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Abstract: The design and synthesis of the first examples of AB4 and AB5 dendritic building blocks with
complex architecture are reported. Structural and retrostructural analysis of supramolecular dendrimers
self-assembled from hybrid dendrons based on different combinations of AB4 and AB5 building blocks with
AB2 and AB3 benzyl ether dendrons demonstrated that none of these new hybrid dendrons exhibit the
previously encountered conformations of libraries of benzyl ether dendrons. These hybrid dendrons enabled
the discovery of some highly unusual tapered and conical dendrons generated by the intramolecular back-
folding of their repeat units and of their apex. The new back-folded tapered dendrons have double thickness
and self-assemble into pine-tree-like columns exhibiting a long-range 7/2 helical order. The back-folded
conical dendrons self-assemble into spherical dendrimers. Non-back-folded truncated conical dendrons
were also discovered. They self-assemble into spherical dendrimers with a less densely packed center.
The discovery of dendrons displaying a novel crown-like conformation is also reported. Crown-like dendrons
self-assemble into long-range 5/1 helical pyramidal columns. The long-range 7/2 and 5/1 helical structures
were established by applying, for the first time, the helical diffraction theory to the analysis of X-ray patterns
obtained from oriented fibers of supramolecular dendrimers.

Dendrimers and dendrons1 synthesized by divergent2 and
convergent methods3 are extensively explored at the interface
between chemistry, biology, physics, medicine, and nano-
science.4 Self-assembling dendrons5-11 provide some of the most
influential complex architectures of nonbiological origins that
are currently used in our laboratory to investigate the transfer
of molecular information from the primary structure to the three-
dimensional structure.9,10The hierarchical processing of complex
structural information at multiple-length scales9,10 is responsible
for the creation of order and functions12 and, therefore,
represents one of the most fundamental principles of chemistry.

Our laboratory is involved in the elaboration of amphiphilic
self-assembling dendrons, including hybrid dendrons based on
various combinations of AB and constitutional isomeric AB2

and AB3 repeat units. This self-assembly process is monitored
by retrostructural analysis. This methodology facilitates the
elucidation of the mechanism by which the primary structure
is transferred on multiple-length scales during the generation

of order and function in 2-D and 3-D periodic and quasiperiodic
supramolecular systems. This publication reports the design of
the first examples of complex AB4 and AB5 dendritic building
blocks and demonstrates their capability to expand the structural
diversity and complexity of self-assembling dendrons and of
their supramolecular dendrimers.

Results and Discussion

Synthesis of the AB4 Building Block 13. The strategy
involved in the synthesis of the AB4 and AB5 building blocks
was inspired from a methodology delineated for the synthesis
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of conformationally flexible AB2 building blocks.13 The syn-
thesis of the AB4 building block 13 is outlined in Scheme 1.
The first step involves the acylation of 4-chlorophenylacetic acid
(1) with veratrole (2) in freshly prepared polyphosphoric acid14

at 75 °C to yield ketone3 in 96% yield. This procedure was
previously employed in our laboratory13 since it replaces the
need to form the acid chloride required for Friedel-Crafts
acylations. Bromination of 3,4-dimethoxybenzyl alcohol (4) with
PBr3 in Et2O15 generated bromide5 in 83% yield. The enolate
alkylation of 3 with 3,4-dimethoxybenzyl bromide (5) under
phase-transfer conditions13 gave ketone6, which was reduced

directly to the methylene group by using a LiAlH4/AlCl3‚Et2O
complex.13,16 The aryl chloride7 was obtained in 43% yield.
The boronic acid11 was prepared by the formation of the
Grignard reagent of bromotoluene (8), followed by addition of
trimethylborate to generate tolylboronic acid (9)17 in 72% yield.
Benzylic oxidation of9 with KMnO4 in aqueous NaOH yielded,
after acidification, the carboxylic acid10,18 which was esterified
under acidic conditions with methanol to give1119 in 74% yield.
Nickel-catalyzed Suzuki coupling20 of aryl chloride 7 and
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Scheme 1. Synthesis of the AB4 Building Block
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4-methoxycarbonylphenylboronic acid (11) provided12, which
was demethylated with BBr3

13,21 in CH2Cl2. During this step,
part of the ester of12 was cleaved. Re-esterification provided
the desired AB4 13 in 83% yield.

Synthesis of the AB5 Building Block 20. The AB5 building
block20was synthesized in a fashion analogous to the synthesis
of 13 (Scheme 2). The first step involves the reduction of methyl
3,4,5-trimethoxybenzoate with LiAlH4 to 3,4,5-trimethoxybenzyl
alcohol (15)22 (80% yield). Chlorination of15 with SOCl2
generated1623 in 90% yield. The enolate alkylation of3 with
the chloride16 under phase-transfer conditions13 gave ketone
17 in 88% yield. Reduction of ketone17 with a LiAlH4/AlCl3‚
Et2O complex13,16 gave aryl chloride18 in quantitative yield.
Pd(0)-catalyzed Suzuki coupling of18 with 11 by using
2-(dicyclohexylphosphino)biphenyl24 as catalyst provided ester
19. Demethylation of19 with BBr3

13,21in CH2Cl2, followed by
re-esterification, produced the AB5 building block20 in 99%
yield.

Synthesis of the Library of Self-Assembling AB4 Hybrid
Dendrons.Synthesis of self-assembling AB4 dendrons involves
an iterative synthetic procedure6d,f,h,i,7b,25previously developed
by our group to synthesize the benzyl halides22-29 (Scheme
3). This method consists of the LiAlH4 reduction of an ester to
a benzyl alcohol, followed by chlorination with SOCl2 in the
presence of the proton trap 2,6-di-tert-butyl-4-methylpyridine,6d

and then alkylation of a hydroxybenzoate. Tetraalkylation of
building block13 with halides21-29 using K2CO3

25 in DMF
produced the new self-assembling benzyl ether dendrons30-
38 in 15-77% yield (Scheme 3). Reduction of30, 31, 34, 36,
and38 with LiAlH 4 yielded39-43, respectively, in 61-86%
yield, while saponification of dendron36 generated acid44 in

64% yield. Acetylation of42using acetic anhydride and pyridine
formed the acetate45 in 58% yield. The purity of all self-
assembling dendrons was 99+% (HPLC).

