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Organic and Organometallic Nanofibers Formed by Supramolecular
Assembly of Diamond-Shaped Macrocyclic Ligands and Pd" Complexes
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With recent advances in supramolecular synthetic meth-
ods for nano- to microsized aggregates, design guidelines for
component molecules have been developed for constructing
various functional aggregates such as vesicles, micelles,
membranes, fibers, and tubes.'! Among the various types of
molecular building blocks, rigid and flat macrocyclic com-
pounds show promise for one-dimensional aggregates such
as fibers and tubes through face-to-face association of their
macrocyclic skeletons.** Furthermore, the macrocyclic cavi-
ties can be designed so as to recognize molecules and ions
depending on their size and shape, and therefore their ag-
gregates potentially provide platforms for guest assembly. In
particular, stackable macrocyclic ligands with inward metal
binding sites would serve as a template for the formation of
metal arrays within the tubular nano-space.

We previously reported that a diamond-shaped macrocy-
cle 2 with two inward phenanthroline ligands and two out-
ward hexyloxy side-chains provides an excellent platform
for metal arrangement to form homodinuclear and heterodi-
nuclear metallomacrocycles.[4] Herein, aiming at the con-
struction of functional nanofibers capable of metal arrange-
ment, we synthesized macrocycle 1 with the same macrocy-
clic skeleton as 2 and six long alkyl side-chains (Figure 1a).
In this study, we found that the macrocycle 1 and its dinu-
clear Pd" complex form organic and organometallic nanofib-
ers, respectively, through face-to-face self-assembly in low
polar solvents (Figure 1b). Their fibrous structures were mi-
croscopically observed, and the component of the Pd"-con-
taining aggregate was determined by energy dispersive X-
ray spectroscopy (EDS) mapping on a scanning transmission
electron microscope (STEM). So far, only a few examples of
metal arrangement within macrocycle-based nanofibers and
nanotubes have been reported.’®* Furthermore, the aggre-
gation behavior of metal complexes of 1 is highly dependent
on the coordination geometries of metals. The square-planar
Pd" complexes of 1 orderly stack to form metallo-nanofib-
ers, whereas the tetrahedral Zn" complexes of 1 form spher-
ical aggregates.
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Figure 1. a) Molecular structures of macrocyclic ligands1 and 2:*
b) schematic representation of aggregate formation from ligands 1 and its
Pd" complexes.

Macrocyclic ligand 1 has the ability to accommodate two
metal ions in the cavity similarly to macrocycle 2.1 The only
difference is that six long alkyl side-chains are attached to
enhance the solubility of the metal complexes in organic sol-
vents and to control the aggregation behavior of macrocy-
cles by the solvophobic effect.!’! Macrocycle 1 was synthe-
sized by sequential coupling of aromatic units followed by
cyclization using Suzuki-Miyaura coupling (Scheme S1, see
the Supporting Information).

Aggregation of macrocycle 1 in low polar solvents was
suggested by the fact that '"H NMR resonances of macrocy-
clel are extremely broadened in the low polar solvent
[Dy,]cyclohexane, whereas they are sharp in a solution of
CDCl; (Figure S9, see the Supporting Information). This
result suggests that macrocycle 1, which stays discretely in
chloroform, forms some aggregates in cyclohexane. The so-
lution-phase aggregation behavior of macrocycle 1 was fur-
ther investigated by UV/Vis absorption spectroscopy. Com-
pared with a solution of 1 in chloroform, its absorption
bands in cyclohexane showed a significant hypochromicity
with a slight red shift (A,,,,=307 nm, &5, =1.50x10°m 'cm™

in chloroform, and A,,, =311 nm, &;,;=1.13x10°M'cm™" in
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Figure 2. a) UV/Vis absorption spectra of solutions of macrocycle 1 in chloroform (solid line) and cyclohexane
(dashed line) ([1]=2.7 pm, 293 K); b) an AFM image of fibrous aggregates formed from 1 in cyclohexane

([1]=5 pm, rt) on mica in the dry state.

cyclohexane, Figure 2a). This hypochromic effect is due to
intermolecular n—m stacking that causes cancellation of the
transition moments.’*”! As expected, the fluorescence inten-
sities of 1 in low polar solvents such as cyclohexane and n-
hexane were much weaker than that in chloroform. This
result suggests that macrocycle 1 forms m—m stacking struc-
tures in these solvents (Figure S10, see the Supporting Infor-
mation).®! Furthermore, the solvent effects on the aggrega-
tion behavior of 1 were estimated by UV/Vis absorption
and fluorescence measurements using various mixtures of
chloroform and cyclohexane as solvents. As a result, it was
found that mixed solvents containing not less than 20% of
chloroform inhibit the aggregation of 1 (Figure S11, see the
Supporting Information).

