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Abstract: X-ray analysis of some 1,3-
dipyrrolyl-1,3-propanediones  synthe-
sized from pyrroles and malonyl chlo-
ride derivatives revealed 1D supra-
molecular networks formed by N-—
H:-O=C interactions in the solid state.
Micro- and nanometer-scale morpholo-
gies of porous, fibrous, and sheet struc-

tr
tures were fabricated by hydrogen- i

Introduction

Well-defined micro- and nanometer-sized architectures fab-
ricated by self-assembled organic molecules have attracted
much attention due to their properties as potential function-
al materials.’”7 For example, supramolecular nanofibers
were observed in gelated materials consisting of low-weight
organic molecules,®* and sheetlike morphologies were fab-
ricated from amphiphilic lipid bilayers."® Furthermore,
supramolecular nanotubes were formed by transformation
from sheet structures via twisted and coiled ribbons based
on amphiphilic molecules such as glucosides with long alkyl
chains.”! Similarly, amphiphilic hexa-peri-hexabenzocoro-
nenes self-assemble to form m-electronic, discrete nanotubu-
lar objects.”! In contrast to such nanoscale objects, larger
tube- and pipelike structures were also provided based on
the organization and crystallization of small organic mole-
cules.”
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bonding interactions and determined
by fine-tuning the substituents and the
solvents used. Of the unique poly-
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morphs, ordered 2D lamellar sheet
structures of the derivatives with long
alkyl chains (CsHis, C4,H,, and so on)
were constructed by van der Waals hy-
drophobic effects between aliphatic
chains as well as hydrogen bonding.

Among versatile weak interactions, hydrogen-bonding
and hydrophobic interactions are essential for the construc-
tion of supramolecular structures, such as DNA double heli-
ces and protein subunits, in biological systems.’!l Although
amide NH and CO sites in proteins usually orientate to op-
posite sides, NH and CO moieties bridged by one sp?
carbon atom on the same plane exhibit the double hydro-
gen-bonding interactions appropriate for self-organization.

Pyrrole, a m-conjugated heterocycle found in functional
dyes such as heme and chlorophyll,”) behaves as a hydro-
gen-bonding donor due to its polarized NH group. To date,
various types of cyclic and acyclic anion receptors consisting
of pyrrole ring(s) have been synthesized.'” Furthermore,
self-assembled supramolecular networks of acyclic pyrrole
derivatives with carbonyl groups at a positions have been
observed in the solid state as well as in solution.!"*¥! For ex-
ample, bis(ethoxycarbonyl)-substituted terpyrrole constructs
a 1D network by using N—H--O=C interaction.["” However,
micro- and nanometer-scale materials based on acyclic pyr-
role derivatives have not yet been reported. Herein, dimen-
sion-controlled micro- and nanometer-scale structures based
on the hydrogen-bonding interactions of dipyrrolyldiketones
are reported. To the best of our knowledge, this is the first
report on nanostructures, especially those with sheetlike
morphology, involving the hydrogen-bond-donating NH
group of acyclic oligopyrroles combined with fine-tuning of
the substitution pattern.

Results and Discussion

Synthesis and Hydrogen-Bonding Self-Assemblies of
Dipyrrolyldiketones

1,3-Dipyrrolyl-1,3-propanediones (la-e, 2a-d, 3a, 3b, 4a,
4b), with or without alkyl substituents at the pyrrole periph-
ery and bridging methylene units, have been synthesized in
modest yields from pyrroles and malonyl chloride deriva-
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Table 1. Summary of crystallographic data for 1a, 1d, 3a, 3b, and 4b.