Synthesis of the Library of Self-Assembling AB5 Hybrid
Dendrons.Scheme 4 illustrates the synthesis of self-assembling
AB5 dendrons via a route analogous to that used in the synthesis
of self-assembling AB4 dendrons. Pentaalkylation of the AB5

building block20 with halides21-26 using K2CO3
25 in DMF

produced the new self-assembling dendrons46-51 in 17-42%
yields. The purity of the AB5 dendrons was 99+% (HPLC).

Strategy Employed in the Structural and Retrostructural
Analysis of the Library of Supramolecular Dendrimers. The
structural and retrostructural analysis of all supramolecular
dendrimers was performed by a methodology elaborated in our
laboratory.6c,d,m,7b,8-10,12This involves a combination of analyti-
cal methods that includes1H and13C NMR, MALDI-TOF, high-
performance liquid chromatography (HPLC), differential scan-
ning calorimetry (DSC), thermal optical polarized microscopy
(TOPM), experimental density (F20), and small- and wide-angle
X-ray diffraction (XRD) experiments performed as a function
of temperature on powder and oriented fibers, and reconstruction
of the XRD data and electron density maps, together with
molecular modeling. Details of the structural and retrostruc-
tural analysis, performed as elaborated and reported previ-
ously,6c,d,m,7b,8-10,12 are presented in Supporting Tables ST1-
ST4. The retrostructural analysis strategy outlined in Scheme 5
gives information on the transfer of structural information from
the primary structure of the dendrons to their secondary, tertiary,
and quarternary structures. The new dendron conformations and
supramolecular dendrimer architectures and lattices discovered
during this investigation are marked in Scheme 5 with dotted
rectangles. These structures will be discussed in more detail.
The DSC traces of both libraries are in Supporting Figures SF1-
SF3. Thermal transitions, their enthalpy changes, and the phase
assignments by XRD experiments for the AB4-based supramo-
lecular dendrimers are summarized in Table 1. The measured
d-spacings and the retrostructural analysis of the corresponding
lattices assembled from the AB4 library are reported in ST1
and ST2. The thermal transitions, d-spacings, and the retro-
structural analysis of the AB5 library are reported in Table 2,
ST3, and ST4. During the structural and retrostructural analysis,
the short names used for the dendrons follow the nomenclature
used in previous publications from our laboratory.6m,7b,8aThis
nomenclature permits a straightforward visualization of the
dendritic architecture in the absence of a reaction scheme.

Structural and Retrostructural Analysis of the AB 4

Library. The AB4 (Scheme 1) and AB5 (Scheme 2) building
blocks are first-generation dendrons containing a tetrahedral
branching point, four or five phenol groups, and an ester group.
Therefore, the alkylation of these dendrons provides second-
generation dendrons even when the electrophile is ann-alkyl
halide (Schemes 3 and 4). The second branching points
incorporated in the AB4 and AB5 dendron are based on
aromatic-aliphatic ether or aromatic benzyl ether repeat units.
This combination of branching points with highly dissimilar
conformational freedom has not been employed in previous
examples of self-assembling hybrid dendrons.8b

The main structural events of the retrostructural analysis
results shown in SF1-SF3 are summarized in Scheme 6.(AB4)-
12G2-CO2CH3 (30) adopts a half-disc conformation that self-

(20) (a) Percec, V.; Bae, J.-Y.; Zhao, M.; Hill, D. H.J. Org. Chem.1995, 60,
1066-1069. (b) Percec, V.; Golding, G. M.; Smidrkal, J.; Weichold, O.J.
Org. Chem.2004, 69, 3447-3452.
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2292.

(22) Tsao, M. U.J. Am. Chem. Soc.1951, 73, 5495-5496.
(23) (a) Amedio, J. C., Jr.; Sunay, U. B.; Repic, O.Synth. Commun.1995, 25,

667-680. (b) Lawrence, N. J.; Hepworth, L. A.; Rennison, D.; McGown,
A. T.; Hadfield, J. A.J. Fluorine Chem.2003, 123, 101-108.

(24) Wolfe, J. P.; Singer, R. A.; Yang, B. H.; Buchwald, S. L.J. Am. Chem.
Soc.1999, 121, 9550-9561.

(25) Percec, V.; Heck, J.J. Polym. Sci., Part A: Polym. Chem.1991, 29, 591-
597.

Scheme 2. Synthesis of the AB5 Building Block
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assembles into a supramolecular column that self-organizes into
a simple rectangular columnarΦr-s liquid crystal lattice.(AB4)-
12G2-CH2OH (39) generates a tapered conformation that
mediates the formation of a centered rectangular columnarΦr-c

periodic array. (4-AB4)12G2-CO2CH3 (31) adopts tapered
conformations that self-assemble, depending on temperature, into
helical pine-tree-like columns,6k,26 forming a hexagonal colum-
narΦh array, or untilted columns that self-organize into aΦr-c

phase. The replacement of X) CO2CH3 at the apex of(4-
AB4)12G2-Xwith X ) CH2OH (40) changes the conformation
of the dendron from a taper to a truncated cone (Scheme 5)
and the shape of the supramolecular dendrimer from a pine-
tree-like helical column to a sphere with a less densely packed
center. Only the as-prepared(4-AB4)12G2-CH2OH (40) as-
sembles into a rectangular lattice that changes irreversibly during
heating into thePm3hn cubic lattice generated from spheres with
less densely packed centers. Reversible shape changes mediated
by the functional group at the apex of the dendron were reported
previously.7b However, this represents the first example of the
transformation of a supramolecular nonporous column to a
sphere with a less dense center that is mediated by the apex
functionality.

(3,4-AB4)12G3-CO2CH3 (32) exhibits a tapered conforma-
tion that mediates the assembly of pine-tree-like,Φh assemblies.
The major difference between the pine-tree-like columns as-
sembled from(3,4-AB4)12G3-CO2CH3 (32) and(4-AB4)12G2-
CO2CH3 (31) is in the number of tapered dendrons (µ) forming
the column cross section. The observed trend is in line with
the increased dendron dimensions and solid angle that mediate
the transition fromµ ) 3 for (4-AB4)12G2-CO2CH3 (31) to µ
) 2 for (3,4-AB4)12G3-CO2CH3 (32). The other remarkable
feature of the pine-tree supramolecular columns is their very

(26) (a) Kwon, Y. K.; Chvalun, S.; Schneider, A. I.; Blackwell, J.; Percec, V.;
Heck, J. A. Macromolecules1994, 27, 6129-6132. (b) Kwon, Y. K.;
Chvalun, S.; Blackwell, J.; Percec, V.; Heck, J. A.Macromolecules1995,
28, 1552-1558. (c) Percec, V.; Rudick, J. G.; Peterca, M.; Wagner, M.;
Obata, M.; Mitchell, C. M.; Cho, W.-D.; Balagurusamy, V. S. K.; Heiney,
P. A. J. Am. Chem. Soc.2005, 127, 15257-15264. (d) Percec, V.; Aqad,
E.; Peterca, M.; Rudick, J. G.; Lemon, L.; Ronda, J. C.; De, B. B.; Heiney,
P. A.; Meijer, E. W.J. Am. Chem. Soc.2006, 128, 16365-16372.

