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Abstract: Polyphenylene dendrimers possessing a defined number of keto groups in the dendritic scaffold
have been synthesized by using a benzophenone-functionalized tetraphenylcyclopentadienone branching
unit. A postsynthetic functionalization of the polyphenylene backbone was achieved by reacting the entrapped
keto groups with organolithium reagents yielding monodisperse alcohol products. To investigate the
accessibility and reactivity of the embedded groups, many functions of different size and nature, for example,
the chromophore pyrene, were introduced. Moreover, suitable precursors for the synthesis of dendrimer
entrapped species, trityl cations, trityl radicals, and ketyl radical anions, were obtained. To gain insight into
the structure of these newly functionalized dendrimers, UV/vis, EPR, and NMR measurements have been
performed. They showed a delocalization of the charge/spin into the polyphenylene dendritic arms leading
to a stabilization of the ions/radicals. Remarkably, for the ketyl radicals, EPR measurements indicated the
occurrence of intermolecular metal-bridged biradicals. They suggest the existence of a dendritic radical
network of the dendrimers themselves.

Introduction to electronic effects, bulky substituents can produce steric

] o hindrance keeping the radicals apart from each cther.
Throughout the last years, there has been an increasing interest 14 gptain defined nanostructurémany functions have been

in the synthesis of three-dimensional architectures bearingjntroduced in the cofeor in the peripher§ of dendrimers.
multiple spin and/or charge carrying functionkn this regard,  However, only few examples of a regiospecific covalent
dendritic structures with their unique properties, for example, functionalization of the interior dendrimer backbone are knéwn.
monodispersity and mesoscopic dimension, have been func-In general, two possibilities exist for the functionalization of
tionalized with suitable groups that allowed the synthesis of
novel nanoobjects. For instance, Rajca étambined dendritic
macrocycles with spatially well-defined polarizedspins to
achieve organic magnetic materials on the nanoscale. However, E' J. lAgrggczheZn;gSodSSG 108 3762-3770. (d) Janzen, E. Gcc. Chem.
. . . . . . es. s .
the EXpe”mental examination and quantification of radical (4) (a) Frehet, J. M. J.; Tomalia, Dendrimers and Other Dendritic Polymers
i i i i i i Wiley: Chichester, England, 2001; and references therein. (b) Newkome,
SPECIES 1S ,Ofte,n dlfflCUlF because of their high reactivity and G. R.; Moorefield, C. N.; Vatle, F.Dendrimers and Dendrons: Concepts,
thus short lifetime. To circumvent these problems, Ballester et Syntheses, ApplicationWiley-VCH: Weinheim, 2001; and references
al. introduced perchlorinated triphenylmethyl radicals possessing g‘g;ﬁﬁé&?{}gﬁ‘&gggﬁ?ﬁﬂ”&iﬁ#'2&‘1?'321_'%‘%%%‘@{5’2%%@”
high chemical and thermal stabilityThe investigation of the
monomer-dimer equilibrium of the parent triphenylmethyl S.; Hesse, R.; Schwierz, H.; Windisch, Brog. Polym. Sci200Q 25, 987—
1041. (f) Moore, J. SCurr. Opin. Colloid Interface Sci1999 4, 108-
125 14168-14180. (b) Harth, E. M.; Hecht, S.; Helms, B.; Malmstrom,
E. E.; Frehet, J. M. J.; Hawker, C. J. Am. Chem. So002 124, 3926—

(3) (a) Viehe, H. G.; Janousek, Z.; Meng, R. Substituent Effects in Radical
Chemistry NATO ASI Series C; D. Reidel: Dortrecht, 1986; Vol. 189.
(b) Neumann, W. P.; Penenory, A.; Stewen, U.; LehnigJMAmM. Chem.
So0c.1989 111, 5845-5851. (c) Neumann, W. P.; Uzick, W.; Zarkadis, A.

Zimmerman, S. C.; Lawless, L. J. DendrimerdV; SPRINGER-VERLAG
BERLIN: Berlin, 2001; Vol. 217, pp 95120. (e) Vatle, F.; Gestermann,
radical showed that phenyl substituents are very powerful 16
stabilizing substituents, mainly due to resonance. In addition (5) (a) Gopidas, K. R.; Whitesell, J. K.; Fox, M. A. Am. Chem. So2003

(1) (a) Ziessel, R.; Stroh, CSynthesi2003 2145-2154. (b) Kaneko, T.;
Makino, T.; Miyaji, H.; Teraguchi, M.; Aoki, T.; Miyasaka, M.; Nishide,
H. J. Am. Chem. So@003 125, 3554-3557. (c) Nishide, H.; Ozawa, T.;
Miyasaka, M.; Tsuchida, El. Am. Chem. So2001, 123 5942-5946. (d)
Lahti, P. M., Ed.Magnetic Properties of Organic MateriglsMarcel

Dekker: New York, 1999. (e) Nishide, H.; Miyasaka, M.; Tsuchida, E.

Angew. Chem., Int. EA.998 37, 2400-2402. (f) Head, N. J.; Prakash, G.
K. S.; Bashirhashemi, A.; Olah, G. . Am. Chem. So&995 117, 12005~
12006. (g) Rajca, AChem. Re. 1994 94, 871-893. (h) Miller, J. S.;
Epstein, A. JAngew. Chem., Int. Ed. Endl994 33, 385-415. (i) Ballester,
M. Acc. Chem. Red.985 18, 380-387. (j) Skotheim, T. AHandbook of
Conducting PolymersMarcel Dekker: New York, 1986; Vols. 1 and 2.

(2) (a) Rajca, S.; Rajca, A.; Wongsriratanakul, J.; Butler, P.; Choi, SJ.M.
Am. Chem. So@004 126, 6972-6986. (b) Rajca, A.; Wongsriratanakul,
J.; Rajca, S.; Cerny, RAngew. Chem., Int. EAL998 37, 1229-1232.
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3938. (c) Hecht, S.; Fohet, J. M. JAngew. Chem., Int. EQ2001, 40,
74-91. (d) Gorman, C. B.; Smith, J. @cc. Chem. Re2001, 34, 60—71.
(e) Swallen, S. F.; Kopelman, R.; Moore, J. S.; Devados§, ®lol. Struct.
1999 486, 585-597.

