZnP–BN–C60 in nitrogen-saturated THF with a time delay of
50 ns at room temperature. The spectrum corresponds to the radical-ion-
pair spectrum of ZnPC+–BN–C60C� .

Figure 10. Time–absorption profile at 1000 nm, monitoring the C60C�

decay dynamics of ZnPC+–BN–C60C� produced upon 532 nm excitation in
nitrogen-saturated benzonitrile.

Figure 11. Differential absorption spectrum (visible and near-infrared)
obtained upon nanosecond flash photolysis (337 nm) of ~1.0Q10�5m so-
lutions of exTTF–BN–C60 in nitrogen-saturated THF with a time delay of
50 ns at room temperature. The spectrum corresponds to the radical-ion
pair, exTTFC+–BN–C60C� .
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Discussion

We have designed two novel donor–acceptor ensembles,
ZnP–binaphthyl–C60 (7) and exTTF–binaphthyl–C60 (6), in
which a rigid bridging unit (i.e., chiral binaphthyl) was incor-
porated. The dihedral angle (~648) at which the two naph-
thyl units are aligned with respect to each other is impor-
tant. This provides a rigid framework to switch between two
different conformational geometries. Simple rotation along
the naphthyl–pyrrolidine linkage allows a minimum of two
possible conformations: A folded and a stretched geometry,
which we denote as conformers I and II, respectively. These
result from an up or down location of the C60 moiety. In the
folded geometry, small donor–acceptor separations are real-
ized, see, for example, ZnP–BN–C60. On the other hand, in
the stretched geometry ZnP and C60 assume a maximum
separation. In fact, molecular modeling on ZnP–BN–C60 and
exTTF–BN–C60 further supports this notion.
In the following discussion we will interpret the wire be-

havior observed in these systems, that is, electron conduc-
tion through the BN spacer, and compare this with our pre-
vious results with ZnP–wire–C60 and exTTF–wire–C60 sys-
tems. These systems revealed charge-recombination dynam-

ics in the range of 1.0Q106 s�1 (THF)/3.0Q106 s�1 (benzoni-
trile) and 2.0Q106 s�1 (THF)/3.0Q106 s�1 (benzonitrile) for
the ZnP–wire–C60 and exTTF–wire–C60 systems, respective-
ly.[6a,7] Considering the dynamics in ZnP–BN–C60 one might
anticipate, based on the short separation of 13.9 2, molecu-
lar wire behavior. However, we concluded that the charge-
transfer processes appear to be governed by through-space
rather than through-bond interactions. This makes a conclu-
sive interpretation difficult. More meaningful is the exTTF–
BN–C60 case, for which no evidence for through-bond inter-
actions has been found. Here the deactivation dynamics
(i.e., 1.6Q104 s�1 in THF and 6.0Q103 s�1 in benzonitrile) are
several orders of magnitude lower than what would be ex-
pected for rapid charge mediation through the BN spacer
over 16.6 2. Consequently, we conclude that the integration
of a simple C�C single bond breaks the electronic p conju-
gation in the BN spacer.
ZnP and exTTF are both known as excellent electron

donors. However, a number of fundamental differences in
their chemical properties have been found. First, ZnP with
its extended aromatic macrocycle forms tied packed p–p
links with C60, while the only aromatic parts in exTTF are
the benzenes in the anthracenoid subunit. Second, the
planar structure of ZnP allows several short- and long-range
interactions with the p system of C60. Again exTTF is differ-
ent, its butterfly-type structure sterically limits the formation
of a closely packed exTTF/C60 structure. Thus, we conclude
that conformer I is favored by ZnP–BN–C60 as a result of as-
sociative p–p interactions, which may be augmented to
some extent by charge-transfer interactions. Experimental
evidence for this hypothesis has come from electrochemical
experiments and absorption spectroscopy. The reduced sus-
ceptibility of ZnP to oxidation and of C60 to reduction to-
gether with notable perturbations of the ground-state ab-
sorption features attest the electron-donor–electron-accept-
or interactions. In exTTF–BN–C60, however, such an ap-
proach of donor (exTTF) and acceptor (C60) is hindered. In
line with this assumption is the fact that the redox features
are virtually unchanged relative to those of the individual
components. On the other hand, broad absorptions ham-
pered a meaningful analysis of the ground-state transitions.
Singlet excited-state deactivation sheds further light onto