Scheme 3. Synthesis of AB4 Dendrons

Scheme 4. Synthesis of AB5 Dendrons
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large tilt angle that, in both cases, is about 45°. This provides
columns with relatively small diameters (D = 45 Å). (3,4,5-
AB4)12G3-CO2CH3 (33) adopts a conical conformation that
assembles into a supramolecular sphere. This trends agrees with
that observed in previous libraries.6m,7b

The replacement of the 3,4,5-trisubstituted benzyl ether from
the periphery of the AB4 dendron with the 4-3,4-disubstituted
dendron produces the transition from a conical dendron forming
a supramolecular sphere to a truncated, conical dendron forming

a supramolecular sphere with a less dense center for both X)
CO2CH3 and CH2OH. This is an unexpected result. The
supramolecular spheres with less dense centers self-assembled
from (4-AB4)12G2-CH2OH (39) and(4-3,4-AB4)12G3-Xwith
X ) CO2CH3 (34) and X ) CH2OH (41) may provide, upon
additional design refinement, pathways to hollow supramolecular
dendrimers or dendritic capsules that would become comple-
mentary in structure and function to the dendritic box concept
elaborated by Meijer.27

Scheme 5. Self-Assembly and Structural and Retrostructural Analysis of 2-D Interdigitated Smetic A (SAd), p2mm Simple Rectangular
Columnar (Φr-s), c2mm Centered Rectangular Columnar (Φr-c), Various p6mm Hexagonal Columnar (Φh), and 3-D Ia3hd Bicontinuous
Cubic, 12-Fold Quasi-Liquid Crystal (QLC), Pm3hnCubic (Cub), P42/mnm Tetragonal (Tet), and Im3hm Cubic (Cub) Lattices

Table 1. Thermal Transitions of AB4-Based Supramolecular Dendrimers

thermal transitions (°C) and corresponding enthalpy changes (kcal/mol)a

dendron MW heating cooling

(AB4)12G2-CO2CH3 1143.79 Φr-s
k 74 (19.40) i i 46 (18.94)Φr-s

k

Φr-s
k 74 (19.53) i

(AB4)12G2-CH2OH 1115.78 Φr-c
k 69 (18.90) i i 41 (19.26)Φr-c

k

Φr-c
k 62 (18.00) i

(4-AB4)12G2-CO2CH3 1568.28 g-4 Φr-c
k 99 (24.22) i i 83 (2.54)Φh 23 Φh(g)

Φh(g) 27 Φh 82 (-20.26)Φr-c
k 100 (24.38) i

(4-AB4)12G2-CH2OH 1540.27 Φr
k 72 (8.54)Φr 90 (3.26) X 97 (3.45) i i 87 (5.21)Pm3hn

Pm3hn90 (5.36) i
(3,4-AB4)12G3-CO2CH3 2305.55 Φh(g)

io 39 Φh(g)
io 69 (17.29)Φh 93 (1.59) i i 90 (1.52)Φh 43 (4.40)Φh

io

Φh
io 53 (5.04)Φh 93 (1.55) i

(3,4,5-AB4)12G3-CO2CH3 3042.82 Pm3hn(g) 29Pm3hn 69 (0.86) i i 58 (0.41)Pm3hn 9 Pm3hn(g)
Pm3hn(g) 13Pm3hn 69 (0.83) i

(4-3,4-AB4)12G3-CO2CH3 3154.53 g 35 X 89 (8.17)Pm3hn 174 (5.04) i i 171 (8.07)Pm3hn 41Pm3hn(g)
Pm3hn(g) 58Pm3hn 173 (4.85) i

(4-3,4-AB4)12G3-CH2OH 3126.52 g 38 X 86 (6.80)Pm3hn 188 (10.74) i i 182 (11.03)Pm3hn 56Pm3hnn(g)
Pm3hn(g) 56Pm3hn 184 (10.60) i

(4-3,4,5-AB4)8G3-CO2CH3 3643.01 Φh
k 53 (1.92) 66 (-0.32)Φh

io Φh 98 (0.83) i i 90 (1.12)Φh
io 56 Φh(g)

io

Φh(g)
io 57 Φh

io Φh 98 (0.98) i
(4-3,4,5-AB4)12G3-CO2CH3 4316.29 Φh(g)

io 45 (0.05) g 64 (1.49)Φh
io 70 (0.04)Φh 103 (0.84) i i 96 (1.28)Φh 59 g

Φh(g)
io 45 (0.03) g 59Φh

io 79 (0.45)Φh 103 (0.89) i
(4-3,4,5-AB4)16G3-CO2CH3 4989.56 Φh

k 23 (37.79)Φh
io 71 (-0.62)Φh 96 (0.77) i i 87 (1.69)Φh

io 24 (40.82)Φh
k

Φh
k 28 (38.84)Φh

io 77 (0.75)Φh 96 (0.86)b i
(4-3,4,5-AB4)12G3-CH2OH 4288.28 Φh(g)

io 61 (1.71)Φh
io 86 (0.71)Pm3hn 140 (0.80) ic

(4-3,4,5-AB4)12G3-CO2H 4378.31 Pm3hn(g) 74Pm3hn 164 (6.40) ic

(4-3,4,5-AB4)12G3-CH2OAc 4330.31 Φh(g)
io 56 (0.97) 67 (-0.51)Φh

io 97 (0.88) i i 88 (1.13)Φh 50 Φh(g)
io

Φh(g)
io 54 Φh

io 97 (0.86) i
(4-3,4,5-AB4)dm8G3-CO2CH3 3979.65 Pm3hn(g) 58Pm3hn 131 (0.84) i i 120 (0.55) 110 (0.15)Pm3hn 46Pm3hn(g)

