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Abstract: Three approaches for the synthesis of dendrimers with pgiiénylene)-PPP derived cores are described.
The respective limitations of these approaches are assessed in view of the goal of this research: to make available
structurally perfect, high molecular weight polymers with a dense sequence of sterically demanding dendrons.

Introduction cylinder® We report here two different approaches into poly-

] ) o (p-phenylene)s (PPP) whose backbones are densily packed with
Resea}rch on dendrimers first focused on synthetic ISSU€Sdendrons of generations one to three. The first starts from

concerning this new class of macromolecules; both academicfynctionalized PPPs as polymeric cores whose functional groups

and industrial chemists discovered divergent, convergent, andare ysed to anchor dendrons; the second uses benzene derived

divergent/convergent growth patterns and determined their monomers which already carry dendrons and which are then

intrinsic advantages and difficienci€sNow that a broad range  transferred into the corresponding PPP by some cleanly

of dendrimers is available, some even commercially, focus has proceeding stepgrowth polymerization. The polymers are

shifted from merely synthetic problems to questions such as synthesized using the Suzuki polycondensatitime dendrons

what are dendrimers good for and where are these uniqueare attached either by using the Williamson ether synthesis or

compounds superior to known systems? Dendrimers were thenyrethane formation, and the dendrons used are of thehBte
investigated, e.g., as large compartmented hosts for drugtype4

delivery, as carriers for catalytically active sites in flow reactors,
and for charge or energy transfer purpo%eBractically all

dendrimers known today are believed to attain a more or less In the first orienting experiments toward cylindrically shaped

spherical structure in solution. Recently, the question arose if . ) :
dendrimers can be made which do not have a spherical but rathergﬁgdsreocn (I)afjdggﬁgrrgtei}(;;:ao?vheertetgggcﬂzmgoﬁe%;g]ri;;zlr?ghor
a cylindrical shape in solutioh. Such a goal would not only

! . groups of PPRa in the presence of sodium hydride as base
be a challenge for synthetic chemistry per se because of the(Chart 1)7 Whereas the attachment b gave4b with a degree
enormous degree of structure control required but would also of coverage>95%, the coverage witBa in 4c could not be
contribute to the field of supramolecular chemistry in that !

blv f ionalized ind driven beyond some 5860%. In light of this finding, the third
reasonably unc“tlt_)na |ze” macrocylinders may act as new generation dendroBawas not even tried. In order to determine
constituents for “giganto” micelles, vesicles, membranes, etc.

if this limitation was due to steric hindrance between the
In convergent strategy, preformed dendritic fragments (den- dendrons, single crystals of the second generation dergiron
drons) are reacted with small, “dot-like” core molecules until \yere grown and its structure was solved by X-ray diffrackof.
complete coverage is reachedVhen dendrons were attached Dendron2c attains a more or less flat structure in the crystal
to polymeric cores instead, a macromolecule could be formed (Figure 1a) and fills the volume of a cylinder with a height of
with a backbone which is wrapped about by wedges that 4 A and a diameter of approximately 27 A to-485% (Figure
increasingly branch as they go from the inner to the outer 1b). The repeat unit ofa is approximately 12.5 A long and
regions. Depending upon the backbone stiffness, the degreecarries two hydroxy anchor groups. It is reasonable to assume
of coverage, the size of the dendrons, and the dendron/solventhat the polymer, inspite of the hindered rotation about the
interactions, the envelope of these macromolecules would be aphenyl/phenyl bond, can adopt conformations allowing for a
maximium distance between these groups. The conversion of

Results and Discussion

* Author to whom correspondence should be addressed: tele
30-838-3358; fax+49-30-838-3357; e-mail adschlue@chemie.fu-berlin.de.

(5) An attempt toward cylindrically shaped dendrimers was mentioned

T Institut fir Organische Chemie.

* Institut fir Kristallographie.

® Abstract published i\dvance ACS Abstractddarch 15, 1997.

(1) Newkome, G. R.; Moorefield, C. N.; \gtle, F. Dendritic Mol-
ecules: Concepts, Syntheses, PerspestVCH: Weinheim, Germany,
1996.

(2) For example, see: Issberger, J.; Moors, Rgié& F.Angew. Chem.,
Int. Ed. Engl.1994 33, 2413. Ffehet, J. M. JSciencel994 263 1710.
Service, R. FSciencel995 267, 458.

(3) (a) Freudenberger, R.; Claussen, W.; StehluA.-D. Polymer1994
35, 4495. (b) Neubert, I.; Amoulong-Kirstein, E.; Sttdy A.-D.; Dautzen-
berg, H.;Macromol. Chem. Phy4996 17, 517. (c) Neubert, I.; Klopsch,
R.; Claussen, W.; Schier, A.-D. Acta Polym 1996 47, 455.

