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Abstract: A series of diagonally and
laterally bridged regioisomeric macro-
cycles based on 1,6,7,12-tetraaryloxy-
substituted perylene bisimides (APBIs)
have been synthesized and character-
ized. The different orientations of the
aryloxy residues, that is, horizontal or
perpendicular to the perylene core, in
the regioisomeric macrocycles have
been elucidated by NMR spectroscopy,
and the dynamic properties of the lat-
erally bridged regioisomers have been
investigated by temperature-dependent
NMR measurements. The influence of
the different orientations of the aryloxy
substituents on the electrochemical

by cyclic voltammetry, which reveals
that a perpendicular orientation of the
aryloxy residues relative to the pery-
lene core leads to a substantial de-
crease of the LUMO energy level of
the perylene bisimide electrophore.
The optical properties of the regioiso-
meric macrocycles have been deter-
mined by UV/Vis and fluorescence
spectroscopy. It has been shown that
the diagonally bridged macrocycles ex-
hibit optical properties that differ sig-
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nificantly from those of an open-chain
reference compound, whereas the opti-
cal properties of the laterally bridged
isomers resemble those of the refer-
ence system. This demonstrates that
unrestricted aryloxy substituents prefer
the lateral conformation in solution.
Solvent-dependent fluorescent proper-
ties have been exemplified for one di-
agonally bridged derivative, suggesting
a photoinduced electron transfer pro-
cess as fluorescence quenching mecha-
nism for APBIs. From these investiga-
tions, guidelines toward highly fluores-
cent APBI dyes in polar media could
be derived.

properties of APBIs is demonstrated

Introduction

The synthesis of perylene bisimides bearing four aryloxy
substituents at the bay area (1,6,7,12 positions) was de-
scribed for the first time in 1987 by BASF scientists and
these dyes were initially applied as an industrial colorant,
for example, in foils for plant growth applications which col-
lect solar light."! Owing to their outstanding optical and

[a] P. Osswald, Prof. Dr. F. Wiirthner
Universitdt Wiirzburg, Institut fiir Organische Chemie
Am Hubland, 97074 Wiirzburg (Germany)
Fax: (4+49)931-888-4756
E-mail: wuerthner@chemie.uni-wuerzburg.de

Supporting information for this article is available on the WWW
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graphical materials, details for the determination of transition dipole
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Chem. Eur. J. 2007, 13, 7395—-7409

properties - perylene bisimide

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

electrochemical properties as well as their remarkable sta-
bility against environmental influences,” aryloxy-substituted
perylene bisimides (APBIs) have been further used as laser
dyesP! and as chromophores for single molecule spectrosco-
py. Further applications of APBIs have been demonstrated
as red emitters for organic and polymeric light-emitting de-
vices (OLEDs and PLEDs).F! The scope of introducing
functional groups at two orthogonal positions (imide and
bay positions) has enabled the synthesis of highly functional
derivatives and the construction of complex architectures
such as rotaxanes® metallosupramolecular squares,” rec-
tangles®™ and polymers!” by self-assembly of APBIs, whilst
the introduction of hydrogen-bonding motifs has been uti-
lized for the design of fluorescent organogels!'”) based on
APBIs. Multichromophore arrays have been designed by
combining APBIs either with other perylene bisimides,' or
different chromophores,'? in particular, oligo(phenylenevi-
nylene)s,"™ porphyrins,™ pyrenes'” and fullerenes.”® In
such multichromphore systems efficient energy and electron
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transfer processes were demonstrated, thus they may serve
as artificial light-harvesting systems and show good pros-
pects for application in solar cell devices. Water-soluble
APBIs are accessible, which exhibit high fluorescent quan-
tum yields in aqueous solution and can be used for cell
staining experiments and for the investigation of their inter-
action with DNA.[" Furthermore, APBIs were used as fluo-
rescence sensors for fluoride anions.!"¥!

Despite this remarkable versatility of aryloxy-substituted
perylene bisimides, the effect of different conformations on
the optical properties of this important class of fluorophores
has been barely explored. Single molecule spectroscopic
studies revealed that different conformations which origi-
nate from the twist of the perylene bisimide chromophore
and the orientation of the aryloxy groups have a profound
effect on the photophysical properties of immobilized
APBIs.™ It was shown in the solid-state structure of a phen-
oxy-substituted diazadibenzoperylene that the aryloxy
groups are oriented in the plane of the perylene bisimide
unit,™ whereas quantum chemical calculations suggested
another conformation where the aryloxy units are orientated
perpendicular to the perylene core.!”] But also other confor-
mations of the aryloxy residues seem to be easily accessible
within a small energy range.”!” Different conformations of
the aryloxy residues might have a significant influence on
the optical and electrical properties of these dyes by both in-
ductive and mesomeric effects as it has recently been report-
ed that, especially, the optical properties of perylene bis-
imides are sensitive to the type of bay substituents.”*12!]

To elucidate the conformational effects on the optical
properties of APBI chromophores, conformationally re-
stricted macrocyclic systems which are diagonally bridged
through 1,7- and 6,12-linkage (see below, A) or laterally
bridged (B) through 1,12- and 6,7-linkage are properly
suited because the conformational freedom of the perylene
core should be restricted in these macrocyclic systems and a
particular conformation of the aryloxy substituents can be
achieved through variation of the length of the bridging
unit. Furthermore, in diagonally bridged macrocycles an in-
terconversion of the twisted conformers (P and M enantio-
mer) would not be possible without a bond cleavage for
shorter bridges. Oligoethylene glycols are appropriate as the
bridging units because, on the one hand, this functionality
can be introduced in perylene bisimide by etherification of
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the resorcinol groups at the bay position and, on the other
hand, the chain length can be varied through proper choice
of ditosylates.

Here, we report in detail the synthesis of diagonally bridg-
ed macrocyclic perylene bisimides 5a—d and the correspond-
ing laterally bridged isomers 6a-d, and the optical and elec-
trochemical properties of these macrocyclic derivatives in
comparison to those of the open-chain reference compound
4.2 These in-depth investigations clearly reveal the confor-
mational effects of aryloxy bay substituents on the optical as
well as electrochemical properties of perylene bisimides.
Additionally, the dynamic properties of laterally bridged
macrocycles 6 a—d have been studied to gain a deeper inside
into the conformational properties of APBIs.

Results and Discussion

Synthesis of macrocyclic perylene bisimides: The syntheses
of the open-chain reference compound 4 and the macrocy-
clic perylene bisimides 5a-d and 6a-d are outlined in
Scheme 1. Perylene bisimides 1-3 were prepared according
to literature.!

As an open-chain analogue to the macrocyclic APBIs, 4
was synthesized by etherification of N,N'-bis(2,6-diisopropyl-
phenyl)-1,6,7,12-tetrakis(3-hydroxyphenoxy)perylene
—3,4:9,10-tetracarboxylic acid bisimide (3) with 2-(2-[2-(me-
thoxy)ethoxy]ethoxy)ethanol toluene sulfonate (tosylate)
and cesium carbonate in DMSO at 80°C. The triethylene
glycol spacer was chosen in order to guarantee the compara-
bility to the macrocyclic compounds. After purification by
silica gel column chromatography with ethyl acetate (gradi-
ent 5% methanol) as eluent, the ether derivate 4 was ob-
tained in 28 % isolated yield. The macrocyclic perylene bisi-
mides 5a-d and 6a-d were obtained from perylene bisimide
3 by Williamson’s ether synthesis, a reaction which is fre-
quently applied for the synthesis of macrocyclic com-
pounds.” For this purpose, a 10~ M solution of 3 in DMSO
was treated at 100°C with the respective oligoethylene
glycol ditosylates and cesium carbonate, the latter being
known to facilitate the formation of macrocycles.”! After
purification by column chromatography, the diagonally
bridged macrocyclic perylene bisimides Sa-d were isolated
in 1-7% yield and, additionally, the laterally bridged iso-
mers 6a—d (Scheme 1) were obtained for each chain length
in 5-15% yield. The overall yield of macrocyclic compounds
obtained upon cyclization with diethylene glycol ditosylate
(sum of isomers 5b and 6b) is 22 % which is about 79 % of
the yield obtained for the open-chain compound 4 (28 %)
synthesized under similar conditions. This reveals an effec-
tive formation of the macrocycles, although the isolated
yield of each individual macrocycle was only moderate.

A significantly higher yield was obtained for the laterally
bridged isomers compared with those of the diagonally
bridged isomers with identical chain length. As the forma-
tion of diagonally bridged (5a-d) and laterally bridged mac-
rocycles (6a-d) occurs from different conformations of the
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Scheme 1. Synthesis of macrocyclic perylene bisimides.

aryloxy residues relative to the perylene core (perpendicular
conformation for Sa-d and horizontal conformation for 6a—
d, see below) in the precursor 3, the observed difference in
yields of isomers Sa-d and 6 a—d can be attributed to the dif-
ferent free energies of the respective conformations in solu-
tion. Thus, the differing yields for regioisomeric macrocycles
with identical chain length suggest that the conformations of
the aryloxy residues necessary for the formation of the later-
al isomers 6a—d are of lower energy in solution than those
required for the diagonally bridged isomers 5a—d. Further-
more, the isolated yields are dependent on the chain length
of the bridging unit and, in turn, on the size of the macrocy-
cle. The diethylene glycol derivatives Sb and 6b display the
highest yields in each series of isomeric macrocycles. The
lower yields of the monoethylene glycol derivatives Sa and
6a can be explained by an increased strain present in these
macrocycles, whereas the yields of all other derivatives are
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determined by the entropy of the transition state of the cyc-
lization reaction which becomes unfavorable with increasing
chain length.

It is expected that the atropo-enantiomers (P and M) of
diagonally bridged isomers 5a—d could be resolved by chiral
HPLC because an interconversion of the enantiomers of
these macrocycles should not be possible. Unfortunately, all
attempts to resolve the atropo-enantiomers were unsuccess-
ful. The macrocyclic perylene bisimides Sa—d and 6 a-d were
characterized by 'H NMR spectroscopy and mass spectrom-
etry, and two derivatives (5b and 6a) were characterized by
X-ray crystallography.??

