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Abstract: A new synthetic approach leading to asymmetrically substituted polyphenylene dendrimers is
presented. Following this method, polyphenylene dendrimers decorated with an increasing number of
chromophores at the periphery have been obtained up to the second generation. Especially the synthesis of a
polyphenylene dendrimer bearing three donor chromophores and one acceptor chromophore has been realized.
Intramolecular energy transfer within this molecule is demonstrated by applying absorption and fluorescence

measurements.

Introduction

In recent years there has been an increasing interest in th
design of macromolecules on the nanometer sScafaong these
nanoobjects, dendrimers play an important role, which is due
to their distinct size, monodispersity, and the ease of introduction
of functional group:2 Some effort has been made toward the
synthesis of dendrimers bearing more than one type of functiona
group at the peripheryOnly the convergent approach allows
an accurate control over the number and placement of func-
tionalities and therefore fulfils the requirement for the buildup
of asymmetric surface-functionalized dendrimers.che¢ and
co-workers were able to introduce two different functions via
the convergent attachment of two differently substituted poly-
(aryl ether) dendrons to a bifunctional cdrén this way
fascinating new molecules such as amphiphilic dendrimers
coated with carboxylic acid groups on one-half and alkyl chains
on the othet® or molecular dipole’¥ have been synthesized.

Recently, there have been a few examples of dendrimers

carrying multiple functions in close proximity to each otdet*
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or just one functional grodp1®at the periphery. However, the

doroposed use of dendrimers as nanosupports often requires that

they provide a predefined spatial nanoenvironment, which in
turn determines the necessary position of functional groups on
their surfaces. The flexibility of dendrimers built up from
aliphatic chains often precludes such a perfect spatial separation

jof the functional groups, as backfolding of the peripheral

substituents can occdif1® Especially the study of chro-
mophore-chromophore through-space interactions in such a
system requires a rigid support since increased flexibility leads
to undesired interactions such as aggregation, excimer formation,
and dye self-quenchintj:2°Recently, the shape persistence of
polyphenylene dendrimers has successfully been proven by
applying advanced NMR studi®&sand AFM measurements.

In particular, solid-state NMR characterization has clearly
proven that, due to the sterical hindrance imposed on a given
phenyl group by its neighbors which are bound to the same
core, only collective reorientations of all rings around one central
core can take place. As a result, only limited dynamics which
were identified as a well-localized, restricted reorientation of
single terminal phenyl substituents around fixed axes could be
observed. Furthermore, the stiffness and the size of these
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Scheme 1. Synthesis of the Asymmetrically Substituted Tetraphenylmethane Qad{@8%), 3 (47%), and4 (6%)

a Conditions: (i)n-BuLi, THF, 2 h,—78 °C; (ii) triisopropylsilyl chloride, 2 h, room temperature.

Scheme 2. Synthesis of BTI-Tetraphenylcyclopentadiendiiz
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dendrimers have also been determined by PFM-AFM (pulsed the use as a nanosupport is the absence of functional groups
force mode) measurementsThe construction of polyphenylene  within the dendritic scaffold, which is therefore highly chemi-
dendrimers via the DietsAlder reaction of a core molecule cally and thermally stable as well as inert to the introduced
carrying free ethynyl units with tetraphenylcyclopentadienones groups. Based on a convergent approach toward polyphenylene
has been the subject of many publications from our gFUfs. dendrimers, we now present dendrimers whose surface is coated
The reaction proceeds with concomitant extrusion of CO and asymmetrically with chromophores. Furthermore, the synthesis
allows a quantitative formation of the resulting dendrimer. of a multichromophore consisting of three donor chromophores
Functional groups are introduced at the periphery by using and one acceptor chromophore in a defined spatial arrangement
tetraphenylcyclopentadienone building units carrying the ap- will be described. So far, there exist some examples of
propriate functionality’’ Besides the topologically defined dendrimers whose surface is completely decorated with one type
location of the functions, a further advantage of this system for of chromophore®-32 To the best of our knowledge, the
attachment of an increasing number of single chromophores to
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Scheme 3. Synthetic Route toward Unfunctionalized and Monofunctionalized Dendrons
o} 0

a dendritic core which results in an asymmetrically substituted However these antenna systems cannot be used for single
surface has not been described previously. Recently, somemolecule spectroscopy (SMS) where the photochemical stability
examples of dendrimers carrying two different types of chro- of the chromophores and the emission at higher wavelength is

mophores (a donor and an acceptor) have been pubfsf&d?
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a key concern. We chose chromophores of the rylene series due
to their outstanding properties, e.g. chemical and photochemical
stability, which make them attractive candidates for S¥I&.

