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Abstract: The synthesis of dendritic dipeptides (4-3,4-3,5-4)12G2-CH,-Boc-L-Tyr-L-Ala-OMe and (4-3,
4-3,5-4)12G2-CH,-Boc-b-Tyr-D-Ala-OMe is described. These dendritic dipeptides self-assemble into porous
elliptical and circular columns that in turn self-organize into centered rectangular columnar and hexagonal
columnar periodic arrays. The transition from porous elliptical to porous circular columns is mediated in a
reversible or irreversible way by the thermal history of the sample. A method to determine the dimensions
of hollow elliptical and circular columns by the reconstruction of the small-angle powder X-ray diffractograms
of the centered rectangular or hexagonal columnar lattices was elaborated. This technique together with
wide-angle X-ray experiments performed on aligned fibers provided access to the structural and
retrostructural analysis of elliptical supramolecular pores. This procedure is general and can be adapted
for the determination of the dimensions of pores of any columnar shape.

solution and in solid state. This behavior limits their structural
analysis by combinations of solution and solid state comple-
mentary techniques. Our laboratory reported the self-assembly
of amphiphilic dendritic dipeptides to produce helical pores that
are stable both in solution and in solid st&tEor the same
dendron and dipeptide, the internal structure and stability of
the pore are programmed by the stereochemi$tgnd the
protective group$® of the dipeptide and by the number of the
methylenic units in the alkyl groups attached to the periphery
of the dendrori® This process is cooperative and involves
allosteric regulatiod! The same principles may apply to the
tRoy & Diana Vagelos Laboratories, Department of Chemistry, Uni- Self-assembly of dendritic dipeptides based on different den-

versity of Pennsylvania. drons? and dipeptides.
* Department of Physics and Astronomy, University of Pennsylvania.
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Introduction

Natural pore-forming proteins and their remodeled structures
exhibit a diversity of biological and biologically inspired
functions such as transmembrane chanheisal helical coats,
reversible encapsulaticnstochastic sensirfgand patogenfc
and antibiotic activity>. Natural porous proteins are stable in
solution and in solid state. Various synthetic strategies to porous
and tubular supramolecular assemblies have been elabdrated.
However, with few exceptionsporous protein mimics do not
assemble into periodically ordered structures that are stable in
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Scheme 1. Synthesis of the New Dendritic Dipeptides (4-3,4-3,5-4)12G2-CH,-X, X = Boc-L-Tyr-.-Ala-OMe and Boc-p-Tyr-p-Ala-OMe.
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Porous structures self-assembled from dendritic dipeptides (60% vyield) (Scheme 1). Reduction 8fwith LiAIH 4 in THF
reported up to now%12as well as porous structures assembled yielded (4-3,4-3,5-4)12G2-CiDH (4) (95% yield). Mitsunobu
from other architecture&® have a circular shape of the pore. etherification of Boc:=-Tyr-L-Ala-OMe (5a)° and Bocp-Tyr-
Nonetheless, natural pore-forming proteins display also other p-Ala-OMe (5b)°® with 4 generated the enantiomeric dendritic
pore shapes. A representative example is the hourglass shapdipeptides (4-3,4-3,5-4)12G2-GHBoc+-Tyr-L-Ala-OMe (6a)
of aquaporint? Currently we are searching through libraries of (69%) and (4-3,4-3,5-4)12G2-GHBoc-D-Tyr-p-Ala-OMe (6b)
supramolecular porous structures forming lattices that have the(60%). A combination of'H and 3C NMR, HPLC, and
potential to indicate strategies to noncircular pore shapes. MALDI-TOF techniques was used to demonstrate the structure
Preliminary report®<13 have indicated the possibility of and purity (99%) of all intermediary and final compounds.
generating elliptical pores from several dendritic alcohols that  Stryctural Analysis of the Supramolecular Assemblies.
were used as precursors to dendritic dipeptides. However, theirThe structural analysis of the supramolecular porous assemblies
c2mmcentered rectangular columnap () lattice exhibited a  generated from these dendritic dipeptides was carried out by a
small number of X-ray diffraction peaks resulting in low spatial combination of differential scanning calorimetry (DSC) and
resolution. In addition, structural and retrostructural analysis small- and wide-angle powder and fiber XRD experiments. The
methods for supramolecular pores were available only for strategy employed is outlined below.

structures with circular shage.

