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Abstract: The synthesis of three generations of self-assembling monodendrons based on an inteB4J5AB
trisubstituted benzyl ether repeat unit containing an 8@-bisp-(n-dodecan-1-yloxy)benzyloxylbenzyl ether
monodendror{(4-3,412G1-X] attached on the periphery and the structural analysis of the corresponding
supramolecular dendrimers by X-ray diffraction (XRD) experiments are described. The results from these
experiments are compared with data reported previously from our laboratory on three generations of
monodendrons based on the same interna) ®Beat unit containing an AE3,4,5-trisp-(n-dodecan-1-yloxy)-
benzyloxy]benzyl ether monodendr§i-3,4,512G1-X] on the periphery (Percec, V.; Cho, W.-D.; Mosier,

P. E.; Ungar, G.; Yeardley, D. J. B.Am. Chem. S0d998,120, 11061). In both series of monodendrons, the

solid angle of the monodendron increases with the increase of the generation number. As a result, the increase
in the diameter of the cylindrical and spherical supramolecular dendrimers is smaller than the one expected
from the fully extended monodendritic repeat unit. For the same internal repeat unit, the solid angle of the
monodendron is determined by the solid angle of the unit attached to its peripher(4-B#12G1-X AB,

group attached to the periphery of the monodendrons decreases their solid angle by comparison with the series
containing thg4-3,4,512G1-X AB3 group on their periphery, and subsequently, the 4Bup increases the
diameter of the supramolecular dendrimers. The elucidation of this architectural effect clarifies some of the
current limitations and provides new strategies for the design of functional nanosystems from dendritic building
blocks.

Introduction and macromolecular dendrimers. The spherical supramolecular
In a series of publications from our laboratory, we have and macromolecular dendrimers self-organiz@irBn'22and
reported the elaboration of synthetic and structural analysis Im3m* cubic lattices, while the cylindrical supramolecular and
strategies that are currently employed in the design of mono- macromolecular dendrimers self-organize jpBenn® hexagonal
dendritic building blocks that self-assemble in bulk into columnar lattice (Scheme 1). The reversible and irreversible
spherical~* cylindrical 23>6and more compleéxsupramolecular interconversion of these lattices and of their supramolecular
dendrimers is also of interest to researchers in our laboratory
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sas.upenn.edu. ' (Scheme 1}*943These lattices provided access to the determi-
T University of Pennsylvania. nation of the shape and size of supramolecular dendrimers and
# University of Sheffield. of the corresponding monodendrons by X-ray diffraction
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Scheme 1. Schematic Representation of (A) the
Self-Assembly of Building Blocks Based on Flat Tapered
Monodendrons into Supramolecular Cylindrical Dendrimers
and Their Subsequent Self-Organization ipGnm

Hexagonal Columnardg;) Lattice and (B) the Self-Assembly
of the Conical and Hemispherical Monodendrons into
Supramolecular Spherical Dendrimers and Their Subsequent
Self-Organization irPm3n and Im3m Cubic (Cub) Lattices

X = endo receptor or functional group

organizing building blocks derived from dendritic units are used
for the construction of functional nanosystems, the elucidation
of the structural principles involved in their self-assembly and
self-organization are of general interest.

Most of the monodendritic building blocks investigated in
our laboratory are based on an AB,4,5-trisubstituted benzyl
ether repeat unit-” Three libraries containing from three to
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Heinrich. B.J. Am. Chem. S0d.998 120, 9526. (c) Meier, H.; Lehmann,
M. Angew. Chem., Int. Ed.998 37, 643.
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Zimmerman, S. CChem. Re. 1997, 97, 1681. (f) Fischer, M.; Vgtle, F.
Angew. Chem., Int. EA999 38,884. (g) Bosman, A. W.; Janssen, H. M.;
Meijer, E. W.Chem. Re. 1999 99, 1665. (h) Moore, J. SCurr. Opin.
Colloid Interface Sci1999 4, 108. (i) Schidger, A. D.; Rabe, J. PAngew.
Chem., Int. Ed200Q 39, 864. (j) Jang, W.-D.; Jiang, D.-L.; Aida, T.
Am. Chem. So00Q 122, 3232.
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five generations of ABbenzyl ether monodendrotis® with
different first-generation monodendritic units on their periphery
were investigated to establish the structural parameters that
govern the shape and size of the higher generation monoden-
drons and of the corresponding supramolecular dendrimers in
bulk state. The structure and shape of the second-generation
monodendrons and supramolecular dendrimers from these three
libraries together with their structural parameters obtained from
the X-ray analysis of their lattices are summarized in Scheme
2. As observed from this scheme, for the same internal repeat
unit, the shape and size of monodendrons and supramolecular
dendrimers are determined mainly by the structure of the
monodendritic unit attached to their periphery and, to less extent,
by the functional group from their apex. For example, the
replacement of a 3,4,5-tris{dodecan-1-yloxy)benzyl ethiér
from the periphery of3,4,9212G2-X with a 3,4,-bisf-dodecan-
1-yloxy)benzyl ethéf group provide$3,4-3,4,912G2-X (Scheme
2). This structural change increases both the diameter of the
supramolecular spherical dendrimer fr@n= 42.4 A toD =
51.8 A and the number of conical monodendrons required to
assemble the spherical dendrimer frgm= 12 tou = 28.
Simultaneously, the replacement of the 3,4,54trd¢decan-1-
yloxy)benzyl ethef2from the periphery o(3,4,9212G2-X with
3,4,5-trisp-(n-dodecan-1-yloxy)benzyloxy]benzyl ethpro-
duces(4-(3,4,9%)12G2-X (Scheme 2). This architectural modi-
fication changes the shape of the supramolecular dendrimer from
spherical to cylindrical.