(6) (a) Fuchs, S.; Kapp, T.; Otto, H.; Schoneberg, T.; Franke, P.; Gust, R.;

Schiiter, A. D. Chem.-Eur. J2004 10, 1167-1192. (b) Ffehet, J. M. J.
J. Polym. Sci., Part A: Polym. Chei2003 41, 3713-3725. (c) Twyman,
L. J.;King, A. S. HJ. Chem. Res., Synap002 43—59. (d) Smith, D. K;
Diederich, F.Chem.-Eur. J1998 4, 1353-1361.

(7) (a) Hecht, SJ. Polym. Sci., Part A: Polym. Che2003 41, 1047-1058.

(b) Schultz, L. G.; Zhao, Y.; Zimmerman, S. 8ngew. Chem., Int. Ed.
2001, 40, 1962-1966. (c) Ottaviani, M. F.; Montalti, F.; Turro, N. J.;
Tomalia, D. A.J. Phys. Chem. B997 101, 158-166. (d) Koper, G. J.
M.; van Genderen, M. H. P.; Elissen-RomeC.; Baars, M.; Meijer, E.
W.; Borkovec, M.J. Am. Chem. S0d.997, 119 6512-6521.
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inner dendrimer generations: (i) the use of a branching unit E?tcljeme 1 IS_Iyrllﬁt]ﬁsislt))f ttf;]e Br”anﬁhingl}U[gits?aﬁhBiT-[4-2(2-I{)4-
. . . . n : riisopropylsilylethynyl)-ethynyl]-phenyl} -[1,3]dithiolan-2-yl)-

carrying the desweo! fqnctlon (a priori) or (i) a postsynt.hgluc phenyl]-2,5-diphenylcyclopentadienone (7)2

approach (a posteriori). The latter offers a larger flexibility

OH o
because once the dendrimer has been synthesized, the func- s. i Br. L Y 0) \
1

tionalization can easily be varied. Recently, Majoral and

Caminade et dl.introduced phosphorus dendrimers, in which ? =T
a layer-specific grafting of different reagents has been achieved. N

Schiiter et al® presented a concept based on internal aryl bromo N 9AY N
functions that could be reacted using Suzuki cross-coupling. 5 \_QSi]/

Polyphenylene dendrimers have attracted great attention, as
they possess stiff and shape-persistent dendfawisich allowed
the efficient shielding of core moietifs as well as the
topologically defined placement of functions on the surféce.
Up to now, however, defined postsynthetic functionalizations
in the scaffold of polyphenylene dendrimers are still elusive.

In this paper, we present the synthesis of a benzophenone-
substituted tetraphenylcyclopentadienone branching unit that was
employed n a D|eIsAIder cygloaddltlon to bu”.d up polyphen- a(j) Oxalyl chloride, DMSO, triethylamine, Cil,, —78 °C, 93%; (ii)
ylene dendrimers with a defined number of incorporated keto ethane-1,2-dithiole, BFOAC, CH.Cl, 95%: (iii) 2/4, 1.1 equiv of
groups. Because keto groups are known to be important trisopropylsilylethyne, [Pd(PRJICl,, PPh, Cul, tolueneftriethylamine, 97/
substrates for several reactions, for example, Aldol- and Claisen-96%; (V) 3 equiv of5, Pd(PPB)s, KzCO;, toluene/ethanol, 80C, 78%.
condensation or Grignard-reactioighey exhibit both prereg-
uisites for a postsynthetic reaction, high reactivity as well as
high selectivity. A postsynthetic functionalization was therefore  Synthesis of the Scaffold-Functionalized Polyphenylene
applied by reacting the dendrimers with organolithium reagents. Dendrimers. A key reagent for the construction of polyphen-

In that way, suitable precursors for the synthesis of trityl radicals ylene dendrimers with embedded keto groups is a tetraphenyl-
and trityl cations were obtained. Moreover, because the direct cyclopentadienone branching unit, carrying benzophenones, and,
reduction of benzophenone with potassium is known to form in addition, ethynyl groups allowing further growth in a Diels

the ketyl radical aniof? this was also tested for the benzophen- Alder cycloaddition. Recently, we have shown that the boronic
one bearing dendrimers. Entrapping radicals or charged speciegicid-functionalized tetraphenylcyclopentadien6nga versatile

in p0|ypheny|ene dendrons was expected to lead to a de|oca|_bui|ding block, as bromo- or iodo-substituted aromatic com-
ization of their charge/spin into the all-phenyl backbone. pounds with the desired functionality can easily be introddéed.
Moreover, the intramolecular recombination or dimerization of 1herefore, the asymmetric benzophenone derivaBveias
radical centers should be avoided due to the hindered motionSynthesized in which the bromo function was designed for the
of the shape-persistent dendritic arms. EPR and NMR techniquesc©UPling with6 (Scheme 1). .

were used to investigate the role of the polyphenylene shell upon After mono-lithiation of 1,4-diiodo-benzene, the reaction was

the accessibility and the chemical properties of the charge/spinduénched with 4-bromo-benzaldehyde to afford (4-bromo-
carrying centers. phenyl)-(4-iodo-phenyl)-methanoll) in 80% vyield® Subse-

guent Swern oxidatidi generate@ in almost quantitative yield.

