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Chapter 1

Introduction and General Summary

1.1 Introduction

Macrocycles have been playing an important role in the development of host-guest

chemistry, molecular recognition chemistry, and supramolecular chemistry in expectation

of showing unique abilities for separation, chemical sensing, and catalysis.! Despite their
potential utilities and abilities, however, these compounds have not been employed in
practical use due to synthetic difficulties: i.c., covalent synthesis of macrocycles often
requires low yield steps. Recently, macrocyclic frameworks have been constructed quite
efficiently through molecular self-assembly, which is featured by spontaneous generation
| of highly ordered structures from well-designed small components under thermodynamic
conditions. For the self-assembly process, non-covalent bond such as coordinate bond
and hydrogen bond are used for joining subunits. Particularly, coordinate bond is quite
effective non-covalent bond for the construction of discrete molecules including
macrocycles because of their versatile bond gcofnetry, defined bond angles, and moderate
bond strength. In fact, a metal-containing macrocycle, which consists of two Cu(ll) and

two diketonate ligands and is able to encapsulate guest molecules, was first reported by
Maverick in 1984.2 After that, variety of metal-containing macrocycles have been
constructed by molecular self-assembly.34 However, further accumulation of the self-
assembled macrocycles have been hardly investigated. Thus, the author paid his special

attention to the concept of "assembly of assemblies", where self-assembled structures are

further converted into more complex systems, and designed the accumulation of



macrocyclic complexes into higher ordered structures. The construction of such
hierarchical assembled systems by the accumulation of macrocyclic units is the author's
basic concept throughout the work in this thesis (Figure 1). Accordingly, the present
thesis describes the studies on the construction of various finite and infinite molecular

architectures by accumulating metal-containing macrocyclic subunits.

Figure 1. The accumulation of seif-assembled macrocyclic units into higher ordered

structures: the authot's basic concept throughout the thesis.

1.2 Accumulation of Myl.4 molecular square

Among many metal-containing macrocycles, MyL, (M: metal, L: ligand) square
complexes, in which metal provides 90 degree at every corner of the square, are one of

the simplest and hence well-studied macrocyclic coordination compounds.4¢>




Particularly Pd(II)-(4,4'-bipyridine) square complex 1a is a prototypical M4L; compound
(Figure 2a). The author's first study was focused on this structure, and he planed the
accumulation of this square motif into infinite systems. A two-dimensional accumulation

of square motif was first observed in an interpenetrated complex 2a prepared from

Zn(PF¢), and 4,4-bipyridine (4,4'-bpy).6 Later, complexation of Cd(NO;), with
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Figure 2. (a) Coordination molecular square 1, and accumulation of the square motif into

(b) two-dimensional grid, and (c) one-dimensional ladder.




4,4-bpy in the presence of an organic guest provided the first example of a non-
interpenetrated grid sheet 2b which accommodates the guest in the square grid cavity
(Figure 2b).7 The square motif also propagated in one-dimension by using cobalt metal
center: Co?* ions coordinate to 4,4'-bpy ligands to form the siderails and the rungs of a
one-dimensional ladder [Co(4,4'-bpy), s(NO5),] (Figure 2c).8

Conceming the non-interpenetrated grid 2a, a question arises if the same grid sheet
structure is obtained even in the absence of a guest. The construction of guest-free grid is
particularly interesting to develop porous, zeolite-like coordination compounds. Thus,
the author first examined accumulation of the square by combining Cd(NO;), and 4,4'-
bpy without guest molecules, as described in Chapter 2. As a result, the varation of L/M
ratios and concentrations led to the formation of three-different structures: two-
dimensional {[Cd(4,4'-bpy),(H,0),]1(NO3),4H,0}, (4), one-dimensional {[Cd(4,4'-
bpy)3(H,0),1(NO3),+2(4,4"-bpy)-4.5H,0}, (5), and zero-dimensional {Cd,(4,4'-
bpy)s(H,0)4(NO;),1(NO3),4H,0 (6) complexes. The complex 4 possesses a non-
interpenetrated fused square grid network in which the cavities are occupied by water and
nitrate ions (Figure 3a). The structure of the framework is similar to that of a guest-
encapsulated square grid complex 2b, which is previously reported, except shortened
interlayer distance. The one-dimensional polymer 5 and zero-dimensional structure 6

form two-dimensional networks with the assistance of O-H+N hydrogen bonds (Figure

3b, c¢). The zero-dimensional structure was composed of two Cd2+ centers, four
monodentate 4,4"-bpy ligands, and a bridging bidentate 4,4-bpy. Whereas ladder and
square grid structures are one- and two-dimensional extension of a square structure

within a plane.



(b)

Figure 3. Crystal structure of (a) two-dimensional polymer 4, (b) one-dimensional

polymer §, and (c) bimetallic complex 6.

In Chapter 3, the author studied the accumulation of square complex 13+ along its
vertical direction via formation of one-dimensional ---Pt(Il)---X-Pt(IV)--- (X: halogen)

mixed-valence complexes, that are easily obtained by mixing Pt(Il)L, and Pt(IV)L, X,

salts and are of special interest because of their specific physical properties.? The reaction



of 1b8+ with cationic Pt(IV) complex, [PtBry(en),}>* (72+), afforded a 1:3 complex
1b-(7);!4+. Crystallographic analysis of this complex showed that two moieties of 72+
bridged at the cis comer of 1b8+ making a stair-like infinite network, whereas another
moiety of 72+ was accommodated in the cavity of 1b8+ (Figure 4). On the other hand,
complexation of 1 with anionic Pt(IV) complex, PtX(2 (8%; a: X = Cl, b: X = Br),

afforded a 1:4 complex 1-(8),. UV-vis observations suggested the formation of a linear

tube structure, in which each corner of 18+ is bridged by the linear X-Pt-X motif of 82-.

Figure 4. Crystal structure of stair-like infinite network 1b-(7)5.

1.3 Assembly of molecular nanotubes and polytubes

One of the most interesting structures derived from macrocyclic units is tubular
assemblies. In fact, tubular polymers, which are capable of ion transportation and

catalysis, have been constructed by linking macrocyclic compounds. Cyclodextrin (CD)-




based nanotube was reported by Harada et al.!9 CDs were first assembled into
polyrotaxane by threading them on ploy(ethylene glycol} (PEG). The adjacent CD units

in polylotaxane were crosslinked to give a molecular tube (Figure 5a). The molecular

tube catalyzed formation of I3~ from KI and I, in solution. Another interesting
macrocycle-based tubular structure is a peptide nanotube: cyclic D,L-at-peptides and -

peptides were assembled into large tubular aggregates through backbone-backbone
hydrogen bonding (Figure 5b).!! The cyclic peptide bearing appropriate hydrophobic
residues formed trans-membrane ion channels on lipid bilayers and transported alkali

- metal ions and even glucose molecule across the bilayers.!? However, the degree of
polymerization of these tubes are uncertain and, therefor, precise control of the length of

tubes have not been realized yet.
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Figure 5. (a) Cyclodextrin nanotube. (b} Peptide nanotube.



In order to control the tube length precisely, the author modified his basic strategy
for constructing tubes via assembly of macrocycles. Whereas previous methods all
involve the construction of cyclic framework followed by accumulation along the axis of
the macrocycle (Figure 6a), the author's new strategy is featured by the initial linking of

small units along the axis followed by cyclization (Figure 6b).

Figure 6. Strategies for constructing nanotubes.

Thus, in Chapter 4, coordination nanotubes, which possess very stable and discrete
frameworks, were constructed by linking oligo(3,5-pyridine)s (pentakis: 9a, tetrakis: 9b,
tris: 9¢) with a cis-protected Pd(II) building block, (en)Pd(NO3); (Figure 7). This
transformation was in fact accomplished with the remarkable template effect of biphenyl

derivatives. Thus, the reaction of 9 with (en)Pd(NO3); first resulted in the formation of




uncharacterizable  products. However, the addition of sodium 4.,4-
biphenylenedicarboxylate to the solution induced the smooth assembly of nanotubes 10a-
10¢ wherein four molecules of 9 were held together with six to ten Pd(Il) units. A
nanotube structure 10c templated by a guest was confirmed by an X-ray crystallographic

analysis.

23 A

{Template included in the tubes 10a-¢ is omitted for clarity.)

Figure 7. Coordination nanotubes 10a-c.



Reversible guest encapsulation and release process of host-guest complexes is

expected to provide application of these complexes to data storage devices!? and artificial
enzymes. In Chapter 5, the dynamics of guest molecule accommodated in the
coordination tubes 10a and 10¢ was investigated by variable temperature NMR
measurements at different host-guest ratios. As the results, guest molecules were found
to shuttle in the tube without flipping at low temperatures, but intermolecularly exchange
at elevated temperatures (Figure 8). Coordination nanotube 10b for which structural
isomers can be considerable was isolated as a single isomer by recystallization. The
structure of a isomer was confirmed by X-ray crystallography. This single isomer slowly

turned into an equilibrium mixture of two structural isomers in aqueous media.

High temperature Low temperature

Figure 8. Thermodynamic behavior of guest molecule.
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Recently, molecular template synthesis of inorganic!4 and organic-inorganic!®
hybrid porous solid materials were reported as well as that of discrete molecules in
solution. To extend the molecular nanotubes into solid materials, in Chapter 6, the
formation of the coordination polytubes were examined by combining 9b and a transition

meta] (Cul) (Figure 9).

Figure 9. Illustration of polytube assembly.

The X-ray crystallographic analyses showed that two types of non-interpenetration
networks that have large porosities were induced by non-aromatic and aromatic guest
molecules. A non-aromatic guest CH;CN induced two-dimensional polytube
[9b-(Cu,]1,)]-2G-H,0 (11, G = CH;CN) with an accessible porosity of 32% (Figure
10a). On the other hand, aromatic guests such as nitrobenzene or cyanobenzene induced
three-dimensional polytube structures [9b-(Cu;1,)]-2G (12a: G = nitrobenzene, 12b: G

= cyanobenzene) with large accessible porosity of 48% (Figure 10b). The cavities of 11

and 12 were occupied by guest molecules. Thermogravimetric (TG) analysis, IR

11



spectroscopy, and powder X-ray diffraction analysis of 12b before and after guest

removal showed that the polytube framework is kept even after guest removal.

Figure 10. (a) Crystal structure of the 2D-polytube 11. (b) Crystal structure of 3D-

polytube 12b.
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Chapter 2

Formation of Two, One, and Zero-Dimensional Coordination

Polymers from Cd(Il) ion and 4,4’-Bipyridine

Abstract: Complexation of Cd(NO;), with 4,4"-bipyridine (4,4-bpy) gave, depending
on the /M ratios and concentrations, two-dimensional, one-dimensional or zero-
dimensional coordination polymers, which were characterized by X-ray crystallography.
The two dimensional structure was shown to be a non-interpenctrated square gnd
network in which the square cavities were occupied by water and nitrate ions. The one-
dimensional polymer also formed a two-dimensional network with the assistance of O-
H--*N hydrogen bonds. The zero-dimensional structure was composed of two Cd2+
centers, four monodentate 4,4'-bpy, and a bridging bidentate 4,4-bpy. The networks
and the packing of these structures were anatyzed in terms of coordination and hydrogen

bonds.

2.1 Introduction
The coordination polymeric networks of a transition metal-(4,4’-bipyridine) have

been studied intnsively during the last decade.! Reprts show that the 4,4"-bipyridine
(4,4’-bpy) ligand forms various topological networks with/without altering L/M ratios

because of its linear and excbidentate nature. Possible 4,4'-bpy networks include 1D

chain,24 ladder,5 square and hexagonal grid,%7 bilayer,® and diamondoid® structures.

These networks have large cavities in their framework and the structures possess the

potential for including microporous solid materials (including molecular absorption

5



heterogeneous catalyst). Among all the networks, a square grid I is the prototypical
infinite framework.® The grid I could be regarded as polymer version of a molecular
square'C and was first observed in an interpenetrated complex prepared from Zn(PF),
and 4,4'-bpy.62  On the other hand, complexation of Cd(NO3)2 with 4,4"-bpy in the
presence of an organic guest provided the first example of a non-interpenetrated grid sheet

I which accommodates the guest in the square grid cavity.5® Although the crystal
structure of the clathrate complex, [Cd(4.4'-bpy),](NO3),-20-CgH Br,, has been
solved, the question arises of whether Cd(I1)-(4,4'-bpy) complex forms a similar non-
interpenetrated framework even in the absence of a guest molecule? In order to address
this question, the author further examined the synthesis and metal complexes by

combining Cd(NO4), and 4,4'-bpy at various L/M ratios.

- -A:4-N / /' N_h:f- -
’N N
1 i
Metal (M) 1 I
N N
+ - N P an SPLLS
N N
_ _ \I |
- | g )
\ N N
M-NT D oN-M-NT DL N-M-

Scheme 1. Formation of a square grid from metal ions and 4,4'-bpy.
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2.2 Results and Discussion

2.2.1 Reaction of Cd(NQj),4H,0 and 4,4'-bpy

The crystallization experiments have been carried out by increasing the L/M ratio
from 1.0 to 4.0 in increments of 0.5 and decreasing the concentration from 200 mM to 20
mM in decrements of 30 mM. The reactions were done by adding aqueous solution of
Cd(NOy),-H,0 (8 mL) to EtOH solution of 4,4"-bpy (2 mL). Interestingly, the variation

of L/M ratios and concentrations led to the formation of three types of structures (Table

1)

([Cd(4,4-bpy),(H,0),](NO3),-4H,01, (1),
{[Cd(4,4'-bpy)3(H,0),](NO5),2(4.4-bpy)4.5H,01, (2), and

[Cd,(4,4'-bpy)s(Hy0)4(NO3),(NO3),-4H,0 3).

Table 1. Selected reaction conditions and products.

L/M ratio
[M] 1.0 2.0 2.5 3.0 4.0
200mM 1 1 1 142 1+2
110mM 1 1 1 1+2 1+2
80 mM 1 1 1 1+2 142
50 mM - - 1 1+2 3
20 mM - - - - -

The structures of the products were characterized by X-ray crystallography. In all
three complexes, the Cd-atom has an octahedral coordination, but with different
coordination environments. In 1 and 2, each Cd-atom coordinats four 4,4'-bpy ligands
and two water molecules, while in 3, it coordinates three 4,4'-bpy ligands, one nitrate

and two water molecules. The network features and crystal packing will be discussed in

the following sections.
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1 2.2.2 Structure of {[Cd(4,4'-bpy),(H,0),1(NO;3),4H,0},: two-
dirﬁensional |
The structure of 1 is a two-dimensional layer with no interpenetration and no
enclatharation of organic guest molecules (Figure 1a). It has two 4,4'-bpy moieties: one
of them sits on the inversion center (labeled as A) while the other sits on the glide plane
(labeled \as B). A is planar with a (° interplanar angle between the two pyridine rings,
whereas B is non-planar with a 40° interplanar angle between the two pyridine rings.
Each square cavity of dimension 8 x 8 A is occupied by two cyclic tetramers that are
formed via hydrogen bonding interactions between two nitrates and two solvated water

molecules (Figure 1b, O--0: 2.772, 2.774, 2.804, 2.862 A). Two of these tetramers

Figure 1. [llustrations for the crystal structure of 1: (a) Representation of the two-

dimensional grid sheet. The nitrate ions and the water molecules in the square cavities. (b}
The hydrogen-bonded tetramers of nitrates and water molecules. (c) Representation of the
molecular rotaxane via hydrogen bonds. The threading 4,4'-bpy molecule and Cd ions are

represented in space filling mode.

18



further interact with ligated water molecules to form a wheel like hydrogen bonding
network around 4,4-bpy ligand (O++O: 2.678 A). As a result a rotaxane structure via
hydrogen bonds is formed (Figure 1c). Interestingly, the ligated water molecules do not
accepted any protons, whereas solvated water molecules accepted one proton.

The 2D layers stack in zigzag (Figure 2a) and slipped (Figure 2b) fashion along the
4,4‘-bpy‘ rings A and B, respectively. Notably, the interlayer separation (4.79 A) is
remarkably smaller than in its clatharate complex (6.30 A).6% The stacking of the grids

results in channels that are occupied by the above described nitrate and water tetramers.