(4) Hawker, C. J.; Frehet, J. M. JJ. Am. Chem. S0d99Q 112, 7638.
Frechet, J. M. J.; Wooley, K. L.; Hawker, C. J. Am. Chem. Sod.991],
113 4252.

S0002-7863(96)03943-1 CCC: $14.00

in the following: Tomalia, D. A.; Naylor, A. M.; Goddard, W. A., IAngew.
Chem., Int. Ed. Engl199Q 29, 138. A styrene-based copolymer with
approximately 1.5% of repeat units carrying dendrons has been reported:
Hawker, C. J.; Frehet, J. M. J.Polymer1992 33, 1507. For polymers
with tapered side-chains, see: Percec,JVMacromol. Sci.1994 A3l
1031. See also: Wintermantel, M.; Fischer, K.; Gerle, M.; Ries, R.; Schmidt,
M.; Kajiwara, K.; Urakawa, H.; Wataoka, Angew. Chem., Int. Ed. Engl.
1995 34, 1472.

(6) Miyaura, N.; Suzuki, AChem. Re. 1995 95, 2457. Schiter, A.-
D.; Wegner, GActa Polym 1993 44, 59.

(7) Schiuer, A.-D. Am. Chem. Soc. Polym. Dj Polym. Prepr 1995
36 (1), 745.

(8) The author has deposited the atomic coordinates for this structure
with the Cambridge Crystallographic Data Centre, and the coordinates may
be obtained upon request from the Director, Cambridge Crystallographic
Centre, 12 Union Road, Cambridge, CB2 1EZ, U.K.

© 1997 American Chemical Society



Toward Dendrimers with Cylindrical Shape J. Am. Chem. Soc., Vol. 119, No. 14, B297
Chart 1
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ortho-substituted oligophenylene atropic isomers into one  From this qualitative consideration it was concluded that the
another does not require activation energies unsurmountable agttachment chemistry was responsible for the failure to achieve
temperatures at which the attachment chemistry takes place. Asa high coverage. In line with this interpretation is the recent
can be seen from the cartoon dt (Figure 1c), second finding that the hydroxy groups of polymé&b can in fact be
generation dendrons are by far not voluminous enough to fill completely covered with the isocyanate-carrying second genera-
the space about the backbone. Even if one takes into accountion dendron2d to give the urethanéc, although it should be
that the dendrons will certainly not remain planar once they noticed that the average distance between the anchor groups in
are attached to the backbone and exposed to solvent, there i§b is a little larger than that ida and the hydroxies ibb are
no steric reasoning which could explain more than some slowing further apart from the backbone than4a by one methylene
of coupling of incoming dendrons by the ones already attached. group? With this in mind experiments were devised (Scheme
Also the attachment of third generation dendrons seems to bel): (a) to reverse the course of the Williamson coupling by
within reach. using a PPP with iodomethyl functions and dendrons of different
generations with hydroxy functions at the focal point (reversed
(9) Single crystals were grown from chloroform; 6466 unique X-ray Williamson route), (b) to expand on the successful use of
diffraction_data_ were collected on an Enraf—Nonius_ Turbo-CAD4 diffrac- isocyanate dendrons, specifically by employing a third genera-
tometer with Ni-filtered CuKa radiation from a rotating-anode generator .. . .
(1 = 1.542,0/20 scan mode, @max = 12C°, nominal resolutioni/2 sin tion dendron and to test whether the reaction of this dendron
Omax= 0.89 A, 1 scan absorption correction). The data were corrected for and polymer5b can also be driven to completion (urethane
radiation damage (13% reduction in intensity of three reference reflec- route), (c) to complement experiments a and b by not only
goisgolsgé";é)gf?f t:r'cyg'_fé('zzy,:ﬁz’:aszg%g?f; (;)k;:ﬂlfsg?lz)(?)\'/a:”d dendronizing polymers already prepared but also testing if
2018(3)&. The structure was determined by direct methods using program dendronized monomers can be subjected to a PPP synthesis,

SIR 92) (ref 1h0) ?)nd_refirflego\;v‘ilth S}rELX76 (?a};ibsotrogiC( flgr)m(m-pidlrfgen thus shifting the dendronization step from after to before the

atoms) on the basis o reflections wiffy| > 1o(|Fo|) (re . i ati

H-Atoms bonded to the C-atoms were placed in their calculated positions polymerization .(r.nacromonomer route).

with a fixed temperature factor of 0.042AThe crystallographi®-factor Reversed Williamson Route. Polymer 8b could not be

converged at 0.065. synthesized directly because of the incompatibility of the
(10) Altomare, A. et alJ. Appl. Chem1994 27, 435.
(11) Sheldrick, G. M. SHELX76, Program for Crystal Structure Deter- (12) Karakaya, B.; Claussen, W.; Sthiga A.; Lehmann, A.; Schilier,

mination; University of Cambridge, U.K., 1976. A.-D. Acta Polym 1996 47, 79.
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55% empty