H. Maeda, T. Nakanishi et al.

1a 1d 3a 3b 4b
Formula C,;H(N,0, CyHyN,0, C;3H 4N, 0, C;sH;5N,0, C;3H 4N, 0,
FW 202.21 314.42 230.26 25831 230.26
Crystal size [mm] 0.70x0.10x0.10 0.30x0.20%x0.20 0.40%0.30x0.20 0.35x0.20%x0.15 0.60x0.35x0.30
Crystal system triclinic monoclinic monoclinic monoclinic orthorhombic
Space group P1 (no. 2) P2,/n (no. 14) C2/c (no. 15) P2,/n (no. 14) Fdd2 (no. 43)
a[A] 8.500(13) 11.444(4) 13.4259(16) 11.9213(15) 18.3896(14)
b [A] 10.355(14) 10.861(4) 8.8327(11) 8.9492(11) 26.778(2)
c[A] 11.837(13) 14.563(8) 20.209(2) 13.3176(17) 4.7968(4)
a[°] 67.11(4) 90 90 90 90
£ 1°] 86.56(5) 107.135(16) 102.601(2) 102.097(2) 90
y [°] 85.39(5) 90 90 90 90
Vv [AY] 956(2) 1729.6(13) 2338.8(5) 1389.3(3) 2362.1(3)
Peatea [gem™] 1.405 1.207 1.308 1.235 1.295
V4 4 4 8 4 8
T [K] 123(2) 123(2) 90(2) 90(2) 90(2)
Reflections 9414 15942 6973 8297 3504
Unique reflections 4330 3909 2656 3160 1338
Variables 272 212 159 174 79
A(Moy,) [A] 0.71075 0.71075 0.71073 0.71073 0.71073

R1 0.0379 (I>20(I)) 0.0546 (I>20(I))
WR2 0.0840 (I>20(I)) 0.1480 (1> 20(1))
GOF 0.890 1.038

0.0394 (I>20(1))
0.0996 (I>20(1))
1.011

0.0577 (I>20(I))
0.1203 (I>20(I))
1.066

0.0320 (I>30(I))
0.0836 (I>30(I))
1.105
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tives in CH,CL,."*"! Starting a-alkylpyrroles for 1b, 1¢, and
2a-d were prepared by acylation (or formylation) of unsub-
stituted pyrrole followed by reduction of the carbonyl group
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to a methylene unit.'”?! In solution, dipyrrolyldiketones
exist as equilibrium mixtures of enol tautomers.

Single-crystal X-ray analysis of the dipyrrolyldiketones
(Table 1) revealed that the keto forms are more stable in
the solid state. Furthermore, unsubstituted 1a, f-ethyl-sub-
stituted 1d, and bridging-C alkyl 3a and 3b form 1D inter-
molecular hydrogen-bonding assemblies by using the NH
and CO moieties at the edges of each molecule (Figure 1a-
d). Regularly assembled structures are repeated by every
two molecules in 1a, 1d, and 3b and by every four in 3a.
Diketones 1a, 1d, and 3b, which are chiral owing to the
twisted methylene (CH,) unit, interact with neighboring
enantiomers to afford RSRS-- racemic strands. In the case
of ethyl-substituted 3a, chiral pairs of molecules are associ-
ated with neighboring ones as RRSSRR--. The intramolecu-
lar dihedral angles between two planes consisting of five
atoms (NH and CO with the bridging o-C) were estimated
to be 109.01 (102.67 for another conformation), 17.26, 81.32,
and 97.75° for 1a, 1d, 3a, and 3b, respectively. Of these di-
ketones, B-ethyl-substituted 1d forms a rather planar geom-
etry to afford the hydrogen-bonding arrays (Figure 1b). In
sharp contrast to 1d, N-methyl-substituted derivative 4b
shows an almost-perpendicular corresponding angle (89.62°)
and a packing diagram without hydrogen-bonding interac-
tion in the solid state (Figure 1e).

Polymorphs of Dipyrrolyldiketone Derivatives

Various self-organizations of diketones observed in X-ray
structures make possible the fabrication of micro- and nano-
meter-sized objects identified by scanning electron microsco-
py (SEM). The objects from CH,Cl, were rapidly fabricated
by evaporation of the solvent. Unsubstituted and methyl-

Chem. Asian J. 2007, 2, 350-357



Supramolecular Assemblies of Dipyrrolyldiketones

(b)

Figure 1. Self-assemblies of a) 1a, b) 1d, c) 3a, d) 3b, and e) packing diagram of 4b in the solid state. Atom
color code: brown, pink, blue, and red refer to carbon, hydrogen, nitrogen, and oxygen, respectively.