Figure 2. (a) Stacking of grid sheets in zigzag fashion. A view along 4,4-bpy B. (b)
Stacking of grid sheets in slipped fashion. A view along 4,4-bpy A.
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2.2.3 Structure of {[Cd(4,4'-bpy);(H,0),](NO3),-2(4,4'-
bpy):4.5H,0},: One-dimensional

The structure 2 has three coordinated and two enclatharated 4,4'-bpy molecules per
metal atom. One of the coordinated 4,4'-bpy ligands serves as a bifunctional ligand to
form a one-dimensional network, while the other two form side arms for the one-
dimensiéna] chain by acting as mono-functional ligands (Figure 3a). This structure could
be termed as a molecular antenna, a prototypical structure of the railroad polymer.* The
antennas join together via O-H-N hydrogen bonds which are formed between ligated

H,0 molecules and uncoordinated N-atoms of 4,4'-bpy (Figure 3b, O--N: 2.795, 2.818

A). The recurrence of the cyclic -~H,0-Cd-(4,4'-bpy) --H,0-Cd-(4,4'-bpy) -*-

(a) (b)

Figure 3. lilustrations for the crystal structure of 2: (a} Representation of the one-
dimensional chain. (b) Representation of the two-dimensional hydrogen bonded network.

The guest 4,4"-bpy molecules are represented in space filling mode.
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pattern suggests that it can be used as a supramolecular synthon in crystal engineering.!!
As a result of the hydrogen bonding, a two-dimensional layer was formed with the
cavities (8 x 9 A) that are occupied by guest 4,4-bpy molecules (Figure 2b). These
layers stack along the a-axis in a zigzag fashion with an interlayer separation of 8.79 A.
The second guest 4,4'-bpy molecule lies in between the layers via a plethora of aromatic

interactions.

2.2.4 Structure of [Cd,(4,4'-bpy)s(H,0),(NO3)},1(NO;),-4H,0: zero-
dimensional

The structure 3 is a bimetallic complex. The two coordinated water molecules have
the cis geometry around the Cd-atom (Figure 4a). The asymmetric unit contains two Cd-
atoms, five 4,4'-bpy ligands, coordinated and non-coordinated nitrate ions and four water
molecules. The Cd-O and Cd-N bond lengths vary from 2.291 to 2.384 A and from
2.323 10 2.365 A, respectively.

The bond distances on Cd1 and Cd2 differ only in the second decimal point. The
crystal structure lacks, hoWever, an inversion center bécause of the complexity of ihe
three-dimensional hydrogen bond network. Interestingly, the network contains a one-
dimensional chain that is formed by O-H-N hydrogen bonds (O---N: 2.732, 2.757 A)

between the ligated water molecules and the terminal N-atom of 4,4'-bpy (Figure 4b).

The 4,4'-bpy ligands also interact via w++*% interactions. These one-dimensional chains

form a three-dimensional network by joining each other via tetramers of two water
molecules and two nitrates (Figure 4c, O++O: 2.798, 2.803, 2.805, 2.817 A). This

cyclic tetramer composed of 10-atoms, unlike the tetramer in 1 (9-atoms, Figure 1b).

21



(a) ©

Figure 4. Illustrations for the crystal structure of 3: (a) Representation of the zero-
dimensional species. Notice the cis geometry of the coordinated water molecules. (b) One-

dimensional hydrogen-bonded network based on the cyclic +H,0-Cd-(4,4-bpy) --H,0-Cd-

(4,4'-bpy)~ dimers - part of the three-dimentional hydrogen-bonded network. (¢}
Representation of the hydrogen-bonded tetramer formed by water and nitrates. Compare with

Figure 1b.

2.3 Conclusion

LM ratio and concentration dependence of the formation of three types of

coordination assemblies are related to coordination aggregates in the solution. In lower
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L/M ratio, the square aggregate consisting of four cadmium and four 4,4’-bpy tends to
generate at almost all conditions. The aggregate associates and crystallizes to form 2D
network 1. In the ratio of L/M23, however, formation of a 1D-chain aggregate which is
caused by excess of ligand competes with formation of the square aggregate. Then, the
two types of aggregates associate and crystallize as 1 and 2, fractionally . On the other
hand, in ﬁ high L/M ratio and low concentration, a dinuclear complex, which is the lowest
degree of aggregation among 1-3, is favored in the solution, and crystallizes to form the
product 3.

Three types of network 1, 2, and 3 are formed from Cd(ll) ion and 4,4"-bpy. The
network 1 was shown to exist as a non-interpenetrated grid structure even in the absence
of aromatic guest molecules. Instead of organic guest, water molecules and nitrate ions
located in the cavity and formed a hydrogen bond network. It is important to note that the
L/M ratios and concentration of the solutions resulted in three different crystals with
different dimensionality of the network. In 2 and 3, the hydrogen bonding interactions
played an important role in forming three-dimensional networks. The motifs observed
here could serve as metal-coordinated or hydrogen-bonded synhtons in crystal

engineering experiments.

2.4 Experimental Section
General: 4,4-bpy and Cd(NO;),-4H,0 were obtained commercially and used as
received. Melting points were determined on a YANACO MP-500V. FTIR spectra were

recorded on a SHIMADZU FTIR-8300 spectrometer. Microanalysis were performed by

Research Center for Molecular Materials of Institute for Molecular Science.

Preparation and physical data of 1, 2, and 3: Coordination polymers 1, 2, and

3 were also prepared under the following methods.
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{[Cd(4,4'-bpy),(H;,0),](NO;),-4H,0},, (1): An aqueous solution (8 mL) of
Cd(NO,),-4H,0 (1 mmol) was combined with an ethanol (2 mL) solution of 4,4'-bpy (2
mmol). The initially formed fine precipitate (small amount) was filtered and the clear
filtrate was allowed to stand at room temperature for 3 d to give single crystals of 1 in
70% yield. Mp. >300°C. IR (KBr, cm-!) 3394, 1603, 1533, 1491, 1385, 1221, 1074,
1007, 806, 631. Elemental analysis: Caled for [Cd(4,4'-bpy),(H,0),]-4H,0-2NO;: C,

36.57; H, 4.30; N, 12.79. Found: C, 36.69; H, 4.09; N, 12.86.

{[Cd(4,4'-bpy)3(H,0),](NO;),:2(4,4'-bpy)-4.5H,0}, (2): An aqueous
solution (1.6 mL) of Cd(NQO,),-4H,0 (0.28 mmol} was combined with an ethanol (0.4

mL) solution of 4,4-bpy (1.12 mmol). The initially formed fine precipitate (small
amount) was filtered and the clear filtrate was allowed to stand at room temperature for 3

d to give mixture of single crystals of 1 (24%) and 2 (34%). Mp. > 300 °C. IR (KBr,

cm-) 3385, 1600, 1533, 1491, 1384, 1221, 1074, 995, 810, 629, 617, 507. Elemental
analysis: Caled for [Cd(4,4'-bpy);(H,0),]-2(4,4-bpy)-2NO;-4.5H,0: C, 52.94; H,

4.71; N, 14.82. Found: C, 52.72; H, 4.43; N, 14.76.

[Cd,(4,4'-bpy)s(H,0)4(NO;3);,1(NO;3),-4H,0 (3):  An aqueous solution (12
mL) of Cd(NO3),-4H,0 (0.5 mmol) was combined with an ethanol (3 mL) solution of
4,4'-bpy (1.5 mmol). The initially formed fine precipitate (very small amount) was
filtered and the clear filtrate was allowed to stand at room temperature for 3 d to give

single crystals of 3 in 71% yield. Mp. > 300 °C; IR (KBr, cm 1) 3150, 1600, 1530,
1480, 1400, 1380, 1220, 1070, 1000, 820, 625. Elemental analysis: Calcd for {Cd(4,4'-
bpy), s(H,0)]-2NO5: C, 45.30; H, 3.65; N, 14.79. Found: C, 45.43; H, 3.72; N,
14.67. Because of the loss of water molecules, the formula obtained by elemental

analysis dose not corresponding to the formula based on X-ray crystallography.

X-ray crystal structure determinations: Crystal data of 1. CoH;3CdNgO 5, M =
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656.89: Monoclinic,space group C2c; a = 18.9015(11) A, b = 11.7948(7) A, ¢

"

Il

12.1547(7) A, B = 97.4380(10)°; V =2687.0(3) A} Z=4; D, = 1.624 g/cm?; F(000)
1336; (Mo Kar) 1.009 mm™’; crystal size = 0.20 x 0.20 x 0.15 mm; temp.= 167 K; 3105
unique reflections out of 8362 with I > 26(]); final R-factors Ry = 0.0176; wR, = 0.0499.
Crystal data of 2: C,,H,;,N,,CdO,,,, M = 1184.84; Monoclinic, space group C2; a =
17.5815‘(16) A b=11.7413(11) A, c = 24.836(2) A, B = 94.3215(18)°; V = 5112.3(8)
A3: Z=4; D, = 1.539 g/cm3; F(000) = 2540; u(Mo Ka) 0.506 mm''; crystal size = 0.25
x 0.20 x 0.20 mm; temp.= 193 K; 8232 unique reflections out of 13740 with I > 20(]);
final R-factors R, = 0.0518; wR, = 0.1347. Crystal data of 3: CysHgN;CdO o, M =
698.95; Monoclinic, space group Pc; a = 12.4725(18) A, b= 15.195(2) A, ¢ = 15.390(2)
A, B = 96.625(3)% V = 2897.2(7) A3 Z = 4; D, = 1.602 g/cm3; F(000) = 1420; u(Mo
Ka) 0.821 mm?; crystal size = 0.25 x 0.20 x 0.20 mm; temp.= 173 K; 10014 unique
reflections out of 18522 with I > 20(J); final R-factors Ry = 0.0221; wR, = 0.0541.
Single crystal X-ray diffraction data for all the complexes were collected on a Siemens
SMART/CCD diffractometer equipped with a low temperature device. Diffracted data
were corrected for absorption using the SADABS!2 program. SHELXTL!3 was used for
the structure solution and refinement was based on F2. All non hydrogen atoms were
refined anisotropically. The H-atoms of the C-H groups were fixed in calculated
positions and refined isotropically with thermal parameters based upon the corresponding
C-atoms [U(H) = 1.2 Ueq (C)]. The H-atoms of water molecules inl and 3 were
located and refined isotropically. In 2, pyridine rings in the bifunctional ligand and the
guest 4,4'-bpy were fixed as regular hexagons, nitrate anions and guest water molecules

have a disorder which is unresolved and all these disordered positional atoms were

refined isotropically by treating them as carbon atoms. PLATON!4 program was used for
detecting inversion centers in complexes 2 and 3. For 2, no inversion center was found,
whereas for 3, an approximate inversion center was found but the water molecules did

not lie on it. Pertinent crystallographic data will be present in the Appendix.
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Chapter 3

Pd(II)- and Pt(II)-linked Tetranuclear Complexes as Assembly

Units for Higher Ordered Structures

Bull. Chem. Soc. Jpn. 1999, 72, 2603.

Abstract: The formation of ---Pt(I)---Br-Pt(IV)--- mixed-valence complexes was
utilized for the assembly of square compounds, [(en)M(4.4'-bpy)]4(NO5)g (1:(NO;)g; a:
M = Py(Il), b: M = Pd(Il), 4,4'-bpy = 4,4-bipyridine), into higher ordered infinite
complexes. The reaction of 18+ with cationic Pi(IV) complex, [PtBry(en),]** (22+),
afforded a 1:3 complex 1a-(2);14+. Crystallographic analysis of this complex showed
that two moieties of 22+ bridged at the cis corner of 1a®+ making a stair-like infinite
network, whereas another moiety of 22+ was accommodated in the cavity of 1a8+. On
the other hand, complexation of 1b with anionic Pt(IV) complex, PtX2 (325 a: X = Cl,
b: X = Br), afforded a 1:4 complex 1-(3)4. UV-vis observations suggested the formation
of a linear tube structure, in which each comer of 13+ is bridged by the linea; X-Pt-X

motif of 32-.

3.1 Introduction

Cis protected Pd(I)- and Pt(I[)- linked square complexes such as 18+ are
prototypical compounds among a family of tetranuclear square complexes in descreat
molecular systems. In 1,8 the transition metals provide 90 degree angles at every comer

of the square.! A way of modifying this structure into an organic soluble one has been
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developed recently.22 Introduction of functional groups such as chiral biphenyls,
calixarene, porphyrins, nucleic acids, and crown ether units into the square is also
reported.2b3 A Pd(II)-Re(I) bimetallic square shows luminescent property. As
descrived in Chapter 2, formamtion of 4,4'-bpy bridging coordination polymers which
have fused suquare ring structure were reported.> However, except these reports, the
simple ;qume structure has never been employed as a building block for higher
dimensional structures. Thus, the author studied the accumulation of square complexes
18+ into higher ordered infinite complexes via formation of ---Pt(Il)---X-Pt(IV)--- (X:
halogen) mixed-valence complexes. Mixed-valence one-dimensional materials, easily
obtained by mixing M(II)L,, and M(IV)L X, salts, are of special interest because of their
specific physical properties such as conductivity and non-linear optical activities.®

In this chapter, the author describes how the complexes 18+ assemble into stair and
tubular networks upon complexation with Pt(TV) species 22+ and 3a?- or 3bZ,

respectively (Chart 1).

s
HaN—M-N_ )
N
Hz ?l’ Hz—l 2+ ? —l 2-
Ne p vl XapgvX
EN’I "Nj X’I ~x
H Br H; X

N N
g R a — i —
HyN~M N: — :N ulf NH, 22+ 3a°:X=Cl

K/'I‘Hz HEN\) A 3b%: X =Br

1a%*: M= pPt"
1b%: M= Pd"

Chart 1.
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3.2 Results and Discussion
3.2.1 Reaction of Pt(II) molecular square with Pt(IV) complex
[PtBr,(en);]Br,

It is well-known that the reaction of {(en),Pt2+ with 22+ gives mixed-valence one-
dimensional {[{en),Pt][Pt Bry(en),] },47+. Thus, it is anticipated that 1a8+ will react with
22+ in a 1:4 stoichiometry, giving a one-dimensional tubular network. However, when
1a-(NO;)g was treated with four equivalents of 2-Br, in 5 M NaNQO; aqueous solution,
these components reacted in a 1:3 stoichiometry, giving complex [1a-2;](NO3)y 4-6H,O
(4) as yellow crystals (64% isolated yield). The ratio of molecular components of 4 has

been determined by elemental analysis and 'H NMR. Even the use of larger amount of

2-Br, (6 equiv.) resulted in the formation of the same product in 91% isolated yield.

Solid state UV-vis spectrum of 4 shows a new absorption band at 420 nm which was not
observed in solution. Thus, this absorption indicates a possible charge transfer

interaction between Pt(II)- Pt(IV) through the halogen atoms.

The X-ray analysis of 4 showed that two moieﬁes of 22+ bridged the cis coﬁer of
1a®+ forming a stair-like network. The third moiety of 22+ acted as a guest molecule and
occupied the cavity of molecular square 1a8+ (Figure 1a, 1b). The geometry of 1a8+ was
similar to that of the corresponding Pd(Il) complex 1b%+ whose crystal structure was
reported.!d The distance of Pt(Il)-Br (3.22 and 3.37 A) was slightly longer than that of
typical [PiBr,(en),][Pt(en),](ClO4)4 complex (3.006 A),6e indicating a weaker interaction
between Pt(IV) and Pt(II) through bromine atom. As a result of Py(II)--Br-Pt{IV})

interaction, a rectangular grid was formed which has no free space.
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Figure 1. (a) ORTEP drawing of 4. Pt(1)-Pt(2), 11.09 A; P1(1)-Px(2), 11.12 A; Pr(1)-
B(5), 3.22 A; PY2)-Br(6), 3.37 A; Pi(4)-Br(5), 2.43 A; P4)-Br(6), 244 A; P(3)-Br(7),
243 A. Counter ions and water molecules are omitted for clarity. (b} Stair-like structure of

4. Encapsulated PtBry{en), molecules are represented in space filling mode.

Stair-like networks run along b-axis and stack such that there was a herringbone
pattern of 4 grids (Figure 2). The inter-stair separation in the herringbone layer was 9.7

A. Counter ions and water molecules were found in between stairs, forming an infinite

hydrogen bond networks with NH, groups of 22+.
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Figure 2. Top view of the layer structure of 4. NO;~ and H,O molecules are omitted

because some of them are disordered.