Structural properties of macrocyclic perylene bisimides: The
presence of four resorcinol units in the precursor bisimide 3
may lead to the formation of several isomeric bis(macrocy-
cles) on etherification with oligoethylene glycol ditosylates.
The structures of possible isomers are shown in Figure 1. A

a) {w"i
7

Figure 1. Structures of possible isomeric bis(macrocycles). The structures
of the diagonally bridged isomer (a), the two possible straightly bridged
isomers (b, ¢; 1,6- and 7,12-linkage), and the laterally bridged isomer (d)
were calculated for triethylene glycol as bridging unit and were optimized
by the semi-empirical AM1 method (CaChe Quantum CaChe Workspace
5.0). The heats of formation in kcalmol™! obtained by AM1 calculations
are given below the corresponding structure. Hydrogen atoms and the
2,6-diisopropylphenyl imide substituents were omitted for simplicity.

reliable assignment of the isolated macrocycles to a particu-
lar isomer can be achieved by 'H NMR spectroscopy in
combination with the previously reported X-ray crystallo-
graphic data.”” Based on these techniques we could con-
clude® that only the two energetically most favorable iso-
mers, that is, a) and d) in Figure 1, were formed in the mac-
rocyclization reaction.

For the structural assignment of the isomers, the reso-
nance of the proton situated between the two oxygen atoms
of the resorcin residue is particularly informative because
this proton is differently shielded by the aromatic ring cur-
rent in lateral and diagonal isomers. In comparison to open-
chain reference compound 4, a typical high field shift of this
proton (Figure 2, marked resonances) from 6.53 (4) to
5.27 ppm for Sa was observed for the diagonally bridged iso-
mers Sa-d. Upon increasing the length of the oligoethylene
glycol bridge, these resonances were shifted continuously
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Figure 2. Sections of the '"H NMR spectra (400 MHz) in CDCI, of the ref-
erence compound 4 (middle), 5b (top), and 6b (bottom) showing the
shift of the proton situated between the two oxygen atoms of the aryloxy
substituents (gray). The resonances of the aryloxy residue are displayed.

downfield up to 6.20 ppm for 5d in the series of diagonally
bridged macrocycles.

The shift of this resonance (marked proton H2') to a
higher field is caused by a change of the orientation of the
aryloxy residues relative to the perylene core. Because the
ring current of the perylene bisimide is responsible for this
observation, the shift of these resonances within the series
of diagonally bridged isomers can be attributed to an in-
creasing perpendicular orientation of the aryloxy residues
relative to the perylene core upon shortening of the oligo-
ethylene glycol chain (see Figure S1 in the Supporting Infor-
mation). Such a perpendicular orientation was already dem-
onstrated in the solid state structure of 5b.??! In contrast, for
the lateral isomers 6a—d, a slight shift of the same proton to
lower field from 6.53 ppm (4) to 6.70 ppm (6b-d) was ob-
served, which is caused by more horizontal orientation of
the aryloxy residue relative to the perylene core in compari-
son to open-chain APBI 4. This implies that the structural
features of the laterally bridged isomers 6a-d are closely re-
lated to those of open-chain perylene bisimides such as 4 in
solution. Additionally, the laterally and diagonally bridged
isomers could be distinguished by the chemical shift of the
bridging ethylene glycol unit. The most pronounced effect
was observed for 5a and 6a. The ethylene glycol proton res-
onances of 5a appeared at 6 3.48 and 3.69 ppm, whereas
those of 6a are located at 4.49 ppm. The shift to higher
fields observed for the corresponding resonances of 5a indi-
cates that the bridging unit is situated in the deshielding
area of the perylene core, further confirming the diagonally
bridged structure of macrocycles 5.

Conformational properties of laterally bridged macrocycles
6: As outlined in the previous section, the orientation of the
aryloxy substituents is an important structural feature of
APBIs which is very distinct for each type of regioisomeric
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macrocycles. Another characteristic structural feature of
APBIs is a twisted conformation of the perylene core result-
ing in atropo-enantiomers (P and M) which undergo inter-
conversion. The diagonally bridged Sa—d and laterally bridg-
ed 6a-d isomers are expected to have different behavior re-
garding the interconversion process between P and M enan-
tiomers. In '"H NMR spectra, this can be detected by the dia-
stereotopic methyl resonances of the isopropyl groups
present in imide substituents. These resonances are sensitive
to chirality present in the molecule and show diagnostic
shapes for different stages of the interconversion process.
The resonances of these methyl groups for open-chain
APBI 4, and diagonal and lateral isomer Sb and 6b, respec-
tively, in '"H NMR spectra in CDCl; are shown in Figure 3.

I T T T T T T T 1

1.25 1.20 1.15 1.10 1.05
-— &/ ppm

Figure 3. Sections of the "H NMR spectra (400.13 MHz) of 4 (top), 5b

(bottom), and 6b (middle) in CDCl; at 300 K showing the resonances of

the diastereotopic methyl groups of the isopropyl units in imide substitu-

ents.

For open-chain reference compound 4, one doublet was
observed for these protons (Figure 3, top). The occurrence
of one doublet for the methyl groups of isopropyl substitu-
ents is explained by a fast interconversion between the
atropo-enantiomers (M#=P), implying that this interconver-
sion is faster than the proton spin relaxation (“NMR time
scale”) and the atropo-enantiomers cannot be distinguished
by NMR spectroscopy. In contrast, for diagonally bridged
macrocycles like 5b two doublets were observed at room
temperature (Figure 3, bottom). This represents the region,
where the interconversion process is significantly slower
than the spin relaxation, and thus the two atropo-enantio-
mers can be monitored by the occurrence of two doublets.
This corroborates the prediction that an interconversion for
this type of isomers should not be possible without a bond
cleavage. For the laterally bridged isomers 6b-d, a broad
singlet was observed at room temperature (Figure 3,
middle), revealing that the proton spin relaxation occurs at
the same time scale as the racemization process (coales-
cence region). This demonstrates that an interconversion be-
tween the enantiomers (P and M) of laterally bridged iso-
mers 6a—d is indeed possible.

The dynamic properties of the laterally bridged macrocy-
clic perylene bisimides 6a—d were investigated in detail by

Chem. Eur. J. 2007, 13, 7395-7409
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temperature-dependent 'H NMR spectroscopy. The protons
of the diastereotopic methyl groups of isopropyl units in the
imide positions of the perylene bisimide are properly suited
to monitor the interconversion process. The measurements
for the laterally bridged macrocycles 6a-d were performed
in CDCl; or [D,]tetrachloroethane and additionally the in-
terconversion process of open-chain APBI 2 was investigat-
ed in CDCI; for the purpose of comparison and validation
of the experimental setup. The data were evaluated accord-
ing to the coalescence method [Egs. (1) and (2)].*")

7
k= A
\/E' | (1)
R-T
o R.T Inf Bt
AG* = R-T, ln(kc-NA-h> 2)

In Figure 4, the temperature-dependent changes of the
methyl resonances of lateral isomer 6d are shown exempla-
rily and for the remaining compounds 6a-c, the spectra are
given in Figures S11 and S12, Supporting Information. As
can be seen in Figure 4, one doublet was observed at high
temperatures (above 304 K), revealing a fast equilibrium be-
tween the conformational enantiomers on the NMR time
scale as observed for the open-chain APBI 4 at 298 K.
Upon cooling the sample, broadening of the signal occurred
and below 280 K two doublets arose which can be attributed
to a slow interconversion between the two core-twisted en-
antiomers (P and M). From line broadening, a coalescence
temperature of 292 K was determined for 6d and the differ-
ence in chemical shift of the two enantiomers (P and M) Av
at lower temperature (253 K) resulted to 19.9 Hz. According
to Equations (1) and (2), the free activation enthalpy AG™
for the interconversion process of 6¢ was estimated to
63 kJmol™! at 292 K. For 2 and 6a—c, the free activation en-
thalpies for the interconversion AG* were estimated analo-
gously and the obtained values are given in Table 1.

Table 1. Activation parameters for the interconversion of atropo-enan-
tiomers of laterally bridged macrocycles 6 and open-chain APBI 2 deter-
mined by temperature-dependent "H NMR spectroscopy.

Solvent Av [Hz] T. [K] AG? [kImol™]
6a CL,DC-CDCI, 266 347 7443
6b CDCl, 23.6 301 64+3
6¢ CDCl, 19.9 295 63+3
6d CDCl 19.9 292 63+3
2 CDClL 6.3 271 60+3

Within the series of laterally bridged macrocycles 6a-d,
the activation parameters clearly correlate with the ring size
of the macrocycles. For the large macrocycles 6b—d, the coa-
lescence temperature and free enthalpy of activation are
only scarcely dependent on the chain length (see Table 1).
Furthermore, the inversion barriers for macrocycles 6b-d
are only slightly increased compared with that of open-chain
APBI 2, demonstrating similar conformational behavior of

Chem. Eur. J. 2007, 13, 7395—-7409
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Figure 4. Sections of the temperature-dependent 'H NMR spectra
(600 MHz) of 6d in CDCl;. Displayed are the resonances of the diaste-
reotopic methyl groups of isopropyl units present in imide substituents.

these compounds. In contrast, macrocycle 6a showed a
higher coalescence temperature (347 K) compared with the
other laterally bridged macrocycles 6b-d, hence the inver-
sion barrier is increased to 74 kJmol™' at 347 K. This trend
is in contrast to that observed for 2,2'-substituted biphenyls
where the interconversion barriers were shown to increase
with increasing chain length of the alkyl bridge.”™ But it has
to be noted that the conformational restriction imposed by
ethylene glycol chains is smaller than that of the corre-
sponding alkyl chains owing to the higher flexibility result-
ing from the presence of oxygen atoms. Nevertheless, the
trend observed for macrocyclic perylene bisimides 6a-d
highlights the importance of conformational changes of the
aryloxy residues for the M=P interconversion process of
APBIs. Especially for 6a, the movement of the aryloxy resi-
dues is strongly restricted by the presence of a short bridg-
ing unit.