45% full

Figure 1. (a) Two perspectives of the crystal structure of second
generation dendrofic (ORTEP), (b) illustration of the space demand

of 2c, and (c) oblique and sectional views of the cylindrical slices
available for dendrons for polyméawhose repeat unit is 12.5 A long.

benzylic iodo function with the cross-coupling conditions. The
protected precursda was therefore prepared first and subse-
quently transformed int@b. Polymer8a was obtained from
the dibromo compounélb and diboronic acid. Monomer6b
was prepared on the 10 g scale by reacpagethylbenzylic
alcohol with bromine which gives the intermedide. This
was then methanolyzed t6b. Monomer 7 which carries

solubilizing hexyl chains has been a working horse in the
synthesis of PPP derivatives and is easily available on the 20 g

scale!® The polycondensation &b and7 was done according

Scheme 1

a) Reversed Williamson

b) Isocyanate route
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to the standard procedure using the heterogeneous system
water/1 M sodium carbonate and approximately 1.0 mol % of was done by reacting a solution 8& in chloroform with an
excess of trimethyliodosilane (TMSI), which has been shown
to cleanly replace certain methoxy by iodo functidhsStandard
work-up furnished polymesb in virtually 100% yield regardless

25 andP, = 80 depending upon whether the catalyst precursor of its molecular weight. As can be seen from a comparison of
the IH-NMR spectra of8a and 8b (not shown) the methoxy
conversion of the benzylic substituent from methoxy to iodo signal of8a (P, = 25) atd = 3.3 ppm has disappeared in the
spectrum of8b to the advantage of a signal at= 4.1-4.7
ppm which is assigned to the iodomethyl group. The line shape
of this new signal presumably indicates the existence of

either palladium-tetrakis(triphenylphosphine) or palladittnis-
(tri-p-tolylphosphine) as catalyst precurdér.The degree of
polymerization of8a could be adjusted to approximate®; =

was used as purchased or in recrystallized f&trmThe

(13) Rehahn, M.; Schiter, A.-D.; Wegner, GMakromol. Chem199Q
191, 1991.

(14) Rehahn, M.; Schitar, A.-D.; Wegner, G.; Feast, W.Bolymer1989
30, 1060.

(15) This effect was also observed by Vanhee, S.; Rulkens, R.; Lehmann,

U.; Rosenauer, C.; Schulze, M.;"Kler, W.; Wegner, GMacromolecules
1996 29, 5136.

(16) Olah, G.; Narang, S. C., Gupta, B. G. B.; MalhotraJROrg. Chem
1979 44, 1247. Rehahn, M.; Rau, |. Wakromol. Chem1993 194, 2225.
Rehahn, M.; Rau, I. UPolymer1993 34, 2889.
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atropic isomers, a typical phenomenon for substituted oligo- Table 1. GPC Data of PolymerSa—c?

and polyphenylene¥. Even for8a (P, = 80) this conversion polymer M., P, M, P, Db

proceeds with nearly 100%. The structural proof 8arand 5a 23500 56 58 700 139 25
8b rests also upon th&C NMR spectra as well as the data 5h 31 000 82 84 000 292 27
from elemental analysis. 5¢c 53500 27 190 000 96 3.6

For the dendronization experiments the shorter cBaiand
a 3- to 5-fold excess of dendrofb, 2b, and3b were used. On
deprotonation of the dendrons with sodium hydride in THF, Table 2. GPC Data of Polymer8a—c?

a2 All measurements in THF at 20C versus PS2D = My/M.

the solutions stayed homogen_eous and poly&hnan/as added.' polymer M, P, My Pu Db

The course qf the dendronization was monitored by analy_tlcal % 19 300 29 68 700 103 36
gel permeation chromatography (GPC). After completion, 9b 20 700 19 57 900 53 28
excess dendron was removed either by reprecipitafiandp) 9c 52 400 27 275 500 142 5.3

or by preparative GPC9¢). The degrees of coverage were
determined by NMR integration comparing the signal of the
benzylic positions in the interior of the attached dendrons at
approximatelyd = 4.90 ppm (or alternatively the signal of the
inner aromatic protons at = 6.50 ppm) with the one of the

a All measurements in THF at 2TC versus PS?D = M,/M,.

methylene groups of the attached dendrons with the signal of
the internal methyl group standard (see above), a coverage of
methyl groups of the hexyl chains at= 0.80 ppm, which 91-92% was determined. Table 1 contains the molecular