Interestingly, a cationic molecule 22+ was accommodated by cationic host 1a%+
‘(Figure 3). This unusual "cation-in-a-cation" structure may be stabilized by NO;- and
H,O networks existing between the layers, though the details remain unclear due to the

partial disorder of the counter ions and solvents. The perfect match of their shape and

size, as found in Figure 3, should be also important to override unfavorable electrostatic
effect.” On the other hand, la8+ and 22+ dissociated in the solution. The NMR

measurement showed that the chemical shifts of 1a8+ and 22+ prepared by dissolving

crystal of 4 in D,0 were identical to those of sole compounds.
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Figure 3. Top view of the molecular square a8+ with encapsulated cationic guest 22+,

3.2.2 rReactions of Pt(II}) and Pd(II) molecular squares with PtCl2- and
PtBrg?-

| Reactions of 18+ and a.nio.nic Pt(IV) complexes such as PtCl42 (3a2-) and PtBrg?-
(3b2") were also attempted. An aqueous solution of 1-(NO3)g and an aqueous solution of

potassium salts of 32- were mixed in 1:5 ratio. Immediately, colored insoluble powder

precipitated. Elemental analysis of the product showed the formula of 1-(3),4, and yields

of product were 92-97%. Even the use of large excess of 32- (16 equiv.) resulted in the
formation of the same products. The products were characterized by UV-vis and
elemental analysis. The UV-vis spectrum showed new absorption bands which indicate

the existence of interaction of Pd(II) and Pt(IV) (e.g., 390 and 490 nm for 1b-(3a),)

(Figure 4), suggesting that each corner of 18+ is bridged by the linear X-Pt(IV)-X motif

of 32-. From these observations, the author proposes the assembly of square 18+ into
polytube structures such as 5 and 6 or their hybrid that involve one-dimensional

Pt(I)---X-Pt(IV)-X--- chains (Chart 2}.
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Figure 4. UV-vis spectrum of 1b-(3a),.
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3.3 Conclusion

Novel stair-like and tubular structures were prepared by two stage self-assembly
process. In the first stage, M(NOj3),(en) (M: Pt or Pd) and 4,4'-bpy are assembled into
square complexes 18+. In the second stage, the square 18+ and PtVL X, are assembled

into higher dimensional supramolecular structure through M(Il)---halogen-Pt(IV)
interaction. Moreover, the present report demonstrated that formation of halogen-bridged

mixed valence complex can be used for aggregation of metal containing supramolecules.

3.4 Experimental Section
General: Compound 1a-(NO;)g!?, 1b+(NO;)g!c and 2-Br,52 were prepared according

to reported procedures. Potassium salts of 3a2- and 3b2- were obtained commercially
and used as received. Melting points were determined on a YANACO MP-500V. UV-
vis spectra were measured on a SHIMADZU MultiSpec-1500 spectrometer or a
SHIMADZU UV-3100PC spectrometer. FTIR spectra were recorded on a SHIMADZU

FTIR-8300 spectrometer. 'H NMR spectra were recorded on a JEOL JNM-LAS00 (500
MHz) spectrometer. Microanalysis were performed by Research Center for Molecular

Materials of Institute for Molecular Science.

Preparation of 4: An aqueous solution (1 mL) of 1a:(NO;)g (0.05 mmol) and 2-Br,
(0.2 mmol) was treated with NaNO; (425 mg) at room temperature. A trace amount of
insoluble material was filtrated and the clear yellow solution was allowed to stand for 1d.
Yellow crystals which appeared were collected and dried in vacuo to give 4 in 64% yield.
Mp. 224-227 °C (decomp.). THNMR (500 MHz, D,0, TMS as an external standard) & =
8.90 (d, J = 5.6 Hz, 16H, PyHa), 7.86 (d, J = 5.6 Hz, 16H, PyHb), 3.11(t, J = 13.7
Hz, 24H, -CH,-), 2.86 (s, 16H, -CH,-). IR (KBr) 3449, 3045, 1618, 1385, 1173,
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1138, 1053, 826 cm'!. Elemental analysis: Calcd for CgoH54BrgN,,04,Pt;-6H,0: C,

17.81; H, 3.09; N, 14.54. Found: C, 17.78; H, 3.05; N, 14.43.

X-ray Crystallographic Analysis of 4: Single crystals of 4 were obtained by slow
diffusion of the aqueous solution (1 mL) of 1a-(NO;)g (25 mM) and 2-Br, (100 mM)

into an aqueous solution of NaNO; (10 M, 1 mL} at room temperature for 3 d. X-ray
data for 4: CgoH 54BrgNy,04oPt;12H,0, M = 4190.80, monoclinic, space group
P2,/c; a=20.648(4), b = 16.205(3), ¢ = 19.397(3) A, B=111.031(11), V= 6057.8(18)
A3; D, = 2.278 glem3: Z = 2; F(000) = 3956; u(MoKa) = 10.134 mm-!; crystal size =
04 x 0.25 x 0.25 mm; temp. 293 K; 25113 reflections collected, 10175 (/>2c(D)
reflections observed; R, = 0.0434; wR, = 0.1185. The data were collected on a Siemens
SMART/CCD diffractometer. Diffraction data were corrected for absorption using the
SADABSS program. SHELXTL? was used for the structure solution and refinement was

based on F2. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were fixed in calculated positions and refined isotropically with thermal parameters based
upon the corresponding C-atoms [U(H) = 1.2 Ueq (C)]. Crystallographic data have been
deposited at the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK and the deposition

number of the data is 134340.

Preparation of 1a:(3a),, 1a-(3b),, 1b-(3a), and 1b-(3b),: An aqueous solution

(1.0 ¢cm3) of 1 (0.02 mmol) was added into an aqueous solution (10 cm3) of 3 (0.1
mmol) at room temperature. Colored products were collected by filtration and dried in

vacuo. The ratios of water were calculated from elemental analysis data. 1a-(3a)y:

Brown solid, 95%, mp. >300 °C. IR (KCl, cm-!) 3202, 1616, 1421, 1221, 1047, 820,
665. Elemental analysis: Caled for CggHgsN,6ClyyPtg-13H,0: C, 16.42; H, 2.58; N,

6.38. Found: C, 16.40; H, 2.58; N, 6.38. 1a-(3b),: Dark brown solid, 92%, mp. 288-

291 °C (decomp). IR (KBr, cm-!) 3198, 1614, 1420, 1217, 1047, 816, 667. Elemental
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analysis: Caled for CygHgyN,¢Br, Pd Pty-20H,0: C, 12.26; H, 2.23; N, 4.76. Found:
C, 12.32; H, 2.01; N, 4.81. 1b+(3a),: Yellow powder, 96%, mp. 284-287 T
(decomp). IR (KCI, cm!) 3213, 1612, 1418, 1219, 1059, 816, 658. Elemental
analysis: Caled for CygHgsN,4ClygPd Pty 13H,0: C, 18.27; H, 2.87; N, 7.10. Found:
C, 18.1‘4; H, 2.73; N, 7.12. 1b+(3b),: Orange powder, 97%, mp. 234-237 C
(decomp). IR (KBr, cml) 3205, 1611, 1418, 1218, 1057, 814, 659. Elemental
analysis: Calcd for CygHgsN,¢Bry4PdsPty- 14H,0: C, 13.59; H, 2.19; N, 5.28. Found:

C, 13.28; H, 1.82; N, 5.32.
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Chapter 4

Quantitative Formation of Coordination Nanotubes Templated

by Rod-like Guests

J. Am. Chem. Soc. 1999, 121, 7457.

Abstract: Coordination nanotubes were constructed by linking oligo(3,5-pyridine)s
with a cis-protected Pd(II) building block, (en)Pd(NO3); (en = ethylenediamine). This
transformation was, in fact, accomplished with the remarkable template effect of biphenyl
derivatives. Thus, the reaction of oligo(3,5-pyridine)s with (en)Pd(NO3); first resulted
in the formation of uncharacterizable products. However, the addition of sodium 4,4’-
biphenylenedicarboxylate to the solution induced the smooth assembly of nanotubes
wherein four oligo(3,5-pyridine) molecules were held together with six to ten Pd(II)
units. A nanotube structure templated by a gilest was confirmed by an X-ray

crystallographic analysis.

4.1 Introduction

Molecular-based tubular structures have attracted considerable current interest
because of their potential abilities for selective inclusion and transportation of ions and
molecules and catalysis for specific chemical transformations, by exploiting the interior
space of the tubes.!"> For constructing nanotube structures, non-covalent syntheses
using hydrophobic interaction?5 and hydrogen bonding# have been shown quite
effective, though the precise control of tube lengths remains unrealized yet. Herein

reported is a coordination approach to nanotubes possessing very stable, discrete

40



frameworks. The author designed the assembly of oligo(3,5-pyridine)s (1) into tubular

structures by linking them with transition metal components.

—l 18+

23 A

3b-4!+
{Template 4% included in the tubes 3a-3¢ is omitted for clarity.)

Scheme 1.

The strategy for the construction of the tube structures is summarized in Scheme 1.

Pentakis(3,5-pyridine) ligand 1a.5 for example, should take a coplanar conformation due

to the dipole repulsion among pyridine nuclei. Thus, when this ligand is linked together
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with Pd(II) building block 2 which provides 90 degree turn into the assembled structure,’
coordination nanotube 3a is expected to assemble from four molecules of 1a and ten
molecules of 2. Moreover, 3a has orthorhombic hydrophobic cavity in which guest

molecules can be encapsulated. Similar coordination tubes 3b and 3¢ are also designed.

4.2 Results and Discussion

4.2.1 The assembly of a coordination nanotube

The reaction of 1a with 2 in D,O first resulted in the formation of uncharacterized
products (Figure la).  Surprisingly, the addition of sodium 4,4’-biphenylene-
dicarboxylate (Na-4) to the solution induced the assembly of a single product (Figure
1b), which smoothly turned into a sole product after the solution was heated at 60 °C for 1
h (Figure ic). The NMR spectrum showed nine proton signals which stemmed from half
the framework of 1a in the product. Furthermore, a NOESY experiment supported the
coplanar conformation of the ligand framework.8 From these observations, the product
was assigned as coordination nanotube 3a. Actually, the formula of 3a-4 was confirmed
by coldspray ionization mass spectrometry (CSI-MS)® measurement (m/z 699 [M-
6(NO;)]o+; 852 [M-5(NO3)]5+; 1080 {M-4(NO,)]*+). From the aqueous solution, the
host-guest complex (3a-4, nitrate salt) was isolated as a colorless precipitate in 81% yield
by adding large amount of acetone. Elemental analysis was consistent with the formula of
3a-4(NO3);3:25H,0.

The template effect of 4 for the assembly of tube 3a has been obviously revealed by
the following results. First, the protons of guest 4 were highly up-field shifted in 'H
NMR by 2.6 ppm indicating the accommodation of the guest in the nanotube. Second,
other rod-like molecules such as unsubstituted biphenyl and p-terphenyl were effective,
whereas large molecules such as adamantane carboxylate did not show any template
effect.10 Third, in the absence of 4, tube 3a was not assembled effectively even after one

week at 60 °C.
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Figure 1. The 'H NMR observation of the guest-templated formation of 3a-4 (500
MHz, D,0, 25 °C, TMS as an external standard). Spectra were obtained after the following

procedures. {a) Ligand 1a (0.01 mmol} was treated with 2 (0.025 mmol, | mL) in D70 (1
mL) for 5 min. at 60 °C. (b) To this solution was added a D50 solution of Na-4 (25 mM,

0.12 mL) and the mixture was stirred for 1 h at room temperature. (c) Then, the mixture
was stirred for additional 1 h at 60 °C.

4.2.2 VT NMR study of the coordination nanotube
The template molecule was strongly bound within the interior of the tube and even

unsubstituted biphenyl could not be extracted with CHCl; from an aqueous solution of

3a-biphenyl at room temperature. Only at high temperatures (>70 °C), biphenyl was

slowly extracted with CHCIl; from the aqueous solution. Interestingly, the guest-

templated assembly of tube 3a is a complete reversible process: i.e., when the guest

biphenyl was extracted into CHCI; phase at 70 °C, once assembled 3a easily turned into
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an oligomer mixture, which regenerated tube 3a upon the addition of the template
molecule to the mixture again.

The dynamic behavior of the guest molecule in the cavity, revealed by variable
temperature NMR measurement, is particularly interesting (Figure 2). At 25 °C, broad
guest signals appeared at 8 5.39 and & 5.12. Upon heating, the signals became much
broader and disappeared around 60 °C. Surprisingly, the signals reappeared at 80 °C at
slightly down-field shifted positions. This unusual behavior is well explained by the
shuttle movement of the guest in the nanotube: the guest stays at a fixed position of the
tube, shuttles on the NMR time scale at 60 °C, and rapidly moves or partially goes out

from the tube above 60 °C.

(a) at 25°C H;O
Jk._JULJ L.Ho_StJ\ JL-\ . juj;j |

(b) at 40 °C l

(c) at 60°C A F '

(d) at 80°C

"“l’1|1||||"l]lltl||11||l|ll||111|llll

10 9 8 7 6 5 ppm

Figure 2. The VT-1H NMR observation of 3a-4 (500 MHz, D,0, TMS as an external

standard): A slight excess amount of 4 (1.2 equiv.) was employed to template the assembly
of 3a. (a) At 25 °C; (b) At 40 °C; (c) At 60 °C; (d) At 80 °C.




4.2.3 The assembly of other coordination nanotubes
Tetrakis(3,5-pyridine) ligand 1b and tris(3,5-pyridine) ligand 1c were also
assembled into coordination nanotube 3b-4 and 3c-4, respectively. The assemblies were

confirmed by 1D and 2D NMR measurements and the molecular formula of 3b-4(NO3), 4

and 3¢-4(NOj) 4 were confirmed by elemental analysis and CSI-MS with series of [M-

(NO3),]** (n = 3-6) peaks.

The tubular structure enclathrating the template molecule was confirmed by the X-
ray crystallographic analysis of complex 3c assembled from tris(3,5-pyridine) ligand 1c,
Pd(II) complex 2, and template 4. Again, the treatment of 1c with 2 afforded a complex
mixture which, however, turned into 3c upon addition of 4 and heating at 70 °C. Single
crystals were obtained by diffusing isopropyl alcohol into an aqueous solution of 3¢ and
4 (1:2) at room temperature for 2 d. The crystal structure (Figure 3a) displays the tubular
structure of 3¢ which is efficiently assembled around template 4. As expected, each
ligand takes almost coplanar conformation and dihedral angles between adjacent pyridine

rings are less than 28 degree. The top view of this complex (Figure 3b) shows strong n-nt

Figure 3. Crystal structure of 3c¢-(4),(NOjy)y (left: Side view, right: top view). For

clarity, H atoms and NO; ions are omitted.
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and CH-r interactions between 3¢ and 4. Namely, the shape from the top view, which
should be square ideally, is significantly distorted in such a way that two ligands are
stacked on the n-face of 4 with n- interaction distances (3.5-3.6 A) and two other
ligands are orthogonally interacted with 4 in CH-n interaction distances (2.9-3.0 A).
Interestingly, another biphenyl carboxylate is located outside and stacked between the

tubes, though it is omitted for clarity.

4.3 Conclusion

Coordination nanotube 3a, 3b, and 3¢ assembled with the aid of the remarkable
template effect of a rod-like template molecule.1t-13. The n-n and CH-n interactions
between host and guest was responsible for the template effect. Moreover, the tube
assemnbly and dissociation process was reversible upon addition and remove of guest
molecule. The guest selective assembly and reversible assembling-dissociation process
of the coordination nanotubes suggests their posses potential abilities for application to
not only separation materials but also phase transfer catalysis for specific chemical

transformations.