The large energy difference between the ground and the
transition state of the racemization process revealed by the
free activation enthalpy of 2 implies that the population of
the transition state is negligible at room temperature. To
gain a deeper insight into the interconversion process of
APBIs, calculations were performed using MM2 force field
which has been widely applied for such purpose.l'*>* Thus,
the heats of formation were calculated for the open-chain
APBI 2 with perpendicular orientation of the aryloxy
groups in dependence on the twist angle of the perylene
core. The calculations were performed for different dihedral
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angles 6 of the central six-membered ring of the perylene
core in the range of —75 to 0° (M enantiomer) and the ob-
tained results were mirrored to gain the heats of formation
for the opposite enantiomer (P enantiomer, 6 =0-75°). This
is justified because enantiomers are considered and no other
structural differences, except the opposite twist, have to be
taken into account. The twist angle dependent distribution
of the obtained energies (heat of formation) relative to the
local minimum is shown in Figure 5, top. The local minimum
is reached at a twist angle of 28°, which is in good agree-
ment with that observed for a structurally related diazadi-
benzoperylene derivative and 6a in the solid state.*?

a) 180

160
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AE I kJ mol™" 1007
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40+
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Figure 5. Calculated energy distribution (top) and resulting normalized
population of conformations with different dihedral angles 6 (bottom) of
2 at 293 K obtained by MM2 force field calculation.

From these calculations, the energy barrier for the inter-
conversion of 2 was obtained according to Equation (3) and
resulted to 66 kJmol ™" which is in proper agreement with

that obtained experimentally by NMR spectroscopy
(60 kI mol ™).
AH,, = AH; (0 =0°) — AH; (0 =28) (3)

The slight difference between the theoretical and experi-
mental values can be explained in terms of the unknown
structure of the transition state and by the fact that the acti-
vation enthalpy AH is estimated by molecular modeling in
the gas phase, while the free enthalpy of activation AG™ was
obtained by NMR experiments in solution. From the de-
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pendence of the heat of formation on the dihedral angle 6,
the population of conformations exhibiting different twist
angles was calculated according to Boltzmann statistic (see
Experimental Section). The normalized population of con-
formations with different twist angles at 293 K is shown in
Figure 5, bottom. The proper match of the calculated values
with that determined by NMR spectroscopy confirms that
APBIs possess a rather defined twist angle (28°) and reveals
a negligible population of angles & < 15° for APBIs in solu-
tion.

Electrochemical properties of macrocyclic perylene bis-
imides: Open-chain APBIs such as 4 display two reversible
reduction waves and one reversible oxidation wave within
the potential range from —1.50 to +1.15 V versus the ferro-
cene/ferrocenium couple. In order to investigate the influ-
ence of different conformations of the aryloxy substituents
on the electrochemical properties of APBIs, the redox po-
tentials of macrocycles Sa—d and 6a—d were determined by
cyclic voltammetry in dichloromethane using tetrabutylam-
monium hexafluorophosphate (TBAHFP) as supporting
electrolyte. All half-wave potentials are referred to the
redox couple of ferrocence/ferrocenium as internal standard.
The first and the second reduction half-wave potentials as
well as the oxidation potentials of macrocyclic perylene bisi-
mides Sa-d and 6a—d are collected in Table 2, and the cyclic

Table 2. Redox potentials (in V) of macrocycles 5a-d and 6a-d, and ref-
erence compound 4 in dichloromethane (0.1M TBAHFP) versus ferro-
cene/ferrocenium as internal reference.?!

E,, (PBI /PBI*) E,, (PBI/PBI")

E,, (PBI/PBI*)

Sa —1.30 -0.97 >1.17
5b —1.38 -1.07 116"
Sc -1.39 -1.12 1.09!
5d -1.39 -1.17 0.98
6a -1.32 -1.07 1.05
6b -1.30 -1.11 0.91
6¢ —1.35 -1.14 0.90
6d -1.36 -1.14 0.90
4 -1.35 —1.14 0.91

[a] Determined from the reversible redox process with AE ~60-100 mV
between the oxidative and reductive peak maxima, error=+0.05V.
[b] Quasi-reversible.

voltammograms of 5S¢ and 6c¢ are exemplified in Figure 6.
Macrocycles Sa-d and 6a-d showed two reversible reduc-
tion waves which is typical for APBIs. Whilst for the macro-
cycles Sd and 6a-d nicely resolved reversible oxidation
waves are observed between 0.9 and 1.05 V, the oxidation of
diagonal isomers Sa—c occur at higher potentials and are ob-
scured by an irreversible process.

For the laterally bridged macrocycles 6b-d, the deter-
mined half-wave potentials for the reduction and oxidation
processes are similar to those of open-chain APBI 4. Only
the smallest macrocycle 6a bearing monoethylene glycol
bridges exhibits a higher oxidation potential (1.05 V) com-
pared with that of 4 and 6b-d (around 0.90 V), whereas the

Chem. Eur. J. 2007, 13, 7395-7409


www.chemeurj.org

Perylene Bisimides

1A

; . : ; - . r ;
-2000 -1500 -1000 -500 0 500 1000 1500
E/mVvsFc/Fc"

Figure 6. Cyclic voltammograms of 5S¢ (above) and 6c¢ (below) in di-
chloromethane (0.1 TBAHFP, sweep rate 100 mVs™).

reduction potentials at —1.07 and —1.32'V are similar to
those obtained for 6b—d (Table 2). The comparatively high
oxidation potential for 6a can be explained in terms of the
conformational restriction imposed by the shorter bridging
unit.

The observed reduction potentials for diagonally bridged
macrocycles 5S¢, d with longer bridges are pretty close to that
observed for the open-chain reference compound 4, whilst
for the derivatives 5a,b with shorter bridges an increase of
the reduction potential with decreasing chain length was ob-
served. For macrocycle Sa, a reduction potential of —0.97 V
was determined that is almost 0.2 V higher than that of mac-
rocycle 5d (—1.17 V). Furthermore, the conformational
properties of the aryloxy substituents have a pronounced in-
fluence on the respective oxidation potentials of diagonally
bridged macrocycles, as the oxidation potentials were found
to increase from 0.98 (5d) to 1.16 V (5b) with decreasing
chain length of the macrocycles (Table 2). For 5a, no oxida-
tion wave of the perylene bisimide could be observed in the
available scanning range due to irreversible oxidation at
>1.17 V. The significant changes of the redox potentials ob-
served in the series of macrocyclic perylene bisimides Sa—d
reveal that different conformations of the aryloxy substitu-
ents, that is, the orientation of the aryloxy residue relative
to the perylene core, have an appreciable effect on the
redox properties of APBIs.

Optical properties of macrocyclic perylene bisimides: The
optical properties of the macrocyclic perylene bisimides
were investigated by UV/Vis and fluorescence (steady-state
and time resolved) spectroscopy. In Figure 7, the absorption
spectra of macrocycles 5a-d and 6a,c,d are shown in com-
parison to that of open-chain reference 4 (the spectrum of
6b is almost identical with that of 6¢, thus it is not depict-
ed). The absorption spectra of laterally bridged macrocycles
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Figure 7. UV/Vis absorption spectra in dichloromethane: a) Laterally
bridged macrocycles 6a (-----), 6¢ (+++++), and 6d (—); b) diagonal iso-
mers Sb (-----) and 5d (+++-+) in comparison to reference compound 4

6a-d (Figure 7a) are typical for APBIs with a maximum
around 580 nm assigned to the S,—S,; transition, a shoulder
of the second vibronic progression and a broad maximum at
450 nm related to the S-S, transition. For the derivatives
6b-d, the absorption maxima as well as the molar absorp-
tion coefficients are almost identical to those of open-chain
reference compound 4 (see Figure 7b); therefore, the latter
may possess a similar conformation to that of laterally
bridged isomers 6a-d (Figure 7a).

Macrocycle 6a with the smallest bridging unit adopts an
exceptional position among the lateral isomers because the
maximum of the S-S, transition is hypsochromically shifted
by 20 nm compared with that of 6b-d and a decrease of the
molar absorption coefficient is observed. The exceptional
behavior of 6a was already demonstrated before by cyclic
voltammetry (higher oxidation potential compared to 6b—d,
see Table 2), and also by NMR spectroscopy as the intercon-
version barrier for this compound (7,=347 K) is significant-
ly higher compared to those of other derivatives (7,=
295 K). Therefore, the observed differences in the absorp-
tion properties between 6a and 6b—d are presumably due to
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the conformational restriction in 6a imposed by the short
bridging unit.

For the diagonally bridged isomers Sa—d, much more pro-
nounced spectral differences are observed in comparison to
open-chain reference compound 4 (Figure 7b,c). The absorp-
tion maxima related to the S-S, transition for diagonally
bridged macrocycles 5a—d are shifted up to 41 nm (5b) to-
wards shorter wavelength from 575 (4) to 558 (5d), and 545
(5a,¢), and 534 nm (5b). This hypsochromic shift is further
related to the chain length of the bridging unit as the com-
parison of the absorption maxima of 5b and 5d reveals (Fig-
ure 7b). Furthermore, a decrease of the absorption coeffi-
cient ¢ is observed for macrocycles Sa—¢ in comparison to
reference compound 4. As the transition dipole moments
for the S-S, transition of these diagonally bridged macrocy-
cles Sa—d (7.6-8.0 Debye) equal that of reference compound
4 (7.8 Debye), this effect can be attributed to spectral
broadening and shift of intensity into higher vibronic pro-
gressions of the S-S, transitions (Figure 7c and see Support-
ing Information for details). The observed hypsochromic
shift, on the other hand, may be attributed to the formation
of a conformer with less conjugation between the electron-
donating aryloxy group and the electron-deficient perylene
bisimide core.

The fluorescence properties of reference compound 4 and
macrocycles 5a-d and 6a-d in dichloromethane are sum-
marized in Table 3 and the normalized fluorescence spectra
are shown in Figure 8 (see also Figure S2, Supporting Infor-
mation). As can be seen from Table 3, the fluorescence

Table 3. Emission properties of macrocyclic perylene bisimides in di-
chloromethane.