The porous structure of the columns was identified by the

We now report the synthesis of dendritic dipeptides that self- enpanced intensity of the higher order XRD diffractions and
assemble into circular pores which, depending on their kinetic 55 visualized by the reconstructed electron density maps
treatment and on the degree of order of the pore, undergo either:g|cylated from the XRD daf&°The size of the elliptical pore
reversible or irreversible circular-to-elliptical shape changes. A |55 determined by elaborating a method for the reconstruction
combination of electron density maps together with the recon- 4 the XRD peak positions and intensities using the electron

struction of their small-angle and wide-angle X-ray diffraction

density of the dendritic dipeptide and considering a three-phase

(XRD) experiments performed on powder and oriented fibers jntracolumnar model consisting of aliphatic, aromatic, and
combined with experimental densities was used to develop dipeptide regions and a hollow center of the column, as
methods for the structural and retrostructural analysis of elliptical suggested by the electron density map. This strategy is similar

pores.

Results and Discussion

Synthesis of (4-3,4-3,5-4)12G2-C#HBoc+.-Tyr- L-Ala-OMe
and (4-3,4-3,5-4)12G2-ChBocD-Tyr- b-Ala-OMe. The sec-
ond generation dendron (4-3,4-3,5)12G2-0Hl (1) synthesized
as reported previoushy*was etherified witt2 under Mitsunobu
reaction condition'$ to produce (4-3,4-3,5-4)12G2-GOHjs (3)

(13) Percec, V.; Peterca, M.; Sienkowska, M. J.; llies, M. A.; Agad, E.; Smidrkal,
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to that elaborated for circular porous colunifs.

Transition temperatures and their enthalpy changes were
obtained by DSC, and the phases associated with these transi-
tions were assigned by XRD. The DSC analysis of the as
prepared (4-3,4-3,5-4)12G2-GiBoc-Tyr-L-Ala-OMe and (4-
3,4-3,5-4)12G2-CHBoc-D-Tyr-p-Ala-OMe show that they are
already assembled into supramolecular columns (Figure 1).

On cooling from the isotropic state both dendritic dipeptides
are self-assembled into columns that self-organize into a
monotropic hexagonal columnar phasky), followed by an
enatiotropicc2mm centered rectangular columnar lattice with
intracolumnar orderd®,_J°). On heating, at 83C the ®,_°
lattice undergoes a transition top@mm hexagonal columnar
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o atures in the supramolecular columnar structures self-assembled from
Temperature (°C) (4-3,4-3,5-4)12G2-ChBoc--Tyr-L-Ala-OMe. Below the isotropisation
temperature, the freezing of the higher ordaf® phase is observed (see
also Figure 3)®,—J° = centered rectangular columnar pha$g;= hex-
agonal columnar phas&,® = hexagonal columnar phase with intraco-
lumnar orderp = (4n/1) sind = momentum transfer; a.&= arbitrary units.

The sequence of dark (on heating) and light (on cooling) green arrows shows

Figure 1. Second heating and cooling DSC scans {€min) of (4-3,4-
3,5-4)12G2-CH-X; X = Boc+-Tyr-L-Ala-OMe, Boco-Tyr-b-Ala-OMe.
Transition temperatures€) and enthalpies changes (kcal/mol, in paren-
theses) are indicated,—¢° = centered rectangular columnar phase with
intracolumnar order®, = hexagonal columnar phas®;® = hexagonal ; - S : y 2 .

o 9 P " 9 the reversible®,_J°—dyo—isotropic-®p—®,J° transition, while the

columnar phase with intracolumnar ordersgglass; i= isotropic liquid. ) ;
First heating scans (not shown) are identical with the second heating scans.z)eq‘foenflfigft?::;tgigien up to Y5 and black arrows shows the irreversible
r—c — %h .

phase with intracolumnar ordeid(©).10%¢ The short-range
intracolumnar order of the,_J° and ®y° phases was estab- (
lished by using wide-angle XRD experiments carried out on
both powder and aligned fibers. These experiments will be
discussed later. At about 9€ the®° lattices of both dendritic
dipeptides transform into an isotropic liquid that is generated
from self-assembled columns as demonstrated by XRD (Sup-
porting Information, Figure SF1). The sequences of heating and
cooling illustrated in Figure 1 provide strategies for the
reversible and irreversible interconversion between the circular
columns that assemble in th&,° phase and the elliptical
columns that assemble in thi_J° phase. The identification

of the ®,_J° and®y'* phases was accomplished by small-angle
powder XRD experiments (Figure 2 and Supporting Information,
Figure SF1). When the sample was heated fronfQQp to

the isotropic phase and back, the sequence of phases from Figure
1 was reproducible (Supporting Information, Figure SF1).
However, when the sample was heated only up taltjephase

