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Abstract: Segmental and continuous hexagonal-packed mes-
oporous metal-organic nanotubes (MMONTs) with outside
diameters of up to 4.5 nm and channel sizes of 2.4 nm were
hierarchically constructed by a rational multicomponent self-
assembly process involving starting from [L,Pd,(NO;),] (L =
o-phenanthroline or 2,2'-bipyridine) and 4-pyridinyl-3-pyra-
zole. An unprecedented crystallization-driven cross-linking
between discrete nanobarrel building units by spontaneous loss
of the capping ligands to form infinite nanotubes was observed.
Such a barrel-to-tube transformation provides new possibilities
for the fabrication of MMONTs using the solution bottom-up
approach.

One-dimensional tubular architectures such as carbon
nanotubes are of broad interest in many research fields
owing to their unique physical and chemical properties.!!
Great efforts have been paid to the efficient synthesis of
different tubular materials for application purposes. Artificial
nanotubular materials can be categorized into three general
types: 1)inorganic nanotubes made of pure carbon,!
silicon,”’ metals®! or heteroelemental nitrides including
BN, AIN,P! GaN, which have been the research focus of
nanomaterials for decades;”! 2) organic nanotubes formed by
end-to-end packing of synthetic macrocycles,® peptides,”!
DNA,™ or other biomolecules;!"! and 3) metal-organic
nanotubes (MONTSs) constructed from organic ligands (L)
and metal ions (M)."! Owing to their convenient tunability
both in composition and topology, MONTSs have recently
become a topic of vigorous research.["’!

Coordination-driven self-assembly has been proven to be
a powerful approach in the bottom-up construction of
designable supramolecular architectures.'"¥! Numerous mac-
rocyclic, polyhedral, and spherical structures have been
designed with various types of organic ligands and metal
ions based on elaborate symmetry considerations.!'*'*) How-
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ever, the directional self-assembly of infinite 1D mesoporous
tubular structures has rarely been explored, though a few
examples of discrete open-ended nanotubes have been
documented.['®!

The Fujita group has established a family of spherical
complexes with empirical formula {M,L,,} that can be self-
assembled by simply mixing banana-shaped bidentate pyri-
dine ligands and bare square-planar Pd" ions."”! Meanwhile,
the Yu group has reported that a series of macrocyclic or
caged complexes can be synthesized using multidentate
pyrazole-based ligands and a dimetallic Pd" clip.'¥ In the
latter case, the spontaneous deprotonation of the pyrazole
ligands during the self-assembly and the saddle-like shape of
the resulting structural unit suggest the robustness of these
complexes, which could be used as secondary building units
(SBUs) in the construction of more sophisticated architec-
tures. Indeed, Yu et al. has previously reported that homo- or
heterometallic square complexes can be obtained in a pro-
grammable manner by taking advantage of such an SBU.['®]

With these precedents in mind, we report the rational
bottom-up self-assembly of discrete hexagonal nanobarrels 4
formulated as {PdsL',,L?%,} and consisting of as many as 78
components. Furthermore, we report their crystallization-
driven conversion into segmental or continuous mesoporous
MONTs (MMONTs) with a large out-diameter of up to
4.5 nm and a channel size of 2.4 nm (Scheme 1).

Ligand 2, which contains both pyrazole and pyridine
moieties, was subjected to stepwise complexation. It first
reacted on the pyrazole side with capping dimetallic clip 1 to
form SBU 3, then the pyridine units coordinated to bare Pd"
ions to afford larger assemblies.

Complex 3a was obtained quantitatively by reacting
ligand 2 with an equimolar amount of [(phen),Pd,(NOs3),]
(1a; phen = o-phenanthroline) in aqueous solution at 100°C
for 5 h. To neutralize the compound for further coordination
to other metal centers, 3a was isolated as its hexafluorophos-
phate salt by precipitation with excess KPF. Its structure was
confirmed by NMR and ESI-TOF-MS spectroscopy (See the
Supporting Information for details). Then 3a (PFgsalt,
10 pmol) was treated with Pd(PF;), (5 umol) in [Dg]DMSO
with continuous stirring at 50°C for 5 h, which resulted in
a clear yellow solution.

