Giant, 12,2022, 100118

ELSEVIER

GIANT

Cl r
updates

Searching for the simplest self-assembling
dendron to study helical self-organization
and supramolecular polymerization

Mihai Peterca? Dipankar Sahoo? Mohammad R. Imam®”, Qi Xiao?, Virgil Percec®*

4Roy & Diana Vagelos Laboratories, Department of Chemistry, University of Pennsylvania, 6323, Philadelphia, PA 19104, USA
b Mathematics and Natural Sciences Department, American University of Irag, Sulaimani (AUIS), Sulaimani, Kurdistan Region 46001, Iraq

Keywords: Helical, Self-organization, Supramolecular polymerization, First generation, Self-assembling
dendron, Structural simplicity

The first generation self-assembling dendron (4Bp-3,4)nG1CO,CH3 where Bp is biphenyl, n is an achiral
linear, n-dodecyl, or branched chiral alkyl group, (8)-3,7-dimethyl-octyl (dm8*) undergoes helical self-
organization in bulk state and in solution. The supramolecular columns assembled from this dendron
are helical, regardless, if the alkyl groups on its periphery are achiral or chiral. This demonstrates self-
organization of helical columns both from achiral and chiral dendrons and reveals that the role of the
stereocenter is to select the helical sense of an already helical column. This very simple self-assembling
dendron can be subjected to a large diversity of chemical modifications and functionalization, all
expecting to maintain the helical function in bulk and in solution in the range of temperature of interest

to investigate helical self-organization and supramolecular polymerization.

Introduction

There is an ideal list of fundamental requirements of self-
assembling building blocks employed to study helical self-
organization and supramolecular polymerization. This list
includes: a reasonable range of temperatures in which the
supramolecular assembly is stable both in bulk and in solution;
access to the monomeric building block employed in the self-
assembly process via a minimum number of simple and, if
possible, quantitative reaction steps employing easily accessible
starting materials; suitable UV, circular dichroism (CD), and
NMR spectra both in self-assembled solution and in film
state; shape persistence between the helical supramolecular
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structure from bulk state and the one generated in solution,
and the elucidation of the supramolecular structure in bulk
state, preferably by X-ray diffraction (XRD) experiments. Self-
assembling dendrons and dendrimers represent some of the
simplest building blocks employed to investigate helical self-
organization and supramolecular polymerization. However,
according to our knowledge very few self-assembling dendrons
and dendrimers employed in helical self-organization and
supramolecular polymerization experiments fulfill at least part of
the requirements mentioned above. They are dendritic dipeptides
whose detailed structure in bulk state and in solution as well
as the role of all molecular parameters of the self-assembling
building block including constitutional isomerism and all
possible stereochemical permutations were elucidated [1-11].
The role of the molecular parameters on the water transport
of the supramolecular helical channel self-assembled from the
dendritic dipeptide, that acts as an Aquaporin transmembrane
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protein channel mimic, helped to pioneer the field of water
membranes that exhibit even higher selectivity and rate of
water transport than natural transmembrane protein channels
[1,6,12-24]. Dendritic dipeptides were also used to address the
fundamental question of why homochirality is demanded by
biology [9,11]. However, in spite of the great utility of this self-
assembled system its synthetic access is limited to laboratories
with both excellent synthetic and structural analysis capabilities.
The second self-assembling building block elaborated with the
same level of precision as the dendritic dipeptides mentioned
above is a family of hat-shaped self-assembling dendrimers
[25]. The unique characteristic of this system is its ability to
undergo chiral self-sorting or deracemization in crystal state.
Most probably hat-shaped self-assembling dendrimers represent
the first system exhibiting deracemization in crystal state. The
third self-assembling system represents a group of carefully
designed dendronized perylene bisimides that provide helical
supramolecular polymerization followed by deracemization via a
novel cogwheel mechanism [26-29]|. However, these three classes
of self-assembling dendrons and dendrimers represent a very small
number of suitable and well characterized systems considering
the large activity in the field of helical self-organization and
supramolecular polymerization [30-52]. In search of a simpler
model that can be used in more than one laboratory for
helical self-organization and supramolecular polymerization
experiments, we report here one of the simplest and most
accessible self-assembling dendron. Additional examples of
self-assembling dendrons and dendrimers already employed in
related but incomplete studies, mostly from our laboratory, will
also be discussed. Subsequently, some new, potentially interesting
building blocks will be presented, and directions for the design of
additional simple systems will be recommended.