Amax [nm] AL [nm]¥ Dy 74 [ns] ks ke [s7'9
4 609 34 0.89 5.6 1.7x10° 2.0x107
5a 562 18 < 0.02 <05 >40x107 > 20x10°
5b 573 39 0.09 0.8 1.1x10® 1.1x10°
5¢ 582 37 0.43 2.7 1.6x10° 21x10°
5d 588 30 0.90 5.5 1.6x10° 1.8x107
6a 588 34 0.78 5.4 1.4x10® 41x107
6b 605 28 0.82 5.3 1.6x10° 3.4%x107
6¢c 606 24 0.84 5.6 1.5x10° 29%107
6d 606 29 0.82 5.5 1.5x10° 3.6x107

[a] The Stokes shift A4 was calculated as the difference in absorption and
emission maximum. [b] ®;40.03. [c]7,£0.2. [d] k,= Pyry " [e] kp=
(1-@g)7q "

quantum yields and lifetimes of the lateral isomers 6a-d are
almost indistinguishable with
that of the open-chain refer-
ence compound 4, which again
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Figure 8. Normalized fluorescence spectra in dichloromethane of diago-
nally bridged isomers (above) 5Sa-d (left to right) and lateral isomers
(below) 6a (-----) and 6d (—).

yields were observed, the fluorescence quantum yields of di-
agonally bridged macrocycles Sa—-d are tremendously de-
creased from 0.90 for 5d to <0.02 for 5a (Table 3, 4th
column). This effect can be attributed to an increase of the
non-radiative rate constants k,, (4 ~5d < 5¢ < 5b < 5a),
whereas the radiative rate constants k, are similar for all
compounds presented here.

To shed more light on the excited state properties of diag-
onally bridged macrocyclic perylene bisimides, UV/Vis and
fluorescence spectroscopy (steady-state and time resolved)
were carried out for diagonal isomer S§b and reference com-
pound 4 in solvents of different polarity (Table 4, for spectra
see Figure S3, Supporting Information).

As can be seen from the data in Table 4, the spectral posi-
tion of the absorption as well as the emission maxima of 5b
are only slightly dependent on the solvent polarity. The ob-
served negligible solvatochromism indicates the apolar char-
acter of the ground and excited state of Sb. Furthermore,

Table 4. Solvent-dependent absorption and fluorescence properties of Sb.

indicates that the behavior of

. R Solvent Aabs [nM] Aem [nm] @, 7y [ns]®! k, [s71E ke [s71]1

these isomers is similar to that dimethylsulfoxid 553 590 <0.02 <07 >2.9x10° >14x10°
. . ylsulfoxide . . R .

of the open-chain APBI deriva- 4 i 00 hane 534 573 0.09 0.8 L1x10° 1.1x10°

tives. THF 545 571, (613) 0.14 12 1.2x10° 7.1x 108

In contrast to the lateral iso-  diethyl ether 543 568, (611)! 0.98 5.6 1.8x 10 3.6x10°

mers 6 a_d’ for which almost toluene 548 569, (614)[01 0.95 5.4 1.8x10° 9.3x10°

identical fluorescence quantum
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the shape of the absorption spectrum is similar for all sol-
vents investigated, implying no significant conformational
changes for Sh.

The fluorescence intensity of 5b, on the other hand, is
strongly dependent on the polarity of the solvent (see
Table 4, 4th column). In polar solvents such as DMSO, diag-
onally bridged macrocycle 5b is almost non-fluorescent (@
~0). In the medium polar solvents dichloromethane and
THF (e,=8.9 and 7.4, respectively) the fluorescence quan-
tum yields remain low (0.09 and 0.14, respectively). Howev-
er, in solvents of low polarity such as diethyl ether or tolu-
ene (g,=4.3 and ¢,=2.3, respectively), 5b exhibits a fluores-
cence quantum yield of nearly unity (@;=0.98 and 0.95).
Also the fluorescence lifetime increased to 5.6 ns and 5.4 ns
in diethyl ether and toluene, respectively, compared with
DMSO (r; < 0.7 ns), and these values match well with that
determined for the open-chain reference compound 4
(5.6ns) in dichloromethane and other APBIs (5.9-
7.4 ns) 34469019300 The observed relationship between the
fluorescence quantum yield of Sb and the polarity of the
solvent indicates fluorescence quenching by a competitive
charge transfer process (see Figure S4, Supporting Informa-
tion).l*!

The fluorescence properties of 4, which comprises differ-
ent orientation of the aryloxy residues as outlined before,
are solvent dependent as well. The fluorescence quantum
yields of 4 in polar solvents are low with 0.06 and 0.14 in
methanol and acetonitrile, respectively, and increased con-
tinuously in dependence on the solvent polarity to 0.21 (eth-
anol) and 0.40 (1-butanol). In comparison to 5b, high fluo-
rescence quantum yields (0.75-0.84) were observed already
in medium polar solvents such as ethyl acetate or dichloro-
methane and remained constant (=~0.85) in solvents of
lower polarity (Figure S4, Supporting Information).

Discussion of the optical and electrochemical properties of 5
and 6: In order to explain the observed largely differing op-
tical properties of these APBIs, the optical band gaps and
the frontier orbitals of macrocycles Sa-d and 6a-d as well
as of open-chain APBI 4 were determined. The optical band
gap EgapOS was assessed from the cross section of the nor-
malized absorption and emission spectra (Table 5). For the
series 5a—d, the data shown in Table 5 reveal a continuous
increase of E,,,°° from 2.17 eV (5d) to 2.25 eV (5a) with de-
creasing chain length of the bridging unit. The band gaps
EgapCV determined from cyclic voltammetry show excellent
agreement to those obtained from optical spectroscopy. The
remarkable correspondence of the band gaps EgapOS and
E,,"" can be explained by the fact that the S-S, transition
in these APBIs is related to an almost pure electronic exci-
tation of an electron from the HOMO to the LUMO. The
lateral isomers 6 a—d exhibit ~0.1 eV smaller band gap that
show somewhat larger deviations (0.05-0.08 eV) between
EgapOS and Egapcv. Again, the value of APBI 4 is in perfect
agreement with those of 6a—d.

The energy of the LUMO was assessed from the first re-
duction potential by taking into consideration the potential
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Table 5. Optical band gaps determined from optical spectroscopy (OS)
and cyclic voltammetry (CV) and calculated HOMO and LUMO levels
in eV for diagonally bridged 5a—-d and laterally bridged macrocycles 6 a—
d and reference compound 4.

E gyl E gy VP! LUMO HOMOM
5a 225 >2.14k! —3.83 —6.08
5b 224 223 —3.73 -5.97
5¢ 2.20 221 —-3.68 —5.88
5d 217 2.15 —3.63 —5.80
6a 218 212 —3.73 —5.91
6b 2.10 2.02 —-3.69 —5.79
6c 2.09 2.04 —3.66 —5.75
6d 2.10 2.04 —3.66 —5.76
4 2.10 2.05 —3.66 —571

[a] Determined from the intersection of the normalized absorption and
emission spectra. [b] Calculated from the difference of oxidation and re-
duction potentials. [c] Calculated from the first reduction potential and
the potential of ferrocene relative to the zero vacuum level. [d] Calculat-
ed from E,,,° and the LUMO level. [e] Not accessible due to irreversi-
ble oxidation at 1.17 V.

of ferrocene (—4.8eV) with respect to the zero vacuum
level.F Then the energy of the HOMO was calculated by
subtracting the determined optical band gap E,,,”* from the
LUMO energy. As can be seen from Table 5 and Figure 9, a
continuous decrease of the energy of the HOMO from —5.8
(5d) to —6.1 eV (5a) with respect to the zero vacuum level
was observed upon shortening the chain length of the mac-
rocycles. In a similar manner, the energy of the LUMO is

-3.51
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-4.5
EleV

-5.04
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-G.Oj _H_
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RO
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Figure 9. Energies of HOMO and LUMO for diagonally bridged macro-
cycles 5a—d and reference compound 4 (above), and schematic represen-
tation of the orbital interactions between the perylene core and the aryl-
oxy substituents (below); Ar denotes the 3-alkoxyphenyl residue.
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decreased from —3.6 (5d) to —3.8eV (5a), although this
effect is less pronounced than that observed for the HOMO
energies (Figure 9, top). The different energy level of the
frontier orbitals corresponds to the increase of the band
gap, and thus to the hypsochromic shift of the absorption
maximum observed for macrocyclic perylene bisimides Sa—d
(Figure 7). In contrast, the energy of the HOMOs
(—3.66eV) as well as those of the LUMOs (—5.75¢eV)
remain constant in the series of lateral isomers 6b—d and re-
semble those calculated for open-chain reference compound
4 (Table 5).

To explain the conformational impact on the HOMO and
the LUMO energies of laterally and diagonally bridged iso-
mers Sa-d and 6a-d, the electronic coupling between the
PBI core and the aryloxy substituents was elucidated. It can
be considered that APBIs are composed of the electron-
poor perylene bisimide core and the electron-rich aryloxy
substituent and, accordingly, the MO of APBIs must be a
result of the interaction of these molecular fragments.

The comparison of the oxidation potentials determined
for open-chain APBI 4 (E,,=+0.91V; E,.q,=—1.14 V vs Fc/
Fct) and macrocyclic perylene bisimides 6b-d (E, =
+0.90 V; E,.q=—1.14 V vs Fc/Fc™) with that of the unsubsti-
tuted N,N’-bis(2,6-diisopropylphenyl)perylene-3,4:9,10-tetra-
carboxylic acid bisimide (E,=+129V; E. 4=-1.01V vs
Fc/Fc*)P? reveals that the HOMO is almost 0.4 eV higher
for APBIs, whilst the LUMO level is only raised by about
0.1eV.