As the SBU itself can serve as a 90° curved bidentate
ligand, we first envisaged that an ML,-type molecular-cube
structure would be obtained. To our surprise, the resulting
complex was not the cube, but instead hexagonal nanobarrel
4; this was possibly due to the lack of planarity between the
two pyridine rings in the SBU.

The quantitative formation of a giant and highly sym-
metric product was first suggested by the considerable
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Scheme 1. Representation for the hierarchical self-assembly of segmen-
tal (4a) and continuous (5) MMONTs and starting from dimetallic
clips 1 and ligand 2. Conditions: i) H,0, 100°C, 5 h; ij) DMSO, 50°C,

5 h; iii) crystallization by dioxane diffusion into a DMSO solution of 4.
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Figure 1. A) "H NMR spectra (400 MHz, [D]DMSO, 300 K) of 3a and
4a (PF4 salt). B) ESI-TOF-MS spectrum of 4a (PF,~ salt) with an inset
showing the observed and calculated isotope patterns of the 117 peak.

broadening and simplicity of the "H NMR spectrum of 4a
(Figure 1 A). All of the proton signals were fully assigned
based on a 'H-'H COSY experiment. The downfield shift of
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0.61 ppm for the Py, signals (H, in Figure 1 A, Py = pyridine)
indicates that a further complexation occurred in the second
reaction step. It is noteworthy that the protons of phen
(H,4.p) on 3a have split into two sets in a 1:1 ratio; one of
these two sets of signals has no obvious chemical shift but the
other is clearly upfield-shifted. This suggests that there are
two different chemical environments for the phen groups in
the final product. The diffusion-ordered spectroscopy
(DOSY) NMR spectrum suggests the formation of a single
product with a single diffusion coefficient of 6.26x
107" m?s™!, from which a diameter of 3.2 nm was calculated
based on the Stokes—Einstein equation (Supporting Informa-
tion, Figure S15). Dynamic light scattering (DLS) confirmed
the monodispersity of the product in solution, with a reported
size distribution by volume of 99.9% at around 3.2 nm
(Supporting Information, Figure S24).

The composition of complex 4a as {(phen),,Pd;,2,,(PFg)s}
was clearly provided by ESI-TOF-MS measurements. The
prominent peaks observed at m/z=909.5131, 979.7468,
1060.0833, 1152.7025, 1261.0115, 1388.5550, 1541.8068,
1729.6691, and 1963.2667 correspond to [4a—(PF,"),]"" (n=
16-8). Moreover, the isotopic patterns of each peak were in
good agreement with the calculated values, which further
confirms the huge molecular weight of 16868.6 Da (Fig-
ure 1B).

The structure of complex 4a was unambiguously deter-
mined by X-ray diffraction analysis. Single crystals suitable
for crystallographic analysis were obtained by the slow vapor
diffusion of 1,4-dioxane into a DMSO solution of 4a over two
weeks. As a consequence of the huge unit cell and severe
disorder of the anions and solvent molecules, the diffraction
power of the crystals is limited in nature. Nonetheless, high-
quality diffraction data to a resolution of 1.1 A were obtained
on a synchrotron beamline at the Shanghai Synchrotron
Radiation Facility (SSRF).

In the crystal structure of 4a, 12 dimetallic clips are
connected by six square-planar coordinated Pd" ions in
a cyclic fashion. This forms a giant nanobarrel assembly with
an out-diameter of 4.5nm and a height of 2.6 nm (Fig-
ure 2 A,B). To the best of our knowledge, with 78 components,
this discrete unique structure contains the largest total
number of components reported so far for an organopalla-
dium complex. The two orientations of the phen rings, 12 of
which sit on the waist and 12 on the rim of the barrel, account
very well for the two sets of "H NMR signals observed in
solution. The dihedral angles between the coordination
planes of the phen ligands in the dimetallic clips are close to
90°, which suggests that there are no m—m interactions
between them. The separation between the two Pd" ions in
the dimetallic clips is 3.24 A, which indicates the existence of
weak Pd™---Pd" interactions. These are commonly observed in
self-assemblies using the dimetallic clips. Along the ¢ axis,
nanobarrels 4a are packed coaxially in an end-to-end fashion
with a separation of 3.9 A between the closest phen hydrogen
atoms. This forms a segmented tubular structure with an
infinite 1D mesoporous channel (Figure 2 C). In the ab plane,
these segmental MMONTSs are loosely hexagonally packed
with weak m—m stacking interactions between the neighboring
phen rings perpendicular to the nanotube surface. This
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Figure 2. A) and B) Perspective views of the crystal structure of 4a
with dimensions marked in nm. C black, H white, N blue, Pd yellow.
Counterions have been omitted for clarity. C) Coaxial packing of
nanobarrels (highlighted in different colors for distinction) to form
segmental nanotubes with a mesoporous channel. D) Hexagonal
packing (2x2x6 unit cells) of the segmental nanotubes viewed along
the ¢ axis.