Pm3hn(g) 50Pm3hn131 (0.85) i
(4-3,4,5-AB4)dm8G3-CH2OH 3951.64 Pm3hn(g) 58Pm3hn 134 (0.94) i i 124 (0.66) 114 (0.14)Pm3hn 46Pm3hn(g)

Pm3hn(g) 46Pm3hn 133 (0.98) i

a Data from the first heating and cooling scans are on the first line, and data from the second heating are on the second line.b Enthalpy change based on
overlapped peaks.c Decomposition after first heating. g) glass;Φr-c ) c2mmcentered rectangular columnar lattice;Φr-s ) p2mmsimple rectangular
columnar lattice;Φh ) p6mmhexagonal columnar lattice;Φh(g) ) glassy hexagonal columnar lattice;Φh(g)

io ) glassy hexagonal columnar lattice with
intracolumnar order;Φh

k ) hexagonal columnar crystal lattice;Φh
io ) hexagonal columnar lattice with intracolumnar order;Pm3hn ) cubic lattice;Pm3hn(g)

) glassy cubic lattice; i) isotropic; X ) unknown lattice.
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(4-3,4,5-AB4)nG3-CO2CH3, with n ) 8 (35), 12 (36), and
16 (37), shows another unexpected result. These dendrons self-

assemble into pine-tree-like helical columns that self-organize
into Φh and 2-DΦh with intracolumnar order (Φh

io) (Figures

Table 2. Thermal Transitions of AB5-Based Supramolecular Dendrimers

thermal transitions (°C) and corresponding enthalpy changes (kcal/mol)a

dendron MW heating cooling

(AB5)12G2-CO2CH3 1328.11 Φr-s
k 49 (20.67)Φr-s 57 (1.80) i i 24 (21.47)Φr-s

k

Φr-s
k 50 (20.39) i

(4-AB5)12G2-CO2CH3 1858.72 X 56 (11.41) X 69 (4.44)b i i 68 (1.10)Φh
k 13 Φh(g)

k

Φh(g)
k 23 (1.13)Φh 69 (1.14) i

(3,4-AB5)12G3-CO2CH3 2780.31 Φh(g)
io 47 (1.74) 56 (-7.17)Φh

io 91 (15.95)Φh 95 (1.88) i i 95 (1.96)Φh
io 60 (5.18)Φh(g)

io

Φh(g)
io 61 (-5.55)Φh

io 92 (18.53)Φh 96 (1.43) i
(3,4,5-AB5)12G3-CO2CH3 3701.90 X 18 X 45 (0.74)Pm3hn 51 (-0.58) 68 (0.58) I Pm3hn 10Pm3hn(g)

Pm3hn(g) 23Pm3hn 52 (-0.45) 68 (0.59) i
(4-3,4-AB5)12G3-CO2CH3 3841.53 Φh(g)

io 97 (0.66)Φh
io 125 (1.67) 137 (1.62)Φh

io 178 (2.29) ic

(4-3,4,5-AB5)12G3-CO2CH3 5293.73 Φh(g)
io 77 (-1.09)Φh

io 125 (1.44) i i 121 (1.92)Φh
io 75 Φh(g)

io

Φh(g)
io 82 Φh

io 125 (1.46) i

a Data from the first heating and cooling scans are on the first line, and data from the second heating are on the second line.b Enthalpy change based on
overlapped peaks.c Decomposition after first heating.Φr-s ) p2mmsimple rectangular columnar lattice;Φr-s

k ) p2mmsimple rectangular columnar crystal
lattice; Φh ) p6mmhexagonal columnar lattice;Φh(g)

k ) glassy hexagonal columnar crystal lattice;Φh
k ) hexagonal columnar crystal lattice;Φh(g)

io )
glassy hexagonal columnar lattice with intracolumnar order;Φh

io ) hexagonal columnar lattice with intracolumnar order; X) unknown lattice;Pm3hn )
cubic lattice;Pm3n(g) ) glassy cubic lattice; i) isotropic.

Scheme 6. Retrostructural Analysis of Supramolecular Dendrimers Self-Assembled from AB4 Dendronsa

a New structures are marked with dotted rectangles.
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1and 2, Supporting Figures SF4 and SF5). However, the
investigation of the wide-angle XRD aligned fiber patterns of
all hexagonal periodic arrays assembled from the AB4-based
dendrons indicates that(4-3,4,5-AB4)nG3-CO2CH3, with n )
8 (35), 12 (36), and 16 (37), display a 7.0 Å (h7 in Figure 1 and
SF4) repeat unit along the long axis of the column, generated
from a single dendron (µ ) 1) forming the cross section of the
column. This contrasts the 4.7 Å repeat unit along the column
long axis that is most commonly encountered for conventional
tapered dendrons.7b This dependence betweenµ ) 1 andh7 )
7.0 Å can be explained only by an intramolecular back-folding
of a disc-like dendron into a half-disc, tapered dendron with
double thickness (Schemes 5 and 6).

The helical diffraction theory28a,b has been used for the
analysis of the most basic helical biological macromolecules,
such as polypeptides,28c DNA,28d-f tobacco mosaic virus,28g and

Figure 1. Wide-angle X-ray diffraction fiber patterns for the columnar phases of selected AB4 and AB5 dendrons. Recording temperatures and phases are
indicated. Key: (hk0), (hk0) diffraction peaks; (hkl), (hkl) diffraction peaks observed for the ordered phases;i, 4.7 Å short-range helical feature [the correlation
length,ê ) 2π/(full width half-maximum), for theΦh phasesê ≈ 3 column strata and for theΦh

io phasesê > 6 column strata);e, ∼4.6 Å diffuse equatorial
feature;t, dendron tilt features;hi, long-range helical features indexed to a 7/2 helix observed for the(4-3,4,5-AB4)nG3-CO2CH3 (35-37) dendrons (correlation
lengthê > 46 column strata, that is, larger than three full helix turns) and to a 5/1 helix packing for the(4-3,4,5-AB5)12G3-CO2CH3 (51) dendron (ê > 40
column strata, that, is larger than eight full helix turns);s, 4.4 Å stacking along the column axis feature.