(95 °C) and cooled to 30°C, the ®,_J° phase was not
regenerated (Figure 2). The existence of intermediate range
intracolumnar order (892 in the supramolecular columns
forming the ®,_J° and ®° phases was established by wide-
angle XRD experiments carried out on powder and on aligned
fibers (Figures 3 and 4). Th@,_J° and @, phases exhibit a

5.0 A stacking of the aromatic rings (Figure 4). Tig° phase Figure 3. Wide-angle X-ray diffraction patterns recorded at the temper-
exhibits a correlation length of about 60 layers (k), and & 62 actﬂge; '(r;d;‘ifgi‘; )'(":tgi;?#ﬁf_r/‘\l:'_gﬁg {S?;S(D‘r’iig‘,"(%)“if’g;ﬁ?'(1C262‘
tilt of the dendrons with respect to the column axis. The i0 of 4,4 d) x= Boco-Tyr-b-Ala-OMe; (c) in®;-d, (d) in ®e; i, j = short-
the hexagonal phase was identified by the presence of short-range features arising from helical intracolumnar order (4.6 A ford 5.0

range helicity and tilt, and by the longer range registry features. A for J); 9=d strong e%uitorial fke_aturef (AL.S A= diffraction palttern fﬁatureis
A corresponding to 5. stac Ing O the aromatic rngs along the column
The helical structure of the columns was also supported by axis (the estimated correlation length~$0 layers);m = dendron tilt (62

circular dichroism experiments (Supporting Information Figure + g°): n = high order bk0) reflections.
SF9).

Mechanism of the Reversibility of the Elliptical to Circular transition from elliptic to circular columns was investigated by
Shape Change.The reversibility vs irreversibility of the a combination of DSC and XRD experiments. Figure 1 shows

a) X=Boc-L-Tyr-L-Ala-OMe

|

{b} X=Boc-L-Tyr-L-Ala-OMe

o

C

—— 10
«—m @,

fiber axis

-
=
o
Ly
N
e
-

J. AM. CHEM. SOC. = VOL. 128, NO. 20, 2006 6715



ARTICLES Peterca et al.

(a)
1.2
3 1.0
ek ]
% 0.8 -
=
E A o
£ ,6- f -20°C
0.4+
T T T T T T T T T
-150 100 -50 0 50 100 150 200 250
Chi (%)
(b)
. 124 — phimm
2.0 1 110°C iso 3 _ —— c2mm (along &)
= w —— c2mm (along b)
— =z IR A\ O Y /A . WA -
215 Gos / \
= : ., //\\‘ \\
M4 AR U8 SR\
51_0- $04 / \
= 4
= = .
: 7\
o N
05 1 90 pOWder o0 -40 =20 o 20 40
— fiber Radius (A)
I 014 l 0{6 , 0?8 l 1:0 , 112 l 1:4 , 1!6 ' Figure 5. Reconstructed electron density maps for the lattices generated
q (A“) from (4-3,4-3,5-4)12G2-CiHBoc-L-Tyr-L-Ala-OMe: (a) hollow®y cal-

culated using experimental diffraction amplitudes; (b) holidw.d using
Figure 4. Chi plot of the X-ray diffraction fiber pattern shown in Figure  experimental diffraction amplitudes; (c) plot of the relative electron densities
3b (a); (4-3,4-3,5-4)12G2C#Boc-Tyr-L-Ala-OMe powder and fiber profiles as a function of column radius for the two phases; (d) hoflew¢®
g-plots at the indicated temperatures (b). Legeine: short-range features generated from calculated diffraction amplitudes given by the three-level
arising from helical intracolumnar order (4.6 A§;= strong equatorial model.
feature (4.8 A);m = dendron tilt; k = diffraction pattern features

corresponding to 5.0 A stacking of the aromatic rings along the column (|nge proximity to glass transition (Tg). Therefore, only the
axis (the estimated correlation length~$60 layers). L ; . Lo YL
transition from®y'° to isotropic liquid is kinetically controlled.