packing results in an additional six small channels along the ¢
axis (Figure 2D).

When using [(bpy),Pd,(NO;),] (3b; bpy =2,2"-bipyridine)
instead of 3a, 'HNMR, DOSY, ESI-TOF-MS, and DLS
spectroscopic data (Supporting Information, Figures S14, 17,
22,23, 25) all confirmed the quantitative formation of barrel-
like discrete complex 4b in solution. However, it is interesting
to note that discrete barrel structure 4b is transformed into
infinite  MMONT 5§ during the crystallization process
(Figure 3). A prism block crystal of 5 was grown by vapor
diffusion of 1,4-dioxane into a DMSO solution of 4b, the
same method as used for the crystallization of 4a. In the
crystal structure, the external capping units {(bpy)Pd"} on 4b
are partially dissociated and the nanobarrels are connected to
form the continuous tubular structure by further coordination
to their neighbors.

Conceptually, the structural unit of 5 can be regarded as
a C,, symmetrical cambered building block, consisting of four
ligands 2 and a Pd; cluster (Figure 3 A). It is worth pointing
out that only one {(bpy)Pd"} capping unit is found on the top
of the Pd; cluster, which is disordered over two possible
conformations. This suggests the possibility of using the
leftover chelation sites around the nanotubes as active sites
for heterogeneous catalysis. The pyrazole moieties of 2 are
coordinated to the Pd; cluster whereas the pyridine arms
point outward to link the square-planar Pd" centers. Six such
units are bridged together in a cyclic manner to form one
barrel segment (Figure 3 B), which is then further cross-linked
along the ¢ axis to form infinite 1D MMONT 5 (Fig-
ure 3C,D). Topologically, this tubular structure can be
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Figure 3. A) Structural unit of the crystal structure of MMONT 5 (note
that the two {(bpy)Pd"} capping units each have only 50% occupancy).
B) One barrel segment of 5. C) and D) Perspective views of five
segments of nanotube 5. E) Topological comparison of 5 (MMONT)
with a single-walled carbon nanotube (SWCNT) with a (6,0) index.

F) Hexagonal packing (3x3x6 unit cells) of 5 viewed along the ¢ axis.

described as a rolled-up cylinder of a (4,4)-square sheet,
analogous to the zigzag single-walled carbon nanotube with
an index defined as (6,0) (Figure 3E). In the ab plane, discrete
nanotubes of § are bundled together in a hexagonal fashion
similar to 4a (Figure 3F). Denser packing was observed in 5§
than in 4a owing to the smaller size of the capping ligand on
the surface (bpy instead of phen).

The observed barrel-to-tube conversion is worthy of
further discussion. As 4a and 4b differ only in the capping
ligands on their surface, we tentatively rationalized this
crystallization-driven transformation with their inherent sta-
bility differences. First, it is well-known that phen is a stronger
ligand than bpy, which helps to hold the multi-component
self-assembled complex together in solution. The loss of
auxiliary bpy ligands in self-assembled palladium complexes
has been documented.'” In fact, dissociation of the capping
{(bpy)Pd"} units was also observed in the ESI-TOF-MS
spectra of complex 4b, but not in the spectra of complex 4a
(Supporting Information, Figure S22). Second, m—mt stacking
interactions between the phen rings may also provide addi-
tional stability in the crystal structure of 4a, whereas no such
interactions were observed in 5.