4.4 Experimental Section

General: Compound 24 and 3-tributylstanyl pyridine® were prepared according to
reported procedures. Sodium salt of 4- were prepared by combining sodium hydroxide
and biphenyl dicarboxylicacid which were obtained commercially.  Thin layer
chromatography (TLC) was performed on precoated silica plates (Merck, Kieselgel 60
F,4 2 mm). Column chromatography was performed on silicagel (Merck, Kieselgel 60,

70-230 mesh). Melting points were determined on a YANACO MP-500V. FTIR spectra

were recorded on a SHIMADZU FTIR-8300 spectrometer. 'H NMR spectra were

46



recorded on a JEOL JNM-LAS00 (500 MHz) spectrometer. '3C NMR spectra were
recorded on a JEOL INM-LASOO (125 MHz) spectrometer. Microanalysis were
performed by Research Center for Molecular Materials in Institute for Molecular Science.
Mass spectra were recorded on a SHIMADZU GCMS-QP5050A (for low-resolution
EIMS) spectrometer or a SHIMADZU/KRATOS CONCEPT IS (for high-resolution
EIMS and FABMS) spectrometer or a JEOL Type JMS-7000 (for CSIMS) spectrometer.

Preparation of 5-bromo-3,3’-bipyridine: A mixture of 3,5-dibromopyridine
(9.92 g, 41.9 mmol), 3-tributylstannylpyridine (10.28 g, 27.9 mmol, see ref. 6 of the

text), PACl,(PPh3), (0.98 g, 1.40 mmol) and lithium chloride (5.92 g, 140 mmol) in dry
toluene (200 mL) was refluxed for 48 h under argon. The reaction mixture was filtered
and the solution was evaporated. The crude product was purified by column
chromatography (silicagel, CHCl,/ethyl acetate 1/2) to give 5-bromo-3,3’-bipyridine as
colorless crystals (4.35 g, 66%). Mp. 101-102 °C. 'H NMR (500 MHz, CDCl,) 6=
8.84 (d, J = 2.0 Hz, 1H), 8.76 (d, J = 2.0 Hz, 1H), 8.73 (d, J/ = 2.0 Hz, 1H), 8.70 (dd,
J =47, 1.5Hz, 1H), 8.04 (t, J = 2.0 Hz, 1H), 7.88 (ddd, J = 8.0, 2.5, 2.0 Hz, 1H),
745 (dd, J =. 8.0, 4.7 Hz, 1H); 13C NMR (125 MHz, CDCl;) 8 = 150.3, 149.8, 148.1,
146.2, 136.9, 135.0, 134.6, 132.1, 1239, 121.1. IR (KBr, cml) 3449(br), 3026,
1435, 1391, 1113, 1009, 889, 802, 714, 706, 687, 619. MS m/z 234 (M*). Elemental
analysis: Caled for C;gH;N,Br: C, 51.09; H, 3.00; N, 11.92. Found: C, 50.76; H,

2.89; N, 11.83.

Preparation of 5-tributylstanyl-3,3’-bipyridine: Under argon, n-butyllithium (6
mmol, 1.53 M in hexane) was slowly added to a THF solution of 5-bromo-3,3’-

bipyridine (1.175 g, 5 mmol) at -78 °C. After 2 h, n-Bu;SnCl was added dropwise. The

mixture was stirred at -78 °C for 2 h and 0 °C for 1 h. After the solvent was evaporated,

the residue was poured into water (50 mL) and extracted with CHCl; (50 mL x 3). The

organic phase was dried over Na;SO, and evaporated. The crude product was purified
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by clumn chromatography (silicagel, CHCl,/ethyl acetate 1/1) to give 5-tributylstanyl-
3,3’-bipyridine as a brown oil (1.228 g,, 55%). 'H NMR (500 MHz, CDCl;) & = 8.76
(dd, J = 2.5, 0.8 Hz, 1H), 8.65 (d, J = 2.5 Hz, 1H), 8.57 (dd, J = 4.8, 1.7 Hz, 1H),
8.56 (d, J=4.8, 1.5 Hz, 1H), 7.84 (dd, J= 2.5, 1.5 Hz, 1H), 7.80 (ddd, J = 7.80,
2.45, 1.7 Hz, 1H), 7.33 (ddd, J = 7.8, 4.9, 0.8 Hz, 1H), 1.52-1.46 (m, 2H}), 1.31-1.23
(m, 2H), 1.07 (t, J = 8.1 Hz, 2H), 0.82 (1, J = 7.3 Hz, 2H); 13C NMR (125 MHz,
CDCl3) 6 = 155.4, 149.0, 148.2, 147.5, 1422, 137.2, 1343, 134.0, 133.2, 123.6,
28.8, 27.2, 13.5, 9.6. IR (neat, cm’!) 3018, 2955, 2924, 2853, 2870, 1458, 1402,

1385, 1022, 1013, 806, 718. MS m/z 444 (M*). Elemental analysis: Calcd for
C,,H34N,Sn: C, 59.35; H, 7.70; N, 6.29. Found: C, 59.27; H, 7.95; N, 6.42.

Preparation of 3,3':5',3":5",3'"":5'"":3""-pentapyridine (1a): A mixture of
3,5-dibromopyridine (0.325 g, 1.37 mmol), 5-tributylstannyl-3,3’-bipyridine (1.83g, 4.1
mmol), PAC1,(PPh,), (0.096 g, 0.137 mmol) and lithium chloride (0.581 g, 1.37 mmol)

in dry toluene (40 mL) was refluxed for one week under argon. The mixture was

concentrated in vacuo. After soxhlet extraction with CHCl; and methanol, solvent was
evaporated. The crude product was purified by column chromatography (silicagel,
CHCl3/methanol 15/1) to give 1a as colorless crystals (90 mg, 17%). Mp. >300 °C. H
NMR (500 MHz, CDCl;) d = 8.97 (d, J = 2.3 Hz, 2H), 8.89 (d, J = 2.3 Hz, 2H), 8.84
(d, J = 2.3 Hz, 2H), 8.83 (dd, J = 2.3, 0.8 Hz, 2H), 8.60 (dd, /= 4.9, 1.8 Hz, 2H),
8.22 (t, J = 2.3 Hz, 1H), 8.17 (1, J = 2.3 Hz, 2H), 7.99 (ddd, /= 8.1, 2.3, 1.8 Hz,
2H), 7.47 (ddd, J = 8.1, 4.9, 0.8 Hz, 2H). IR (KBr, cm!) 3422(br), 3038, 1398,
1389, 1340, 1020, 1009, 887, 804, 716, 660, 631. HRMS (EI): Calcd for C,5H4Ns:

387.14840. Found: 387.14775.

Preparation of ligand 3,3':5',3":5",3'"'-quaterpyridine (1b): A zinc powder
(0.882 g, 13 mmol) was added to a DMF solution of NiCl,-6H,0 (3.068 g, 13 mmol)

and triphenylphosphine (13.2 g, 40 mmol) under argon and the mixture was stirred for 1
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h. To this mixture 5-bromo-3,3’-bipyridine (3.0 g, 13 mmol) was added and the
resulting mixture was refluxed for 2 d. After solvent was evaporated, the residue was

poured into CHCl, and extracted with aqueous HCl. The aqueous phase was neutralized
by NaOH and extracted with CHCl;. The organic layer was dried over Na,SO,4 and
evaporated to give a crude product, which was purified by column chromatography
(silicagel, CHCls/methanol 30/1) to give 1b as colorless crystals (0.70 g, 35%). Mp.
261-263 °C. 'TH NMR (500 MHz, CDCl;) 6 = 8.93 (d, J=2.3 Hz, 2H), 892 (d, J =
0.90 Hz, 2H), 8.91 (d, J = 2.3 Hz, 2H), 8.70 (dd, /= 4.9, 1.8 Hz, 2H), 8.10 (t, / =
2.3 Hz, 2H), 7.95 (ddd, J = 8.0, 2.3, 1.8 Hz, 2H), 7.45 (ddd, J =8.0, 4.9, 0.9 Hz,
2H): 13C NMR (125 MHz, CDCl;) § = 149.8, 148.3, 148.0, 147.7, 134.6, 134.0,
133.4, 133.0, 133.0, 123.9. IR (KBr, cm'!) 3408(br), 3032, 1406, 1391, 1342, 1018,

1005, 893, 800, 716, 708, 629. MS m/z 310 (M*). Elemental analysis: Calcd for
CooH4N4: C, 77.40; H, 4.55; N, 18.05. Found: C, 77.56; H, 4.28; N, 18.17.

Preparation of ligand 3,3'-5',3"-terpyridine (lc¢): A mixture of 3,5-
dibromopyridine (1.422 g, 6.0 mmol), 3-tributylstannylpyridine (6.63 g, 18 mmol),
PdCl5(PPh3), (0.421 g, 0.60 mmol) and lithium chloride (2.544 g, 60 mmol) in dry

toluene (120 mL) was refluxed for 11 h under argon. The mixture was filtered and the
solvent was evaporated. The crude product was purified by column chromatography

(silicagel, ethyl acetate/methanol 10/1) to give 1¢ as colorless crystals (1.217 g, 87%).
Mp. 160-161 °C. 'H NMR (270 MHz, CDCl,) 3 = 8.99 (d, / = 2.3 Hz, 2H), 8.92 (dd,
J=2.3,0.7 Hz, 2H), 8.71 (dd, J = 5.0, 1.7 Hz, 2H), 8.06 (d, J = 2.3 Hz, 1H), 7.96
(ddd, 7=17.9, 2.3, 1.7 Hz, 2H), 7.46 (ddd, J = 7.9, 5.0, 0.7 Hz, 2H); 13C NMR (75
MHz, CDCl;) 8 = 149.7, 148.3, 147.7, 134.6, 133.8, 133.1, 1329, 123.9. IR (KBr,
cm-1) 3423 (br), 3040, 1481, 1400, 1340.4, 1025, 1005, 903, 799, 710, 625. MS m/z
233 (M+). Elemental analysis: Caled for CysH; N5: C, 77.23; H, 4.75; N, 18.01.

Found: C, 77.30; H, 4.44; N, 17.91.
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Preparation and physical properties of 3a:4(NO;)5: Ligand 1a (0.04 mmol)
and 2 (0.1 mmol) were combined in H>O (1.5 mL) and stirred for 5 h at 70 °C. To this
solution, aqueous solution (0.5 mL) of Na+4 (0.01 mmol) was added and the mixture

was stirred at 70 °C for 9 h. After filtration, addition of acetone (10 mL) to the solution

precipitated a colorless powder which was collected and dried under reduced pressure to
give 3a-4 in 81% yield. Mp. 256-258 °C (decomp.). 'H NMR (500 MHz, D,0, 60 °C,
TMS as an external standard) 8 = 10.12 (s, 8H, PyHw), 10.06 (s, 8H, PyHa), 9.55 (brs,
8H, PyHu), 9.34 (brs, 8H, PyHa), 8.98 (s, 4H, PyHy), 894 (d, /= 6.4 Hz, 8H,
PyHa), 8.91 (s, 8H, PyHy), 8.21 (d, J = 7.7 Hz, 8H, PyHy), 7.70 (1, / = 6.4 Hz, 8H,
PyHP), 5.32 (brs, 4H, 4-ArH), 4.99 (brs, 4H, 4-ArH), 3.0-2.8 (m, 40H, CH,); 13C
NMR (125 MHz, D,0, 60 °C, TMS as external standard) 8 = 153.2 (CH), 151.5 (CH),

151.3 (CH), 151.2 (CH), 150.0 (CH), 139.4 (CH), 135.6 (CH and Cq), 134.2 (Cq),
133.7 (Cq), 133.5 (CH), 133.3 (Cg), 129.1 (4-CH), 128.2 (CH}, 122.7 (4-CH}, 48.1
(CH,), 48.0 (CH,), 47.9 (CH,). This NMR characterization was based on the 2D NMR

measurements such as HH-COSY, NOESY, CH-COSY. These spectra will be present in

the Appendix at the end of this thesis. IR (KBr, cm) 1589, 1385, 1059, 704.
Elemental analysis: Calcld for Ci34H,55N53053Pd o25H,0: C, 32.05; H, 4.13; N,

16.18. Found: C, 32.24; H, 3.98; N, 15.97

Preparation and physical properties of 3b-4(NOj),4: Ligand 1b (0.15 mmol}
and Pd(IT) complex 2 (0.075 mmol) were combined in H,O (1.0 mL) and stirred for 10

min at 70 °C. To this solution, aqueous solution (0.19 mL) of Na-4 (0.019 mmol) was
added and the mixture was stirred at 70 °C for 2 h. After filtration, addition of acetone (5

mL) to the solution precipitated a colorless powder which was collected and dried under
reduced pressure to give 3b-4(NO,),, in 85% yield. Mp. 263-265 °C (decomp.). 'H
NMR (500 MHz, D,0, 60 °C, TMS as an external standard) for isomer A, & = 10.09 (s,

8H, PyHa), 9.63 (s, 8H, PyHa), 9.39 (s, 8H, PyHa) 8.96 (d, /= 5.8 Hz, 8H, PyHa),
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8.86 (s, 8H, PyHg), 8.25 (d, J = 8.1 Hz, 8H, PyHg), 7.71 {1, J = 6.6 Hz, 8H, PyHb),
5.40 (d, J = 6.9 Hz, 8H, ArH), 499 (d, J = 6.9 Hz, 8H, ArH) 2.9-2.8 (m, 32H, CH,);
for isomer B, & = 10.09 (s, 4H, PyHa), 10.07 (s, 4H, PyHa), 9.66 (s, 4H, PyHa), 9.47
(s, 8H, PyHa), 9.34 (s, 4H, PyHa), 8.93 (d, J = 5.8 Hz, 4H, PyHa), 8.89 (d, /= 5.8
Hz, 4H, PyHa), 8.88 (s, 4H, PyHg), 8.74 (s, 4H, PyHg), 8.39 (d, J = 8.1 Hz, 4H,
PyHg), 8.15 (d, J= 8.1 Hz, 4H, PyHg), 7.82 (d, J = 6.6 Hz, 4H, PyHb), 7.55 (1, J =
6.6 Hz, 4H, PyHb), 5.46 (brs, 4H, ArH), 4.93 (brs, 4H, ArH), 2.9-2.8 (m, 32H,
CH,). This NMR characterization was based on the HH-COSY measurement. This
specturm will be present in the Appendix. IR (KBr) 3406, 3072, 1591,1385,1138,
1059, 891, 812, 702, 453 cm'L Elemental analysis: Caled for
C10H 23N4604sPdg- 18H,0: C, 32.98; H, 4.13; N, 16.08. Found: C, 32.96; H, 3.99;
N, 15.96. CSI-MS: m/z 511 [M-6(NO3)I6*; 674 [M-5(NO;)J°*; 858 [M-4(NO;)J*+;

1165 [M-4(NO,)]3+.