(8) (a) Severac, M.; Leclaire, J.; Sutra, P.; Caminade, A. M.; Majoral, J. P. The d,esymme,trlzatlon of the penZOphenone mad,e su.r.e that the
Tetrahedron Lett.2004 45, 3019-3022. (b) Galliot, C.; Larre, C.; following Hagihara-Sonogashira cross-couplitfgwith triiso-
Caminade, A. M.; Majoral, J. FSciencel997, 277, 1981-1984. ; ; : ;

(9) Bo. 7. S.: ScHter, A.: Franke. P.: Scliter, A. D.Org. Let.2000 2, 1645~ propylsnylethyn_e cogld be carned.out_ sele_ctlvely on the iodo
1648 function to obtain a single product in high yield. Unfortunately,

the Suzuki cross-couplif® of 3 with 6 gave the desired

Results and Discussion

(20) (a) Rbsenfeldt, S.; Dingenouts, N.; Potschke, D.; Ballauff, M.; Berresheim,
A. J.; Mullen, K.; Lindner, PAngew. Chem., Int. E@004 43, 109-112.

'(\Ell) wind, |M.; Fag%xgggtgr,llé.&vl\l_iel%ggeu.( I\§IZ rl:/fuen,HK.; c?pies% I?: v'\\;| benzophenone-functionalized tetraphenylcyclopentadienone (struc-
acromolecule , . (c ang, H.; Grim, P. C. M.; . . .
Foubert, P.; Vosch, T.. Vanoppen, P.; Wiesler, U. M.. Berresheim, A. J.; {Ure not shown) in only 20% yield, even when different catalyst
a1 Iz/ll)lll(gn, JK.;QDeL,Scer)yVJer,DF. ELapngUIr%%OO 16'3 980%9?314H e base systems were employed. However, after the introduction
a) Qu, J. Q.; Liu, D. J.; De Feyter, S.; Zhang, J. Y.; De Schryver, F. C.; s . . .
Millen, K. J. Org. Chem2003 68, 9803-9808. (b) Grebel-Koehler, D..  Of @ dithiolane protecting groufd, the reaction of5 with 6

Liu, D. J.; De Feyter, S.; Enkelmann, V.; Weil, T.; Engels, C.; Samyn, C.;  furnished the tetraphenylcyclopentadienonen 78% yield
Millen, K.; De Schryver, F. CMacromolecule2003 36, 578-590.

(12) (a) Qu, J. Q.; Pschirer, N. G.; Liu, D. J.; Stefan, A.; De Schryver, F. C;

Millen, K. Chem.-Eur. J2004 10, 528-537. (b) Herrmann, A.; Mihov, (15) Weil, T.; Wiesler, U. M.; Herrmann, A.; Bauer, R.; Hofkens, J.; De
G.; Vandermeulen, G. W. M.; Klok, H. A.; Mlen, K. Tetrahedror2003 Schryver, F. C.; Mllen, K. J. Am. Chem. So@001, 123 8101-8108.
59, 3925-3935. (c) Lor, M.; Jordens, S.; De Belder, G.; Schweitzer, G.; (16) Tour, J. M.; Rawlett, A. M.; Kozuki, M.; Yao, Y.; Jagessar, R. C.; Dirk,
Fron, E.; Viaene, L.; Cotlet, M.; Weil, T.; Mlen, K.; Verhoeven, J. N.; S. M.; Price, D. W.; Reed, A. M.; Zhou, C.-W.; Chen, J.; Wang, W.;
Van der Auweraer, M.; De Schryver, F. @hotochem. Photobiol. Sci. Wenyong, I. C.Chem.-Eur. J2001, 23, 5118.
2003 2, 501-510. (17) (a) Mancuso, A. J.; Brownfain, D. S.; Swern, D.Org. Chem1979 44,
(13) Ashby, E. C.; Laemmle, J.; Neumann, H. Kcc. Chem. Resl974 7, 4148. (b) Mancuso, A. J.; Huang, S.-L.; Swern,D.Org. Chem1978
272—-280. 43, 2480.
(14) (a) Kawai, A.; Hirakawa, M.; Abe, T.; Obi, K.; Shibuya, &.Phys. Chem. (18) (a) Wang, Y. F.; Deng, W.; Liu, L.; Guo, Q. Xhin. J. Org. Chem2005
A 2001, 105 9628-9636. (b) Hou, Z. M.; Jia, X. S.; Fujita, A.; Tezuka, 25, 8—24. (b) Sonogashira, K.; Takahashi, B.Synth. Org. Chem. Jpn.
H.; Yamazaki, H.; Wakatsuki, YChem.-Eur. J200Q 6, 2994-3005. (c) 1993 51, 1053-1063.
Molander, G. A.Acc. Chem. Res1998 31, 603-609. (d) Hirota, N.J. (19) (a) Ishiyama, T.; Murata, M.; Miyaura, N. Org. Chem1995 60, 7508.
Am. Chem. Socl967 89, 32. (e) Schlenck, W.; Weichel, Ber. 1911, (b) Miyaura, N.; Suzuki, A. AChem. Re. 1995 95, 2457.
1182. (20) Sondej, S. C.; Katzenellenbogen, J.JAOrg. Chem1986 51, 3508.
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Scheme 2. Synthesis of the Benzophenone-Functionalized Polyphenylene Dendrimer 142

on\H %

1st generation prot

core proton

a(i) 6 equiv of 7, o-xylene, 155°C, 98%; (ii) t-butylbromide, DMSO, 75C,
°C, 97%.