Figure 2. Small-angle XRD fiber patterns for the reversibleΦh-Φh
i°

transition of the(4-3,4,5-AB4)12G3-CO2CH3 (36) dendron. The scan
temperatures, (10), (11), and (20) diffraction peaks of theΦh, and the first
two (l ) 1, 2) helical layer lines are indicated.

Figure 3. (a) (4-3,4,5-AB4)nG3-CO2CH3 (36) wide-angle XRD fiber
pattern forn ) 12; the central region of the pattern is overlaid with higher
contrast. (b) Simulation of an ideal 7/2 helix fiber pattern. (c)qy plots for
n ) 12 and 16; the observed helical layer lines are indicated. The red dotted
circles in (b) indicate the agreement in intensity and position ofhi helical
features (layer lines) principal maxima); the filled blue circle in (b) shows
the disagreement of the fourth layer maximum position.
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collagen,28h from fiber XRD experiments. Here, we have applied
for the first time the helical diffraction theory to the structural
analysis of helical supramolecular dendrimers. For details, see
the Supporting Information.

By using the helical diffraction theory, a pine-tree-like helical
supramolecular column with a long-range 7/2 helix, with length
longer than 46 column strata or more than three full helix turns,
was demonstrated for the structures assembled from(4-3,4,5-
AB4)nG3-CO2CH3, with n ) 8 (35), 12 (36), and 16 (37), via
the new back-folded dendritic conformation with double thick-
ness (Figure 3). More details about this structure and its self-
assembly mechanism are discussed in a later section.

The replacement of X) CO2CH3 (36) with X ) CH2OH
(42) in (4-3,4,5-AB4)12G3-X eliminates the back-folding mech-
anism of the disc-like dendron, and the disc-like dendron tilts
into an unprecedented crown-like conformation that assembles
into helical pyramidal columns resembling those generated from
conformationally restricted crown-like conformations.29 At
higher temperatures, these pyramidal columns change their shape
into supramolecular spheres. The mechanism of this structural
transformation is not yet known. However, the generality of
the dendritic crown-like conformation, the mechanism of this

supramolecular shape change, and the new functions generated
by this novel supramolecular concept are under investigation
and will be reported soon.(4-3,4,5-AB4)12G3-CO2H (44)
assembles only into supramolecular spheres, while(4-3,4,5-
AB4)12G3-CH2OAc (45) self-assembles only into pyramidal
columns, most probably via a crown-like dendron conformation.
Attempts to investigate the transfer of stereochemical informa-
tion in the long-range helical columns assembled from(4-3,4,5-
AB4)12G3-CO2CH3 (36) by incorporating stereocenters on their
alkyl tails yielded(4-3,4,5-AB4)dm8G3-X, with X ) CO2CH3

(38) and CH2OH (43) (Schemes 3 and 6). Unfortunately, these
dendrons self-assemble into supramolecular spheres rather than
into long-range helical pine-tree-like columns.

Structural and Retrostructural Analysis of the AB 5

Library. The transition from the hybrid symmetric AB4 dendron
to the hybrid asymmetric AB5 dendron (Schemes 1 and 2) was
investigated with five examples of self-assembling dendrons
(Scheme 7). Some similarities and significant differences were
observed. For example,(AB5)12G2-CO2CH3 (46) displays a
distorted half-disc conformation similar to that of(AB4)12G2-
CO2CH3 (30). This dendron self-assembles and self-organizes
into aΦr-s lattice related to that of(AB4)12G2-CO2CH3 (30).
(4-AB5)12G2-CO2CH3 (47) also displays a tapered conforma-
tion related to that of(4-AB4)12G2-CO2CH3 (31). In both cases,
the tapered dendron assembles into pine-tree-like columns with
similar dimensions. These pine-tree-like columns self-organize
into Φh periodic arrays. However, theΦh lattice generated from
(4-AB5)12G2-CO2CH3 (47) lacks the polymorphism of the
structure assembled from(4-AB4)12G2-CO2CH3 (31). (3,4-
AB5)12G3-CO2CH3 (48) assembles into a pine-tree-like column
similar to (3,4-AB4)12G3-CO2CH3 (32), while (3,4,5-AB5)-
12G3-CO2CH3 (49) assembles into a supramolecular sphere
related to that produced from(3,4,5-AB4)12G3-CO2CH3 (33).

The most striking difference is observed in the case of(4-
3,4-AB5)12G3-CO2CH3 (50). This dendron forms a pyramidal
column, while its AB4 counterpart(4-3,4-AB4)12G3-CO2CH3

(27) (a) Jansen, J. F. G. A.; de Brabander-van den Berg, E. M. M.; Meijer, E.
W. Science1994, 266, 1226-1229. (b) Jansen, J. F. G. A.; Meijer, E. W.;
de Brabander-van den Berg, E. M. M.J. Am. Chem. Soc.1995, 117, 4417-
4418.

(28) (a) Cochran, W.; Crick, F. H. C.; Vand, V.Acta. Crystallogr.1952, 5,
581-586. (b) Klug, A.; Crick, F. H. C.; Wyckoff, H. W.Acta Crystallogr.
1958, 11, 199-213. (c) Cochran, W.; Crick, F. H. C.Nature1952, 169,
234-235. (d) Wilkins, M. H. F.; Stokes, A. R.; Wilson, H. R.Nature1953,
171, 738-740. (e) Franklin, R. E.; Gosling, R. G.Nature1953, 171, 740-
741. (f) Klug, A.J. Mol. Biol.2004, 335, 3-26. (g) Franklin, R. E.; Klug,
A. Acta Crystallogr.1955, 8, 777-780. (h) Cohen, C.; Bear, R. S.J. Am.
Chem. Soc.1953, 75, 2783-2784.

(29) (a) Zimmermann, H.; Poupko, R.; Luz, Z.; Billard, J.Z. Naturforsch., A:
Phys. Sci.1985, 40, 149-160. (b) Maltheˆte, J.; Collet, A.NouV. J. Chim.
1985, 9, 151-153. (c) Levelut, A. M.; Malthete, J.; Collet, A.J. Phys.
1986, 47, 351-357. (d) Maltheˆte, J.; Collet, A.J. Am. Chem. Soc.1987,
109, 7544-7545. (e) Poupko, R.; Luz, Z.; Spielberg, N.; Zimmermann, H.
J. Am. Chem. Soc.1989, 111, 6094-6105. (f) Luz, Z.; Poupko, R.; Wachtel,
E. J.; Zimmermann, H.; Bader, V.Mol. Cryst. Liq. Cryst.2003, 397, 367-
377.