Preparation and physical properties of 3¢c-4(NO;),4: Complex 3c-4 for NMR
measurement was prepared by reaction of 1c, 2 and 4 in D,O in ratio of 4:6:1. 'H NMR
(500 MHz, D,0, 25 °C, TMS as external standard) 6 = 9.88 (d, /= 2.0 Hz, 8H, PyHa),
9.56 (d, J= 1.5 Hz, 8H, PyHa), 9.06 (dd, J = 5.8, 1.0 Hz, 8H, PyH«), 8.92 (s, 4H,
PyHY), 8.21 (d, /= 8.2 4H, PyHYy), 7.68 (dd, /= 8.2, 5.8 Hz, 8H, PyHp), 5.57 (d, J =
8.2 Hz, 4H, 4-ArH) , 501 (d, J = 8.2 Hz, 4H, 4-ArH), 3.0-2.9 (m, 24H, CH,); 13C
NMR (125 MHz, D,0, 25 °C, TMS as extemnal standard) 6 = 170.4 (Cg), 153.4 (CH),
150.2 (CH), 149.8 (CH), 138.5 (CH), 137.6 (4-Cq), 137.5 (4-Cq), 135.4 (CH), 134.7
(Cq), 1329 (Cq), 129.5 (4-CH), 128.3 (CH), 122.2 (4-CH), 47.8 (CH,), 47.7 (CH,).
This NMR characterization was based on the 2D NMR measurements such as HH-
COSY, CH-COSY, and HMBC. These spectra will be present in the Appendix.
Although the formation of 1:1 complex (3c+4) was confirmed by NMR, crystallization
always gave 1:2 complex 3c-(4);. Isolation and physical properties of 3¢+(4)7 (nitrate

salt): Compound Na-4 (0.018 mmol) was added to a solution of 1¢ (0.035 mmol) and 2
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(0.052 mmol) in H,O ( 0.5 mL). The mixture was heated at 70 °C for 1 d and filtered.
Slow diffusion of ethanol into the solution for 4 d precipitated a colorless powder, which
was collected and dried under reduced pressure to give 3c*(4); (nitrate salt) in 95% yield
(based on 4). Mp. 226-227 °C (decomp.). IR (KBr, cm}) 1583, 1539, 1385, 1057,
702. Elemental analysis: Caled for C,goH0sN3203;Pdg 15H,0: C, 37.78; H, 4.38; N,

14.10. Found: C, 37.74; H, 4.26; N, 14.16. CSI-MS: m/z 469 [M-6(NO,)]%+; 639 [M-

5(NO3)J5+; 868 [M-4(NO3]*.

X-ray crystallographic analysis of 3c-(4)2(NOj)g: A mixture of 1¢ (46.6 mg,
0.2 mmol), 2 (87.2 mg, 0.3 mmol) and 4 (26.3 mg, 0.1 mmol) was stirred for 1 h at 70
°C and cooled to room temperature. After filtration, i-propyl alcohol slowly diffused into

the solution for 2 d to give X-ray quality crystals. X-ray data for

C,00H10sN3,03,Pdg-26H,0: M = 3377.58, monoclinic, space group P2I/n; a

17.429(3), b = 14.785(3), ¢ = 27.061(5) A, B = 101.555(4), V = 6832(2) A3 D,

1.642 g/em3, z = 2; F(000) = 3448; u(MoKc) = 0.876 mmrl; temp. = 293 K; 28250
' reflections collected, 11995 (I>2a([)) reflections observed; R, =0.0812; wRk, = 0.21 10.

The data for 3¢ was collected on a Siemens SMART/CCD diffractometer. Diffracted data
were corrected for absorption using the SADABS" program. SHELXTL'® was used for

the structure solution and refinement was based on F2. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were fixed in calculated positions and refined
isotropically with thermal parameters based upon the corresponding C-atoms [U(H) = 1.2

Ueq (C)]. Pertinent crystallographic data will be present in the Appendix.
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Chapter 5

Dynamic Behavior of Rod-Like Guest Molecules in Self-

Assembled Coordination Nanotubes

Abstract: The dynamics of guest molecule accommodated in the coordination nanotubes
which were described in the previous chapter was investigated by variable temperature
NMR measurements. Guest molecules are found to shuttle in the tube without flipping at
low temperatures, but intermolecularly exchange at elevated temperatures. The tube
assembled from tetrakis(3,5-pyridine) was isolated as a single isomer by recystallization.
The structure of this isomer was confirmed by X-ray crystallography. The single isomer

slowly turned into an equilibrium mixture of two structural isomers in aqueous media.

5.1 Introduction

Studies on the dynamic behavior of guest molecules accommodated in the host

framework are rapidly growing recently because host-guest complexes possess potential

for data storage devices! and artificial enzymes. Particularly, in tubular shaped host,
guests are expected to move only in a one-dimensional direction within a tightly fitted
tubular space. Such a restricted guest motion would lead to novel functions of tubular

molecules: e.g., shape-selective molecular transportation and (catalytic) chemical
transformation.2- 3 This chapter describes NMR studies on the dynamic motion of rod-
like guests accommodated in coordination nanotubes 2a20+ and 2¢12+4 Dynamics of the

interconversion between the two isomers of 2b16+ will also be discussed.
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5.2 Results and Discussion

52.1 The motion of a guest molecule accommodated in coordination

nanotubes

In Chapter 4, temperature dependence of coordination nanotube 2a20+-3a2- in 'H

NMR spectra has been described. By the temperature dependency, mobility of the guest
molecule 3a2- within the tube 2a20+ can be discussed. Thus, in order to address the
guest motion within the tube, asymmetric bipheny! derivative 3b- was used as a template

instead of 3a2-. When enPd(NO,),, 1a, and Na-3b were combined in H,O in a 10:4:1
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molar ratio, tube structure 2a20+.3b- was assembled. The 'H NMR spectra of this
product was also temperature dependent. At low temperature, the signals of Hd, Hd',
He, and He' were observed independently (3 = 9.47, 9.40, 9.27, 9.16 ppm respectively)
because of asymmetric 3b- made each end of the tube different environment. The
spectrum indicaies that 3b- shuttles in the tube at low temperature. However, upon
heating, those signals became broader and coalesced into two singlets because the guest
molecules started moving on the NMR timescale and the motion became rapid on the

spectrum timescale (Figure 1).
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e-NTE N €
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10.0 9.0 8.0 ppm

Figure 1. Variable-temperature 'H NMR spectra recorded in D,O at (a) 55 °C, (b) 41 °C,

and (c¢) 25 °C.

The rate constant kc = 113 sI, and activation energy, AG#(Tc) = 15.5 kcal/mol

were calculated by using following equations:® k¢ = 2-05xAv, AG*Tc) =
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RTc[22.96+In(Tc/Av)), where Tc (= 41 °C) is coalescence temperature and Av (= 51 Hz)
is separation in Hz between the two signals.

In order to obtain further information of the motion of the guest molecule, variable
temperature NMR spectra were recorded at different host-guest concentration ratio.
Interestingly, when two equivalents of 3b- was used, Tc was decrease by 28 T
(correspbnding to 1.5 kcal/mol in AG*)). The dependence of Tc upon host-guest ratio
can be ascribed to the deference in the guest exchange mechanism. When H:G = 1:2, the
guest exchange takes place without emptying the tube via an SN2-like transition state (or
intermediate) with lower activation energy (Figure 2a). On the other hand, when H:G =
1:1, the guest has to exchange via an SN1-like transition state (or intermediate) with higher
energy involving the empty host (Figure 2b).

1H NMR studies for 2¢12+.3b- also showed similar temperature and molar ratio
dependence. When H:G = 1:1, the signals of Hd, Hd', He, and He' {Scheme 2) were
observed independently (8 = 9.40, 9.60, 9.51, 9.84 ppm, respectively) at low
temperature. Upon heating, these signals coalesced into two singlets at 29 °C ( Av = 50.5
Hz, kc =112 s1, AG*. = 14.8 »kcal/mol). However, at a H{G ratio of 1:2 ([2¢!2+]:{3b-

1), the signals did not coalesce even at 5 °C.

Chart 2.
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Figure 2, Nlustration for the mechanism of guest exchange (a) at [H]:[G]}=1:2, (b) at [H]:[G]=1:1.




5.2.2 The interconversion of a nanotube between two isomers

For coordination nanotube 2b!6*+ which assembles from tetrakis(3,5-pyridine)
ligand 1b, structural isomers A and B can be considered as depicted in Figure 3. In

isomer A, the C,-symmetric situation of each ligand is broken and 14 protons of 1b

framework should be independently observed in TH NMR. In contrast, each ligand is
placed on a C,-symmetric environment in isomer B and only seven protons
corresponding to half of the framework of 1b should be observed in TH NMR. Indeed,

IH NMR spectrum of the crude reaction solution showed approximately 1:1 mixture of

isomer A and B, although some of the signals were overlapped.

Figure 3. (a) Schematic presentation of the structural isomers of 2b (isomers A and

isomer B).

Interestingly, slow diffusion of ethyl alcohol into aqueous solution of the isomer
mixture of 2b16+-3a2- ([2b16+]:[3a2] = 1:2) crystallized isomer A from the solution.

After the crystals were dissolved in D,O without heating, 'H NMR spectrum was
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recorded within 1 h. The spectrum showed only isomer A encapsulating 3a2- and one

equivalent of free 3a2-.6 This observation shows that isomer A has considerable kinetic

stability and dose not isomerized into B within 1h. However, when the solution was kept

at room temperature, the signals of isomer B appeared in the 'H NMR spectrum. Afier
13 days, ratio of A:B was almost equilibrated at approximately 6:4 (Figure 4). At 70 °C,
an equilibrium mixture was obtained within 1h, whereas no isomerization was observed

below 5 °C.

A+B
A+B
(a) B A+B

10.0 9.0 8.0 ppm

Figure 4. (a) Spectroscopic observation of isomerism of 2b recorded in D,0. (a) Crude

mixture. (b) At 1 h after the precipitates dissolved. (c) After 5d. (d) After 13 d.

The structure of isomer A finally also confirmed by crystallographic analysis. The
rod-like guest was surrounded by four ligands which were connected by eight enPd(II)

units (Figure 5). The connectivity of ligands completely agrees with NMR finding. The
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tube has distorted square shape cavity. In the cavity, quite efficient n-r and CH-n
interactions”-8 between the tube and guest were observed as they were in the crystal

structure of 2c¢!2+-3a2-.4 Another moiety of 3a2-, nitrate ions, and water molecules

located out side of 2b16+.

(a) (b)

Figure 5. (a) Crystal structure of 2b16+-3a2- (isomer A). (b) Top view. For clarity, H

atoms, water molecules, NO;™ ions, and 3a located outside are omitted.

5.3 Conclusion

The dynamics of an asymmetric guest in coordination nanotubes were studied by
variable temperature NMR measurements. The guest allowed to move in a one-
dimensional way and exchange only at high temperature via SN1 or SN2 mechanism.

Since cavity of 2a is long enough to accommodate more than two guest molecules,

one can expect the tube to include more than two guests, and, hence provide novel

functions such as catalysis and stabilization of guests.”: 10
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5.4 Experimental Section
General: enPd(NO;), was prepared according to reported procedures.!! The sodium

salt of 3a2- and 3b- were prepared by combining sodium hydroxide and corresponding

carboxyacids which were obtained commercially. Variable temperatre 'H NMR, HH-
COSY, and NOESY spectra were recorded on a JEOL JNM-LA500 (500 MHz)

spectrometer.

Preparation and physical properties of 2a20+-3b-: enPd(NO;), (0.1 mmol) and
1a (0.04 mmol) were combined in D,O (2.0 mL) and stirred for 5 h at 70 °C. To this
solution, aqueous solution (0.1 mL) of Na:3b (0.01 mmol) was added and the mixture
was stirred at 70 °C for 9 h. 'H NMR (500 MHz, D,0, 55 °C, TMS as an extemnal
standard) & = 10.42 (s, 8H, PyHa), 10.36 (s, 8H, PyHu), 9.82 (s, 8H, PyHa), 9.61 (s,
8H, PyHa), 9.27 (s, 4H, PyHy), 9.21 (s, J = 6.4 Hz, 8H, PyH«a), 9.16 (s, 8H, PyHY),
8.51 (d, J = 7.7 Hz, 8H, PyHy), 7.99 (1, J = 6.4 Hz, 8H, PyHp), 5.32 (brs, 4H,
3b-ArH), 4.99 (brs, 4H, 3b-ArH), 3.0-2.8 (m, 40H, CH,).

Preparation and physical properties of 2¢12+.3b-: enPd(NO3), (0.15 mmol) and
1c (0.1 mmol) were combined in D,O (3.0 mL) and stirred for 1 h at 70 °C. To 0.6 mL
of this solution, aqueous solution (0.05 mL) of Na+3b (0.005 mmol) was added and the
mixture was stirred at 70 °C for 4 h. 'H NMR (500 MHz, D,0, 15 °C, TMS as an
external standard) § = 9.94 (s, 4H, PyHo), 9.84 (s, 4H, PyHa), 9.60 (s, 4H, PyHa),
9.51 (s, 4H, PyHo), 9.08 (s, 8H, PyHa), 8.91 (s, 4H, PyHy), 8.27 (s, 8H, PyHYy),
7.72 (s, 8H, PyHP), 5.93 (brs, 1H, 3b-ArH), 5.53 (brs, 2H, 3b-ArH), 5.14 (brs, 2H,
3b-ArH), 5.01 (brs, 2H, 3b-ArH), 3.0-2.9 (m, 24H, CH,); 1’°C NMR (125 MHz, D,0,
25 °C, TMS as an external standard) & = 169.183 (3b-Cq), 152.7 (CH), 149.7 (CH),
149.5 (CH), 149.0 (CH), 139.3 (3b-Cq), 138.5 (CH), 138.3 (3b-Cq), 137.7 (CH),
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135.1 (CH), 134.2 (Cg), 133.9 (Cq), 132.6 (Cq), 132.4 (Cq), 130.1 (3b-CH), 128.7
(3b-CH), 128.2 (3b-CH), 127.6 (CH), 127.5 (CH), 122.0 (3b-CH), ), 121.6
(3b-CH), 46.9 (CH,), 46.8 (CH,).

Recrystallization of 2b16+:(3a2-);: A mixture of 1b (23.3 mg, 0.075 mmol),
enPd(NO;), (43.6 mg, 0.15 mmol) and Na,-3a (10.7 mg, 0.038 mmol) was stirred for

1 h at 70 °C and cooled to room temperature. After filtration, ethyl alcohol slowly
diffused into the solution for 3 weeks to give crystals. NOESY spectrum of the product
showed several NOE cross corresponding to isomer A. The spectra of the NOESY and
relational HH-COSY will be presented in the Appendix at the end of this thesis. X-ray

crystallographic data was collected by using this crystal.

X-ray crystallographic analysis of 2b-(3a)2:(NO3);;: X-ray data for
Cya4H 5 N47093Pdg: M = 4704.64, triclinic, P-1; a = 17.549(2), b = 20.344(3), ¢ =
29.840(4) A, o = 107.231(3), B = 91.243(3), y= 114.438(3) °, V= 9133 A3 Z=2,D,
= 1711 g/em3; F(000) = 4802; u(MoKo) = 0.884 mm!; temp. = 153 K; 31565
reflections collected, 21432 (I>20(I)) reflections observed; R(= 0.1299; wR, = 0.3168.

The data for 2b-(3a);-(NO3);, was collected on a Siemens SMART/CCD diffractometer.

Diffracted data were corrected for absorption using the SADABS!Z program.

SHELXTL!3 was used for the structure solution and refinement was based on F2  All
non-hydrogen atoms were refined isotropically. Hydrogen atoms were fixed in calculated
positions and refined isotropically with thermal parameters based upon the corresponding
C-atoms [U(H) = 1.2 Ueq (C)]. Pertinent crystallographic data will be present in the

Appendix.
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Chapter 6

Two- and Three-dimensional Coordination Polytubes

Tempiated by Non-aromatic and Aromatic molecules

J. Am. Chem. Soc. 2000, 122, 2397-2398.

Abstract: The formation of the coordination polymers were examined by combining
3,35',3":5" 3" -quaterpyridine (1) and Cul. The X-ray crystallographic analyses
showed that two types of non-interpenetration networks were induced by non-aromatic
and aromatic guest molecules in the reaction media. A non-aromatic guest CH3;CN
induced two-dimensional polytube [1-(Cu,l;)]-2(CH;CN)-H,0 {2) with an accessible
porosity of 32%. On the other hand, aromatic guests such as nitrobenzene or
~ cyanobenzene induced three-dimensional polytube structures [1-(Cu,l;)]-2G (3a: G =
nitrobenzene, 3b: G = cyanobenzene) with large accessible porosity of 48%. The

cavities of 2 and 3 were occupied by guest molecules.

