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The aromatic hydrocarbon pyrene is an important and
thoroughly investigated organic chromophore. Among the
characteristics that make pyrene attractive is its superior
ability to form intermolecular excimers!!! in concentrated
solution and in the solid state, as well as intramolecular
excimers”? independent of concentration. This excimer for-
mation has been widely used to study the viscosity of micelles,
phospholipids and biological membranes.*®! Important prop-
erties of pyrene include the exceptionally long fluorescence
lifetime!"! and the solvent polarity dependence of the vibra-
tional peak intensities” in the fluorescence spectrum.

Substitution in the pyrene ring at the most active centers
(1-, 3-, 6-,and 8-positions) exclusively by pyrene units leads to
interesting dendritic architectures with a well-defined number
of chromophores in a confined volume. At these positions,
only 1,1-bipyrenyl® and linear 1,6-disubstituted oligopyr-
enes have been studied. Pyrene has often been incorporated
as the active core of dendrimers to evaluate the degree of site-
isolation of the core.l'” The pyrene chromophore has also
been attached as the terminal group of dendrimers in order to
investigate the interactions between branches, and also
energy and electron transfer among the chromophores and
between the core and the periphery.'! Examples of den-
drimers including pyrene both at the core and periphery are
very rare,'? and multichromophoric dendrimers consisting
exclusively of pyrene units have, to our knowledge, not been
reported to date.

Herein, we report the synthesis, characterization and
photophysical studies of a new type of dendrimer, polypyrene
dendrimers, represented by the first-generation dendrimer
Py(5), consisting of five pyrene units, and the second-
generation dendrimer Py(17), comprising seventeen pyrene
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units (Figure 1), as well two model compounds, Py(2) and
Py(3), consisting of two and three pyrene chromophores,
respectively (Figure 2). The large steric hindrance between
pyrenes at the 1-position results in a high degree of twisting,

Py(17)

Figure 1. First-generation dendrimer Py(5) and second-generation den-
drimer Py(17).

Py(2)

Figure 2. Model compounds Py(2) and Py(3).

as shown by the computed structures (AM1, Figure 3). The
calculated dihedral angle between the core and the first
branch is 65-66° for Py(5) and 71-73° for Py(17), with the
angle between the first and the second branch in Py(17)
around 84-89°. These new fully aromatic dendrimers are
relevant for artificial light-harvesting in a spatially well-
defined three-dimensional architecture, comprising only one
type of chromophore. Compared to other stiff aromatic
architectures, such as polyphenylene dendrimers,'” in which
several dyes must be attached to the phenylene scaffold to
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Figure 3. Calculated (AM1) 3D structures of first-generation dendrimer
Py(5) (left) and second-generation dendrimer Py(17) (right).

obtain a multichromophoric shape-persistent structure,™
each unit in these new systems is already a chromophore.
The molecular design was based on the innate reactivity of
pyrene, which dictated the 1,3,6,8-substitution pattern. The
use of tert-butyl groups was strategic in order to disfavor m—m
interactions between neighboring molecules and promote
solubility.

The synthesis of the first-generation dendrimer Py(5)
commenced with the preparation of 7-fert-butylpyrene-1-
boronic acid pinacol ester. Pyrene was selectively mono-terz-
butylated to afford 2-tert-butylpyrene,!'” which was then
treated with bromine (1 equivalent) in CH,Cl, at —78°C, to
provide 1-bromo-7-tert-butylpyrene in 75 % yield. Borylation
under Suzuki-Miyaura conditions!'® using bis(pinacolato)di-
boron afforded the desired building block in 98 % yield. The
Suzuki-Miyaura cross-coupling of 7-fert-butylpyrene-1-bor-
onic acid pinacol ester with tetrabromopyrene!™ using
[Pd(PPh;),] as the catalyst and K,CO; as the base in
toluene/H,0O at 80°C afforded the 1,3,6,8-tetrakis(7-tert-1-
pyrenyl)pyrene Py(5) in 42% yield. The second-generation
dendrimer Py(17) was synthesized using an approach that can
be extended to higher generation dendrimers (Scheme 1).
The critical step was the coupling reaction between boronic
ester 1 (3.0 equivalents) with 1,3,6,8-tetrabromopyrene. The
best results were achieved in the presence of [Pd(PPh;),] and
Ba(OH),-8 H,O as base in toluene at 80 °C, providing bromide

c)