A recent publication from our laboratdfidemonstrated that
the size and shape of a supramolecular dendrimer are determined
by the solid angle of the monodendron. In that publication, it
was shown that the solid angle of a monodendron is determined
by the volume of the functionality present in the monodendron
apexld Therefore, the solid angle of the monodendron seems
to be determined both by the volume of the functionality from
the dendritic apex and by the architecture of the repeat unit from
its periphery. Consequently, we have decided to investigate the
capability of the monodendritic unit from the periphery toward
the control of the solid angle of the monodendron in order to
correlate the effect of its architecture with the size and shape
of the resulting supramolecular dendrimer. This publication
describes the synthesis and the structural analysis of the first
three generations of AB 3,4,5-trisubstituted benzyl ether
monodendrons containing on their periphery a 3,4gb{sf
dodecan-1-yloxy)benzyloxylbenzyl ether ABroup [(4-3,4)-
12G1-X]. This is the fourth and the last library from the series
of self-assembling AB monodendron&—¢ This library is
complementary to the one containing the 3,4,5¢{sfdodecan-
1-yloxy)benzyloxy]benzyl ether ABgroup[(4-3,4,5912G1-X]
on the periphery (see the last column in Scheni€ @)d will
demonstrate the complexity involved in the design of supramo-
lecular dendrimers via their periphery functionalization ap-
proach.

Results and Discussion

The synthesis of methyl 3,4-bjs[n-dodecan-1-yloxy)ben-
zyloxy]benzyl ether benzoaf¢l-3,412G1-CO,CHyg] is outlined
in Scheme 3. The detailed synthesis of this compound was
reported previousl$® It follows the procedure elaborated in our
laboratory for the synthesis of methyl 3,4,5-tpigh-dodecan-
1-yloxy)benzyloxy]benzoat§(4-3,4,912G1-CO,CH3].1P 3,4-
Bis[p-(n-dodecan-1-yloxy)benzyloxy]benzoic acif{4-3,4)-
12G1-COOH] was prepared by the basic hydrolysis (@f
3,412G1-CQO,CHs as reported previousRP. The synthesis of
the next two generations of monodendrons was performed via
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Scheme 2. Structural Analysis of AB Trisubstituted Second-Generation Monodendrons and Supramolecular Dendrimers
Containing on Their Periphery Various ABr AB, Monodendron
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(3,4,5212G2-X (3,4-3,4,5)12G2-X (44(3,4,5)12G2-X

5 _

X =COOH (105 °C): a=68.3 A,
D=424 A, u=12, a'=30.0°

X = CHo0H (78°C): a=835A,
D=518A, u=28, a'=12.9°

X= 0020H3 (70°C): a=476 A,
D=476A, u=2, a'=180°

X =CH0H (127 °C):a=T79A,
D=483A,u=23,a'= 15.7°

aData are from refs tac.

a convergent approathand follows the general procedure

THF = 140/40 (v/v) in the presence of,KO; at 70°C). After

elaborated in our laboratory for the synthesis of monodendritic 6 h of reaction time(4-3,4{3,4,9912G3-CO,CH3; was ob-

benzyl etherd® ¢ In this particular case, it involves the reduc-
tion of (4-3,412G1-CO,CH3 with LiAIH 4 in THF to produce
(4-3,412G1-CH,0OH in 94.5% vyield, followed by chlorination
with SOCL in CH,CI; in the presence of 2,6-dert-butyl-4-
methylpyridine DTBMP )1&-¢.12proton trap to produc@t-3,4)-
12G1-CHCI in 100% vyield. Etherification of methyl 3,4,5-
trihnydroxybenzoate with freshly preparé4t3,412G1-CH,CI
was performed in a mixture of THF/DME 200/30 at 70°C

in the presence of ¥CO; as base for 4 h4-3,4-3,4,912G2-
CO,CH3; was obtained in 76.3% yield after purification by
column chromatography (basic &3, CH,Cl,) and recrystal-
lization from a mixture of acetone/GBl, (1/3, 500 mL).
Reduction 0f(4-3,4-3,4,912G2-CO,CH3 with LiAIH 4 in THF
produced(4-3,4-3,4,512G2-CH,OH in 86.7% yield. Its chlo-
rination with SOC} in the presence of DTBMP produced-
3,4-3,4,912G2-CH,CI, which was used without purification in
the etherification of methyl 3,4,5-trihydroxybenzoate (DMF/

(10) Hawker, C.; Frehet, J. M. JJ. Am. Chem. S0d.99Q 112 7638.
(11) Ungar, G.; Abramic, D.; Percec, V.; Heck, J.1Aq. Cryst.1996
21,73.

tained in 46.8% yield after purification by column chromatog-
raphy (basic AIOs, CH,Cl,) and recrystallization from acetone/
CHzC'z = 1/3.

The structure of monodendrons and intermediary compounds
was confirmed by a combination &ff NMR, 13C NMR, thin-
layer chromatography (TLC), high-pressure liquid chromatog-
raphy (HPLC), elemental analysis, and gel permeation chro-
matography (GPC). The quantitative etherification of the methyl
3,4,5-trihydroxybenzoate was monitored by the disappearance
of the benzylic &,Cl protons at 4.50 ppm in thtH NMR
spectrum and of thé4-3,4-(3,4,5"1)12Gn-CH,Cl peak in
HPLC. Figure 1 shows representative GPC trace@ed,4)-
12G1-CO,CHj3, (4-3,4-3,4,912G2-CO,CH3, and(4-3,4(3,4,59-
12G3-CO,CH3; monodendrons. The 2-fold increase in molecular
weight from generation one to generation two and the 3-fold
increase from generation two to generation three allows the
monitoring of the etherification process by both HPLC and GPC
since all GPC traces are well separated (Figure 1). The difference
between the theoretical and experimental molecular weights
(relative to polystyrene standards) is due to the difference
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Scheme 3.Synthesis 0{4-3,4-(3,4,9"1)12Gn-X (X = CO,CHs;, CH,OH, and CHCI) Monodendrons

RO,

i,3h

o o i,2h 1) i (100%) Q i,2h
m‘@“&"’ CrobosBr m% N—Q—\m o > 0 d . —_—
0 @ -

o |0
R :nCrobbs '”p_qm,

MW, = 3205 (89.7%) MW,=2925 (89.0%) ) (4-3,412G1-CO,CH,
2)i,35h MW, =717.0(83.4%)

ROQ | ROQ m %% °Q:

o v o v,4h <:> b _@_\7

M_O—\"@—\,. m@_\"@‘\: "y 2 @/w@_{"“‘
{43,412G1-CH,0H (4-3,412G1-CH,Ci mp_{t“’ “°©/\o

MW, = 689.0 (94.5%) MW, = 707.5 (100%) i

(4-3,4-3,4,5)12G2-CO,CHg
MW, =2197 2 (76.3%)

