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Abstract

Synthesis of Heterocyclic Macrocycles and Folding Oligomers

Liyan Xing

Naphthyridine-based macrocycles with urea and formamidine linkages and
pyridazine-based macrocyclic ureas with alternating 3,6-pyridazine/2,6-toluene subunits
were synthesized in one-step reactions with acceptable to good yields. The non-covalent
intramolecular interactions inherent in the designed subunits, particularly, intramolecular
hydrogen bonding, play the key role in guiding the cyclization process. Various
spectroscopic techniques (NMR, MS, IR, X-ray crystallography, STM) were used to
characterize these macrocycles. This self-templated synthesis of macrocycles points to
the possibility of preparing folding oligomeric strands with these heterocyclic systems. A
crescent trimer and a helical pentamer were obtained with a urea linked 3,6-
pyridazine/2,6-toluene system. The trimer exists as a mixture of two helical segments of
opposite chirality, and toluene methyl groups and urea carbonyl groups adopt an anti
conformation in the crystal structure. The pentamer forms one helical turn with
overlapping termini in solution: the n-m stacking of the terminal toluene rings was
confirmed by "H NMR studies. To our knowledge, this is the first reported synthetic
helical architecture that utilizes both hydrogen bonding and steric interactions to drive
and stabilize the folded conformation. Attempts were also made to prepare longer strands

with a convergent protection/deprotection methodology.
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Chapter 1

Introduction

1.1 Macrocycles

Cyclic molecules are widespread in nature and they contribute to some of the
amazing functions of life!"!. Inspired by natural macromolecules that exhibit complexing
properties, cyclic antibiotics, cyclodextrins, efc., chemists are very interested in
synthesizing cyclic compounds with properly distributed binding sites and cavities large
enough to complex organic or inorganic guest molecules.'’ Cyclic molecules with more
than a 12-membered backbone are conventionally regarded as large rings or
macrocycles.

Macrocyclic molecules are commonly obtained by reactions of multifunctional
monomers. The competition between macrocyclization and polymerization is the key
concern when chemists choose the appropriate methods to obtain designed structures.
Among the numerous ring closure procedures, high dilution techniques and templated
ring closure are among the most well developed and frequently utilized techniques.!)

The high dilution technique is based on kinetic factors that balance the
competitive reactions between polymerization and macrocyclization.”! The
intramolecular ring closure reaction is first order, its rate being proportional to
concentration, while intermolecular condensation reactions are second order, and
therefore the rate is proportional to the product [reagent A]*[reagent B] of the
concentrations, so dilute conditions should favor intramolecular reactions. In highly

dilute solutions, the molecules are much more separated from each other than in



concentrated solutions, so the probability of intramolecular reactions is increased. The
concentration is typically in the range of 10™*-10*M when this technique is applied.”!

The high dilution technique is usually carried out in liquid-liquid medium
involving addition of dissolved reagents into a large amount of solvent under vigorous
stirring over a substantially long time period to make the stationary concentration of the
intermediate very low.[" * The relatively long reaction time and large amounts of
solvents are disadvantages associated with the dilution technique. Chemists have
endeavored to make up ‘disguised dilutions’ while keeping the local concentration of the
reacting species low to tackle this problem.”*! For example, the dilution effect can be
achieved by making use of a multiple-phase system, in which a component is less soluble
and it goes into the reacting solution successively as the reaction proceeds, thus
maintaining the stationary concentration low.! Numerous cyclic compounds have been
obtained with this technique since Ruggli initiated the dilution concept in 1912.5) As one
of the earliest developed cyclization methods, it is still widely used independently or
combined with other techniques.t ¢!

According to Busch, “A chemical template organizes an assembly of atoms, with
respect to one or more geometric loci, in order to achieve a particular linking of
atoms”."?l This concept is a natural development of continual progress made in
coordination chemistry, organic and supramolecular chemistry. The templating effects
could be realized with metal-ligand binding, electrostatic interactions and hydrogen

bonding. "]



Metal ions have been applied extensively to obtain crown ethers and related
compounds. In 1967, Pedersen reported the synthesis of the crown ether dibenzo-18-

crown-6 (Figure1.1) and the templating effect asserted by sodium ions.!*

N N
. r\o NaOH | I
2 CEOH 2 cl /\J: @O\—/o\_/o

Figure 1.1. Synthesis of dibenzo-18-crown-6 by Pedersen.

In the presence of sodium hydroxide, a macrocyclization yield of ca. 45% was
obtained in contrast with a yield of 0.4% when sodium ions were not added. The sodium
ion, “by dipole-ion interactions, ‘wraps’ the molecular pieces around itself to form a
three-quarter circle and dispose them for the final ring closure”.[**) Crown ethers display
exceptional binding abilities towards alkali metal ions. By incorporating heteroatoms
other than oxygen, many other types of crown ethers have been obtained with this
principle to further exploit their binding properties. Besides crown ethers, metal ions have
been employed to template the formation of many complicated cyclic and bicyclic
structures, such as cage complexes, catenanes and knots.™!

With the rapid development of supramolecular chemistry, non-covalent
interactions are receiving more attention in templating the synthesis of novel macrocyclic
motifs. By taking advantage of aromatic stacking between electron-rich and electron-poor

aromatic systems, Stoddart and coworkers reported the synthesis of the tetracationic



cyclophane shown in Figure 1.2.1"" The stacking between the aromatic m-electron-rich
ring of the diol and the electron-poor bipyridinium units preorganize the substrate to form

intermediate conformations that favor cyclization.

oA @
()

e

2PFg 4PFg

+
Z
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+

)

Z
+

L

Figure 1.2. An example of 7-n stacking templated synthesis of a tetracationic cyclophane
by Stoddart et al.

Hydrogen bonding interactions are the preferred method for nature to design and
construct some of the most important biomolecules like proteins and DNA.!7 ¥ The
replication of DNA molecules best exemplifies the templating role played by hydrogen
bonding interactions between the base pairs. The extraordinary behavior of proteins can
be correlated to the folding and unfolding mechanisms in which hydrogen bonding plays
an indispensable role and has attracted tremendous attention from both biologists and
chemists."*?*! In our supramolecular chemistry lab, we are interested in studying the
non-covalent interactions in both biological and synthetic molecules. The goal of this
work was to synthesize macrocycles and foldamers for later use in biophysical

[26-28]

investigations. Hydrogen bonding has high strength and directionality, which makes



it an ideal templating candidate. Compared to other templates, one obvious advantage is
that the final products obtained are ‘clean’ (i.e. without the inclusion of added templates,
which is often a problem with externally templated processes when the template is
unwanted in the final product but is difficult to remove or must remain to stabilize certain
conformations)."*) Hydrogen bonding interactions can be used in macrocycle syntheses
to enforce and stabilize folding conformations and facilitate ring closure processes.
Examples given below will show the simplified conditions required, the good yields
obtained and the structural versatility attained. The foundation that all these attractive
features build on is the art of ‘design’ that combines the chemist’s knowledge in this field
as well as aesthetic taste.

Hunter and coworkers developed a series of macrocycles and catenanes to
evaluate the role played by both intermolecular and intramolecular hydrogen bonding for
macrocyclization. To make macrocycle VI shown in Figure 1.3,**) isophthaloyl
dichloride, II, and pyridine-2,6-dicarbonyl chloride, ITI, were used as carbonyl
generating reagents. Route a and b, differing only in the sequence of the reaction of
diamine I with diacid chloride IT and III, resulted in strikingly different yields (15% for
route a and 88% for route b). They rationalized this phenomenon on the basis of the
conformational preferences of the individual diamide subunits. The pyridyl nitrogen lone
pair could form hydrogen bonds with both adjacent amide hydrogens and thus holds the
acid chloride and the amine in proximity facilitating the ring closure. For the isophthaloyl
intermediate IV, the absence of hydrogen bonding separates the acid chloride and amine

functionalities too far apart to react. Clearly, in this case, hydrogen bonding plays the role



of a template to bring the functional groups in the oligomeric intermediate near each

other to assist the ring closure process.

Figure 1.3. Comparison of two routes for the synthesis of a macroamide VI by Hunter e?
al. In both cases, the yields are for the second step only. Conformational preferences of
the diamide subunits adopted by the intermediates I'V and V are highlighted while dashed
lines represent hydrogen bonds.

By taking advantage of hydrogen bonding, macrocycles can also be prepared from

B39 311 with the benefits of simplified procedures, ease of intermediate

one-step reactions
purification, and lower cost. Huc et al. have recently reported the isolation of aromatic

oligoamide macrocycles in the polycondensation reaction to synthesize foldamers (Figure

1.4) 8%



OzH

Figure 1.4. Polycondensation reaction to prepare oligoamides by Huc ef al. A trimeric
(20 %) and a tetrameric (20 %) macrocycle along with linear oligomers were obtained in
the self-condensation reaction of 8-amino-2-quinolinecarboxylic acid with a high initial
concentration of monomer (0.36 M). Hydrogen bonds are represented by dashed lines.
The three-center intramolecular hydrogen bonds between adjacent aromatic
nitrogen lone pairs and amide hydrogens enforce the curved conformation to allow the
cyclization to proceed readily. While the trimer was largely planar, the tetramer was
saddle-shaped, self-assembled into discrete circular dodecamers and showed the potential
as a molecular clip to bind aromatic acid guests in solution.?” Coincidently, when
carrying out a polymerization reaction with diacid chloride, Gong ef al. found hexameric

macrocycles as overwhelmingly major products in the polycondensation reaction between

aromatic diacid chlorides and diamines (Figure 1.5).B!
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Figure 1.5. One-step synthesis of hexameric macrocycles by Gong et al. The hydrogen
bonding pattern is illustrated with dashed lines.

In the above examples, apart from using hydrogen bonding interactions, aromatic
motifs are incorporated into the ring backbone for two major reasons: (a) the aromatic
systems can be in full or partial conjugation with the linker group, i.e. the amide in the
aforementioned examples, to obtain relatively coplanar and thus well-defined
conformations; (b) the induction of rigid aromatic groups can level off the entropic
difference between formation of macrocycles and oligomers: for flexible backbones, the
entropy favors the formation of longer strands instead of oligomers.™

In designing our macrocycles, these factors were carefully considered. We focus
on two series of macrocycles in our lab, the classification of which is based on the
aromatic motifs that make up the backbone. One series is composed of two macrocycles
with 2,7-diamino-1,8-naphthyridine as the building block with urea or formamidine

linkages (Figure 1.6).
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Figure 1.6. Chemical structures of naphthyridine-based macrocycles 6 and 7 with urea
and formamidine linkages. Hydrogen bonds are represented by dashed lines.

In both cases, the hydrogen-bonding pattern lining the interior is assumed to be
the major force for the formation of a cyclic conformation. For urea macrocycle 6,
hydrogen bonds should be formed between naphthyridine nitrogen atoms and urea
protons, while in formamidine macrocycle 7, formal protons should hydrogen bond to
naphthyridine lone pairs. The second series of macrocycles consists of three subdivisions
with (i) 3,6-pyridazine, (ii) 4,6-pyrimidine and (#i7) 2,3-pyrazine as building blocks and

2,6-toluene/1,3-benzene as spacers alternatively connected with urea groups (Figure 1.7).
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Non-covalent hydrogen bonding and steric interactions that are responsible for the
folded conformation are illustrated in Figure 1.8 with oligourea 3,6-pyridazine/2,6-

toluene as an example.

\
N7 I
\\\N \‘\\ /
CHs |\\ 7 li.'
~~— N N
N N ~
T N

Figure 1.8. Non-covalent interactions for the folded conformation versus linear
conformation of oligourea 3,6-pyridazine/2,6-toluene.

The size of the inner cavities of these three types of macrocycles increases as the
angle NxN increases from 60° to 120° to 180°, where N is each nitrogen atom from the
heterocycle and X is the center of the heterocycle. The hydrogen bonding between the
urea protons and nitrogen atoms of the heterocycles and the steric repulsion between
toluene methyl groups and carbonyl groups are believed to be the major driving forces to
induce and stabilize the curved conformation. The macrocycles and helical oligomers can
be formed by reacting 3,6-diaminopyridazine, 4,6-diaminopyrimidine, or 2 3-
diaminopyrazine with tolylene-2,6-diisocyanate in a one-step reaction. Phenyl, xylyl and

pyridyl analogues of tolylene-2,6-diisocyanate might also be used as spacers to test the
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versatility and tunability 2> 2%

of our design. The diamines can be synthesized by
nucleophilic substitution starting from the corresponding dichloride, while tolylene-2,6-
diisocyanate is commercially available.

The introduction of hydrophobic side chains should increase the solubility in
organic solvents thus facilitating characterization and may play an important role in
supramolecular interactions of the macrocycles as well as the corresponding foldamers*"
discussed in the next section. To meet the requirements for different analysis techniques,
derivatives with varying side chains were synthesized. For example, with long aliphatic
chains, macrocycles may display self-assembly properties in solution and could be

examined with electron microscopy and scanning tunneling microscopy, while isobutyl

derivatives show better crystallinity for X-ray diffraction experiments.
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1.2 Foldamers

Foldamers are polymers or oligomers with a strong tendency to form compact
conformations in solution.*"! This concept is inspired by the structures found in nature

B2 3] and polynucleotides®* as the most studied representatives. The

with polypeptides
compact conformations adopted by biopolymers are crucial for sophisticated chemical
reactions in biological processes such as catalysis, tight and specific binding and directed
flow of electrons "]

The folding mechanism of biopolymers is intriguing because entropic effects
normally favor internal disorder.!*! The folding process of biopolymers is not fully
understood, but the entropy loss is believed to be counterbalanced by weak and
cooperative non-covalent intra- and/or inter-molecular interactions which include ion
complexation, hydrogen bonding, steric effects and hydrophobic interactions, which are
the main components for chemists to design simplified synthetic systems as models to
investigate complicated biological processes.?% 243631

Lehn et al. developed a series of helicity codons to enforce the helical wrapping
of polyheterocyclic strands with alternating pyridine-pyrimidine,*” pyridine-pyridazine

(491 and naphthyrine-pyrimidine!*!) moieties (Figure 1.9).
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Figure 1.9. Helical structures with alternating (a) pyridine-pyrimidine, (b) pyridine-
pyridazine and (c) pyrimidine-naphthyridine.

This type of design was based on the preferential transoid conformation of 2,2’-
bipyridine that is believed to be attributed to the favorable interactions between the lone
pair of electrons on the nitrogen atoms and ortho hydrogen atoms on the neigbouring
aromatic ring, the favorable antfi-parallel nitrogen dipoles in the transoid conformer,
steric repulsion between neighboring C-H groups and electronic repulsion in the cisoid

conformation (Figure 1.10). 1!

T 3 (N_ -25kJ mol™

\ /" \/ T
) @

Figure 1.10. Cisoid-transoid conformers of 2,2’-bipyridine with an energy gap of 25 kJ
mol ™. The dashed lines in the transoid conformer represent weak hydrogen bonding
interactions.

The same non-covalent interactions were preserved in extended longer strands

and thus steer the helical growth. Aromatic #n-nt stacking over one helical turn further
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stablizes the folded conformation.*® * **} By replacing 4,6-substituted pyrimidine
(Figure 1.9 (a)) with 2,6-substituted pyridazine, the helix obtained was widened (Figure
1.9 (b)). In Figure 1.9 (c) the naphthyridine heterocycle was used as an extended pyridine
ring to obtain a more spacious inner cavity. Additionally, naphthyridine units displayed
good binding properties to a variety of cations (alkali ions, hydronium and guanidinium
ions) to promote hierarchical formation of supramolecular assemblies from this type of
foldamer. "

Moore et al. focus their studies on solvophobically driven foldamers with m-
phenylene ethynylene (mPE) as the backbone and polar side chains with the general
structure shown in Figure 1.11(a).”>***] In polar solvents, this type of oligomer adopts
folded conformations due to the solubilizing effect of polar side chains and unfavorable
interactions of the hydrocarbon backbone with polar solvents, as well as the local
constraints caused by the covalent structure of the backbone and intramolecular aromatic

stacking interactions.””!

COzTg

N\

R m
N;Et, n

\

Me;Si n CO,Tg

Tg = (CH20H20)3C H3

a b

Figure 1.11. Chemical structures of m-phenylene/ethynylene foldamers by Moore ef al.
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The folding conformations create tubular hydrophobic cavities that display certain
binding properties to non-polar guests.** *! The stability gained from folding was taken
advantage of to synthesize longer mPE strands from short chain segments by reversible
imine metathesis. The geometry of the imine bond was shown to match with the
acetylene groups in the mPE helices (Figure 1.11 (b)).*"! mPE oligomers could be
unfolded and folded by adjusting the surrounding solvents, which emulates the
denaturing and folding processes in proteins.!*"’

Hydrogen bonding interactions are the most widely used tools for chemists to

design foldamers. Aromatic amides comprise a major category of abiotic foldamers. Lehn

et al. performed studies on the folding behavior of oligopyridine-dicarboxamide strands

) 0,
HY XX = H
N N
x l x
P N N /
R R

Figure 1.12. Structures of pyridine-dicarboxamide oligomers. The intramolecular
hydrogen bonding interactions in one repeating unit is shown by dashed lines.

(Figure 1.12).[4¥

In Figure 1.12, the hydrogen bonds between (a) the amide protons and adjacent
pyridine nitrogen lone pairs through a S-membered ring, and (b) the carbonyl oxygens
and the ortho aromatic C-H groups, were the major non-covalent interactions to enforce

the curved conformation. The helical structures were confirmed to dimerize into double
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helices both in solution and the solid state by NMR and X-ray single crystal diffraction
experiments. (49, 30]

Huc et al. reported manipulating the conformations of this type of amide-based
foldamer by changing the hydrogen bonding pattern through stepwise protonation’"!
(Figure 1.13). The oligomers they chose have two different pyridine rings with one
possessing a para-substituted decyloxyl (OCjoHz1) group. In the original state, the
nitrogen atoms of this substituted pyridine form intramolecular hydrogen bonds with the

adjacent amide protons, which is believed to result in a lower basicity of the pyridine

nitrogen in comparison to the other pyridine rings making successive and selective

[51]

protonation possible.

Figure 1.13. Illustration of the protonation induced folding-refolding processes via a
linear intermediate.

The protonation alters the donor-acceptor map and causes the rotation of relevant
covalent bonds. A linear conformation is achieved when the nitrogen atoms of the
unsubstituted pyridine rings are protonated with TFA (CF3CO;H, pKa = 0) or MsOH

(CH;3SOsH, pKa = -2); further protonation on the decyloxyl substituted pyridine nitrogens
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with stronger acid TfOH (CFsSO3;H, pKa = -16) refolded the strand with different
intramolecular hydrogen bonding patterns from the original state.

Gong et al. developed helical foldamers based on a strategy of backbone-
rigidification (Figure 1.14).’> *! In this system, the free rotation of an acetylene group”*!
was constrained and the phenylacetylene/phenyl motif was fixed to be relatively coplanar
with the aromatic moiety by intramolecular hydrogen bonding interactions, so the
intrinsically flexible mPE oligomers or polymers are expected to adopt well-defined
conformations. Helical conformations are enforced by the intramolecular hydrogen

bonding network along the outer rim combined with the meta-substituted covalent

connections of the phenyl rings.

R' =(CH,CH,0)4CH;

R2 =n-C5H17

Figure 1.14. Helical mPE oligomers with backbone-rigidified strategy by intramolecular
hydrogen bonding interactions.

In our lab, we are interested in the synthesis of oligoureas that are expected to

form folded (i.e. crescent or helical) conformations with intramolecular hydrogen
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bonding interactions as the major driving force. Poly- or oligoureas with well-defined
conformations are less studied compared to aromatic amides. In 2001, Zimmerman et al.
proposed a naphthyridyl urea strand that would be expected to equilibrate between
intermolecularly hydrogen-bonded sheet-like structures and intramolecularly hydrogen-

bonded helices (Figure 1.15).]

N

N. N_ N_ N_ N_ N

TCITTY
7

Figure 1.15. Transition between intermolecularly hydrogen-bonded sheet-like structure
(left) and intramolecularly hydrogen-bonded helices (right) by Zimmerman et al.

Meijer et al. recently reported the synthesis of a chiral poly-ureidophthalimide in
a single condensation step from which a broad spectrum of oligomers were isolated

ranging from a dimer up to ca. 30 repeating units (Figure 1.16).°!



o\ OR*
R—N R = OR*
/ OR*

Figure 1.16. Chemical structures of poly-ureidophthalimide by Meijer et al.

By incorporating chiral side chains, the folding behavior of the oligomers with different
lengths could be easily monitored with CD spectroscopy. In THF, longer strands that
were expected to form one or more helical turns showed an obvious Cotton effect, while
no Cotton effect was observed for the shorter oligomers. They reasoned that the longer
oligomers formed well-defined helical architectures and the chirality could transfer from
the peripheral side chains to helically arranged phthalimide chromophores. The oligomers
also displayed solvent and temperature dependent folding-unfolding behaviors. The
Cotton effect was not observed in chloroform that was assumed to compete as a proton
donor to disrupt the intended bonding interactions. In addition, helical order was almost
lost at higher temperatures which is evidence that the structures are participating in

hydrogen bonding and 7n-m stacking interactions.”® Gong et al are also working on
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folding oligoureas that make use of a similar hydrogen bonding interaction between urea
N-H protons and carbonyl oxygen or ether oxygen lone pairs on the outer rim of the
helices®”. Being chemically robust and resistant to most natural enzymes, these
oligoureas are proposed to be used as ion carriers and ion channels®”.

Conventional analytical techniques in organic and polymer chemistry are useful in
foldamer characterization.”® Mass spectrometry, GPC, and vapor-pressure osmometry
can be used to obtain molecular weight. X-ray single crystal diffraction experiments
provide the most direct structural information in the solid state. Folding patterns are
usually temperature and concentration sensitive and display corresponding changes in
chemical shifts in the NMR spectra, especially proton NMR. Likewise, 2D NMR
experiments are used to probe the spatial correlations of some signature groups. UV, IR,
fluorescence and CD spectroscopies are important analysis tools for biomolecules and
they are also widely used for the characterization of synthetic foldamers. Furthermore,
the topology and assembly patterns could be examined with different microscopic
techniques, such as TEM, STM and AFM.

In our lab, we designed three types of oligoureas with alternating
3,6-pyridazine/2,6-toluene, 4,6-pyrimidine/2,6-toluene and 2,3-pyrazine/2,6-toluene
repeat units (Figure 1.17) that are based on the same design principle as that described in
Section 1.1. The folding should be induced and stabilized by hydrogen bonding
interactions between nitrogen lone pairs of three types of six-membered aromatic
heterocycles and urea protons in conjunction with the unfavorable steric repulsion

between carbonyl groups.©**
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1.3 Macrocycles versus foldamers

Macrocycles were synthesized to confirm the folding propensity of this type of
motif and to provide the necessary groundwork for foldamer synthesis and
characterization.?® *"**! The macrocycles themselves are interesting target compounds to
validate the effectiveness of self-templated, one-step macrocyclization methods and to
study their unique physical and supramolecular properties. Since the macrocycles and
foldamers are structurally correlated and obtained from the same starting materials, they
will be discussed together in one chapter, with the simpler macrocycles being described
first due to their symmetrical structures.
1.4 Organization of this thesis

This thesis is composed of four chapters. Chapter 1 is a general introduction.
Chapter 2 describes the synthesis and characterization of 2,7-diamino-1,8-naphthyridine
based macrocycles. Chapter 3 combines the description of the 3,6-diaminopyridazine-
based macrocycles and foldamers. The synthesis and characterization of a series of
macrocycles with different N-substituted side chains, a crescent trimer and helical

pentamer will be discussed. Chapter 4 is the experimental section.
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Chapter 2

Naphthyridine-based macrocycles

2.1 Naphthyridyl urea macrocycle

2.1.1 Introduction

The interest in urea molecules often focuses on self-complementary bi-directional
intermolecular hydrogen bonds.[***! Cyclic urea compounds have displayed potential for
the formation of nanotubes through urea-type intermolecular hydrogen bonding.****
Well-defined structures are possible by making use of intramolecular hydrogen bonding

as exemplified in cyclic amide molecules.”>"**! Bshme e al. reported the synthesis of

a macrocyclic urea compound VII based on a 2,6-diaminopyridyl unit (Scheme 2.1)./!

I /Q
H )j\ y H
N Y N~
A

T
H /K
N 0

\\\\\

CDI

Scheme 2.1. Synthesis of macrocycle VII by Béhme ez al.

The trimeric macrocycle VII was the major product from the reaction of
2,6-diaminopyridine with 1,1’-carbonyl diimidazole (CDI) and the formation of

intramolecular hydrogen bonds between the urea protons and the non-adjacent pyridine



nitrogen lone pairs was observed using "H NMR. A minor macrocyclic tetramer was also
observed with mass spectrometry and 'H NMR when the reaction was carried out at
higher temperature. A control experiment was executed by replacing 2,6-diaminopyridine
with 1,3-diaminobenzene that produced a series of oligomers. The absence of hydrogen
bonds in the latter case was proposed to be the major reason for this difference.