(Scheme 1). The key step in the synthesis of structurally well-
defined polyphenylene dendrimers is the repeateti2]dcy-
cloaddition of the branching unit to an ethynyl-substituted core
or dendrimer and subsequent deprotection of the triisopropylsilyl
(TIPS) protected ethynyl groups, which activates the molecule
for further growth. To place the functional groups in the inner
dendritic scaffold,7 was used in the first step of dendrimer
growth to give the first-generation dendrim&d (Scheme 2).
The monodispersity of the ketone bearing polyphenylene
dendrimers could easily be proven by means of MALDI-TOF
mass spectrometry. In the caseld®f no product mass signal
could be detected due to fragmentation of the dithiolane
protecting groups. However, the absence of the ethNMR
proton signal of the cor® indicated quantitative conversion.
To enable MALDI-TOF mass spectrometry for the higher

2nd generation proton
94%; (iii) 8 equiv of TBAF, THF, 96%; (iv) 16 equiv df3, o-xylene, 160

of the aromatic protons as well as for the protons of the
dithiolanyl, ethynyl, or TIPS groups. The relative intensities of
aromatic and aliphatic signals corresponded well with the
expected values. An additional proof of structure could be
obtained because characteristic signals of the core protons were
found (Scheme 2). Further, the protons on the pentaphenyl
repeating units showed generation-dependent chemical shifts in
theH NMR spectra. To obtain an impression of the shape and
size of the synthesized dendrimers, molecular mechanics
calculations were carried out by applying the MMFF metRbd.
Figure 1 shows as an example the three-dimensional structure
of the second-generation dendrinidrfunctionalized with eight
keto groups in its scaffold.

As the benzophenone-functionalized branching Wnftos-
sesses elongated branching arms, the calculated diameitér of

generation dendrimers, the deprotection of the benzophenoneg5.8 nm) is significantly bigger than that for the corresponding

was accomplished usingrt-butylbromide and DMSO to give
1121 The ethynyl-functionalized first-generation dendrimier
was obtained by quantitative desilylation of the TIPS protecting
groups with tetrabutylammonium fluoride (TBAF). Subsequent
Diels—Alder cycloaddition ofl2 and tetraphenylcyclopentadi-
enonel3 gave the second-generation dendritéin 97% vyield.

second-generation polyphenylene dendrimer (4.4 #napn-
structed from the parent branching udi{Scheme 2). The three-
dimensional structure df4 suggested that even in the scaffold

of the second-generation dendrimer the benzophenones (red)
are not shielded completely. This would allow reaction partners
to approach the keto groups, which might therefore become

The herein described dendrimers possess good solubility inaccessible toward chemical transformations. This point was

common organic solvents (GBI, toluene, or THF, e.g.11
even in hexane), which allowed their purification by column

investigated by further chemical transformations. A well-
investigatedr-system is the trityl cation, which is generated

chromatography as well as their complete characterization by immediately when the corresponding triphenylmethanol deriva-

standard spectroscopic techniquési NMR spectroscopy

showed well-separated and clearly assignable signals for some

(21) Olah, G. A.; Mehrotra, A. K.; Narang, S. Synthesid1982 2, 151.

12394 J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005

tive is reacted with a stong acid, such as trifluoroacidic acid

(22) Halgren, T. AJ. Comput. Chenil996 17, 490-519.
(23) Wiesler, U. M.; Berresheim, A. J.; Morgenroth, F.; Lieser, G~]listy K.
Macromolecule2001, 34, 187—199.
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Figure 1. Molecular model of the second-generation dendrifiemwith
eight benzophenones (red).

Scheme 3. Reaction of the Benzophenone-Functionalized
Dendrimer 14 with Lithium Reagents?

a(i) 15a 100 equiv of GHsLi, THF, 70 °C, 97%; 15b—d tert-
butyllithium, 1-bromo-4-trimethylsilyl-(TMS)-benzene/1-bromdett-butyl-

15a R =phenyl d R =pyrenyl
brR=—_}S- eRr=H
er=—H

benzene/1-bromopyrene, respectively, THF,°@) 96%, 78%, and 76%,

respectively;15e 170 equiv of LiAlH;, THF, 70°C, 80%.

Scheme 4. Formation of the Trityl Cations 16a—d and Hydride
Abstraction of 16a2

-

~

| 15a R= phenyl

_ e
ALY Ot

d R =pyrenyl

17 R = phenyl

(i) TFA/BF3-OEb, respectively, CHCly; (i) 163 triethylsilane, CHCly,
0 °C, 90%.

OEb) was used as the acid, the octacatl&acould be isolated

as the dark-blue trifluoroborate salt. The solid showed no
degradation when stored under an argon atmosphere at room
temperature for months. Hydrolysis df6a regenerated the
triphenylmethanol precursor as indicated by identical NMR
spectra of the hydrolysis product aridba To achieve an
independent structure proof, the reductionléf was carried
out using triethylsilane as a hydride doffo(Scheme 4). A
solution of16ain CH,CI, at 0°C was reacted with triethylsilane,
whereupon the color of the reaction mixture faded away
immediately. The desired single product could be verified

by NMR as well as by MALDI-TOF mass spectrometry. The
stability and therefore easy handling of the trityl cation-
functionalized dendrimet6awas expected to make it an ideal
candidate for the synthesis of a dendrimer bearing multiple trityl
radicals. A variety of procedures involving the reduction of a
triarylmethyl carbenium ion and the thermal or photolytic
decomposition of a suitable precursor are knéihihe dimer-

(TFA).2 Because keto groups are known to be highly reactive ization of triphenylmethyl radicals can be inhibited by bulky
toward organolithium reagents, multiple triphenylmethanol Para substituents; for example, the piggrt-butylphenyl)methyl
groups should be available by the reaction of the benzophenoneadical is thought to be fully dissociated in solut®nTo

bearing dendrimef.4 with, for example, phenyllithium. Ac-

cordingly, an excess of phenyllithium was reacted wiithin
refluxing THF, yielding the eight times substituted prodiisa
in 97% vyield (Scheme 3).

Purification of 15a was easily achieved by repetitive pre-

suppress the possible intramolecular recombination of the
dendrimer embedded trityl radicals, 1-bromaettbutyl-
benzene was converted via halogenetal exchange into its
lithiumreagent. Subsequent reaction with in the same way

as described before yielded dendrirh&c (Scheme 3). Similarly

cipitation from methanol. No side products could be observed 10 15a 15cwas converted into its corresponding trityl cation
by NMR spectroscopy, elemental ana|ysisl and mass Spectrom.derlvatlvelec The SyntheSIS of5aand15cdemonstrated the

etry. The ready availability of the polyalcohbba qualified it

as an attractive precursor for the synthesis of a dendrimer with
multiple entrapped trityl cations. Whelba was reacted with
trifluoroacidic acid (TFA) in CHCI,, the reaction mixture
immediately turned deep blue, indicating the formation of the

corresponding trityl cations (Scheme 4).