-@—\’@_\m 1.iv (100%)
——eeee—-

(4-3,4-3,4,512G2-CH,OH
MW, = 2169 2 (86.7%)

(43,4{3,4,5°)12G3-CO,CHy
MW, = 6637.7 (46.8%)

a Reagents and conditions: (i&0s;, DMF, 70°C; (ii) LIAIH 4, THF, 20°C; (iii) SOCl,, CH:Cl,, DMF (catalytic), 20°C; (iv) SOCkL, DTBMP,
CH,ClIy, 20 °C; (v) K,COs, DMF, THF, 70°C.

between the hydrodynamic volume of polystyrene and of the tiotropic ®; phase.(4-3,4-3,4,912G2-CO,CH3; and (4-3,4-
monodendrons and agrees with previous results for our (3,4,9912G3-CO,CHj3 display enantiotropic cubic (Cub) phases.
laboratory*2 All supramolecular dendrimers display additional crystalline
The structural analysis of the supramolecular dendrimers self-phases which were not analyzed in detail by XRD. The
assembled in bulk from these monodendrons was carried outd-spacings of theb, and Cub lattices are reported in Table 2.
by a combination of differential scanning calorimetry (DSC), The results from Table 2 were used to assign the lattice
thermal optical polarized microscopy (TOPM), and X-ray symmetrie¥d5fand subsequently to calculate, with the aid of
diffraction (XRD) experiments according to standard methods densities §.0), the data from Table 3. Table 3 summarizes the
used in our laboratory#~7 The transition temperatures together lattice symmetry, lattice dimensiona)(of all supramolecular
with the corresponding enthalpy changes are summarized indendrimers, their experimental diametBe{y), the diameter of
Table 1.(4-3,412G1-CO,CH3 displays a monotropic hexagonal the supramolecular dendrimer based on the fully extended con-
columnar () phase.(4-3,412G1-COOH exhibits an enan-  formation of two monodendron®(y), the number of mono-
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dendrons that form aPnmBn lattice (') and a spherical
supramolecular dendrimep), the number of monodendrons
G3 G2 G1 that form a 4.7 A cross sectighof the cylindrical supramo-
lecular dendrimer or a spherical supramolecular dendripjer (
the projection of the solid angle (i.e., the planar angle) of the
tapered and conical monodendronsif °), and the density at
20 °C (p20)- The structural analysis results from Table 3 were
used to generate the schematic of self-assembly outlined in the
upper part of Scheme 4. As illustrated by this schef@#e,4)-
12G1-X displays a tapered shape whi#-3,4-3,4,512G2-X
and(4-3,43,4,9%)12G3-X exhibit conical shapes. Twel(d-
3,4912G1-CO,CH3, and respectively elever{4-3,412G1-
COOH, tapered monodendrons self-assemble in a 4.7 A cross
section of a cylindrical supramolecular dendrimer which self-
organizes in gémm hexagonal columnar lattice. Forty-three
MM, = 1.07 1.04 1.04 (4-3,4-3,4,5912G2-CO,CH3, and respectively thirtee®-3,4-
(3,4,99)12G3-CO,CH3, conical monodendrons self-assemble
in spherical supramolecular dendrimers that self-organize in a
MW, = 6,637.7 2,197.2 717.0 PmBn cubic lattice.

The solid angle of the conical monodendron is defined.as
= 4a/u, whereu is the number of monodendrons that self-

M o= 7360 3,003 930

1 1 | 1

16 18 20 21 assemble in a spherical supramolecular dendrimer. The projec-
Retention time, min tion of the solid angle of the conical monodendron provides
Figure 1. GPC traces witiM, andM./M, values determined by GPc  the planar angle defined a$ = a/2 = 2z/u. The projection of
with polystyrene standards f¢4-3,4-(3,4,5"%)12Gn-CO,CH3 with the solid angle of the tapered monodendron gives a planar angle
n=1-3. that is alsoo’ = 2n/u. Therefore, the solid angle of a

Table 1. Theoretical and Experimental (by GPC) Molecular Weights and Thermal Transitions of Selected Ex@h3#e3,4,5"1)12Gn-X
(n = 1-3) Monodendrons

M Mo/M thermal transitions°C) and corresponding enthalpy changes (kcal/fnol)
n wi n
monodendron MW (GPC) (GPC) heating cooling

(4-3412G1-COCH; 717.0 930 1.04 %4 (1.96)k 60 (12.57) k 90 (0.11) k 99 (4.87) iii 54 (1.92)dy, 2 (2.51) k—24 (0.04) k
k 7 (1.64) k 55 (3.22)b 60 (2.03) i

(4-3,412G1-COOH  703.0 967 1.05 k9 (9.89)dy125 (18.17)i i 114 (1.009 110 (15.37)P, —15 (0.75) k
k —9 (1.19)®;, 125 (19.22) i
(4-3,4-3,4512G2-  2197.2 3003 1.04 k13 (8.61)k 74 (1.53) Cuf83 (11.83)i i 178 (10.37) Cub 43 (1.54)420 (4.52) k
CO,CH3 k —21 (7.55) k 70 (0.95) Cub 182 (10.58) i
(4-3,4(3,4,5)12G3- 6637.7 7360 1.07 k16 (22.91) Cub 2289
CO,CH3

aData from the first heating and cooling scans are on the first line and data from the second heating are on the setknd tingstalline.
¢i = isotropic temperature. @y, = hexagonal columng6mmlattice. ¢ Cub= cubicPnBn lattice. f Observed by thermal optical polarized microscopy.
9 Decomposition after first heating scan.