served as internal standard. The following coverages wereWelghts (GPC) of pplymer§a, 5b, anq5d from one and the
obtained: 9a (100%), 9b (100%), anddc (70%). Depending same sample c_Efawhmh had beer_1 carneq thrqugh this sequence
on which of the low-field signals was used, the coverages of transformations trying to avoid fractionation.
obtained differed by 85%. Compared with the |n|t|a||y Macromonomer Route. A Comprehensive series of eXperi-
described dendronization of polyméa, reversal of the course ~ ments were done to couple monomers to the corresponding PPPs
of the Williamson coupling obviously led to an improvement. Which, from the very beginning, carry dendrons of varying size
For the first time, a second generation dendron could be attachedmacromonomers). This approach has the advantage that the
completely and a third generation dendron to approximately polymers obtained are necessarily completely covered by
70%. Nevertheless there are serious drawbacks with thisdendrons. From a synthetic point of view, however, it has the
method. First, none of the polyme®sgave satisfactory data  disadvantage that potential shielding of the coupling sites by
from elemental analysis. Even after repeated reprecipitation andoverhanging parts of the dendrons might occur. This would
extensive drying at elevated temperatures in high vacuum, theslow cross-coupling and favor side-reactions such as deboron-
carbon and hydrogen data, although consistent with one anotherification which in turn lead to termination. Macromonomers
did not sum up to 100% but only to approximately 95%. A 6c—ewere obtained by reacting the tribromi@awith dendrons
possible explanation may the inclusion of inorganics. Second, 1b, 2b, and3b (Scheme 1c) which were used only in slight
the dendronization did not proceed well with the higher excess. This was found the best compromise between the
molecular weight polyme8b (P, = 80). At an early stage of  highest achievable yield on the one hand and the difficulties
the dendronization, the polymer turned into a gel-like mass, encountered with recycling of unused dendrons on the other.
which was insoluble in THF, CHGJ and toluene, and could, After several purification steps, analytically pure, “condensation
therefore, not be characterized properly. grade” macromonomers were obtained on the several gram scale

Urethane Route. The methoxymethyl (MOM)-protected in yields of 40-80%, with a tendency to lower values with
p0|ymer 5a was prepared as report&j.Best results for its increasing generation. All dendrons gave Satisfactory data from
deprotection to givésh were obtained with hydrogen bromide €lemental analysis. The results of the polycondensation are
in dimethoxyethane (DME). Relatively high dilution conditions Summarized in Table 2. The polymers were further char-
are required to bring about complete deprotection. Whan  acterized by'H- and 3C-NMR spectroscopy and elemental
was used in less than roughly 0.01 M solutions, the MOM group analysis, the data of which deviate only slightly from the
was completely removed. If, however, the same reaction was calculated ones.
done in a 0.1 molar solution, deprotection could not be driven  Brief Comment on the Molecular Weights. The molecular
beyond approximately 90% (for an illustration of the complete- weights of all polymers described in this paper were determined
ness of the deprotection, see ref 18). For the dendronization ofby GPC referenced to PS. The correctness of the values given
5b with the third generation dendrdde, freshly freeze-dried in Tables 1 and 2 depends strongly on the quality of PS as
polymer with a degree of polymerizatioR, = 82 [GPC reference. Since it is not reasonable to assume that PS is a
referenced to polystyrene (PS) standard] was reacted with a 5.5good reference for the densely packed polymers reported here,
fold excess of the acid azide dendron in refluxing toluene. After and since it is also not known with certainty if these polymers
completion of the dendronization, side products due to reaction behave like normal polymers on the column (exclusion and not
of the intermediately formed isocyanate with remaining traces adsorption as the separating factor), GPC data should be treated
of water and its self-condensation to cyclic and linear oligo- with great care. To gain more insight into this matter, a sample
merg® were removed by preparative GPC. Polynser was of 5d (Table 1) and one dc (Table 2) were investigated with
obtained as colorless material on the 200 mg scale. From aa combined light-scattering/GPC/viscosimetry apparatus. The
comparison of the intensities of tHeél-NMR signals of all results are as followssd M,, = 140 000,M,, = 340 000,M,,/

M, = 2.5; 9¢ M,, = 300 000,M,, = 780 000,M\/M, = 2.6.
gg; ey 5 HS'teErl)'-g:(g)\'Nﬁ]hE@I;%ﬁssfzérgig—i?gzﬁ-Performance Even though the preparation of the samples (waiting time before

Materials; Hedrick, J. L., Labadie, J. W., Eds.; ACS Symposium Series Injéction, slow or fast filtration, etc.) did not have a great
624; American Chemical Society: Washington, DC, 1996; p 145. influence on these data, aggregation cannot be excluded. The

(19) For a comprehensive treatment of isocyanate chemistry, see: Richter,.ather tempting translation of th rorisinaly high mol lar
R. Ulrich, H. Syntheses and Preparative Applications of Isocyanates. In ather tempting transiation of the surprisingly hig olecula

The Chemistry of Cyanates and Their Thio Datives; (Patai, S., Ed.; weights, (Sp?Cifica”y that o8¢) into repeat units, therefore, is
Wiley: Chichester, 1977; p 619. not allowed in the present stage.
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Conclusion

Karakaya et al.

mmol) and chloroformic acid ethyl ester (0.29 mL, 3.0 mmol). This
mixture is stirred fo 1 h at 0°C before an aqueous solution of sodium