On the other hand, the redox potentials and the related
HOMO/LUMO energies of APBIs 4 and 6a-d are not al-
tered in comparison to other APBIs bearing less electron-
rich aryloxy substituents in the bay position (e.g., tetraphe-
noxy-substituted perylene bisimides: E,,=+089V, E =
—1.10 V).) This fact suggests that there is no significant
conjugation between the perylene bisimide core and the re-
spective aryloxy residue. The absence of conjugative effects
between the perylene bisimide core and the aryloxy residues
was also pointed out in literature.”® This finding strongly
suggest that the electron-rich HOMO of APBIs originates
from the primordial HOMO of the perylene bisimide core
upon conjugation to four oxygen atoms (+M effect) directly
attached to the PBI core. In contrast, the LUMO of macro-
cycles 6b—d and open-chain reference 4 differ only slightly
from that of the unsubstituted perylene bisimide, indicating
that the LUMO in APBIs can be ascribed to the primordial
perylene bisimide core LUMO.

In order to assess the presence of mesomeric effects be-
tween the aryloxy substituent and the perylene core in
APBIs, the CO bond lengths of 5b and 6a, obtained from
X-ray crystallography,” were analyzed. The length of the
bond connecting the perylene bisimide core and the oxygen
atom of the aryloxy residue was determined to 1.375+
0.003 A (5b) and 1.372+0.007 A (6a) which is significantly
shorter than the length expected for a C,»—O single bond
(1.440 A).[”] Furthermore, these values are in good agree-
ment to bond lengths observed for 1,4-dimethoxybenzene
(1.360 A)P* and 4-nitroanisol (1.351 A)® in the solid state.
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Thus, the observed partial double bond character for these
CO bonds confirms the presence of mesomeric effects be-
tween the perylene bisimide core and the oxygen atoms di-
rectly attached to the PBI core.™!

Therefore, we can relate the observed decrease of the
HOMO energy from 5d to Sa to a decreased conjugation of
the electron-donating oxygen atoms and the electron-poor
perylene bisimide core. Since both frontier orbitals deter-
mine the optical band gap, also the observed hypsochromic
shift can be ascribed to a reduced electron donation of the
appended aryloxy substituents in the series of diagonally
bridged macrocycles Sa-d.

The pronounced impact of the orientation of the aryloxy
residues on the APBI frontier orbitals, however, remains to
be explained. Clearly, the mesomeric effect must be associ-
ated with the interaction of the lone pairs of the oxygen
atoms directly attached to the perylene bisimide core and
the perylene bisimide s-system (Figure 9, bottom). As the
degree of conjugation is related to the overlap of the partici-
pating orbitals, it seems reasonable that the angle of the
oxygen lone pair orbitals relative to the m-orbitals of the
perylene core determines the magnitude of conjugation. As
schematically shown in Figure 9, the overlap of the respec-
tive orbitals is most effective for a horizontal orientation of
the aryloxy residue (as given in 6a-d) and less effective for
a perpendicular orientation of the aryloxy residue (as given
in 5a,b).

Therefore, the electron donation from the aryloxy bay
substituents to the PBI core can be directly related to the di-
hedral angle y between the aryloxy groups and the perylene
bisimide core (see Figure 10). This angle describes the orien-
tation of the aryloxy residues relative to the perylene core
and a value of 90° corresponds to a perpendicular orienta-
tion, whereas a y value of 0° relates to a horizontal orienta-
tion. The dihedral angle y was estimated from AM1 calcula-
tion as the mean value of the four aryloxy substituents
(Figure 10). For the diagonally bridged isomers 5, an in-
crease of the dihedral angle y was observed with decreasing
ring size of the macrocycle from 48° (5¢) to 79° (5a). There-
fore, the conjugation between the aryloxy residue and the
perylene core is determined by the orientation of the ary-
loxy residues. Accordingly, the structural origin of the hyp-
sochromicity is given by the different orientations of the ar-
yloxy residue as schematically shown in Figure 10 (bottom).

Likewise, the relative position of the aryloxy residue to
the oxygen lone pairs can be assessed from AMI1 calcula-
tions by the dihedral angle w (Figure 10, top). In accordance
with the dihedral angle y, an angle w of 0° corresponds to
the conformation with the largest interaction between the
aryl residue and the oxygen atom, whereas a 90° conforma-
tion does not possess any conjugation, no matter whether a
horizontal (y=0°) or perpendicular conformation (y=90°)
is present. The w values for diagonally bridged macrocycles
5 increase with increasing ring size from 11° (5a) to 54° (5¢)
which reveal an opposite trend in comparison to the dihe-
dral angle y (Figure 10, top). These results indicate that for
the smallest macrocycles Sa,b, the lone pairs of the oxygen

Chem. Eur. J. 2007, 13, 7395-7409


www.chemeurj.org

Perylene Bisimides

Lo Goed

OR O N2 OR o =~ 0
QL0
o = Sa 79.8 11.6
@r OO \Q Sb 73.6 31.0
Sc 48.1 544
R o] N o] aR 5d 58.0 396

4\‘@/’\ 2 479 391

i ‘
Figure 10. Definition and values of the dihedral angles y and w for mac-
rocyclic perylene bisimide 5a-d and open-chain APBI 2 (top) obtained
from semiempirical AMI1 calculations using Cache Quantum Cache
Workspace 5.0. Schematic representation of the possible conformations

of the aryloxy residues (bottom). The curved arrow indicates the possible
movement of the aryloxy residues.

is conjugated more strongly to the aryloxy residue, whereas
for the larger APBIs 5e¢,d, the oxygen lone pairs are more
strongly conjugated to the perylene bisimide core.

The pronounced variation of the fluorescence quantum
yield of diagonally bridged macrocycles Sa—d can now be at-
tributed to the different electronic properties that arise for
different dihedral angles y and w. On the one hand, Figure 9
reveals the decrease of the HOMO level upon fixation of
the aryloxy residue in a perpendicular position by means of
short oligoethylene glycol bridge in 5a (large v of 80°). On
the other hand, the angle w goes to a minimum (12°) for
this compound leading to the most electron-rich resorcin
subunit. Indeed, the oxidation potential for 1,3-dimethoxy-
benzeneP is 1.08 V versus Fc/Fc* which is lower than the
oxidation potential of APBIs Sa,b. Thus, it is reasonable to
relate the observed fluorescence quenching for Sa,b to a
photoinduced electron transfer process from the electron-
rich aryloxy group to the electron-poor perylene bisimide
core. For 5c¢ the quenching is less effective but still substan-
tial. For the better conjugated conformations, that is, lateral-
ly bridged isomer 6a—d and the diagonally bridged deriva-
tive 5d with the longest oligoethylene glycol chain, in which
the electron-deficient perylene bisimide core and the elec-
tron-rich resorcin units experience the strongest electronic
coupling (see Figure 9), the radiative decay becomes favora-
ble. Similarly, the solvent-dependent fluorescent properties
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of APBIs 4 and 5b (Figure S4, Supporting Information) sup-
port a photoinduced electron transfer process as an explana-
tion for the fluorescence quenching in accordance with pre-
dictions based on the Rehm-Weller equation.®!! Thus, a
photoinduced electron transfer process is a very plausible
fluorescence quenching mechanism for APBI.

Conclusion

In summary, the synthesis of macrocyclic perylene bisimides
5a-d and 6a—-d with different chain lengths was achieved by
Williamson’s etherification reaction and their structures
were elucidated by NMR spectroscopy in combination with
X-ray analysis reported previously.”? Whilst diagonally
bridged derivatives Sa—d exhibit a rigid twisted core, atropo-
enantiomeric laterally bridged macrocycles 6a-d intercon-
vert on a similar time scale as open-chain APBIs like 2, as
revealed by dynamic NMR spectroscopy. Based on the fact
that the spectroscopic data of the diagonally bridged isomers
5a-d differ significantly from those of reference compound
4, it can be concluded that conformationally non-restricted
APBIs do not exhibit a perpendicular orientation of the aryl-
oxy residues in solution. Instead, based on the observed op-
tical properties of the macrocyclic perylene bisimides 6a-d,
which are similar to reference compound 4, a conformation
with horizontal orientation of the aryloxy groups is given for
tetraaryloxy-substituted perylene bisimides such as 4 in solu-
tion. The detailed analysis of the absorption and fluores-
cence properties of isomers Sa—d showed that the degree of
conjugation between the electron-rich aryloxy residue (+M
effect) and the electron-poor perylene bisimide core de-
pends on the conformation of the aryloxy residue. Under
consideration of the solvent-dependent fluorescence proper-
ties of APBIs 4 and macrocycle 5b, it can be concluded that
a photoinduced electron transfer from the electron-rich ary-
loxy substituent to the electron-deficient perylene core is
the most reasonable explanation for the fluorescence
quenching of APBIs. Based on these results, it can be pro-
posed that APBIs with high fluorescence quantum yields in
polar solvents should bear electron-poor aryloxy residues.
Indeed, such fluorophores have recently been introduced by
Miillen and co-workers which exhibit high fluorescence
quantum yields even in the most polar solvent water.[*!740]

Experimental Section

Materials and methods: Cesium carbonate (99 %) purchased from Al-
drich (Steinheim, Germany) and dry DMSO (SeccoSolv) obtained from
Merck (Hohenbrunn, Germany) were used as received. N,N'-Bis(2,6-di-
isopropylphenyl)-1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic
acid bisimide (1) was donated from BASF AG. Perylene bisimides 2 and
31 and oligoethylene glycol ditosylates®” were synthesized according to
literature procedures.

Flash column chromatography was performed using silica gel Si60 (40—
63 um) from Merck (Hohenbrunn, Germany). Melting points were deter-
mined on an Olympus Bx41 polarization microscope and are uncorrect-

— 7405

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

F. Wiirthner and P. Osswald

A EUROPEAN JOURNAL

ed. '"H NMR spectra were recorded on Bruker Advance 400 and calibrat-
ed to the internal standard TMS or the residual solvent peak. MALDI-
TOF mass spectra were recorded on a Bruker-Franzen Reflex EA240 in-
strument and high resolution mass spectra on an ESI MicrOTOF Focus
from Bruker Daltonics. Analytical HPLC was performed on a system
(PU 2080 PLUS) with a diode array detector (MD 2015) from JASCO
equipped with a ternary gradient unit (LG 2080-02) and line-degasser
(DG-2080-533). Preparative HPLC was done on a system (PU 2080
PLUS) with a diode array detector (UV 2077 PLUS) from JASCO.
HPLC grade solvents (Rectapur) from VWR (Darmstadt, Germany)
were used. As column Nucleodur 100-7 C18 ec (Macherey-Nagel;
Diiren, Germany) was used in the analytical (¢ =4.6 mm) as well as
semi-preparative (¢ =21x250 mm) HPLC.