6.1 Introduction

Porous coordination polymers are of interest due to their potential for precise and
rational design, through control of the shape, size and function of the pores.l:2  Such
polymers generally have open two-dimensional or three-dimensional framework. Despite

numerous studies on the porous coordination polymers, there still remains difficuity in

predicting cavities in these frameworks because of the frequent occurrence of

interpenetration of the networks.? This problem can be, in principle, solved by designing

organic lignads which disfavor the interpenetration. In this sense, panel-like ligands
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oligo(3,5-pyridine)s are applicable to construct non-interpenetrate coordination polymers.
These ligands assembled into molecular tubes in solution with convergent (en)Pd2+

building block.? In this chapter, this analogy was extended for construction of polytube
structures by connecting divergent metal building block. The polytube structures
(Scheme 1) have no possibility of interpenetration. Interestingly, the polytube structures
are teml;lated by the guest molecules: i.e., two polytubes possessing different
conectivities with the accessible porosity of ca 32 and 48% have been obtained by using

different organic guests. The thermal stability of the polymer will be also discussed.

Scheme 1. Schematic illustration for the assembly of polytubes.

6.2 Results and Discussion

6.2.1 Formation of coordination polytubes
After several combination of oligo-(3,5-pyridine) ligands and transition metals were

examined, tetrapyridine ligand 1 and Cul were found to be effective for the formation of
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polytube structures. In the presence of guest molecules, the reaction of Cul in CHCl; and
1 in nitrobenzene and cyalnobenzene gave guest inclusion complexes
[1-(Cu,I;)1-2(CH;CN)-H,0 (2) or {1-(Cuyl,)]-2(G) (3a: G = CgHyNO,, 3b: G =
C4H,CN) as single crystals, respectively. The products were characterized by X-ray
crystaliography. Interestingly, two types of polytube possessing different connectivities
were inciuced by non-aromatic and aromatic guest molecules. In the absence of an
aromatic guest, CH3CN induced two-dimensional polytube structure 2. On the other
hand, aromatic guests, nitrobenzene and cyanobenzene induced three-dimensional

polytube structures 3. In addition, both in 2 and 3, Cul dimerized into Cu,]; having four

binding sites.4

6.2.2 Structure of two-dimensional polytube

The X-ray crystallographic structure of 2 revealed a polytube structure by the
interconnection of the ligand 1 with Cu,l, units (Figure 1). The conformation of ligand 1
in the network is helicated with interplanar angles, between adjacent pyridine rings, of
5.7°,46.3° and 44.9°. As a result, the polytube structure is more complicated than those
expected from coplanar conformation. Three of the binding sites from each unit point
inwards while the remaining points outwards of the tube. Each tube is self-assembled by
six units of 1 (24 binding sites) and six units of Cu,l, (24 binding sites). In effect, 18
Cu-N bonds are engaged in assembling one tube. The remaining 12 binding sites, six
each from 1 and Cu,l,, propagate the tube structure in two dimensions (Figure 1a). The

approximate diameter and length of the tube are 8 A and 7 A, respectively. Two CH3CN

molecules occupy the cavities in head-to-tail packing. The 2D layers pack on each other

in the crystallographic ab-plane such that there is a channel formation along c-axis (Figure

1b). The accessible porosity of 2 is calculated to be 32%.6
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Figure 1. (a) Top view of the 2D-polytube in the crystal structure of 2. The channels
are occupied by the guest, which are omitted for clarity. (b) Representation of the packing
of the tubes along crystallographic c-axis in 2. The guest molecules are represented in a

space filling mode and a cylinder mode (disordered).

6.2.3 Structures of three-dimensional polytube
The X-ray analysis showed that polytubes 3a and 3b accommodated aromatic guest

molecules which induced a 3D-network with the large accessible porosity of 48% of the
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crystal volume (Figure 2). This volume is equivalent to that of the most zeolite open
structures such as faujasite, paulingite, and zeolite A families.8:1n  In both 3a and 3b,
each polytube is comprised of a 1D-helical network along the crystallographic a-axis with
the pitch length of 14 A and with an approximate diameter of 10 A (Figure 2a). These

helices are formed by the interconnection of Cu,l, units with the terminal and middle

(a)

(b)

Figure 2. (a) Top view of the space filling drawing of the 3D-polytube in the crystal
structure of 3b. The channels are occupied by guest molecule. (b) Representation of the
polytube observed in the crystal structure of 3b.  The guest molecules are represented in a

space filling mode.
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pyridines of 1 alternately (Figure 2b). As a result, each helix tube is formed by half of
the binding sites while the other half extends this tube network in the crystallographic bc-

plane. In 3a, the -NO, group of nitrobenzene is disordered over the two sites with 0.5

occupancy, whereas in 3b, cyanobenzene has been found without disorder in non-
centrosymmetric space group. They form a dimer via C-H-~N (H-N: 2383 A;
C-+N: 3.197 A; C-H--N 146.1°) hydrogen bonds which is further sandwiched between

two ligands of 1 via aromatic face-to-face interactions.” These interactions cause the
formation of a different network structure from 2. Importantly, although the network is
centrosymmetric, the poles of cyanobenzenes are aligned in one direction and resulted in a
non centrosyminetric space group.

Thermal stability of 3b was examined by Thermogravimetric (TG) analysis, IR
spectroscopy, and powder X-ray diffraction. In TG analysis, weight loss due to the
guest removal at 145 °C was 26%, but above this temperature, the framework was shown
to be stable up to 300 °C. The X-ray powder pattern of guest-removed 3b showed sharp
diffraction peaks. Comparing of IR spectra before and after guest removal showed no
change except disappearance of guest absorption. These results show that the polytube
framework is kept even after guest removal. i0

Some interesting features are found by comparing the structures of the 2D net 2 and
the 3D-net 3. In both complexes, two of terminal pyridines on ligands A and A’ and two

of middle pyridines on ligands B and B' are coordinated by a Cu,l, unit. Although the
coordination environment of the basic building blocks of 2 and 3 is the same (Figure 3),
the network topologies are completely different. In 2, the ligands A and A' are attached
to Cu,], unit in trans configuration, whereas B and B' are attached in cis configuration.
On the other hand, in 3, both couple of ligands A and A' and B and B' attached to Cu,l,
in trans configuration. The Cu-atoms have distorted tetrahedral coordination geometry.
The Cu,l, unit is noncoplanar in 2 with the torsion angle of I-Cu-I-Cu is 30° whereas it is

coplanar in 3 with the torsion angle of I-Cu-I-Cu is 0°. The Cu-Cu and Cu-I distances

ranges between 2.56 and 2.64 A and 2.64 and 2.70 A, respectively.
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Figure 3. The basic building blocks of 2 (left) and 3b (right).

6.3 Conclusion

Two-dimensional and three-dimensional coordination polytubes were induced by
non-aromatic and aromatic templates, respectively. After removal of guest molecules, the
polymer kept its framework and large cavities appeared in the framework. Recently,
molecular templated synthesis of inorganic!! and organic-inorganic hybrid!® porous
materials were reported. But, the point is, the network dimension and pore shape of the
polytubes are changeable by template molecules. The template synthesis of the polytubes
described in this chapter shows ability to design and produce pore structures with shape

and size made to order.
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6.4 Experimental Section

General: All of chemicals were obtained commercially and used as received. FTIR
spectra were recorded on a SHIMADZU FTIR-8300 spectrometer. TG data was recorded
on a TA instrument Thermal Analyst 2100. Powder X-ray diffraction data was corrected

on a Mac Science MXP3VA.

Preparation of single crystals of 2, 3a, and 3b: The complex 2: The CH3CN
solution (10 mi.) of Cul (0.098 g, 0.5 mmol) was layered onto a CHCl3 solution (20 mL}

of 1(0.31 g, 1.0 mmol). The solution was allowed to stand for several days to give 2 as

yellow crystals. The complexes 3a and 3b: The CH3CN solution (10 mi) of Cul (0.098

g, 0.5 mmol) was layered onto the solution of 1 (0.31 g, 1.0 mmol) in the corresponding
guest molecule (20 mL). The solution was allowed to stand for several days to give 3a
and 3b as yellow crystals. IR for 3b (KBr, cmrl): before guest removal: 3047, 2226,
1483, 1447, 1408, 1389, 1345, 1026, 887, 800, 758, 708, 688, 548; after guest
removal: 3047, 1483, 1412, 1387, 1344, 1016, 883, 808, 710. (cf. cyanobenzene (neat,
cm-1): 2230, 1491, 1447, 758, 689, 548)

X-ray Crystal Structure Determinations: Crystal Data of 2: Triclinic, P-1; a =
9.715(1) A, b = 10.978(2) A, ¢ = 13.880(2) A, a = 84.976(3)°, b = 83.800(4)°, y =
67.496(3)°; V= 1357.8(4) A3; Z=2; D, = 1.936 g cm-3; 4437 unique reflections out of
5782 with I > 26(l), final R-factors R, = 0.056; wR; = 0.090. Crystal Data of 3a:
Monoclinic, C2/c, a = 14.081(3) A, b= 14.413(3) A, c = 16.420(3) A, B = 97.814(4)°,
V =3301.4(12) A3, Z =4, D, = 1.882 g cm-3, 3896 unique reflections out of 10046 with
I > 20(]), final R-factors R, = 0.0429; wR; = 0.0568. Solving the structure in Cc space
group resulted in same disordered guest molecule as in C2/c space group. Crystal Data of
3b: Monoclinic, Cc, a = 13.975(1) A, b = 14.563(1) A, ¢ = 164372) A, B =
98.576(2)°, V = 3307.7(5) A3, Z=4, D, = 1.802 g cm™3, 5525 unique reflections out of

10383 with I > 25([), final R-factors R, = 0.0314; wR, = 0.0669. This structure also
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solved and refined in the C2/c space group. However, it resulted in the disordered guest
molecule but same R-value. Single crystal X-ray diffraction data for all the complexes

were collected on a Siemens SMART/CCD diffractometer equipped at 193 K. Diffracted
data were corrected for absorption using the SADABS!2 program. SHELXTL!3 was

used for the structure solution and refinement was based on F2. Non hydrogen atoms
were refined anisotropically and hydrogen atoms were fixed at calculated positions and

refined using a riding model.
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Appendix

X-ray data and NMR data

Chapter 2

Table 1. Crystal data and structure refinement for complex 1.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.93°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

1

C20 H28 Cd N6 012

656.89

167(2) K

0.71073 A

Monoclinic

C2/c

a=18.9015(11) A o= 90°.
b=11.7948(7) A = 97.4380(10)°.
c=12.1547(D A ¥ = 90°.
2687.0(3) A?

4

1.624 Mg/m?

0.884 mm'!

1336

0.20 x 0.20 x 0.15 mm?

2.04 to 27.93°.

-20<=h<=24, - 14<=k<=15, -15<=l<=15
8362

3105 [R(int) = 0.0138)

96.2 %

0.8789 and 0.8431

Full-matrix least-squares on F?
3105/0/ 185

1.009

R1 = 0.0176, wR2 = 0.0499

RI = 0.0184, wR2 = 0.0503

0.445 and -0.300 e.A-3
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Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (AZx 10%)

for 1. Ufeq) is defined as one third of the trace of the orthogonalized UY tensor.

X y z Uleq)
Cd(1) 0 2588(1) 7500 14(1)
o(11) : TH(1) 2598(1) 9196(1) 24(1)
N(11) -1000(1) 2529(1) 8500(1) 18(1)
NQ21) 0 4592(1) 7500 18(1)
NG1) 0 602(1) 7500 17(1)
cd1y -1640(1) 2153(1) 8038(1) 26(1)
C(12) -2235(1) 2120(1) 8595(1) 26(1)
C(13) -2186(1) 2494(1) 9689(1) 17%(1)
C(14) -1516(1) 2864(1) 10172(1) 24(1)
C(15) -947(1) 2872(1) 9560(1) 22(1)
C21) -524(1) 5184(1) 7881(1) 21(1)
C(22) -540(1) 6358(1) 7912(1) 20(1)
C(23) 0 6972(2) 7500 16(1)
c3h) ~198(1) 12(1) 8356(1) 19(1)
C(32) -207(1) -1160(1) 8387(1) 19(1)
C(33) 0 -1770(2) 7500 16(1)
N(1A)’ 2696(1) 4570(1) 7726(1) 32(1)
O(1A) -2653(1) 4192(2) 6768(1) 55(1)
O2A) -3235(1) 4346(1) 8174(1) 43(1)
O(3A) -2202(1) 5146(1) 8212(1) 4K(1)
O(1W) 1574(1) 4396(1) 9561(1) 45(1)
OQRwW) 1334(1) 637(1) 9876(1) 37(1)
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Table 1. Crystal data and structure refinement for complex 2.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal systein
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(1)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

2

C50 H103 Cd N12 012.50
1184.84

193(2) K

0.71069 A

Monoclinic

C2

a=17.5815(16) A
b=11.7413(11) A
c=24.836(2) A
5112.3(8) A3

4

1.539 Mg/m’

0.506 mm'!

2540

0.25 x 0.20 x 0.20 mm?
1.64 to 25.00°.

o= 90.0000(16)°.
B=94.3215(18)°.
¥ = 90.000(2)°.

-11<=h<=20, -12<=k<=13, -29<=1<=28

13740

8232 [R(int) = 0.0237]

99.6 %

Full-matrix least-squares on F?
82327143 /553

1.088

R1=0.0518, wR2 = 0.1347
R1 =0.0636, wR2 = 0.1400
0.00

0.791 and -0.587 e.A3
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Table 2. Atomic coordinates ( x 10} and equivalent isotropic displacement parameters (A2 10%)

for 2. U(eq) is defined as one third of the trace of the orthogonalized UV tensor.

X y z Weq)
Cd() 0 7149(1) 5000 22(1)
Cd(2) : 0 5626(1) 0 26(1)
C(100) 2425(4) 4565(7) 50(3) 39(2)
C(101) 223329 S018(15) 5012(6) 120(5)
C(102) -23347) 11466(12) 4698(5) 95(3)
C(103) -2633(6) 8325(9) 458%(4) T0(3)
C(104) -2479(10) 1060917} 4906(7) 147(6)
C(105) -2803(1 8387(11) 2298(5) 92(3)
C(106) -4022(8) 8032(13) 2357(6) 114(4)
C(1on -3119(11) 8075(18) 4093(8) 165(7)
C(108) -335(9) 8464(14) 361006) 113(4)
C(109) -3997(8) 8437(12) 3495(5) 92(4)
C(110y =3175(7) 8949(11) 3363(5) 87(3)
C(111) -4123(5) 8417(9) 2919(4) 62(2})
C(112) -4352(6) 8483(9) 3743(4) 59(3)
C(113}) -3025(10) T963(15) 1175(7) 118(5)
C(114) ‘ -2733(8) 8217(13) 1722(6) © 1114}
C(115) -3561(8) T117(13) 1220(5) 101(4)
C(116) -2581(10) T878(16) 915(7) 112(5)
c(117n -2446(15) 8670(20) 1124(10) 206(10)
C(118) -2613(12) 7550¢20) 608(8) 167(8)
N(41}) 0 7620(12) 0 34(3)
N(22) 0 5739(9) 5000 18(2)
O(l11) -1194(3) 7608(6) 4566(2) 36(1)
N(42) 0 3623(10) 0 30(3)
N{20) 0 9696(9) 5000 29(3)
O(21) 1242(3) 5770(6) 374(2) 41(2)
N(11) 482(2) 7798(4) 4136(1) 26(1})
C(10} 1089(2) 7099(4) 4026(1) 30:(2)
C(11) 1263(2) 06925(4) 3495(2) 30(2)
C(12) 829(3) 7450(4) 3075(1) 22(2)
C(1» 222(2) 8149(4) 3185(1) 26{2)
C(14) 48(2) 8323(4) 3716(2) 25(2)

81



C(15)
C(16)
C(17)
N(12)
c(19)
C(18)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
NGI)
C(30)
C(n
C(32)
C(33)
C(34)
C(35)
C(36)
can
N(32)
C(39)
C(38)
C(40)
c@
C42)
C(43)
C(44)
C(45)
N(61)
C(60)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)

1000(3)
1417(3)
1550(3)
1265(3)
B49(3)
716(2)
518(5)
536(4)

0
-641(5)
-669(4)

0
-465(2)
-973(3)
-1138(3)
-795(3)
-288(3)
-123(2)
-947(3)
-1502(3)
-1623(2)
-1190(3)
-635(3)
-514(3)
658(5)
682(5)