We report here the synthesis and characterization of macrocycle 6 (cyclo-tris (2,7-
(1,8-naphthyridyl)-urea)) with 2,7-diamino-1,8-naphthyridine 5 and CDI as reagents.
Naphthyridine-based compounds, with both hydrogen bond donors and acceptors, are
ideal model compounds in studying recognition and binding phenomena.”> " In our
case, the naphthyridine can be treated as an elongated and enriched (two nitrogen lone
pairs) pyridine in relation to Boéhme’s work. The resulting macrocycle is expected to
possess a larger cavity and more binding sites and may find applications both

academically and industrially.

2.1.2 Preparation of 2,7-diamino-1,8-naphthyridine

2,7-diamino-1,8-naphthyridine 5 was synthesized with modified literature

[55,72,73]

procedures as shown in Scheme 2.2.
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Scheme 2.2. Synthesis of 2,7-diamino-1,8-naphthyridine: a) malic acid, H,SO4, 110 °C;
b) acetic anhydride, reflux; c) POCl;, 90-95 °C; d) H,SO4 (20%), 100 °C; €) ammonium
hydroxide, 180 °C.

2,6-diaminopyridine was treated with malic acid in concentrated sulfuric acid to
form 2-amino-7-hydroxy-1,8-naphthyriyidine 1. To facilitate substitution of the
hydroxide moiety by a chloro group in 1, the amino group was acetylated with acetic
anhydride to afford 2-acetamido-7-hydroxy-1,‘8-naphthyridine 2, whose hydroxide group
was subsequently substituted by a chloro group using POCI; that acted as both reagent
and solvent. In the literature, 2,7-diamino-1,8-naphthyridine § was synthesized from 2-
acetamido-7-chloro-1,8-naphthyridine 3 directly in a steel bomb with ethanolic ammonia
(saturated) to cleave the acetamide group and displace the chloride atom
concomitantly. ! We followed this procedure using a sealed tube instead of a steel bomb
and found that 2-amino-7-hydroxy-1,8-naphthryidine 4 was the major product. From our
observations, the deprotection of the chloroacetamide group in 3 occurred readily as
compared to the displacement of the chloro group with the amine functionality in
ethanolic ammonia. We deprotected 3, followed by treatment with aqueous ammonium

hydroxide to yield predominantly § as the final product with 2-amino-7-hydroxide-1,8-
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naphthyridine, 1, and unreacted 2-amino-7-chloro-1,8-naphthyridine, 4, as side products.
4 and most other impurities were extracted into the organic phase using continuous
chlorofornvwater extraction.

Unfortunately, impurity 1 remained in the aqueous phase with the desired diamine
5. Relatively pure diamine 5 could be obtained by repeated recrystallization from dilute
ammonium hydroxide with a poor yield of approximately 20%. Preparative column
chromatography proved to be a more effective purification method. The R¢ values on
silica (chloroform/methanol, 8/2) for diamine § and hydroxide 1 were ca. 0.2 and 0.7,
respectively. However the solubility of both 1 and 5 was very low in the solvent
combination used for running TLC. Before looking for a solution to this purification
problem, we tried to determine where impurity 1 originated. From steps a to d
(Scheme 2.2), no purification procedure was involved and impurity 1 in the final product
could be due to unreacted 1 from step b or from the aminolysis product in step ¢ when
residual POCl; was neutralized with ice water. 1 could also be formed in step e. The NHy
ion was the major nucleophile to substitute the chlorine atom. However, hydroxide ion in
the ammonium hydroxide solution, which is less nucleophilic, may also react with 4 to
form 1. If impurity 1 only originates from steps b and ¢, it would be removed very easily
by purifying the acetamidochloride 3 with chromatography. Unfortunately, the hydroxide
impurity 1 was still found in the final product mixture when purified 3 was subjected to
steps d and e. After different purification procedures such as recrystallization, liquid/solid

extraction, sublimation, and column chromatography!””!

were attempted and compared,
column chromatography (dry loading) proved to be a relatively efficient method to obtain

pure diamine 5 as starting material for the synthesis of macrocycle 6 (cyclo-tris (2,7-(1,8-
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naphthyridyl)-urea)) and macrocycle 7 (cyclo-tris (2,7-(1,8-naphthyridyl) formamidine)).
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2.1.3 Synthesis of naphthyridyl urea macrocycle (6)

Macrocycle 6 was synthesized by the condensation reaction between 2,7-diamino-

1,8- naphthyridine S and 1,1’-carbonyldiimidazole (CDI) as shown in Scheme 2.3.

5 col 6

Scheme 2.3. Condensation reaction of diamine S and CDI.

This general procedure was adapted from a literature procedure.'® Diamine 5 was
suspended in DMSO at 120 °C. The mixture became clear immediately after CDI was
added and a new precipitate appeared gradually. After 24 hours, the precipitate was
filtered and washed with methanol and dried at 60 °C for 24 hours under vacuum.””* The
final product was a yellow powder, slightly soluble in DMSO (<0.5mg/mL) and
insoluble in most other common organic solvents; therefore characterization was carried

out in DMSO when solvent was required.
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2.1.4 Results and discussion
2.1.4.1 NMR analysis

'H NMR experiments in DMSO indicate the presence of almost exclusively one
major product. The 'H NMR spectrum (Figure 2.1) shows 6 major sets of signals: 2
singlets at 10.68 and 12.22 ppm and 4 doublets at 7.26, 8.37, 8.39 and 8.61 ppm. The
relatively simple NMR spectrum suggests a symmetric molecular conformation in
solution. By referring to a similar structure prepared from 2,6-diaminopyridine,”®” a
macrocycle of Cs-type symmetry as shown in Figure 2.1(a) is proposed. The 'H NMR
spectrum can be reasonably explained based on this structure. The urea proton N-H6 that
forms a 6-membered ring hydrogen bonding network with the neighboring naphthyridine
nitrogen gives the most downfield shifted signal at 12.22 ppm. N-H5 points outward and

gives an upfield shifted signal compared to N-H6 at 10.68 ppm.

30



6

b J 5 uL ﬁ
Vel e L w "Al aa v-rw“J?-v o orpolrbh bt Ltanbivns aidlille L e Mrtemiord P

clasas
II||[1[[][1T|lITI‘ITlfllerlflTT‘f'l_lTlTﬁl_lfTTl‘FﬁT['"'

12.0 115 110 10.5 10.0 9.5 90 85 8.0 7.5 ppm

4 3, 1

T T 1 'l T ll I!"Irrl lTl*]iI‘TTli] T lfl—, T T T l—l'TI T T 17771

8.60 8.40 8.20 8.00 7.80 7.60 7.40 ppm

Figure 2.1. '"H NMR spectrum of macrocycle 6 and the peak assigment: (a) Structure of
macrocycle 6 with hydrogen bonds represented by dashed lines; (b) '"H NMR spectrum of
trimeric macrocycle 6 in DMSO-ds at 24.2 °C and (c) expansion of the aromatic region of
the NMR spectrum.
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Hydrogen/deuterium exchange experiments were carried out to confirm the
identity of both urea protons (Figure 2.2). The signal. assigned to N-HS5 disappeared in 5
minutes after D,O was added to the NMR tube, while the N-H6 signal was still observed.
30 minutes later, both signals disappeared. This suggests that the N-H6 hydrogen is
locked in the conformation shown in Figure 2.1(a) by intramolecular hydrogen bonding,

so exchange with deuterium is not as facile as with the N-H5 hydrogen.

N-H5

N-H6

l

e WU} L m L rm [T IATre | o) P n
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Figure 2.2. "HNMR spectra of macrocycle 6 after D,O (5 uL) was added at room

temperature (ca. 25 °C): (a) 5 minutes and (b) 30 minutes after addition. The arrows
indicate the original positions of the urea protons.

Other evidence for the difference between the two urea N-H protons was observed

with variable temperature NMR experiments (Figure 2.3).
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Figure 2.3. "H NMR spectra of macrocycle 6 at (a) 80 °C and (b) 24 °C; with DMSO-ds
as solvent.

All N-H5 protons point outwards and are incapable of forming intramolecular
hydrogen bonds. However it is possible for these protons to form intermolecular
hydrogen bonds with the carbonyl oxygens of other macrocycles (Figure 2.4) even
though 'HNMR studies were carried out in DMSO-d¢ that normally disrupts

{751

intermolecular hydrogen bonds. The chemical shift (10.68 ppm at ambient

temperature) of N-HS5 falls in the expected region for intermolecular hydrogen bonded
urea protons.”o’ 71, 76-78)
Intermolecular hydrogen bonding and n-x aromatic stacking are major reasons for

the aggregation of this macrocycle in solution and its resulting low solubility. Compared

to intramolecular hydrogen bonds, intermolecular hydrogen bonds are more easily
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influenced by environmental changes such as concentration, solvent and temperature. The
low solubility poses serious difficulties in carrying out concentration-dependent studies.
Herein, only the results of variable temperature 'H NMR experiments are discussed.

In Figure 2.3, the chemical shift of the N-H6 proton changed only slightly
(Ad = 0.01 ppm) when the temperature increased from 24 °C to 80 °C; while the signal of
the N-HS5 proton broadened and shifted upfield significantly (A5 = 0.26 ppm). This result
again shows that the intramolecular hydrogen bond network inside the cavity is rather
strong and not affected by temperature variations.

Another type of hydrogen bonding present in macrocycle 6 is the Ar-CH 'O

around the periphery of the macrocycle (Figure 2.4).

og
z—:::mmg

Figure 2.4. Aggregation in the plane of the naphthyridine ring enforced and stabilized by
intermolecular hydrogen bonds.
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The CH O interaction is a weaker H-bond compared to the traditional XH Y bond
where both X and Y are electronegative atoms.’* **) However, it is regularly treated as an
important factor to understand non-covalent interactions.* %% In our case, the
significance of this type of hydrogen bonding is reflected in the difference in chemical
shifts (Ad =1.35ppm) between C-H1 and C-H4 that otherwise have the same
connectivity (Figure 2.1 (a) & (c)). The electron withdrawing ability of the aromatic
carbon to which H4 is connected is enhanced by being ortho to the urea functional group
and meta to the naphthyridine nitrogen atom, and this, in turn, increases the acidity of H4

to make it a reasonable hydrogen bond donor.®
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2.1.4.2 MS analysis
MS further confirmed the identity of macrocycle 6. In Figure 2.5, the primary
signal at m/z = 558.69 corresponds to the mass of the protonated macrocycle 6

(C27H;18N 1203, exact mass = 558.16).

1 OO-‘ 558.69
580.70
%-|
] 581.70
1346 .44
82.7
7243 53068 | [PO271
714.87 744.92 931.13 1139.27
0- m/z
400 500 600 700 800 900 1000 1100 1200

Figure 2.5. MALDI-TOF-MS of macrocycle 6 with DHB (2,5-hydroxylbenzoic acid) as
matrix.

The signals at 580.69 that were ca. 22 mass units higher than the main signals are
sodium ion adducts. The metal ion can come from the glassware used for the reaction

and/or the workup. The expansion of these signal groups is shown in Figure 2.6.
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Figure 2.6. Isotopic distribution of [M+H]" and [M+Na]" of macrocycle 6.

There are also other signals that appear at much higher mass. When the areas
above m/z 1160, which are about twice the mass of the cyclic trimer are expanded, it
shows two major signal groups (Figure 2.7). The first signal group starting from
m/z 1117.25 corresponds to the mass of the protonated dimer [2M+H]" and the second
signal group starting from m/z 1139.27 originates from the sodium adduct of the dimer
[2M+Na]". The nature of the dimer observed in the mass spectra is unknown and may
reflect the self-aggregation of the molecules in the solid state or may be formed during

the ionization process.
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Figure 2.7. Isotopic distribution of [2M+H]" and [2M+Na]" of macrocycle 6.

Besides macrocycle 6, some other minor products could also be observed in the
mass spectrum (Figure 2.5) and, surprisingly, they correspond to other macrocycles. No
signs of linear oligomers or polymers were detected. The signal group at m/z 372.43
corresponds to protonated macrocyclic dimer with the formula CisHi2NgO, and exact
mass 372.10. The sodium associate appeared at 394.50. The signals at 744.92 ((M+H]")
and 766.94 ([M+Na]") are consistent with a cyclic tetramer (C36H24N160s, exact mass =
744.22), while the signals at 931.13 ([M+H]") and 953.12 ((M+Na]") correspond to a
cyclic pentamer (CasHzoN2¢Os, exact mass = 930.27). Poor solubility and low yield are
the major problems encountered to isolate these macrocycles from each other and to
perform further investigations. However, this does not indicate that they are less
important or cannot be synthesized as independent compounds in the future. Compared
with macrocycle 6 that has the ideal geometry to be flat, the urea groups of other

macrocyclic compounds require conformational changes to compensate for steric strain.
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Jiang et al. reported the serendipitous discovery of a strained tetrameric oligoamide
macrocycle that could be used as molecular clips.’” Under the current experimental
conditions, these macrocycles (dimer, tetramer and pentamer) are extremely minor
products that were only detected by mass spectrometry. In comparable systems,>* ®! by
raising the reaction temperature, higher yields of kinetically less favored products can

result.
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2.1.4.3 The self-templating process

For disubstituted ureas, the conjugation between the carbonyl group and amino
nitrogen results in partial double bond character of the urea linkage, so that free rotation
about the urea C—N bond is restricted. Conformational studies were carried out on 3-
dipyridyl thioureas by Sudha et al.®® and pyrid-2-yl ureas by Chien et al."® Their
results, based on experiments and calculations, revealed that when 2-aminopyridine was
converted to a urea or thiourea group, the E-Z*”) conformation is adopted in both solution
and the solid state due to intramolecular hydrogen bonds.

In our case, the naphthyridine group of 2,7-diamino-1,8-naphthyridine can be
considered as two fused pyridine rings, and the folding/cyclization process is directed by
the preferred E-Z conformation encoded in the individual subunits (Figure 2.8). In this
conformation, the urea protons and the non-adjacent naphthyridine nitrogen lone pairs, as
well as the carbonyl oxygen and adjacent naphthyridine proton (Ar-CH O) are well
aligned to form intramolecular hydrogen bonds. Moreover, the unfavorable dipole
repulsion between the naphthyridine nitrogens and carbonyl oxygen, and steric repulsion

between the urea proton and the adjacent ortho naphthyridine proton are avoided.
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Figure 2.8. Illustration of the preferred consecutive E-Z/E-Z/E-Z conformations of
trimeric macrocycle 6. Urea C-N bonds are highlighted; hydrogen bonds are represented
with dashed lines.

The folding process in the formation of macrocycle 6 can be interpreted on the

] shown in Figure

basis of conformational preferences of the individual urea subunits
2.9. The curved conformation adopted by the intermediate dimer composed of two
naphthyridine rings sets the tone for the sequential reaction to favor cyclization over

linear polymerization (Scheme 2.4).
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Scheme 2.4. A proposed pathway for the formation of macrocycle 6.

2.1.5 Conclusions and future work

In the bifunctional condensation reaction between 2,7-diamino-1,8-naphthyridine
and 1,1’-carbonyl diimidazole, trimeric macrocycle 6 was synthesized as the predominant
product and was characterized by MALDI-TOF-MS and '"H NMR. The cyclisation was
self-directed by six-membered intramolecular hydrogen bonding between urea protons
and napthyridine nitrogen lone pairs inside the ring, and between the ortho naphthyridine
protons and the carbonyl oxygens around the periphery. In this reaction, hydrogen
bonding plays the role of a template that holds the reaction intermediates in a
conformation that favors macrocyclisation. > ¢!
With a relatively spacious cavity and several donor and acceptor sites, this

trimeric macrocycle is expected to find applications in both fundamental and applied

research.
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2.2 Naphthyridyl formamidine macrocycle

2.2.1 Introduction

Amidine-containing compounds are the nitrogen analogs of carboxylic acids and
esters and they are the subject of studies in medicinal chemistry, organometallic
chemistry, polymer chemistry, etc.®™ The lone pair of the amino nitrogen forms a
conjugated system with the imino w-system to make the N=C-N moiety coplanar where
both carbon nitrogen bonds have partial double bond character.”® > For formamidine,

the formal hydrogen is electron-deficient due to the electron withdrawing effect from the

nitrogen atoms, which make it a possible hydrogen bond donor.P***

Compared to some more frequently used functional groups, such as amides,*>"

95-103] [64, 66-68, 104, 105] [88, 106-109] :

ureas, and ethynylenes in designing structures with well-

defined conformations, the formamidine motif receives much less attention than it
deserves. In 1995, B6hme and coworkers reported the synthesis of a cyclic pyridyl

formamidine trimer (Scheme 2.5),1'1%1"2]

P
N~ N N
N Qe H )I\ J\ H
3 | P + 3 cszo—c':—H N SNTH O HTONT
HaN N NH, OC,Hs g %

/ N\\IIIIHIIIIIHHIIIIIHI’I/N/

TEOF i

VIII

Scheme 2.5. The synthesis of macrocyclic formamidine compound VIII by Bohme et al.
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The trimeric macrocycle VIII was the major product from the reaction of 2,6-
diaminopyridine with triethylorthoformate (TEOF) and the favorable hydrogen bonding
interaction between the formal protons and the pyridine nitrogen lone pairs was observed
using '"H NMR."!% The conformation shown in Scheme 2.5 in the solid state was verified
with X-ray powder diffraction in conjunction with theoretical calculations.!'?! A control
experiment was executed by replacing pyridyl-2,6-diamines with 1,3-phenyl diamines
that produced a series of oligomers. The lack of hydrogen bonding interactions in the
latter case was proposed to be the major reason to account for this difference. Theoretical
and experimental investigations show that the formal hydrogen atoms point inside the
ring due to the favorable interactions between the pyridyl lone pairs and the formal
hydrogen atoms.[!1% 112 113]

In this section of the thesis, the synthesis and characterization of macrocycle 7
with naphthyridine building blocks and formamidine linkages is described, which further
exemplifies the self-templating macrocyclization process featuring non-covalent
interactions. Dipole moment minimization, steric repulsion and especially intramolecular
hydrogen bonding formed between the formal hydrogen and the naphthyridyl nitrogen
lone pairs drive macrocyclization. The naphthyridine ring can be thought of as an
extended pyridine ring possessing two nitrogen electron lone pairs. The resulting
formamidine-linked macrocycle can be more coplanar and has a more spacious inner
cavity than the pyridyl analogue. This larger cavity has the advantage to act as potential
binding sites for guest molecules in supramolecular studies and for possible industrial

applications.!!*11!
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A well-established method for synthésizing formamidines is the reaction of a
primary amine with triethylorthoformate (TEOF)®> ' 13, 19-121] that is commercially
available. 2,7-diamino-1,8-naphthyridine 5 was synthesized in our lab and behaves as an
ideal hydrogen bond acceptor (aromatic nitrogen lone pairs) and donor (amino
hydrogens) in the trimeric urea macrocycle 6 discussed above. Diamine S underwent
[3+3] condensation with TEOF in DMSO to obtain the formamidine-linked naphthyridyl
macrocycle. 'H NMR, C NMR, MALDI-TOF-MS, IR and single crystal X-ray

diffraction were used to characterize the final product.
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2.2.2 Synthesis of naphthyridyl formamidine macrocycle (7)

Macrocycle 7 was prepared by the [3+3] condensation reaction between 2,7-
diamino-1,8-naphthyridine and triethyl orthoformate (TEOF) in anhydrous DMSO as

llustrated in Scheme 2.6.

NN s buso
P 2 |
HaN N N NH, OC,Hs
5 TEOF 7

Scheme 2.6. Synthesis of macrocycle 7.

Diamine 5 formed a yellow suspension in DMSO at 120 °C to which TEOF was
added. The suspension became clear at once to form a bright yellow solution that turned
to dark orange quickly. After 24 hours, the product was precipitated from the mixture

with methanol. The solid was washed with cold methanol and dried under vacuum.
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2.2.3 Results and discussion

2.2.3.1 MS analysis

The product was examined with MALDI-TOF-MS with frans-3-indoleacrylic acid
(TAA) as matrix. The spectrum obtained showed a very simple signal pattern with only
one major signal group and several minor groups (Figure 2.9). The primary peak at m/z
510.93 corresponds to the mass of a protonated cyclic trimer (Cy7H;isNj,, 510.18),
followed by the metal ion associates with sodium ([M + Na]") and potassium ([M + K]")

at 532.94 and 548.93, respectively. The expansion of the spectrum is shown in Figure

2.10.
100, 510.93
532.94
%-| | 548.93
1045.29
1046.29
049.93 1023.30 1061.26
551.95 \ P 063.28
O—Hm*“ miz

600 700 800 900 1000 1100 1200 1300

Figure 2.9. MALDI-TOF-MS macrocycle 7 with IAA as matrix.
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Figure 2.10. Isotope distribution pattern of proton, sodium and potassium ion adducts of

macrocyle 7.
The minor signal groups starting with peak m/z 1023.30 is consistent with the
dimer of 7 with the corresponding metal ion associates with sodium and potassium

appearing at m/z 1045.29 and 1061.26, respectively (Figure 2.11).

[2M+Na]"
100- 1045.29
1046.29
. [2M+K]"
%+ [2M+H] 1061.26
1023.30 1047.29 1062.27
1024.31 1063.28
1025.32 1048.32 1064.29
1043.25 1059.25
1049.34 1065.30
m/z

1060 1065

1045 1050 10585

1025 1030 1035 1040
Figure 2.11. Isotope distribution pattern of proton, sodium and potassium ion adducts of

dimerized 7.
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2.2.3.2 Crystal structure

The solid-state structure of macrocycle 7 (Figure 2.12) was obtained by X-ray
diffraction analysis of a single crystals that was grown from a DMSO / Methanol solvent

mixture as yellow needles.

Figure 2.12. ORTEP view of formamidine macrocycle 7. The solvent molecules are
omitted for clarity.
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The 24-membered macrocycle is composed of three ortho bis-substituted
naphthyridine rings linked by formamidine functional groups and adopts an essentially

planar conformation (Figure 2.13).

Figure 2.13. (a) Top and (b) side view of space-filling representations of macrocycle 7.

All the formal hydrogens point inward, forming 3-centered intramolecular
hydrogen bonds (S5) with the adjacent naphthyridine nitrogen lone pairs (Figure
2.14). The intramolecular hydrogen bond networks are believed to be the major forces

that induce and stabilize the coplanar conformation.
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Figure 2.14. Three-centered intramolecular hydrogen bonding network (represented by
blue dot line) inside the cavity of crystal 7.

The formamidine amino protons are involved in intermolecular hydrogen bonding

with oxygen of the included methanol and DMSO solvent molecules (Figure 2.15).
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Figure 2.15. Intermolecular hydrogen bonds formed between formamidine amino N-H
and oxygen lone pairs of methanol and DMSO molecules.

Some selective hydrogen bonding geometry data (bond length A and angle °) are

given below (Table 2.1) and complete crystallographic data are in Appendix A.

Table 2.1. Hydrogen-bonding bond length (A) and bond angle (°).

N2—H2- - -O41i 0.88 1.99 2.832 160.5°
N15—H15- - -O51ii 0.88 1.96 2.832 170.3°
N26—H26: - -O61iii 0.88 2.28 2773 115.1°
N26—H26- - -O61iv 0.88 2.34 3.017 133.4°
041—H41- - -051 0.84 1.86 2.692 168.5°
N10—H14- - -N25 2.277 2.502 4.702 169.4°
N23—H27- - -N38 2.501 2.309 4.709 156.4°

N36—H1- - -N12 2.307 2.502 4.740 160.6°
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In the crystal structure, one of the formamidine groups appears reversed in
comparison to the other two formamidine groups (Figure 2.16a). In this conformation,
two imino double bonds could conjugate with one aromatic ring (a); while in the

symmetric conformation, no such extended conjugation is possible (Figure 2.16b).

Figure 2.16. Different conjugation patterns in (a) asymmetric and (b) symmetric isomers
of macrocycle 7. The dotted squares highlight the largest conjugation that could be
formed in both isomers.

In the crystal structure, macrocycle 7 packed into interdigitated vertical columnar
arrays through aromatic n-n stacking (Figure 2.17). Interestingly, the naphthyridine

moiety highlighted in Figure 2.16(a) was the overlapped part of two adjacent

interdigitated stacks.
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2.2.3.3 NMR analysis

The '"H NMR spectrum obtained for macrocycle 7 in DMSO-ds shows only four
sets of signals (Figure 2.18) that were assigned based on the crystal structure. The sharp
singlet at 10.42 ppm was assigned to the formal hydrogen that is in agreement with the
analogous cyclo-tris (2,6-pyridylformamidine) reported by Bohme ez aft''® " This
formal hydrogen signal is shifted significantly downfield compared to other aromatic
formamidine compounds that normally appear between 7.83-8.26 ppm.[''! The three-
centered hydrogen bonding to the naphthyridine nitrogen lone pairs and the electron

withdrawing effect from the naphthyridine rings are the main deshielding factors.

2+3
5
1+4
6 _
LA At e A e B B O I S Y
11.5 11.0 10.5 10.0 9.5 9.0 85 8.0 7.5 7.0

Figure 2.18. "H NMR spectrum of macrocycle 7 in DMSO-d.
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The most downfield singlet at 11.27 ppm was assigned to the amino hydrogen

with the aid of deuterium exchange experiments (Figure 2.19).

l By

Ihrfl!ll|llllll(l||rr'rrrll1l|}ll|lI||l['lll||ll||’llll'

11.5 11.0 10.5 10.0 9.5 9.0 85 8.0 7.5 7.0 6.5

Figure 2.19. D/H exchange 'H NMR experiment in DMSO-ds. The spectrum was
obtained 3 days after one drop of methanol-d4 was added to the NMR tube. The arrow
points to the residual signal after deuterium exchange.