This analysis explains the mechanism of the reversihleo
®,_d° and®,—d° to @ and of the irreversible transition from

he to @,—d° phases. During the second and subsequent heating
and cooling scans from 2®C to isotropic liquid the order in
the ®,_ ¢ phase is higher than that in the less ordedgdand
of unannealedby* phases, and this provides a mechanism for
the reversibility of the process. However, upon annealing, the
grder of thedn” phase becomes higher than that of tec”
phase. Subsequently, the formation of the J/° phase from
the higher orde®® on cooling becomes thermodynamically
inhibited. This trend is in agreement with thermodynamic
schemes reported previousRThis thermal analysis clarifies
the sequence discovered by the XRD experiments that is

the second heating and cooling DSC scans of both dendritic
dipeptides. The first, second, and subsequent heating and coolin
DSC scans are identical. A DSC analysis of this sequence, which
consists of heating t@y°, annealing in theby* phase for at
least 5 min, cooling to 20C, and reheating to isotropic liquid
does not show thaby° to ®,_J° transition on cooling and
reheating (Figure 2). The very small supercooling of all
transition temperatures and their associated enthalpy change
demonstrate reversible and thermodynamically controlled transi-
tions to the®,_J°, ®yo, and®,, phases when the sample was
heated from 20°C to isotropic and back with 20, 10, and 5
°C/min, with a higher isotropization enthalpy at the lowest
heating rate only. However, when the sample was heated to L
the ®y° phase, maintained for 5 min in this phase, cooled to presented in Elgure 2. )

20 °C, and then reheated, only tide o phase was observed. Reconstruction of Electron Density Maps 'of Columnar

An increase of 60% in the enthalpy change associated with theHexagonal and Columnar Rectangular Lattices.Electron

@y to isotropic phase transition was observed under these density maplt’ were reconstructed from the _peak amplitudes
conditions. Without annealing, the isotropization enthalpy from small-angle powder XRD of they (Figure Sa) and
change is 5.4 kcal/mol (Figure 1), and after annealing in the ®r—“ (Figure 5b) lattices. ThePp phase exhibits seven
®yo phase, it is 8.7 kcal/mol. This substantial increase in the diffraction peaks, and the>,_c phase shows 10 diffraction
@ to i enthalpy change demonstrates an enhancement in theoeak_s. All of them were used in the c_alculatlon of the ele_ctron
order of the®, phase that most probably approaches 3-D o_IenS|ty maps. All possible phase choices fpr the_X-ray diffrac-
hexagonal crystal order. Annealing for more than 5 min in the tion amplitudes of the®,c* phase were investigated. The
®,o phase results in a further increase in the enthalpy Changesolutlon proposed here was based on the match of the electron
associated with théj© — i transition. Annealing in th&,_°

phase does not increase the order of the phase. This is due to %) Percec, v Keler Aiecondlecuieasen 23 407 assh
very slow dynamic in theb,_J° phase that is induced by its Soc.1997 119, 1539-1555.
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density distribution of theb,_J° phase with that of thaby'® (a) Raiiph
phase. In both cases the electron-density maps show that the R(,,,,f,,f"“)
dendrons self-assemble into hollow columns. These columns Rporg| ¥~
are circular in the case @b, and elliptical in the case @b,_J°.

As shown in Figure 5b, the elliptical columns are aligned with
the long axis of their cross-section along thaxis of thed,_°
lattice. The color code shows high electron density surrounding
the low electron density hollow center. The high electron density

(marked in red) is generated by the dipeptide and the aromatic (4 aromatic region aliphatic region
parts of the dendron which are considered to constitute a single = — A ~—A—
microphase. The periphery of the column has low electron hd /_Q_OC‘M

density that is generated by the aliphatic part of the dendron, H:>=o

o]
and is highlighted in green and blue. The sharp separation among ol e} O‘—@-oc,szs Number of

the pore, dipeptide plus aromatic, and aliphatic regions indicates NH /_@_o/—Q electrons/region:

a three-phase microsegregated structure in the supramolecular hod 2 e O\—Q_o’_@“w”zs Naron=664

column (Figure 5a,b,c). The minimum of the electron density “~—y—" Q Naiipn=388
apex functional group < } OCuHzs

in the center of the column is below the electron density from
the aliphatic part that is located at the periphery of the column.