Temperature-dependent '"H NMR spectroscopy: Temperature-dependent
NMR spectroscopy was performed on a Bruker Advance DMX 600 and
the spectra referred to the residual solvent peak. Solutions used for high
temperature 'H NMR spectroscopy were degassed by three freeze—
pump-thaw cycles and the tubes were molten under vacuum (10~° mbar).
The temperature was calibrated to the temperature dependent chemical
shift of methanol. Coalescence temperatures were determined from spec-
tral broadening and the data evaluated using the coalescence method ac-
cording to Equations (1) and (2).

Spectroscopy: For all spectroscopic measurements, spectroscopic grade
solvents (Uvasol) from Merck (Hohenbrunn, Germany) were used. UV/
Vis spectra were recorded on a Perkin Elmer UV/Vis spectrometer
Lamda 40P and fluorescence spectra with a PTI QM-4/2003. All fluores-
cence measurements were performed under aerobic conditions and fluo-
rescence spectra are corrected. The fluorescence quantum yields were de-
termined as the average value for three different excitation wavelengths
using N,N'-bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxyperylene-
3,4:9,10-tetracarboxylic acid bisimide as reference (@;=0.96 in chloro-
form) by applying high dilution conditions (Abs. < 0.05).%%! Fluores-
cence lifetimes were determined with a PTT GL3330 nitrogen laser and a
GL302 dye laser. Decay curves were evaluated with the Felix Software
from PTI by fitting 1-4 lifetimes. The quality of the fit was judged by
Derbin-Watson factor DW and x* (for monoexponential decay DW
> 1.7and 0.9 < y* < 1.2) as well as by the correlation function and the
residuals.

Cyclic voltammetry: Cyclic voltammetry was performed on a standard
commercial electrochemical analyzer (EC epsilon; BAS Instruments,
UK) in a three electrode single-compartment cell under argon. Dichloro-
methane (HPLC grade) was obtained from J. T. Baker (Mumbai, India)
and dried over calcium hydride and degassed prior to use. The supporting
electrolyte tetrabutylammonium hexafluorophosphate (TBAHFP) was
synthesized according to literature,™ recrystallized from ethanol/water
and dried in high vacuum. The measurements were carried out under ex-
clusion of air and moisture at a concentration of 10~*m with ferrocene as
internal standard for the calibration of the potential. Working electrode:
Pt disc; reference electrode: Ag/AgCl; auxiliary electrode: Pt wire.

Computational details: The geometries of 2 (bearing methyl as imide
substituent) were optimized using MM2 force field with the parameter
given in CaChe quantum CaChe workspace 5.0. The dihedral angle was
adjusted and fixed before the geometrical optimization and read out
after optimization. The calculation was done for twist angles in the range
of 0-75° and only for one enantiomer (twist angles from 0—-(—75°)). The
obtained heat of formation was referred to the energetical minimum,
plotted against the dihedral angles and fitted with Equation (4) in order
to obtain a function which can be used to calculate the population of dif-
ferent conformations.

E(0) = a|6®| + b|6] + ¢ 4)

The best fit obtained delivered the parameters a=0.08076, b=—4.53163
and ¢=66. The population in dependence of the dihedral angle 6 was cal-
culated for the different conformations according to Boltzmann statistics
[Eq. (5)] at a temperature of 293 K and normalized by dividing through
the integral of this function Z.”
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and Z = / e EO/RT 4 ®)

Additionally, the geometries of APBI 2 and diagonally bridged macrocy-
cles Sa—-d were optimized by the semi-empirical AM1 method as imple-
mented in CaChe Quantum CaChe Workspace 5.0.

Synthesis of reference compound 4 and macrocyclic perylene bisimides 5
and 6
N,N'-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetra(3-[2-(2-[2-(2-methoxy)-
ethoxy] ethoxy)ethoxy]phenoxy)perylene-3,4:9,10-tetracarboxylic acid bis-
imide (4): Perylene bisimide 3 (325 mg, 0.28 mmol), 2-(2-[2-(methoxy)-
ethoxy]ethoxy)ethanol tosylate (540 mg, 1.71 mmol) and cesium carbon-
ate (1390 mg, 4.26 mmol) were suspended under argon in dry DMSO
(90 mL) and heated at 80°C for 5 h. The reaction mixture was cooled to
room temperature, dropped to a stirred mixture of water (150 mL) and
1N HCI (150 mL) and after 2 h the resulting precipitate was collected by
vacuum filtration and dried at RT over silica gel. Flash column chroma-
tography on silica gel eluting with ethyl acetate with a gradient of 5%
methanol and reprecipitation from dichloromethane and n-hexane af-
forded a wine-red solid (135 mg, 28%). M.p. > 300°C; 'H NMR (CDCl,,
25°C): 0=8.27 (s, 4H; CH), 7.43 (t, *J(H,H)=8.0 Hz, 2H; CH), 7.28 (d,
*J(HH)=8.0Hz, 4H; CH), 7.17 (t, *J(H,H)=8.0 Hz, 4H; CH), 6.68
(ddd, J(H,H)=8.0, */(H,H)=2.5, */(H,H)=1.0 Hz, 4H; CH), 6.60 (ddd,
*J(HH)=8.0, “J(HH)=25, “/(HH)=10Hz, 4H; CH), 6.53 (t, “J-
(H,H)=2.5Hz, 4H; CH), 3.97 (brt, *J(H,H)=5.0 Hz, 8H; CH,), 3.78
(brt, *J(H,H)=5.0Hz, 8H; CH,), 3.70-3.51 (m, 32H; CH,), 3.35 (s,
12H), 2.71 (sept, J(H,H)=7.0 Hz, 4H; CH), 1.13 ppm (d, *J(HH)=
7.0Hz, 24H; CH;); MS (MALDI-TOF, dithranol): m/z: caled for:
1727.0; found: 1727.0 [M+H]*, 1740.0 [M+Na]*, 1756.0 [M+K]*; ele-
mental analysis calcd (%) for C;sHgN,0,-2H,0: C 68.09, H 6.74, N 1.59;
found: C 68.14, H 6.47, N 1.65; UV/Vis (CH,CL): Apa (Emar) = 575
(46600), 537 (29800), 448 nm (16600m ' cm™'); fluorescence (CH,Cl,):
Amax =009 nm, fluorescence quantum yield @;=0.89, fluorescence life-
time 73=5.6ns (1,=520, 4., =605nm); CV (CH,Cl,, 0.1m TBAHFP,
100mVs™): E(PBIUPBI")=-1.14, E(PBI/PBI*)=-135, E(PBI/
PBI")=0.91 V.

General procedure for macrocyclisation: Perylene bisimide 3 (1 equiv),
cesium carbonate (16 equiv) and the corresponding oligoethylene glycol
ditosylates (5-6 equiv) were suspended under argon in DMSO and
heated for 5h at 100°C. The reaction mixture was cooled to room tem-
perature and dropped under stirring to 0.33M hydrochloric acid
(150 mL). The resulting precipitate was collected by filtration and dried
in vacuum. The crude product was applied on silica gel column chroma-
tography and the resulting macrocycles were isolated by precipitation
from dichloromethane with a polar or non-polar solvent. The precipitate
was collected by filtration and dried in vacuum (10~ mbar) at 60°C.

Macrocycles 5a and 6a: Macrocycles 5a and 6a were synthesized accord-
ing to the general procedure by the reaction of 3 (410 mg, 0.36 mmol)
with ethylene glycol ditosylate (820 mg, 2.21 mmol) in the presence of
cesium carbonate (1.92 g, 5.90 mmol) in DMSO (65 mL). Column chro-
matography on silica gel eluting with dichloromethane and re-precipita-
tion from dichloromethane and methanol yielded 5a as an orange solid
(41mg, 343 pumol, 1%) and 6a as an orange-red solid (22.9 mg,
19.2 umol, 5%).

Macrocycle 5a: M.p. 423-425°C; '"HNMR (400 MHz, CDCl;, 30°C,
TMS): 6=8.37 (s, 4H; CH), 7.50 (t, *J(H,H)=7.7 Hz, 2H; CH), 7.35 (d,
*J(H,H)=7.7 Hz, 4H; CH), 7.19-7.13 (m, 8H; CH), 6.37 (dd, *J(H,H)=
7.6, “/(H,H)=1.9 Hz, 4H; CH), 5.27 (t, “/(H,H)=2.2 Hz, 4H; CH), 3.69
(m, 4H; CH,), 3.48 (m, 4H; CH,), 2.72 (sept, *J(H,H) =6.9 Hz, 4H; CH),
121, 1.19ppm (d, *J(H,H)=69 Hz, 24H; CH;); (400 MHz, CD,Cl,,
30°C): 6=8.35 (s, 4H; CH), 7.44 (t, *J(H,H)=7.8 Hz, 2H; CH), 7.27 (d,
3J(H,H)=7.6 Hz, 4H; CH), 7.05 (m, 8H; CH), 6.28 (m, 4H; CH), 3.56
(m, 4H; CH,), 3.40 (m, 4H; CH,), 2.62 (sept, *J(H,H) =6.8 Hz, 4H; CH),
1.09, 1.06 ppm (d, *J(H,H)=6.8 Hz, 24H; CH;); MS (MALDI-TOF, pos.
mode, dithranol): m/z: calcd for: 1194.4; found: 1195.6 [M+H]*; HRMS
(ESI-TOF, pos. mode, CH,Cl,/acetonitrile 1:1): m/z: caled for
CrsHi;N,Oy,: 1195.4376; found: 1195.4360 [M+H]*; UV/Vis (CH,CL):
Amax (Emax) = 544 (43500), 505 (27600), 474 (14100, sh), 436 (11600),
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278 nm (42000M ' cm™); fluorescence (CH,CL,): A,.,=562 nm; fluores-
cence quantum yield @;=0.02, fluorescence lifetime 7; < 0.5ns
(Aex=520 nm, A, =580 nm); CV (CH,Cl,, 0.1m TBAHFP, 100 mVs):
E(PBI/PBI")=—-0.97, E(PBI /PBI*")=-130 V.