The deshielding is probably caused by the electron withdrawing effect from
naphthyridine and the imino groups and intermolecular hydrogen bonding as shown in
the crystal structure. The broadened shape of the amino hydrogen indicates rapid
intermolecular proton exchange by forming cyclfc dimers that may be catalyzed by protic

solvent®® ' 122} (Figure 2.20). Relatively strong water signals with magnitudes similar to

that of the DMSO residue (0.2 %) were observed in the spectra.
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Figure 2.20. Proton exchange (a) in a cyclic dimer; (b) catalyzed by a water molecule.
Np represents a naphthyridine ring.

The temperature dependent behavior in the variable temperature NMR
experiments (Figure 2.21) provides more evidence that the amino hydrogen is involved in
intermolecular interactions. Contrary to the formal hydrogen that was shifted downfield
slightly (0.03 ppm), the amino hydrogen was shifted upfield significantly (0.34 ppm) as

temperature increased from 24 °C to 90 °C.
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Figure 2.21. Variable temperature "H NMR spectra in DMSO-ds,

The ‘proton jump’!™??! between two formamidine nitrogens illustrated in Figure
2.20 is also responsible for the apparent symmetry displayed in the simple NMR
spectrum in which only two aromatic peaks are observed. Komber and coworkers
investigated the proton exchange at the formamidine group on cyclo-tris(4-R-2,6-
pyridylformamidine)s (R = H, CHj3) in solution with low-temperature NMR
experiments.!"'!! Their results showed that fast intermolecular proton exchange results in
interconversion of two types of tautomers: symmetric (S) and asymmetric (A) resulting in
averaged NMR signals at room temperature. The doublet at higher field (7.22 ppm) could
be assigned to the naphthyridine hydrogen ortho to the formamidine group and the lower

field doublet can be assigned to the meta hydrogens.
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2.2.3.4 Conformational analysis

The formation of a macrocycle instead of polymers in the bifunctional
condensation between 2,7-diamino-1,8-naphthyridine and triethylorthoformate indicates
that certain curved conformation(s) should predominate in the intermediate(s) and

facilitate macrocyclization.

According to theoretical and experimental studies on N’-pyridylformamidines
(Pyridyl-Niw=CH-Nyy-),P*** 31 conformation (a) in Figure 2.22 is expected to be

favored over conformation (b).

Figure 2.22. Conformations in one naphthyridyl-formamidine unit: (a) is adopted by
macrocycle 7; (b) leads to linear polymers. Hydrogen bonds are represented by dashed
lines and dipole moments by arrows.

The conjugation of the formamidine double bond with the naphthyridine ring
affords partial double bond character to C2-Nin,, thus restricting the free rotation about
this bond. In conformation (a), electronic repulsion between the imino nitrogen lone pair

and the naphthyridine lone pair(s) is minimized and the unfavorable steric interaction
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between H3 and the formal H shown in conformation (b) is avoided. Furthermore,
hydrogen bonds are formed between the formal hydrogen and the adjacent naphthyridine
nitrogen lone pair to further stabilize the curved conformation.®'* '} Apparently, the
dimer (two naphthyridine rings linked by one formamidine functional group) is the most
important intermediate that favors the cyclization process over polymerization. With all
the naphthyridine nitrogen atoms and formamidine hydrogens involved, the hydrogen
bond network inside the macrocycle strictly locks the formal motif coplanar with the
aromatic rings. In the pyridyl macrocycle VIII reported by Béhme and coworkers
(Scheme 2.5), with one pyridyl nitrogen lone pair bonded to two formal hydrogen atoms,
the strength of the hydrogen bond network is expected to be weakened. In their work,
based on the combination of X-ray powder diffraction and theoretical calculations, one
formamidine group was found to be out of plane, which is probably caused by the lower
electron contributing ability when one nitrogen lone pair has to be shared to

form two hydrogen bonds.!''® 2!
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2.2.4 Conclusions and future work

A 24-membered macrocycle 7 was synthesized in a one-step condensation
reaction between 2,7-diamino-1,8-naphtyridine and triethylorthoformate and
characterized with various spectroscopic techniques. All three formal hydrogens point
mnside the macrocyle to form intramolecular hydrogen bonds with the naphthyridyl
nitrogen lone pairs. The three-centered hydrogen bonds (Ngp-HeNgp)!'??! lock the
formamidine group coplanar with the naphthyridine rings. The folding information is
encoded in the subunits and guides the cyclization process. While macrocycle 7 is
asymmetric in the crystal structure, it displayed averaged NMR signals in solution at
room temperature that can be explained by proton transfer between the amino and imino
nitrogens. In the crystal structure, macrocycle 7 packs into a supramolecular columnar
structure by offset face-to-face aromatic n-stacking,!?*!

With a relatively spacious cavity, essentially flat conformation, abundant electron
donor and acceptor groups, and a propensity to self-assemble by =n-m stacking
interactions, macrocycle 7 might find applications in organometallic and catalytic
chemistry, biochemistry, supramolecular chemistry and materials science./* ¢7 6% 111, 1161
One problem with this macrocycle is its poor solubility, though it is more soluble than
macrocycle 6 due to less intensive intermolecular interactions, it will still pose serious
difficulties when potential applications are concerned. Derivatization of the formamidine
amino group and/or the naphthyridine ring with solubilizing alkyl chains is underway.

Investigations of the physical properties and practical applications of macrocycle 7 and

its derivatives will be the focus of future studies in our group.
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Chapter 3

Pyridazine-based macrocycles and folding oligomers

3.1 Introduction

In our lab, we have designed three types of macrocycles and oligoureas with
alternating 3,6-pyridazine/2,6-toluene, 4,6-pyrimidine/2,6-toluene and 2,3-pyrazine/2,6-
toluene repeating units to investigate the folding phenomena driven by noncovalent
interactions (i.e. hydrogen bonding and steric interactions (Chapter 1)). Significant
progress has been made in these systems where the goal set for the 3,6-pyridazine/2,6-
toluene system is realized and presented in this part of the thesis.

The 3,6-pyridazine/2,6-toluene macrocycles and foldamers are obtained with
largely the same synthetic methodology by reacting 3,6-diaminopyridazines with
tolylene-2,6-diisocyanate (TDI) to form urea linkages (N.B. o-tolylene-isocyanate (OTI)
was used to cap the oligomer strands). The structures are illustrated in Figure 3.1, where
the hydrogen bonding interactions between urea protons and pyridazine nitrogen lone
pairs are expected to be the major driving force for curvature formation in conjunction

with the para/meta substitution pattern of the aromatic moieties in the backbone.
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Figure 3.1. Chemical structures of 3,6-pyridazine/2,6-toluene: (a) macrocycles and (b)
foldamers.

The macrocycles, composed of two alternating p-pyridazine/m-toluene repeat
units, were prepared to test the folding propensity of this design and to provide the
necessary groundwork for foldamer synthesis and characterization.®® 3 1 The
macrocycles themselves are interesting target compounds to validate the effectiveness of
self-templated macrocyclization methods and to study their unique physical and
supramolecular properties. Macrocycles 20, 21, and 22 (Figure 3.1(a)) were synthesized
by reaction of diamine 11, 13, or 15 with TDI in chloroform in a one-step condensation
reaction, respectively. In order to test the effect of steric interactions between toluene
methyl groups and urea carbonyl groups, a 3,6-pyridazine/1,3-benzene macrocycle 23
(Figure 3.2) was prepared as a control molecule by reaction of diamine 15 and 1,3-phenyl
diisocyanate (PDI). The design principle was confirmed by the full characterization of the

3,6-pyridazine / 2,6-toluene macrocycles with NMR analysis in solution and X-ray
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crystallography. A trimer 24 (n = 0) and a pentamer 26 (n = 1) were made to test the

folding properties of urea-linked foldamers (Figure 3.1(b)).

cl'l) 1l
R\N /C\'I“ :[: “N _R
Z EH " m N R = i-butyl
A w,,'l_l H 'l_l\\w =
RN \ﬁ/N N\ﬁ/N\R
o]

Figure 3.2. Chemical structure of 3,6-pyridazine/1,3-benzene macrocycle 23.

A systematic protocol was used to synthesize a variety of diamines with different
aromatic and aliphatic side chains that were also applicable to prepare
4,6-diaminopyrimidine and 2,3-diaminopyrazine. The isocyanate reagents (TDL PDI and
OTI) are commercially available. The preparation of 3,6-diaminopyridazines will be
described first followed by the synthesis and characterization of macrocycles and

foldamers.
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3.2 Preparation of 3,6-diaminopyridazines
3.2.1 Introduction

Kumagai has carried out extensive research on the reactions between 3,6-

dichloropyridazine and different amines!**!.

Both mono- and bis-substituted pyridazine
derivatives were isolated from the product mixture using aromatic amines but only mono-
substituted pyridazine derivatives were obtained with aliphatic amines under similar
reaction conditions. On the other hand, Vorbruggen and coworkers report the conversion
of 3,6-dihydroxylpyridazine into 3,6-diaminopyridazines through a one-step silylation-

amination procedure!!*®’,

Solid phase synthesis is another interesting route to make diaminopyridazines.
Parrot et al. reported the use of resin-bound thiophenol linkers to obtain a wide range of

disubstituted pyridazines following Scheme 3.11?7).

C"O—C' — RRNH Ry = R
tBuOK o N-N 12 N /
@ @°«© @< ) R

EtOH/DMF DME ¥ HClcat | A R,

DMF/Toluene

Scheme 3.1. Solid phase synthesis of 3,6-diaminopyridazines.

This method is especially useful for aliphatic amines. However, we preferred a

simpler method that could yield multi-gram quantities of starting materials.
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We prepared a series of 3,6-diaminopyridazines to allow us to choose the ideal
reactant that possesses all the desired qualities: reactivity, solubility and crystallinity.
The substituents influence the reactivity of the diamine with the diisocyanate. Aromatic
substituents contribute to the delocalization of the electrons of the amine nitrogen and
decrease the nucleophilicity. Solubility and crystallinity are often a contradictory pair.
For example, the long alkyl chains used in these diamines can aid the solubility to
facilitate analysis by NMR, MS, UV, CD, efc. which are usually carried out in solution,
but may hamper the growth of suitably sized crystals for X-ray diffraction experiments.

To increase the crystallinity of our products we preferred to use isobutyl side-chains.
3.2.2 Results and discussion

Six 3,6-diaminopyridazines were obtained via the reaction between 3,6-dichloro-
pyridazine and different types of primary amines and/or their hydrochloride salts. These
diamines have the general structure shown in Figure 3.3, where R and R’ can be either

the same or different substituents.

R-HN \ / NH-R'
N

Figure 3.3. The general structure for N, N’-substituted 3,6-diaminopyridazines.
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Some mono-substituted pyridazines were also synthesized as intermediates of the

diamines, which have the general structures shown in Figure 3.4.

CI—@-NH—R
—N

Figure 3.4. The general structure of N-substituted 3-amino-6-chloropyridazines.

The mono-substituted pyridazines were obtained for all the amines. For the
reaction with aromatic amines, milder reaction conditions were required to avoid
formation of the bis-substituted products. Bis-substituted pyridazines with aromatic and
ethanolic subtituents were synthesized in a one-step reaction. For dialkylamines, the two
chloro groups were substituted sequentially. The mono-substituted product was
synthesized first and then the amine hydrochloride salt was used to replace the second
chloro group. The synthesis of 3-amino-6-chloropyridazines 8, 10, 12 and 14 and 3,6-

diaminopyridzines 9, 11, 13, 15, 16 and 17 is outlined in Scheme 3.2.
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eq.), 120 °C, 20 min; (d) 4-decylaniline (1 eq.), 70-80 °C, 1 hr; (e) 4-decylaniline (2.3
in; (f) 1-dodecylamine (3 eq.), 90-100 °C, 0.5 hr; (g) dodecylamine
hydrochloride 18 (2 eq.), 170 °C, nitrogen, 3 hrs; (h) isobutylamine (5 eq.), ethanol,
reflux, 3 hrs; (i) 19 (2.8 eq.), 140 °C, nitrogen, 3 hrs;(j) ethanolamine (7.3 eq.), 150-160
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To explain the different reactivities of the chloro at the 6-position towards
aromatic and aliphatic amines, Kumagai suggested a two-step mechanism as shown in

Scheme 3.3.1!%]

CI‘<=>‘CI——R£|2—> RNH \—/ Cl _Rﬂ. RNH—<—:>-NHR
N Step 2

N—N Step 1 _—
Scheme 3.3. 2-step reaction for the synthesis of N,N’-substituted 3,6-diamino-

pyridazines.

The chloro group at the 3-postion is easily substituted due to the electron
withdrawing effect from the second chloro group at the 6-position. After
monosubstitution, the amine at the 3-position would decrease the reactivity of the chloro
group at position 6 via an electron-donating effect. Aromatic amines could delocalize the
amine electrons and thus diminish the electron-donating effect. To confirm his
supposition, Kumagai'*’! purposely prepared mono-substituted 3-anilino-6-chloro-
pyridazine as a starting material to react with a variety of aromatic and aliphatic amines
to obtain bis-substituted products. The reaction conditions were usually harsher than
those for the preparation of diarylamines. There is some inconsistency in this
rationalization. Aliphatic amines are stronger bases than aromatic amines (for aliphatic
amine pKa ~10; for aromatic amine pKa ~5)!'"*®! and better nucleophiles, so when the
chloro group at the 3-position is substituted by an aromatic amine, the second chloro
group at 6 position is expected to be just as easily substituted by an aliphatic amine és an

aromatic amine. However, we were unable to obtain this type of mixed diamine with the
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aforementioned procedure. Nevertheless, the fundamental idea of a 2-step pathway and
the change of electron density at the 3-position and thus the 6-position after mono-
substitution is reasonable and can also explain the ease of disubstiutution with
aminoethanol, 3-aminopropanol and amino-2-propanol."®! In these cases, electron
withdrawing through induction and/or five- and six-membered hydrogen bonding
conformations (Figure 3.5) are proposed to reduce the electron density of the amine
nitrogen.['?’!

y H., ;" 10 H

"’N/ o/ N\;‘f Hsc—’)':—CHs
C )N \_/ it

HOY

Figure 3.5. Schematic representation of the hydrogen bonding and the induction effects
in different alcoholic amines.
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The dialkylamines in this thesis were synthesized with a procedure adapted from
the work of Moghioros et al.*®) In their syntheses, a halogen group (Br or CI) at the 3-
position para to a phenyl group was substituted by a primary or secondary amine by
adding one equivalent of the corresponding hydrochloride salt to initialize the
nucleophilic substitution reaction that was difficult to carry out otherwise. The

mechanism is illustrated in Figure 3.6.

@
é L/I
2 Rz
fast
R R
Ry
H—NZ —( H H_® R
_Ry + 2H\ﬁ/R1 “R; ®] Ry o t ><1 °
\ / N N X@ “ \ 7/ ~R, X H R, X
R H R fast 2
—N 2 —N

Figure 3.6. Mechanism of nucleophilic substitution with amine salts by Moghioros et al.

This mechanism does not explain why the chloro group at the 6-position is more
difficult to substitute by an aliphatic amine. According to Moghioros’ mechanism, when
the first chloro group is substituted, 1 eq. of HCI is produced, which could act as a

catalyst for the sequential substitution of an amine at position 6.

One important factor that should be considered is the protonation of pyridazine
nitrogen(s) by hydrochloric acid either added externally or produced in situ. One
equivalent of HC1 is produced after substitution of the chloro group at position 3 (Figure

3.7), which can combine with either the starting primary amine or the product secondary
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amine depending on their relative pKa values. If the starting primary amine is protonated,
there will be no benefit in compensating the electron contributing effect of the amine
para to the Cl. On the other hand, if the mono-substituted amine is protonated, it will
lower the electron density at position 6 to facilitate the second substitution as illustrated

in Figure 3.7.

Cl \N_ N/ NH-R Cl \N E})\l/ NH-R
|©
T 3 HCI
1 2
a b

Figure 3.7. (a) The possible protonation sites in mono-substituted pyridazine; (b) the
product after protonation at site 2.

It was reported that N-2 was protonated with one equivalent of H'1*!1 Aliphatic
amines are stronger bases than aromatic amines as well as mono-substituted amino-
pyridazines, so they are more likely to be protonated (Figure 3.7(b)). In the case of
aromatic amines, the mono-substituted product is the stronger base and will be protonated
at N-2 to make the substitution of the second chloro group easier. When the
hydrochloride salt of the amine is used as the nucleophile, Moghioros’ mechanism is
followed and the HCl produced in situ protonates the N-2 of the mono-substituted
product without competition from the external amines. Experimentally, for both mono-
and bis-substitution by aromatic amines, workup was required to neutralize the products;

while aliphatic mono- and bis-substituted products were obtained as neutral products.
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3.2.3 Conclusions

A series of 3,6-diamino pyridazines with different substituents were synthesized
successfully with 3,6-dichloropyridazine as starting material. Aromatic and ethanolic
derivatives were easily obtained in a one-step nucleophilic substitution reaction with the
corresponding diamines. Aliphatic N-substituted diamines were synthesized in two

consecutive reactions.

There is room for improvement in the synthesis of dialkylaminopyridazines with
isolated yields reported herein of ca. 50%. An important portion of the loss comes from
the incomplete reaction between the mono-substituted products and the amine salts.
Improvements may be possible if one were to protonate the mono-substituted products

before the reaction with the ammonium salts.

Due to time limitations, diamine 17 was not used in the subsequent preparation of
macrocycles and foldamers. This diamine has some interesting features since the
hydroxyl groups could be functionalized to prepare interesting structures. For example,
the hydroxyl groups could be protected during macrocyclization, and after deprotection,
the products, unlike those with hydrophobic side chains, might be more soluble in polar
solvents. The hydroxyl group could be also used as a starting point to prepare dendrimers
with a macrocyclic core. Also, the hydroxy group could be first transformed to halogen

derivatives which can subsequently be used to prepare macrocycle networks.
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3.3 Tetrameric pyridazine macrocycles

3.3.1 Synthesis

The 26-membered macrocycles were synthesized by a one step reaction of N-
substituted p-diamino pyridazines and TDI or PDI with anhydrous chloroform as solvent
at 50 °C under nitrogen for 24 hours (Scheme 3.4). The reactants and resulting products

are summarized in Table 3.1.

0 0
R c c R
X \N/ \T ’l‘l/ \N/

R — R OCN NCO wH X H.,
\ / Z N N X

2 NN\ /N 2 | A
H N—N H —_— \ i, X H\\\\\\ L

| |

R/N\C/N N\C/N\R

| |

(o} o}

20 R= Ph-CygHpq, X =CHj,
21 R=nCyHys, X=CHs,
22 R=iCHg  X=CH,
23 R=iCHg X=H

Scheme 3.4. The syntheses of tetrameric 3,6-pyridazine/2,6-toluene macrocycles:
chloroform, 60°C, 24 hrs.

The isocyanate group is very reactive towards moisture or alcohol, so anhydrous
and controlled reaction conditions are required for this reaction. To achieve this, the
diamines were vacuum-dried at 50 °C for two days, and the reaction flasks were flame-
dried before use. The average yield of macrocycle starting with TDI or PDI was ca. 70 %
or 40 %, respectively. The difference could be accounted for by the fact that with TDI,

steric interactions favor macrocycle formation (Figure 1.8).
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Table 3.1. List of the reactants and the resulting macrocycles 20-23.

R diamine X diisocyanate macrocycle
Ph-CyoHy 9 CH3 TDI 20
n-CioHs 11 CH; TDI 21
i-C4Hy 13 CH; TDI 22
i-C4Hy 15 H PDI 23

All the macrocycles were characterized with NMR (‘H, C, NOESY), MS and
IR. Crystal structures were also obtained for macrocycles 22 and 23, and will be
discussed in greater detail in Section 3.3.2.2. The self-assembly of macrocycle 21 on
highly oriented pyrolytic graphite (HOPG) observed using scanning tunneling

microscopy (STM) will also be described (Section 3.3.2.3).
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3.3.2 Results and discussion
3.3.2.1 NMR and MS analyses

The 'H NMR for all macrocycles shows a singlet at ca. 12 ppm that is
characteristic of an intramolecular hydrogen bonded urea proton and the simple signal
pattern suggests a relatively symmetric structure in solution. One example is given in
Figure 3.8 that shows the '"H NMR spectrum and the signal assignment of macrocycle 22.
The most downfield shifted signal 1 is assigned to the urea hydrogen. This downfield
shifted signal is indicative of the formation of hydrogen bonds that is also observed in the
naphthyridine urea macrocycle described in Section 2.1.4.1. The singlet, signal 3, in the
aromatic region belongs to the two equivalent pyridazine hydrogens; the other signals are
assigned to the toluene hydrogens. According to the splitting pattern, the triplet is
assigned to hydrogen 4 and the doublet to protdn 2. The relatively large difference in
chemical shift could be rationalized by the formation of Ar-H O hydrogen bonds
between proton 2 and the carbonyl oxygen (Section 2.1.4.1). There are four types of
protons in the aliphatic region: three are assigned to isobutyl hydrogens (doublet S (CH,),
multiplet 7 (CH) and doublet 8 (CHs)), and the femaining singlet at ca. 2.5 ppm is from
toluene methyl hydrogens. The relative position of the urea hydrogens and toluene
methyl hydrogens was confirmed by a NOESY experiment. In the NOESY spectrum
(Figure 3.9) the cross peak due to urea proton 1 and toluene methyl protons 6 indicates
the proximity of these two types of hydrogens that is only possible in the curved
conformation. For macrocycle 23, there is a cross peak of the urea protons and the
2-position phenyl protons in the NOESY spectrum (Figure 3.10), which agrees with a

curved conformation. The correlations of the other protons are similar to macrocycle 22.
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Figure 3.8. 'H NMR spectrum of macrocycle 22 in CDCl; with the aromatic region
expanded. The signals labeled with asterisks are due to residual chloroform and water.
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Figure 3.9. NOESY spectra of macrocycle 22 in CDCl; (r.t., mixing time : 0.3s).
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Figure 3.10. NOESY spectrum of macrocycle 23 in CDCI; (r.t., mixing time: 0.3 s).%2
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The identity of macrocycle 22 was further verified by mass spectrometry. The
signal at m/z 793.3 in the MALDI-TOF mass spectrum corresponds to the protonated
macrocycle 22 [M + H]" (C42HseN1204, exact mass = 792.45), while the signal at nvz
815.1, ca. 22 units higher in mass corresponds to the sodium adduct [M + Na]". The MS

data is summarized in Table 3.2.

Table 3.2. MS data for macrocycles 20 - 23

Macrocycle Formula Exact mass m/z ((M+H]") m/z ([M+Na]")
20 CooH120N1204 1432.96 14333 1456.6
21 C74H120N 1204 124096 - 1263.6
22 C42Hs56N 1204 792.45 793.3 815.1
23 C40Hs52N 1204 764.42 765.3 787.3
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3.3.2.2 Crystal structures

Single crystals suitable for X-ray diffraction were obtained for macrocycles 22
and 23 by slow diffusion of methanol into chloroform solutions of the samples. The
crystal characteristics and crystallographic parameters are provided in Appendix B.

In crystal structures of both 22 (Figure 3.11 - 3.16) and 23 (Figure 3.17 & 3.18),
the backbones are composed of four alternating pyridazine and non-heterocyclic aromatic
rings (toluene for 22 and benzene for 23). Urea N-H hydrogens are directed inwards,
forming four intramolecular hydrogen bonds with pyridazine nitrogens, and the carbonyl

groups pointing outwards.

N4 ~H6 = 1.888 A, N6-H6""N4 = 139.42°
N3 Hl = 1.866 A, N1-H1""N3 = 140.16°

Figure 3.11. ORTEP view of macrocycle 22.
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Figure 3.12, Ball-and-stick view of macrocycle 22 with hydrogen bonds represented by
dashed lines.

In the crystal structure of 22, the two pyridazine rings are relatively coplanar,
while the toluene rings tilt out of plane in different directions: two isobutyl side chains
associated with one pyridazyl group point upward while those associated with the second

pyridazy!l group point downward (Figure 3.13).
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Figure 3.13. The conformation adopted by macrocycle 22. Hydrogens are omitted for
clarity. The two pyridazine rings are largely coplanar and the two toluene rings are tilted
out of the pyridazine plane in opposite directions. Isobutyl groups of the side chains are
situated on both sides of the macrocycle ring plane.