Table 2. Measuredd-Spacings of the Hexagonal Columnar and Cubic Lattices of Selected Exam#8,4(3,4,59"9)12Gn-X (n = 1-3)
Monodendrons

T 100 110 200 210 211 220 310 222 320 321 400 420 421 332 422

monodendron o & A A A @ A A A A A A A A A &
(4-3,412G1-CO,CH3 57 49.7 289 249
(4-3,412G1-COOH 77 46.6
(4-3,4-3,4512G2-CO,CH; 117 53.2 476 435 37.9 33.8 31.0 297 286 26.8 239 233 219 215
(4-3,4(3,4,59)12G3-CO,CH; 177 734 51.9 465 425 368 329 301 289 279 261 233 228

Table 3. Structural Analysis of Supramolecular Dendrimers Self-Assembled from Selected Exampie3,4(3,4,9"1)12Gn-X (n = 1-3)
Monodendrons

monodendron T(°C) lattice [hoo®(A) a(A) Dexp(A)  Dex' (A) u u a'l pad (glen?)
(4-3,412G1-CO,CH3 57  pémm 49.9 576  57.6 58.7 1% 300 1.05
(4-3,412G1-COOH 77 p6mm 46.6 53.8 53.8 56.1 11 32.7 1.04
(4-3,4-3,4,512G2-CO,CH3 117 PmB3n 106.5 66.1° 70.7 344 43 8.4 1.04
(4-3,4(3,4,59912G3-CO,CH3 177 Pm3n 104.x 64.6¢ 82.7 108 13 27.7 1.03

2 [ly0d0= (0100 + /3010 + 20200/3. ® Hexagonal columnar lattice parameter= 2[@0d7v/3. ¢ Cubic lattice parametea = (v/20110 + ~/4db00
+ /Ba10 + V/60hyy + v/8ehoo + v100s10 + v/120550 + /13020 + /14dsz1 + +/160aoo + v/20020 + +/21dsz1 + /22053, + «/2_4d422)/l4-
4 Columnar diameteDexp, = 20h002/3. ¢ Spherical diameteDey, = 2«7 3327, T Dey = diameter of fully extended cylindrical or spherical
dendrimers? Number of monodendrons per unit cafl = (a®Nap)/M. "Number of monodendrons per cylinder stratum of the supramolecular
cylinderu = («/C_SNADZexptp)/ZM (Avogadro’s numberN, = 6.022045x 10% mol-%; the average height of the column strattirs 4.7 A; M =

molecular mass of monodendron) (for details, see refi3#ymber of monodendrons per spherical dendrimes 4'/8. 1 Projection of the solid
angle for tapered and conical monodendodn= 360/ (deg).* p2o = experimental density at 2€C.
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Scheme 4. Structural Analysis of Three Generations(d£3,4-(3,4,59"1)12Gn-X and (4-(3,4,9")12Gn-X Monodendrons and of
Their Supramolecular Dendrimérs

(4-3,412G1-X (4-3,4-3,4,5)12G2-X

=

-

(4-3,4(3,4,5%)12G3-X

X=CO,CH; (57 °C): a=576 A
D=57.6 A p=12,a’'=30.0° X= CO,CHj; (117 °C): a=106.5 A, X= CO,CH; (177 °C): a=104.1 A,

X=COOH (77 °C): a=538 A, D=661A u=43,a'=8.4° D=646 A, u=183, a’= 27.7°
D=538 A p=11, a’=327°

QL
Ro_@_‘o - 3
o A A

(4-34,512G1-X (443,4,5%12G3-X

»
&

X= CO,CHg (140 °C): 2 =89.5 A,
D=555A, u=6, a’'=60°

X=COOH (87 °C): a=40.9 A, X=CO,CH; (70 °C): a=476 A,
D=408 A, u=4,  =90.0° D=476 A, u=2, a’= 180.0°

a Data for and 4-(3,4,9")12Gn-X are from ref 1ba (A), lattice dimensionD (A), diameter of the supramolecular columnar or spherical dendrimer;
u, number of monodendrons forming a 4.7 A cross section of the supramolecular cylindrical dendrimer or the number of monodendrons forming

the spherical supramolecular dendrimer(deg), projection of the solid angle for tapered and conical monodendrons. The temperature of the XRD
experiment in {C) is reported between parentheses.
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Scheme 5. Hierarchical Development of a Single-Sphere Monodendron Starting from Tapered or Conical Monodendrons

G1 G2
a’=30° a’=120°

a’'=s
a'=360°

monodendron is directly proportional to its projected planar self-assembles in a supramolecular cylinder that has a diameter
angle. Table 3 lists the values of the projections of the solid that is between 13 and 17 A smaller than the one generated
angle ('), since they can be visualized for both the cases of from (4-3,412G1-X The difference between these two dis-
tapered and conical monodendrons much more easily than theirsimilar Dexp Values that have identical fully extended theoretical
corresponding solid angles. The comparison ofidag, u, and diameters is determined by the number of monodendrons
o for (4-3,43,4,912G2-X and for (4-3,4(3,4,99)12G3-X required to form the cross section of the supramolecular cylinder
(Table 3 and Scheme 4) provides the most significant result. and their corresponding solid angle, i.e.= 4 (o' = 90°) for
Although the transition from generation two to generation three the case 0f4-3,4,912G1-X and respectivelyt = 11 (@' =
should increase the theoretical radius of the fully extended 32.7) or 12 (@' = 30.C) for the case 0{4-3,412G1-X. The
supramolecular dendrimer with one benzyl ether unit (i.e., 6.0 number of monodendrons required to create a supramolecular
A) and the corresponding diameter with two benzyl ether units dendrimer is proportional to the planar anglg i.e., u = 4

(i.e., 12.0 A), the experimental diameter of the third generation, provideso’ = 90°, while 4 = 12 and respectively 11 provide

at the temperature at which it was determined, is lower than o = 30.C° and respectively 32°7Therefore, a larger provides

that of the second generation supramolecular dendrimer (64.6a smallera’ and a larger diameter. The attachment ofzABd

A vs 66.1 A). This is partially due to the increasedh from AB; monodendrons to the periphery of the ABonodendrons
8.4° to 27.7 and partially due to the higher temperature of the transplants this trend from the first generation to the second