this phenomenon. For example, in fluorescence experiments,
quenching of ZnP–BN–C60 is solvent-independent, which is
an electron-transfer phenomenon typically found in flexibly
spaced donor–acceptor ensembles. To activate intramolecu-
lar electron-transfer quenching in such flexible donor–ac-
ceptor systems, conformational prearrangements emerge as
a necessary prerequisite. Governed by the driving forces
outlined above, the donor and acceptor moieties must
assume close contact with each other to facilitate exother-
mic electron transfer. Note that in 7, additional complica-
tions may arise from the fact that energy and electron-trans-
fer quenching compete with each other. Energy transfer be-
tween ZnP (2.1 eV) and C60 (1.76 eV) is exothermic and
proceeds, in contrast to electron transfer, through a dipole–
dipole mechanism. Despite this limitation, the fluorescence

Figure 12. Time–absorption profiles at 1000 nm, monitoring the C60C�

decay dynamics of exTTFC+–BN–C60C� produced upon 337 nm excitation
in nitrogen-saturated a) THF and b) benzonitrile.
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experiments can be rationalized with reasonable confidence
as a manifestation of intramolecular processes that occur
preferentially in conformer I with a rate constant of 3.1�
0.3Q109 s�1.
In contrast to ZnP–BN–C60, energy-transfer quenching be-

tween C60 (1.76 eV) and exTTF (~2.9 eV) is thermodynami-
cally impossible, which leaves electron-transfer quenching as
the sole deactivation mechanism. The quenching in 6 cannot
be rationalized entirely on the basis of differences in the
free-energy changes of exothermic electron transfer. Based
on this assumption one would expect increasing exothermic-
ity from toluene through to benzonitrile, even though the
absolute differences become somewhat marginal in polar so-
lution. A realistic scenario involves a statistical distribution
of conformers I and II. In fact, fluorescence lifetime profiles
are best fitted with c2 values of ~1 when bi-exponential fit-
ting functions are used. Typically, a short (i.e., ~0.2 ns) and
long lifetime (i.e. , ~0.9 ns) were noted. When comparing
the data from experiments in toluene and THF, we see that
the quantum yields decrease in parallel with the decrease in
the relative weight of the long-lived component from 45 to
6%. In benzonitrile, the relative weight of the long-lived
component went up again to around 50%.
More drastic are the effects seen on the stability of the

charge-separated radical-ion pair. In both systems (i.e. ,
ZnP–BN–C60 and exTTF–BN–C60) two radical-ion-pair
products were seen. One of them decays virtually within a
few microseconds, while the second one has lifetimes of up
to 165 ms. In ZnP–BN–C60, the product distribution is domi-
nated (i.e., >95%) by the one formed via the short-lived
radical-ion pair. exTTF–BN–C60, on the other hand, shows
that up to 90% of the product originates from the long-
lived radical ion pair.
However, it remains unclear at this stage which parame-

ters, in addition to the dielectric constant, are responsible
for the changes seen especially in exTTF–BN–C60.

Conclusions

To summarize, we have found that the topological effects of
the geometrically well-defined chiral binaphthyl (BN)
spacer play a leading role in electronic interactions in
donor–acceptor ensembles. Thus, in ZnP–BN–C6, associative
p–p interactions augmented by charge-transfer interactions
favor a conformer in which the ZnP is close to C60, resulting
in appreciable through-space electronic communication. In
contrast, in exTTF–BN–C60, the lack of favorable interac-
tions leads to two different conformers whose ratio depends
on factors such as solvent polarity. As a result, strongly dif-
fering lifetimes were found for the photogenerated charge-
separated states of the donor–acceptor ensembles: ZnPC+–
BN–C60C� : ~1 ms; exTTFC+–BN–C60C� : ~165 ms. Our study
has provided an important strategy that allows the lifetime
of charge-separated states to be controlled by means of
topological effects, thus enabling new insights into photoin-
duced electron-transfer processes to be gained.

Experimental Section

General : FTIR spectra were recorded as KBr pellets with a Nicolet-
Magna-IR 5550 spectrometer. Electrospray ionization (ESI) mass spectra
were recorded with a HP1100mSD spectrometer. UV/Vis were recorded
in dichloromethane in 1 cm quartz cuvettes with a Varian Cary 50 Scan
spectrophotometer. NMR spectra were recorded with a Bruker AC-300
or Varian XL-300 (1H: 300 MHz; 13C: 75 MHz) spectrometer at 298 K
using partially deuteriated solvents as internal standards. Chemical shifts
are given as d values (internal standard: TMS). Binaphthyl derivative
1,[12] exTTF 2[11] and porphyrin 3[13] were obtained by following previously
described synthetic procedures. Elemental analyses were performed with
Perkin-Elmer 2400 CHN and 2400 CHNS/O analysers. Tetrahydrofuran
was dried with sodium.