A detailed spectroscopic characterization of the trityl cations (
is given below. When borontrifluoride diethyl etherate ¢BF

(24) (a) Rathore, R.; Burns, C. L.; Guzei, |. A.Org. Chem2004 69, 1524
1530. (b) Meier, H.; Kim, SEur. J. Org. Chem2001, 1163-1167.

use of imbedded keto groups for the regiospecific postsynthetic

(25) (a) Badejo, I. T.; Karaman, R.; Fry, J. L. Org. Chem1989 54, 4591—
4596. (b) Carey, F. A.; Tremper, H. $. Am. Chem. Sod.968 90, 2578.

(26) (a) Reddy, T. J.; lwama, T.; Halpern, H. J.; Rawal, V.JHOrg. Chem.
2002 67, 4635-4639. (b) Forrester, A. R.; Hay, J. M.; Thomson, R. H.
Organic Chemistry of Stable Free Radica#scademic Press: New York,
1968; p 55.

27) Colle, K. S.; Glaspie, P. S.; Lewis, E. §.Chem. Soc., Chem. Commun.
1975 266-267. However, the fact that crystalline head-to-head dimers
can be obtained from solutions of tris(2,6tdit-butyl-4-diphenyl)methyl
radicals (Stein, M.; Winter, W.; Rieker, AAngew. Chem., Int. Ed. Engl.
1978 17, 692-694) and of tris(3,5-dtert-butyl-4-diphenyl)methyl radicals
(Kahr, B.; Vanengen, D.; Mislow, KI. Am. Chem. S04986 108, 8305
8307) raises the possibility of head-to-head association in solution.

J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005 12395
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functionalization of the interior dendrimer backbone. To show (C—OH, 77.2 ppm; C, 211.6 ppm}! 16d showed the smallest
the possibility of a more challenging functionalization, a downfield shift due to the conjugatedsystem of pyrene. The
trimethylsilyl (TMS) group was introduced analogously to the shift was even lower than for the reference (1-pyrenyl)-
above-describeg-tert-butyl group to givelsb (Scheme 3). diphenylmethyl catiolAé = 117.5 ppm (G-OH, 83.9 ppm;
TMS groups can easily be converted into iodiéfashich would C*, 201.4 ppm} The smaller downfield shift of the trityl cations
then allow further functionalization of the inner dendritic embedded in the dendritic structuré6a—d as compared to
structure via Suzuki or Hagiharssonogashira cross-coupling.  the parent trityl cation can be attributed to the delocalization of
Unfortunately, the reaction of iodine monochloride witBb the positive charge into ther-system of the neighboring
did not proceed quantitatively. dendritic phenyl rings. Characterization of the octatrityl cations
To test the accessibility of the benzophenones toward evenl6a—d by 'H NMR spectroscopy displayed well-separated
larger nucleophiles, the introduction of the sterically demanding signals for the aromatic triphenylmethyl protons. The chemical
chromophore pyrene was considered. Pyrene is one of the besthifts of 16a—d were derived from H,H-COSY and H,H-
studied chromophores with well-known fluorescence proper- NOESY experiments and are shown in Figure 2 (see also
ties?® When two pyrene molecules are in close proximity, Supporting Information).
excimers are formed leading to a characteristic emission in the  For comparison, the spectra of the polyalcohol precursors
UVIvis spectrun®*thus making pyrene ideally suited to study  15a-d are shown as well. The signal patterns of the triphenyl-
aggregation phenomena. Accordingly, the UV/vis spectra of a methyl cation units ofl6a—c were similar to those of tetra-
monodisperse dendrimer bearing multiple pyrene units in its 504 hexatrityl cations, obtained by Rathore e£4as well as
dendritic scaffold were expected to give information about the (4 those of the parent trityl catici.The peak assignment for
spatial arrangement of the introduced pyrenes. Thus, 1-bro-the protons of the pyrenyl units ib6d agreed with published
mopyrene was lithiated and reacted with the keto groups in the ya($2 and is given as an inset in Figure 2. A generation-
second-generation dendrime4 (Scheme 3). After prolonged  jependent chemical shift of the protons located on the pen-
reaction time, the 8-fold functionalization yieldirigpd could taphenylunits of the polyalcohol precursaa—d was observed
be proven by NMR and MALDI-TOF mass measurements, (scheme 2). For the protons of the first generation, singlets
showing that the outer polyphenylene shell did not hamper the ;.\ ,rred ats = 7.65 ppm (58 and 7.60 ppm 15b—d)
penetration :)fda_ rtnotlﬁc_ule as Iarged_as E’Ytr?”m?_b ar;d 1'5dt' respectively. The protons of the second generation were located
were converted into their corresponding trityl cation derivatives o 5 — 7 58 ppm (54), 7.52 ppm 15b, 159, and 7.56 ppm
16b and16d similarly to the before describetba (Scheme 4). (15d). Generating the octatrityl catiorsa—d resulted in a
To show further derivatizations of encapsulated benZOphenonedownfield shift of the first- and second-generation proton
funct|ons,_we tried t_o reduce the keto groups via hy_drogen_atlon. resonances due to the delocalization of the positive charge into
The r(_aactlon ofl4with an excess of L'AIHV\./aS carried th n the adjacent phenyl rings supporting the results from#e
refluxing THF and afforded after hydrolysis and precipitation NMR spectra. In this regard, the first-generation protons were
from methanoll5eas a single product in good yield (Scheme downfield shifted byA® = O’ 14 ppm fori6a—c and Ad =
3). Despite the rigorous reaction conditions, no degradation of 0.13 ppm forl6d. The secona-generation protons displayed a
the dendrons was observed underlining the chemical inertnes&‘1a'rgler downfield -shift 0fAd = 0.22 ppm forl6a—c and 0.18
of polyphenyle.ne dendrl_mers. . . ppm for 16d, respectively. Probably this is due to the smaller
Spe_ctroscop|c Propertl_es of th? Charg_e and Spin Carrying . distance between the positively charged carbon and the second-
Dendrlme_rs. I_n the following section, th(_a in dep?h spectro_scop|c_ generation proton+6.6 A) as compared to the larger distance
characterlzatl.on of the gharge anld spin carrying dendrimers |s(N12_3 A) between the first-generation proton and the cationic
presented. ngh-resolqtlom and*C NMR data for16a—d .___center3* Different from high-resolution NMR data, the optical
were reporded to quantify the.r?umber of charged centers. Slngleabsorption spectra df6éa—c were quite similar with a strong
distinctive peaks for the positively charged carbonlé6&—d absorption at ~ 600 nm red shifted as compared to the parent