XRD experiment (177C for G3 versus 117C for G2). It is and respectively to the third-generation monodendrons as well
well established that the diameter of the supramolecular sphericalas to their corresponding supramolecular dendrimers (Scheme
dendrimers decreases with the increase in temperktiree 4). At the second generation the two supramolecular dendrimers

second column from Scheme 2 provides an example which have different shapes i.e., cylindrical and spherical, and
shows that a 49C increase in temperature decreases the therefore, a direct comparison cannot be made. However, at the
diameter by 3.5 A. Although this comparison has only a relative third generation the diameters of the two spherical supramo-
meaning, correcting for the difference in temperature cannot lecular dendrimers follow the same trend as that of the
bring the diameter to the expected value. Therefore, in contrastcorresponding first-generation cylindrical supramolecular den-
to the expected trend, when the generation number is increaseddrimers, i.e., thé4-3,4-(3,4,9%)12G3-X-derived supramolecular
the diameter of the spherical supramolecular dendrimer increaseglendrimer has a diameter that is larger than that of the
much less than expected from its theoretical fully extended (4-(3,4,9%)12G3-X-derived supramolecular dendrimer with 9.1
length of the aromatic part i.e., 12.0 A per generation. A. This is in spite of the fact that the former was determined at
To compare the contribution of the solid or planar angle of 177 °C and the latter at 140C. At the same temperature this
the monodendron as it is determined by the structure of the difference would have to be even larger since with increasing
repeat unit from its periphery, we compare in Scheme 4 the the temperature the diameter decredéasis result is comple-
influence ofu and o on Deyp Of supramolecular dendrimers  mentary to that obtained wit{¥-3,412G1-X and (4-3,4,9-
generated by the two libraries of monodendrons that have on12G1-Xand demonstrates the capability to increase the diameter
their periphery 3,4,5-trigk(n-dodecan-1-yloxy)benzyloxy]ben-  of both cylindrical and spherical supramolecular dendrimers
zyl ethetb AB3 groups (lower part of Scheme 4) and respectively based on the same internal repeat unit by attaching monoden-
3,4-bisp-(n-dodecan-1-yloxy)benzyloxy]benzyl ether ABroups drons of lower solid angle on their periphery. However,
(upper part of Scheme 4). This comparison can be made onlyregardless of the repeat unit on their periphery and, therefore,
at the same generation number, where the theoretical diameteof the initial solid angle of the monodendron, upon increasing
of the fully extended monodendron is identical regardless of the generation number the tapered monodendron changes its
the nature of the two different monodendritic units on their shape by becoming a half of a di¥ka disklike molecul&?
periphery. Scheme 4 is almost self-explanatthB,4,912G1-X and subsequently adopts a conical sh&{scheme 5). A conical
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monodendrot? becomes hemispherical and ultimately a single textures. Small-angle X-ray diffractograms (SAXD) from powder
spherel¢ This trend is illustrated in Scheme 5. The maximum samples were recorded with a quadrant detector at Station 8.2 of the
size of the cylindrical and spherical supramolecular dendrimers Synchrotron Radiation Source at Daresbury, UK. Small- and wide-

constructed via these principles is therefore limited. angle X-ray diffractograms from monodomain samples were recorded
with an image plate area detector (MAR Research) using graphite-
Conclusions monochromatized Cu & radiation. In both cases, samples in glass

capillaries were held in a custom-built temperature cell controlled to
The results described in this publication demonstrate a very within -0.1°C. The beampath up to the beamstop was either evacuated

clear trend. With increasing generation number, the solid angle or flushed with N. Densities f20) were determined by flotation in
of the conical and flat tapered monodendrons increases, and agradient columns at 2€C. Elemental analyses of all new compounds
a Consequence the d|ameter of the resu'“ng Supramolecu'ar(M'H'W Laborato”es, Phoenlx, AZ) agree with the calculated value
dendrimer increases with a much lower value than the one Within +0.4%.
expected from its fully extended conformation. For the same  C. Synthesis2,6-Diert-butyl-4-methylpyridine PTBMP),** meth-
generation number constructed from ABternal repeat units, ! p'(T;dOdeca”'1'y'°Xy)benzoa*ép'(”'doqeca”'1'y'°Xy)be_”Zy' al-
the solid angle of the monodendron and the diameter of the ggzgtarﬁ"i”'?gf‘;822'21%')‘(”%:E;;gggéogﬁg]letggzgﬁ'?stﬁgga
supramolecular dendrimer are determined by the solid angle Of3,4-bisp—(n-)<;odgcan-1Yylo>¥y)benzyloxy]t;enzoic ac[(i4—3,34)’12(31-
the monodendrltw_: repeat unlt_attached to the periphery. Ap AB_ COOH]® were synthesized as described previously.
vs AB; repeat unit on the periphery decreases the overall solid

| f th Vi h General Procedure for the Synthesis of4-3,4-(3,4,5"1)12Gn-
angle of the monodendron and subsequently increases t eCHgOH.3,4-Bis[p-(n-dodecan-l-yloxy)benzyloxy]benzyl Alcohol §-

diameter of the corresponding supramolecular dendrimer. Theses 412G1-CH,0OH]. The benzyl alcohol was synthesized by the
results suggest an upper limit of the size of the supramolecularreduction of the methyl 3,4-bisf(n-dodecan-1-yloxy)benzyloxylben-
dendrimers that can be constructed via the current syntheticzoate[(4-3,412G1-CO,CH3] with LiAIH 4. Into a three-neck round-
methodology. Upon increasing the generation number, all bottom flask, equipped with a condenser, an ice bath, ams&t—
monodendrons increase their solid angle until they become aoutlet, and a Teflon-coated magnetic stirrer, containing a suspension
single spheréc Therefore, the control of the size of supramo- Of LiAlH 4 (8.26 g, 0.218 mol) in dry THF (900 mL), was added
lecular dendrimers synthesized from a certain repeat unit is 3:412G1-CO:CHs (130 g, 0.181 mol) slowly under a flow ofiNand
determined both by the solid angle of the repeat unit attachedthe mixture was stirred fo2 h atroom temperature. The reduct'lon

to their periphery as demonstrated in this publication and by was shown to be complete by TLC ald NMR analyses. The reaction