Atomic force microscopy (AFM) images of a mica sur-
face, on which a solution of macrocycle 1 in cyclohexane
was spin-coated and dried, exhibited distinct fibrous struc-
tures with sharp curves or branches (Figure 2b). The height
of the fibers was about 5 to 6 nm, which is consistent with
the maximum diameter of macrocyclic ligand 1 bearing side
chains. This result strongly suggests that macrocycles 1
roughly stack on top of each other to form a fiber structure.

With a view to constructing supramolecular metallo-nano-
tubes, the aggregation behavior
of the Pd" complex of macro-
cycle 1 was examined. We ex-
pected that this macrocycle
should provide two NAN~C
tridentate binding sites for Pd"
ions, owing to two phenanthro-
line nitrogen atoms and one
deprotonated C atom of
a phenyl group attached to
phenanthroline, to form a dia-
mond-shaped  bis(cyclopalla-
dated) structure flat enough to
stack. The reaction of macrocy-
clel with [PdCL(CH,CN),] s
(2.0 equiv) was performed in 1 pm
CHCI/CH5;CN at 60°C and
monitored by UV/Vis absorp-
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tion spectroscopy (Figure S15a,
see the Supporting Informa-
tion). After heating for
22 hours, the spectrum showed
new shoulder peaks around
400-450 nm, which are due to
metal-to-ligand [Pd—a*-
(NAN"O)] charge-transfer
transitions.”) An electrospray
ionization-time-of-flight (ESI-
TOF) mass spectrum of a simi-
larly prepared solution re-
vealed the formation of the di-
nuclear NANAC-type Pd" com-
plex3 (m/z: 2417.20 as [Pd,
(H_,1)CI(CH,CN)]*, Fig-
ure S15b, see the Supporting Information).

The resulting dinuclear Pd" complex 3 was soluble in hal-
ogen-containing solvents such as chloroform and dichloro-
methane, or mixed solvents containing one of these solvents
as a major portion, whereas it was insoluble in polar sol-
vents such as water, acetone, methanol, acetonitrile, dime-
thylsulfoxide, and N,N-dimethylformamide. The 'HNMR
spectrum of the complex in CDCIly/CD;CN (10:1) was ex-
tremely broadened due to molecular association (Figure S14,
see the Supporting Information). AFM and TEM measure-
ments were then performed, and fibrous structures within
a length of several micrometers were observed in both
measurements (Figure 3a,b). The fibers are about 5-6 nm in
diameter (height in AFM, width in TEM), which is compa-
rable to the diameter of complex 3. In addition, thicker
fibers were also observed as shown in the right image of Fig-
ure 3b, in which one thicker fiber branched off into two
thinner ones, thus suggesting that the branch is derived from
bundles and fraying of the fibrous aggregates. These struc-
tures were reproducibly obtained when the reaction was car-
ried out within one day. Long-time heating over 60 hours,
however, resulted in the formation of round-shaped aggre-
gates (Figure S17, see the Supporting Information).

1 um 1 um 1 um

Figure 3. a) AFM (on mica); b) TEM; and ¢) STEM images in the dry state and EDS maps showing C, Pd,
and Cl atomic profiles of aggregates formed from 3 ([3]=0.15-0.16 mm) in CHCI;/CH;CN (10:1).

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
KK These are not the final page numbers!



CHEMISTRY

AN ASIAN JOURNAL

The component of the fibrous product was confirmed by
STEM measurement. The observed elemental profiles of
carbon, palladium, and chlorine strongly suggest that the re-
sulting fibers contain all these atoms along the fibers (Fig-
ure 3¢). In other words, fibers are composed uniformly of
Pd" complexes 3 with Cl atoms, that are possibly a mixture
of trans and cis forms of [Pd,(H_,1)Cl,] (3) as described
below.