substituted diketones 1a and 1b formed the rather crystal-
line flowerlike and plate morphologies, respectively, from
CH,(l, on a scale several tens of micrometers large. In con-
trast, neopentyl-substituted derivative 1¢ formed hexagonal
tubes with pores’ 0.5-4 um diagonally across and lengths
of 10-20 pm from the same solvent (Figure 2a). Smaller ob-

Figure 2. SEM images of a) 1¢ (inset: hexagonal pore), b) 1d, c) 1e, and
d) 2d (inset: assemblies of nanosheets). The samples were prepared by
casting of the solution in CH,Cl, onto silicon substrate.

jects also grew within some of the porous spaces (Figure 2a,
inset). Similarly, p-ethyl-substituted 1d formed tube struc-
tures with rectangular and par-
allelogram pores 1-4 um diago-
nally across (Figure2b). The
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from the case of transformation
via the intermediate sheet and
ribbon structures.”*

On the other hand, B-fluori-
nated le afforded fibers 0.1-
0.3 um wide (Figure 2c). Fur-
thermore, 2d, with a long hexa-
decyl (C,¢Hs;) chain, formed as-
semblies of thin-layer stacking
sheets from CH,Cl, (Figure 2d).
In contrast to all these observa-
tions, 4a and fully N-blocked
4b formed nontextural and
random rocklike structures, re-
spectively, due to the absence
of multiple hydrogen-bonding
interactions. As seen in the
rather less-ordered structures of
la and 1b, adequate alkyl
chains or substituents are effective for the fabrication of
micro- and nanometer-scale polymorphs.

Less-polar n-hexane also gave sheet structures for alkyl-
substituted diketones 2a-d similar to those with CH,Cl,. In
sharp contrast, for other diketones such as a-neopentyl 1e,
B-ethyl 1d, and p-fluoro 1e, the morphologies of the nano-
architectures were tuned by the solvents used.”!! For exam-
ple, 1¢ formed fibers approximately 0.4 um wide from n-
hexane. Moreover, 3-substituted 1d and 1e provided rock-
and swordlike objects, respectively. At present, the effect of
solvents is not highlighted in detail, although it is useful for
controlling the shapes of ordered structures.

Transmission electron microscopy (TEM) and optical mi-
croscopy (OM) images also illustrated the tubes, sheets, and
fibers of the diketones (Figure 3). Interestingly, B-fluoro-
substituted 1e formed thinner fibers 10-50 nm wide under
conditions similar to those of the SEM measurements (Fig-
ure 3a).

Besides hydrogen bonding, van der Waals interactions be-
tween the alkyl chains also provide the versatile morpholo-
gies as observed by SEM, TEM, and OM. The fibers and
sheets!"™ are the results of the 1D and 2D orientations of
the self-assembled diketones. The polymorphs from CH,Cl,,
in which the diketone derivatives are soluble as a monomer,
were fabricated during rapid evaporation of the solvent on
the substrate to afford microcrystals (hexagonal and paral-
lelogram tubes) or regularly ordered assemblies (fibers and

; . [ e N 7 © e W
formation mechanism of such 4 \ ¥ Y .
polygonal microporous struc- WY ‘;_,'; | /
tures includes the condensation L o 5 {,"-’C A E
and organization of organic | : f; / ;'., / {"{,‘*-.:4‘&-..' bf
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Figure 3. TEM images of a)le and b)2d from CH,CIl, without staining and c) OM images of 2d from
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sheets). On the other hand, micro- and nanometer-scale ob-
jects from n-hexane, such as sheets of alkyl-substituted de-
rivatives 2a-d, were constructed in the solvent.