Scanning electron microscopy (SEM) showed that tube 5
formed microfibril structures, whereas barrel 4a had a micro-
spherical mophology (Supporting Information, Figure S26—
27). As a proof-of-concept experiment, fine powdered
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Table 1: Suzuki-Miyaura coupling reaction between aryl iodide and p-
tolylboronic acid catalyzed by 4a or 5.1

5 orda
C K5PO, C
Ar—I| + B(OH)y —— Ar
1,4-Dioxane

90 °C

Entry  Ar Pd [mol%]  Yield [%]®  Yield [%]®
for 4a for 5

1 phenyl 0.45 60 98
2 4-acetylphenyl 0.45 58 99
3 4-fluorophenyl 0.45 59 98
4 4-methoxyphenyl 0.45 56 98
5 2-pyridyl 0.45 43 58

[a] All reactions were performed on a 0.1 mmol scale using 300 mol %
K;PO, and 0.015 mol % 4a or 0.018 mol % 5 (empirical formula weight
based on one barrel segment unite of the tube as shown in Figure 3B) in
1,4-dioxane (5 mL) at 90°C for 12 h. [b] Yields were determined by

400 MHz "H NMR spectroscopy with the aid of CH,Cl, as an internal
standard.

samples of 5 and 4a were tested for catalyzing the Suzuki-
Miyaura cross-coupling reactions between aryl iodide and
aryl boronic acid (Table 1). The reactions were heterogeneous
in nature as they were performed in 1,4-dioxane, a solvent
from which the crystals of 5 and 4a were obtained. Sub-
stituted aryl iodides were screened which confirmed that both
electron-donating and electron-withdrawing groups could be
tolerated (entries 1-5). With as low as a 0.45 mol % loading
based on Pd, desirable products were obtained in high yields
with 5 as the catalyst, whereas only moderate yields were
observed using 4a instead. Besides, preliminary kinetic
studies (Supporting Information, Figures S31-33) revealed
that the catalysis by 5 was over 10-fold faster than 4a. This
obvious catalytic difference between 4a and 5 was attributed
to the coordination-unsaturated Pd sites on the ends of
tubular 5.

In summary, the construction of unique MMONT struc-
tures has been accomplished by a rational coordination-
directed bottom-up fabrication process featuring an unpre-
cedented barrel-to-tube conversion. Formation of either
segmental or continuous MMONTS can be easily controlled
by choosing appropriate starting materials. This study pro-
vides a new strategy for the construction of artificial nano-
tubular materials through a modular self-assembly method.
The synthesis of heterometallic nanotubes with adjustable
pore sizes using this strategy and the detailed study of their
catalytic properties are currently underway.

Experimental Section

Synthesis of 4a (PF¢~ salt): Ligand 3a (PF, salt) (24.12 mg,
19.97 umol) was treated with Pd(PFy), (3.95mg, 9.96 umol) in
[D]DMSO (1.0 mL) at 50°C for 5h. '"HNMR spectroscopy con-
firmed the quantitative formation of 4a. An excess amount of
a mixture of ethyl acetate and diethyl ether (1:1 in volume) was added
to the solution of barrel 4a and the precipitate was collected by
centrifugation and dried in vacuo to give 4a as a white solid (22.46 mg,
1.33 umol, 80% yield). M.p.>320°C (decomposed). 'H NMR
(400 MHz, [D¢]DMSO, 300 K) 6=9.38 (br, 48H), 9.05 (br, 48H),
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8.98 (br, 24H), 8.59 (br, 24H), 8.33 (br, 48 H), 8.29 (br, 24 H), 8.08 (br,
48H), 7.93 (br, 24H), 7.74 (br, 48H), 2.65 ppm (br, 144H).”C NMR
(100 MHz, [D¢]DMSO, 300 K) 0 =151.26, 149.89, 147.06, 145.08,
141.28, 130.64, 127.85, 126.66, 126.26, 125.53, 115.78, 13.71 ppm.
Diffusion coefficient ([Dg]DMSO, 300K): D =6.29x 107" m?s™!
(Log D =-10.25). ESI-TOF-MS (PF,~ salt, CH;CN): The following
picked signals are those at the highest intensities. m/z Caled for
[M—9(PF,)]*" 1729.3246, found 1729.3325; Calcd for [M—10-
(PF¢ )] 1541.8957, found 1541.9005; Caled for [M—11(PF, )"
1388.5448, found 1388.5525; Caled for [M—12(PF, )]"*" 1260.7523,
found 1260.7610; Caled for [M—13(PF,)]"®" 1152.6202, found
1152.7812; Caled for [M—14(PF,)]"*" 1059.9356, found 1059.9398;
Calcd for [M—15(PF; )]t 976.6089, found 976.6175. IR (KBr) =
3652, 3420, 3092, 1619, 1540, 1430, 1343, 1222, 1029, 840, 716,
557 cm™.