0
-625(5)
-647(5)

0
-400(4)
14(3)
-190(3)
-810(3)
-1225(3)
-1020(4)
-1021(3)
-660(3)

7185(4)
6222(4)
5972(3)
6685(4)
7648(4)
7898(3)

10322(7)

11489(7)

12151(11)
5147(7)
3979(7)
3376(11)
5527(4)
6358(4)
6466(4)
5742(5)
4911(4)
4803(4)
5915(4)
6688(4)
6890(4)
6319(5)
5546(4)
5344(4)
8214(7)
9401(8)

10014(14)
3067(7)
1910(7)
1317(11)

10271(6)

11040(6)

11240(5)

10671(5)
9903(5)
9703(5)

10911(5)

11778(5)

82

2492(1)
2375(2)
1843(2)
1428(1)
1546(1)
2078(2)
4763(3)
4743(3)
5000
4960(3)
4958(3)
5000
872(1)
1019(2)
1556(2)
1945(1)
1798(2)
1262(2)
2548(1)
2680(2)
3218(2)
3624(1)
3492(2)
2954(2)
76(3)
79(3)
0
141(4)
135(3)
0
1238(2)
1570(3)
2091(2)
2281(2)
1950(2)
1429(2)
2851(2)
3154(2)

23(2)
36(2)
43(2)
36(2)
312)
28(2)
29(2)
24(2)
20(3)
29(2)
25(2)
18(3)
28(2)
34(2)
31(2)
32(2)
33(2)
32(2)
30(2)
37(2)
41(2)
44(2)
54(2)
39(2)
29(2)
32(2)
35(4)
37(2)
32(2)
30(3)
97(3)
92(3)
68(2)
50(2)
60(2)
87(3)
48(2)
78(3)



C(67)
N(62)
C(69)
C(68)
N(S1)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
N(52)
C(58)
C(59)

-856(4)
-1413(4)
-1774(3)
-1578(3)

2629(4)

2906(4)

2781(4)

2379(4)

2103(4)

2228(4)

2221(3)

2660(3)

2544(3)

1988(4)

1549(3)

1665(3)

11989(5)
11333(5)
10466(35)
10255(4)
9062(7)
8265(6)
8412(6)
9356(6)
10153(5)
10006(6)
9556(5)
8975(5)
9157(6)
9920(6)
10501(5)
10319(5)

3676(2)
3896(2)
3594(2)
3071(2)
1081(2)
1461(3)
2002(3)
2164(2)
1785(3)
1243(2)
2753(2)
31533
3693(2)
3834(2)
3434(3)
2894(2)

88(3)
81(2)
66(2)
52(2)
101(3)
103(4)
81(3)
73(2)
84(3)
107(4)
62(2)
69(2)
77(3)
82(2)
85(3)
71(2)
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Table 1. Crystal data and structure refinement for complex 3.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crysta! systern
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.11°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Finat R indices {I>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

3

C25 H28 Cd N7 010

698.94

173(2)K

0.71073 A

Monoclinic

Pc

a=12.4725(18) A o= 90°,
b=15.195(2) A B= 96.625(3)°.
¢ =15390(2) A ¥ =90°,
2897.2(7) A3

4

1.602 Mg/m®

0.821 mm-!

1420

0.25 x 0.25 x 0.20 mm?

1.64 to 28.10°.

-16<=h<=13, -17<=k<=19, -18<=l<=19
18522

10014 [R(int) = 0.0173]

96.4 %

Full-matrix least-squares on F?

10014 72 / 791

0.953

RI = 0.0221, wR2 = 0.0541

RI = 0.0251, wR2 = 0.0553

0.00

0.707 and -0.322 ¢.A"
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Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%)

for 3. U(eq) is defined as one third of the trace of the orthogonalized U¥ tensor.

X y z Uleq)
Cd(1) 358(1) 504(1) 1273(1) 21(1)
Cd(2) : -178%(1) -5552(1) 5519(1) 20(1)
O(1W) 830(2) 1756(2) 563(1) 42(1)
OQ2W) 1410(3) -444(2) 582(2) 34(1)
O(3W) -2798(2) -6400(1) 6386(1) 24(1)
O@W) -2873(2) -4488(1) 6148(2) 27(1)
O(5W) 5322(2) 5350(2) 1666(2) 32(1)
O(6W) 3258(2) 208(2) 104(2) 40(1)
O(TW) 5001(4) 6565(3) 2926(3) 93(2)
O(8W) 3360(3) 1683(3) -965(2) 79(1)
N(1A) -958(3) 2258(2) 1938(2) 38(1)
O(1A) -863(2) 1426(2) 1933(2) 30(1)
O(2A) -522(3) 2716(2) 1411(2) 70(1)
O(3A) -1519(3) 2591(2) 2456(2) 53(1)
N(1B) -592(2) -7113(2) 4817(2) 26(1)
O(1B) -486(2) -6270(1) 4791(2) 28(1)
O(2B) -1337(2) -7409(2) T 52172) 42(1)
0O(3B) 16(2) 7576(2) 4447(2) 43(1)
N(IC) 2502(3) 2187(2) -3189(2) 32(1)
o(1C) 2629(3) 1505(2) 2749(2) 54(1)
0(2C) 3051(2) 2853(2) -2974(2) 46(1)
0(3C) 1839(2) 2194(2) -3864(2) 41(1)
N(1D) 5950(3) 2719(2) 23(2) 34(1)
O(1D) 6704(2) 2688(2) 624(2) 46(1)
0(2D) 5514(2) 2025(2) -282(2) 49(1)
o3D) 5618(2) 3447(2) -265(2) 45(1)
N(11) -1313(3) -4334(2) 4687(2) 22(1)
N(12) -110(3) -672(2) 2121(2) 26(1)
C(10) -321(3) -3988(2) 4761(2) 28(1)
c(1) -29(3) -329((2) 4261(2) 28(1)
C(12) -803(3) -2921(2) 3645(2) 23(1)
C(13) -1839(3) -3274(2) 3561(2) 31(1)
C(14) -2053(3) -3974(2) 4090(2) 31(1)
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C(15)
C(16)
c(17)
C(18)
C(19)
N(21)
N(22)
C(20)
cen
C22)
C(23)
C(24)
C(25)
C(26)
c@27)
C(28)
C(29)
NG1)
N(32)
C(30)
Cc31)
Cc(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
N@1)
N(42)
C(40)
C(41)
C(42)
C(43)
C4)
C(45)
C(46)

-540(3)
214(3)
396(3)

-829(3)

-1077(3)
-4821(3)
-973(2)
-3952(3)
-3169(3)
-3265(3)
-4162(3)
4914(4)
-2460(3)
-2454(3)
-1725(3)
-965(3)
-1680(3)
6021(2)
1684(2)
6194(3)
5369(3)
'4291(3)
4118(3)
4990(3)

3392(3)

2350(3)

1536(3)

2687(4)

3535(3)

-3123(2)
-7316(3)
-2885(3)
-3659(3)
-4739(3)
4993(3)
-4164(3)
-5630(3)
-5460(3)

-2153(2)
-1531(2)
-811(2)
-1265(2)
-2007(2)
58(2)
313(2)
-466(2)
-442(2)
167(2)
719(3)
629(2)
205(2)
915(2)
941(2)
-361(2)
-435(2)
2294(2)
919(2)
1872(2)
1570(2)
1692(2)
2117(2)
2403(2)
1417(2)
1732(2)
1466(2)
598(2)
833(3)
-5880(2)
-7359(2)
-6268(2)
-6521(2)
-6378(2)
-5970(2)
-5742(3)
-6686(2)
-7367(2)
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3109(2)
3430(2)
2926(2)
1817(2)
2275(2)
-3698(2)
102(2)
-3597(2)
-2882(2)
-2219(2)
-2315(3)
-3066(3)
-1417(2)
-836(2)
-101(2)
-466(3)
-1220(3)
5509(2)
2406(2)
4776(2)
4172(2)

“4321(2)

5086(2)
5654(2)
3668(2)
3688(2)
3042(3)
2396(3)
3010(3)
4362(2)
1204(2)
3620(2)
2953(2)
3042(2)
3802(2)
4440(3)
2370(2)
1805(2)

22(1)
27(1)
29(1)
33(1)
35(1)
36(1)
23(1)
41(1)
36(1)
26(1)
31(1)
36(1)
23(1)
32(1)
31(1)
26(1)
26(1)
28(1)
24(1)
33(1)
33(1)
23(1)
30(1)
32(1)
23(1)
36(1)
37(1)
33(1)
36(1)
23(1)
36(1)
26(1)
26(1)
261
26(1)
28(1)
24(1)
33(1)



C47)
C(48)
C(49)
N(51)
N(52)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
oE7)
C(58)
C(59)

-6329(3)
-7465(3)
-6648(3)
3427(2)
-429(2)
2685(3)
1942(3)
1922(3)
2672(3)
3395(4)
1126(3)
1278(3)
487(3)
-554(3)
204(3)

-7684(2)
-6679(2)
-6318(2)
-4855(2)
-5331(2)
-4229(2)
-4275(2)
-5017(2)
-5668(2)
-5568(2)
-5101(2)
-5707(2)
-5802(2)
-4726(2)
-4595(2)

1246(2)
1724(2)
2307(2)
10433(2)
6665(2)
10198(2)
9454(2)
8921(2)
9175(3)
9920(3)
8120(2)
7471(2)
6759(2)
7267(2)
7997(3)

39(1)
371
36(1)
30(1)
23(1)
3K
28(1)
21(1)
29(1)

23(H
310)
29(1)
28(1)
28(1)
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Chapter 3

Table 1. Crystal data and structure refinement for 4.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.06°
Max. and min, transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

4

C60 H136 Bré N42 054 Pt7

4155.20

296(2) K

0.71073 A

Monoclinic

P2(1)c

a=20.648(4) A o= 90°.
b=16.205(3) A B=111.031(11)°.
c=19397(3) A ¥ = 90°.
6057.8(18) A3

2

2.278 Mg/m3

10.134 mm!

3956

0.40 x 0.25 x 0.25 mm3

1.64 to 25.06°.

-24<=h<=22, 0<=k<=19, O<=1«=23
10175

10175 [R(int) = 0.0000]

94.8 %

0.1861 and 0.1066

Full-matrix least-squares on F2

10175 / 162 / 800

0.705

R1 = 0.0434, wR2 = 0.1185

R1 = 0.0912, wR2 = 0.1301

1.998 and -1.561 e.A"3
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Table 2. Atomic coordinates { x 10*) and equivalent isotropic displacement parameters (A2 10%)

for 4. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X Y z Uleq)
Pt(1) 2933(1) 7627(1) 4229(1) 39(1)
N(7) - 2915(2) 11594(2) 7528(2) 38(1)
C) 2813(3) 10823(3) 7641(3) 48(2)
C(72) 2823(3) 10189(3) 7173(3) 54(2)
C(73) 3001(3) 10357(3) 6577(3) 46(2)
C(74) 3131(3) 11162(3) 6460(3) 51(2)
C(75) 3094(3) 11746(3) 6942(3) 56(2)
N(6) 1789(2) 12437(2) 7748(2) 39(1)
C(61) 1402(3) 12039(4) 8060(3) 65(2)
C(62) 712(3) 12017(4) 7800(3) 69(2)
C(63) 347(3) 12424(3) 7176(3) 48(2)
C(64) 738(3) 12849(4) 6827(3) 62(2)
C(65) 1441(3) 12829(4) 7153(3) 60(2)
N(4) 1875(2) 7617(2) 3776(2) 40(1)
C(41) 1539(3) 7846(4) 3089(3) 69(2)
C(42) 835(3) 7838(4) 2764(3) 72(2)
C(43y 446(3) 7569(3) 3170(3) 46(2)
C(44) 786(3) 7311(4) 3877(3) 62(2)
C(45) 1498(3) 7344(4) 4161(3) 62(2)
N(3) 2917(2) 8490(2) 4992(2) 39%(1)
Cc@3n 3173(3) 8312(3) 5704(3) 44(2)
C(32) 3223(3) 8903(3) 6237(3) 56(2)
C(33) 2976(2) 9684(3) 6019(3) 412)
C(34) 2687(3) 9846(3) 5274(3) 50(2)
C(35) 2693(3) 9228(3) 4789(3) 48(2)
Pt(2) 2830(1) 12487(1) 8213(1) 40(1)
Pi(3) 0 10000 5000 49(1)
N(15) -556(3) 10478(3) 3983(3) 79(2)
C(151) -1048(5) 9771(6) 3636(5) 193(5)
C(161) -1019(5) 9164(4) 3895(4) 109(4)
N(16) -654(2) 8995(3) 4612(3) 65(2)
Br(7) 837(1) 9414(1) 4521(1) 97(1)
Pt(4) 3081(1) 15032(1) 6223(1) 60(1)
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N(11)
C(111)
C(121)
N(12)
N(13)
C(131)
C(141)
N(14)
Br(5)
Br(6)
NQ)
N(8)
N(5)
N(1)
C(51)
c(11)
C(81)
c@1)
N(1S)
O(15)
0(2S)
0(3S)
N(2S)
0(21S)
0(228)
0(238)
N(3$)
0(318)
0(328)
0(338)
N(4S)
0(41S)
0(425)
0(43S)
N(4X)
O(41X)
0(42X)
O(43X)

3779(2)
4455(6)
4481(5)
3833(3)
2250(3)
1647(4)
1642(4)
2296(2)
3045(1)
3086(1)
3994(2)
3864(2)
2809(2)
3039(2)
3495(3)
3744(3)
4022(4)
4241(3)
4953(3)
4612(3)
5005(5)
5571(2)
2031(2)
1710(3)
1872(3)
2536(2)
1945(2)
1778(2)
2402(2)
1653(2)
1720(2)
1241(3)
2225(3)
1768(3)
1654(3)
1523(6)
2233(3)
1181(5)

15548(4)
15382(7)
14759(6)
14429(4)
14417(3)
14601(4)
15442(4)
15639(3)
16088(1)
13993(1)
7600(3)
12594(3)
13380(3)
6768(3)
13670(4)
6695(5)
13143(5)
6933(4)
9302(3)
9902(4)
8575(3)
9617(5)
7265(2)
7576(3)
6605(2)
7650(2)
12735(2)
13410(2)
12330(2)
12435(3)
9829(3)
9814(6)
10301(4)
9363(4)
9776(5)
10311(5)
9626(11)
9410¢7)
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6883(3)
7021(5)
6533(7)
6004(3)
5454(3)
5594(4)
5758(4)
6399(3)
5321(1)
T137(1)
4620(2)
B725(2)
8953(2)
3509(2)
9336(4)
3535(3)
9356(4)
4267(4)
3936(8)
3859(6)
3978(6)
4104(5)
1549(2)
955(2)
1756(3)
1966(2)
10150(2)
9875(2)
10049(2)
10557(2)
8619(3)
B819(4)
B970(3)
8149(3)
8574(4)
8923(5)
8561(8)
BOYS(7)

153(2)
233(7)
204(6)
132(3)
98(3)
113(4)
98(3)
71(2)
100(1)
82(1)
51(2)
52(2)
50(2)
51(2)
94(3)
89(3)
117(3)
94(3)
330(9)
296(6)
309(7)
298(6)
77(2)
104(2)
114(2)
81(2)
69(2)
78(2)
82(2)
103(2)
97(3)
185(5)
148(4)
106(3)
155(18)
192(13)
280(20)
263(18)



N(58)

O(515)
O(528)
O(538)
N(78S)

O(715)
O(728)
0O(735)
N(8S)

O(815)
O(825)
0(83%5)
O(1W)
oezw)
o(GwW)
O(aw)
O(5W)
O(6w)

1702(2)
1556(3)
2282(2)
1286(4)
4150(3)
4032(4)
4313(3)
4001(6)
4769(2)
4635(4)
4391(3)
5314(3)
5659(3)
4465(5)
3545(5)

30(4)
-183(3)

67(4)

10055(3)
10537(3)
9749(4)
9927(5)
10716(3)
11222(3)
10845(5)
10088(3)
7639(5)
T293(5)
7489(5)
7955(5)
7631(4)
5702(6)
5895(5)
10754(6)
12384(4)
13779(6}

2821(2)
3222(3)
2971(3)
2208(3)
9376(2)
9743(3)
8836(3)
9563(5)
6836(2)
6243(2)
7224(3)
T254(5)
8618(3)
10084(9)
8325(4)
2941(4)
4681(3)
4222(5)

95(2)
162(3)
158(3)
197(5)
140(4)
268(6)
194(4)
466(11)
215(5)
266(6)
180(3)
307(6)
150(3)
396(9)
254(5)
269(4)
138(3)
258(5)
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Chapter 4

Table |. Crystal data and structure refinement for 3¢+(4);.