As the dinuclear cyclopalladated complex 3 was found dif-
ficult to crystallize, the model ligand 4, 2,9-diphenyl-1,10-
phenanthroline, was examined for Pd" complexation under
the same conditions (Figure 4a). The ligand 4 was mixed

Figure 4. a) Scheme for Pd" complexation of a model ligand 4. b) The
crystal structure of Pd" complex 5. Hydrogen atoms are omitted for clari-
ty. The molecular structure is represented with 50% thermal ellipsoids
(C: gray, N: light blue, Cl: green, Pd: orange)."” ¢) A molecular packing
structure. C—H:--Cl hydrogen bonds are represented as dashed lines.

with [PdCl,(CH;CN),] in CDCIly/CD;CN at 60°C, and the
"H NMR spectrum of the resulting Pd" complex (5) indicat-
ed the formation of an NAN~C-type Pd" complex (Fig-
ure S21, see the Supporting Information). This was also con-
firmed by ESI-TOF mass spectrometry (m/z: 478.04 as [Pd-
(H_,4)(CH,CN)]*, Figure S22 in the Supporting Informa-
tion).

The molecular structure of 5 was determined by single-
crystal X-ray analysis (Figure 4b).!" In the resulting struc-
ture, a Pd" ion is bound by two phenanthroline nitrogen
atoms, one deprotonated C atom of the phenyl group at-
tached to phenanthroline, and one Cl ion to form a neutral
square-planar complex. In the molecular packing structure,
ni—7 interactions and weak C—H--Cl hydrogen bonds (C—Cl
distance 3.804 A) serve to form a stacked structure (Fig-
ure 4c¢).

The crystal structure of the NANAC-type Pd" model com-
plex § strongly suggests that the coordination structure of
the dinuclear Pd" complex of macrocycle 1, [Pd,(H_,1)Cl,]
(3), is similar to that of complex 5, except that the dinuclear
Pd" complex 3 exists as an isomeric mixture, trans-3 and cis-
3, as shown in Figure 1b; however, the ratio of the isomers
remains unclear because of severe broadening of the NMR
resonances under various conditions.' In both structures,
the distance between the two Cl atoms is estimated to be
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about 6 A, so that there seems little steric hindrance in both
isomers when complexed. Similarly to the packing structure
of model complex 5, the flat complex 3 should allow n—m in-
teractions and C—H--Cl hydrogen bonding, thus leading to
n-stacked structures as the microscopic observations sug-
gest.

The aggregation behavior of the metallo-macrocycle of
1 varies with the kind of metal ions. For instance, dinuclear
Zn" complexes prepared from 1 and ZnCl, do not form fi-
brous but instead form round-shaped aggregates in low
polar solvents, as was suggested by the broadened 'H NMR
resonances and by the AFM images (Figures S27 and S28,
see the Supporting Information). Zn" ions bound by the
inward phenanthroline of 1 prefer a tetrahedral geometry as
proven in our previous report,”) unlike the square-planar
Pd" ions. Such non-flat complexes would exhibit a different
aggregation behavior depending on the nature of metal ions
and ligands other than the macrocycle.

In conclusion, the macrocyclic skeletons of ligand 1 and
its Pd"™ complex 3 allow their stacked arrangement to form
one-dimensional, organic and organometallic fibrous aggre-
gates. Formation of Pd"-containing nanofibers was unambig-
uously confirmed by STEM and EDS measurements. Such
molecular aggregates formed by continuous stacking of mac-
rocycles would provide a tubular space for molecular trans-
portation and metal arrangement. In particular, the tubular
space of 3 arranging cyclopalladated moieties has great po-
tential to serve as a highly active nano-reactor for a variety
of Pd-catalyzed reactions as an organometallically function-
alized pore.
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COMMUNICATION

Stacked rings: A diamond-shaped mac-
rocycle with two inward phenanthro-
line ligands and outward long alkyl
chains, and its Pd" complex form
organic and organometallic fibrous
aggregates, respectively, as revealed by
NMR, UV/Vis, AFM, and TEM meas-
urements. The most likely structures
are face-to-face stacked macrocycles,
generating nanotubes.
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