This indicates that a pore penetrates through the center of theFigure 6. Three-level models of the elliptical asymmetric and of the circular

column. symmetric columns derived from the electron density mapsR{ah =
Calculation of the Elliptical Pore Size by the Reconstruc- the aliphatic fegi?nh of t?e C;t%umr%ﬁomh:uthe CO_mbin(gd)a rt))eptidze and

. . - : aromatic region of the columiRyere = the hollow region; (b, b = c2mm

tion of th_e XRD. The calculation Of. the elliptical pore.S|ze Was |attice vectors; their orientation in thexy) plane is indicated; (c) the

accomplished by the reconstruction of the XRD via a least- distortion along a preferred direction of thémmphase generates thgmm

squares fit of the observed positions and amplitudes of the phase; each of the two possible directions is highlighted by black and white
; : ; i double arrows, respectively; (d) the structure of the dendritic dipeptide (4-

dlffra.c tlpn peaks.to those Calc.u Iqted based on a simplified mlodel 3,4-3,5-4)12G2-ChtBoc.-Tyr-L-Ala-OMe that self-assembles into porous

consisting of cylindrical or elliptical shells of constant density.  columns;Naom = number of electrons in the aromatic regiddiipn =

The relative electron density in each shell is calculated from number of electrons in the aliphatic region.

the molecular structure of the dendritic dipeptide, and therefore,

the only fitting parameters are the shell radii. This approach

was used previously to reconstruct the lyotropic hexagonal phas

generated from lipid$ and the circular porous hexagonal phase

(4-3.4-3.5-4)12G2CH;-Boc-L-Tyr-L-Ala-OMe

major axis radii, respectively (Figure 5b). Substituting eq 2 into
€eq 1 and performing the Fourier transform we find

reported from our laborato®fFigure 7 outlines the three-level I /(RX X)z +( )2)
model of the elliptical and of the circular columns derived from F(Q,.0,) = pozﬂRXRy 1 4 Ry ()
the electron-density maps in Figure 5. The structure of the g /(qux)2+ (F%,qy)2

dendritic dipeptide uses the same color code as that in the
supramolecular column shown in Figure 5d. The numbers of To reduce the number of fitted parameters, we assume that the
electrons in the aromatic and dipeptid¥abmn) and in the ellipticity ratio, defined bye = RJ/Ry, is identical for all three
aliphatic (Naipr) parts of the dendritic dipeptide molecule are shells of the column. This is equivalent to a smooth and uniform
also shown in Figure 6d. The reconstruction of the powder XRD distortion of the circular columns into elliptical columns. The
that includes both the position and the amplitude of the XRD complete scattering amplitude then becomes
of the ®,_. lattice follows the principle of multilevels of constant
electron density used previously. Fm(0h0) = Fetip(RaipmPatipn) — Fetipt(RaromPaipn) T

The scattering amplitudg(q) for a structure with position- Felipt(RaromParom — Feltipt(RooreParom (4)

dependent electron densityr) has the general forr#
where

F@) = [p(M)ei"dr, i=+v-1 1
@ = fe(M) @ L(/(€Rg) + Rg))
) Fellipt(Rap) = AZJTfRzP
For the case of theb,_. phase, the electron density of the /(eRq)2+ (Rq/)z

elliptical cylinder is
Hereqy = 27h/a andqy = 27k/b are the Cartesian components

(%)

ﬁ n i <1 of the momentum transfeg andb are the dimension of the

Po sz Ryz = D, lattice, andpaiiph, parom and ppore are the charge densities
p(xy) = 2 y2 (2) in the aliphatic, aromatic, and pore regions, respectively (units
0 St25>1 e~/A3), calculated from the number of electrons in each region

R® R (Naiiphs Narom andNperd and the radii of the different regions

(Raiiph, Rarom and Ryord. A is an overall amplitude prefactor.
wherepg is constant and,, R, are the semiminor and semi- Whene = 1, eq 4 reduces to the equation used previously to
calculate the pores size of circular porous colutrassembled
(18) Turner, D. C.; Gruner, S. MBiochemistry1992 31, 1340-1355. in the @, phase. The experimental XRD intensities are converted
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(4-3,4-3,5-4)12G2 CH_-Boc-L-Tyr-L-Ala-OMe experimental and calculated scaled amplitudes for these two
’ c2mm  80°C lattices are plotted in Figure 7b. Details of the calculation are
presented in the Supporting Information (Figures SF3 and SF5,

(a) 209 ()

(31) (22)

g ' @0 ©2) (40) (42) (51 Tables ST1 and ST2). The values of the pore diamé&gg:d)