Methods

Materials

1-Bromododecane (98%), thionyl chloride (99.5%), LiAlH4 (95%),
silica gel (60 A, 32-63 pum) (Sorbent Technology), DME
anhydrous K,COj3;, (all from Fisher, ACS reagents) were used
as received. Tetrahydrofuran (Fisher, ACS reagent grade) was
refluxed over sodium/benzophenone and freshly distilled before
use. Dichloromethane (Fisher, ACS reagent grade) was refluxed
over CaH, and freshly distilled before use. All other chemicals
were commercially available and were used as received.

Techniques
Nuclear magnetic resonance (NMR) spectroscopy

'H NMR (500 MHz) and 3C NMR (126 MHz) spectra were
recorded on a Bruker DRX 500 instrument at 300K or other
temperature indicated. Chemical shifts (§) are reported in ppm
and coupling constants (J) are reported in Hertz (Hz). The
resonance multiplicities in the 'H NMR spectra are described as
“s” (singlet), “d” (doublet), “t” (triplet), “quint” (quintet) and “m”
(multiplet) and broad resonances are indicated by “br”. Residual
protic solvent of CDCl3 (! H, § 7.26 ppm; '3C, § 77.23 ppm, middle
of the triplet), and tetramethylsilane (TMS, § 0 ppm) were also used
as the internal reference in the 'H and 3C spectra.

Thin-layer chromatography (TLC) and high-pressure liquid
chromatography (HPLC)

The purity of the products was determined by a combination of
thin-layer chromatography (TLC) on silica gel coated aluminum
plates (with F,s4 indicator; layer thickness, 200 pm; particle size,
2-25 pm; pore size 60 A, SIGMA-Aldrich) and high pressure liquid
chromatography (HPLC) using THF as mobile phase at 1 mL/min,
on a Shimadzu LC-10AT high pressure liquid chromatograph
equipped with a Perkin Elmer LC-100 oven (40 °C), containing
two Perkin-Elmer PL gel columns of 5 x 10% and 1 x 10* A, a
Shimadzu SPD-10A UV detector (A = 254 nm), a Shimadzu RID-
10A RI-detector, and a PE Nelson Analytical 900 Series integrator
data station.

Differential scanning calorimetry (DSC)

Thermal transitions was carried out on a TA Instruments
Q100 differential scanning calorimeter (DSC) equipped with a
refrigerated cooling system with 10 °C min~! heating and cooling
rates. Indium was used as calibration standard. The transition
temperatures were calculated as the maxima and minima of their
endothermic and exothermic peaks. An Olympus BX51 optical
microscope (100 X magnifications) equipped with a Mettler
FP82HT hot stage and a Mettler Toledo FP90 Central Processor was
used to verify thermal transitions and to characterize anisotropic
textures. Melting points were measured using a uni-melt capillary
melting point apparatus (Arthur H. Thomas Company) and were
uncorrected. Density (pz0) measurements were carried out by
flotation in gradient columns at 20 °C.

Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF)

Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry was performed on a PerSeptive
Biosystems-Voyager-DE (Framingham, MA) mass spectrometer
equipped with a nitrogen laser (337 um) and operating in linear
mode. Internal calibration was performed using Angiotensin II
and Bombesin as standards. The analytical sample was obtained
by mixing the THF solution of the sample (5-10 mg/ml) and THF
solution of the matrix (3,5-dimethoxy-4-hydroxy-trans-cinnamic
acid or 4-hydroxybenzylidenemalononitrile, 10 mg/mL) in a 1/5
v/v ratio. The prepared solution of the sample and the matrix
(0.5 pL) was loaded on the MALDI plate and allowed to dry at
23 °C before the plate was inserted into the vacuum chamber of
the MALDI instrument. The laser steps and voltages applied were
adjusted depending on both the molecular weight and the nature
of each analyzed compound.