Macrocycle 6a: M.p. >500°C; "H NMR (400 MHz, CDCl;, 30°C, TMS):
0=847 (s, 4H; CH), 7.45 (t, *J(H,H)=7.7 Hz, 2H; CH), 7.30 (d, *J-
(H,H)=7.7 Hz, 4H; CH), 7.17 (t, *J(H,H) =8.1 Hz, 4H; CH), 6.71 (d, *J-
(H,H)=8.3 Hz, 4H; CH), 6.48 (t, */(H,H)=2.3 Hz, 4H; CH), 6.43 (dd,
*J(HH)=7.6, ‘J(HH)=19, 4H; CH), 4.43 (s, 8H; CH,), 2.72 (sept, *J-
(H,H)=69 Hz, 4H; CH), 1.16, 1.13ppm (d, *J(H,H)=6.9 Hz, 24H;
CH,); (400 MHz, CD,Cl,, 30°C): §=8.36 (s, 4H, CH), 7.39 (t, *J(H,H) =
7.8 Hz, 2H; CH), 7.23 (d, *J(H,H)=7.8 Hz, 4H; CH), 7.10 (t, *J(H,H)=
82 Hz, 4H; CH), 6.65 (ddd, J(H,H)=83, “J(HH)=24, ‘J(HH)=
0.9 Hz, 4H; CH), 6.36 (m, 8H, CH), 4.36 (s, 8H, CH,), 2.63 (sept, *J-
(HH)=6.8 Hz, 4H; CH), 1.03, 1.00 ppm (d, */(H,H)=6.8 Hz, 24H;
CH,); MS (MALDI-TOF, pos. mode, dithranol): m/z: caled for: 1194.4;
found: 1195.6 [M+H]*; HRMS (ESI-TOF, pos. mode, CH,Cl/acetoni-
trile 1:1): m/z: caled for C,HgN,Opy: 1195.4376; found: 1195.4375
[M+H]*; UV/Vis (CHyCL): Apae (€max) 554 (43600), 517 (28600), 448
(14500), 284 (50100), 263 nm (38000m ' cm™"); fluorescence (CH,Cl,):
Amax =588 nm, fluorescence quantum yield @;=0.78, fluorescence life-
time 7;=5.4 ns (A,=520 nm, 4., =600 nm); CV (CH,Cl,, 0.1m TBAHFP,
100mVs™): E(PBUPBI)=-1.07, E(PBI/PBI*)=-132, E(PBU
PBI*)=+1.05V.

Macrocycles 5b and 6b: Perylene bisimide 3 (220 mg, 0.19 mmol), diethy-
lene glycol ditosylate (435 mg, 1.05mmol), and cesium carbonate
(713 mg, 2.19 mmol) were reacted according to the general procedure in
DMSO (30mL). The two regioisomers were separated by silica gel
column chromatography with dichloromethane and precipitation with
methanol afforded 5b (17.1 mg, 13.3 umol, 7%) as an orange solid and
6b (37.0 mg, 28.8 umol, 15%) as red powder.

Compound 5b: M.p. 374-376°C; 'HNMR (400 MHz, CDCl,;, 30°C,
TMS): 6=8.32 (s, 4H; CH), 7.47 (t, *J(H,H)=7.5 Hz, 2H; CH), 7.33 (d,
3J(HH)=7.5Hz, 4H; CH), 7.22 (t, *J(H,H)=83 Hz, 4H; CH), 7.16
(ddd, *J(H,H)=8.3, */(H,H)=2.3, “J(H,H)=0.8 Hz, 4H; CH), 6.46 (ddd,
3J(HH)=83, “(HH)=2.3, J(HH)=08Hz, 4H; CH), 573 (t, J-
(H,H)=23Hz, 4H; CH), 3.94-3.89 (m, 4H; CH), 3.72-3.64 (m, 8H;
CH), 3.58-3.55 (m, 4H; CH), 2.82 (sept, *J(H,H)=6.9 Hz, 4H; CH),
1.19, 1.17 ppm (d, *J(H,H)=6.9 Hz, 24H; CH,); (400 MHz, CD,Cl,,
30°C): 6=8.32 (s, 4H; CH), 7.48 (t, >J(H,H)=7.6 Hz, 2H; CH), 7.31 (m,
8H; CH), 7.20 (ddd, *J(H,H)=8.2, */(H,H)=2.3, */J(H,H)=0.9 Hz, 4H;
CH), 6.49 (ddd, *J(H,H)=8.2, “/(H,H)=2.3, “J(H,H) =0.9 Hz, 4H; CH),
5.72 (t, *J(H,H)=2.3, 4H; CH), 3.85-3.80 (m, 4H; CH,), 3.70-3.50 (m,
12H; CH,), 2.72 (sept, *J(H,H)=6.8, 4H; CH), 1.11, 1.09 ppm (d, *J-
(H,H)=6.8 Hz, 24H; CH;); MS (MALDI-TOF, pos. mode, dithranol):
m/z: caled for: 1282.5; found: 1283.8 [M+H]*; HRMS (ESI-TOF, pos.
mode, CH,Cl,/acetonitrile 1:1): m/z: caled for CgH;N,0y,: 1283.4900;
found: 1283.4898 [M+H]*, 1305.4713 [M+Na]*; UV/Vis (CH,CL): 4.
(emax) = 534 (41700), 499 (27500), 467 (14500), 436 (11600), 265 nm
(42000m'em™'); fluorescence (CH,CL): An=573 nm, fluorescence
quantum yield @3=0.09, fluorescence lifetime 7;=0.8 ns (1., =520, A.,=
580 nm); CV (CH,Cl,, 0.1m TBAHFP, 100 mVs™'): E(PBI/PBI )= —1.06,
E(PBI/PBI>")=—1.38, E(PBI/PBI*)=+1.16 V.

Compound 6b: M.p. 365-367°C; 'HNMR (400 MHz, CDCl;, 30°C,
TMS): 6=8.38 (s, 4H; CH), 7.43 (t, *J(H,H)=7.8 Hz, 2H; CH), 7.28 (d,
3J(H,H)=7.8 Hz, 4H; CH), 7.08 (t, *J(H,H)=8.3 Hz, 4H; CH), 6.72 (dd,
3JI(HH)=7.6, *J(HH)=1.9 Hz, 4H; CH), 6.60-6.55 (m, 8H; CH), 4.18
(brs, 8H; CH,), 3.94 (brs, 4H; CH,), 3.79 (brs, 4H; CH,), 2.71 (sept, *J-
(H,H)=6.8 Hz, 4H; CH), 1.14 ppm (brs, 24H; CH,); MS (MALDI-TOF,
pos. mode, dithranol): m/z: calcd for: 1282.5; found: 1283.7 [M+H];
HRMS (ESI-TOF, pos. mode, CH,Cl,/acetonitrile 1:1): m/z: calcd for
CygoH71N,Oy,: 1283.4900; found: 1283.4850 [M+H]*, 1305.4723 [M+Na]™;
UV/Vis (CH,CL): Apax (Emax) = 576 (46700), 536 (28600), 451 (15400),
285 (48800), 265nm (37500m ' cm™'); fluorescence (CH,CL): Apa=
605 nm, fluorescence quantum yield @;=0.82, fluorescence lifetime ;=
5.3 18 (A =520, A =600 nm); CV (CH,Cl,, 0.1M TBAHFP, 100 mVs™):
E(PBI/PBI")= —1.11, E(PBI"/PBI>")=—1.30, E(PBI/PBI*)=+0.91 V.
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Macrocycles 5S¢ and 6c¢: The macrocycles 5S¢ and 6¢ were synthesized ac-
cording to the general procedure by the reaction of 3 (197 mg,
0.17 mmol) with triethylene glycol ditosylate (518 mg, 1.03 mmol) in the
presence of cesium carbonate (900 mg, 2.72 mmol) in DMSO (30 mL).
After column chromatographic purification on silica gel with dichlorome-
thane (0.3 % methanol) and reprecipitation from dichloromethane with
methanol, 5S¢ (4.7 mg, 1.60 umol, 2% ) was obtained as an orange solid
and 6 ¢ as wine-red solid (21.1 mg, 15.3 pmol, 8 %).

Compound 5c¢: M.p. 370-372°C; 'HNMR (400 MHz, CDCl,, 30°C,
TMS): 6=8.29 (s, 4H; CH), 7.45 (t, *J(H,H)=7.7 Hz, 2H; CH), 7.32—-
7.30 (m, 8H; CH), 7.14 (dd, *J(H,H)=8.0, *J(H,H)=2.3 Hz, 4H; CH),
6.56 (dd, *J(H,H)=8.0, */(H,H)=2.2 Hz, 4H; CH), 6.03 (t, */(H,H)=
2.3 Hz, 4H; CH), 3.93-3.88 (m, 4H; CH,), 3.79-3.74 (m, 4H; CH,), 3.69—
350 (m, 16H; CH,), 2.77 (sept, *J(H,H)=6.9 Hz, 4H; CH), 1.16,
1.14 ppm (d, *J(H,H)=6.4 Hz, 24H; CH,); (400 MHz, CD,Cl,, 30°C):
0=828 (s, 4H; CH), 7.47 (t, *J(HH)=7.6 Hz, 2H; CH), 7.38 (t, °J-
(H,H) =82 Hz, 4H; CH), 7.30 (d, *J(H,H)=7.8 Hz, 4H; CH), 7.21 (ddd,
3J(HH)=8.4, “J(H,H)=2.3, “J(H,H)=0.8 Hz, 4H; CH), 6.61 (ddd, *J-
(H,H) =84, “J(H,H)=2.4, “J(H,H)=0.9 Hz, 4H; CH), 6.09 (t, */(H,H) =
2.4 Hz, 4H; CH), 3.93-3.87 (m, 4H; CH,), 3.83-3.78 (m, 4H; CH,), 3.67—
3.56 (m, 16H; CH,), 2.77 (sept, J(HH)=6.8 Hz, 4H; CH), 1.16,
1.14ppm (d, *J(HH)=6.8 Hz, 24H; CH;); MS (MALDI-TOF, pos.
mode, dithranol): m/z: calcd for: 1370.5; found: 1371.8 [M+H]*; HRMS
(APCI, pos. mode, chloroform): m/z: calcd for CgH7oN,O4: 1371.5424;
found: 1371.5440 [M+H]*; UV/Vis (CH,CL): Ay (€max) = 545 (37700),
513 (26500, sh), 449 (13700), 281 nm (42800m 'cm™'); fluorescence
(CH,CL): Apex=582 nm, fluorescence quantum yield @;=0.43, fluores-
cence lifetime 73=2.71ns (A, =520, A.,=580nm); CV (CH,Cl,, 0.1m
TBAHFP, 100 mVs™'): E(PBI/PBI)=-1.13, E(PBI /PBI*")=-1.39,
E(PBI/PBI*)=+1.09 V.