SMS is an excellent method for the measurement of spatial,
conformational, and time-dependent inhomogenities of chro-
mophores in a close vicinity, e.g. energy trandfef3 These
investigations are important for the better understanding of
biological processes such as energy transfer processes involved
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Scheme 4.General Method for the Synthesis of Asymmetrically Substituted Polyphenylene Dendrimers up to the Second
Generatioh
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a Representatively, this method is only shown for the case of a 3:1 ratio of the functionalities at the periphery.

in photosynthesf$—8 as well as for applications in the field of  Results and Discussion
light harvesting systent§;50

Synthesis of the Asymmetric Core.The synthesis of
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28a N-(2,6-diisopropylphenyl)-1,6-di(fert-butylphenoxy)-11(CO),-
12-benzoylterrylen-3,4-dicarboximide (BTV), due to their
outstanding photophysical properties and the spectral overlap
between the PMI-donor emission and the BTI-acceptor absorp-
tion. A PMI-labeled tetraphenylcyclopentadiendileas already
been reported by #8:°2 The attempted synthesis of tetraphe-
nylcyclopentadienonel2 carrying a BTl chromophore by
analogous chemistry was not successful. Therefore we have
applied a new reaction sequence starting from 3-(4-bromophe-
nyl)-2,4,5-triphenylcyclopentadienon®){ which is converted
into a protected boronic acidil by using the commercially
available bispinacolatodiboroh0.54 Compound8 then reacts

25e with 11 via a Suzuki coupling leading to12 in 69% vyield.

The build-up of the BTI-substituted tetraphenylcyclopenta-
dienonel2 required the new BTI chromophoi& carrying a
single bromo function. Compour8is prepared via bromination
of BTI 7 with bromine in trichloromethane at room temperature
in good vyield (79%). Reaction monitoring via thin-layer
chromatography or FD-mass spectrometry is indispensable to
minimize formation of multiply brominated byproducts which
appear after prolonged reaction times. The key compound for
the synthesis of polyphenylene dendrons is-djéthynylbenzil
(13), which contains two free ethynyl dienophile units and one
ethanedione function. This starting material is prepared via

l Sonogashira couplift§ of triisopropylsilylacetylene and 44

|
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dibromobenzil, followed by deprotection with KF in DMF (70%,
T T ™ T yellow crystals). After Diels-Alder cycloaddition with an excess
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Figure 1. MALDI-TOF mass spectra of the second generation - ] .
polyphenylene dendrimer carrying one single PMI chromopl2&z benzil 15 s obtained as a pale yellow amorphous powder

and the bichromophorg5e The calculated weight is 5365 g/mol for (S_cheme _3)' The Knoevenagel condensation of compdiind
28aand 4283 gimol fo25e with 1,3-diphenylacetonel ) in the presence of tetrabutylam-

monium hydroxide leads to the corresponding dendt@rin
obtained by treating tetrakis(4-ethynylphenyl)methai)eith 85% yield. The synthesis of an asymmetrically functionalized
a controlled amount afi-BuLi (see below) at-78 °C 5152 The dendron20 carrying one single bromo group also starts from
reaction mixture is then stirred for an additib@a under argon ~ diethynylbenzil 13 outlined in Scheme 3. Separation of un-
after addition of a 2-fold excess of triisopropylsilyl chloride ~Wanted byproductd3and15is achieved via column chroma-
(TipsCl), relative to the amount oEBuLi. A statistical product ~ t0graphy. In the following, the cycloaddition &8 and9 gives
mixture of one-, two-, three-, and 4-fold triisopropylsilyl- 191N nearly quantitative yield19 is then converted into the
protected derivatives results (Scheme 1, compo@yd@s and dendron20 via a Knoevenagel condensation with 1,3-diphenyl-
4), which is separated via column chromatography. The ap- &cetone1) as described above. The formation of the protected
proximate number of Tips groups is adjustable via the amount boronic acid21is accomplished in nearly quantitative yield via
of n-BuLi used: for example, a 2.2-fold excesseBuLi gives a reaction of20 with bispinacolatodibororiO. 21 is purified
3 as the main product in 47% vyield. After separation of the Via filtration over a short pad of silica gel. In the last step, the
main product via column chromatography, the remaining Suzuki coupling of21 and N-(2,6-diisopropylphenyl)-9-bro-