Circular dichroism (CD) and UV measurements

Circular dichroism (CD) and UV spectroscopy measurements
were carried out in a Jasco ]J-720 Spectropolarimeter integrated
with Thermo Neslab RTE-111 refrigerated circulator digital
temperature controller. Methyl cyclohexane, dodecane and
butanol (spectrophotometric grade, 99%) were used as solvent.

X-ray diffraction (XRD)
X-ray diffraction (XRD) measurements were performed using Cu-
K1 radiation (A = 1.54178 A) from a Bruker-Nonius FR-591
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rotating anode X-ray source equipped with a 0.2 x 0.2 mm?
filament operated at 3.4 kW. The Cu radiation beam was
collimated and focused by a single bent mirror and sagitally
focused through a Si (111) monochromator, generating in a
0.3 x 0.4 mm? spot on a Bruker-AXS Hi-Star multiwire area
detector. To minimize attenuation and background scattering,
an integral vacuum was maintained along the length of the
flight tube and within the sample chamber. Samples were held
in quartz capillaries (0.7-1.0 mm in diameter), mounted in a
temperature-controlled oven (temperature precision: + 0.1 °C,
temperature range from -120 to 270 °C). The distance between
the sample and the detector was 12.0 cm for wide angles
diffraction experiments and 54.0 cm for intermediate angles
diffraction experiments respectively. Aligned samples for fiber
XRD experiments were prepared using a custom-made extrusion
device. The powdered sample (~ 10 mg) was heated inside the
extrusion device above isotropization temperature. After slow
cooling from the isotropic phase, the fiber was extruded in
the liquid crystal phase and cooled to 23 °C. Typically, the
aligned samples have a thickness of ~ 0.3-0.7 mm and a
length of ~ 3-7 mm. All XRD measurements were done with
the aligned sample axis perpendicular to the beam direction.
XRD peaks position and intensity analysis was performed using
Datasqueeze Software (version 2.01) [53] that allows background
elimination and Gaussian, Lorentzian, Lorentzian squared, or
Voigt peak-shape fitting. Molecular modeling calculations were
done using the Materials Studio Modeling version 3.1 software
from Accelrys. The package Discover module was used to perform
the energy minimizations on the supramolecular structures with
the following settings: PCFF or COMPASS force fields and Fletcher-
Reeves algorithm for the conjugate gradient method.

Synthesis

Compounds 1 [54,55], 3a, 4a, 5a [55] 3b, 4b, 5b, and
7a, the last with the short name (4Bp-3,4)12G1CO,CHj3
[45] were previously reported but were not completely structurally
characterized by X-ray analysis. They were synthesized by
employing procedures elaborated by Percec laboratory that
were mentioned above. (S5)-1-Bromo-3,7-dimethyloctane was
synthesized by a procedure reported by Trzaska et al. [56].

3,4-Bis-[4'-(($)-3,7-dimethyl-octyloxy)-biphenyl-

4-ylmethoxy]-benzoic acid methyl ester, (4Bp-
3,4)dm8*G1CO,CH3, 7b: Methyl 3,4-dihydroxybenzoate,
6, (0.64 g, 3.8 mmol) was added to a thoroughly degassed
suspension of K,CO3 (2.1 g, 15.2 mmol) in DMF (50 mL) and the
mixture was heated to 80 °C after which (4Bp)dm8+*GO0-CH,Cl,
Sb, (2.73 g, 7.6 mmol) was added and the reaction was allowed
to stir for 6 h at 80 °C under nitrogen. The reaction mixture was
cooled to room temperature and poured into cold water (120 mL).
The precipitate was collected by vacuum filtration and passed
through a short column of basic alumina using CH,Cl;, as eluent.
Recrystallization from acetone yielded 2.60 g (84%) of pure white
solid of (4Bp-3,4)dm8*G1CO,CH3, 7b. HPLC: 99+%; TLC
(EtOAc/hexane = 3/7): Ry = 0.24; MALDI-TOF analysis of both
(4Bp-3,4)12G1CO,CH;3, 7a, reported in Ref. [45], and (4Bp-
3,4)dm8*G1CO,CH3, 7b, showed molar mass values equal
to their theoretical, thus supporting their correct structures as