Cyclic voltammograms were recorded with a potentiostat/galvanostat
AUTOLAB with PGSTAT30 equipped with GPES for Windows version
4.8 software in a conventional three-compartment cell by using a GCE
(glassy carbon electrode) as the working electrode, a SCE as the refer-
ence electrode, Bu4NClO4 as the supporting electrolyte, a o-dichloroben-
zene/acetonitrile solvent mixture (4:1 v/v), and a scan rate of 200 mVs�1.

Picosecond laser flash photolysis experiments were carried out with 355
or 532 nm laser pulses from a mode-locked, Q-switched Quantel YG-501
DP Nd:YAG laser system (18 ps pulse width, 2–3 mJ per pulse). Nano-
second laser flash photolysis experiments were performed with 355 or
532 nm laser pulses from a Quanta-Ray CDR Nd:YAG system (6 ns
pulse width, 2 mJ per pulse) in a front-face excitation geometry. Concen-
trations of about 1.0Q10�5m were used, which rules out intermolecular or
multiphoton processes. In fact, increasing or decreasing the concentration
and/or laser energy by a factor of 2–3 led to notable differences.

Fluorescence lifetimes were measured with a Laser Strope Fluorescence
Lifetime Spectrometer (Photon Technology International) with 337 nm
laser pulses from a nitrogen laser fiber-coupled to a lens-based T-formal
sample compartment equipped with a stroboscopic detector. Details of
the Laser Strobe systems are described on the manufactureRs website,
http://www.pti-nj.com.

Emission spectra were recorded with a SLM 8100 spectrofluorimeter.
The experiments were performed at room temperature. Each spectrum
represents an average of at least 5 individual scans and appropriate cor-
rections were applied whenever necessary.

Synthesis :