unresolved reaction mixture can be deprotected completely with Moperylene-3,4-dicarboximide leads to the target molecule: a
fluoride salts. In this way the starting compoutidcan be mono-PMI-substituted dendrd@® that is isolated as a dark red
recovered in nearly quantitative yield. Via this reaction sequence S°lid in moderate yields (73%). The key feature of the boronic
compound, 3, and4 can readily be synthesized in gram scale. acid-functionalized tetraphenylcyclopentadienone building unit

Synthesis of the Chromophore-Labeled Branchedn the 21 is the ease of introduction of new functional groups, via
following we will focus on the introduction of a distinct number simple coupling _W'thha bromo- for |o_do-s|gbst|tuted aromatic
of chromophores at the periphery of first- and second-generationCompoﬁnd. car][ylrplg the desweq UI?C“O”S ity. d ivoh
polyphenylene dendrimers. The essential building unit for the Synthesis of the Asymmetrlca y Su stitute Polyphe-
construction of fluorescent first-generation dendrimers is a NY/€ne Dendrimers.Starting from the pure partially protected

chromophore-labeled tetraphenylcyclopentadienone. Second-coreshe’ 3’| or |4)’ DieIg_—AIde_r cyc;lloaddiftion with the F:ch
generation dendrimers with a varying amount of chromophores tetraphenylicyclopenta lenoBentro uces from one up to four
are synthesized via the convergent-growth approach by using,PMI chrompphore units. Representatively, this rgactlon sequence
dendrons (dendrimer branches) carrying the chromophore. We!S Shown in Scheme 4 only for co To contribute to the
chose two chromophores of the rylene seriesN-2,6- clarity of the molecular structure, the number of the dendrimer

diisopropylphenyl)perylene-3,4-dicarboximide (PMB) and corresponds to a series of structurally similar dendrimers and
(53) Well, T.; Herrmann, A.; Mlen, K. Chem. Eur. JSubmitted for
(49) Zuber, H.; Brunisholz, R. AStructure and Function of Antenna publication.

n

of tetraphenylcyclopentadienon®4j in refluxing o-xylene, the

Polypeptides and Chlorophyll-Protein Complexes: Principles and Vari- (54) Ishiyama, T.; Murata, M.; Miyaura, Nl. Org. Chem.1995 60,
ability; CRC Press: Boca Raton, FL, 1991. 7508.

(50) Scholes, G. D.; Fleming, G. R. Phys. Chem. BR00Q 104, 1854. (55) Watanabe, T.; Miyaura, N.; Suzuki, Synlett1992 3, 207.

(51) Galoppini, E.; Gilardi, RChem. Commuril999 2, 173. (56) Takahashi, S.; Kuroyama, Y.; Sonogashira, K.; Hagihara, N.

(52) Mongin, O.; Gossauer, Aletrahedron1997, 53, 6835. Synthesi€98Q 627.
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Figure 2. First- and second-generation polyphenylene dendrimers coated with an increasing number of PMI chrom&8erds (
28a—d) and 3D model of the bichromophogbe

the alphabetic letter describes one dendrimer of this series.the first-generation polyphenylene dendrim25d25e For
Deprotection of the remaining triisopropylsilyl-protected ethynyl R3 = H, 25¢ a dendrimer with an asymmetric PMI distribution
unit of the dendrimer23c with BuNF/THF led to 24c at the periphery, was obtained as a bright red powder. The first-
Subsequent DietsAlder reaction of24cwith a tetraphenylcy- generation polyphenylene dendrimers substituted with one, two,
clopentadienone coated with a functionality “RB2/14 gave and four PMI units 25a 25b, and25d) have been realized in
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Figure 3. UV/vis absorption spectra of, 25¢ and25e (CHCly).
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Figure 4. Fluorescence emission spectrum2&ie A, = 500 nm (toluene).

the same way by starting from corg 3, or 1 as shown in with one PMI chromophore and the multichromoph2&zare
Scheme 4. By using the BTI-functionalized tetraphenylcyclo- given in Figure 1, showing only one single peak corresponding
pentadienone building uni2 (R3= BTI) to 24¢ polyphenylene to the molecular mass. In case of the multichromophore, an
dendrimer25e carrying both PMI and BTl chromophores was additional molecular mass peak [MAg] ™ cluster was detected.