indicated also by their NMR analysis. 'H NMR (500 MHz, CDCl3,
27°C, TMS): § = 0.92 (d, 12H, ] = 6.6 Hz), 1.00 (d, 6H, ] = 6.6
Hz), 1.18-1.23 (m, 6H), 1.33-1.40 (m, 6H), 1.53-1.57 (m, 2H),
1.59-1.67 (m, 2H), 1.69-1.74 (m, 2H), 1.84-1.90 (m, 2H), 3.91
(s, 3H), 4.04-4.09 (m, 4H), 5.29 (s, 4H), 6.98-7.02 (overlapped
peaks, SH), 7.50-7.60 (overlapped peaks, 12H), 7.67-7.70 (dd,
1H, ] = 6.4, 2.0 Hz), 7.73 (d, 1H, ] = 2.0 Hz); 13C NMR (125 MHz,
27°C, CDCl3): § = 19.9, 22.8, 22.9, 24.9, 28.2, 29.9, 30.1, 36.5,
37.5, 39.5, 52.2, 66.6, 70.9, 71.3, 113.6, 115.0, 115.8, 123.3,
124.3, 127.0, 127.1, 127.9, 128.2, 128.3, 128.6, 133.2, 133.3,
135.0, 135.3, 140.8, 148.6, 153.2, 159.0, 167.0. MALDI-TOF m/z:
812.6 ([M]*, calculated for Cs4HegOg 812.5), 835.7 ([M+Na]™,
calculated 835.5).

Results and discussion

Fig. 1 outlines the synthesis of the first generation self-assembling
dendron (4Bp-3,4)nG1CO,CH3, 7a. Compound 1 was alkylated
with either 1-bromododecane or with the chiral (S)1-bromo-2,7-
dimethyloctane (dm8*Br) in DMF at 80 °C in the presence of
K,CO3 as base for 6 h to produce 3a and 3b in 93 and 95%
isolated yield. Reduction of 3a and 3b with LiAlH4 in THF at
0-23 °C for 2 h generated 4a and 4b in 88 and 94% isolated
yield. Chlorination of the 4a and 4b with SOCI, in CH,Cl, with
a catalytic amount of DMF gave Sa and 5b in 89 and 94% isolated
yield after 0.5 h at O to 23 °C. Alkylation of 6 with 5a and
5b in DMF at 80 °C in DMF with K,CO3 as base yielded (4Bp-
3,4)12G1CO,CH3, 7a, and (4Bp-3,4)dm8*G1CO,CHj3, 7b, in
90% and 84% isolated yields after 0.5h reaction time. This simple
sequence of four, almost quantitative reaction steps, produced
the achiral (4Bp-3,4)12G1CO,CH;3, 7a, and the chiral (4Bp-
3,4)dm8*G1CO,CH;3, 7b, self-assembling dendrons. When the
compound 1 from Fig. 1 was replaced with the corresponding
methyl 4-hydroxybenzoate the resulting dendron formed only a
crystal phase that was not determined by X-ray analysis [40]. This
demonstrates the key role of replacing methyl 4-hydroxybenzoate
with 1 during the synthesis described in Fig. 1.

The differential scanning calorimetry (DSC) analysis
of the supramolecular structures resulted from (4Bp-
3,4)12G1CO,CH;3, 7a, and (4Bp-3,4)dm8*G1CO,CH;3, 7b,
complemented by fiber X-ray diffraction structural analysis
experiments demonstrated their self-organization into helical
columns forming crystal states in both cases (Fig. 2). The helical
structure of the columns was supported by X-ray analysis, to that
will be discussed later. DSC traces (Fig. 2, Tables 1 and 2) indicate
that (4Bp-3,4)12G1CO,CH3, 7a, exhibits three distinguished
phases before undergoing isotropization at 166.5 °C. During
the first heating scan, below 73°C, (4Bp-3,4)12G1CO,CH3;,
7a, as obtained from solution by precipitation, self-organizes
first in a smectic phase (8). From 73 to 141.4 °C a helical
crystalline columnar hexagonal phase (®,%) was found, and
from 141.4 to 165.5 °C, a 2D center columnar rectangular
phase (®,.) was observed. The ®,_ phase was stable until the
isotropization temperature. However, during the first cooling and
subsequent heating and cooling scans, the smectic phase does not
appear again. During the first cooling below 128.2 ° and during
the second heating below 141.2 °C, the crystalline columnar
hexagonal phase (®,%) and the center columnar rectangular
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1 3a-b: X = COOCH3:| v
(93-95%)
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(89-94%)