Identification code

Empirical formula
Formula weight
Temperature
Wavelength °
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

3¢+(4);

C100 H108 N32 058 Pd6
332458

293() K

0.71073 A

Monoclinic

P21/n

a=17.4293) A
b=147853) A

¢ =27.061(5) A
6832(2) A?

2

1.616 Mg/m?

0.875 mm!

3344

0.20 x 0.15 x 0.15 mm?
1.54 1o 25.00°.

o= 90°,
B= 101.555(3)°.
¥ = 90°.

-15<=h<=20, -10<=k<=17, -32<=l<=32

28290

11995 [R(int) = 0.1013]

99.6 %

0.8799 and 0.8444

Full-matrix least-squares on F?
11995 /222 / 854

0.797

R1 =0.0812, wR2 =0.2110
R1 = 0.2251, wR2 = 0.2490
1.618 and -0.551 e.A?
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Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A%x 10%)

for 3¢+(4)3. U(eq) is defined as one third of the trace of the orthogonalized Ut tensor.

x y z Uleq)

Pd(1) 8310(1) 365(1) 1988(1) 76(1)
Pd(2) : 6936(1) 1652(1) -1496(1) T1(1)
Pd(3) 7626(1) -3704(1) 448(1) 81D
N(11A) 7662(7) -2989(7) -181(5) 79(3)
C(114) T665(8) -2099(8) -158(5) T4
C(124) T671(T) -1557(8) -577(5) 66(3})
C(13A) 7697(9) -1974(10) -1033(6) 90(4)
C(14A) 7689(11) -2904(11) -1062(7) 109(6)
C(I5A) 7665(10) -3378(10) -621(7) 99(5)
N(1iB) 7361(6) B88(T) -891(4) 62(3)
C(11B) 7395(7) 22(9 -925(5) 63(3)
C(12B) T681(7) -551(8) -511(5) 57(3)
C(13B) 7955(6) -149(8) -69(5) 55(3)
C(14B) 7906(6) T92(8) -5(5) 52(3)
C(15B) 7608(7) 1266(9) -440(5) 61(3)
N(11C) 8329(6) 1121(7) 1369(4) 67(3)
" C(11C) 8123(7) 785(B) 919(5) 55(3)
C(12) 8150( 1234(8) 489(5) 56(3)
C(130) 8404(9) 2123(9) 526(6) 81(4)
C(14C) 8651(10) 2452(10) 993(6) 99(5)
C(15C) B598(9) 1968(10} 1405(6) 84(4)
N(21A) T173(6) 587(7) 1955(4) 73(3)
C(21A) 6655(8) -36(9) 1739(5) 66(3)
C(22A) 5873(8) 25(8) 1701(5) 59(3)
C(23A) 5566(9) 746(10) 1896(6) 90(4)
C(24A) 6087(11) 1397(10) 2133 113(6)
C(25A) 6873(10) 1287(10) 2155(6) 96(5)
N(ZIB) 4151(6) -1517(7) 1359(4) 65(3)
C(21B) 4418(8) -2115(9) 1043(5) 67(3)
C(22B) 5142(7) -2054(8) 919(5) 56(3)
C(23B) 5602(7) -1351(8) 1121(4) 54(3)
C(24B) 5365(7) -7T38(8) 1443(4) 54(3)
C(23B) 4617(7) -850(9) 1550(4) 59(3)

93




N(2IC)
C(21C)
C(22C)
C(23C)
C(24C)
C(25C)
O(10A)
O(10B)
C(101)
C(102)
C(103)
C(104)
C(105)
C(106)
C(107)
O(20A)
O(20B)
C(201)
C(202)
C(203)
C204)
C(205)
C(206)
C(207)
N(1AN)
N(Q2AN)
C(1AN)
C(2AN)
N(IBN)
N(2BN)
C(1BN)
C(2BN)
N(ICN)
N(2CN)
C(ICN)
C(2CN)
N(300)
0(301)

6468(7)
6197(8)
5415(8)
4896(8)
5186(10)
5980(9)
5902(11)
4711(10)
5201(7)
4470(5)
4396(4)
5051(6)
5782(5)
5857(5)
5301(13)
9383(11)
9360(11)
9569(12)
9625(13)
9803(13)
9926(14)
9871(14)
9692(11)
9590(50)
8359(9)
9436(8)
9065(15)
9733(15)
7986(7)
6562(7)
7957(11)
7191(13)
7660(7)
8777(8)
8457(11)
8952(14)
8189(12)
8149(13)

-3496(6)
-2895(7)
-2709(8)
-3224(9)
-3855(9)
-3975(9)
3189(10)
3018(10)
1920¢5)
1526(7)
T71(T)
411(5)
805(7)
15539(7)
2752(15)
-1410(15)
-2607(17)
-1282(17)
-344(17)
115(12)
-363(19)
-1301(18)
-1760(11)
-1820¢20)
-416(9)
-13(10)
-1000(16}
-510(20)
1817(9)
2438(9)
2536(17)
2520(20)
-4393(8)
-3932(9)
-4562(15)
-4580(20)
-1640(11)
-2176(14)
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349(4)
633(5)
586(5)
235(5)
-36(6)
20(6)
1181(6)
1255(6)
787(3)
623(4)
310(4)
163(3)
328(4)
640(4)
1105(7)
-1952(9)
-1528(11)
-1075(8)
-1069(8)
-612(11)
-161(8)
-167(8)
623(11)
-1548(12)
2582(5)
2027(5)
2624(8)
2507(9)
-1663(5)
2106(5)
2026(9)
-2367(8)
1092(5)
593(7)
1372(10)
1002(11)
1221(7)
1560(7)

69(3)
60(3)
60(3)
72(3)
86(4)
78(4)
169(6)
170(6)
87(4)
105(5)
9%5)
63(3)
94(5)
99(5)
119(6)
279(10)
290(12)
236(13)
300(20)
217(13)
239(16)
249(13)
300(20)
960(110)
113(4)
120(5)
162(9)
206(13)
102(4)
110(5)
176(10)
195(13)
104(4)
137(6)
157(9)
209(15)
129(6)
243(9)



0(302)
0O(303)
N(200)
0(201)
0(202)
0(203)
N(400)
O40n)
0(402)
0(403)
N(100)
o(101)
0(102)
0(103)
O(IW)
O(2W)
OG(3W)
O(4W)
O(5W)
G(6w)
O(Tw)
O8w)
Oow)
O(10W)
O(1iW)
O(12W)
O(13wW)

B746(10)
7523(7)
7248(19)
7476(18)
7032(12)
6980(40)
9490(30)
9887(19)
8840(20)
9790(20)
3300(20)
2630(20)
3800200
3380(20)
5450(30)
6550(20)
6580(30)
3590(20)
F001¢11)
10720(30)
9340(20)

4162(12)

700(20)
1499(10)
9380(20)
6587(17)
4956(14)

-1424(14)
-132067)
3775(16)
4514(15)
3263(11)
3740(30)
2770(80)
2810(30)
2620030)
3210(40}
5040(20})
5040¢40)
5140(60)
4430(30)
1130(30)
-3620(20)
-70(30)
3690(30)
3902(12)
-190(30)
179(18)
242X(14)
5550(30}
5734(13)
-469((30)
-1683(17)
2550(30)

1097(8)
978(5)
-451(12)
-292(12)
-209(10)
95K
-660(20)
-1000(13)
-776(13)
-234(17)
2834(12)
2901(18)
3172(15)
2478(14)
-4030(20)
1756(8)
-3300(40)
-2220(12)
782(9)
-3705(16)
S37T7009)
2086(7)
2143(13)
2920(06)
-370(20)
2509(8)
3078(13)

216(%9)

103(3)

310(17)
363(16)
245(10)
630(50)

1230(110)
463(18)
450(30)
570{40)
300(30)
590(30)
1000 100)

540(20)
560(40)
343(17)
920(90}
410(20)
243(9)

530(30)
368(18)
238(10)
430(20)
195(7)

510(30)
402(19)
520(30)

95



96

Hh HH-COSY of 3a+4

Hg HaHf H - Hb Date - Sal Feb 20 22 26 03 1999
[
Filename T mad50hcos mdata
Hd He wi Hr  Hs |coment <IN /N
M ’E‘Hceﬂnlory
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' H N R .
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T HH [ 1 1 LAY . .3 uset
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RESOL : 5.90 Hz
Pl : 13.50 usec
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DBFRQ : 500.00 MHz
085ET1 © 163704.80 Mz
RGAIN : 23
CLFRD . 35348 H2
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Chapter 5

Table 1. Crystal data and structure refinement for 2b+(3a),.

Identification code 2Zbe(3a),

Empirical formula C124 H216 N47 093 Pd8

Formula weight 4704.64

Temperature 153(2) K

Wavelength - 0.71073 A

Crystal system Trictinic

Space group P-1

Unit cell dimensions a=17.54%(2) A a= 107.271(3)°.
b=20.344(3) A b=91.243(3)°.
¢ =29.840(4) Ag = 114.438(3)°.

Volume 9133(2) A3

Z 2

Density (calculated) 1.711 Mg/m3

Absorption coefficient 0.884 mm-1

F(000) 4802

Crystal size 0.15 x 0.15 x 0.15 mm3

Theta range for data collection 1.31 to 25.00°.

Index ranges -20<=h<=13, -16<=k<=24, -35<=l<=32

Reflections collected 48058

~ Independent reflections 31565 [R(int) = 0.0653]

Completeness to theta = 25.00° 98.1 %

Absorption correction None

Max. and min. transmission 0.8788 and 0.8788

Refinement method Full-matrix-block least-squares on F2

Data / restraints / parameters 31565/ 470/ 2529

Goodness-of-fit on F2 1.924

Final R indices [I>2sigma(l)] R1=0.1299, wR2 =0.3168

R indices (all data) R1 = 0.1805, wR2 =0.3307

Largest diff. peak and hole 5.444 and -4.933 ¢.A-3
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Table 2. Atomic coordinates { x 104) and equivalent isotropic displacement parameters (A2x 103)
for 2be(3a),. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z Uleq)
Pd(1) -445(1) -545(1) -2565(1) 31D
Pd(2) : -2644(1) 1239(1) 197(1) 29(1)
Pd(3) 4560(1) 19279%(1) 2394(1) 301
Pdi4) 6841(1) 17459(1) 3664(1) 31(1)
Pd(5) B338(1) 22646(1) 5302(1) 28(1)
Pd(6) 3632(1) 15564(1) 5788(1) 33(1)
Pd(7) 2828(1) 3172(1) -709(1) 39(1)
Pd(8) 983(1) 507(t) 2049(1) 64(1)
N(11A) -1238(8) -645(7) -2090(4) 32(3)
C(11A) -1976(9) -1278(8) -2181(5) 33(3)
C(12A) -2519(10} -1408(9) -1846(5) 41(4)
C(13A) -2292(10) -796(8) -1407(5) 38(4)
C(14A) -1553(9) -156(T -1309(5) 31(3)
C(15A) -1048(9) -82(8) -166(X5) 33(3)
N(21A) -1722(1) 1133(7) -179(4) 32(3)
C(21A) -1890(10) 576(8) -573(5) 34(3)
C(22A) -1294(10) S00(B) -830(5) 35(4)
C(23A) -452(9) 1021(7) -673(4) 27(3)
C(24A) -233(11) 1620(8) -239(5) 40(4)
C(25A) -897(10) 1677(8) -5(5) 36(4)
N(31A) 2044(8) 2932(D -225(4) 41(3)
C(31A) 1248(10) 2381(8) -361(5) 41(4)
C(32A) 659(10) 223%(8) -47(5) 38(4)
C(33A) 918(10} 2724(9) 424(5) 41(4)
C(34A) 174¢11) 3313(9) 573(6) 52(5)
C(35A) 2275(11) 3382(9) 228(6) 50(5)
N41A) 1786(11) 4665(8) 1740(5) 67(5)
C(41A) 1508(12) 4134(9) 1287(7) 58(5)
C(42A) 2064(13) 3862(10) 1061(T 68(6)
C(43A) 2883(11) 4152(10) 1282(6) 67(6)
C(44A) 3139(13) 4685(12) 1721(7 TH6)
C(45A) 2600(14) 4953(11) 1937(7) 81(8)
N(11B) 4792(7) 16261(6) 5705(4) 27(3)
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C(11B)
C(12B)
C(13B)
C(14B)
C(15B)
N(21B)
C(21B)
C(22B)
C(23B)
C(24B)
C(25B)
N(31B)
C(I1B)
C(32B)
C(33B)
C(34B)
C(35B)
N(41B)
C@1B)
C(42B)
C(43B)
C(44B)
C(45B)
N(11C)
C(11C)
C(12C)
C(13C)
C(14C)
C(15C)
N21C)
C(21C)
C(22C)
C(23C)
C(24C)
C(25C)
NGIC)
C(31C)
C(32C)

4848(9)
5603(8)
6380(10)
6291(10)
5514(10)
6066(7)
6140(9)
5591(9)
4946(9)
4823(9)
5410(10)
2733(7)
33939
4114(9)
4112(9)
3421(9)
2756(8)
3833(7)
3874(10)
3388(9)
2830(10)
2764(10)
3302(10)
772267
7535(9)
B126(9)
B908(11)
9096(10)
8524(10)
7876(7)
8118(9)
7877(7)
7363(9)
7115(8)
T380(B)
5494(7)
5982(9)
6577(9)

16576(7)
17031(8)
17143(7)
16814(8)
16376(8)
17544(7)
17349(8)
17326(8)
17519(7)
17696(8)
17723(8)
17757(6)
17612(8)
17890(8)
18293(7)
18431(8)
18155(8)
19267(6)
18912(8)
18861(7)
19188(9)
19545(8)
19593(8)
18566(7)
19136(7)
19905(8)
20065(10)
19451(9)
18719(9)
21694(6)
21138(8)
20505(7)
20472(8)
21050(7)
21654(7)
20323(7)
20327(8)
21044(8)
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5377(4)
5257(4)
5513(4)
5868(5)
5960(5)
4149(4)
4541(5)
4870(5)
4772(4)
4374(5)
4076(5)
4419(4)
4482(4)
4284(4)
3989(4)
3902(5)
4131(5)
2915(3)
3216(5)
3580(4)
3606(6)

3289(5)

2956(5)
4003(4)
4014(4)
4251(4)
4458(5)
4424(5)
4215(5)
4701(4)
4675(5)
4255(4)
3867(5)
3910(4)
4343(5)
2825(4)
3181{4)
3524(4)

24(3)
27(3)
30(3)
38(4)
41(4)
32(3)
30(3)
30(3)
27(3)
31(3)
31(3)
24(2)
27(3)
27(3)
27(3)
29(3)
28(3)
27(3)
33(3)
25(3)
42(4)
36(4)
38(4)
35(3)
26(3)
26(3)
43(4)
41(4)
36(4)
26(3)
30(3)
21(3)
32(3)
25(3)
26(3)
31(3)
29(3)
28(3)




C(33C)
C(34C)
C(35C)
N(4IC)
C(41C)
C(420C)
C(43C)
C(44C)
C(45C)
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6584(9)
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5510(9)
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6027(9)
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4369(7)
3197(7)
4226(9)
3799(10)
4109(11)

21703(8)
21687(7)
20973(7)
23685(6)
22970(8)
22435(8)
22575(8)
23287(9)
23816(9)
-4412(7)
-3656(8)
-3185(9)
-3525(9)
-4315(10)
-4743(8)
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266(10)
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