were found in the'®*C NMR spectra proving the quantitative trityl cation (twin band,ime = 410 and 432 nm> 16d

conversion of "?‘" elght triphenylmethanol groups into the possesses an additional strong absorption baind=a742 nm,

corresponding trityl cationd3C NMR spectra ofl6a—c showed N .

shifts of A6 = 121.8 ppm (C-OH, 81.8 ppm: C, 203.6 ppm) which is similar to the reference (1-pyrenyl)diphenylmethyl
© PP , 0.9 PP, -, 0 PP cation3® The optical absorption spectra are included in the

for 16a—b andAo = 120.1 ppm (G-OH, 81.7 ppm; C, 201.8 . . . .
i . . Supporting Information. The strong bathochromic shifts seen
ppm) for 16¢ For the pyrenyl-substituted dendrime6d, a for the dendrimer embedded trityl catiod$a—c indicate a

downfield shift byAd = 112.0 ppm (G-OH, 83.6 ppm; C, o o . . :
. delocalization of the positive charge into the neighboring phenyl
195.6 ppm) was found. The transformation of the parent rings supporting the results from théH and °C NMR

triphenylmethanol into the corresponding trityl cation induced . . .
pheny P gty measurements. Furthermore, UV/vis spectra with similar ab-

a downfield shift of the methyl carbon bid = 134.4 ppm sorption bands were found for highly conjugated systems

(28) (a) Felix, G.; Dunoques, J.; Pisciotti, F.; CalasARgew. Chem., Int. Ed.
Engl. 1977, 16, 488-488. (b) Aalbersberg, W. G. L.; Barkovich, A. J.; (31) Ray, G. J.; Kurland, R. J.; Colter, A. Retrahedron1971, 27, 735.

Funk, R. L.; Hillard, R. L.; Vollhardt, K. P. CJ. Am. Chem. Sod.975 (32) Hansen, P. E.; Spanget-Larsen, J.; Laali, KJKOrg. Chem1998 63,
97, 5600-5602. 1827-1835.
(29) (a) Carmichael, I.; Hug, G. I[Handbook of Photochemistrgnd ed.; Marcel (33) Farnum, D. GJ. Am. Chem. S0d.964 86, 934.
Dekker: New York, 1993. (b) Birks, J. BPhotophysics of Aromatic (34) Distances were derived from three-dimensional structures calculated by
Molecules Wiley-Interscience, London, 1970. (c) ister, T.Angew. Chem., the MMFF method?
Int. Ed. Engl.1969 8, 333. (35) Shida, TElectronic Absorption Spectra of Radical lons, Physical Science
(30) However, the prolonged reaction time was probably not only a result of data 34 Elsevier Science Publishers B. V.: The Netherlands, 1935.
the size of the nucleophile but also of the delocalization of the negative (36) Shchepinov, M. S.; Korshun, V. A.; Egeland, R. D.; Southern, E. M.
charge in the pyrene moiety. Tetrahedron Lett200Q 41, 4943-4948.
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16a R= Hy i) lst-generation proton and o
16b R =TMS 2nd-generation proton (H,) 'l) ';) ';')
16¢ R =r-butyl ( ii) Ist-generation proton ~A

iii) 2nd-generation proton b,d

[
i) ii)iii)

16¢

86 84 82 80 78 7.6 7.4

[ppm]

86 84 82 80 7.8 7.6 7.4

VN

b,d
f
a
16b

86 84 82 80 78 7.6 7.4 86 84 82 80 7.8 7.6 7.4
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Figure 2. *H NMR spectra ofl6a—d trifluoroacidic acid salts (black line and assignment) and of their corresponding preclifserd (red line and
assignment) (500 MHz, CITl,/d-TFA, 300 K).

Scheme 5. Reduction of the Octatrityl Cations 16a and 16¢

consisting of a central triphenylmethyl cation with attached Yielding the Trityl Radical Bearing Dendrimers 18a,b?

oligo(1,4-phenylenevinyleney4b

The 8-fold pyrenyl-functionalized dendrimé5d was ob- "
tained from the postsynthetic functionalization1ef (Scheme
3). Its absorption spectrum showed signal patterns comparable

to that of unsubstituted pyrene (Supporting Information) except |/ \ ; ./ \'. .

for additional strong absorptions at short wavelengths belonging '\ / 16a R= phenyl \.\ /.f 18a R= pheny

to the dendritic polyphenylene backboteThe introduced e ¢ R=-Or = R

pyrenes are bound via a%garbon; thus their conjugation with 2 (i) CHClz, SnCb.

the polyphenylene dendrons is interrupted. Only small batho-

chromic shifts of the pyrene absorptioii(nax = 11 nm) were The stable trityl cation bearing dendrimér@aand16cwas
therefore induced in contrast to 1,3,6,8-tetraphenylpyrAng used as starting materials for the synthesis of polyphenylene
= 43 nm)38 The extinction coefficient of 15d (2.47 x 10* dendrimers containing multiple trityl radicals in the dendritic
m? mol~%, 348 nm) was approximately the 8-fold value as for scaffold (Scheme 5).