Organized Structures Correlated with X-ray Diffraction
Analysis

Organized structures of dipyrrolyldiketones are modulated
by peripheral substituents and a flexible bridging CH, unit.
However, micro- and nanometer-scale morphologies, the
tubelike architectures of 1¢ and 1d (Figure 2a and b), and
the nanofibers of 1e (Figure 2¢c) can be correlated with and
explained by the single-crystal X-ray structures (Figure 1) as
well as X-ray diffraction (XRD) analysis. The XRD pattern
of a-neopentyl-substituted 1¢, with peaks at 20=7.07 (100),
12.12 (110), 14.00 (200), 18.40 (210), and 21.02° (300), can
be indexed according to the simulated pattern based on hex-
agonal packing in the solid state, as seen in the supramolec-
ular self-assembled porphyrin hollow nanoprism.” On the
other hand, in the case of B-ethyl 1d, although the XRD
pattern is very complicated, presumably owing to the multi-
crystalline system, the peaks at 260=10.21 (011), 11.85
(—111), 15.05 (012), and 20.46° (022) can be assigned by
simulation based on the crystal data (Figure 1b). Further-
more, the XRD pattern of B-fluoro le, with peaks at 260=
10.44 (100), 12.89 (101), 14.91 (—111), 18.68 (020), 21.09
(122), and 30.04° (—222), may be indexed according to the
simulated pattern from X-ray data of unsubstituted 1a (Fig-
ure 1a), which suggests that 1e has a rather similar molecu-
lar-packing structure to 1a resulting in fibrous structures.

Nanosheets of the Diketones with Long Alkyl Chains

Dipyrrolyldiketones 2a-d are amphiphilic building blocks
with hydrophilic NH and CO units and hydrophobic long
alkyl chains attached to the ends of the core units. Aliphatic
substituents such as C;¢Hs;, C;4;H,, and so on interact with
each other to form organized assemblies. Therefore, as seen
above, 2a-d formed ordered structures of nanoscale sheets,
whose orientations at the molecular-assembly level were in-
vestigated.

The XRD patterns of 2a—d, obtained by a cast film from
n-hexane at room temperature, reveal ordered layer struc-
tures with similar diffraction patterns from (001) to (004)
(Figure 4a for 2d). The estimated XRD d-spacing values of
2a-d were 2.60, 2.97, 3.32, and 3.66 nm, respectively. These
values are consistent with regular 1D arrangements (Fig-
ure 4b for 2d) and indicate control of the layer distances by
the alkyl-chain lengths. The Ad values between those of
C.H,, - and C,,H,, s-substituted derivatives were 0.34—
0.37 nm; these values were derived from the length of two
ethylene (C,H,) units and are affected by the tilt of the di-
ketone molecules in the assemblies as well as the dihedral
angles between two alkyl chains. In the case of a theoretical
study of a single molecule at the AM1 level,”? the intramo-
lecular distances between the terminal carbon atoms of the
alkyl chains were estimated to be 2.73, 3.15, 3.57, and

354 www.chemasianj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

H. Maeda, T. Nakanishi et al.
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Figure 4. a) XRD data of 2d from n-hexane. b) Schematic representation
of the possible ordered arrangement of the assembly of 2d.

4.00 nm for 2a-d, respectively, which afforded Ad values of
0.42-0.43 nm, a little larger than those observed by XRD.
Furthermore, diketone 2d showed an ordered distance of
0.43 nm estimated from the peak at 26 =20.9°, which is pos-
sibly derived from the close-packing of the alkyl chains.
Similar trends were observed in the other derivatives 2a—c.
From the above observations, the existence of well-organ-
ized multilayer structures is clear.

Atomic force microscopy (AFM) of 2d on silicon sub-
strate suggests that the microstructures are in the form of
nanosheets 20-30 nm thick (Figure 5); this was also inferred
from SEM (Figure 2d, inset). Furthermore, IR spectra of
cast film from n-hexane displayed CH, stretching vibrations
at 2849.4 (¥,,) and 2917.8 cm™! (Pasym) for 2d, which indicate
the all-trans geometry of the alkyl units. In the case of 2a—¢,
trans-rich geometries were suggested by the corresponding
IR peaks at 2850.6 (¥,,) and 2918.6 cm™" (V). Stretching
peaks of the hydrogen-bonding sites (NH and CO) of 2d
were observed at 3279.2 (NH) and 1637.3 cm™ (CO), which
confirm the presence of N—H--O=C hydrogen-bonding in-
teractions. The derivatives with shorter alkyl chains, 2a—c,
showed the NH stretching at 3265.3 (2a), 3273.9 (2b), and
3276.4 cm™! (2¢), suggesting that van der Waals interactions
between aliphatic moieties would weaken the hydrogen
bonding. In other words, rather weak hydrophobic effects by
shorter alkyl groups could be compensated for by the more-

Chem. Asian J. 2007, 2, 350-357
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Figure 5. AFM in dynamic force mode of a-hexadecyl-substituted dike-
tone 2d on silicon substrate. a) 3D image, b) 2D image, and c) cross-sec-
tional analysis. Height differences are 1) 21.3, 2) 9.5, 3) 17.4, 4) 25.8, and
5) 29.2 nm. The sample was prepared by dropping a 0.02 mm solution in
n-hexane onto the silicon surface.

effective N—H--O=C interactions. All the SEM, XRD,
AFM, and IR data support the ordered 2D lamellar sheet
structures.