Macrocycle 22 packs into intertwined hexamers (Figure 3.14) viewed along the ¢
axis by three-centered intermolecular hydrogen bonds (R's (7))*”! between the carbonyl
oxygen of one molecule and the pyridazine hydrogen and the methylene hydrogen of

another molecule (Figure 3.15). Along the symmetry axis (C;) of the macrocycle, a

columnar pattern is formed by face-to-face aromatic n-n stacking (Figure 3.16).
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Figure 3.14. Intertwined hexameric network of macrocycle 22.
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010H10=2.483 A, C10-H10"010 = 136.93 °
02 ~“H4 =2431A, C4-H4010=15083°

Figure 3.15. Intra/intermolecular hydrogen bonded dimer of macrocycle 22.
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Figure 3.16. Top view of stacked macrocycle 22.
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Figure 3.17. ORTEP view of macrocycle 23.
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Figure 3.18. Ball-and-stick view of macrocycle 23 with hydrogen bonds represented by
dashed lines.

In the crystal structure of 23 (Figure 3.19) all four aromatic rings are twisted out
of the macrocycle plane to a greater extent than in 22, which is quite unexpected. In the
crystal structure, one of the isobutyl groups is disordered. Macrocycle 23 was designed
after macrocycles of type 22 were synthesized, to obtain flatter structures due to
decreased steric repulsion between two hydrogens (23) versus two methyl groups (22).
In the crystal structure of 22 (Figure 3.15), the methyl hydrogen forms hydrogen bonds
with the urea (NH) nitrogen (N6cH21A=2.318A, N6c "H21A-C21 = 110.01°) that, to
some extent, counterbalances the steric repulsion between the bulky methyl groups. This
may assist in forming the coplanar conformation, along with the hydrogen bonding
between urea hydrogens and pyridazine nitrogen lone pairs. While in the structure of 23,
there is no such hydrogen bonding interaction (H31A N5 = 2.555A, C31-H31A"'N5 =

70.22°).

88



Figure 3.19. The conformation adopted by macrocycle 23. Hydrogens are omitted for
clarity. All the aromatic rings are twisted out of plane.

However, the goal of obtaining a relatively spacious cavity by replacing the bulky methyl

groups with hydrogen atoms was realized in macrocycle 23 (Fig 3.20).
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Figure 3.20. Spacefilling representations of macrocycles 22 (top) and 23 (bottom).
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3.3.2.3 Self-assembly studies by STM [133)

Scanning tunneling microscopy (STM) allows one to image atomic structures on
conducting surfaces. The technique relies on a tunneling current between a scanning fine
tip and a sample surface.!* There is great interest in the 2D self-assembly of organic
molecules on surfaces due to their potential applications in nanotechnology.!**! There are
many examples of ‘adsorption induced self-organization’ of organic molecules on
surfaces observed using scanning tunneling microscopy."*® This prompted our STM
investigation of physisorbed layers of macrocycle 21 at the graphite-solvent interface.
Figures 3.21 and 3.22 show the STM images of two dimensional monolayers of
macrocycle 21 physisorbed at the liquid HOPG (highly oriented pyrolytic graphite)

interface. 1,2 4-trichlorobenzene was used as solvent due to its low vapor pressure thus

facilitating experiments in a liquid drop.

Figure 3.21. STM images of macrocycle 21 on HOPG in 1,2,4-trichlorobenzene in
constant current mode using a Pt/Ir tip: a) 26.9 pA, -564 mV; b) 95.5 pA, -1.00V.
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Macrocycle 21 forms extended stripe domains at the HOPG/solution interface
where changes in direction on the same layer and different layers of graphite are observed
(Figure 3.21 (a)). Figure 3.21 (b) shows a typical high resolution image of macrocycle 21
on graphite where the macrocyclic cores are arranged in parallel stripes (lighter regions)
and there is evidence for interdigitated alkyl chains in the two adjacent stripes (darker
regions). Figure 3.22 (a) shows the highest resolution image that was obtained and,
based on the periodicities of the features, the space-filling model of the macrocyclic core

was superimposed on the image (Figure 3.22 (b)). The peripheral groups are not included

since well-resolved images of the alkyl chains were not obtained.

Figure 3.22. STM images of macrocycle 21 on HOPG in 1,2,4-trichlorobenzene in
constant current mode using a Pt/Ir tip; 16.7 pA, -668 mV.
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3.3.2.4 Self-aggregation in solution

Macrocycle 22 packs into 3D columnar arrays by face-to-face aromatic n-n
stacking (Section 3.3.2.2). Macrocycle 21 self-assembles into 2D crystalline arrays on
highly oriented pyrolytic graphite from concentrated solutions as revealed in STM
images. In this section, concentration dependent 'H NMR experiments are used to study

the aggregation behavior in solution. Tables 3.3-3.6 list the '"H NMR data (chemical shift

vs. concentration) of macrocycle 20 -23.

Table 3.3. 'H NMR data (chemical shift vs. concentration) of macrocycle 20*

Concentration Pyridazine-H4, 5 Tolylene-H3 Urea-H
(mM)

0.4 6.490 7.937 12.160

1 6.487 7.936 12.155

2 6.484 7.936 12.151

4 6.476 7.935 12.140

10 6.459 7.932 12.116

20 6.433 7.929 12.078

Table 3.4. '"HNMR data (chemical shift vs. concentration) of macrocycle 21*

Concentration o iozine-H4, 5 Tolylene-H3 Urea-H
(mM)

0.625 7.438 7.882 12.011

1.25 7.438 7.882 12.012

25 7.416 7.875 11.978

5 7.381 7.868 11.926

10 7.332 7.852 11.851

20 7.281 7.833 11.773
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Table 3.5. 'HNMR data (chemical shift vs. concentration) of macrocycle 22*

Concentration Pyridazine-H4, 5 Tolylene-H3 Urea-H
(mM)

0.5 7.395 7.775 11.977

1 7.393 7.775 11.975

25 7.390 7.774 11.970

5 7.381 7.770 11.958

10 7.367 7.766 11.940

20 7.345 7.758 11.911

Table 3.6. ' H NMR data of (chemical shift vs. concentration) macrocycle 23*

Concentration Pyridazine Benzene

(mM) Benzene-H2 "H4, 5 ‘H4, 6 Urea-H
2 6.765 7.449 7.909 11.994

4 6.765 7.448 7.908 11.993

8 6.765 7.448 7.907 11.993
16 6.763 7.446 7.904 11.994
24 6.762 7.445 7.902 11.996
40 6.760 7.443 7.899 11.996

*The proton positions in the above tables are numbered according to the corresponding

monomer.
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Figure 3.23. Concentration dependent 'H NMR studies of (a) urea NH protons; (b)
pyridazine protons (c) toluene protons (H3) of macrocycles 20, 21 and 22.

Macrocycles 20, 21 and 22, constructed with the toluene group, all show
concentration dependent signals in the 'H NMR, i.e. as concentration increased, the
chemical shifts of the backbone protons decreased (Figure 3.23), suggesting self-
aggregation in solution.™® *- 3% 381 Macrocycle 21, with long aliphatic side chains
(-C12Hzs) shows the most drastic concentration dependent "H NMR signals. Contrary to
what was expected, concentration dependent 'H NMR behavior was not observed for
macrocycle 23 (Table 3.6). The aggregation is likely caused by n-m stacking of the
aromatic backbone and side chain interactions. The difference may be caused by (a) the
planarity of the backbone structure and (b) the side chain properties.!*”! Macrocycle 23

possesses a less coplanar backbone conformation in the solid state compared to 22, which
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might deter the proper orientation for stacking interactions. While macrocycle 20, 21 and
22 have the same backbone structures, the side chain interactions lead to the variant
concentration dependent behavior. The aryl group in 20 and the branching isobutyl group
in 22 may cause unfavorable steric interactions to hinder stacking. It is interesting to note
that macrocycle 21 which displays the most obvious self-aggregation behavior in

solution, was the only macrocycles whose self-assembly was detected by STM.
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3.3.3 Conclusions

A series of tetrameric macrocycles (26-membered rings) were synthesized in one-
step [2+2] condensation reactions between 3,6-diaminopyridazines and 2,6-tolylene-
diisocyanate or 1,3-phenyl-diisocyanate. Intramolecular hydrogen bonding between the
urea hydrogens and pyridazine nitrogen lone pairs was the major driving force for the
preferential formation of curved conformations that lead to macrocyclic products instead
of linear polymers.

Crystal structures were obtained for macrocycles 22 and 23 with isobutyl side
chains. In both structures, urea hydrogens align inside the cavity of the macrocycle and
form hydrogen bonds with the pyridazine lone pairs, while the carbonyl groups orient
outwards forming intermolecular hydrogen bonds. Columnar packing patterns through
face-to-face aromatic - stacking were observed for both crystals. Macrocycle 22 adopts
a more coplanar conformation than macrocycle 23 possibly due to intramolecular
hydrogen bonding between the toluene methyl hydrogens and the urea nitrogens.
Nevertheless, the aim to obtain a more spacious cavity by replacing the relatively bulky
methyl groups with hydrogen atoms was realized in macrocycle 23. Macrocycle 21 self-
assemble into 2D crystalline arrays on HOPG from concentrated solutions as revealed in
STM images. Self-aggregation in solution of macrocycles 20, 21 and 22 with toluene as
the backbone component was reflected in concentration dependent "H NMR experiments
with 21 showing the clearest dependence. Coincidently, macrocycle 21 was the only
macrocycle whose self-assembly was detected by STM. Macrocycle 23 did not show
concentration dependent behavior probably due to a less planar ring conformation also

observed in the crystal structure.
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The strong propensity to curve suggests the possibility of obtaining helical
structures with this system. In the next section (Section 3.4), the synthesis of a cresent-
shaped trimer 24 and a helical pentamer 26 from 3,6-diaminopyridazine 15, 2,6-tolylene-

diisocyanate and o-tolylene isocyanate will be described.
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3.4 Foldamers

3.4.1 Introduction

The strong propensity to form macrocycles, enforced by intramolecular hydrogen
bonds, described in Section 3.3, suggests the possibility to design foldamers with this
same system.’® In fact, the initial goal of this project was to synthesize helical
foldamers. Isobutyl side chains afford macrocycles 22 and 23 with good solubility and
crystallinity for characterization, so we decided to include this motif in designing our
foldamers. Diamine 15 and TDI were used as the major reagents in preparing trimer 24

and pentamer 26 (Figure 3.24).

24 26

Figure 3.24. Chemical structures of trimer 24 and pentamer 26.

Trimer 24 was prepared to test whether the anti conformation of the carbonyl
groups and the toluene methyl groups observed in the macrocycles could exist in open

chain systems and be a model compound for analyzing pentamer 26.
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Pentamer 26 is made of five alternating urea-linked 3,6-pyridazine/2,6-toluene aromatic
rings and is expected to form one helical turn with overlapping toluene termini. The
purpose of making pentamer 26 was twofold: (a) to test whether the folding pattern could
be repeated in the formation of longer oligomeric strands; and (b) if the helix is formed,
to study its conformation which will be useful for studying the conformation of longer

strands.
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3.4.2 Synthesis

Trimer 24 was synthesized in a one-step reaction of diamine 15 and o-tolylene
isocyanate (OTI) (Scheme 3.5). Diamine 15 could be completely converted into 24 by
using excess OTI. The unreacted OTI was hydrolyzed with methanol when the reaction

was shown to be complete by TLC.

O-

15 24
Scheme 3.5. The synthesis of trimer 24: (a) OTI (2.5 eq.), anhydrous chloroform, 60°C, nitrogen,
3 hrs.

Pentamer 26 was prepared in a two-step reaction (Scheme 3.6): diamine 15 was

reacted with OTT to form mono-capped dimer 25, which, after purification, was reacted

/ téé‘@j \ﬁmf@‘“*‘
| ﬁr"

15 25

with TDL

Scheme 3.6. The synthesis of pentamer 26: (a) OTI (1.2 eq.), anhydrous chloroform, 60 °C,
nitrogen, 3 hrs; (b) TDI (0.5 eq.), anhydrous chloroform, 60 °C, nitrogen, 24 hrs.
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3.4.3 Results and discussion
3.4.3.1 Trimer (24)

Trimer 24 was obtained as a white wax after purification by column
chromatography. In the '"H NMR spectrum (Figure 3.25), there is a singlet at 11.45 ppm
that is characteristic of an intramolecular hydrogen bonded urea N-H proton. The
integration ratio of 2:2 relative to the pyridazine hydrogens indicates the urea N-H
protons are equivalent. Both urea protons form hydrogen bonds with the pyridazine
nitrogen lone pairs and enforce the formation of a crescent structure. The complete

assignment of the signals was determined with COSY NMR data (Figure 3.26).
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Figure 3.25. '"H NMR spectrum of trimer 24 in CDCl;. The aromatic region is highlighted and
expanded. The solvent signal is marked with an asterisk. The structure has C, symmetry.
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Figure 3.26. Aromatic region of the COSY spectrum for trimer 24 in CDCls.
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The urea N-H and toluene methyl protons show a cross peak in the NOESY
spectrum (Figure 3.27) that indicates the proximity of these two types of protons. This
confirms the shown folded conformation. Further characterization of this molecule was
obtained by mass spectrometry. The m/z peak at 489.2 is consistent with protonated
trimer 24 (C23H36NsO,, exact mass = 488.29) and the sodium adduct ([M+Na]") appeared

at m/z 511.1.

106



T
[=]
I
@ T
o @ I
o = Mﬂ O
=
C [19]
= Sz z T
LT T L
< oL

0—

. ot o
e e e e ele e el . m - - .K’C_ Loy
AN e === Wl—e e — = -
m . // m \\_
v ' R
1 AN
RN m ol
i | . &) |
e mﬂﬂ, pe— L e
i ! L/ @ |
T \ i
;! . ! L
o | N\ |
Sy // :
! _ // _ Lo
P! N . i
i A i
N N : |~
ol i \ i
[ ) i
. hd . - o
. . :
| N _
| N [
. // :
m "
f N [} | @
: N : Al
| N\ |+
H N\ : i
N [
! oS
: N
O B o ——— Amu r
o
TrTrTTY T T™T -f
m .r k —hv F ﬂl—‘-A—’_ k Q—v m l_wqw. n
o R
Ay
< Jﬁa« ¥ Y
o L O <

F1 (ppm)

Figure 3.27. NOESY spectrum of trimer 24 in CDCl; (r.t., mixing time: 0.3s).
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Crystals suitable for X-ray single crystal diffraction were grown by slow
evaporation from ethanol (crystallographic data is available in Appendix D) Trimer 24
(Figures 3.28 - 3.31) crystallized as a mixture of two helical segments with opposite
chirality. Hydrogen bonding interactions were observed between the urea protons and
pyridazine nitrogens, and the carbonyl groups and toluene methyl groups were anti to

each other as expected due to steric repulsions.
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Figure 3.28. ORTEP view of trimer 24.
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Figure 3.29. Intramolecular hydrogen bonding interactions in trimer 24.

Figure 3.30. (Left) capped stick and (right) space-filling representations of one helical

conformation of trimer 24.
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Figure 3.31. Top view of packing pattern in trimer 24.
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3.4.3.2 Pentamer (26)

Pentamer 26 was the major product from the reaction of mono-capped dimer 25
and TDL. In the mass spectrum (Figure 3.32), there are three groups of signals: the signals
starting at m/z 885.5 correspond to the proton adduct of pentamer 26 (C4HgsN1204, exact
mass = 884.52), and the isotopic groups at m/z 907.4 and 923 .4 are consistent with the

sodium and potassium ion adducts.

[M+H]"
100- 885.45
J 886.43
%1 [M+Na]"
] 907.43
887.50 908.42 [M+K]"
923.40

il

O T Al 1 T T T T T o T T T m/Z
880 885 890 895 900 905 910 915 920 925 930

Figure 3.32. MALDI-TOF-MS spectrum of pentamer 26 mixture with DIT (dithranol) as
matrix.

The urea N-H protons and toluene methyl protons in the 'H NMR spectrum are

the fingerprint signals of folding for this structure (Figure 3.33).
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There are two types of hydrogen bonded urea protons with a 1:1 integration ratio
that appear at 11.56 and 11.43 ppm, respectively. Also, there are two types of methyl
protons from the interior and terminal toluene groups that show an integration ratio of 1:2
and they appear as partially overlapping peaks at 2.34 and 2.35 ppm. The two pyridazine
protons in the aromatic region overlap and merge into one relatively broad singlet with a
1:1 integration ratio compared to the urea protons. The assignment of the signals was

determined with COSY NMR data (Figure 3.34).
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Figure 3.34. Aromatic region of COSY spectrum of pentamer 26 in CDCl,.
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The terminal toluene protons are structurally similar to those of trimer 24;
however, except for H1, the other three protons show appreciably lowered chemical shifts
(Figure 3.35). The shielding effect is proposed to be due to intramolecular stacking when
the terminal toluene groups overlap: H3 and H4 are affected more and thus show larger
upfield shifting, while H1, being further away from the overlapped area, is less shielded.
This type of shielding is diagnostic of helix formation in isomeric pyridine-pyrimidine,”
43, 139]

pyridine-pyridazine'*” and pyrimidine-naphthyridine!!! molecular strands and is

also characteristic for the aromatic termini of helicenes and heterohelicenes!'*% 141,

2

H
3 1
H H
4
H CHCl,

CH, H2:0.04

—’
A 4
Hi ﬁ4:0.09

e
M sl

8.00 7.80 7.60 7.40 7.20 7.00 ppm

Figure 3.35. Comparison of the chemical shifts for the terminal toluene protons in (a)
trimer 24 and (b) pentamer 26 in CDCl;.
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Another key difference between trimer 24 and pentamer 26 was observed in the

NOESY spectrum (Figure 3.36). For pentamer 26, there are two cross peaks

corresponding to the two urea protons (N-H) and the two methyl groups, but only one for

trimer 24. By zooming in these two cross peaks, the two types of correlation could be

distinguished from each other (Figure 3.37). The anti conformation of the methyl groups

and carbonyl groups was thus verified.
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Figure 3.36. NOESY spectrum for pentamer 26 in CDCl; (r.t., mixing time: 0.3s).
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Figure 3.37. Expansion of the NOESY spectrum for pentamer 26 in CDCL; (r.t., mixing

time: 0.3s).
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3.4.4 Conclusions and future work

A crescent trimer 24 and helical pentamer 26 based on alternating urea linked
pyridazine and toluene aromatic rings were. synthesized. Similarly as shown for the
macrocycles, the folded structures were mainly enforced by hydrogen bonding between
urea protons and pyridazine nitrogen lone pairs and the unfavorable steric interactions of
toluene methyl groups and carbonyl groups.

The crescent conformation for trimer 24 was confirmed by the two equivalently
hydrogen bonded urea protons revealed in the '"H NMR spectrum. The proximity of the
terminal toluene methyl protons and adjacent urea proton was verified by a NOESY
experiment. Two helical conformers with different chirality (P and M) were observed in
the unit cell of the crystal structure. We are currently preparing oliogmers of this type
with chiral side chains to obtain homochiral helices.

For pentamer 26, two types of urea protons with a 1:1 integration ratio and two
types of toluene methyl protons with a 1:2 integration ratio of the interior and terminal
toluene groups in the 'H NMR spectrum are consistent with the proposed pentameric
helical strand. The upfield shifting of the terminal toluene signals is indicative of
intramolecular stacking, which indicates the folding pattern persists as the termini overlap
and points to the possibility of preparing longer helical strands with this deéign.
Unfortunately, we have not yet obtained a crystal structure of pentamer 26.

The aim to obtain foldamers by making use of intramolecular hydrogen bonding
and steric interactions was realized by the successful preparation of trimer 24 and
pentamer 26, which also opens the way to make longer helical strands. We are currently

attempting a protection/deprotection methodology to prepare a nonamer in a convergent
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approach (Scheme 3.7). Diamine 15 was partially protected with (Boc);O to form 27
which was then reacted with TDI to prepare the bis-protected trimer 28 with a yield of
75%. We are currently investigating appropriate deprotection methods of 28 to obtain
trimeric diamine 29 that will react with TDI to form bis-protected heptamer 30. The
same deprotecting procedure will be applied to obtain heptameric diamine 31 that will be

subsequently ‘bis-capped’ to make the target nonamer 32.

A L | i
il AT AR
15 27 | 28
e
| TY Qf
Deprotected 7-mer <—— Bis-protected 7-mer <—— | L m P

Z "ty o
H
A % )\/N A Tr N\/I\

O-mer 29

32

Scheme 3.7. The synthesis of nonamer 32 via a protection-deprotection approach: (a)
(Boc)0, (1.1 eq.), TEA (2 eq.) anhydrous methylene chloride, r.t., 3 hrs; (b) TDI (0.5
eq.), anhydrous chloroform, 60 °C, nitrogen, 24 hrs.
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Chapter 4

Experimental

4.1 General methods

All the chemicals were obtained from Aldrich and were used without further
purification unless specified otherwise. All the solvents used were HPLC grade.
Dimethy! sulfoxide (DMSQ), tetrahydrofuran (THF) and chloroform used in reactions
were obtained anhydrous in SureSeal bottles and used under nitrogen flow. Choroform-d
(CDCL, 99.8%) and DMSO-ds (99.8%) were purchased from Cambridge Isotopes. 1,3-
phenyl diisocyanate (PDI), 2,6—tolylene diisocyanate (TDI) and o-tolylene isocyanate
(OTT) were stored at 4 °C and were warmed to room temperature before use.

Melting points (m.p.) were recorded with a capillary melting point apparatus
(Thomas Hoover) and are uncorrected. The recorded Ry values were determined by a
standard thin-layer chromatography (TLC) procedure: 0.25 mm silica gel plates (Aldrich,
Z122785-25EA) eluting with the specified solvents. FTIR spectra were recorded with a
Magna-IR Spectrometer 550 (Nicolet) in KBr pellets. 300 MHz "H NMR spectra and 75
MHz *C NMR spectra were recorded on a Varian 300 spectrometer. 500 MHz 'H NMR
were recorded on a Varian 500 spectrometer. The spectra were recorded at room
temperature unless specified otherwise. The residual proton signals of the deuterated
solvents were used as internal standards (DMSO-ds: 8(*H) = 2.50 ppm, §(**C) = 39.51
ppm; CDCls: §(*H) = 7.27 ppm, §(**C) = 77.23 ppm). The following notation is used for
the '"H NMR splitting patterns: singlet (s), doublet (d), triplet (t), quartet (q), doublet-

doublet (d-d), triplet-doublet (t-d), mutiplet (m) and broad signal (br). 'H coupling

120



constants are given in Hz and the values are for three-bond coupling protons unless
specified otherwise. MALDI-TOF mass spectra were obtained using a Micromass
BAA037 (Micromass, UK) time-of-flight mass spectrometer. A nitrogen laser (337 nm
wavelength) was used to desorb the sample ions. The matrices used were
dihydroxybenzoic acid (DHB), dithranol (DIT), or trans-indoacrylic acid (IAA) and the
spectra were recorded in the positive reflectron mode. FAB mass spectra (8 KV, Xe)
were recorded on a KRATOS MS25RFA with mNBA (meta-nitrobenzyl alcohol) as
matrix. ESI spectra were recorded on a FINNIGAN LCQ DUO mass spectrometer using
ESI probe by infusion (10pL/min) with integrated syringe pump. X-ray diffraction data
for 7 was collected on a Bruker AXS Smart 2K/Platform diffractometer with a graphite
monochromated CuKa radiation (1.54178 A), o scans at 100(2) K. For 22, 23 and 24, the
data was collected on a Bruker D8 X-ray diffractometer with a graphite
monochromatized MoK radiation (0.71073A), 8 scans at 100(2) K.

Compounds 1, 2 and 3 were synthesized following literature procedures and the
products were used in next step without purification. The '"H NMR spectra were in

agreement with the literature datal> 771

4.2 Experimental procedures

2-amino-7-hydroxyl-1,8-naphthyridine (1)

5 4
6 =z l 3
HO \N N/ NH,
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Concentrated sulfuric acid (20 mL) was slowly added to a solid mixture of 2,6-
diaminopyridine (5.63 g, 51.6 mmol) and malic acid (8.19 g, 61.1 mmol). The solution
was then heated at 110 °C for 3 hours. After cooling to room temperature, the dark red
solution was poured on ice and made basic (pH~8) with concentrated ammonium
hydroxide. A bright yellow precipitate appeared and the mixture was washed with water
and centrifuged 4 to 5 times. The product was lyophilized giving a quantitative yield of a
yellow powder. "H NMR (300 MHz, DMSO-de): 8 = 7.61 (d, J = 9.0 Hz, 2H, H-4, 5),

6.67 (s, 2H, NHy), 6.31 (d, ] = 9.0 Hz, 1H, H-6), 6.08 (d, J = 9.0 Hz, 1H, H-3).

2-acetamido-7-hydroxy-1,8-naphthyridine (2)

2-amino-7-hydroxyl-1,8-naphthyridine 1 (2.70 g, 16.8 mmol) and acetic anhydride
(27 mL, 286mmol) were reacted at 145 °C for 3 hours. After the mixture was cooled to
room temperature, the solution was filtered and washed with diethyl ether to yield dark
yellow crystals (3.20 g, 94%). 'H NMR (300 MHz, DMSO-ds): 8 = 11.88 (s, 1H,
naphthyridinone NH), 10.56 (s, 1H, NH), 8.04 (d, J = 8.7 Hz, 1H, H-4), 795 (d, J = 8.4
Hz, 1H, H-3), 7.84 (d, J = 8.7 Hz, 1H, H-5), 6.42 (d, J = 8.4Hz, 1H, H-6), 2.14 (s, 3H,

CH).