Py(17)

Scheme 1. Synthesis of second-generation dendrimer Py(17). Reagents
and conditions: a) 1,3,6,8-tetrabromopyrene, [Pd(PPh;),],

Ba(OH),-8 H,0, Aliquat 336, toluene, 80°C, 20%; b) bis(pinacolato)di-
boron, [Pd(dppf)Cl,], KOAc, 1,4-dioxane, 90°C, 98 %; c) 1,3,6,8-tetra-
bromopyrene, [Pd(PPh;),], Ba(OH),-8 H,0, Aliquat 336, toluene, 80°C,
38%. dppf=1,1"-bis(diphenylphosphino)ferrocene.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2 in 20% yield. Subsequently, bromide 2 was converted into
the pinacol boronic ester 3 under Suzuki-Miyaura condi-
tions'® in 98% yield. The optimized coupling reaction of
compound 3 (6.0 equivalents) with 1,3,6,8-tetrabromopyrene
gave a complex mixture of products from which 1,3,6,8-
tetrakis(7-tert-butylpyren-1-yl)pyrene Py(17) was successfully
isolated in 38 % yield using preparative HPLC (Scheme 1).

As expected, the presence of atropisomers was detected in
these new dendritic systems, in a similar manner to bis-3,4-
benzopyrene, for which two atropisomers are possible.'” The
MALDI-TOF mass spectrum of first-generation dendrimer
Py(5) showed only one molecular peak at m/z 1228, although
the 'HNMR spectrum revealed the existence of several
compounds without coalescence. Analytical HPLC confirmed
the existence of four out of the five possible atropisomers of
Py(5) (see the Supporting Information). Following the same
approach as for Py(5), the model compound Py(2) was
obtained in 82% yield from a Suzuki-Miyaura coupling
reaction between 1-bromo-7-tert-butylpyrene and 7-tert-
butylpyrene-1-boronic acid pinacol ester. The presence of
the fert-butyl group rendered it possible to selectively obtain
the 1,3-dibromo-7-tert-butylpyrene derivative, which was then
reacted in a coupling reaction with 7-fert-butylpyrene-1-
boronic acid pinacol ester to afford model-compound Py(3)
in 68 % yield. As predicted, HPLC analysis revealed just one
single peak for Py(2) because only enantiomers are possible.
However, for Py(3) the presence of two atropisomers was
confirmed.®

The absorption and fluorescence spectra of the oligopyr-
enes Py(n) (n=2, 3, 5, and 17) in toluene at 25°C are
presented in Figure 4. In the absorption spectra, the vibra-
tional structure of 1-methylpyrene (1-MePy) is still visible.
From Py(2) to Py(17), the broad absorption band red shifted
from the structured part of the spectrum increases in relative
intensity. This broad band reflects the intramolecular inter-
action between the pyrene moieties in the Py(n) compounds,
which becomes stronger from Py(2) to Py(17). The extinction
coefficient per pyrene subunit at the maximum of the
absorption spectrum &¢™*/n (Table 1) becomes smaller with
increasing n, from 25180M 'cm ™! for Py(2) to 18990mM 'cm ™!
for Py(17). These values should be compared with the £™* of
1-MePy (39730m 'cm ') and pyrene (45870m 'cm ™), which
show that the minor perturbation by the methyl group in 1-
MePy leads to a decrease in ¢™* (Table 1). The fluorescence
spectrum of Py(2) consists of a single band, with some
vibrational structure. The fluorescence band shifts to the red
from 23300 cm™! for Py(2) to 20660 cm™! for Py(17), with a
simultaneous loss of structure (Figure 4). The fluorescence
quantum yields @; of Py(n) are between 0.72 for Py(2) and
0.69 for Py(17).