Synthesis of 4b (BF,” salt): Ligand 3b (BF, salt) (21.52 mg,
20.60 umol) was treated with [Pd(CH;CN),](BF,), (4.56 mg,
10.3 pmol) in [Dg]DMSO (1.0mL) at 50°C for 5h. 'HNMR
confirmed the quantitative formation of 4b. An excess amount of
a mixture of ethyl acetate and diethyl ether (1:1 in volume) was added
to the solution of barrel 4b and the precipitate was collected by
centrifugation and dried in vacuo to give 4b as a white solid
(17.01 mg, 1.42 pmol, 83% yield). M.p.>320°C (decomposed).
'HNMR (400 MHz, [D¢]DMSO, 300K) 6=9.27 (br, 48H), 8.63
(br, 48H), 8.41 (br, 24H), 8.33 (br,24H), 8.20 (br, 24H), 7.94 (br,
24H), 7.72 (br, 24H), 7.61 (br, 48H), 7.56 (br, 24H), 2.46 ppm (br,
144H). "C NMR (100 MHz, [D¢]DMSO, 300 K) ¢ =156.89, 150.20,
149.48, 14498, 142.53, 12819, 125.46, 124.46, 118.23, 115.60,
22.37 ppm. Diffusion coefficient ([Ds]DMSO, 300 K): D =6.28 x
107" m*s™ (Log D =-10.20) ESI-TOF-MS (BF,” salt, CH;CN):
The following picked signals are those at the highest intensities. m/z
Caled for [M—8(BF,)]*" 1687.9987, found 1687.7384; Calcd for
[M—-9(BF,")]’" 1490.7766, found 1490.7647; Caled for [M-10-
(BF,)]'"" 1332.9981, found 1332.9780; Calcd for [M—11(BF,")]"*
1203.9978, found 1204.0711; Calcd for [M—12(BF,")]"*" 1096.4144,
found 1096.4067. IR (KBr) o =3604, 3413, 2904, 1614, 1540, 1503,
1474, 1455, 1428, 1381, 1351, 1221, 1050, 843, 772, 723, 658, 585,
517 cm™L.

Synthesis of 5: Single crystals of 5 were obtained by the slow
vapor diffusion of 1,4-dioxane into a DMSO solution of 4b
(16.6 umol) over two weeks. The prism yellow crystals was collected
by filtration, washed with 1,4-dioxane several times and dried in
vacuo to give 5 (115 mg, 10.4 pmol, 50.1% yield based on Pd).
Elemental analysis caled for CyyHy05NgyBoyFoPdsy (C,HO,)g0-
((CH;),80),,: C37.5, H3.63, N10.68%; found C37.0, H3.71,
N 10.58%. IR (KBr) o =3445, 2920, 2851, 1751, 1611, 1535, 1457,
1424, 1381, 1311, 1255, 1083, 1027,875, 762, 723, 646, 517 cm .

Crystal data for 4a: Space group R3/m, a=b=66.460(9) A, ¢ =
30.056(6) A, V=114970(45) A®, Z=3, T=293 K. Anisotropic least-
squares refinement for the framework atoms and isotropic refinement
for the other atoms on 10274 independent merged reflections (R;,, =
0.042) converged at residual wR, =0.2708 for all data; residual R, =
0.0781 for 19780 observed data [I>20(I)], and goodness of fit
(GOF) =1.264.

Crystal data for 5: Space group P6/m, a =b =39.2398(10) A, ¢ =
14.9993(5) A, V=20001.2(14) A’>, Z=6, T=293 K. Anisotropic
least-squares refinement for the framework atoms and isotropic
refinement for the other atoms on 13794 independent merged
reflections (R;, =0.0613) converged at residual wR, =0.4451 for all
data; residual R, =0.1477 for 46043 observed data [/>20([)], and
goodness of fit (GOF)=1.157.

Full experimental details and crystallographic analysis are given
in the Supporting Information. CCDC 1041046 and 1041047 contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre.
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