Dendronized PPPs can be obtained either by dendronizingazide (1.24 g, 20 mmol) is added. The resulting suspension is stirred
already existing PPP backbones or by employing dendronizedfor 10 h, ice-water is added, and the mixture is extracted) (&ith

monomers in Suzuki cross-couplings. In the first approach, the

dichloromethane. The combined organic layers are dried over MgSO

best results are obtained when the attachment of the dendronghe solvent is removed at 0C in vacuum, and the residue is

is done through urethane formation. This way even a third

chromatographed through basic alumoxide (eluent hexane/acidic acid

generation dendron can be attached to a PPP derivative with &fthy! ester=4:1). The product is freeze-dried (benzene) to dleas

number average degree of polymerizatiy= 82. The second

approach is also successful despite the steric crowding of the
macromonomers coupling site. The molecular weights achieved

white powder: yield 2.40 g (65%)H-NMR (270 MHz, CDC}) 6

5.05 (m, 28 H), 6.65 (s, 8 H), 6.24 (m, 12 H), 6.90 (s, 1 H), %2&

(m, 40 H); 3C-NMR (68 MHz, CDC}) 6 70.0, 101.5, 101.6, 106.3,
108.1, 108.3, 127.9, 128.5, 132.4, 136.7, 138.6, 139.1, 159.1, 160.1,

are at least as high as the ones of the first approach. This puts; 75 anal. Calcd. for GHssNsOs (1632.869): C, 77.24.13; H, 5.49;
the most important advantage of the second approach nicelyN, 2.57. Found: C, 77.15: H, 5.60: N, 2.22.

into the center of consideration, which is the fact that the degree  pojy{ 2,5-dihexyl--methyl-2'-[((([3,5-bis(3,5-bis(3,5-bis(benzyloxy)-

of coverage is here inherently 100%. Thus, if the described
hybrids of dendrimers and rigid-rod polymers actually attain
cylindrical shape in solution (which still needs to be proved),
their shape should undoubtlessly be perfect.

Experimental Section

General Methods. Compoundsl,* 2a—c,* 2d,*? 3a—c,* 4,32 5,12
and 7** were prepared according to literature procedures. 4-Methyl-
benzyl alcohol and trimethylsilyl iodide were purchased from Aldrich
and used without further purification. Solvents were dried according
to standard procedures. All reactions were carried out under nitrogen.
The *H-NMR spectra of dendronized polymers were recorded with a
repetition rate of 13 s and a sweep width of 20 ppm on a Bruker 500
MHz spectrometer in order to obtain reliable integrations. Signals that

appeared because of traces of dirt in the probe head were automatically139.2, 139.8, 153.1, 160.0. Anal.

substracted before integration. The molecular weight determinations

were done using a Thermo Separation Products set-up with three DVB-

mixed (DVB = divinylbenzene) bead columns, a H502B viscosimeter
detector, and a Wyatt Dawn DSP laser photometer, coupled with an
Optilab 903 interferometric refractometer. Complex molecular ion

benzyloxy)benzyloxy)lamino)carbonyl)oxy)ethyl]biphen-4,4diyl}
(5d). To a refluxing solution of polymebb (100 mg, 0.26 mmol) in
dry toluene is added a solution 8¢ (1.38 g, 1.43 mmol) in dry toluene
(20 mL), and refluxing is continued for 12 h when the reaction is
guenched with water. The aqueous layer is washed with toluene (50
mL), and the combined organic layers are dried over MgS@fter
removal of the solvent, the residue is separated into low molecular
weight side products and the polymer by preparative GPC using THF
as eluent. Polymebd is then precipitated into ethanol and freeze-
dried (benzene) to give a colorless material: yield 310 mg (598b);
NMR (500 MHz, CDC}) 6 0.84 (s, 6 H), 1.20 (s, 12 H), 1.46 (s, 4 H),
2.20 (s, 2 H), 1.47 (s, 4 H), 2.17 (s, 3 H), 2.46 (s, 4 H), 4.19 (s, 2 H),
4.92 (m, 28 H), 6.25 (m, 1 H), 6.57 (m, 21 H), 7.31 (m, 44 M-
NMR (63 MHz, CDC}) ¢ 14.0, 19.7, 22.5, 29.0, 31.0, 31.5, 32.9, 65.4,
70.0,97.9,101.6, 106.4, 127.5, 127.9, 128.5, 130.2, 133.9, 136.8, 137.6,
Calcd. for13£E|127N1015
(1983.48): C 79.93; H 6.45. Found: C 80.23; H 6.50.
Poly[2,5-dihexyl-2-(methoxymethyl)-5-methylbiphen-4,4-diyl]
(8a). To the two-phase systenf ® M Na,CO; (100 mL) and toluene
(30 mL) are added the monomesb (524 mg, 1.8 mmol) und (609
mg, 1.82 mmol). After careful degassing tris[tri{olyl)phosphine]-