~ used to reconstruct the XRD from Figure 7b are summarized
31_0— (19)| (4-3,4-3,5-4)12G2 CH,-Boc-L-Tyr-L-Ala-OMe in Table 1. Note that the same three-level least-squares fit
%“ p6mm 90°C parameters were obtained whether the model was fitted to the
S 05+ : measured intensities or the extracted amplitudes (which depend
§S (20) (21) on phase), so that the final agreement does not depend on the

choice of phases.
008 o o0 o5 p % Structural and Retrostructura_ll Analysis of the Supramo-
q(A" lecular Pores. The reconstruction of the small-angle powder
XRD allows us to calculate the columm{,) and the pore
(Dpore) diameters. However, it does not allow us to determine
the 3-D arrangement of the dendrons in the porous structure.
p6mm experimental (90°C) This information is obtained by combining the results of small-
e pbmm calculated (90°C) and wide-angle powder XRD measurements, the analysis of the
aligned fiber samples by wide-angle XRD, the experimental
densities, and molecular modelifyln the absence of single-
crystal XRD, fiber XRD experiments generate similar structural
information?®
Wide-angle fiber XRD patterns for the (4-3,4-3,5-4)12G2-
CH-Boc4.-Tyr-L-Ala-OMe and (4-3,4-3,5-4)12G2-GHBoc-
D-Tyr-p-Ala-OMe are shown in Figures 3 and 4. They allow
40 us to calculate the tilt angle of the dendron, the helical pitch,
Figure 7. X-ray diffraction patterns and plots of (4-3,4-3,5-4)12G2- and the int.eraromatic Sta.Cking .Of the aromatic rings along the
CHyBocL-Tyr-L-Ala-OMe (a) in thed;_d° (top) and®y (bottom) phases. column axis. Molecular simulation structures that incorporate

(b) Experimental and calculated diffraction amplitudes for dhec* and information both from the small-angle powder and wide-angle
@' phases of the supramolecular columnar assemblies generated from (4fiher XRD results are shown in Figure 8.
3,4-3,5-4)12G2-ChiBoc-Tyr-L-Ala-OMe; a.u.= arbitrary units.

G
R

60 ®  c2mm experimental (80°C)
50 (10) o c¢2mm calculated (80°C)

40 -

(20)

30 A
20—-
10
0.

—

.10 -}
-20 4

Scaled Amplitude (a.u.)

=30 -

Structural Analysis of Other Examples of Elliptical Pores.
into scaled amplitudes after applying the appropiate multiplicity e reported in several previous publicati8lid3the discovery

and Lorentz corrections: of dendrons that self-assemble into elliptical columns that self-
organize in®,_° phases exhibiting the signature of a porous
m elliptical column in their XRD. However, methods to calculate
_ hichic”hk ©) their pore dimension®,e Were not available at that time.
hk) Therefore, we report here the structural analysis of some of these
gv e/ Ohyie My structures by using the method elaborated in the previous
ik sections.

wherelpy is the integrated intensity of the X-ray powder peak _ 1he precursors to dendritic dipeptides (4-3,4-3,5)12G2-
with indicesh andk, my is the multiplicity of the peak, and ~ CH2OH withn =6 and 8 showby" andd;¢ phases, during
the sum in the denominator is performed over all observed their first heating scans, while, during their cooling and second
reflections. The experimental amplitudes were least-squares fith€ating scans, they exhibib,_J” and @ phases® The

to the amplitudes given by eq 4 by varying the five parameters "€construction of the XRD data for then” and @ phases

of the model: A, Rajiph, Rarom Roore ande. The phase of the of (4-3,4-3,5)6G2-CHOH is detailed in the Supporting Infor-

amplitudes, 4- - -) for the ®no and @+-------- ) for the mation (Table ST4, Figure SF7 and SF8). The electron-density
®,_. phases from Figure 7b, were selected as described at theMaps of _these two structures are shown in Figure 9b,e. The
beginning of the previous subchapter. column diameter®co and Dpore along thea andb axis of the