2-acetamido-7-chloro-1,8-naphthyridine (3)
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5 4
6 A N2 o

Cl N N N Ha

H

POCl; (55 mL, 590mmol) was slowly added to 2-acetamido-7-hydroxy-1,8-naphthyridine
2 (3.10 g, 15 mmol) and the mixture was reacted at 90 °C for 1.5 hours. The solution
became black once the reaction was completed. Most of the remaining POCl; was
removed by vacuum distillation. Ice was slowly added to the black sticky product to
hydrolyze the remaining POCI3 (caution! — delayed exothermic reaction). The solution
was kept on ice and cold water was subsequently added and the solution was then made
basic (pH~8) with concentrated ammonium hydroxide to give a dark brown precipitate.
The solid was collected by vacuum filtration and vacuum dried. The dried product was
extracted by Soxhlet extraction in chloroform overnight and the solvent was evaporated
under vacuum to yield a yellow powder (2.40 g, 70%). "H NMR (300 MHz, DMSO-ds):
8 =11.16 (s, 1H, NH), 8.44 (m, 3H, H3, 4, 5), 7.56 (d, ] = 8.4 Hz, 1H, H-6), 2.18 (s, 3H,

CHy).

2-amino-7-chloro-1,8-naphthyridine (4)

5 4
6 | 3
A Z
cl N N NH,
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2-acetamido-7-chloro-1,8-naphthyridine 3 (2.0 g, 9 mmol) was dissolved in 15% sulfuric
acid (10 mL, ca. 27 mmol) and refluxed for 1 hour. After cooling to room temperature,
30% ammonium hydroxide was added slowly to adjust the pH to 8. A light yellow
product precipitated out. The mixture was filtered and washed with water and then
vacuum dried to yield 1.23 g of product (76%). R¢ = 0.5 (methylene chloride/methanol,
9/1); m.p. = 134-135 °C; '"H NMR (300 MHz, DMSO-de): & = 8.18 (d, J = 8.1 Hz, 1H, H-
5), 8.07(d, J = 8.7 Hz, 1H, H-4), 7.52 (s, 2H, NH;), 7.30(d, J = 8.1 Hz, 1H, H-6), 6.90 (d,
J =8.7Hz, 1H, H-3), *C NMR (75 MHz, DMSO-ds): § = 160.13, 154.03, 151.36, 139.90,

138.57, 118.25, 115.53, 113.98 ; MS (MALDI-TOF): m/z 179.5 [M+H]" (100%).

2,7-diamino-1,8-naphthyridine (5)

5 4
6 A | X 3
X /
H,N N N NH,

2-amino-7-chloro-1,8-naphthyridine 4 (1.0 g, 5.5 mmol) was dissolved in
saturated ammonium hydroxide (150 mL) in a thick-walled sealed tube* and heated at
150 °C for 24 hours. After cooling to room temperature, water was removed under
vacuum and the resulting product was dried under vacuum. The dried product was
purified by column chromatography (the crude product was dissolved in methanol and
some silica gel was added. The solvent was removed from the sample-silica mixture
under vacuum and then loaded on the top of a pre-packed column of silica gel) to yield a

light yellow powder (0.56 g, 63 %). Re= 0.80 (chloroform/methanol, 8/3); '"H NMR (500
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MHz, DMSO-de): & = 7.77 (d, J = 8.5 Hz, 2H, H-4,5), 7.09 (s, 4H, NHy), 6 6.50 (d, J =
8.5 Hz, 2H, H-3,6), C NMR (75 MHz, DMSO-ds): & = 159.50, 152.61, 138.62, 108.64,
107.07, MS (MALDI-TOF): m/z 160.5 [M+H]" (100%). *To avoid the potentially
hazardous sealed tube reaction, another method for the preparation of this product that
involves the reaction of 2-amino-7-chloro-1, 8-naphthyridine 4 with 4-
methoxybenylamine in pyridine at 120 °C has recently been suggested by

Zimmerman, 4%

Cyclo-tris (2, 7-(1, 8-napthyridyl)-urea) (6)

Diamine 5§ (0.10 g, 0.63 mmol) was dispersed in 1 mL DMSO under nitrogen to form a
yellow suspension at 120 °C. 1,1’-carbonyl-diimidazole (0.17 g, 0.94 mmol, 50 % molar
excess) was dissolved in DMSO (0.2 mL) at room temperature under nitrogen and then
added dropwise into the suspension. The solid was completely dissolved resulting in a
clear yellow solution. The solution gradually became cloudy over a period of 30 minutes.
The reaction was continued at 120 °C under nitrogen for 24 hours and then cooled to

room temperature. The reaction mixture was filtered and washed with methanol to yield a
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light yellow powder (0.075 g, 64%). "H NMR (300 MHz, DMSO-de): & = 12.22 (s, 3H,
H-6), 10.68 (s, 3H, H-5), 8.61 (d, ] = 9.1 Hz, 3H. H-4), 8.37 (d, ] = 9.1 Hz, 3H, H-3),
8.39 (d, J = 9.1 Hz, 3H, H-2), 7.26 (d, J = 9.1 Hz, 3H, H-1); IR (KBr, v = cm™): 3140,

3120, 1720; MS (MALDI-TOF): nv/z 558.7 [M + H]" (100%), 580.7 [M + Na]" (100%).

Cyclo-tris (2,7-(1,8-naphthryidyl)-formamidine) (7)

Diamine 5 (0.048 g, 0.3 mmol) was dissolved in DMSO (0.3 mL) at 120 °C to form a
yellow suspension to which triethylorthoformate (0.089 g, 0.6 mmol) was added under
nitrogen. The solution immediately turned bright yellow and turned red-brown in 2 hours.
After cooling to room temperature, the product was precipitated with methanol. The solid
was filtered and washed with methanol and vacuum dried at 60 °C for 24 hours to yield a
bright yellow powder (0.038 g, 75%). "H NMR (300 MHz, DMSO-de): & = 11.54 (s, 3H,
H-6), 10.68 (s, 3H, H-5), 8.32 (d, ] = 8.5, 6H, H-2, 3), § 7.23 (d, ] = 7.5 Hz, 6H, H-1, 4);
BC (75 MHz, DMSO-dg): § = 154.53, 151.56, 139.03; IR (KBr, v = cm™): 3375, 3202,
3315, 1654, 1594, 1121; MS (MALDI-TOF): m/z 510.9 [M+H]" (100 %), 532.9

[M+Na]" (100 %); 548. 9 [M+K]" (100 %).
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(6-Chloro-pyridazin-3-yl)-phenylamine (8)

N=N 3
3 4

Pt

3,6-dichloropyridazine (4.0 g, 26.8 mmol) and aniline (2.5 g, 26.8 mmol) were dissolved
in ethanol (20 mL) and reacted at 60 °C for 3.5 hours. When cooled to room temperature,
isobutylamine (12 mL, 120mmol) was added and a precipitate formed at once. The solid
was filtered and washed with ethanol twice to yield yellow flake like crystals
(4.25 g, 77%). Ry=0.49 (chloroform/acetone, 8/2); m.p. = 181-182 °C; 'H NMR (300
MHz, CDCls): 8 = 7.40 (m, 2H, H-4), 7.33 (m, 2H, H-3), 7.27 (d, ] = 9.3 Hz, 1H, H-1),
7.18(m, 1H, H-5), 7.12 (4, J = 9.3 Hz, 1H, H-2), °C NMR (75 MHz, DMSO-d): § =
157.48, 155.26, 138.68, 129.95, 129.85, 125.06, 121.93, 116.60; MALDI-TOF-MS: m/z:

205.6 [M+H]" (100%).

N, N’-Diphenyl-pyridazne-3, 6-diamine (9)

2 1 1 2

3,6-dichloropyridazine (2.0 g, 13.4 mmol) and aniline (3.75 g, 40.3 mmol) were reacted

at 120 °C for 20 minutes. Ethanol (15 mL) was subsequently added and the product
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mixture was refluxed for 2 hours. After cooling to room temperature, a yellow solid
precipitated out that was isolated by filtration. The solid was redissolved in ethanol (20
mL) and then poured into saturated sodium bicarbonate solution (100 mL). The
neutralized product was filtered and recrystallized in ethanol twice and the final product
was isolated as golden flake-like crystals (1.78 g, 50.1%). R¢= 0.31(chloroform/acetone,
8/2); m.p. = 193.5-195.5 °C. '"H NMR (300 MHz, DMSO-de): 5 = 8.91(s, 2H, H-1), 7.73
(d, I = 8.1 Hz, 4H, H-2), 7.27(m, 4H, H-3 ), 7.10(s, 2H, H-1); 6.87(m, 2H, H-4); “C
NMR (75 MHz, DMSO-ds): & = 152.24, 141.73, 128.64, 120.09, 120.05, 117.46;

MALDI-TOF-MS: m/z: 262.7 [M+H]" (100%).

(6-Chloro-pyridazin-3-yl)-(4-decyl-phenyl)-amine (10)

1 2 3 4
5 6 7 8 9
c|‘<_\>_NH—®~0H2—CH2{-CH2);CH3
=N " .

3,6-dichloropyridazine (0.17 g, 1.14 mmol) and 4-decylaniline (0.26 g, 1.14 mmol) were
reacted at 70-80 °C for 1 hour. The crude product was dissolved in ethanol and
precipitated in saturated sodium carbonate solution. After drying at 60 °C, the product
was purified by silica gel column chromatography (chloroform/acetone, 9.5/0.5). The
first fraction (0.17 g, 43%) was the mono-substituted product 10 and the second fraction
(0.056 g) was identified as the bis-substituted pyridazine 11. Product 10: Rf = 0.77
(chloroform/acetone, 9.5/0.5); m.p = 106-107 °C. '"H NMR (500 MHz, DMSO-de): § =
9.37 (s, 1H, H-5), 7.57 (d, J = 8.5 Hz, 2H, H-3), 7.54 (d, ] = 9.0 Hz, 1H, H-1), 7.16 (d, ] =

9.0 Hz, 1H, H-2), 7.14(d, J = 8.5 Hz, 2H, H-4), 2.52 (t, J = 8.0 Hz, 2H, H-6), 1.54 (m,
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2H, H-7), 1.23-1.27(m, 14 H, H-8), 0.84 (t, J = 6.5 Hz, 3H, H-9); °*C NMR (75 MHz,
CDChL): & = 158.08, 148.03, 140.07, 136.30, 129.80, 129.48, 122.38, 115.99, 35.61,

32.12, 31.72, 29.84, 29.81, 29.72, 29.54, 29.50, 22.89, 14.33; MALDI-TOF-MS: m/z:

345.8 [M+H]" (100%).

N, N’-Bis-(4-decyl-phenyl)-pridazine-3,6-diamine (11)

4 3 11 3 4
8 7 6 5 2 / \ 2 5 6 7 8
HaG{HACHHaC—HoC HN NH CHy~CH,-{CH,}CH
4 3 N=N 3 4

3,6-dichloropyridazine (0.50 g, 3.36 mmol) and 4-decylaniline (1.84 g, 7.87 mmol) were
reacted at 120 °C for 15 minutes (the mixture became very viscous). The crude product
was dissolved in ethanol (10 mL) and precipitated by increasing the pH with concentrated
aqueous sodium hydroxide. The product was filtered and the solid was redissolved in
chloroform and extracted with water to remove the salt. The organic layer was dried by
anhydrous sodium sulfate and filtered. The solvent was removed from the filtrate under
vacuum to afford golden flake-like crystals (1.5 g, 83%). Re= 0.57 (chloroform/acetone,
8/2); m.p. = 193.5-195.5 °C; 'H NMR (500 MHz, DMSO-de): & = 8.76 (s, 2H, H-2),
7.61(d, J = 8.0 Hz, 4H, H-3), 7.08 (d, J = 8.5 Hz, 4H, H-4), 7.03 (s, 2H, H-1), 1.54 (t, 4H,
H-6), 1.24-1.28 (m, 28H, H-7), 0.85 (¢, J = 6.5 Hz, 6H, H-8); *C NMR (75 MHz,
CDCl): & = 153.64, 138.24, 138.04, 129.54, 120.41, 117.80, 35.54; 32.13, 31.83, 29.94,

29.84,29.75, 29.56, 29.52, 22.91, 14.34; MALDI-TOF-MS: m/z: 543.5 [M+H]" (100%).
3-Chloro-6-dodecylpyridazine (12)
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N=N

3,6-dichloropyridazine (4.0 g, 0.027 mol) and 1-dodecylamine (15 g, 0.081 mol) were
reacted at 90-100 °C for 0.5 hours and then refluxed in ethanol (20 mL) for another hour.
The crude product was precipitated in saturated sodium bicarbonate solution to yield a
white powder (5.86 g, 73%). Re= 0.67 (chloroform/acetone, 9.5/0.5); m.p = 85-86 °C; 'H
NMR (300 MHz, CDCL): & = 7.15 (d, J = 9.3 Hz, 1H, H-1), 6.67 (d, J = 9.3, 1H, H-2),
5.02 (m, 1H, H-3), 3.36 (m, 2H, H-4), 1.64 (m, 2H, H-5), 1.25-1.37 (m, 18H, H-6), 0.88
(t, ] = 6.9 Hz, 3H, H-7); *C NMR (75 MHz, CDCL): = 158.83, 146.58, 129.11, 116.06,
42.49, 32.14, 29.87, 29.847, 29.81, 29.57, 29.51, 27.20, 22.91, 14.34; MALDI-TOF-MS:

m/z: 297.7 [M+H]" (100%).

N, N’-Didodecyl-pyridazine-3, 6-diamine (13)

1 1

6 5 4 / \ 5 6
H3C-€HZC)—HZC-H20—HNﬂNH—CHz—CH2+CH2+CH3

N=N

3-chloro-6-dodecylpyridazine 12 (1.0 g, 3.35 mmol) and 1-dodecylamine chloride 18
(1.49 g, 6.70 mmol) were mixed and purged with nitrogen for 15 minutes. The mixture
was reacted at 170 °C for 3 hours. After cooling to room temperature, the black product
mixture was dissolved in chloroform (20 mL) and extracted with water (3 x 15 mL). The
organic layer was dried over anhydrous sodium sulfate and concentrated to about 10 mL

by vacuum evaporation. Silica gel column chromatography (chloroform/methanol
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/acetone, 8.5/1.5/0.5) was used to isolate the desired product (0.64 g, 42%). R¢= 0.50
(chloroform/methanol/acetone, 8.5/ 1.0/0.5); m.p. = 124-125 °C; 'H NMR (300 MHz,
CDCl): 8 = 6.57 (s, 2H, H-1), 4.13 (m, 2H, H-2), 3.31 (m, 4H, H-3), 1.60 (m, 4H, H-4),
1.25-1.36 (m, 36H, H-5), 0.88 (t, ] = 6.6 Hz, 6H, H-6), >°C NMR (75 MHz, CDCL): § =
154.57, 117.75, 42.91, 32.10, 29.92, 29.84, 29.80, 29.62, 29.53, 27.29, 22.87, 14.29,

MALDI-TOF-MS: m/z: 447.1 [M+H]'(100%).

(6-Chloro-pyridazin-3-yl)-isobutylamine (14)

6

{ 2 HC s
cl NH—CH,
N==N 4

3,6-dichloropyridazine (4.0 g, 27 mmol) and isobutylamine (9.82 g, 135 mmol) were
dissolved in ethanol (15 mL) and reacted under reflux for 3 hours. Excess isobutylamine
was removed by vacuum evaporation and the product was recrystallized from ethanol to
yield yellow needle like crystals (4.21 g, 78.5%). R¢ = 0.39 (chloroform/acetone, 9/1);
m.p. = 85-86 °C. "H NMR (300 MHz, CDCL): § = 7.15 (d, ] = 9.3 Hz, 1H, H-1), 6.67 (d,
J=9.3 Hz, 1H, H-2), 5.05 (s, 1H, H-3), 3.19 (m, 2H, H-4), 1.934 (m, 1H, H-5), 0.98 (d, J
= 6.6 Hz, 6H, H-6). °C NMR (75 MHz, CDCL): & = 158.95, 146.53, 129.10, 115.88,

49.93, 2834, 20.42; MALDI-TOF-MS: m/z: 185.5 [M+H](100%).

N,N’-Diisobutyl-pyridazine-3,6-diamine (15)
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(6-Chloro-pyridazin-3-yl)-isobutylamine 14 (1.3 g, 7.0 mmol) and isobutylamine
hydrochloride 19 (2.1 g, 19.5 mmol) were mixed and the flask was purged with nitrogen
for 15 minutes. The mixture was reacted at 140 °C for 3 hours. After cooling to room
temperature, the black product mixture was dissolved in chloroform (20 mL) and washed
with water (3 x 5 mlL). The organic layer was dried over anhydrous
sodium sulfate and concentrated to about 10 mL by vacuum evaporation. Silica gel colum
n chromatography (chloroform/methanol/acetone, 8.5/1.0/0.5) was used to isolate the
desired product (0.66 g, 43%). Ry = 0.48 (chloroform/methanolacetone, 8.5/1.0/0.5);
mp. = 141.5-142.5 °C; 'H NMR (300 MHz, CDCl): 8 = 6.62 (s, 2H, H-1), 4.40 (s, br,
2H, H-2), 3.13 (m, 4H, H-3), 1.90 (m, 2H, H-4), 0.94 (4, J = 6.6 Hz, 12H, H-5); *C
NMR (75 MHz, CDCl) &: 154.49, 118.03, 50.4, 28.32, 20.49; MALDI-TOF-MS: m/z:

222.7 [M + HJ'(100%).

N-Isobutyl-/V’-phenyl-pridazine-3, 6-diamine (16)

10

6 5 1 2 H30\9 10
CH—CH
" N\
7 HN H—CH,
=N 8
6 5

132



(6-Chloro-pyridazin-3-yl)-phenylamine 8 (0.416 g, 2.0 mmol) and isobutyl amine
hydrochloride 19 (0.52 g, 4.75 mmol) were mixed and the flask was purged with nitrogen
for 15 minutes. The mixture was reacted at 170 °C for 3 hours. After cooling to room
temperature, the black product mixture was dissolved in chloroform (10 mL) and
extracted with saturated sodium bicarbonate solution (2 x 2 mL) and water (3 x 2 mL).
The organic layer was dried over anhydrous sodium sulfate and concentrated to about 10
mL by vacuum evaporation. Silica gel column chromatography (chloroform/
methanol/acetone, 8.5/1.0/0.5) was used to isolate the desired product (0.26 g, 53%). R¢=
0.46 (chloroform/methanol/acetone, 8.5/ 1.0/0.5); m.p. = 109-110.5 °C; '"H NMR (
300MHz, CDCls): & = 7.28-7.30 (m, 4 H, H-5, 6), 7.04 (d, J = 9.0 Hz, 1H, H-1), 6.97(m,
1H, H-7), 6.85 (s, 1H, H-4), 6.65 (d, J = 9.0 Hz, 1H, H-2), 4.50 (m, 1H, H-4), 3.198 (m,
2H, H-8), 1.94 (m, 1H, H-9), 0.99 (d, J=6.6 Hz, 6H, H-10), *C NMR (75MHz, CDCL): &
= 155.87, 151.85, 141.56, 129.44, 121.93, 119.23, 118.79, 116.90, 50.31, 28.45, 20.52;

MALDI-TOF-MS: m/z: 242.7 [M+H]"(100%).

2-[6-(2-Hydroxy-ethylamino)-pyridazin-3-yl-amino]-ethanol (17)

1 1

5 4 3 2 / \ 2 3 4 5
HO—H,C—H,C—HN NH—CH,—CH,—OH

N=—N

3,6-dichloropyridazine (2.0 g, 13.4 mmol) and ethanolamine (6.0 g, 98.2 mmol) were
reacted at 150 - 160 °C for 6 hours. When cooled to room temperature, distilled water (5
mL) was added and the mixture was stirred overnight to allow the product to precipitate.

The solid was filtered, washed with water and air-dried. After recrystalization from
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ethanol, a yellow fluffy solid was obtained (1.9 g, 71%). Rr = 0.8 (chloroform/acetone,
8/2); m.p. = 167-168 °C; 'H NMR (300 MHz, DMSO-de): § = 6.69 (s, 2H, H-1), 5.93 (t, J
= 5.4 Hz, 2H, H-2), 4.85 (s, 2H, H-5), 3.53 (m, 4H, H-4), 3.27 (m, 4H, H-3); *C NMR
(75 MHz, DMSO-dg): 8 = 153.56, 118.70, 60.27, 44.14, MALDI-TOF-MS: m/z: 198.6

[M+H]"(100%).

Dodecylamine hydrochloride (18)

1 2 3 4 5
NH30I——CH2—CH2—(CH2>;CH3

1-Dodecylamine (~10 g) dissolved in ethanol and excess concentrated hydrochloride acid
(37%) was mixed at room temperature. The salt solution was placed in shallow dishes
and air-dried in the fume hood. The product was isolated as a white powder in
quantitative yield. m.p. = 175-176 °C; '"H NMR (300 MHz, CDCl): 5 = 8.29 (s, 3H, H-
1), 2.99 (m, 2H, H-2), 1.77 (m, 2H, H-3), 1.26 (m, 18H, H-4), 0.89 (t, ] = 6.6 Hz, 3H, H-
5); °C NMR (75 MHz, CDCL): & = 40.22, 32.13, 29.84, 29.83, 29.77, 29.61, 29.56,

29.20,27.92, 26.72, 22.90, 14.32.

Isobutylamine hydrochloride (19)

4
t 2 3 CHs

NHsCl—CH,-CH

Hs

Isobutylamine (~10 g) diluted with ethanol (ca. 50 mL) and an excess of concentrated

hydrochloric acid were mixed at room temperature. The salt solution was placed in
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shallow dishes and air-dried in the fume hood. The product was obtained as a white
powder in quantitative yield. m.p. = 157-158 °C; '"H NMR (300 MHz, CDCl): & = 8.34
(s, 3 H), 2.83 (m, 2H, H-2), 2.08 (m, 1H, H-3), 1.05 (d, J = 6.6 Hz, 6H, H-4); >C NMR

(75 MHz, CDCLs): § = 47.06, 27.21, 20.16.

Macrocycle (20)

HaC+HoC-H,C—H,C CH,—CH,~{CH,-CH
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To a flask with dried N, N’-Bis-(4-decyl-phenyl)-pridazine-3,6-diamine 11 (0.90 g, 1.66
mmol) was added a solution of tolylene-2,6-diisocyanate (0.35 g, 2.0 mmol) in anhydrous
chloroform (50 mL). The resulting light brown solution was allowed to react at 50 °C
under nitrogen for 24 hours. The product mixture was concentrated to about 15 mL and
purified by silica gel column chromatography (chloroformv/acetone, 9.5/0.5) to yield
0.726 g (61%) of the target product. Rg= 0.67 (chloroform/acetone, 9.5/0.5); m.p. = 191-
192 °C; 'H NMR (300 MHz, CDCly): 8 = 12.15 (s, 4H, H-1), 8.02 (d, ] = 8.4 Hz, 4H, H-
2),7.31(d, J= 8.4 Hz, 8H, H-4), 7.24 (d, ] = 8.4 Hz, 8H, H-5), 7.10 (t, J = 8.4 Hz, 2H, H-
3), 6.51 (s, 4H, H-6 ), 2.81 (s, 6H, H-7), 2.64 (m, 8H, H-8), 1.64 (m, 8H, H-9), 1.28-1.34

(m, 56H, H-10), 0.90 (t, J = 6.9 Hz, 12H, H-11); *C NMR (75 MHz, CDCL): § =
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154.99, 152.82, 143.98, 137.56, 136.96, 130.50, 129.69, 126.58, 122.13, 117.13, 116.55,
35.85, 32.10, 31.53, 29.83, 29.78, 29.71, 29.61, 29.53, 22.88, 14.69, 14.32; IR (KBr, v in

cm’'): 2923, 2852, 1697, 1597, 1547, 1475, 1448, 1250, ESI (Q-TOF): m/z : 1433.949

[M+H](90%).
Macrocycle (21)
0 0
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To a flask with N, N’-Didodecyl-pyridazine-3,6-diamine 13 (0.33 g, 0.74 mol) was added
a solution of tolylene-2,6-diisocyanate (0.16 g, 0.89 mmol) in anhydrous chloroform (15
mL). The resulting yellow solution was allowed to react at 50 °C under nitrogen for 24
hours. The product mixture was concentrated to about 10 mL and purified by silica gel
column chromatography (chloroformv/acetone, 9.5/0.5) to yield the target product (0.31 g,
67.3%). Re= 0.63 (chloroform/acetone, 9.5/0.5), m.p. = 194-95 °C; 'H NMR (300 MHz,
CDCl ): 8= 11.69 (s, 4H, H-1), 7.80 (d, J = 8.1 Hz, 4H, H-2), 7.23 (s, 4H, H-4), 6.99 (t,
J=8.1 Hz, 2H, H-3), 3,88 (t, ] = 6.3 Hz, 8H, H-6), 2.36 (s, 6H, H-5), 1.71 (m, 8H, H-7),
1.28-1.38 (m, 72H, H-8), 0.89 (t, J = 6.6 Hz, 12H, H-9), >C NMR (75 MHz, CDCL): 5 =
153.86, 152.37, 137.61, 126.12, 120.82, 116.18, 116.01, 46.25, 32.14, 29.91, 29.89,

29.86, 29.83, 29.66, 29.57, 28.47, 27.19, 22.90, 14.77, 14.33; IR (KBr, v in cm™"): 2925,
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2854, 1679, 1599, 1545, 1454, 1232; ESL: m/z : 1263.6 [M+Na]'(100%), 1444.8

[2M+Na]” (100%).
Macrocycle (22)
0 o
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To a flask with of N, N’-Diisobutyl-pyridazine-3,6-diamine 15 (0.51 g, 2.28 mmol) was
added a solution of tolylene-2,6-diisocyanate (0.40 g, 2.73 mmol) in anhydrous
chloroform (20 mL). The resulting light brown solution was allowed to react at 50 °C
under nitrogen for 24 hours. The product mixture was concentrated to about 10 mL and
separated by silica gel column chromatography (chloroform/acetone, 9/1) to yield of the
target product (0.35 g, 39%%*). Ry = 0.55 (chloroformv/acetone, 9/1); m.p. = 210-211 °C;
'H NMR (300 MHz, CDCL): & = 11.99 (s, 4H, H-1), 7.84 (d, ] = 8.4 Hz, 4H, H-2), 7.43
(s, 4H, H-4), 7.22 (t, J = 8.4 Hz, 2H, H-3), 4.00 (d, J = 7.5 Hz, 8H, H-6), 2.56 (s, 6H, H-
5), 1.96 (m, 4H, H-7), 1.00 (d, J = 6.6 Hz, 24H, H-8); *C NMR (75 MHz, CDCLy): § =
154.23, 153.28, 137.59, 126.54, 121.50, 118.10, 117.78, 51.35, 27.67, 20.15, 14.77, IR
(KBr, v in cm™): 2960, 2875, 1685, 1592, 1546, 1477, 1454, 1218; ESL m/z : 793.3
[M+H]'(100%), 815.1 [M+Na]'(100%), 1586.2 [2M+H](100%), 1607.2

[2M+Na]"(80%).
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* Some product was lost during transfer and the experiment was not repeated due to time

limitations.