peaks in the mass spectra match perfectly with the calculated isotopepalladium(0) (24 mg, 1.3 mol %) is added to this mixture which is

pattern. Only the two most intense peaks are given (relative intensities).
1-Methyl-4-(bromomethylene)-2,5-dibromobenzene (6a).To a
darkened solution of 4-methylbenzyl alcohol (24.4 g, 0.20 mol) in
dichloromethane (20 mL) is dropped a solution of bromine (80 g, 0.50
mol) in the same solvent (10 mL) containing a few crystals of iodine.
The resulting solution is refluxed for 1 d, another portion of bromine
is added (20 g, 0.125 mol), and refluxing is continued for another 10
h. This solution is then poured into aqueous KOH (20%, 100 mL),

then refluxed for 48 h. Sometimes the precipitation of metallic Pd is
observed. The aqueous phase is washed with toluene (50 mL), and
the combined organic layers are dried over MgS®@he organic layer

is reduced to approximately 10 mL and then poured into MeOH (300
mL). The precipitate formed is recovered by centrifugation, and the
procedure is repeated. Freeze-drying (benzene) affords poBeraer
fibrous material: yield 640 mg (94%)H-NMR (270 MHz, CDC}) 6

0.82 (s, 6 H), 1.22 (s, 12 H), 1.46 (s, 4 H), 2.21 (s, 3 H), 2.43 (s, 4 H),

and the phases are separated. The aqueous one is washed witB.30 (s, 3 H), 4.28 (s, 2 H), 6:87.8 (m, 4 H);3C-NMR (63 MHz,

methylene chloride (2, 50 mL each), and the combined organic layers

are dried over MgS® After removal of the solvent, the residue is

recrystallized from ethanol to givéa as colorless crystals. Fé&a

yield 46 g (78%); mp 72C; *H-NMR (270 MHz, CDC}) 6 2.34 (s,

3 H), 4.49 (s, 2 H), 7.40 (s, 1 H), 7.60 (s, 1 HJC-NMR (68 MHz,

CDClg) 0 22.4,32.1,122.7,123.8, 134.3, 134.8, 136.0, 140.2; MS (EI)

m/z342 (12.5), 344 (12.3). Anal. Calcd. forl@,oBr,O (342.855):

C, 28.03; H, 2.06. Found: C, 28.03; H, 2.06.
1-Methyl-4-(methoxymethylene)-2,5-dibromobenzene (6b)To a

suspension of NaH (8.8 g, 0.35 mol) in dry THF (200 mL) is dropped

methanol (10 g, 0.33 mol), the resulting mixture is stirredXd at 20

°C before it is cooled to OC and a solution o6a (17.1 g, 0.05 mol)

in dry THF is added. After 12 h, the reaction is quenched with water

CDCly) 6 14.1, 20.0, 22.6, 29.2, 30.9, 31.6, 32.9, 35.5, 129.0, 130.1,
131.8, 133.8, 135.7, 137.7, 138.6, 139.6, 141.1. Anal. Calcd. for
C,7H350 (378.603): C, 85.66; H, 10.12. Found: C, 84.73; H, 9.75.
For molecular weights, see text.

Poly[2,5-dihexyl-3-(iodomethyl)-6 -methylbiphen-4,4-diyl] (8b).
To a solution of polymeBa (0.60 g, 1.6 mmol) in dry chloroform (50
mL) is added a solution of trimethylsilyl iodide (TMSI) (1.6 g, 8.0
mmol), and the mixture is refluxed for 24 h. The solvent (50 mL) is
then removed, and refluxing is continued for another 24 h. The polymer
is precipitated by pouring the cooled solution into MeOH (300 mL).
Repetition of this procedure and freeze-drying (benzene) affords
polymer8b as a colorless fibrous material: yield 648 mg (85%):
NMR (270 MHz, CDC}) 6 0.82 (s, 6 H), 1.23 (s, 12 H), 1.52 (s, 4 H),

and the layers are separated. The aqueous layer is washed with diethyR.20 (s, 3 H), 2.46 (s, 4 H), 4.681.80 (s, 2 H), 7.067.80 (m, 4 H);

ether (%), and the combined organic layers are dried over MgSO
After removal of the solvent, the oily residue is distilled through a 10
cm Vigreux column in high vacuum to givéb as a colorless liquid:
yield 13.2 g (90%); bp 85C (0.001 mbar)!H-NMR (270 MHz, CDCH})
0 2.31 (s, 3H), 3.42 (s, 2H), 4.42 (s, 2H), 7.35 (s, 1H), 7.57 (s, 1H);
13C-NMR (68 MHz, CDC}) ¢ 22.2, 58.5, 72.9, 120.6, 123.8, 132.1,
133.9, 136.4, 138.5; HRMS calcd fosldi0Br,0, m/z291.9099, found
291.9093. Anal. Calcd. for gE10Br,0 (293.985): C, 36.77; H, 3.43.
Found: C, 36.40; H, 3.25.
[3,5-Bis(3,5-bis(3,5-bis(benzyloxy)benzyloxy)benzyloxy)]-
benzoyl azide (3e).To a cooled suspension 8f(X = COH) (3.6 g,
2.2 mmol) in acetone (150 mL) is added triethylamine (0.42 mL, 3.0