Conclusions

In summary, to form supramolecular micro- and nanometer-
scale objects based on C;-bridged oligopyrroles, the polar-
ized pyrrole NH group with a carbonyl moiety at the neigh-
boring a-position is suitable as a scaffold for hydrogen-
bonding interactions."'¥! Facile fine-tuning of peripheral sub-
stituents affords functionalized micro- and nanometer-scale
materials with versatile morphologies of choice, which could
be utilized, for example, as light-transmitting wires in the
case of fibers. The formation mechanisms of these architec-
tures could also be clarified based on more libraries of di-
pyrrolyldiketones. Investigations into both solvent effects to
determine the shapes of the nanoarchitectures and guest
recognition of the tubular objects are currently under way.

Experimental Section

General Procedures

Starting materials were purchased from Wako Chemical Co., Nacalai
Chemical Co., and Aldrich Chemical Co. and used without further purifi-
cation unless otherwise stated. UV/Vis spectra were recorded on a Hita-
chi U-3500 spectrometer. NMR spectra used in the characterization of
products were recorded on JEOL AL-400 400 MHz and JEOL ECA-
600HR 600 MHz spectrometers. All NMR spectra were referenced to the
solvent. Fast atom bombardment mass spectrometric studies (FABMS)
were made with a JEOL-HX110 instrument in positive-ion mode with a
3-nitrobenzylalcohol matrix. TLC analysis was carried out on aluminum
sheets coated with silica gel 60 (Merck 5554). Column chromatography

Chem. Asian J. 2007, 2, 350-357
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was performed on Sumitomo alumina KCG-1525, Wakogel C-200, C-300,
and Merck silica gel 60 and 60H.

Syntheses

1b: In a similar manner to the literature procedure,'*!*! a solution of 2-
methylpyrrole!®! (329 mg, 4.1 mmol) in CH,Cl, (60 mL) was treated
with malonyl chloride (286 mg, 2.0 mmol) at 0°C and stirred for 2.5 h at
the same temperature. After consumption of the starting pyrrole was
confirmed by TLC analysis, the mixture was washed with saturated aque-
ous Na,CO; and water, dried over anhydrous Na,SO,, filtered, and
evaporated to dryness. The residue was then subjected to flash chroma-
tography over silica gel (eluent: 2% MeOH/CH,Cl,) and recrystallized
from CH,Cl,/hexane to afford 1b (155.3 mg, 33 %) as a pale-yellow solid.
R;=0.40 (5% MeOH/CH,CL,); 'HNMR (400 MHz, CDCl,, 27°C): 6=
9.23 (brs, 2H, NH), 6.97 (s, 2H, pyrrole-H), 5.99 (s, 2H, pyrrole-H), 4.10
(s, 2H, CH,), 229 ppm (s, 6H, CH;); MS (FAB): m/z (%) calcd for
C;5H,N,O,: 230.11 [M]*; found: 230.0 (55) [M]*, 231.0 (100) [M+1]*.
2a: A solution of 2-decylpyrrole*! (311.7 mg, 1.5 mmol) in CH,CI,
(5mL) was treated with malonyl chloride (105.7 mg, 0.75 mmol) at 0°C
and stirred for 3.5 h at the same temperature. After consumption of the
starting pyrrole was confirmed by TLC analysis, the mixture was washed
with saturated aqueous Na,CO,; and water, dried over anhydrous
Na,SO,, filtered, and evaporated to dryness. The residue was then sub-
jected to chromatography over silica gel (Wakogel C-300, eluent: 1%
MeOH/CH,Cl,) and recrystallized from CH,Cl/hexane to afford 2a
(95.9 mg, 27 %) as a white solid. R;=0.20 (1% MeOH/CH,CL,); 'H NMR
(400 MHz, CDCl;, 27°C): 6=9.05 (brs, 2H, NH), 6.99 (s, 2H, pyrrole-
H), 6.01 (s, 2H, pyrrole-H), 4.11 (s, 2H, CH,), 2.59 (t, J=7.6 Hz, 4H,
alkyl-H), 1.37-1.20 (m, 32H, alkyl-H), 0.88 ppm (t, /=6.6 Hz, 6 H, alkyl-
H); MS (FAB): m/z (%) calcd for C5HyN,O,: 482.39 [M]*; found: 482.4
(55) [M]*, 483.3 (100) [M +1]*.