obtained. The perfect agreement between the calculated and experimen-
The synthesis of the corresponding second-generation polyphe+tally determinednvz ratios for different generations of den-

nylene dendrimers was performed by starting from ceand drimers confirms their monodispersity.
Diels—Alder reaction with dendrorl?7. Deprotection of the Figure 2 gives an overview of the herein reported target
remaining triisopropylsilyl groups with BMWF and Diels-Alder molecules. Molecular mechanics calculations reveal a diameter

reaction with the PMI-substituted dendr@@ gave the second-  of about 2.5 nm for the first-generation series and 4.5 nm for
generation polyphenylene dendrim@8a carrying one single the second-generation series. The minimized structures of the
PMI chromophore. The synthesis of the second-generation first-generation dendrimers have been obtained by applying the
polyphenylene dendrimers decorated with a higher number of MM2 (MM +) force field as implemented in the software
chromophores has been carried out analogously. Two exemplarypackage HyperChem 6.0 (Hypercube Inc.). In this way, the
mass spectra of the second-generation dendi2®adecorated dendrimer and the PMI chromophores have been calculated
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separately and the global minimum has been obtained for bothbe described perfectly withFster energy transfer theory, which
separate molecules. The minimum structure of the tetrahedralis discussed in more detail in the following arti€fe.
core has been obtained by applying the same strategy that is
already well documented in the literatidn the last step, the  Conclusion
chromophores are attached to the dendrimer surface and the
whole molecule is optimized with the M# force field. Figure We have presented a convergent-growth approach toward
2 shows one possible low-energy geometry of the multichro- structurally well-defined polyphenylene dendrimers bearing an
mophore25¢ which was found to be sufficient to evaluate the asymmetrical distribution of functional groups at the periphery.
diameter of the molecule (diameter of about 2.7 nm) and the Such a well-defined distribution of functionalities is based on
approximate position of the chromophores with respect to eacha “desymmetrization” step as the synthetic key point. The use
other. According to the simulation, the chromophores are of polyphenylene dendrimers as an inert nanosupport opens up
situated exclusively on the surface of the dendrimer where their the way for studying interactions of two different types of
spatial arrangement is well-defined. functional groups where the distances and the positions of the
Absorption and Fluorescence Measurements. 25&s been functionalities are predefined. Following this idea, we have
obtained as a dark purple powder and shows good solubility in shown the synthesis of a multichromophore consisting of
most organic solvents. The color corresponds to the spectralperylene and terrylene chromophores that is also suitable for
sum of the red PMI and the blue BTI. The absorption spectra single molecule spectroscopy. This system behaves as a dendritic
of the multichromophore25¢ the 3-fold PMI substituted  light harvesting antenna that shows an energy transfer from the
dendrimer25¢, and the unfunctionalized BTI chromophore perylene chromophores toward the terrylene chromophore. We
in chloroform are depicted in Figure 3. The spectrun26t are currently working on the introduction of biologically active
exhibits absorption maxima at 509 (112 352 Mcm™1) and groups at the periphery of these highly fluorescent molecules.
527 (111 256 M cm™1) nm while the single BTI chromophore ~ The introduction of a biotin unit on one site of the dendrimer
absorbs at 691 (85 322 M cm~1) nm. The multichromophore  and multiple chromophores on the others would lead to highly
25edisplays absorption maxima at 508 (112 352"\m™1), fluorescent molecules bearing an affinity to a target molecule
527 (111 256 M cm™1), and 700 (83 613 M cm™%) nm, (e.g., a protein). However, the application of thus functionalized
corresponding to the absorption of the PMI and the BTI units. dendrimers as fluorescent markers in the area of visualization
Therefore the absorption spectrum2&ecan be approximated  (e.g., cellular processes) often requires water solubility. A
as a superposition of the spectra of the constituent moieties. Incombination of multifunctionalization, water solubility, and
view of the well-separated absorption envelopes it is possible fluorescence is crucial.
to excite the specific chromophores. The fluorescence quantum
yields @ = 0.98+ 0.05) of the dendrimer25a—d and28a—d Acknowledgment. This research was supported by the TMR
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