The fluorescence decays of Py(2), Py(3), and Py(5) in
toluene at 25°C, measured at the fluorescence maximum,
have a decay time 7, of 1.76, 1.86, and 1.51 ns, respectively
(Figure 5 and Table 1). In the case of Py(17), a triple-
exponential decay is found, with 7,=1.75ns as the major
component. Intermolecular excimer formation with the Py(n)
compounds can be excluded, because of their small concen-
trations (< 10~ mol L") and the short monomer-fluorescence
lifetime 7, of around 2 ns. From &; and t,, the radiative rate
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Figure 4. Absorption (Abs) and fluorescence (Flu) spectra of the
pyrene oligomers Py(n) (n=2, 3, 5, 17) in toluene at 25°C. Excitation

wavelength A,,=350 nm. Solution concentrations:

[Py(2)]=0.91x107°> mol L™"; [Py(3)]=0.57x 107> mol L™
[Py(5)]=0.165x10"° molL™"; [Py(17)]=0.075x10"° mol L.
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Figure 5. Fluorescence decay of the pyrene oligomers Py(n) (n=2, 3,
5, 17) in toluene at 25°C. Emission wavelength at the fluorescence
maximum (see Figure 4). The weighted deviations o, the autocorrela-
tion functions A-C and the values for y” are also indicated.

Aex=396 nm. Time resolution: 10.4 ps/channel with a time window of
1500 effective channels.

constant k; a measure of the probability of the S;—S,
transition, was calculated to be between 38.7x10”s™! for
Py(3) and 46.6 x 10" s™! for Py(5) (Table 1). These values are
more than 100-times larger than those of 1-MePy (0.33 x
10’s™") and pyrene (0.16x107s™"), indicating that, in the

Table 1: Data for the Oligopyrenes Py(2), Py(3), Py(5), and Py(17) and for 1-methylpyrene (1-MePy) and
Pyrene (Py) in Toluene at 25°C.

Compound &, E e/ M @ (flu)d 79 kf 7 (flu) E(S,)®
[MTem™ [Mem™ [ns] [o’s7 [10*cm™ [10°cm™
(nm)

Py(2) 50365 25180 0.72 1.76 409 23.30 25.17
(350.8)

Py(3) 69570 23190 0.72 1.86 38.7 23.20 24.70
(350.6)

Py(5) 93730 18750 0.70 151 46.6 21.31 23.08
(349.8)

Py(17) 322790 18990 0.69 1.75 39.6 20.66 22.42
(349.8)

1-MePy 39730 39730 0.57M 173 0.33 - 26.54
(345.6)

pyrene 45870 45870 0.51M 325 0.16 - 26.81
(337.8)

[a] Extinction coefficient at A, of the absorption spectrum. [b] Extinction coefficient divided by the
number of pyrene subunits n.[c] Fluorescence quantum yield. [d] Fluorescence decay time. For Py(17)
the longest decay time is listed (Figure 5d). With 1-MePy and pyrene the fluorescence lifetime 7, (5x
107" m solution, with no excimer formation) is presented. These 7, data come from ref. [19]. [e] Radiative
rate constant: k;= @ (flu) /z,. [f] Maximum of the fluorescence spectrum (Figure 4). [g] Energy of the first
excited singlet state S,, in the case of Py(n) approximated from the crossing of the absorption and
fluorescence spectra. For 1-MePy and pyrene, the energy of the 0-0 vibrational peak in the absorption
spectrum is given. [h] For a dilute solution (3x107°m for 1-MePy, 2x107°m for Py), with negligible
influence of excimer formation, from ref. [20].
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Py(n) compounds, a state reversal
of the S,(L,) and S,(L,) ordering of
1-MePy and pyrene has taken
place.

In summary, we have reported
a new type of stiff multichromo-
phoric system, polypyrene den-
drimers, incorporating a well-
defined number of pyrene units in
a confined volume. The rigid and
strongly twisted 3D structure
allows a precise spatial arrange-
ment in which each unit is a
chromophore. The large extinction
coefficient and fluorescence quan-
tum yield make these dendrimers
attractive candidates for use as
fluorescence labels. A detailed
study of the excited-state processes
in these multichromophoric sys-
tems is currently in progress.

Experimental Section
The fluorescence decay times were
obtained by time-correlated single
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photon counting. The picosecond laser system consists of a mode-
locked titanium-sapphire laser (Coherent, MIRA 900F) pumped by
an argon ion laser (Coherent, Innova 415).”!! The instrument
response function of the laser SPC system has a FWHM of 19 ps.
The fluorescence spectra were measured with a quantum-corrected
Fluoromax-3 (modified)?! spectrofluorometer. The absorption spec-
tra were run on a Cary 500 spectrometer.
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