Scheme 7. Retrostructural Analysis of Supramolecular Dendrimers Self-Assembled from AB5 Dendronsa

a New structures are marked with dotted rectangles.
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(34) generates a sphere with low density in the center. Another
interesting difference is observed for the case of(4-3,4,5-AB5)-
12G3-CO2CH3 (51), whose most probable conformation is
crown-like, while the disc-like conformation of(4-3,4,5-AB4)-
12G3-CO2CH3 back-folds intramolecularly into a half-disc taper
with double thickness.

The Intramolecular Back-Folded Tapered Model with
Double Thickness of (4-3,4,5-AB4)nG3-CO2CH3. The top line
of Scheme 5 illustrates, from left to right, the hierarchical
evolution of dendron conformation as a function of generation
number. A tapered dendron increases the projection of its solid
angle7b from a fragment of a disc or tapered conformation to a
disc to a cone to a fragment of a sphere and subsequently reaches
the shape of a sphere.6h In a previous section,(4-3,4,5-AB4)nG3-
CO2CH3 dendrons withn ) 8 (35), 12 (36), and 16 (37) were
shown to change their disc-like conformation into a half-disc
tapered conformation with double thickness via an intramo-
lecular back-folding process. This back-folded structure is
observed in aΦh lattice with intracolumnar order (Φh

io)26h-j,30c

that undergoes a reversible first-order transition to a conventional
2-D Φh liquid crystal phase (SF1). This reversible transition
was also detected by small-angle XRD experiments performed

on oriented fibers (Figure 2). In theΦh
io phase, the first two

helical layer lines,l ) 1 and 2, of the long-range order helical
conformation of the pine-tree-like column are seen. In the wide-
angle XRD of the same fiber, both the helical fiber pattern and
the intracolumnar double dendron spacing (h7 ) 7.0 Å) are
observed (Figure 3a,c).

Simulation of the helical fiber pattern from Figure 3a,c by
using the helical diffraction theory28a is fitted best with a long-
range 7/2 helix (Figure 3b and SF4). Theoretically, such an XRD
feature can be generated by an intramolecularly back-folded disc
that generates a half-disc tapered conformation with double
thickness (Figure 3a,c) or by an assembly of two discs (one
orange and one blue) that rotates in a cooperative way as a single
repeat unit (Figure 3b). In both models, the biphenyl group of
the apex of the dendron is colored green. Two back-folded
dendrons colored orange and blue form a supramolecular dimer
that assembles into a long-range helical structure (Figure 4a,c).
When X ) CO2CH3 (36) from the apex of the dendron is
changed to X) CH2OH (42), the conformation of the dendron
changes to crown-like. This crown conformation facilitates
intermolecular H-bonding along the column or intradendron
H-bonding (Figure 4d, Scheme 6). Simulation of the XRD from

Figure 4. Schematic of the self-assembly of(4-3,4,5-AB4)nG3-X into supramolecular pine-tree-like columns (a) with and (b,d) without back-folding;
molecular model for the dendrons with X) CO2CH3 (35-37) (c); and fiber patterns for the dendron(4-3,4,5-AB4)12G3-X, with X ) CO2CH3 (36), (e)
collected and (f,g) simulated by using Cerius2 software. In (c), the 7/2 helix parameters are indicated: from left to right, schematic of the self-folding, dimer
structure, top and side stick views, and side surface views of the supramolecular pine-tree-like columns. Color code: the biphenyl at the apex of the AB4

dendron is colored green; the aromatic and benzyl regions of the dendron are colored in orange or blue, respectively.
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Figure 4e is matched by the intramolecular back-folded model
(Figure 4a,f) but not by the alternative model based on
cooperative motion of a pair of two tilted discs (Figure 4b,g).
Therefore, this simulation experiment demonstrates the novel
intramolecular back-folded tapered dendron conformation from
Figure 4a and eliminates the model from Figure 4b.

Crown-like Conformation of (4-3,4,5-AB5)12G3-X, (4-3,4-
AB5)12G3-X, and (4-3,4,5-AB5)12G3-X Dendrons.The results
discussed above have also suggested crown-like conformations
for (4-3,4,5-AB4)12G3-X, with X ) CH2OH (42) and CH2-
OAc (45) (Scheme 6, Figure 4d), for(4-3,4-AB5)12G3-CO2CH3

(50), and for(4-3,4,5-AB5)12G3-CO2CH3 (51) (Scheme 7). The
wide-angle XRD analysis of aligned fibers and the model from
Figure 5, generated by using the helical diffraction theory,
demonstrate the crown conformation for the case of(4-3,4,5-
AB5)12G3-CO2CH3 (51). The simulation of the fiber XRD
pattern from Figure 5a with the crown conformation from Figure
5c by using the helical diffraction theory28a is best fitted by a
long-range 5/1 helix that contains at least 40 column strata or
8 helix turns (Figure 5b). The 3.5 Å repeat along the pyramidal
column axis generated from crown-like dendrons (Figure 5a,b)
is in perfect agreement with the 7.0 Å repeat observed for the
pine-tree-like columns generated from back-folded tapered
dendrons (Figure 3a,b); therefore, these data support these two
models. The top view and side view of the helical pyramidal
column that resulted from the XRD analysis are shown in Figure
5d,e.

Conformation of the AB4 and AB5 Hybrid Dendrons in
the Columnar Assemblies.In the previously reported benzyl
ether self-assembling dendrons, the 3,4- and the 3,4,5-substitu-
tion pattern of the branching point mediated predominantly the
assembly of supramolecular spherical dendrimers generated from
the conical conformation of the dendrons.7b,10a,bThe incorpora-
tion of the 3,5-substitution pattern enhances the tendency toward
tapered dendron conformations that mediate the assembly of
columnar structures.6n,7b,12j,l,30The replacement of a benzyl ether
with a phenyl propyl ether repeat unit also enhances the tendency
toward the assembly of columnar structures.6m Therefore, on

the basis of previous results, the replacement of an AB3 building
block with an AB4 or AB5 building block was expected to
generate predominantly self-assembling dendrons that would
assemble into spherical supramolecular dendrimers. Contrary
to this expectation, the results summarized in Schemes 6 and 7
demonstrate that the self-assembling dendrons generated from
these AB4 and AB5 building blocks exhibit a high tendency to
generate supramolecular columns via dendron conformations
that were not encountered before. This result prompted a more
detailed investigation of the conformations of these hybrid
dendrons during the assembly of columnar structures. The AB4