. o . mixture was quenched by successive dropwise addition of 9 mL of
the volume of the functionality in their apé%.These two H,0, 9 mL of 15% NaOH, and 27 mL of 4. At this point, H

architectural parameters determine the solid angle of the self-e\ojution ceased. The granular salts were filtered and washed with THF.
assembling monodendron and can be used to control theThe solvent was distilled on a rotary evaporator, and the remaining
diameter of the supramolecular dendrimer up to the generationsolid was recrystallized from acetone/@, (5:1, 1000 mL) to yield
number before the monodendron shape becomes sphericall18 g (94.5%) of white crystals. Purity (HPLC): ©%. Isotropic
These results show some of the limitations of the dendritic temperature: 97C. TLC (3/1 hexane/EtOAc)R: = 0.25.'H NMR
architectural motifs but also open numerous new strategies for (CDCh, 6, ppm, TMS): 0.89 (t, 6H, €15, J = 6.6 Hz), 1.28 (m, 36H,

the design of functional nanosystems. CHy(CHz)o), 1.79 (m, 4H, E1,CH0AT), 3.96 (t, 4H, CHCH,OAr, J
= 6.5 Hz), 4.58 (s, 2H, 8,0H), 5.07 (s, 2H, Ar€i,0Ar, 4 position),
Experimental Section 5.08 (s, 2H, Ar®i.0Ar, 3 position), 6.84-6.94 (overlapped m, 6H,

ArH meta to CHOAr, 3,4 positions, A (5) meta to CHOH, ArH
A. Materials. Methyl 4-hydroxybenzoate (99%), 1-bromododecane (6) ortho to CHOH), 7.00 (d, 1H, AH (2) ortho to CHOH, J = 1.7
(97%), 3,4-dihydroxybenzoic acid (97%), methyl 3,4,5-trihydroxyben- Hz), 7.30-7.37 (overlapped m, 4H, At ortho to CHOAr, 3,4
zoate (98%), LiAIH (95+%), SOC} (99.5+%) (all from Aldrich), positions).23C NMR (CDCk, 8, ppm, TMS): 14.1 CHs), 22.7 CHo-
anhydrous KCOs, DMF, and acetone (from Fisher, ACS. reagent) were  CH), 26.0 CH,CH,CH,OAr), 29.3 (CH(CH,)2CH>), 29.6 (CH(CH,)s-
all used as received. THF (from Fisher, ACS reagent) was refluxed (CH,)s), 30.4 CH.CH,OAr), 31.9 (CHCH.CH>), 64.9 CH,OH), 67.9
over sodium ketyl until the solution turned purple and then distilled (CH,CH,OAr, 3,4-(4) positions), 71.0 (AEH,OAr, 3 position), 71.3
before use. CkCl, (from Fisher, ACS. reagent) was dried over GaH  (ArCH,OA, 4 position), 114.2 (A€ (5) meta to CHOH), 114.3 (AC
and freshly distilled before use. meta to CHOAT, 3,4 positions), 115.4 (& (2) ortho to CHOH), 120.0
B. Techniques.H NMR (200 MHz) and™*C NMR (50 MHz) (ArC (6) ortho to CHOH), 129.0 (AC ipso to CHOAT, 3,4 positions,
spectra were recorded on a Varian Gemini 200 spectrometer @ 20 ArC ortho to CHOA, 3,4 positions), 134.5 (A ipso to CHOH),
with tetramethylsilane (TMS) as internal standard. The purity of 1492 (AIC (3) meta to CHOH, ArC para to CHOH), 158.8 (AC
products was determined by a combination of thin-layer chromatography para to CHOA, 3,4 positions). Anal. Calcd for gHe:Os: C, 78.44;
(TLC) on silica gel plates (Kodak) with fluorescent indicator and high- H 9.95. Found: C, 78.33; H, 9.97.
pressure liquid chromatography (HPLC) using a Perkin-Elmer Series
10 high-pressure liquid chromatograph equipped with an LC-100
column oven, a Nelson Analytical 900 series integrator data station
and two Perkin-Elmer PL gel columns of510% and 1x 10*A. THF
was used as solvent at an oven temperature dfCiDetection was
by UV absorbance at 254 nm. Relative weight-average) (and - L e
number-averageM,;) molecular weights were determined on the same With @ magnetic stirrer and an addition funnel, were pla@®8,4)-
instrument from a calibration plot constructed with polystyrene ;ZGl-CFbOH (5.009, 7.26 mmOI) and DTBMP (2.98 g, 14.5 mmol)
standards. Thermal transitions were measured on a Perkin-Elmer DSC-7n dry CHClz (100 mL). A mixture of SOGI (0.864 g, 7.26 mmol)
differential scanning calorimer (DSC) equipped with a TADS data and CF&,‘?'Z (10 mL) was added d_rop_vwse at room temperature. After
station. In all cases, the heating and cooling rates weréCimin. the ao_ldltl_on waf complete, quantitative conversion was observed by a
First-order transition temperatures were reported as the maxima andcomblnatlon of'H NMR spectroscopy and TLC. The solvent was
minima of their endothermic and exothermic peaks. Indium and zinc -
were used as calibration standards. An Olympus BX-40 thermal optical ~ (+2) Anderson, A. G.; Stang, P. J. Org. Chem197§ 41, 3034. .
. . A - . (13) Metzger, R. M.; Wiser, D. C.; Laidlaw, R. K.; Takassi, M. A,;
polarized microscope (TOPM) (180magnification) equipped with a Mattern, D. L.; Panetta, C. ALangmuir199Q 6, 350.
Mettler FP 82 hot stage and a Mettler FP 80 central processor was  (14) Percec, V.; Heck, dI. Polym. Sci., Part A: Polym. Cherh991,
used to verify thermal transitions and characterize the anisotropic 29, 591.

General Procedure for the Synthesis of Benzyl ChloridesBenzyl
chlorides were synthesized by the chlorination of the corresponding
' benzyl alcohols with SOGIin the presence of DTBMP.

3,4-Bis[p-(n-dodecan-1-yloxy)benzyloxy]benzyl Chloride §-3,4)-
12G1-CHCI]. Into a 250-mL one-neck round-bottom flask, equipped
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distilled on a rotary evaporator, and the product was used immediately 74.9 (AICH,OAr, 4 position), 106.6 (A€ ortho to CHOH), 114.4-

in the next step.