monomer pyrene (3.1% 10° m? mol%, 337 nm), further In a sealed glass tubd6a was dissolved in CkCl, and

supporting the 8-fold incorporation of pyrene into the dendritic reduced with SnGlto give the dendrimet8abearing multiple
backbone of15d. Unsubstituted pyrene exhibits a Strong tl'lty' radicals. The reaction was followed USing UV/vis and EPR
characteristic excimer fluorescencelat 475 nm arising from  spectroscopy. After some hours of mixing, the blue solution of
the close proximity of two pyrene moleculé®.No excimer the trltyl cations S|0W|y became green and one Strong absorption
fluorescence was observed for the embedded pyrengsdn ~ band at~400 nm with a shoulder at370 nm appeared in the

A spatially separated arrangement of the pyrene moieties insideUV/Vis spectra (Supporting Information). As compared to the
the dendrimer backbone can therefore be suggested, mainly dudarent trityl radical possessing two absorption maximaJ{=

to the stiff and shape-persistent polyphenylene dendions. 332, 515 nm§? only the absorption signal at400 nm could
clearly be detected, while the one at longer wavelengthi7Q

(37) Liu, D. J.; De Feyter, S.; Cotlet, M.; Stefan, A.; Wiesler, U. M.; Herrmann,

A.; Grebel-Koehler, D.; Qu, J. Q.; Mien, K.; De Schryver, F. C. (39) (a) Maki, A. H.; Allendoe, R. D.; Danner, J. C.; Keys, RJITAm. Chem.
Macromolecule2003 36, 5918-5925. S0c.1968 90, 4225. (b) Bromberg, A.; Schmidt, K. H.; Meisel, D. Am.
(38) Berlman, I. BJ. Phys. Chem197Q 74, 3085. Chem. Soc1985 107, 83—-91.
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Scheme 6. Formation of Ketyl Radical Anion Bearing Dendrimers 2.5 ey
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nm) was hidden in the strong absorption of the cation. The first
absorption ofL8ais shifted by 70 nm as compared to the parent
trityl radical and is thus very similar to other phenyl-substituted
trityl radicals, for example, 4,4diphenyltrityl (Admax = 55
nm)3° Accordingly, an efficient delocalization of the spin
density into the adjacent phenylene unitd8&can be assumed.
This suggests a similar stabilizing effect of the polyphenylene Fgure 3. UVIvis absorption spectra of dendrimd in THF (1-6) inthe
dendrons for the embedded trityl cati d, trityl radicals, o][der of further reduction. Inset: EPR spectrum at the maximum intensity
ara of the radical monoanion absorption barid< 950 nm) in THF at 300 K.
and the benzophenone radical anions to be discussed later. As . ) )
SnCh is not soluble in CHCl,, the heterogeneous reduction These bands can be assigned to the formation of the radical
proceeded very slowly. Even after prolonged reaction times anions of b_enzo_phenones in the dendrm_c scaffold, and the
(several days), however, the absorption band of the octatrityl bathochromic sh|ft_as compared to the signals of the parent
cation 16a (lmax &~ 620 nm) only decreased but did not benzophenone aniomfa = 336 and 560 nni} can be
disappear. It might be suggested that the remaining cation gttributed tp some delocal?zation of the charge and spin density
absorption band still hampered the detection of the bathochro-into the adjacent phenyl rings of the polyphenylene dendrons.
mically shifted second absorption band of the polyphenylene- At @ maximum intensity of these bands, the EPR spectra
substituted trityl radicals. The same behavior was found for the displayed a broad signal with four shouldess ¢ 0.27 mT;
trityl radical derivativel8b. The EPR spectrum df8ashowed see inset in Figure 3). Their hyperfine coupling can be assigned
at least 15 resolved lines (seven lines between the two maxima).l0 the four ortho-protons carrying the largest spin density, while
Due to the asymmetric nature of the trityl sites, already the the para-positions of the benzophenone radical monoanion are
proton couplings with the ortho-protons of the three phenyl rings Plocked by further phenyl rings. Upon continued reduction on
should be different. Furthermore, the neighboring phenyl rings thé potassium mirror, the absorption bands of the radical
possess some spin density rendering a full analysis of the Monoanion £ = 410 and 950 nm) disappeared and two new
hyperfine coupling constants difficult. As the para-position of @bsorption bands @t= 575 and 800 nm were displayed. They
the trityl radicals in18b is blocked by atert-butyl group, a can be attributed to the absorption bands of the benzophenone
reduced number of 13 lines was observed in its EPR-spectrumdianions in the dendrimét. Further, an isosbestic point was
(five lines between the maxima), indicating the loss of the observed aié = 1013 nm, which indicated that the radical
coupling with the para-proton of the phenyl ring. From the Monoanions were transformed into the corresponding dianions
recorded UV/vis and EPR spectra, it thus becomes evident thatWithout any side reactions. EPR showed a signal of very low
dendrimer entrapped trityl cations have been converted into theirintensity; however, no complete diamagnetic state could be
analogous trityl radicals. Upon standing, the initial green color achieved even after extended reaction times. The UV/vis signals
of the solutions became colorless. Similarly, the color faded Proadened with prolonged contact times. These findings can
away immediately when the sealed glass tubes were openedP€ €xplained by additional charging of the phenylene shell,
Obviously, the multitrityl system&8ab were less stable than, where these extra charges are not localized on any defined bi-
for example, the perchlorinated triphenylmethyl radidals. or triphenyl units?? but just delocalize by electron hopping over
Extensive studies have been performed on the formation of Many phenylene units. Thus, while the ketyl species could be
stable radical anions by the reaction of ketones and aldehydesdenerated quantitatively, a well-defined reduction to the ben-
with metalst4 This chemistry should be tested for the ben- ZOPhenone dianions was not possible, before charging of the
zophenones being embedded in the dendritic structure, becaus@0lyphenylene shell resulted in dendrimers possessing differently
we had already shown their accessibility for various chemical charged species.
transformations. The reduction of the benzophenone bearing The alkali metal reduced ketyl radical anions are well known
polyphenylene dendrimet4 was performed on a potassium 0 form metal (counterion)-bridged dimers, which can be
mirror under high vacuum in THF solution (Scheme 6) using a identified as biradicals in the triplet staﬁ‘é’:d-“x“Therefore,_
technique previously describé®l. also the frozen state EPR spectra were recorded at maximum
UV/vis and EPR spectroscopy were applied to monitor the intensity of the radical monoanion. These EPR spectra displayed
reduction. Upon contacting the solution of the benzophenone characteristic large zero-field splittings ob2= 15-17 mT
bearing dendrimet4 with the potassium mirror, two increasing (41) Baumgarten, M.: Gherghel, L - Wehrmeister Ghem. Phys. Letf1997