3C-NMR (68 MHz, CDC}) 6 5.4, 19.8, 22.5, 29.1, 30.8, 31.6, 32.9,
35.5,58.2,72.2,129.4,130.1, 131.2, 133.1, 134.7, 137.5, 138.7, 139.6,
140.5. Anal. Calcd. for &Hssl (474.474): C, 65.82; H, 7.44.
Found: C, 65.56; H, 7.32.

General Procedure for the Dendronization of Polymer 8b with
Dendrons 1b, 2b, and 3b. To a suspension of NaH (fdtb and 2b
48 mg, 1.92 mmol; foBb 0.131 mg, 5.25 mmol) in THF (100 mL) is
added the respective dendrdtb(0.20 g, 0.64 mmol2b 0.47 g, 0.64;
3b1.67 g, 1.05 mmol), and after 12 h at 20, the solution is decanted.
A solution of polymer8b (100 mg, 0.21 mmol) in dry THF (15 mL)
is then added dropwise. The mixture is stirred at@0until it turns
opaque and then refluxed for 24 h. After the reaction is quenched
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with water, the phases are separated and the organic layer is dried over Polycondensation of Macromonomers 6e6e. These experiments

MgSQ,. The solution is concentrated to 10 mL and poured into MeOH
(300 mL). The precipitate formed is collected by centrifugation,

redissolved in toluene, and precipitated into MeOH. This procedure

were done in full analogy to the synthesisBaf For molecular weights,
see Table 2.
Poly{ 2,5-dihexyl-2-[(3,5-bis(benzyloxy)benzyloxy)methyl]biphen-

is repeated until all excess dendron is removed (analytical GPC). For 4,4-diyl} (9a). Compoundsc (870 mg, 1.50 mmol)7 (507 mg, 1.52
9c (70% coverage), excess dendron is removed by preparative GPCmmol), and Pd[Rf-tol)s]s (19 mg, 1.2 mol %) were used. Féa

using THF as eluent. All polymers are freeze-dried (benzene).

Yields: 9a(129 mg, 92%)9b (214 mg, 94%), an@c (187 mg, 46%).
General Procedure for the Synthesis of Macromonomers 6¢€

6e. To a suspension of NaH (0.125 g, 5.0 mmol) in THF (150 mL) is

added the respective dendrbip, 2b, or 3b (4.4 mmol), and the mixture

is stirred for 12 h. Then a solution éf (1.0 g, 2.91 mmol) in THF

(10 mL) is added, and stirring is continued at 2D for 12 h. After

yield 894 mg (90%);!H-NMR (500 MHz, CDC}) 6 0.84 (s, 6 H),
1.34 (s, 12 H), 1.50 (s, 4 H), 2.16 (s, 3 H), 2.46 (m, 4 H), 4.38 (s, 4
H), 4.95 (m, 4 H), 6.54 (m, 3 H), 7.30 (m, 14 H}C-NMR (68 MHz,
CDCl) 6 14.0, 19.8, 22.5, 29.1, 31.0, 31.5, 32.6, 70.0, 72.3, 101.1,
106.3, 127.5, 127.9, 128.5, 130.2, 131.3, 133.1, 136.9, 137.4, 139.8,
141.1, 159.4. Anal. Calcd. for/Hs,05 (666.953): C, 84.52; H, 8.16.
Found: C, 83.78; H, 8.04.

the reaction is quenched with water, the phases are separated and the Poly{2,5-dihexyl-1-methyl-2'-[(3,5-bis(3,5-bis(benzyloxy)ben-

aqueous layer is extracted with dichloromethane)(2The combined
organic layers are dried over Mg@OAfter removal of the solvent,

zyloxy)benzyloxy)methyl]biphen-4,4-diyl} (9b). Compoundsd (1.00
g, 0.99 mmol),7 (336.8 mg, 1.005 mmol), and PdfRTol)s]s (12 mg,

the residue is chromatographed through basic alumoxide using hexane/l.2 mol %) were used. F@b: yield 968 mg (89%)*H-NMR (500
acidic acid ethyl ester (4:1) as eluent. The raw product is recrystallized MHz, CDClL) 6 0.70 (s, 6 H), 1.12 (s, 12 H), 1.36 (s, 4 H), 2.05 (s, 3