building block (Schemes 1 and 6) consists of an AB2(C2)2

sequence that contains a B2 branching point generated from a
tetrahedral carbon. The B4 functionality is incorporated via two
3,4-dihydroxyphenyl groups, C2, that are attached to the
tetrahedral branching point. The AB5 building block (Schemes
2 and 7) consists of an AB2C2C3 sequence that contains a B2

tetrahedral carbon branching point, with the B5 functionality
incorporated via a 3,4-dihydroxyphenyl group and a 3,4,5-
trihydroxyphenyl group that are both attached to the tetrahedral
carbon of the B2 branching point. Therefore, these sequences
of two 3,4-AB2 repeat units, or a 3,4-AB2 and a 3,4,5-AB3 repeat
units, connected via a tetrahedral branching point resemble
sequences of 3,4- and 3,4,5-substituted benzyl ethers with 3,5-
disubstituted benzyl ethers6m,7b in which the 3,5-disubsituted
benzyl ether is replaced with a conformationally more flexible
tetrahedral branching point.

Scheme 8 summarizes the top views of the most representa-
tive, previously unencountered dendritic conformations that
generated the columnar supramolecular structures from Schemes
6 and 7. In Scheme 8,(AB4)12G2-CO2CH3 (30) and (AB5)-
12G2-CO2CH3 (46) are the only two self-assembling dendrons
that exhibit a close to classic tapered conformation,6j,m,7b

containing a tilted biphenyl group at its apex.(4-AB4)12G2-
CO2CH3 (31) and(4-AB5)12G2-CO2CH3 (47) display the first
examples of previously unencountered taper conformations, with
the biphenyl from the apex being back-folded into the inner
aromatic part of the taper.

Figure 5. (a) Wide-angle XRD oriented fiber pattern of(4-3,4,5-AB5)12G3-CO2CH3 (51) in theΦh
io phase. The lower inset shows an enlargement of the

dotted region from the fiber pattern with higher contrast. (b) Fiber pattern simulation from an ideal 5/1 helix. (c) Top and side views of the crown-like
molecular model. (d) Top and (e) side views of the supramolecular helical pyramidal column (only a part of the aromatic core region is shown). In (a,b),
h1...h5 are long-range helical features assigned to a 5/1 helical packing, ands ) 4.4 Å are stacking along the column axis features. Color code in (c-e): the
biphenyl at the dendron apex is colored green; benzyl groups, orange; carbon atoms, gray; oxygen atoms, red; hydrogen atoms, white.
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(3,4-AB4)12G3-CO2CH3 (32) and(3,4-AB5)12G3-CO2CH3

(48) show the new half-disc-like conformations containing the
biphenyl back-folded into the inner aromatic part of the dendron.
(4-3,4,5-AB4)12G3-CO2CH3 (36) exhibits a back-folded half-
disc conformation, containing the biphenyl from the apex also
back-folded in the inner aromatic part of the dendron. The
thickness of this back-folded dendron is approximately 2 times
larger than that of the unfolded dendrons.

(4-3,4,5-AB4)12G3-CH2OH (42), (4-3,4-AB5)12G3-CO2CH3

(50), and(4-3,4,5-AB5)12G3-CO2CH3 (51) exhibit crown-like
conformations. The crown conformations of(4-3,4,5-AB4)12G3-
CH2OH (42) and(4-3,4,5-AB5)12G3-CO2CH3 (51) cover the
entire cross section of the supramolecular column. However,
the crown conformation of(4-3,4-AB5)12G3-CO2CH3 (50)
covers only about 63% of the column cross section, with the
rest being covered by the next dendron. These new dendritic
conformations were not encountered before in libraries of AB2

and AB3 benzyl ether dendrons.
Supramolecular Spherical Dendrimers with a Less Dense

Center. The data summarized in Schemes 6 and 7 show that
certain dendrons self-assemble into spherical supramolecular
dendrimers that self-organize intoPm3hn lattices.6d,m,7bThe most
remarkable observation is that some of these lattices exhibit
enhanced amplitudes of their higher order diffraction peaks
(Figure 6). The enhanced amplitude indicates a less dense
packing in the centers of columnar hexagonal and columnar
rectangular6m,12j,30dlattices as well as ofPm3hn cubic lattices.6m

The XRD data from Figure 6a indicate aPm3hn cubic lattice
generated from non-hollow spheres for the case of(4-3,4,5-
AB4)12G3-CH2OH (42) and aPm3hn cubic lattice generated
from spheres with less dense center for the cases of(4-AB4)-
12G2-CH2OH (40) and (4-3,4-AB4)12G3-CH2OH (41). A
detailed analysis of the XRD of(4-3,4-AB4)12G3-CH2OH (41)
is shown in Figure 6b. It is interesting to observe that the fully
extended conformation of the(4-AB4)12G2-CH2OH (40)
dendron is shorter than those for the(4-3,4-AB4)12G3-CH2OH
(41) and (4-3,4,5-AB4)12G3-CH2OH (42) dendrons (Scheme
6). In fact, the fully extended conformations of the last two
dendrons are equal. This dependence must correlate with the
diameter of the supramolecular spheres resulting from their self-
assembly if the structures of their supramolecular spheres are
identical. However, this is not the case. The lattice dimensions
of the Pm3hn cubic lattices follow the reverse trend, i.e.,a )
135.4 Å for(4-AB4)12G2-CH2OH (40), a ) 120 Å for (4-3,4-
AB4)12G3-CH2OH (41), anda ) 95.4 Å for (4-3,4,5-AB4)-
12G3-CH2OH (42) (Figure 6a). This trend correlates with the
enhanced amplitude of the XRD high-order peaks for the cases
of (4-3,4-AB4)12G3-CH2OH (41) and(4-AB4)12G2-CH2OH

(30) (a) Percec, V.; Dulcey, A. E.; Peterca, M.; Ilies, M.; Sienkowska, M. J.;
Heiney, P. A.J. Am. Chem. Soc.2005, 127, 17902-17909. (b) Percec, V.;
Dulcey, A. E.; Peterca, M.; Ilies, M.; Nummelin, S.; Sienkowska, M. J.;
Heiney, P. A.Proc. Natl. Acad. Sci. U.S.A.2006, 103, 2518-2523. (c)
Peterca, M.; Percec, V.; Dulcey, A. E.; Nummelin, S.; Korey, S.; Ilies,
M.; Heiney, P. A.J. Am. Chem. Soc.2006, 128, 6713-6720. (d) Percec,
V.; Dulcey, A. E.; Peterca, M.; Adelman, P.; Samant, R.; Balagurusamy,
V. S. K.; Heiney, P. A.J. Am. Chem. Soc.2007, 129, 5992-6002.