Figure 7a shows XRD powder intensities of (4-3,4-3,5-4)- ®d,_ lattice are also shown in Figure 9. For comparison, Figure
12G2-CH-BocL-Tyr-L-Ala-OMe in thed,_¢° phase at 80C 9a,d show the same data for t#g'” and @ assembled from
and in the®y© phase at 90C. A total of 7 diffraction peaks ~ (4-3:4-3,5-4)12G2-CkiBocL-Tyr-L-Ala-OMe. As seen in Fig-
were observed in thé@° phase and 10 in thé,_¢° phase. ure 9d,e, both the elliptical pores assembled from (4-3,4-3,5-
However, for the pore size calculation only the first 4 peaks of 4)12G2-Ch-Boci-Tyr-L-Ala-OMe and from (4-3,4-3,5)6G2-
the @ phase and all 10 of thé, ¢ phase were used in the ~CHOH are deform_ed longitudinally along theaxis of the
calculation. The higher order diffraction peaks of thg® have @ lattice. Also, in both caseshas almost the same value,

a larger error in their peak area and, therefore, would introduce |-€-+ 0-87 and 0.88, respectively. _ _

a large error in the pore size calculation. For the casg,of, The reconstruction of the XRD of they'° and®,—J° phases
the diffraction peaks higher than 20 and, for the case@gH, of (4Pr-3,4Pr-3,5Pr)12G2-GIH!? are reported in the Sup-
higher than 10 exhibit enhanced amplitudes (Figure 7a). These
enhanced amplitudes provide a rapid method to screen libraries(19) (&) Watson, J. D.; Crick, F. H. Glature1953 171, 737738, (b) Wilkins,

M. H. F.; Stokes, A. R.; Wilson, H. RNature 1953 171, 738-740. (c)
of supramolecular columns and detect porous columns. The Franklin, R. E.; Gosling, R. GNature 1953 171, 740-741.
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Table 1. Structural and Retrostructural Analysis of Supramolecular Dendrimers Self-Assembled from (4-3,4-3,5-4)12G2-CH;-X

dio? (A) PRI ot () e (A) lattice and
dis®(A) o’ (R) dbz° (R) s () column
compound T ! (A) dis? (R) dip? (A) dys? (A) parameters Dyore 0200
X= (°C) phase (A° a.u.) (A° a.u.) (A a.u.) (A° a.u.) A A (g/lcm3) uh
Boc 1-Tyr-L-AlaOMe 90 Dylo 71.48 41.2 35.68 26.% a=D¢o=82.3+0.4 12.0+ 1.5 1.03 115
(4751)  (25.26) (18.49)  (8.74)
65 P,_Jo 69.9 68.8 46.9 41.3 a=138.2+ 04 12
(22.49) (21.81)  (7.74) (14.38) b=93.7+0.4
39.0¢ 31.1 27.8 26.1 Deol = 81.64 0.4° 13.9+ 1.6
(17.69)  (7.41) (495  (3.52) Deo=93.8+0.4 16.0+ 1.9
Boc D-Tyr-p-AlaOMe 90 Do 1R 412 357 27.¢¢ a=D¢=82.6+0.4 11.6+ 1.5 1.03 115
(49.32) (24.43) (17.71)  (8.54)
60 Do 78.1 66.5 48.F 40.4 a=133.5+04 12
(21.06) (20.71)  (5.40) (14.59) b=096.5+0.4
39.A 3.3 27.3 25.69' Dcoi = 78.94+ 0.4° 13.8+ 1.6
(20.08)  (6.15)  (4.85)  (4.56) Deco=96.7+ 0.4 16.9+ 2.0

ad-Spacings of theby° phaseP” Peak amplitude scaled to the sum of the observed diffraction peaks (a.u., arbitrarycdmit§pacings of thab,_d°
phase ¢ CalculatedDco or Dyore @long thea axis of thed,_d° phasef CalculatedDco 0r Dpore along theb axis of thed,—J¢ phased Experimental density

measured at 20C. " Number of dendrons}{)er column stratum= (x/Z_%NADth)/ZM, whereNa = 6.0220455x 10?2 mol~* is Avogadro’s numbem is the
molecular weight of the dendron, ahe- 5 A is the average height of the column stratubg® = columnar hexagonal phase with intracolumnar ordgr;
= centered rectangular columnar phaBgs = column diameterDpore = pore diameter.