Fig. 1

Synthesis of hybrid dendrons (4Bp-3,4)nG1C0O,CHj3, 7, with achiral linear, 7a, and chiral branched, 7b, alkyl chains. Reagents and conditions: (i) K;CO3, DMF, 80 °C,

6 h; (ii) LiAlH4, THF, 0-23 °C, 2 h; (iii) SOCl,, DMF (cat.), DCM, 0-23 °C, 0.5 h.

First Heating First Cooling Second Heating
(4Bp-3,4)12G1C02CHs 141.4 (4Bp-3,4)12G1CO2CHs (4Bp-3,4)12G1CO2CHs 1412
9.3) 166.5 (9.5) 166.3
73.9 (2.6) Dy (L i
iy 128.2 164.9
(-] Dk Dp.c i (B.é) (2.4') Dpk
A 128.7
O [(4Bp-3,4)dm8*G1CO.CHs 128.6 147.4 (4Bp-3,4)dm8*G1C0O2CHs (4Bp-3,4)dm8*G1COCHs  (6.6)
i 6. 147.4
[ o, VO i
131.6
0.
bl 108.6 0D 1455 On*
(5.6) 1) ®, [
T T T T T T T T T T T T T T T T T T
40 60 80 100 120 140 160 18040 60 80 100 120 140 160 18040 60 80 100 120 140 160 180

Temperature (°C)

Fig. 2

Temperature (°C)

Temperature (°C)

DSC trances of (4Bp-3,4)12G1C0O,CH3, 7a, achiral dendron and (4Bp-3,4)dm8*G1C0,CH3, 7b, chiral dendron. Scanning rate was 10 °C/min. S: smectic phase.
@ k: crystalline ordered hexagonal columnar lattice (p6mm space group), ®,.c: centered rectangular columnar lattice, i: isotropic. Transition temperatures are in °C

while enthalpy changes, in between parenthesis, are in Kcal/mole.

Table 1

Lattice Parameters and d-Spacings Obtained by the X-ray Analysis of the Supramolecular

Assemblies of (4Bp-3,4)nG1CO,CH3s, 7.

lattice parameters

di1, dao, do2, d31, d22, dgo ¢

T a,bbac dio, d11,d2g, d2q, d3o M
n? [°1 phase [A] dio, d2o, d30, dao !
12 254 S 60.2 60.2,30.4,20.1'
32 opk 68.9°¢ 59.9,34.3,29.9,22.6,19.9"
120 o) 75.5¢ 61.1,35.3,30.6,-,-"
150 . 63.1,45.3P 36.9,31.3,22.6,—, 1859
dms* 33 Dpk 65.2°¢ 56.7,32.4,28.2,21.3,18.8"
135 o) 66.9 ¢ 58.0,33.5,29.0,—, - "
145 D 105.9,68.2° 56.2,56.2,34.1,31.4,28.7,26.5 9

number of methylenic units in the alkyl chain;
centered rectangular lattice a and b parameters;

a
b
¢ lattice parameter a;
d

phase observed only in the as prepared sample first heating;
9 d-spacing for the centered rectangular phase. S: smectic phase. ®p,*: crystalline ordered hexagonal columnar lattice (p6mm
space group), ®..: centered rectangular columnar lattice.® d-spacing of the lamellar phase;’ d-spacing for the columnar hexagonal

phase;

phase ®,_c were formed. Preliminary X-Ray analysis data reported
previously [45] for (4Bp-3,4)12G1CO.CHj3, 7a, incorrectly
assigned this ®,% phase to a columnar hexagonal phase with
intracolumnar order (®5,°). Also the high temperature ®,_c phase
was not previously assigned and therefore, it was marked as an
unknown columnar X, ®, phase [45].