Scheme 8. Conformations of the ABn Dendrons in the Self-Assembled Columnar Phasesa

a In all cases, the biphenyl at the dendron apex is colored in green. Each dendron has its aromatic rings colored differently (blue, orange, and light blue),
and for simplicity, only three methylenic units of the paraffin chains are shown. The alternative dendron conformations indicated by the dotted circles are
less probable to generate a columnar hexagonal phase.
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(40); therefore, the enhanced lattice dimension,a, is explained
by an increased sphere diameter generated by a less dense center.

Figure 7 illustrates the most probable truncated conical
dendron conformations that correlate with the diameter of the
supramolecular sphere (Dsphere) and the diameter of the less dense
center of the sphere (Dcore). In the case of(4-3,4,5-AB4)12G3-
CH2OH (42), intramolecular back-folding of the dendron and
of the biphenyl apex is required to provide a conical dendron
that self-assembles into a non-hollow supramolecular sphere
with Dsphere) 59.2 Å. However, a non-back-folded conformation
of the (4-3,4-AB4)12G3-CH2OH (41) dendrons is required to
generate the truncated conical shape to provideDsphere) 74.5
Å and Dcore ) 15 Å. Back-folding is also not required in the
case of(4-AB4)12G2-CH2OH (40) in order to produce the
truncated conical conformation that providesDsphere) 84 Å
and Dcore ) 21 Å. It is interesting to observe that the back-
folding required to generate the cone from(4-3,4,5-AB4)12G3-
CH2OH (42) is similar to that required to generate the back-
folded tapered dendron from(4-3,4,5-AB4)nG3-CO2CH3, with
n ) 8 (35), 12 (36), and 16 (37). The values of theDcore from
Figure 7 were calculated by adapting the previous model
elaborated for the calculation of porous columns12j,30dto spheres

with less dense centers. Details of the calculation of the XRD
for spheres with less dense centers or hollow centers will be
reported elsewhere. The reconstruction of the electron density
of the Pm3hn cubic array generated by(4-AB4)12G2-CH2OH
(40) is shown in Figure 8.

The electron density data, together with the dendron confor-
mation from Figure 7 and the dimensions from Scheme 6, were
used to construct the supramolecular sphere with a less dense
center shown in Figure 9. This model suggests potential design
pathways for hollow supramolecular spheres that are expected
to complement the dendritic box concept.27

Conclusions

The synthesis of the first examples of AB4 and AB5 dendritic
building blocks with complex architecture is reported. Both
compounds were constructed by the interconnection of the A
functional group to two B2 functional groups, or to a combina-
tion of B2 and B3 functional groups, via a conformationally
flexible tetrahedral branching point. These building blocks are
first-generation dendrons. To our knowledge, only a single
previous example of an AB4 dendritic building block was
available in the literature.31 Two libraries of hybrid self-

Figure 6. (a) Small-angle X-ray powder diffraction plots for the indicated AB4 dendrons, and (b) detailed plot for the(4-3,4-AB4)12G3-CH2OH (41). In
(b), the lines indicate the agreement between the experimental and theoretical peak positions. The diffraction peaks indicated by the green lines should have
zero intensity if the face and corner supramolecular assemblies are identical. The collection temperatures and lattice parameters are indicated.

Figure 7. Schematic of the AB4 dendrons that self-assemble into supramolecular spherical assemblies. The various conical shapes shown suggest the
correlation between dendron solid angle and sphere or less dense center diameters.
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assembling dendrons were synthesized by the functionalization
of these new building blocks with benzyl ether dendrons. The
structural and retrostructural analysis of the resulting supramo-
lecular dendrimers revealed a high tendency toward the assembly
of columnar architectures and allowed the discovery of a

diversity of previously unencountered dendritic conforma-
tions: (a) intramolecularly back-folded tapered dendrons with
double thickness that self-assemble in pine-tree-like columns
with long-range 7/2 helical order that extends along more than
46 column strata or more than three full helix turns; (b) tapered

Figure 8. Reconstructed electron densities of thePm3n lattice generated from(4-AB4)12G2-CH2OH (40): (a) planez ) 0 in 2-D view and (b) 3-D surface
view with vertical axis proportional with the electron density value; (c) planez ) 0.25 in 2-D view and (d) 3-D surface view with vertical axis proportional
with the electron density value; (e) unit cell 3-D volumetric electron density; (f) unit cell 3-D volumetric electron density using the fitted amplitudes together
with the spheres (Dsphere) and less dense center (Dcore) calculated diameters. In (e,f) only the high electron density regions are shown.

Figure 9. Structure of the supramolecular spherical assembly generated from the(4-AB4)12G2-CH2OH (40): (a) space-filling view, (b) stick and space-
filling view with each dendron colored differently, and (c) stick view. The core aromatic region: (d) space-filling view, (e) stick view, and (f) surface view.
(g) Dendron structure and color code used in the stick view.
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dendrons with the apex tilted or back-folded into the aromatic
part of the dendron; (c) crown-like dendrons that self-assemble
into long-range 5/1 helical pyramidal columns that extend along
at least 40 column strata or 8 helix turns; (d) intramolecularly
back-folded conical dendrons that assemble into non-hollow
supramolecular spheres; and (e) truncated conical dendrons that
self-assemble into spheres with less dense centers. The helical
diffraction theory28 was applied for the first time to the analysis
of helical supramolecular dendrimers. The results reported here
demonstrated the transfer of complex structural information from
the molecular to various supramolecular levels. Last but not
least, all other tapered dendrons differ from the tapered dendrons
encountered in libraries of self-assembling benzyl ether dendrons

by having their apex back-folded into the aromatic part of the
dendron. The generality of these unprecedented dendritic
conformations and of their supramolecular structures, as well
as the elaboration of new functions based on them, is under
investigation and will be reported in future publications.
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