2b: A solution of 2-dodecylpyrrole!? (394 mg, 1.67 mmol) in CH,CI,
(10 mL) was treated with malonyl chloride (118.4 mg, 0.84 mmol) at 0°C
and stirred for 3h at the same temperature. After consumption of the
starting pyrrole was confirmed by TLC analysis, the mixture was washed
with saturated aqueous Na,CO; and water, dried over anhydrous
Na,SO,, filtered, and evaporated to dryness. The residue was then sub-
jected to chromatographa over silica gel (Wakogel C-300, 200, 60, eluent:
2% MeOH/CH,Cl,) and recrystallized from CH,Cl,/hexane to afford 2b
(1141 mg, 25%) as a white solid. R;=0.70 (5% MeOH/CH,CL,);
'H NMR (400 MHz, CDCl,, 27°C): §=9.06 (s, br, 2H, NH), 6.98 (s, 2H,
pyrrole-H), 6.01 (s, 2H, pyrrole-H), 4.11 (s, 2H, CH,), 2.59 (t, /=7.6 Hz,
4H, alkyl-H), 1.36-1.19 (m, 40H, alkyl-H), 0.88 ppm (t, /=6.8 Hz, 6H,
alkyl-H); FABMS: m/z (%) caled for CysHsgN,O, [M]*: 538.45; found:
538.5 (60) [M]*, 539.5 (100) [M +1]".

2¢: A solution of 2-tetradecylpyrrole!®?! (124.4 mg, 0.47 mmol) in
CH,Cl, (10 mL) was treated with malonyl chloride (33.8 mg, 0.24 mmol)
at 0°C and stirred for 3 h at the same temperature. After consumption of
the starting pyrrole was confirmed by TLC analysis, the mixture was
washed with saturated aqueous Na,CO; and water, dried over anhydrous
Na,SO,, filtered, and evaporated to dryness. The residue was then sub-
jected to chromatography over silica gel (Wakogel C-300, 200, eluent:
1% MeOH/CH,Cl,) and recrystallized from CH,Cl,/hexane to afford 2¢
(35.6 mg, 25%) as a white solid. R;=0.20 (1% MeOH/CH,Cl,); '"H NMR
(400 MHz, CDCl;, 27°C): 0=9.08 (brs, 2H, NH), 6.98 (s, 2H, pyrrole-
H), 6.01 (s, 2H, pyrrole-H), 4.10 (s, 2H, CH,), 2.59 (t, /J=7.6 Hz, 4H,
alkyl-H), 1.36-1.20 (m, 48H, alkyl-H), 0.88 ppm (t, /=6.8 Hz, 6 H, alkyl-
H); MS (FAB): m/z (%) calcd for C3HgN,O,: 594.51 [M]*; found: 594.5
(64) [M]*, 595.5 (100) [M +1]*.

2d: A solution of 2-hexadecylpyrrole'*®! (582 mg, 2.0 mmol) in CH,CI,
(30 mL) was treated with malonyl chloride (141 mg, 1.0 mmol) at 0°C
and stirred for 2h at the same temperature. After consumption of the
starting pyrrole was confirmed by TLC analysis, the mixture was washed
with saturated aqueous Na,CO,; and water, dried over anhydrous
Na,SO,, filtered, and evaporated to dryness. The residue was then sub-
jected to flash chromatography over silica gel (eluent: 3% MeOH/
CH,Cl,) and recrystallized from CHCly/hexane to afford 2d (193.3 mg,
30%) as a white solid. R;=0.70 (5% MeOH/CH,CL,); 'HNMR
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(400 MHz, CDCl;, 27°C): 0=9.10 (brs, 2H, NH), 7.00 (s, 2H, pyrrole-
H), 6.02 (s, 2H, pyrrole-H), 4.11 (s, 2H, CH,), 2.60 (t, /=8.0 Hz, 4H,
alkyl-H), 1.30-1.23 (m, 56 H, alkyl-H), 0.88 ppm (t, /=8.0 Hz, 6H, alkyl-
H); MS (FAB): m/z (%) calcd for C;3H7,N,O,: 650.58 [M]*; found: 650.9
(100) [M]*.