Macrocycle (23)

"N I//II’H \
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To a flask with 1,3-phenyl-diisocyanate (0.12 g, 0.75 mmol) in anhydrous chloroform (5
mL) was added a solution of N, N’-Diisobutyl-pyridazine-3,6-diamine 15 (0.15 g, 0.68
mmol) in anhydrous chloroform (5 mL). The resulting light brown solution was allowed
to react at 50 °C under nitrogen for 24 hours. When the reaction was complete by TLC,
methanol (5 mL) was added and the product mixture was stirred overnight at room
temperature to neutralize unreacted isocyanate. Solvent was removed under vacuum and
the product was redissolved in chloroform (10 mL) and filtered. The filtrate was
concentrated to about half the volume and then separated by silica gel column
chromatography (chloroform/acetone, 9/1) to yield 0.12 g (46.5%) of the target product.
R¢=0.55 (chloroform/acetone, 9/1); m.p. = 212-213 °C; "H NMR (300 MHz, CDCL): § =
12.00 (s, 4H, H-1), 7.90 (d-d, °J = 8.4 Hz, *J = 2.1 Hz, 4H, H-2), 7.44 (s, 4H, H-4), 7.35
(t, J = 8.4 Hz, 2H, H-3), 6.76 (t, *] = 2.1 Hz, 2H, H-5), 3.96 (d, ] = 7.5 Hz, 8H, H-6), 1.92

(m, J = 6.6 Hz, 4H, H-7), 0.97 (d, ] = 6.6 Hz, 24H, H-8); '*C NMR (75 MHz, CDCL):
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=154.23, 153.00, 139.17, 130.12, 121.85, 116.03, 111.26, 51.27, 27.60, 20.04, IR (KBr,
vincm'™): 2962, 2877, 1680, 1610, 1570, 1549, 1495, 1454, 1338, 1232, 1209; MALDI-

TOF-MS: vz : 765.3 [M+H]'(100%), 787.2 [M+Na]"(100 %), 803.28 [M+K]"(100%).

Trimer (24)

o:& = >:02
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—H H—N
O =0
5 6

To a solution of N,N’-Diisobutyl-pyridazine-3,6-diamine 15 (0.22 g, 0.97 mmol) in
anhydrous chloroform (4 mL), o-tolylene isocyanate (0.39 g, 2.9 mmol) was added
through a syringe. The resulting light brown solution was allowed to react at 50 °C under
nitrogen for 5 hours. When the reaction was complete by TLC, methanol (5 mL) was
added and product mixture was stirred overnight at room temperature to react with the
excess of o-tolylene isocyanate. Solvent was removed under vacuum and the product was
redissolved in chlorofom (10 mL) and filtered. The filtrate was concentrated to about half
the volume and then separated by silica gel column chromatography (chloroformv/acetone,
9/1) to yield 0.36 g (74%) of the target product as a white wax. Rf = 0.63
(chloroform/ethyl acetate, 9/1); m.p. = 130-131 °C; 'H NMR (300 MHz, CDCL): § =
11.57 (s, 2H, H-1), 7.97 (m, 2H, H-2), 7.47 (s, 2H, H-3), 7.20-7.26 (m, 4H, H-4, 5), 7.04

(m, 2H, H-6), 3.98 (d, J = 6.9 Hz, 4H, H-7), 2.39 (s, 6H, H-8), 1.99 (m, 2H, H-9), 1.01 (d,
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J = 6.6 Hz, 12H, H-10); >C NMR (300 MHz, CDCL): & = 154.48, 153.46, 137.25,
130.40, 128.67, 126.72, 124.09, 12231, 121.87, 51.48, 27.68, 20.10, 18.78; IR (KBr, v in
cm’): 2960, 2864, 1676, 1591, 1550, 1460, 1446, 1213; ESI: m/z: 489.2 [M+H]'(100%),

511.1 [M+Na]"(100%), 998.9 [2M+Na]" (100%).

Dimer (25)
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To a solution of N,N’-Diisobutyl-pyridazine-3,6-diamine 15 (0.38 g, 1.71 mmol) in
anhydrous chloroform (20 mL ) was added o-tolylene isocyanate (0.27 g, 2.05 mmol).
The mixture was stirred at 50 °C under nitrogen for 5 hours. When the reaction was
complete by TLC, methanol (5 mL) was added and the product mixture was stirred
overnight at room temperature to react with the excess o-tolylene isocyanate. Solvent was
then removed under vacuum and the product was redissolved in chloroform (20 mL) and
filtered. The filtrate was concentrated to about 10 mL and purified by silica gel column
chromatography (chloroformvethyl acetate, 9/1) to yield 0.42 g (68%) of light yellow
wax. Ry= 0.6 (chloroform/acetone, 9/1); m.p. = 89-90 °C; 'H NMR (300 MHz, CDCl): §
= 10.60 (s, 1H, H-1), 7.82 (d, J = 7.5 Hz, 1H, H-2), 7.10-7.13 (m, 2H, H-3, 4), 7.07 (d,

J=9.3 Hz, 1H, H-5), 6.95 (t, ] = 7.5 Hz, 1H, H-6), 6.73 (d, J = 9.3 Hz, 1H, H-7), 5.23 (m,
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1H, H-8), 3.79 (d, J = 6.9 Hz, 2H, H-9), 3.17 (m, 2H, H-10), 2.27 (s, 3H, H-11), 1.87 (m,
2H, H-11, 12), 0.95 (d, J = 6.6 Hz, 6H, H-14); 0.91 (d, J = 6.3 Hz, 6H, H-15); °C NMR
(75 MHz, CDCl;): § = 156.81, 154.27, 151.70, 137.42, 130.19, 129.31, 126.35, 123.67,
122.53, 122.40, 117.44, 52.12, 49.58, 28.15, 27.68, 20.31, 19.93, 18.37; ESL: m/z : 356.3

[M+H]"(100%), 378.2 [M+Na]'(100%), 733.1 [2M+Na]*(100%).

Pentamer (26)
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To a solution of monocapped dimer 25 (0.51 g, 1.45 mmol) in anhydrous chloroform (2
mL) at 40 °C, tolylene-2,6-diisocyanate (0.13 g, 0.72 mmol) was added dropwise through
a syringe over a period of 4 hours under nitrogen. The reaction was allowed to proceed
for another 20 hours. Then methanol (2 mL) was added and the product mixture was
stirred at room temperature for 4 hours to remove DIT and its isocyanate derivatives
formed during the reaction. The solvent was removed under vacuum and the solid residue
was redissolved in chloroform (10 mL) and filtered. The filtrate was concentrated to
about half the volume and purified by silica gel column chromatography

(chloroform/acetone, 8/2) to yield 0.249 g of a light yellow product (39%). Rf = 0.7
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(chloroform/acetone, 8/2); m.p. = 120-122 °C; '"H NMR (300 MHz, CDCL): § = 11.58 (s,
2H, H-1), 11.44 (s, 2H, H-2), 7.98 (d-d, >J = 7.8 Hz, 2H, H-3), 7.56 (d, ] = 8.1 Hz, 2H, H-
4), 7.47 (s, br, 4H, H-5), 7.23 (t, ] = 8.1 Hz, 1H, H-6), 7.18 (t-d, *J = 7.8 Hz, 2H, H-7),
7.12 (m, 2H, H-8), 6.98 (t-d, °J = 7.5 Hz, 2H, H-9), 3.97 (m, 8H, H-10), 2.35 (s, 3H, H-
11), 2.34 (s, 6H, H-12), 1.98 (m, 4H, H-13), 1.00 (d, J = 2.4 Hz, 12H, H-14), 0.99 (d, ] =
6.6 Hz, 12H, H-15); >C NMR (75 MHz, CDCLy): § = 154.46, 153.86, 153.39, 137.41,
137.32, 130.34, 128.52, 126.68, 126.41, 124.05, 123.93, 122.00, 121.88, 120.81, 51.57,
51.48, 27.68, 20.10, 18.75, 13.64; ESI: m/z : 885.5 [M+H]" (100 %), 907.4 [M+Na]"

(100%), 923.4 [M+K]"(100%).

Mono-protected amine (27)

8 8

G
TN oW
wwﬂ—“;

N=N
9

9

To a solution of N,N’-diisobutyl-pyridazine-3,6-diamine 15 (3.0 g, 13.5 mmol) in
anhydrous chloroform (20 mL) was added triethylamine (2.9 g, 28.8 mmol) dropwise
over a period of 10 minutes. After the mixture was stirred for an additional 10 minutes, a
solution of di—tert-bﬁtyl-dicarbonate (3.0 g, 13.8 mmol) in anhydrous chloroform (5 mL)
was added dropwise over 15 minutes and the reaction was allowed to proceed at room

temperature for 24 hours. Solvent was removed under vacuum and the product residue
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was redissolved in chloroform (30 mL) and filtered. The filtrate was concentrated to
about 15 mL and purified by silica gel column chromatography (chloroform/acetone,
8.5/1.5) to yield a yellow fluffy powder (2.87 g, 66%). R¢ = 0.45 (chloroform/actone,
9/1); mp. = 122-123 °C; 'H NMR (300 MHz, CDCl): 8 = 7.42 (d, J =9.6 Hz, 1H, H-1),
6.63 (d, J = 9.6 Hz, 1H, H-2), 4.83 (s, 1H, H-3), 3.82 (d, ] = 7.2 Hz, 2H, H-4), 3.22 (m,
2H, H-5), 1.95 (m, 2H, H-6, 7), 1.48 (s, 9H, H-8), 0.99 (d, J = 6.6 Hz, 6H, H-9), 0.86 (d, J
= 6.6 Hz, 6H, H-10); >C NMR (75 MHz, CDCl): & = 157.33, 154.71, 151.45, 127.73,
114.54, 81.16, 54.54, 50.00, 28.51, 28.42, 27.97, 20.48, 20.24; MALDI-TOF-MS: m/z:

322.8 [M+H](100%).

Bis-protected trimer (28)

/K )\ 1013
Z ﬁ] rlq Xy 413
N”/I L 8 = 312
/l\/\ IIT ||-I\‘ /
N N N N\)\
o , , ©

To a solution of mono-protected monomer 27 (0.135 g, 0.42 mmol) in anhydrous
chloroform (0.4 mL), tolylene-2,6-diisocyanate (0.036 g, 0.21 mmol) was added through
a syringe. The yellow solution was allowed to react at 60 °C under nitrogen for 24 hours.
When the reaction was complete by TLC, methanol (2 mL) was added and the solution

was stirred overnight at room temperature. The solvent was removed under vacuum and
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the product was rediisolved in chloroform (10 mL) and filtered. The filtrate was
concentrated to about 5 mL and then purified by silica gel column chromatography
(chloroform/acetone, 9/1) to yield a white waxy product (0.126 g, 73.4%). Re = 0.55
(chloroform/acetone, 9/1); m.p. = 116-117 °C; 'H NMR (300 MHz, CDCly): § = 11.86 (s,
2H, H-1), 7.91 (d, J = 9.9 Hz, 2H, H-2), 7.62 (d, J = 8.1 Hz, 2H, H-3), 7.29 (d,J=9.9
Hz, 2H, H-4), 7.20 (t, ] = 8.1 Hz, 1H, H-5), 3.94 (d, J = 6.9 Hz, 8H, H-6, 7), 2.35 (s, 3H,
H-8), 2.01 (m, 4H, H-9, 10), 1.53(s, 18H, H-11), 0.97 (d, J = 6.6 Hz, 12H, H-12), 0.90 (d,
J=6.6 Hz, 12H, H-13); >C NMR (75 MHz, CDCl:): § = 155.79, 154.39, 154.09, 137.71,
127.24, 126.31, 123.71, 120.32, 119.22, 82.14, 54.11, 51.49, 28.42, 28.12, 27.60, 20.31,
20.13, 13.43; MALDI-TOF-MS: m/z : 819.4 [M+H]'(100%), 841.4 [M+Na]'(100%),

857.4 [M+K]*(100%).
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Appedix A

Table A.1. Crystal data and struture refinement for macrocycle 7.

Empirical formula

Formula weight
Wavelength

Temperature

Crystal system, space group
Unit cell dimensions

Volume

Z, calculated density
Absorption coefficient
F(000)

Crystal description
Crystal size

Measured reflections
Independent reflections
Reflections with 7> 2o (J)
Theta range for data collection
Index ranges

Refinement on F°

Goodness-of-fit on F>
Largest diff. Peak and hole

C31 H31 N12 02.50 S1.50
659.77

1.54178 °A

100 (2) K

Orthorhombic, Pbcn
a=31.1325(6) A a =90
b=8.5333(2) A B=90
c=22.9610(4) A y=90
6099.9 (2) A°®

8,1.437 Mg/m’

1.718 mm’’

7455

need-like, yellow

0.35 x 0.08 x 0.05 mm
57006

3816[R(int) = 0.044]

2282

2.84t071.51°
32<=h<=32

8 <=k <=8

24 <=] <=24

R[F*>2 (F*)] =0.0394
wR(F®%) = 0.0687

w = 1/[6*(F,%) + (0.0181P)*]
where P = (F,2 +2F.)/3
1.004

0.196 and -0.277¢/A’

All non-H atoms were refined by full-matrix least-squares with anisotropic
displacement parameters. The H atoms were generated geometrically (C—H 0.95 to 0.98,
N—H 0.88 and O—H 0.84 A) and were included in the refinement in the riding model
approximation. Data collection: SMART (Bruker, 1999). Cell refinement: SMART
(Bruker, 1999). Data reduction: SAINT (Bruker, 1999). Program(s) used to solve
structure: SHELXS97 Sheldrick, 1997). Program(s) used to refine structure: SHELX1.97
(Sheldrick, 1997). Molecular graphics: SHELXTL (Bruker, 1997).
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Table A.2. Bond length (A) for macrocycle 7.

Bond Length Bond Length
C1—N39 1.289 (3) C22—N23 1.315 (4)
Cl1—N2 1.347 (3) C22—N26 1.386 (4)
N2—C3 1.402 (3) N23—C24 1.351 (3)
C3—N12 1.319 (3) C24—N25 1.357 (3)
C3—C4 1.417 (4) N26—C27 1.353 (4)
C4—C5 1.354 (4) C27—N28 1.285(3)
C5—C6 1.416 (4) N28—C29 1.412 (4)
C6—C7 1.411 (4) C29—N38 1.319 (4)
C6—Cl11 1.412 (4) C29—C30 1.418 (4)
C7—C8 1.364 (4) C30—C31 1.363 (4)
C8—C9 1.419 (4) C31—C32 1.403 (4)
C9—N10 1.324 (3) C32—C37 1.404 (4)
C9—N13 1.411 (3) C32—C33 1.409 (4)
N10—C11 1.362 (3) C33—C34 1.363 (4)
Cl11—N12 1.366 (3) C34—C35 1.407 (4)
N13—C14 1.288 (3) C35—N36 1.333 (4)
C14—N15 1.357 (3) C35—N39 1.401 (4)
N15—C16 1.386 (3) N36—C37 1.359 (3)
C16—N25 1.315 (3) C37—N38 1.373 (4)
Cl6—C17 1.427 (4) C41—041 1.411 (3)
C17—C18 1.349 (4) S50—051 1.5282 (18)
C18—C19 1.402 (4) S50—C52 1.779 (3)
C19—C20 1.402 (4) S50—C53 1.786 (3)
C19—C24 1.426 (4) S60—061 1.518(5)
C20—C21 1.352 (4) S60—C62 1.798 (16)
C21—C22 1.418 (4) S60—C63 1.808 (16)
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Table A.3. Bond angles (°) for macrocycle 7.

Atoms Angle Atoms Angle
N39—C1—N2 120.9 (3) N26—C22—C21 116.9 (3)
C1—N2—C3 124.9 (3) C22—N23—C24 117.4 (3)
N12—C3—N2 117.2 (3) N23—C24—N25 115.5(3)
N12—C3—C4 125.0 (3) N23—C24—C19 122.3 (3)
N2—C3—C4 117.7 (3) N25—C24—C19 122.2 (3)
C5—C4—C3 118.1 (3) C16—N25—C24 117.1 (3)
C4—C5—Co 119.6 (3) C27—N26—C22 124.4 (3)
C7—C6—Cl11 118.0 (3) N28—C27—N26 121.0 (3)
C7—C6—C5 124.1 (3) C27—N28—C29 115.5(3)
C11—C6—C5 117.8 (3) N38—C29—N28 120.9 (3)
C8—C7—C6 119.3 (3) N38—C29—C30 123.5(3)
C7—C8—C9 118.7 (3) N28—C29—C30 115.6 (3)
N10—C9—N13 120.8 (3) C31—C30—C29 118.8 (3)
N10—C9—C8 123.6 (3) C30—C31—C32 119.3 (3)
N13—C9—C8 115.6 (3) C31—C32—C37 118.7 (3)
C9—N10—Cl11 117.7 (3) C31—C32—C33 124.3 (3)
N10—C11—N12 1147 (3) C37—C32—C33 117.0 (3)
N10—C11—C6 122.5 (3) C34—C33—C32 120.0 (3)
N12—C11—C6 122.8 (3) C33—C34—C35 119.1 (3)
C3—NI12—C11 116.6 (3) N36—C35—N39 120.8 (3)
C14—N13—C9 116.3 (3) N36—C35—C34 122.8 (3)
N13—C14—N15  121.2(3) N39—C35—C34 116.4 (3)
C14—N15—Cl6 1244 (3) C35—N36—C37 117.9 (3)
N25—C16—N15  118.6 (3) N36—C37—N38 114.9 (3)
N25—C16—C17  124.9(3) N36—C37—C32 123.2 (3)
N15—C16—C17  116.5(3) N38—C37—C32 121.9 (3)
C18—C17—C16  117.6 (3) C29—N38—C37 117.9 (3)
C17—C18—C19  120.2(3) C1—N39—C35 117.4 (3)
C18—C19—C20  124.8(3) 051—S50—C52 106.19 (12)
C18—C19—C24  1179(3) 051—S50—C5s3 104.73 (13)
C20—C19—C24 1173 (3) C52—S50—Cs3 98.61 (14)
C21—C20—C19  1209(3) 061—S60—C62 106.6 (1)
C20—C21—C22  117.0(3) 061—S60—C63 104.5 (9)
N23—C22—N26  117.9(3) C62—S60—C63 98.3 (8)
N23—C22—C21 125.1 (3)
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Table A.4. Hydrogen-bonding distance (A) and angles (°) for macrocycle 7.

D—H A D—H H-A DA D—H -
N2—H2- - -041i 0.88 1.99 2.832 (3) 160.5
N15—HI5 --O51ii  0.88 1.96 2.832 (3) 170.3
N26—H26- - -061iii  0.88 2.28 2.773 (9) 115.1
N26—H26- - -061liv ~ 0.88 2.34 3.017 (8) 133.4
041—H41- - -051 0.84 1.86 2.692 (3) 168.5
N10—H14- - -N25 2.277 2.502 4702 (4) 159.42
N23—H27- - -N38 2.501 2.309 4.709 (4) 156.4
N36—H]1- - N12 2.307 2.502 4.740 (4) 160.61
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Table A.5. Fractional atomic coordinates and equivalent isotropic displacement
parameters (A%) for macrocycle 7.

Ueq = (13)Z'Uia'd aja;

Atom Occupancy X y z Ueq
H1 1 0.38410 (11)  0.0603 (4) 0.54081 (13) 0.0253 (9)
C1 1 0.3793 0.1254 0.5079 0.030

N2 1 0.35104 (8) —0.0204 (3) 0.56395 (10) 0.0244 (7)
H2 1 0.3570 -0.0902 0.5910 0.037

C3 1 0.30784 (11)  —0.0013 (4)  0.54820(14)  0.0231(9)
C4 1 0.27661 (11)  —0.0860 (4) 0.58021 (13) 0.0258 (9)
H4 1 0.2847 —0.1526 0.6115 0.031

Cs 1 0.23485 (11)  —0.0694 (4) 0.56496 (13) 0.0277 (9)
HS5 1 0.2131 —0.1249 0.5854 0.033

Coé 1 0.22374 (11)  0.0312 (4) 0.51827 (13) 0.0226 (8)
C7 1 0.18139 (10)  0.0539 (4) 0.49801 (14) 0.0296 (9)
H7 1 0.1583 —0.0035 0.5145 0.036

C8 1 0.17403 (10)  0.1593 (4) 0.45444 (14) 0.0281 (9)
H8 1 0.1457 0.1773 0.4405 0.034

C9 1 0.20948 (11)  0.2415 (4) 0.43042 (13)  0.0226 (9)
N10 1 0.24978 (8) 0.2183 (3) 0.44664 (10) 0.0225 (7)
Cl11 1 0.25720 (11)  0.1131 (4) 0.49010 (13) 0.0202 (8)
N12 1 0.29939 (9) 0.0965 (3) 0.50522 (10) 0.0234 (7)
N13 1 0.19923 (8) 0.3542 (3) 0.38766 (11) 0.0251 (7)
Cl4 1 0.23122 (11) 0.4185(4) 0.36134 (13) 0.0239 (9)
H14 1 0.2597 0.3898 0.3719 0.029
N15 1 0.22502 (8) 0.5265 (3) 0.31882 (10) 0.0236 (7)
H15 1 0.1984 0.5546 0.3110 0.035

Cl6 1 0.25772 (12)  0.5957 (4) 0.28693 (13) 0.0219 (8)
C17 1 0.24493 (11)  0.6987 (4) 0.24112 (12) 0.0265 (9)
H17 1 0.2155 0.7185 0.2334 0.032

C18 1 0.27616 (11)  0.7667 (4) 0.20924 (13) 0.0258 (9)
H18 1 0.2688 0.8349 0.1781 0.031

C19 1 0.31946 (11)  0.7371 (4) 0.22190 (13) 0.0231 (8)
C20 1 0.35431 (12)  0.7990 (4) 0.19077 (13) 0.0320 (9)
H20 1 0.3491 0.8668 0.1587 0.038

C21 1 0.39514 (11)  0.7634 (4) 0.20577 (13) 0.0361 (10)
H21 1 0.4189 0.8030 0.1844 0.043

C22 1 0.40088 (12)  0.6643 (4) 0.25476 (14) 0.0359 (10)
N23 1 0.36967 (9)  0.6008 (3) 0.28528 (10)  0.0284 (8)
C24 1 0.32897 (12)  0.6352 (4) 0.26940 (13) 0.0234 (9)
N25 1 0.29773 (9) 0.5634 (3) 0.30084 (10) 0.0226 (7)
N26 1 0.44279 (9) 0.6297 (4) 0.27052 (12) 0.0644 (11)
H26 1 0.4634 0.6566 0.2464 0.097
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(Continued)

Atom  Occupancy X y z Ueq
C27 1 0.45415 (11) 0.5575 (4) 0.32066 (15) 0.0378 (10)
H27 1 0.4325 0.5235 0.3469 0.045
N28 1 0.49384 (9) 0.5342 (4) 0.33338 (12) 0.0501 (9)
C29 ) 0.50142 (11) 0.4542 (4) 0.38621 (15) 0.0335 (9)
C30 1 0.54346 (10) 0.4694 (4) 0.40934 (14) 0.0346 (10)
H30 1 0.5643 0.5320 0.3901 0.042
C31 1 0.55336 (10) 0.3924 (4) 0.45962 (15) 0.0353 (10)
H31 1 0.5814 0.4001 0.4758 0.042
C32 1 0.52173 (11) 0.3018 (4) 0.48717 (14) 0.0276 (9)
C33 1 0.52785 (11) 0.2211 (4) 0.54007 (15) 0.0387 (10)
H33 1 0.5550 0.2246 0.5590 0.046
C34 1 0.49490 (11) 0.1380 (4) 0.56406 (14) 0.0388 (10)
H34 1 0.4989 0.0822 0.5994 0.047
C35 1 0.45486 (11) 0.1361 (4) 0.53568 (15) 0.0265 (9)
N36 1 0.44766 (8) 0.2115 (3) 0.48577 (11) 0.0266 (7)
C37 1 0.48071 (11) 0.2934 (4) 0.46191 (14) 0.0256 (8)
N38 1 0.47104 (8) 0.3691 (3) 0.41080 (11) 0.0322 (8)
N39 1 0.42211 (9) 0.0503 (3) 0.56279 (10) 0.0277 (7)
C41 1 0.64472 (11) 0.3618 (4) 0.33921 (13) 0.0464 (11)
H41A 1 0.6445 0.3878 0.3808 0.070
H41B 1 0.6203 0.4126 0.3200 0.070
H41C 1 0.6716 0.3988 0.3217 0.070
041 1 0.64152 (7) 0.1979 (3) 0.33230 (8) 0.0347 (6)
H41 1 0.6385 0.1763 0.2968 0.052
S50 1 0.61095 (3) 0.19301 (10)  0.17181 (3) 0.0272 (2)
051 1 0.64359 (6) 0.1384 (2) 0.21718 (8) 0.0302 (6)
C52 1 0.64098 (9) 0.2889 (4) 0.11634 (12) 0.0307 (9)
H52A 1 0.6544 0.3833 0.1324 0.046
H52B 1 0.6218 0.3182 0.0843 0.046
H52C 1 0.6633 0.2180 0.1017 0.046
C53 1 0.59683 (9) 0.0197 (3) 0.13265 (12) 0.0347 (9)
HS53A 1 0.6230 —0.0351 0.1205 0.052
HS53B 1 0.5800 0.0481 0.0982 0.052
H53C 1 0.5797 -0.0491 0.1578 0.052
S60 0.50 0.51331 (6) 0.0344 (3) 0.23756 (10) 0.0490 (6)
061 0.50 0.4971 (4) -0.1127 (5) 0.2675 (3) 0.050 (2)
C62 0.50 0.4670 (8) 0.131 (3) 0.2077 (12) 0.065 (9)
H62A 0.50 0.4577 0.0765 0.1724 0.097
H62B 0.50 0.4744 0.2399 0.1980 0.097
H62C 0.50 0.4437 0.1306 0.2364 0.097
C63 0.50 0.5243 (8) 0.169 (3) 0.2964 (11) 0.051 (6)
H63A 0.50 0.4985 0.1815 0.3204 0.077
H63B 0.50 0.5326 0.2713 0.2803 0.077
H63C 0.50 0.5478 0.1282 0.3204 0.077
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Table A.6. Anisotropic displacement parameters (A%) for macrocycle 7.