DSC traces (Fig. 2, Tables 1 and 2) indicate that (4Bp-
3,4)dm8*G1CO,CH;3, 7b, exhibits three different phases before
isotropization at 147.4 °C. During the first heating, below

128.6 °C, we observe a helical ®,*¥ and from 128.6 to 136.8 °C,
a 2D liquid crystalline hexagonal columnar phase (®y) is formed
just before the transition to the center columnar rectangular phase
(®r—) that is stable up to the isotropization transition at 147 °C.
It is remarkable to observe that the range of temperatures of
all these helical self-organizations is in the range accessible by
conventional X-ray diffraction techniques.

It is also extremely important and unexpected that the
incorporation of the two methyl substituents in the chiral alkyl
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Table 2

Structural and Retrostructural Analysis of the Columnar Hexagonal Phase Self-Organized from (4Bp-3,4)nG1CO,CH3, 7.

T a=Dcol b dio € (Aq0 ) d11 (Aq1), dao (Az), pe Dpore
n? [°]1 [A] d21 (A21), d3o (A30) [g/cm3] nf [A]
12 29 68.9 59.9 (33.76), 34.3 (32.98), 29.9 (26.64), 22.6 (3.30), 19.9 (3.31) 1.08 14.0 17.6 £4.0
dm8* 29 65.2 56.7 (33.87),32.4 (33.16), 28.2 (26.83), 21.3 (2.12), 18.8 (4.03) 1.086 13.5 16.6 + 2.0

2 number of methylenic units in the alkyl chain;

b columnar hexagonal phase lattice parameter, error +0.4 A;
¢ X-ray diffraction measured d-spacing;

d diffraction peak scaled amplitude;

¢ experimental density measured at 20 °C, error is £=1%;
f

thickness, My=molecular weight, estimated error Ay =+10%.

(a) (b)
=3 Pr—
-t — =
—- —
—t— =
o
o 8
— — A
Y
=
= intense 5/1 helix
parameters used:
weak e=3.4A
radius=10.8A
¢=T72°
pitch=16.9A

Fig.3

(4Bp-3,4)12G1CO>CH3
achiral

number of dendrons per column stratum calculated from p =VNat p /My, where V=unit cell volume:a3J§/2, Na=Avogadro number, t = 4.5 A column stratum average

(I)hk
29 °C
B ;- 652 A

Seneiing . 7

(4Bp-3,4)dm8*G1CO,CH3
chiral

Simulated 5/1 helix fiber pattern (a) and the experimental X-ray diffraction fiber pattern collected for the (4Bp-3,4)12G1CO,CH3, 7a, achiral dendron (b) and
(4Bp-3,4)dm8*G1CO,CHj3, 7b, chiral dendron (b). No signal changes were observed between the fiber data of the chiral and achiral molecules.

group of (4Bp-3,4)dm8*G1CO,CHj3, 7b, lower phase transition
temperatures but maintains the same sequence of helical self-
organizations as in the case of (4Bp-3,4)12G1CO,CH;3, 7a,
except for the new ®;, phase that appears in a very narrow
range of temperatures between the ®n* and the &, phases
(Fig. 2). Maintaining the helical supramolecular structure upon
the incorporation of stereocenters in the original achiral building
block is one of the most important and remarkable features of this
self-assembling dendron.

The d-spacings and lattice parameters collected from X-
ray diffraction experiments are summarized in Table 1.
Table 2 summarizes also the experimental densities and the
dimensions of the porous helical columns presented in Table 1.
The number of the dendrons forming the cross-section of the
helical column, g, is also reported in Table 2. Characteristic
X-ray diffraction pattern data at 29 °C during the first cooling
and second heating scans of (4Bp-3,4)12G1CO,CHj3,7a, have
been summarized in Table 2. XRD patterns at 29 °C (Fig. 3,