(a) (b)

i~
ﬁ-'?“%g, 3
e RN

& G
G e
prokel

I ;:,f &&"

D, =82.0x94.0 A
D, = 14.0 x 16.0A

AERR

Figure 8. Supramolecular columnar assemblies generated from (4-3,4-3,5-4)12&BdcH-Tyr-L-AlaOMe. (a) Top view of one layer of the circular

column, together with top and side views of the porous column infthe phase (bottom); (b) top view of one layer of the elliptical column, together with

top and side views of the porous column in tie ¢ phase (bottom); (c, d) cross-sections of the porous columns from (b) along the twa axid I,
respectively) of theb,_d° phase; (e) H-bonding network (in A) between the dipeptides forming the rigid part of the pore via the mechanism described
previously%210.12Color code: —CHs from Boc protective group of Tyr, blue-CHs; of the methyl ester of Ala, white; C, gray; O, redM, green. For

simplicity, in (a) and (b) only the aromatic part of the dendritic dipeptides (including a methoxy group) is shown, while in (c, d, and e) only tlue dipept

is shown; in (e) four dipeptides from two adjacent and interdigitated layers are illustrated with their C atoms colored differently: in the top Ggésrns

are in light blue and dark blue, respectively, while in the bottom layer one of the two dipeptides has the C atoms in gray and the other one has them in gold.

porting Information (Table ST3, Figure SF6). Their electron- 9f (for the @,_J° phase). Thé¢, and Dpore data for both the
density maps are shown in Figure 9c (for #bg° phase) and symmetric and asymmetric pores are shown in Figure 9c,d.
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(a) (b) (©)
®,° (90°C) £=1.0 ®,° (90°C) £=1.0 @ © (70°C) ¢ = 1.0

D,, —78A
Doy = 66.0 A

®,..° (80°C) €=0.87 ®,..° (110°C) £=0.88

() @.° (50"0) e=1.7

(along a) _ 7.1 A
pore fa]ong H_11 9 A

- - D
124AD (aergﬂ'J_4 ZA D

Dmm[alung a) _ falong a) _ =102.1 A
watamng bh_142 A D (alﬂns h-48A D, .P Glong b) — £y 9 &
Daliph[almlg a_g81.4 A D it (along @ _ 1384 A liph

Dalip (along b) _ =93.0 A D (alnng B _ 45.1 A

Figure 9. Reconstructed 2-D electron-density maps of porous structures
assembled from (4-3,4-3,5-4)12G2-gBoc--Tyr-L-Ala-OMe in the®yj©

(a) and®,—J° (d) phases; from (4-3,4-3,5)6G2-GBIH in the ®° (b) and
@,_° (e) phases; and from (4Pr-3,4Pr-3,5Pr)12G2,CH in the @/ (c)

and ®,_¢ (f) phases.

There is a striking difference between the elliptical pore reported
in Figure 9d,e and that from Figure 9f. While in the first two
cases the long axis of the pore is along thaxis of the®,_
lattice, in the third case it is along tlaeaxis of the lattice. Even
more striking is the much larger deformation of the asymmetric
pore generated from (4Pr-3,4Pr-3,5Pr)12G2,0H that has
=1.7.

Conclusions

The synthesis of the dendritic dipeptides (4-3,4-3,5-4)12G2-
CHy-Boc4.-Tyr-L-Ala-OMe and (4-3,4-3,5-4)12G2-GHBoc-
D-Tyr-p-Ala-OMe was reported. Both dendritic dipeptides self-
assemble into porous columns which in turn self-organize into
®,_Jo and®y? lattices. The columns forming the,_J° phase

6720 J. AM. CHEM. SOC. = VOL. 128, NO. 20, 2006

have an elliptical pore shape, while those formingdhi phase
have a circular pore shape. Although elliptical columns forming
thermotropic®,_ liquid crystal phases are knovif13.14b.20
the elliptical porous columns with intracolumnar order reported
here differ from them and represent the first examples of
noncircular synthetic porous structures that self-organize in
periodic arrays. Previous porous structures exhibited only a
circular pore shapg!012

A strategy to provide a reversible or irreversible change from
elliptical to circular pore shape via different thermal treatment
was elaborated, and its mechanism was elucidated. The dimen-
sions of the elliptical pore were calculated by developing a
method for the reconstruction of the powder XRD patterns of
the @,_¢° lattice. Additional X-ray experiments performed on
aligned fibers together with experimental densities, molecular
modeling, and the dimensions of the pore were used to perform
the complete structural and retrostructural analysis of the
elliptical pore. The pore is assembled by a network of dipeptide
H-bonds that provides a rigid and ordered intracolumnar
structure?1%.12This intracolumnar order resembles that encoun-
tered in related biological assembfieand in circular pore¥?h.c
The experiments reported here may facilitate the design of
noncircular porous protein mimics and of membranes that are
externally regulated and mediate separation processes based on
the shape.
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