Atom Uy Uz Uss Up Uiz Uz

Gl 0035(3)  0.030(2)  0010(2) _ -0.001(2) 0.005 (2) =0.0005 (17)
N2 0.0305(19) 0.0274(19) 0.0153(16) 0.0016(15)  -0.0017(15)  0.0060 (13)
C3  0.031(3)  0022(2)  0016(2)  0.0032(19  0.0039(19)  —0.0091 (18)
C4  0037(3)  0.028(2)  0013(2)  —0.0010(19)  0.0005(19)  —0.0011(16)
C5  0.040(3)  0.027(2)  0017(2)  -0.0062(19) 0.0068(19)  —0.0030 (18)
C6  0029(2)  0.024(2)  0.015(2)  —0.0007(19)  0.0037(18)  —0.0045 (18)
Cc7 0.030 (3) 0.032 (3) 0.027 (2) —-0.0042 (19) 0.0040 (19) —0.0031 (19)
C8  0.024(2)  0.035(3)  0026(2)  0.0008(19)  -0.0010(18)  —0.0033 (19)
CO  0033(2)  0.021(2)  0013(2)  00015(19)  0.002(2) -0.0059 (17)
NIO  0.0273(18) 0.0252(19) 0.0151(16) 0.0050(14)  -0.0003 (14)  0.0019 (14)
Cl1 0.028 (2) 0.020 (2) 0.013(2) 0.0012 (18) —-0.0004 (19) -0.0053 (17)
N12  0031(2)  0.0262(19 0.0130(17) 0.0046(14)  —0.0029 (14)  0.0017 (13)
N13 0.0298 (19) 0.028 (2) 0.0173 (17)  —0.0023 (15) 0.0011 (15) -0.0001 (15)
Cl4  0030(3)  0026(2)  0016(2)  0.0080(19)  —0.0068(18)  —0.0055 (18)
NI5  0.0237(18) 0.0282(19) 0.0188(17) 0.0069 (14)  —0.0030 (14)  0.0003 (15)
Cleé 0.033 (3) 0.020 (2) 0.012(2) —0.0008 (19) 0.0041 (19) —-0.0048 (17)
C17  0032(2)  0027(2)  0.020(2)  0.0088(19)  —0.0058(19)  —0.0013 (19)
C18 0.036 (3) 0.026 (2) 0.014 (2) 0.0034 (19) —0.0016 (19) —0.0001 (17)
C19 0030(2)  0024(2)  0016(2)  -0.0031(18) 0.0000(19)  0.0002(17)
C20  0045(3)  0.031(2) 0019(2)  —0.007(2) ~0.006 (2) 0.0023 (17)
€21 0037(3)  0.052(3)  0019(2)  —-0.011(Q2) 0.0011(19)  0.0106 (19)
€22 0028(3)  0.057(3)  0.022(2)  —0.006 (2) -0.007 (2) 0.005 (2)
N23  0.024(2)  0.044(2)  00170(18) —-0.0026 (15)  —0.0010(15)  0.0038 (14)
24 0032(3)  0.026(2)  0.012(2)  -0.004(2) 0.0036(19)  —0.0068 (17)
N25  0.0226(18) 0.030(2)  0.0148(17) 0.0036(15)  0.0006(15)  —0.0017 (13)
N26  0.029(2)  0.132(33)  0032(2)  —-0.014 2) -0.0019 (17)  0.047 (2)
C27  0.037(3)  0.054(3)  0.022(2)  —-0.010 (2) 0.003 (2) 0.009 (2)
N28  0.027(2)  0.097(3)  0.0267(19) -0.0043(18)  -0.0055(16)  0.0283(19)
C29  0.026(3)  0050(3)  0.025(2)  0.002(2) 0.001 (2) 0.000 (2)
C30  0.022(2)  0050(3)  0.032(2)  0.0014(19)  0.0043(19)  0.005(2)
C31  0025(2)  0.040(3)  0040(3)  0.003(2) ~0.008 (2) 0.001 (2)
€32 0.025(2)  0.032(2)  0026(2)  0.000(2) -0.0044 (19)  0.0026 (19)
€33 0032(3)  0042(3)  0042(3)  0.001(2) ~0.014 (2) 0.008 (2)
C34  0035(3)  0047(3)  0035(2)  —0.002(2) ~0.014 2) 0.0130 (19)
C35  0030(3)  0.025(2)  0.024(2)  0.0029(19)  0.000(2) -0.0041 (18)
N36 0.0312 (19) 0.0323 (19) 0.0163(17)  —0.0021 (15) 0.0001 (15) —0.0005 (15)
C37  0.026(2)  0.029(2)  0.022(2)  0.002(2) 0.0023(19)  —0.0046 (19)
N38  0.030(2)  0.049(2)  0.0181(18) -0.0045(16)  0.0011(15)  0.0087(16)
N39 0.0289(19) 0.035(2) 0.0189(17) —0.0016 (16) —0.0040 (16) —-0.0005 (14)
C41  0.068(3)  0.040(3)  0.030(2)  0.013(2) 0.008 (2) -0.004 (2)
041  0.0554(16) 0.0339(17) 0.0148(13) 0.0019(13)  —-0.0059(13)  0.0005 (12)
S50 0.0272 (5) 0.0364 (6) 0.0181 (5) 0.0023 (5) -0.0002 (5) —0.0007 (4)
051 0.0292(14) 0.0449(16) 00163(13) 0.0110(11)  —-0.0079 (11)  —0.0027 (11)
C52  0033(2)  0039(2)  0021(2)  -0.0067(18)  0.0013(17)  0.0031(17)
C53  0.040(2)  0.033(2)  0031(2)  -0.0016(18) —0.0082(17)  —0.0009 (18)
S60  0.0450(19) 0.0515(15) 0.0504(18) —0.0021(11) 0.0162(12)  —0.0032(13)
061 0.056(4)  0.023(3)  0.070(7)  0.017(4) 0.009 (6) -0.002 (3)
C62  0.078(13)  0.069(17)  0.048(9)  0.027(13) 0.019 (8) 0.037 (10)
C63  0.079(12)  0.040(9)  0.035(10)  —0.008 (9) 0.005 (8) 0.003 (8)
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Appendix B

Table B.1. Crystal data and structure refinement for macrocycle 22.

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal color

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Refinement method

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

Final R indices [/>20(])]

R indices (all data

Extinction coefficient
Largest diff. peak and hole

C21.33 H28.33 CIN6 02
436.28

100(2) K

0.71073 A

trogonal, p-3

a=20.888(4) A a=90°
b=20.888(4) A p=90°
c=8774(4 A y=120°
3315.2(17) A®

6, 1.311 Mg/mm’

0.203 mm'™

1388

Colorless

03x02x0.1 mm
2.981026.97 °
21<=h<=26

-23<=k<=26

-10<=1<=10

16251 / 4348 [R(int) = 0.0744
Full-matrix least-squares on
4348/0/277

1.014

R1=10.0496, wR2 = 0.1179
R1=0.0956, wR2 = 0.1438
0.0000(7)

0.604 and -0.531 e.A”

All non-H atoms were refined by full-matrix least-squares with anisotropic
displacement parameters. The H atoms were generated geometrically (C—H 0.95 to 0.98,
N—H 0.88 and O—H 0.84 A) and were included in the refinement in the riding model
approximation. Data collection: Brucker D8 X-ray diffractometer. Computing structure
solution: SHELXS-97 (Sheldrick, 1990). Computing structure refinement: SHELXL-97

(Sheldrick, 1997).
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Table B.2. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters
(A? x 10%) for macrocycle 22. U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor.

Atom X y z U(eq)

Cl(1) 7254(1) 4240(1) 8029(1) 48(1)
o(1) 5823(1) 3917(1) 4519(2) 30(1)
0(2) 7692(1) 8076(1) 11265(2) 22(1)
N(1) 5482(1) 4492(1) 6263(2) 20(1)
N(2) 6708(1) 5059(1) 5311(2) 19(1)
NQ@) 6573(1) 5711(1) 7351(2) 18(1)
N(4) 6825(1) 6312(1) 8264(2) 19(1)
N(5) 7740(1) 7486(1) 9108(2) 17(1)
N(6) 6772(1) 6893(1) 10870(2) 20(1)
c(1) 8752(2) 9274(2) 6812(3) 31(1)
C(2) 8117(1) 8507(2) 7209(3) 22(1)
C(3) 7415(2) 8537(2) 7543(3) 28(1)
C(4) 8342(1) 8203(1) 8552(3) 18(1)
C(5) 7404(1) 7514(1) 10487(3) 17(1)
C(6) 6405(1) 6754(1) 12289(3) 17(1)
c(7) 6787(1) 7065(1) 13636(3) 19(1)
C(8) 6406(2) 6867(1) 15002(3) 21(1)
C(9) 7511(1) 6865(1) 8159(3) 17(1)
C(10) 8008(1) 6831(2) 7107(3) 22(1)
c(11) 7749(1) 6241(2) 6161(3) 22(1)
C(12) 7003(1) 5673(1) 6282(3) 18(1)
C(13) 7200(1) 5007(1) 4162(3) 19(1)
C(14) 7262(1) 5416(1) 2685(3) 21(1)
C(15) 7845(2) 5390(2) 1683(3) 30(1)
C(16) 6524(2) 5092(2) 1847(3) 29(1)
c(17) 5977(1) 4446(1) 5325(3) 20(1)
C(18) 4340(2) 3639(1) 4946(3) 21(1)
C(19) 4723(1) 3944(1) 6296(3) 17(1)
C(20) 4359(1) 3742(1) 7703(3) 17(1)
C(21) 4768(2) 4051(2) 9179(3) 23(1)
C(22) 6667 3333 7401(6) 35(1)
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Table B.3. Bond length (A) for macrocycle 22.

Atoms Bond length Atoms Bond length
CI(1)-C(22) 1.753(2) C(7)-H(7) 0.95
O(1)-C(17) 1.212(3) C(8)-C(18)#1 1.379(4)
0(2)-C(5) 1.226(3) C(8)-H(8) 0.95
N(1)-C(17) 1.362(3) C(9)-C(10) 1.418(4)
N(1)-C(19) 1.418(3) C(10)-C(11) 1.354(4)
N(1)-H(1) 0.88 C(10)-H(10) 0.95
N(2)-C(12) 1.400(3) C(11)-C(12) 1.413(4)
N(2)-C(17) 1.420(3) C(11)-H(11) 0.95
N(2)-C(13) 1.482(3) C(13)-C(14) 1.522(4)
N(3)-C(12) 1.329(3) C(13)-H(13A) 0.99
N(3)-N@4) 1.354(3) C(13)-H(13B) 0.99
N(4)-C(9) 1.32003) C(14)-C(15) 1.526(4)
N(5)-C(9) 1.409(3) C(14)-C(16) 1.526(4)
N(5)-C(5) 1.413(3) C(14)-H(14A) 1
N(5)-C(4) 1.476(3) C(15)-H(15A) 0.98
N(6)-C(5) 1.351(3) C(15)-H(15B) 0.98
N(6)-C(6) 1.413(3) C(15)-H(15C) 0.98
N(6)-H(6) 0.88 C(16)-H(16A) 0.98
C(1)-C(2) 1.523(4) C(16)-H(16B) 0.98
C(1)-H(1A) 0.98 C(16)-H(16C) 0.98
C(1)-H(1B) 0.98 C(18)-C(8)#1 1.378(4)
C(1)-H(1C) 0.98 C(18)-C(19) 1.392(4)
C(2)-C(4) 1.521(4) C(18)-H(18) 0.95
C(2)-C(3) 1.525(4) C(19)-C(20) 1.400(3)
C(2)-H(2A) 1 C(20)-C(6)#1 1.404(4)
C(3)-HBA) 0.98 C(20)-C(21) 1.507(4)
C(3)-H(3B) 0.98 C(21)-H(21A) 0.98
C(3)-H(3C) 0.98 C(21)-H(21B) 0.98
C(4)-H(4A) 0.99 C(21)-H(21C) 0.98
C(4)-H(4B) 0.99 C(22)-CI(1)#2 1.7531(19)
C(6)-C(7) 1.392(4) C(22)-CI(1)#3 1.7531(19)
C(6)-C(20)#1 1.404(4) C(22)-H 0.96(5)
C(7)-C(8) 1.383(4)
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Table B.4. Bond angles (°) for macrocycle 22.

Atoms Bond angle Atoms Bond angle
CA7)-N(1)-C(19)  122.5(2) C(9)-C(10)-H(10) 120.8
C(17)-N(1)-H(1) 118.8 C(10)-C(11)-C(12) 119.4(2)
C(19)-N(1)-H(1) 118.8 C(10)-C(11)-H(11) 120.3
C(12-N(2-C(17)  127.1(2) C(12)-C(11)-H(11) 120.3
C(12)N(Q2)-C(13)  118.5(2) N(3)-C(12)-N(2) 118.9(2)
C(17)-N(2)-C(13)  114.3(2) N(3)-C(12)-C(11) 119.8(2)
C(12)-N(3)-N(4) 120.8(2) N(2)-C(12)-C(11) 121.3(2)
C(9)-N(4)-N@3) 121.2(2) N(2)-C(13)-C(14) 113.9(2)
C(9)-N(5)-C(5) 126.6(2) N(2)-C(13)-H(13A) 108.8
C(9)-N(5)-C(4) 117.6(2) C(14)-C(13)-H(13A) 108.8
C(5)-N(5)-C(4) 115.5(2) N(2)-C(13)-H(13B) 108.8
C(5)-N(6)-C(6) 125.8(2) C(14)-C(13)-H(13B) 108.8
C(5)-N(6)-H(6) 117.1 H(13A)-C(13)-H(13B) 107.7
C(6)-N(6)-H(6) 117.1 C(13)-C(14)-C(15) 108.4(2)
C(2)-C(1)-H(1A) 109.5 C(13)-C(14)-C(16) 112.2(2)
C()-C(1)-H(1B)  109.5 C(15)-C(14)-C(16) 110.7(2)
H(1A)-C(1)-H(1B)  109.5 C(13)-C(14)-H(14A) 108.5
C(2)-C(1)-H(1C) 109.5 C(15)-C(14)-H(14A) 108.5
H(1A)-C(1)-H(1C)  109.5 C(16)-C(14)-H(14A) 108.5
H(1B)-C(1)-H(1C)  109.5 C(14)-C(15)-H(15A) 109.5
C(4)-C(2)-C(1) 109.1(2) C(14)-C(15)-H(15B) 109.5
C(4)-C(2)-C(3) 111.8(2) H(15A)-C(15)-H(15B) 109.5
C(1)-C(2)-C(3) 110.5(2) C(14)-C(15)-H(15C) 109.5
C(4)-C(2)-H(2A) 108.4 H(15A)-C(15)-H(15C) 109.5
C(1)-C(2)-H(2A) 108.4 H(15B)-C(15)-H(15C) 109.5
C(3)-C(2)-H(2A)  108.4 C(14)-C(16)-H(16A) 109.5
C(2)-C(3)-H(3A) 109.5 C(14)-C(16)-H(16B) 109.5
C(2)-C(3)-H(3B) 109.5 H(16A)-C(16)-H(16B) 109.5
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(Continued)

Atoms

Bond angle

Atoms

Bond angle

H(3A)-C(3)-H(3B)
C(2)-C(3)-H(3C)
H(3A)-C(3)-H(3C)
H(3B)-C(3)-H(3C)
N(5)-C(4)-C(2)
N(5)-C(4)-H(4A)
C(2)-C(4)-H(4A)
N(5)-C(4)-H(4B)
C(2)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
O(2)-C(5)-N(6)
0(2)-C(5)-N(5)
N(6)-C(5)-N(5)
C(7)-C(6)-C(20)#1
C(7)-C(6)-N(6)
C(20)#1-C(6)-N(6)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(18)#1-C(8)-C(7)
C(18)#1-C(8)-H(8)
C(7)-C(8)-H(8)
N(4)-C(9)-N(5)
N(4)-C(9)-C(10)
N(5)-C(9)-C(10)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)

109.5
109.5
109.5
109.5
113.3(2)
108.9
108.9
108.9
108.9
107.7
123.9(2)
120.02)
116.2(2)
121.1(2)
121.8(2)
117.1(2)
119.1(2)
120.5
120.5
121.3(2)
119.3
119.3
119.0(2)
120.3(2)
120.8(2)
118.3(2)
120.8

C(14)-C(16)-H(16C)

H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)

O(1)-C(17)-N(1)
O(1)-C(17)-N(2)
N(1)-C(17)-N(2)
C(8)#1-C(18)-C(19)
C(8)#1-C(18)-H(18)
C(19)-C(18)-H(18)
C(18)-C(19)-C(20)
C(18)-C(19)-N(1)
C(20)-C(19)-N(1)
C(19)-C(20)-C(6)#1
C(19)-C(20)-C(21)
C(6)#1-C(20)-C(21)
C(20)-C(21)-H(21A)
C(20)-C(21)-H(21B)

H(21A)-C(21)-H(21B)

C(20)-C(21)-H(21C)

H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)

CI(1)-C(22)-CI(1)#2
CI(1)-C(22)-CI(1)#3

CI(1)#2-C(22)-CI(1)#3

CI(1)-C(22)-H
CI(1)#2-C(22)-H
CI(1)#3-C(22)-H

109.5
109.5
109.5
123.5(2)
119.5(2)
116.9(2)
119.5(2)
120.2
120.2
120.8(2)
120.4(2)
118.7(2)
118.2(2)
121.6(2)
120.3(2)
109.5
109.5
109.5
109.5
109.5
109.5
110.61(16)
110.61(16)
110.61(16)
108.31(18)
108.31(17)
108.31(16)
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Table B.5. Anisotropic displacement parameters (A’ x 10%) for macrocycle 22.
The anisotropic displacement factor exponent takes the form:
2pif [ a** Ull+..+2hka*b*Ul2]

Atom  Ull U22 U33 U23 U13 U12
CK(1) 50(1) 37(1) 49(1) -1(1) -11(1) 15(1)
o(1) 27(1) 17(1) 38(1) -8(1) 10(1) 4(1)
0(2) 22(1) 16(1) 25(1) -4(1) 2(1) (1)
N(1) 17(1) 16(1) 23(1) 3(1) 3(1) 5(1)
N(2) 17(1) 16(1) 21(1) 3(1) 2(1) 7(1)
NQ3) 18(1) 16(1) 18(1) 2(1) 1(1) (1)
N@4) 17(1) 17(1) 19(1) -1(1) o(1) (1)
N(5) 16(1) 13(1) 20(1) 2(1) 0(1) 5(1)
N(6) 18(1) 18(1) 20(1) -1(1) 21) 6(1)
c(1) 29(2) 26(2) 36(2) 5(1) 6(1) 12(1)
C(2) 21(1) 20(1) 23(1) (1) 2(1) 10(1)
CQ3) 26(2) 24(2) 35(2) 0(1) 2(1) 14(1)
C(4) 12(1) 16(1) 22(1) -1(1) 1(1) 4(1)
C(5) 15(1) 16(1) 21(1) 1(1) 0(1) 9(1)
C(6) 18(1) 13(1) 20(1) 1(1) 1(1) 8(1)
c(7) 20(1) 17(1) 22(1) -4(1) 2(1) 10(1)
C(8) 23(2) 20(1) 22(1) -1(1) 3(1) 12(1)
C(9) 17(1) 15(1) 18(1) 1(1) -1(1) 8(1)
C(10) 16(1) 21(1) 26(1) 2(1) 1(1) 8(1)
c(11) 18(1) 24(2) 25(1) 2(1) 3(1) 11(1)
C(12) 18(1) 17(1) 20(1) 1(1) 0(1) 10(1)
C(13) 17(1) 18(1) 23(1) 3(1) 2A1) 9(1)
C(14) 21(1) 15(1) 24(1) -1(1) 2(1) (1)
C(15) 30(2) 30(2) 25(2) o(1) 5(1) 11(1)
C(16) 30(2) 27(2) 29(2) 5(1) -1(1) 14(1)
c(17) 20(1) 15(1) 23(1) 2(1) 3(1) (1)
C(18) 25(2) 18(1) 19(1) 2(1) 2(1) 10(1)
C(19) 17(1) 12(1) 22(1) -1(1) 2(1) (1)
C(20) 19(1) 14(1) 19(1) -3(1) -1(1) (1)
c1) 21(1) 22(1) 20(1) -4(1) -1(1) 6(1)
C(22) 41(2) 41(2) 23(3) 0 0 21(1)
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Table B.6. Hydrogen coordinates (x 10*) and isotropic displacement parameters (A” x
10%) for macrocycle 22.

Atom X y z U(eq)
H(1) 5639 4877 6870 80
H(6) 6570 6544 10174 80
H(1A) 9197 9245 6597 46
H(1B) 8846 9609 7672 46
H(1C) 8620 9461 5911 46
H(2A) 8021 8176 6312 26
H(3A) 7013 8040 7793 42
H(3B) 7280 8721 6644 42
H(3C) 7503 8868 8407 42
H(4A) 8765 8143 8245 21
H(4B) 8509 8566 9396 21
H(7) 7303 7409 13618 80
H(8) 6663 7085 15922 80
H(10) 8511 7213 7066 80
H(11) 8064 6209 5423 80
H(13A) 7013 4479 3926 22
H(13B) 7700 5209 4608 22
H(14A) 7431 5944 2934 25
H(15A) 8314 5600 2241 45
H(15B) 7915 5678 754 45
H(15C) 7682 4876 1412 45
H(16A) 6158 5116 2505 43
H(16B) 6353 4575 1583 43
H(16C) 6587 5376 914 43
H(18) 4591 3780 3996 80
H(21A) 4421 3845 10034 34
H(21B) 4993 4590 9175 34
H(21C) 5155 3919 9289 34
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Appendix C

Table C.1. Crystal data and structure refinement for macrocycle 23.