Compound 4 : A mixture of the p-extended TTF derivative 2 (111 mg,
0.15 mmol) and potassium tert-butoxide (34 mg, 0.3 mmol) was refluxed
in dry toluene under argon for 30 minutes. Once the formation of the
ylide was completed, a solution of 2,2’-bis(dodecyloxy)-6,6’-diformyl-1,1’-
binaphthalene (1) (170 mg, 0.25 mmol) in toluene (10 mL) was added
dropwise and the mixture was further refluxed for 16 h. The crude prod-
uct mixture was cooled to room temperature and CH3OH (5 mL) was
added. After evaporation of the solvents, the residue was purified by
chromatography on silica gel with hexane/CH2Cl2 (3:2) as eluent to give
the corresponding dyad. Unreacted binaphthyl derivative was also recov-
ered. Yield: 51%. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=10.10 (s,
1H), 8.36 (m, 1H), 8.11 (d, 3J(H,H)=9.0 Hz, 1H), 7.94 (d, 3J(H,H)=
9.0 Hz, 1H), 7.89 (d, 3J(H,H)=11 Hz, 2H), 7.7 (m, 4H), 7.57 (m, 1H),
7.50 (d, 3J(H,H)=9.0 Hz, 2H), 7.40 (d, J=9.0 Hz, 2H), 7.29 (m, 2H),
7.27 (d, 3J(H,H)=16.4 Hz, 1H), 7.14 (d, 3J (H,H)=16.4 Hz, 1H), 7.08 (d,
J=9.0 Hz, 1H), 6.31 (s, 4H), 3.97 (m, 4H), 1.43 (m, 4H), 1.3–0.9 (m,
36H), 0.89 (m, 6H) ppm; 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=
192.02, 157.30, 154.73, 137.59, 135.79, 135.71, 135.51, 135.30, 134.82,
134.56, 133.57, 132.62, 132.07, 131.05, 129.58, 129.34, 129.02, 128.88,
128.21, 127.97, 127.91, 127.78, 126.85, 126.48, 125.94, 125.49, 125.27,
124.92, 124.24, 124.12, 124.00, 123.12, 122.21, 122.14, 120.74, 119.62,
117.29, 117.19, 117.12, 115.86, 115.66, 69.49, 69.32, 31.92, 29.69, 29.65,
29.52, 29.48, 29.36, 29.30, 29.21, 29.11, 25.64, 22.69, 14.12 ppm; IR (KBr):
ñ=2922, 2851, 1689, 1619, 1591, 1463, 1344, 1274, 1233, 1160, 1089, 1051,
961, 800, 754, 639 cm�1; UV/Vis (CH2Cl2): lmax (loge/mol�1 cm3dm�1)=
267 (5.05), 338 (4.91), 384 (4.81), 440 (4.72) nm; MS (ESI): m/z (%): 1054
(100) [M+].
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Compound 5 : Potassium tert-butoxide (10 mg, 0.090 mmol) was added in
portions to a refluxing solution of porphyrin 3 (40 mg, 0.047 mmol) and
binaphthyl derivative 2 (64 mg, 0.094 mol) in dry THF (10 mL) under
argon. The mixture was refluxed for 16 h and, after cooling to room tem-
perature, a mixture of H2O/MeOH (10 mL, 1:1) was added. The organic
layer was separated and the aqueous layer was extracted with CHCl3.
The combined organic phases were washed with water and dried with
MgSO4. After evaporation of the solvent, the mixture was purified by
chromatography on silica gel with hexane/ether (9:1) as eluent to give
the corresponding dyad. Unreacted binaphthyl derivative was also recov-
ered. Yield: 68%. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=10.12
(s, 1H), 9.00 (m, 8H), 8.24 (d, 3J(H,H)=8.0 Hz, 2H), 8.11 (m, 6H), 8.02
(d, 3J(H,H)=9.0 Hz, 2H), 7.92 (d, 3J(H,H)=8.0 Hz, 2H), 7.80 (m, 3H),
7.7–7.6 (m, 5H), 7.5–7.4 (m, 5H), 7.33 (d, 3J(H,H)=8.9 Hz, 1H) 7.19 (d,
3J(H,H)=8.9 Hz, 1H), 4.01 (m, 4H), 1.5–1.0 (m, 94H), 0.88 (m,
6H) ppm; 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=192.09, 157.33,
154.80, 150.42, 150.37, 150.03, 148.52, 142.22, 141.80, 137.62, 136.62,
134.93, 134.79, 133.68, 132.71, 132.29, 132.22, 132.15, 132.08, 131.66,
131.10, 129.68, 129.58, 129.40, 129.35, 127.99, 127.88, 127.01, 126.52,
125.62, 124.62, 124.10, 123.14, 122.55, 122.46, 120.75, 120.43, 119.66,
115.86, 115.71, 69.51, 69.32, 35.03, 31.97, 31.95, 31.58, 31.53, 31.48, 31.40,
31.36, 31.34, 29.77, 29.68, 29.66, 29.59, 29.50, 29.43, 29.39, 29.32, 29.24,
29.18, 29.13, 25.68, 22.72, 14.15 ppm; IR (KBr): ñ=2953, 2925, 2855,
1694, 1619, 1592, 1437, 1362, 1247, 1000, 962, 822, 798 cm�1; UV/Vis
(CH2Cl2): lmax (loge/mol�1 cm3dm�1)=269 (4.58), 293 (4.62), 331 (4.62),
403 (4.62, sh), 424 (5.67), 551 (4.32), 591 (3.86) nm. MS (ESI): m/z (%):
1688 (100) [M+].

General procedure for the preparation of 6 and 7: A mixture of the cor-
responding dyad 4 or 5 (0.052 mmol), [60]fullerene (0.052 mmol), and N-
octylglycine[28] (0.12 mmol) in chlorobenzene (28 mL) was refluxed for
24 h. After cooling to room temperature, the crude product mixture was
purified by column chromatography on silica gel using CS2 to elute the
unreacted fullerene followed by hexane/toluene (1:1) to isolate the corre-
sponding triad.