General Procedure for the Synthesis of4-3,4-(3,4,5"1)12Gn-
CO,CH3;. Methyl 3,4,5-Tris{ 3 ,4'-bis[p-(n-dodecan-1-yloxy)benzyloxy]-
benzyloxy} benzoate [¢-3,4-3,4,912G2-CO,CHy3]. (4-3,4-3,4,912G2-

115.0 (AIC meta to CHOAr, 3,4,5-(3,4') positions, AC (5') meta to
CHOAr, 3,4,5 positions), 115.1 (& (2) ortho to CHOAr, 3,4,5
positions), 120.4 (AT (6') ortho to CHOA, 3,5 positions), 121.6 (A
(6") ortho to CHOAr, 4 position), 129.0 (A€ ipso to CHOAr, 3,4,5-

CO,CHj; was synthesized according to a procedure elaborated in our (3',4') positions, AC ortho to CHOAr, 3,4,5-(3,4') positions), 130.4

laboratory:*7 In a three-neck round-bottom flask equipped with a
condenser, an Ninlet—outlet, and a Teflon-coated magnetic stirrer, a
mixture of K;COs;, DMF, and THF was thoroughly bubbled with, N
for 1 h toeliminate Q. Methyl 3,4,5-trihydroxybenzoate was added,
and the mixture was heated to 7Q, and then(4-3,412G1-CH.CI
was added. After 35 h, the reaction was shown to be complete by a
combination of TLC andH NMR analyses. Starting from 1.79 g (9.72
mmol) of methyl 3,4,5-trinydroxybenzoate, 20.6 g (29.1 mmolj4f
3,412G1-CH.CI, and 12.1 g (87.6 mmol) of 4COs in a mixture of
200 mL of DMF and 20 mL of THF at 70C after 4 h, 16.3 g (76.3%)
of white crystals was obtained after purification by column chroma-
tography (basic, ADs; CH.CI;) and recrystallization from acetone/
CHXCI, (3:1, 500 mL). Purity (HPLC): 99%. TLC (3/1 hexane/
EtOAc): R = 0.*H NMR (CDCl;, 6, ppm, TMS): 0.88 (t, 18H, 85,
J = 6.9 Hz), 1.26 (m, 108H, CHICH,)), 1.76 (m, 12H, El,CH,-
OAr), 3.84-3.96 (overlapped m, 15H, GBH,OAr, CO,CHs), 4.75
(s, 2H, ArCH,OAr, 4-(3) position), 4.90 (s, 2H, Ar8,0Ar, 4-(4)
position), 4.97 (s, 8H, Ar8,0Ar, 3,5-(3,4) positions), 5.01 (s, 6H,
ArCH,OAr, 3,4,5 positions), 6.756.90 (overlapped m, 18H, Armeta
to CH,OAr, 3,4,5-(3,4) positions, AH (5') meta to CHOAr, 3,4,5
positions, AH (6') ortho to CHOAr, 3,4,5 positions), 7.06 (d, 3H,
ArH (2') ortho to CHOAr, 3,4,5 positions,) = 2.9 Hz), 7.19-7.31
(overlapped m, 12H, At ortho to CHOAr, 3,4,5-(3,4') positions),
7.37 (s, 2H, AH ortho to CQCHg). *C NMR (CDCE, 6, ppm, TMS):
14.2 (CHs), 22.7 CH:CHs), 26.1 CH.CH,CH,OAr), 29.4 (CH-
(CH,)2CHy), 29.7 (CH(CH,)3(CHy)s), 30.5 CH,CH,OAr), 32.0 (CH-
CH,CHy,), 52.2 (CQCHs), 67.6-68.0 (CHCH,OAr, 3,4,5-[3,4-(4")]
positions), 70.571.2 (AICH,OAr, 3,4,5-(3,4) positions and 3,5
positions), 74.8 (ACH.OAr, 4 position), 109.4 (AT ortho to CQ-
CHs), 113.9-115.1 (AIC meta to CHOAr, 3,4,5-(3,4') positions, AC
(2') ortho to CHOAr, 3,4,5 positions, AT (5') meta to CHOAr, 3,4,5
positions), 120.8 (A€ (6') ortho to CHOAr, 3,5 positions), 121.6 (&
(6") ortho to CHOA, 4 position), 125.4 (AT ipso to CQCHs), 128.7
129.0 (AC ipso to CHOAr, 3,4,5-(3,4) positions, AC ortho to CH-
OAr, 3,4,5-(3,4) positions), 129.9 (A€ ipso to CHOAr, 3,45
positions), 142.2 (AC para to CQCHs), 148.9 (AIC para to CHOAr,
3,4,5 positions), 149.3 (& (3') meta to CHOAr, 3,4,5 positions),
152.6 (AIC meta CQCHg), 158.9 (AC para to CHOAr, 3,4,5-(3,4)
positions), 166.3C0O,CHs). Anal. Calcd for GagH2060:17: C, 78.17;
H, 9.45. Found: C, 78.13; H, 9.57.

3,4,5-Tris{ 3',4'-bis[p-(n-dodecan-1-yloxy)benzyloxy]benzyloxjy-
benzyl Alcohol [(4-3,4-3,4,912G2-CH,OH]. Starting from (4-3,4-
3,4,512G2-CO,CH; (4.5 g, 2.05 mmol) and LiAlk(0.09, 0.002 mol)
in THF (140 mL) (4 h reaction time), a white solid (3.85 g, 86.7%)
was obtained after recrystallization from a mixture of acetonefIH
(1:2, 200 mL). Purity (HPLC): 99%. Isotropic temperature: 19TC.
TLC (9/1 CHClyhexane): Rr = 0.18.'H NMR (CDCl;, o, ppm,
TMS): 0.88 (t, 18H, 3, J = 6.8 Hz), 1.26 (m, 108H, CHCH,)o),
1.74 (m, 12H, €1,CH,OAr), 3.84-3.96 (overlapped m, 12H, GBH-
OAr), 4.54 (s, 2H, €1,0H), 4.77 (s, 2H, Ar€i,0Ar, 4-(3) position),
491 (s, 2H, Ar®,0Ar, 4-(4) position), 4.93 (s, 2H, Ar8,0Ar, 4
position), 4.96-4.97 (overlapped s, 12H, AKGOAr, 3,5-(3,4)
positions, ArG1,0Ar, 3,5 positions), 6.62 (s, 2H, Arortho to CH-
OH), 6.75-6.89 (overlapped m, 18H, A meta to CHOAr, 3,4,5-
(3,4') positions, AH (5') meta to CHOAr, 3,4,5 positions, A (6')
ortho to CHOAr, 3,4,5 positions), 7.06 (d, 3H, Ar(2') ortho to CH-
OAr, 3,4,5 positions,] = 7.0 Hz), 7.26-7.33 (overlapped m, 12H,
ArH ortho to CHOAr, 3,4,5-(3,4') positions).*3C NMR (CDCk, 9,
ppm, TMS): 14.1CHs), 22.7 CH,CHs), 26.1 CH,CH,CH,0Ar), 29.4
(CH3(CH,)2CHy), 29.7 (CH(CHZ)3(CHy)s), 30.5 CHCH.OAT), 31.9
(CHsCH.CH,), 65.2 CH,OH), 68.0 (CHCH,OAr, 3,4,5-[3,4'-(4")]
positions), 71.2 (A€H-0Ar, 3,4,5-(3,4) positions and 3,5 positions),