absorption bands dt~ 410 and 950 nm were observed in the 267, 175-178.

; i (42) (a) Shida, T.; lwata, S. Am. Chem. So4973 95, 3473-3483. (b) Shida,
UVlvis spectra (Figure 3). T., lwata, S.J. Chem. Phys1972 56, 2858. (c) Shida, T.; lwata, S.
Phys. Chem1971, 75, 2591.

=
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wavelength / nm

(40) (a) Baumgarten, M.; Huber, W.; NMen, K. Adv. Phys. Org. Chentl993 (43) Takui, T.; Sato, K.; Shiomi, D.; Nakazawa, S.; Yano, M.; Kinoshita, T.;
28, 1-44. (b) Baumgarten, M.; Mien, K. In Electron-Transfer ;| Abe, K.; Itoh, K.; Nakamura, T.; Momose, T.; Shida, Nlol. Cryst. Liq.
SPRINGER-VERLAG BERLIN: Berlin 33, 1994; Vol. 169, pp-103. Cryst. Sci. Technol., Sect. ¥997, 306, 353—-362.
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. . . . ; . . . . Figure 5. Schematic illustration of the biradical formation of radical anion
325 330 335 340 345 bearing dendrimers.
magnetic field / mT

Figure 4. EPR spectra of the radical anid#~ in THF at~120 K; zero- . .
field splittings enlarged upon enhanced scale of spectrum. backbone. These dendrimers turned out to be suitable substrates

for a perfect postsynthetic functionalization of the inner den-
(Figure 4), which are of size similar to what is usually found drimer using organolithium reagents. Even large reaction
for benzophenone anion dimers)(2s 18—20 mT)?14b.d41.43 partners such as pyrene could be introduced quantitatively,
In addition to the typical signals for the zero-field splittings, allowing the easy and versatile modification of the dendritic
which exceeded the spectral width of the anisotropic hyperfine scaffold. This postsynthetic procedure should enable even the
interaction of the monoradicals, also a relatively strong half- jntroduction of functionalities, which are not stable under the
field transition atg ~ 4 was found Ams = 2), further conditions of the DielsAlder cycloaddition T ~ 430 K).
demon;trat?ng the triplet.character of these birad.icals. Apgording Further proof for the accessibility of the inner keto groups was
to a point dipole evaluatioff,the observed zero-field splittings 5 -hieved as trityl cations, trityl radicals, and ketyl species could

corrte Spo_?g tq et1 dlstalncelof 8.'5?'57 an t;etwee? th% radlcallq be generated throughout the dendritic scaffold. Thereby, the stiff
centers. The inramolecular distances between two benzopnens, shape-persistent polyphenylene dendrons ensured the
ones in the dendritic structure, on the other hand, were found

0 be 1.2-1.5 nn# and should therefore give only small zero- formation of spatially separated and thus stabilized functions.

) o ; . . However, only the trityl cation derivatives were stable under
field splittings of D < 3.2 mT for intramolecularly interacting bient diti Particular attenti hould be d t0 th
radicals in14*~. Such tiny splittings could unfortunately not ambient conditions. Farticular attention should be drawn to the

be resolved due to the broad radical monoanion signal. Thus,adical anion bearing dendrimers where the formation of
the large zero-field splittings can only be explained by inter- mtgrmolecular b|rad|cg]s was observed, suggesting thg existence
molecular penetration of dendritic arms, arranging the ketyl Of interlocked dendritic arms. It thus became obvious that
radicals in such a close proximity that metal-bridged biradicals P&nzophenone units only shielded by one dendrimer generation
are formed (see Figure 5). are highly accessible to many chemical transformations even
The formation of metal-bridged biradicals is obviously not With bulky substituents. Therefore, we are currently exploring
hindered by the outer phenylene shell, which is in line with the the formation of biradicals in polyphenylene dendrimers with
impression gained from the three-dimensional model structure & higher steric congestion where the benzophenone is used as
of 14 (Figure 1) displaying larger voids in the dendritic structure. the core system.
Further, the outer shell is para-substituted to the benzophenone
units, thus producing only little steric hindrance around the = Acknowledgment. Financial support by the Deutsche Fors-
radical center. Therefore, one can safely suggest the formationchungsgemeinschaft (SFB 625) is gratefully acknowledged. We
of a radical network of the dendrimers, originating from the thank C. Beer for synthetic support.
interlocking of different dendrimergl4<—-K *),.

Supporting Information Available: Additional UV/vis and
EPR spectra. Synthesis details and characterization (by NMR
The benzophenone-substituted tetraphenylcyclopentadienoneand FD/MALDI-TOF mass techniques) of the described den-

7 was used to synthesize monodisperse polyphenylene dendrimers. This material is available free of charge via the Internet
drimers, bearing a defined number of keto groups in their at http://pubs.acs.org.

Conclusion

(44) Mukai, K.; Sakamoto, J. Chem. Phys1978 68, 1432-1438. JA052856F
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