Compound 6 : Yield: 37%. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=
8.14 (m, 1H), 7.96 (d, 3J(H,H)=8.6 Hz, 1H), 7.88 (d, 3J(H,H)=8.6 Hz,
1H), 7.80 (m, 1H), 7.7–7.6 (m, 4H), 7.39 (m, 3H), 7.31 (d, 3J(H,H)=
16.4 Hz, 1H), 7.30 (m, 1H), 7.26 (d, 3J(H,H)=16.4 Hz, 1H), 7.2–7.0 (m,
4H), 6.30 (s, 4H), 5.18 (s, 1H), 5.10 (d, 3J(H,H)=9.1 Hz, 1H), 4.14 (d, 3J-
(H,H)=9.1 Hz, 1H), 3.91 (m, 4H), 3.25 (m, 1H), 2.58 (m, 1H), 1,88 (m,
2H), 1.4–1.0 (m, 52H), 0.89 (m, 9H) ppm; 13C NMR (75 MHz, CDCl3,
25 8C, TMS): d=156.66, 154.88, 153.80, 147.25, 146.99, 146.51, 146.37,
146.25, 146.19, 145.89, 145.74, 145.60, 145.55, 145.49, 145.44, 145.29,
145.23, 145.08, 144.70, 144.65, 144.57, 144.36, 143.17, 143.10, 142.95,
142.63, 142.52, 142.32, 142.29, 142.26, 142.13, 142.11, 142.07, 142.00,
141.93, 141.64, 141.50, 140.12, 140.07, 139.87, 139.29, 139.20, 136.64,
135.81, 135.76, 135.32, 134.50, 134.47, 134.29, 133.77, 133.67, 132.39,
129.42, 129.38, 129.24, 127.67, 126.91, 125.96, 125.27, 124.92, 122.15,
120.48, 118.34, 117.32, 117.19, 116.14, 82.72, 82.61, 69.77, 69.01, 66.89,
53.28, 31.99, 31.93, 31.90, 29.72, 29.70, 29.66, 29.64, 29.62, 29.59, 29.54,
29.43, 29.36, 29.31, 29.27, 29.16, 28.41, 27.61, 27.57, 25.73, 25.68, 25.65,
22.75, 22.71, 22.69, 14.19, 14.13 ppm; IR (KBr) ñ=2924, 2843, 1625, 1584,
1542, 1499, 1461, 1232, 1087, 799, 639, 527 cm�1; UV/Vis (CH2Cl2): lmax

(loge/mol�1 cm3dm�1)=239 (5.19), 327 (4.79), 383 (4.58), 431 (4.44), 464
(4.25, sh) nm; MS (MALDI-TOF): m/z (%): 1899.6092 (100) [M�H�];
calcd 1899.6038.

Compound 7: Yield: 47%. 1H NMR (300 MHz, CDCl3/CS2, 25 8C, TMS):
d=8.97 (m, 8H), 8.21 (m, 2H,), 8.08 (m, 6H), 7.9–7.8 (m, 6H), 7.77 (m,
3H), 7.5–7.3 (m, 6H), 7.2–7.1 (m, 2H), 5.06 (m, 2H), 4.0–3.7 (m, 5H),
3.25 (m, 1H), 2.57 (m, 1H), 1.89 (m, 2H), 1.55 (s, 54H), 1.4–0.9 (m,
50H), 0.89 (m, 9H) ppm; 13C NMR (75 MHz, CDCl3/CS2, 25 8C, TMS):
d=155.27, 155.15, 154.62, 154.04, 150.83, 150.80, 150.45, 148.82, 147.45,
147.27, 146.66, 146.56, 146.52, 146.33, 146.31, 146.17, 146.07, 146.06,
145.74, 145.58, 145.53, 145.46, 145.41, 145.37, 144.91, 144.64, 142.82,
142.72, 142.68, 142.60, 142.58, 142.36, 142.28, 142.22, 142.19, 142.07,
141.92, 141.87, 141.76, 140.33, 140.30, 139.65, 137.17, 137.14, 137.11,
135.38, 134.71, 134.32, 134.25, 133.02, 133.01, 132.96, 132.85, 132.81,
132.72, 132.64, 132.28, 132.24, 130.23, 130.15, 130.09, 129.96, 129.93,

129.88, 129.86, 129.80, 129.75, 129.72, 129.68, 129.63, 128.79, 128.23,
128.22, 127.60, 126.77, 126.69, 126.63, 125.14, 124.20, 122.90, 122.82,
121.23, 120.96, 120.94, 120.88, 120.84, 116.31, 116.22, 83.29, 70.10, 70.00,
69.97, 69.27, 35.38, 32.65, 32.25, 30.42, 30.33, 30.08, 29.92, 26.40, 23.52,
23.48, 14.88, 14.84 ppm; IR (KBr): ñ=2952, 2922, 2852, 1591, 1464, 1362,
1248, 1224, 1001, 799, 527 cm�1; UV/Vis (CH2Cl2): lmax (log e/
mol�1 cm3dm�1)=235 (5.47), 307 (5.17), 329 (5.13), 402 (5.00, sh), 424
(6.00), 551 (4.69), 590 (4.28) nm; MS (ESI): m/z (%): 2555 (89) [M+

+Na], 2532 (100) [M+].
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