3b: A solution of 2,2-diethylmalonyl chloride (0.86 mL, 5.00 mmol) in
CH,Cl, (40 mL) was added dropwise to a solution of pyrrole (0.687 g,
102 mmol) and aluminum chloride (1.37 g, 10.3mmol) in CH,ClL,
(160 mL) over 10 min and stirred at room temperature. After monitoring
of the consumption of the pyrrole by TLC, the mixture was poured into
ice and extracted with CH,Cl,. The organic layer was washed with brine
and dried over anhydrous Na,SO,. The solvent was removed by evapora-
tion, and the residue was purified by chromatography and recrystallized
from CH,Cly/hexane to give 3b in 2% yield. R;=0.51 (5% MeOH/
CH,CL,); '"H NMR (400 MHz, CDCl,, 27°C): §=9.27 (brs, 2H, NH), 6.89
(m, 2H, pyrrole-H), 6.68 (m, 2H, pyrrole-H), 6.11 (m, 2H, pyrrole-H),
225 (q, J=7.6 Hz, 4H, CH,), 0.72 ppm (t, /J=7.6 Hz, 6H, CH;); MS
(FAB): m/z (%) caled for C;sHgN,O,: 258.14 [M]*; found: 258.2 (71)
[M]*, 259.2 (100) [M +1]*. This compound was further characterized by
X-ray diffraction analysis.

Single-Crystal X-ray Diffraction Analysis

Data was collected on a Rigaku RAXIS-RAPID diffractometer for 1a
and 1d and a Bruker SMART CCD diffractometer for 3a, 3b, and 4b
(Table 1), and refined by full-matrix least-squares procedures with aniso-
tropic thermal parameters for the non-hydrogen atoms. The hydrogen
atoms were calculated in ideal positions. Solutions of the structures were
performed by using the Crystal Structure crystallographic software pack-
age (Molecular Structure Corporation) for la and 1d and Bruker
SHELXTL for 3a, 3b, and 4b. Crystals of 1a, 1d, 3a, 3b, and 4b were
obtained by vapor diffusion of hexane into a solution of these diketones
in CH,Cl,. CCDC-297709, 626137, and 297710-297712 (1a, 1d, 3a, 3b,
and 4b, respectively) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_
request/cif.

Electron, Optical, and Atomic Force Microscopy Studies

SEM images were obtained with a HITACHI S-4800 scanning electron
microscope at acceleration voltages of 15 kV. Silicon (100) was used as
substrate and a platinum coating was applied by using a HITACHI E-
1030 Ion Sputterer unless otherwise stated. TEM images were obtained
with a JEOL model JEM-1010 transmission electron microscope and
STEM images were obtained with a HITACHI S-4800 scanning electron
microscope. One drop of a solution of the materials was deposited on a
carbon-coated copper grid (Ouken Shoji, Elastic Carbon coated Cu
200 A mesh) and left to dry under high vacuum, and the observation was
performed at room temperature at a voltage of 100 kV for TEM and
30kV for STEM. No staining was used. OM images were captured with
an Olympus BX51 microscope equipped with an MP5Mc/OL digital
camera. AFM measurements were carried out with an SII EPA-400 in-
strument with an SPI 4000 Probe Station in dynamic force mode (tapping
mode).

XRD analysis

XRD measurements were examined with a RIGAKU RINT Ultima IIT
X-ray diffractometer. Solutions of the diketones in CH,Cl, or n-hexane
were dropped onto a glass plate for XRD and left to dry under high
vacuum, and the observations were performed at room temperature.
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