Table 2) indicate a columnar hexagonal crystalline phase (®,¥).
The presence of off axis diffraction patterns (Fig. 3) demonstrate
that this is a crystalline columnar hexagonal phase. Its lattice
parameters obtained at 29 °C are @ = b = 68.9 A. The measured
d-spacings are shown on Table 2. From the known molecular
weight (My) 869.2 g.mol!, we calculate that the average number
of dendrons forming the supramolecular column stratum
with thickness (f), © = NaAtp/My: where Ny = 6.022 x 102
mol! = Avogadro’s number, A is the area of the column cross-
section calculated from the lattice parameters (A = /3/2 x a?), p
is the density of the compound, t is the stratum thickness. From
this calculation, we find that for the ®,* phase, there must be
fifteen dendron molecules (u = 14 ~ 15) per stratum. The column
diameter is 68.9 A (Dcol = a). The c-axis of the phase is along the
fiber axis. The XRD pattern (Fig. 3) indicates that we are dealing
with a 5/1 helix. Calculations demonstrate that there must
be three dendron molecules per cross-section supramolecular
column layer.
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The X-ray diffraction patterns obtained at 29 °C for (4Bp-
3,4)dm8*G1CO,CHj3,7b, have been summarized in Table 2. XRD
patterns 29 °C (Fig. 3, Table 2) indicate a helical ®,* phase,
that is supported by the presence of off-axis diffraction pattern
(Fig. 3). The lattice parameters at 29 °C are a = b = 65.2 A. The
measured d-spacings are shown in Table 2. From the value of the
molecular weight (My) 799.1 g.mol™!, we determine an average
number of self-assembling dendrons forming the supramolecular
column stratum with thickness (¢), © This calculation was done
with the methodology reported above in more details for the
supramolecular structure assembled from the achiral dendron
(4Bp-3,4)12G1CO,CH3,7a, and demonstrated that for the
®,* phase, contains fifteen self-assembling dendron molecules
(n = 13.5 ~ 15) per stratum. The column diameter is 65.2 A
[Deor = a]. The c-axis of the phase is along the fiber axis. As The

(e)

Gt

TR g
mm»
; . T

XRD pattern (Fig. 3) again demonstrates that it is a 5/1 helix with
three dendrons per layer.

Fig. 3a presents the simulated X-ray fiber patterns of the
helical self-organizations of achiral (4Bp-3,4)12G1CO,CH3,
7a, and chiral (4Bp-3,4)dm8*G1CO,CH3 7b. A 5/1 helical
column was formed both by the achiral and the chiral dendrons.
This remarkable result demonstrates that the stereocenter
from the alkyl groups of (4Bp-3,4)dm8*G1CO,CH3 7b,
does not induce helicity in the achiral column of (4Bp-
3,4)12G1CO,CH3, 7a, but that both the supramolecular
columns of (4Bp-3,4)12G1CO,CH3, 7a, and of (4Bp-
3,4)dm8*G1CO,;CHj3, 7b, are helical and that the stereocenter
of (4Bp-3,4)dm8*G1CO,CH3, 7b, selects the helical sense
of an already helical column. The model of the (4Bp-
3,4)12G1CO,CH;3, 7a, helical column is shown in Fig. 4.

27A

45A

W::::::..:{n.u

D, =68.9A

Fig. 4

Molecular models of (4Bp-3,4)12G1C0O,CHj3, 7a, at 32 °C (<I>hk phase). (a) Single dendron (Top View); (b) One layer of the column (<I>hk phase) formed by three
molecules (Top View); (c) One strand of the column showing the helicity (5/1 helix); (d) Formation of the column by stacking of the layers with a distance of 4.5 A
and 72° rotation along the fiber axis (Side View); (e) Single column (Top View); (f) Core view (Side View) showing the helicity (5/1). Color code used in the model:
O atoms, red; H atoms, white; C atoms in the phenyl rings, brown, green, and blue; C atoms in the biphenyl rings, yellow; all other C atoms, grey. In (f) Biphenyl
groups, alkyl groups (-Cq2H3s), and H atoms are deleted for clarity.
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Fig. 4a—f shows the molecular models for the ®,* phase. For ®,*
phase the repeat unit is formed by three molecules (Fig. 4b). In
the first step, three molecules are placed with an angle of 120°
symmetrically with distorted alkyl chains (-Ci2Hps) (Fig. 4b)
to form a layer. In the second step, another layer is placed on
top of the first layer at 4.5 A but is rotated by 72° (Fig. 4c, d).
Thus, each layer will stack over one another with a rotation
of 72° to form the column (Fig. 4d, e) with three strands 5/1
helicity. To show the formation of one helix in the three strand
helices, one strand is shown in Fig. 4c for clarity. The core of
three helices of the 5/1 helix column is shown in Fig. 4f. Then
these columns will arrange themselves in the helical crystalline
hexagonal array (®,X). A slightly different model that fits in
an identical way the X-ray diffraction experiments is shown
in Fig. S1 (Supplemental Information). Fig. 5 shows the helical
self-organization monitored by a combination of CD and UV in
1-butanol. No self-assembly was observed in methyl cyclohexane
and in dodecane. Again, in solution as in bulk state, preliminary
experiments demonstrated that the self-organization occurs in
a very reasonable range of temperatures in 1-butanol. Due to
some unexpected CD instrument problems that could not be yet
resolved, no experiments are available at this time to compare
the helical structure in bulk state with the one obtained in
solution. When these experiments will become available, they
will be reported to confirm the persistence of the helical structure
between bulk and solution states as demonstrated previously in
different helical systems reported from our laboratory [1,6,12-29].