from the same solvents mixture to affod, 6d, and6e, respectively,
as colorless amorphous powders. MonorGercan be freeze-dried
(benzene).
1-Methyl-4-[(3,5-bis(benzyloxy)benzyloxy)methyl]-2,5-dibromoben-
zene (6¢)yield 1.35 g (79%); mp 68C; *H-NMR (270 MHz, CDC})
0 2.41 (s, 3 H), 4,53 (s, 2 H), 4.59 (s, 2 H), 5.09 (m, 4 H), 6.62 (s, 1
H), 6.77 (s, 2 H), 7.37.5 (m, 11 H), 7.71 (s, 1 H23C-NMR (68
MHz, CDCk) 6 22.3, 69.9, 70.6, 72.6, 101.4, 106.5, 120.9, 123.8, 127 .4,
127.8, 128.5, 132.4, 134.0, 136.7, 138.6, 140.2, 160; MSr{iEtp82
(1.4), 584 (0.6). Anal. Calcd. for gH,¢Br.O; (582.331): C, 59.81;
H, 4.50. Found: C, 59.57; H, 4.46.
1-Methyl-4-[(3,5-bis(3,5-bis(benzyloxy)benzyloxy)benzyloxy)-
methyl]-2,5-dibromobenzene (6d):yield 1.89 g (65%); mp 92C;
1H-NMR (270 MHz, CDC}) ¢ 2.34 (s, 3 H), 4,52 (s, 2 H), 4.57 (s, 2
H), 4.95 (s, 4 H), 5.02 (s, 8 H), 6.58 (s, 3 H), 6.65 (s, 2 H), 6.69 (s, 4
H), 7.2-7.5 (m, 21 H), 7.68 (s, 1 HXC-NMR (68, MHz, CDC}) 6

22.3,69.9, 70.0, 70.7, 72.7, 101.5, 106.3, 106.6, 121.0, 123.9, 127.5,
128.0, 128.5, 132.6, 134.1, 136.7, 138.7, 139.2, 140.2, 160.0, 160.1,

MS(EI) m/z 1006 (0.3), 1007 (0.2). Anal. Calcd. forsfisBr.0;
(1006.826): C, 68.00; H, 5.01. Found: C, 68.28; H, 5.08.
1-Methyl-4-{(3,5-bis(3,5-bis(3,5-bis(benzyloxy)benzyloxy)ben-
zyloxy)benzyloxy)methy}-2,5-dibromobenzene (6e)yield 2.35 g
(44%); mp 125°C; 'H-NMR (270 MHz, CDC}) 6 2.33 (s, 3 H), 4,51
(s, 2 H), 4.53 (s, 2 H), 4.97 (m, 12 H), 5.00 (m, 16 H), 6.57 (m, 9 H),
6.65 (s, 12 H), 7.27.5 (m, 41 H), 7.68 (s, 1 HEC-NMR (68 MHz,

CDCl) 6 22.2, 69.9, 70.0, 70.7, 72.6, 101.5, 106.3, 106.6, 121.0, 123.8,
127.5, 127.9, 128.5, 132.5, 134.1, 136.7, 138.7, 139.2, 140.3, 160.0

160.1. Anal. Calcd. for GHoeBr.0;5(1855.816): C, 73.13; H, 5.32.
Found: C, 72.98; H, 5.41.

H), 2.35 (s, 4 H), 4.30 (s, 4 H), 4.83 (m, 12 H), 6.51 (m, 9 H), 7.30
(m, 24 H);°C-NMR (68 MHz, CDC}) 6 14.0, 19.9, 22.5, 29.1, 30.8,
31.5, 32.8, 70.0, 72.4, 101.0, 101.5, 106.3, 127.5, 127.9, 128.2, 130.2,
131.3, 133.1, 136.9, 137.4, 139.8, 141.1, 159.8, 160.1. Anal. Calcd.
for CrsH7607 (1091.453): C, 82.54; H, 7.20. Found: C, 82.08; H,
7.20.

Poly{ 2,5-dihexyl-1-methyl-2'-[(3,5-bis(3,5-bis(3,5-bis(benzyloxy)-
benzyloxy)benzyloxy)benzyloxy)methyl]biphen-4,4diyl} (9c). Com-
pound6e (1,87 g, 1.01 mmol)7 (342 mg, 1.03 mmol), and Pd[(
Tol)s]s (12 mg, 1.1 mol %) were used. FOc: yield 1.88 g (96%);
1H-NMR (500 MHz, CDC}) 4 0.80 (s, 6 H), 1.15 (s, 12 H), 1.43 (s,

4 H), 2.14 (s, 3 H), 2.43 (s, 4 H), 4.39 (s, 4 H), 4.88 (m, 28 H), 6.62
(m, 21 H), 7.31 (m, 44 H)}*C-NMR (68 MHz, CDC}) 6 14.1, 19.8,
22.5, 29.0, 31.5, 32.7, 69.9, 72.5, 101.6, 106.3, 127.5, 127.9, 128.5,
131.4, 136.8, 137.5, 139.2, 141.2, 160.0. Anal. Calcd. fgH&O,
(1940.456): C 81.09; H 6.55. Found: C 80.23; H 6.50.
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