(ArC ipso to CHOAr, 3,5 positions), 131.3 (A ipso to CHOAr, 4
position, AIC para to CHOH), 136.8 (AC ipso to CHOH), 148.8
(ArC para to CHOAr, 3,4,5 positions), 149.2 (& (3') meta to CH-
OAr, 3,4,5 positions), 153.0 (& meta CHOH), 158.8 (AC para to
CH;OAr, 3,4,5-(3,4) positions). Anal. Calcd for GH20d016. C, 78.63;
H, 9.57. Found: C, 78.82; H, 9.41.

3,4,5-Trig{ 3,4'-bis[p-(n-dodecan-1-yloxy)benzyloxy]benzyloxy-
benzyl Chloride [(4-3,4-3,4,912G2-CH.CI]. (4-3,4-3,4,912G2-CH,CI
was synthesized by the procedure described for the synthesis of (
3,412G1-CH,CI. To a solution of 1.0 g (0.46 mmol) ¢#-3,4-3,4,5-
12G2-CH,OH and 0.38 g (1.85 mmol) DTBMP in 20 mL of dry
CH.CI, was added 0.055 g (0.46 mmol) of SQ@ 20 mL of CH.-
Cly. (4-3,4-3,4,912G2-CH,CI was used without purification in the next
step.

Methyl 3,4,5-Tris(3',4',5-tris{3",4"-bis[p-(n-dodecan-1-yloxy)-
benzyloxy]benzyloxy benzyloxy)benzoate [4-3,4(3,4,9%)12G3-
CO,CHyg]. To a solution of methyl 3,4,5-trihydroxybenzog099 g,
0.54 mmol) and KCO; (0.669 g, 4.84 mmol) in a mixture of DMF
(140 mL) and THF (40 mL) was add€d-3,4-3,4,512G2-CHCI (3.53
g, 1.61 mmol) at 70°C. After 6 h the mixture was worked up as
described for(4-3,4-3,4,912G2-CO,CHj5; to yield a white solid (1.67
g, 46.8%). Purity (HPLC): 99%. TLC (20/1 hexane/EtOAC)R: =
1.00.H NMR (CDCls, 6, ppm, TMS): 0.89 (t, 54H, 83, J = 6.6
Hz), 1.27 (m, 324H, CK(CH,)o), 1.73 (m, 36H, E1,CH,0Ar), 3.70—
3.92 (overlapped m, 39H, GBH,OAr, CO,CH3), 4.57-5.13 (ove-
lapped m, 60H, Ar€,0Ar), 6.56-6.90 (overlapped m, 60H, Armeta
to CHOAr, 3,4,5-[3,4,5-(3",4")] positions, AH (5") meta to CH-
OAr, 3,4,5-(3,4,5) positions, AH (6") ortho to CHOAr, 3,4,5-
(3,4',5) positions, AH ortho to CHOAr, 3,4,5 positions), 6.967.26
(overlapped m, 45H, A ortho to CHOAr, 3,4,5-[3,4,5-(3",4")]
positions, AH (2") ortho to CHOAr, 3,4,5-(3,4,5') positions), 7.47
(s, 2H, AH ortho to CQCHj). *3C NMR (CDCk, ¢, ppm, TMS): 14.1
(CHs), 22.7 CH2CHg), 26.1 CH,CH,CH;0Ar), 29.3 (CH(CH,).CH,),
29.6 (CH(CH,)3(CH2)s), 30.5 CHCH,0A), 31.9 (CHCH,CH,), 52.2
(CO,CHg), 67.4-67.8 (CHCH,OAr, 3,4,5{3,4,5-[3",4"-(4")]} posi-
tions), 71.4 (ACH,OAr, 3,4,5-[3,4,5-(3",4")] positions, 3,4,5-(35)
positions and 3,5 positions), 74:84.9 (AICH,0Ar, 3,4,5-(4) positions,
4 position), 107.0 (A€ ortho CHOAr, 3,4,5 positions), 109.6 (&
ortho to CQCHj), 113.5-114.7 (AIC meta to CHOAr, 3,4,5-[3,4,5-
(3",4")] positions, AC (2") ortho to CHOAr, 3,4,5-(3,4,5) positions,
ArC (5") meta to CHOAr, 3,4,5-(3,4,5") positions), 120.6 (AT (6"")
ortho to CHOAr, 3,4,5-(3,5) positions), 121.4 (AT (6") ortho to CH-
OAr, 3,4,5-(4) positions), 125.4 (AT ipso to CQCHj), 128.1-129.1
(ArC ipso to CHOAr, 3,4,5-[3,4,5-(3",4")] positions, AC ortho to
CHOAr, 3,4,5-[3,4,5-(3",4")] positions), 130.0 (A€ ipso to CH-
OAr, 3,4,5-(3,4,5) positions), 131.1 (AT para to CHOAr, 3,5
positions), 132.2 (AT para to CHOA, 4 position), 138.4 (AT ipso
to CHOAr, 3,4,5 positions), 142.2 (& para to CQCH;), 148.8 (AIC
para to CHOAr, 3,4,5-(3,4,5) positions), 149.2 (A€ (3"') meta to
CH;OAr, 3,4,5-(3,4,5) positions), 152.6 (AT meta to CQCHs), 153.0
(ArC meta to CHOAr, 3,4,5 positions), 158.7 (& para to CHOAr,
3,4,5-[3,4,5-(3",4")] positions), 166.3 CO,CHsz). Anal. Calcd for
CuzdHe2Os0: C, 78.53; H, 9.42. Found: C, 78.69; H, 9.31.
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