Compound 6c¢: M.p. 314-315°C; 'HNMR (400 MHz, CDCl;, 30°C,
TMS): 6=8.30 (s, 4H; CH), 7.43 (t, *J(H,H)=7.8 Hz, 2H; CH), 7.27 (d,
3J(HH)=7.8 Hz, 4H; CH), 7.13 (t, *J(H,H)=82 Hz, 4H; CH), 6.70 (t,
*J(H,H)=2.4Hz, 4H; CH), 6.65 (ddd, *J(H,H)=84, ‘/(H,H)=24, *J-
(H,H)=0.8 Hz, 4H; CH), 6.56 (ddd, *J(H,H)=82, “J(HH)=2.2, *J-
(H,H)=0.8 Hz, 4H; CH), 4.07-4.02 (m, 8H; CH,), 3.85 (brs, 8H; CH,),
3.79-3.73 (m, 8H; CH,), 2.71 (sept, *J(H,H)=6.8 Hz, 4H; CH), 1.13
(brd, J(H,H)=6.8 Hz, 24 H; CH,); (400 MHz, CD,Cl,, 30°C), 0 =8.21(s,
4H; CH), 7.47 (t, *J(H,H)=7.8 Hz, 2H; CH), 7.27 (d, *J(H,H)=7.8 Hz,
4H; CH), 7.20 (t, *J(H,H)=8.1 Hz, 4H; CH), 6.73 (m, 8H; CH), 6.58
(ddd, *J(HH)=8.1, “/(H,H)=2.3, *J(H,H)=0.8 Hz, 4H; CH), 4.03 (m,
8H; CH,), 3.81 (m, 8H; CH,), 3.68 (m, 8H; CH,), 2.70 (sept, *J(H,H)=
6.8 Hz, 4H; CH), 1.09 (d, J(H,H)=6.8 Hz, 24H; CH;); MS (MALDI-
TOF, pos. mode, dithranol): m/z: caled for: 1370.5; found: 1371.9
[M+H]*; HRMS (ESI-TOF, pos. mode, CH,Cl,/acetonitrile 1:1): m/z:
caled for Cg,H,N,0¢(Na: 1393.5203; found: 1393.5245 [M+Na]*; UV/Vis
(CH,CL): Apax (Emax) = 580 (49400), 539 (29900), 450 (16600), 287
(53500), 268 nm (43300M ' cm™'); fluorescence (CH,Cl,): A,,,=606 nm,
fluorescence quantum yield @;=0.84, fluorescence lifetime 7;=5.6 ns
(Aex=520, A.y=600nm); CV (CH,Cl,, 0.lm TBAHFP, 100 mVs™):
E(PBI/PBI")=—1.14, E(PBI /PBI*") = —1.35, E(PBI/PBI*) =+0.90.
Macrocycles 5d and 6d: Perylene bisimide 3 (197 mg, 0.17 mmol), tetra-
ethylene glycol ditosylate (518 mg, 1.03 mmol), and cesium carbonate
(900 mg, 2.72 mmol) were reacted in DMSO (30 mL) according to the
general procedure. The two isomeric macrocycles were separated by
silica gel column chromatography with dichloromethane and a gradient
of 0.3-1% of methanol. Additional purification by HPLC (Nucleodur
100-7 C18 ec, eluent: methanol) of the first eluted fraction and precipita-
tion with n-hexane afforded 5d (7.2 mg, 4.93 umol; 1.3 %) as orange solid.
Column chromatography of the second eluted fraction with dichlorome-
thane (0.5% methanol) and reprecipitation from dichloromethane and
methanol yielded 6d (12.8 mg, 8.76 umol, 5%) as a red solid.

Compound 5d: M.p. 372-374°C; retention time f (Nucleodur 100-7 C18
ec, methanol, 1 mL min 1)=10.8 min; 'HNMR (400 MHz, CDCl,, 30°C,
TMS): 0=8.26 (s, 4H; CH), 7.45 (t, *J(H,H) =7.8 Hz, 2H; CH), 7.30 (m,
8H; CH), 7.01 (ddd, *J(H,H)=8.2, “J(H,H)=2.3, */(H,H)=0.8 Hz, 4H;
CH), 6.61 (ddd, *J(H,H) =83, Y/(H,H)=2.4, ‘J(H,H)=0.8 Hz, 4H; CH),
6.20 (t, “J(H,H)=2.3 Hz, 4H; CH), 3.99-3.93 (m, 4H; CH,), 3.87-3.82

www.chemeurj.org — 7407


www.chemeurj.org

CHEMISTRY—

F. Wiirthner and P. Osswald

A EUROPEAN JOURNAL

(m, 4H; CH,), 3.68-3.66 (m, 8H; CH,), 3.58-3.56 (m, 16H; CH,), 2.75
(sept, *J(H,H)=6.8 Hz, 4H; CH), 1.14, 1.14 ppm (d, *J(H,H)=6.8 Hz,
24H; CH;); (400 MHz, CD,Cl,, 30°C): 6=8.21 (s, 4H; CH), 7.42 (t, °J-
(H,H)=7.8 Hz, 2H; CH), 7.36-7.30 (m, 8H; CH), 7.05 (ddd, *J(H,H) =
8.1, Y(H,H)=23, “J(H,H)=0.8 Hz, 4H; CH), 6.65 (ddd, *J(H,H)=8.3,
4J(H,H)=2.3, “J(H,H)=0.8 Hz, 4H; CH), 6.24 (t, */(H,H)=2.3 Hz, 4H;
CH), 3.96-3.91 (m, 4H; CH,), 3.86-3.81 (m, 4H; CH,), 3.64-3.61 (m,
8H; CH,), 3.52-3.45 (m, 16H; CH,), 2.70 (sept, *J(H,H)=6.8 Hz, 4H;
CH), 1.09 ppm (d, */(H,H) =6.8 Hz, 24 H; CH;); MS (MALDI-TOF, pos.
mode, dithranol): m/z: calcd for: 1458.6; found: 1459.6 [M+H]*; HRMS
(ESI-TOF, pos. mode, CH,Cl,/acetonitrile 1:1): m/z: caled for
CygsHgN,O g0 1459.5948; found: 1459.5962 [M+H]*; UV/Vis (CH,CL):
Amax (Emax) = 558 (46700), 521 (30800), 450 (15700), 288 (54300), 278 nm
(41500m ' em™); fluorescence (CH,CL): A,.,,=588 nm, fluorescence
quantum yield @3=0.90, fluorescence lifetime 7,=5.5 ns (A, =520, 1.,=
580 nm); CV (CH,Cl,, 0.1m TBAHFP, 100 mVs™'): E(PBI/PBI )=-1.17,
E(PBI/PBI*)=-1.39, E(PBI/PBI*)=+0.98 V.

Compound 6d: M.p. 314-315°C; 'HNMR (400 MHz, CDCl,;, 30°C,
TMS): 6=8.27 (s, 4H; CH), 7.43 (t, *J(H,H)=7.7 Hz, 2H; CH), 7.28-
7.27 (m, 4H; CH), 7.15 (t, *J(H,H) =8.3 Hz, 4H; CH), 6.69 (d, *J(H,H) =
8.5Hz, 4H; CH), 6.60-6.57 (m, 8H; CH), 3.93-3.87 (brm, 16H; CH,),
3.71 (brs, 16H; CH,), 2.71 (sept, *J(H,H)=6.8 Hz, 4H; CH), 1.12 ppm
(d, *J(H,H)=6.3 Hz, 24H; CH,); (400 MHz, CD,Cl,, 30°C): =821 (s,
4H; CH), 7.46 (t, *J(H,H)=7.7 Hz, 2H; CH), 7.31 (d, *J(H,H)=7.7 Hz,
4H; CH), 7.20 (t, *J(H,H)=8.4 Hz, 4H; CH), 6.74 (ddd, *J(H,H) =8.4, *J-
(H,H)=2.3, “J(H,H)=1.0 Hz, 4H; CH), 6.64-6.60 (m, 8H; CH), 3.94
(brs, 8H; CH,), 3.82 (brm, 8H; CH,) 3.70-3.63 (brm, 16H; CH,), 2.70
(sept, *J(H,H)=6.8 Hz, 4H; CH), 1.10 ppm (d, *J(H,H)=6.8 Hz, 24H;
CH;); MS (MALDI-TOF, pos. mode, dithranol): m/z: caled for: 1458.6;
found: 1459.8 [M+H]*; HRMS (ESI-TOF, pos. mode, CH,Cl,/acetoni-
trile 1:1): m/z: caled for CgHgN,O5: 1459.5948, found: 1459.5975
[M+H]*; UV/Vis (CHyCL): Apax (€may) = 577 (49200), 537 (30100), 449
(17200), 285 (51200), 267 nm (40400m ' cm™'); fluorescence (CH,Cl,):
Amax =006 nm, fluorescence quantum yield ®;=0.82, fluorescence life-
time 73=>5.5ns (Ay=520, A, =600 nm); CV (CH,Cl,, 0.1m TBAHFP,
100mVs™'): E(PBI/PBI )=-1.14, E(PBI /PBI*)=-136, E(PBU/
PBI*)=+0.90 V.
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