Self-assembling dendrons (4Bp-3,4)12G1CO,CH3, 7a, and
(4Bp-3,4)dm8*G1CO,CH3, 7b, provide a large diversity of
opportunities in the field of helical self-organization and
supramolecular polymerization. Their alkyl groups can be
achiral, racemic, or chiral and their number of carbons
can be altered without requesting unusual organic synthesis
expertise. Stereocenters can be incorporated on the periphery
of (4Bp-3,4)nG1CO,CH3;, 7, as is in the case of (4Bp-
3,4)dm8*G1CO,CHj3, 7b, but at the same time the stereocenter
can be incorporated at the apex only, at the apex and on the
periphery. This manipulation of the position and nature of the
stereocenter provides numerous opportunities to investigate and
elucidate fundamental aspect of helical self-organization. The
biphenyl part of the dendron can also be changed into a naphthyl
derivative and the same sequence of self-organization processes is
expected to occur. We also can think about changing the biphenyl
part of (4Bp-3,4)nG1CO,CHj3, 7, into a dibenzyl ether as shown
already in other publications from our laboratory [42,47]. Aside
from the simple chemical modifications mentioned above we
expect that chemical functionalization of this self-assembling
dendron at its apex with dipeptides [1], crown ethers [57-60],
podants [61,62] and electronically active components [63,64] will
provide access to Aquaporin-like channels for water separation
and purification [1,6,65], ionically active components [58] and
self-repairing organic electronics [63] that previously did not
provide the same high level of helical order as the very simple
supramolecular dendrimer system reported here. The fact that
self-assembling dendrons are true monomers while discotic self-
assembling components are oligomeric species such as dimers,
trimers, tetramers and even higher oligomers [66-84] is expected

(4Bp-3,4)dm8*G1C0O2CH3 (2 x 104 in 1-butanol)

5x 105
06
-10
4 x 105
3x 105 £
— 36
L 38
g 2x10s
°
t?
E 1x108
o
[
oA ‘
o OF
-1 x 105
—-2x 105
P N C N J [ U
240 280 320 360
Wavelength (nm)
uv
o
Q
c
©
¥
S
o
(7]
¥-]
<
o;;l...l. YO [ N (N (L RS R |
240 280 320 360
Wavelength (nm)
Fig.5

CD (top) and UV (bottom) spectra of (4Bp-3,4)dm8*G1CO,CHj3, 7b, during its
temperature-dependent self-assembly in 1-butanol at different temperatures
indicated in °C. CD signal means helical supramolecular column, while flat CD
represents molecular solution of the dendron.

to provide access to a more detailed analysis of the helical
self-organization and supramolecular polymerization process.
Last but not least, this self-assembling dendron compliments
previous experiments reported on the elucidation of the role
of molecular parameters of the building block on helical self-
organization [52,66-87]. We expect that the simplicity and the
rich diversity of potential structural variations transform this very
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simple first generation self-assembling dendron into an important
contributor to the field of helical self-organization.

Conclusions

An extremely simple first generation self-assembling dendron
undergoing helical self-organization in solution and bulk state
regardless of the presence or absence of a stereocenter in its
structure was reported. This first generation dendron can undergo
a large diversity of structural modifications, all maintaining its
helical self-organization in bulk state and in solution in a range
of temperature of great interest for the current instrumentation
employed to study supramolecular polymerization in bulk state
and in solution. We expect that this self-assembling dendron has
the potential to become an important contributor to the field of
helical self-organization.
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