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal color

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Refinement method

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

Final R indices [/>20(])]

R indices (all data

Extinction coefficient
Largest diff. peak and hole

C41 H53 CI3 N12 04
884.30

100(2) K

0.71073 A

monoclinic, p2(1)/c
a=14760(2) A 0=90°
b=20.888(3) A B =94.946°
c=8774(2) A y=90°
43529 A°

4, 1.349 Mg/mm®

0.267 mm’’

1864

Colorless

0.5x0.02x0.01 mm
2.85t025.00°

-17<=h<=17

-12<=k<=22

-18<=I<=18

19061 / 7608 [R(int) = 0.0744]
Full-matrix least-squares on
7608 / 54 / 579

1.032

R1=0.0719, wR2 =0.1893
R1=0.1078, wR2 = 0.2231
0.0015(8)

2.142 and -0.764 e, A”

All non-H atoms were refined by full-matrix least-squares with anisotropic
displacement parameters. The H atoms were generated geometrically (C—H 0.95 to 0.98,
N—H 0.88 and O—H 0.84 A) and were included in the refinement in the riding model
approximation. Data collection: Brucker D8 X-ray diffractometer. Computing structure
solution: SHELXS-97 (Sheldrick, 1990). Computing structure refinement: SHELXI-97

(Sheldrick, 1997).
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Table C.2. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters
(A2 x 10%) for macrocycle 23. U(eq) is defined as one third of the trace of the
orthogonalized Ujj tensor.

Atom X y z U(eq)
o(1) 3213(3) 2054(3) 4385(4) 117(3)
0(2) 9045(2) 2130(2) 2083(2) 26(1)
0(3) 10192(2) -1371(2) 4262(2) 32(1)
0(4) 5677(2) 34(2) 7993(2) 24(1)
N(1) 4291(3) 2536(3) 3592(3) 63(2)
N(2) 5746(2) 2073(2) 3449(2) 23(1)
NQG3) 6568(2) 2083(2) 3126(2) 19(1)
N(@4) 7640(2) 2583(2) 2270(2) 19(1)
N(5) 8083(2) 1459(2) 2793(2) 19(1)
N(6) 9153(2) -526(2) 4444(2) 20(1)
N(7) 9493(2) -1386(2)  5517(2) 21(1)
N(8) 8343(2) -625(2) 5890(2) 21(1)
N(9) 7749(2) -387(2) 6440(2) 22(1)
N(10) 7048(2) -436(2) 7742(2) 24(1)
N(@11) 6061(2) 3(2) 6600(2) 19(1)
N(12) 4609(2) 1565(2) 4504(2) 21(1)
C(5) 3986(3) 2027(3) 4187(4) 54(2)
C(6) 4484(2) 1071(2) 5163(2) 19(1)
c() 3637(3) 864(2) 5413(3) 23(1)
C(8) 3609(3) 362(2) 6057(2) 23(1)
C(9) 4389(3) 67(2) 6469(2) 21(1)
C(10) 5225(2) 280(2) 6221(2) 18(1)
c(11) 5270(2) 775(2) 5568(2) 16(1)
C(12) 6220(3) -120(2) 7465(2) 20(1)
C(13) 7261(3) -497(3) 8688(3) 39(1)
C(14) 8062(4) -49(5) 9025(4) 74(2)
C(15) 7900(5) 707(5) 8773(5) 81(2)
C(16) 8227(7) -109(5) 9994(4) 137(5)
c(17) 7714(3) -675(2) 7206(3) 23(1)
C(18) 8333(3) -1197(3) 7502(3) 36(1)
C(19) 8940(3) -1429(2) 6956(3) 32(1)
C(20) 8910(2) -1137(2) 6114(2) 19(1)
C(21) 9964(3) -2052(2) 5726(3) 23(1)
C(22) 9330(3) -2679(2) 5635(3) 27(1)
C(23) 8930(5) -2763(3) 4692(3) 55(2)
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(Continued)

Atom X y z U(eq)
C(24) 9863(4) -3328(3) 5953(4) 52(1)
C(25) 9642(2) -1099(2) 4692(3) 20(1)
C(26) 9182(2) -159(2) 3660(2) 19(1)
C(27) 9678(3) -369(2) 2972(3) 25(1)
C(28) 9618(3) 33(2) 2223(3) 28(1)
C(29) 9118(3) 636(2) 2142(3) 27(1)
C(30) 8638(2) 852(2) 2837(2) 19(1)
C(31) 8674(2) 450(2) 3580(2) 17(1)
C(32) 8305(2) 2045(2) 2373(2) 19(1)
C(33) 7841(3) 3129(2) 1641(2) 20(1)
C(34) 7331(3) 3017(2) 742(2) 21(1)
C(35) 7577(3) 2325(2) 336(3) 28(1)
C(36) 7550(3) 3630(2) 169(3) 24(1)
c(37) 6791(2) 2595(2) 2610(2) 19(1)
C(38) 6184(3) 3160(2) 2424(3) 27(1)
C(39) 5368(3) 3149(2) 2757(3) 34(1)
C(40) 5142(3) 2576(3) 3268(3) 33(1)
CI(3) 5539(1) 805(1) 9731(1) 36(1)
Cl2) 6460(1) 729(1) 11454(1) 47(1)
cI(1) 5080(1) 1769(1) 11059(1) 61(1)
C(41) 5425(3) 914(3) 10848(3) 34(1)
C(50) 3668(5) 3161(4) 3498(5) 18(2)
c(51) 2690(70) 3420(150) 3550(110) 2000(70)
C(52) 1890(80) 3420(90) 4110(90) 550(60)
C(53) 2416(11) 3800(10) 2699(11) 61(5)
C(50" 3391(9) 2820(5) 2908(8) 61(3)
c(51") 3214(8) 3546(6) 3240(6) 121(4)
C(52) 3169(8) 3518(6) 4219(6) 85(3)
C(53" 2322(9) 3575(10) 2650(11) 66(5)
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Table C.3. Bond lengths (A) for macrocycle 23.

Atoms Bond length Atoms Bond length
O(1)-C(5) 1.207(6) C(8)-C(9) 1.387(6)
0(2)-C(32) 1.227(4) C(9)-C(10) 1.384(5)
0(3)-C(25) 1.212(5) C(10)-C(11) 1.390(5)
0(4)-C(12) 1.229(5) C(13)-C(14) 1.515(9)
N(1)-C(40) 1.394(5) C(14)-C(16) 1.501(9)
N(1)-C(5) 1.439(6) C(14)-C(15) 1.512(11)
N(1)-C(50) 1.508(9) C(17)-C(18) 1.404(6)
N(1)-C(50") 1.714(14) C(18)-C(19) 1.356(6)
N(2)-C(40) 1.326(5) C(19)-C(20) 1.415(6)
N(2)-N(3) 1.351(4) C(21)-C(22) 1.522(6)
N(3)-C(37) 1.323(5) C(22)-C(24) 1.528(6)
N(4)-C(37) 1.400(5) C(22)-C(23) 1.534(7)
N(4)-C(32) 1.424(5) C(26)-C(31) 1.385(5)
N(4)-C(33) 1.476(5) C(26)-C(27) 1.401(5)
N(5)-C(32) 1.349(5) C(27)-C(28) 1.387(6)
N(5)-C(30) 1.420(5) C(28)-C(29) 1.371(6)
N(6)-C(25) 1.350(5) C(29)-C(30) 1.398(5)
N(6)-C(26) 1.406(5) C(30)-C(31) 1.381(5)
N(7)-C(20) 1.397(5) C(33)-C(34) 1.538(5)
N(7)-C(25) 1.424(5) C(34)-C(36) 1.521(5)
N(7)-C(21) 1.475(5) C(34)-C(35) 1.523(6)
N(8)-C(20) 1.316(5) C(37)-C(38) 1.418(6)
N(8)-N(9) 1.351(4) C(38)-C(39) 1.351(6)
N(9)-C(17) 1.311(5) C(39)-C(40) 1.408(6)
N(10)-C(12) 1.397(5) CI(3)-C(41) 1.761(4)
N(10)-C(17) 1.416(5) Cl(2)-C(41) 1.758(5)
N(10)-C(13) 1.474(5) Cl(1)-C(41) 1.754(5)
N(11)-C(12) 1.358(5) C(50)-C(51) 1.53(3)
N(11)-C(10) 1.421(5) C(51)-C(53) 1.53(3)
N(12)-C(5) 1.338(6) C(51)-C(52) 1.53(3)
N(12)-C(6) 1.413(5) C(50")-C(51" 1.513(5)
C(6)-C(11) 1.391(5) C(51")-C(52" 1.521(5)
C(6)-C(7) 1.399(5) C(51")-C(53" 1.537(5)
C(7)-C(8) 1.387(6)
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Table C.4. Bond angles (°) for macrocycle 23.

Atoms

Angle

Atoms

Angle

C(40)-N(1)-C(5)
C(40)-N(1)-C(50)
C(5)-N(1)-C(50)
C(40)-N(1)-C(50")
C(5)-N(1)-C(50"
C(50)-N(1)-C(50')
C(40)-N(2)-N(3)
C(37)-N(3)-N(Q)
C(37)-N(4)-C(32)
C(37)-N(4)-C(33)
C(32)-N(4)-C(33)
C(32)-N(5)-C(30)
C(25)-N(6)-C(26)
C(20)-N(7)-C(25)
C(20)-N(7)-C(21)
C(25)-N(7)-C(21)
C(20)-N(8)-N(9)
C(17)-N(9)-N(8)
C(12)-N(10)-C(17)
C(12)-N(10)-C(13)
C(17)-N(10)-C(13)
C(12)-N(11)-C(10)
C(5)-N(12)-C(6)
0(1)-C(5)-N(12)
0(1)-C(5)-N(1)
N(12)-C(5)-N(1)
C(11)-C(6)-C(7)
C(11)-C(6)-N(12)
C(7)-C(6)-N(12)
C(8)-C(7)-C(6)
C(7)-C(8)-C(9)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
C(9)-C(10)-N(11)
C(11)-C(10)-N(11)
C(10)-C(11)-C(6)
0(4)-C(12)-N(11)
0(4)-C(12)-N(10)
N(11)-C(12)-N(10)
N(10)-C(13)-C(14)
C(16)-C(14)-C(15)
C(16)-C(14)-C(13)
C(15)-C(14)-C(13)
N(9)-C(17)-C(18)
N(9)-C(17)-N(10)
C(18)-C(17)-N(10)
C(19)-C(18)-C(17)

127.5(4)
118.8(4)
112.2(4)
115.7(5)
109.9(5)
41.9(5)

121.3(3)
120.8(3)
126.9(3)
118.3(3)
114.2(3)
122.7(3)
126.6(3)
127.7(3)
117.1(3)
115.1(3)
121.2(3)
120.3(3)
126.3(3)
116.4(3)
117.2(3)
122.8(3)
125.3(3)
124.8(4)
119.2(4)
116.0(4)
119.3(4)
116.2(3)
124.4(3)
118.6(4)
122.5(4)
118.5(4)
120.1(3)
122.6(3)
117.3(3)
121.03)
123.0(4)
120.2(3)
116.8(3)
113.0(5)
109.8(6)
110.8(8)
110.6(5)
121.2(4)
118.5(4)
120.3(4)
118.4(4)

C(18)-C(19)-C(20)
N(8)-C(20)-N(7)
N(8)-C(20)-C(19)
N(7)-C(20)-C(19)
N(7)-C(21)-C(22)
C(21)-C(22)-C(24)
C(21)-C(22)-C(23)
C(24)-C(22)-C(23)
0(3)-C(25)-N(6)
0(3)-C(25)-N(7)
N(6)-C(25)-N(7)
C(31)-C(26)-C(27)
C(31)-C(26)-N(6)
C(27)-C(26)-N(6)
C(28)-C(27)-C(26)
C(29)-C(28)-C(27)
C(28)-C(29)-C(30)
C(31)-C(30)-C(29)
C(31)-C(30)-N(5)
C(29)-C(30)-N(5)
C(30)-C(31)-C(26)
0(2)-C(32)-N(5)
0(2)-C(32)-N(4)
N(5)-C(32)-N(4)
N(4)-C(33)-C(34)
C(36)-C(34)-C(35)
C(36)-C(34)-C(33)
C(35)-C(34)-C(33)
N(@3)-C(37)-N4)
N@3)-C(37)-C(38)
N(4)-C(37)-C(38)
C(39)-C(38)-C(37)
C(38)-C(39)-C(40)
N(2)-C(40)-N(1)
N(2)-C(40)-C(39)
N(1)-C(40)-C(39)
CI(1)-C(41)-Cl(2)
CI(1)-C(41)-CI(3)
CI(2)-C(41)-CI(3)
N(1)-C(50)-C(51)
C(50)-C(51)-C(53)
C(50)-C(51)-C(52)
C(53)-C(51)-C(52)
C(51")-C(50)-N(1)
C(50)-C(51)-C(52")
C(50Y-C(51)-C(53")
C(52)-C(51)-C(53")

118.3(4)
119.7(3)
120.34)
120.1(3)
112.73)
108.4(4)
110.8(4)
111.5(4)
124.1(4)
119.3(4)
116.6(3)
119.2(4)
116.13)
124.6(4)
118.34)
122.6(4)
118.9(4)
119.2(4)
118.5(3)
122.2(4)
121.7(3)
123.2(4)
119.3(3)
117.533)
112.8(3)
111.23)
107.93)
112.23)
119.5(3)
120.1(3)
120.4(3)
118.7(4)
119.24)
119.6(4)
119.8(4)
120.6(4)
109.9(2)
110.3(3)
110.42)
145(10)
107(3)
144(6)
109(6)
103.2(8)
109.2(9)
89.7(10)
118.9(11)
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Appendix D

Table D.1. Crystal data and structure refinement for trimer 24.

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal color

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Refinement method

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

Final R indices [I>20(])]

R indices (all data

Extinction coefficient

Largest diff. peak and hole

C28 H36 CI3 N6 02

488.63

100(2) K

0.71073 A

monoclinic, p2(1)/c
a=26.127(5A a=90°
b=11.364(2) A B=104.207 (3)°
c=18.6033)A y=90°
5354.5 (17) A°

8, 1.212 mg/mm’

0.079 mm™

2096

Colorless
0.5x0.3x0.05mm

2.87 t0 25.00 °

-22<=h<=31

-13<=k<=13

22<=1<=20

24278 / 9272 [R(int) = 0.0700
Full-matrix least-squares on
9373 /0/ 650

0.996

R1=10.0950, wR2 = 0.1942
R1=0.1995, wR2 = 0.2757
0.0024(4)

0.858 and -0.809 e.A”

All non-H atoms were refined by full-matrix least-squares with anisotropic
displacement parameters. The H atoms were generated geometrically (C—H 0.95 to 0.98,
N—H 0.88 and O—H 0.84 A) and were included in the refinement in the riding model
approximation. Data collection: Brucker D8 X-ray diffractometer. Computing structure
solution: SHELXS-97 (Sheldrick, 1990). Computing structure refinement: SHELXL-97

(Sheldrick, 1997).
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Table D.2. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters
(A2 x 10%) for trimer 24. U(eq) is defined as one third of the trace of the orthogonalized
Ujj tensor.

Atom X y z U(eq)
N(1) 191(3) 10423(5) 3737(4) 67(2)
N(1A) 2524(2) 4570(4) 2683(2) 38(1)
NE2) 290(3) 9181(6) 2774(3) 68(2)
N(2A) 2807(2) 6274(4) 2186(2) 35(1)
N@3) 1085(2) 9289(4) 3695(3) 48(1)
N(3A) 3522(2) 5135(4) 2805(2) 36(1)
N(4) 1552(2) 8846(4) 4093(3) 44(1)
N(4A) 4019(2) 4706(4) 2892(2) 36(1)
N(5) 2213(3) 7403(4) 4357(3) 57(2)
N(5A) 4827(2) 4577(4) 2558(2) 36(1)
N(6) 2512(2) 9277(4) 4834(2) 47(1)
N(6A) 4893(2) 3840(4) 3765(2) 39(1)
o(1) -462(3) 10215(5) 2667(4) 99(2)
O(1A) 1041(2) 6008(4) 2179(2) 49(1)
0(2) 3034(2) 7652(4) 5122(2) 62(1)
0(2A) 5552(2) 35534) - 3173(2) 55(1)
cq) -87(4) 11038(7) 4173(6) 76(2)
C(1A) 2178(2) 3686(5) 2820(3) 40(1)
C(2) 226(4) 11514(7) 4831(5) 75(3)
C(2A) 2417(2) 2706(5) 3227(3) 44(2)
cE) 822(3) 11405(7) 5027(4) 75(2)
C(3A) 3006(3) 2595(6) 3478(4) 66(2)
Cl4) -25(4) 12093(8) 5305(5) 95(3)
C(4A) 2002(3) 1821(6) 3383(4) 55(2)
C(5) -570(5) 12233(9) 5119(7) 108(4)
C(5A) 1547(3) 1890(6) 3153(4) 53(2)
c(6) -863(5) 11795(9) 4478(10) 129(5)
C(6A) 1322(3) 2847(6) 2750(4) 56(2)
c) -635(4) 11193(7) 3003(7) 95(3)
C(7A) 1631(3) 3748(5) 2582(4) 51(2)
c(@8) -29(5) 9979(7) 3056(7) 86(3)
C(8A) 2390(2) 5617(5) 2347(3) 35(1)
c(9) 81(4) 8868(7) 1982(4) 20(3)
C(9A) 2660(2) 7457(4) 1872(3) 37(1)
C(10) 240(6) 9815(13) 1466(5) 195(8)
C(10A) 2811(6) 8414(7) 2400(4) 188(8)
c(1) -194(6) 9669(10) 695(6) 183(7)
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(Continued)

Atom X y z U(eq)
C(11A) 2659(7) 9615(8) 1983(5) 228(10)
c(12) 742(8) 9900(17) 1499(5) 344(17)
C(12A) 2871(5) 8484(7) 3082(4) 114(4)
C(13) 774(3) 8668(6) 3167(3) 55(2)
C(13A) 3330(2) 5891(4) 2271(3) 33(1)
C(14) 917(4) 7547(8) 2999(4) 87(3)
C(14A) 3630(2) 6299(5) 1797(3) 38(1)
C(15) 1378(4) 7086(7) 3388(4) 88(3)
C(15A) 4127(3) 5882(5) 1887(3) 39(1)
C(16) 1715(3) 7789(6) 3939(3) 55(2)
C(16A) 4318(2) 5059(4) 2457(3) 35(1)
c(17) 2364(4) 6153(5) 4328(4) 74(2)
C(17A) 5082(3) 4671(5) 1934(3) 42(2)
C(18) 2245(5) 5443(6) 4948(5) 87(3)
C(18A) 5389(3) 5795(5) 1896(4) 48(2)
C(19) 1667(5) 5225(8) 4868(5) 110(4)
C(19A) 5836(3) 5998(7) 2578(4) 78(3)
C(20) 2528(5) 4261(7) 5009(6) 129(5)
C(20A) 5599(3) 5758(6) 1209(4) 59(2)
C(21) 2616(3) 8102(5) 4805(3) 52(2)
C(21A) 5117(3) 3942(5) 3184(3) 39(1)
C(22) 2902(3) 10090(5) 5205(3) 47(2)
C(22A) 5137(2) 3450(4) 4486(3) 38(1)
C(23) 2760(3) 10915(5) 5665(3) 47(2)
C(23A) 4834(2) 3495(4) 5009(3) 35(1)
C(24) 2209(3) 10976(5) 5761(3) 50(2)
C(24A) 4266(2) 3895(5) 4795(3) 42(2)
C(25) 3145(3) 11717(5) 6020(3) 50(2)
C(25A) 5067(3) 3179(5) 5738(3) 41(2)
C(26) 3645(3) 11719(6) 5904(3) 55(2)
C(26A) 5593(3) 2813(5) 5954(3) 46(2)
C(27) 3777(3) 10919(6) 5418(3) 55(2)
C(7A) 5881(3) 2765(5) 5430(3) 44(2)
C(28) 3410(3) 10102(6) 5071(3) 53(2)
C(28A 5662(3) 3074(5) 4704(3) 44(2)
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Table D.3. Bond lengths (A) for trimer 24.

Atoms Bond length Atoms Bond length
N(1)-C(8) 1.354(12) C(11)-H(11A) 0.98
N(1)-C(1) 1.401(10) C(11)-H(11B) 0.98
N(1)}-H(1A) 0.88 C(11)-H(11C) 0.98
N(1A)-C(8A) 1.351(7) C(11A)-H(11D) 0.98
N(1A)-C(1A) 1.415(7) C(11A)-H(11E) 0.98
N(1A)-H(1AA) 0.88 C(11A)}-H(11F) 0.98
N(2)-C(8) 1.416(11) C(12)-H(12A) 0.98
N(2)-C(13) 1.421(9) C(12)-H(12B) 0.98
N(2)-C(9) 1.484(8) C(12)-H(12C) 0.98
N(2A)-C(13A) 1.406(7) C(12A)-H(12D) 0.98
N(2A)-C(8A) 1.412(7) C(12A)-H(12E) 0.98
N(2A)-C(9A) 1.479(7) C(12A)-H(12F) 0.98
N(3)-C(13) 1.316(8) C(13)-C(14) 1.384(11)
N(3)-N(4) 1.359(7) C(13A)-C(14A) 1.395(7)
N(3A)-C(13A) 1.316(7) C(14)-C(15) 1.349(12)
N(3A)-N(4A) 1.360(6) C(14)-H(14A) 0.95
N(4)-C(16) 1.328(8) C(14A)-C(15A) 1.352(8)
N(4A)-C(16A) 1.317(7) C(14A)-H(14B) 0.95
N(5)-C(16) 1.413(9) C(15)-C(16) 1.421(10)
N(5)-C(21) 1.415(9) C(15)-H(15A) 0.95
N(5)-C(17) 1.479(7) C(15A)-C(16A) 1.410(8)
N(5A)-C(16A) 1.407(7) C(15A)-H(15B) 0.95
N(5A)-C(21A) 1.422(7) C(17)-C(18) 1.501(10)
N(5A)-C(17A) 1.477(6) C(17)»-H(17A) 0.99
N(6)-C(21) 1.366(7) C(17)-H(17B) 0.99
N(6)-C(22) 1.423(8) C(17A)-C(18A) 1.519(8)
N(6)-H(6A) 0.88 C(17A)}-H(17C) 0.99
N(6A)-C(21A) 1.353(7) C(17A)-H(17D) 0.99
N(6A)-C(22A) 1.408(7) C(18)-C(19) 1.501(13)
N(BA)-H(6AA) 0.88 C(18)-C(20) 1.524(10)
O(1)-C(8) 1.213(11) C(18)-H(18A) 1
O(1A)-C(8A) 1.222(7) C(18A)-C(20A) 1.5611(8)
0(2)-C(21) 1.219(8) C(18A)-C(19A) 1.517(10)
O(2A)-C(21A) 1.224(7) C(18A)-H(18B) 1
C(1)-C(7) 1.398(11) C(19)-H(19A) 0.98
C(1)»-C(2) 1.404(12) C(19)-H(19B) 0.98
C(1A)-C(7A) 1.391(8) C(19)-H(19C) 0.98
C(1A)X-C(2A) 1.404(8) C(19A)-H(19D) 0.98
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(Continued)

Atoms Bond length Atoms Bond length
C(2)-C(4) 1.387(11) C(19A)-H(19E) 0.98
C(2)-C(3) 1.5615(11) C(19A)-H(19F) 0.98
C(2A)-C(4A) 1.393(8) C(20)-H(20A) 0.98
C(2A)-C(3A) 1.501(9) C(20)-H(20B) 0.98
C(3)-H(3B) 0.98 C(20)-H(20C) 0.98
C(3)-HBC) 0.98 C(20A)-H(20D) 0.98
C(3)-H(3D) 0.98 C(20A)-H(20E) 0.98
C(3A)-H(3AB) 0.98 C(20A)-H(20F) 0.98
C(3A)}H(3AC) 0.98 C(22)-C(23) 1.380(8)
C(3A)-H(3AD) 0.98 C(22)-C(28) 1.410(9)
C(4)-C(5) 1.390(14) C(22A)-C(28A) 1.398(8)
C(4)-H(4B) 0.95 C(22A)-C(23A) 1.398(8)
C(4A)-C(5A) 1.385(9) C(23)-C(25) 1.397(9)
C(4A)-H(4AB) 0.95 C(23)-C(24) 1.495(9)
C(5)-C(6) 1.343(16) C(23A)-C(25A) 1.390(8)
C(5)-H(5A) 0.95 C(23A)-C(24A) 1.5610(8)
C(5A)-C(6A) 1.369(9) C(24)-H(24A) 0.98
C(5A)-H(5AA) 0.95 C(24)-H(24B) 0.98
C(6)-C(7) 1.379(14) C(24)-H(24C) 0.98
C(6)-H(6B) 0.95 C(24A)-H(24D) 0.98
C(6A)-C(7A) 1.387(8) C(24A)-H(24E) 0.98
C(6A)-H(BAB) 0.95 C(24A)-H(24F) 0.98
C(T)}-H(7A) 0.95 C(25)-C(26) 1.375(9)
C(7TA)-H(7AA) 0.95 C(25)-H(25A) 0.95
C(9)-C(10) 1.564(12) C(25A)-C(26A) 1.396(8)
C(9)-H(9A) 0.99 C(25A)-H(25B) 0.95
C(9)-H(9B) 0.99 C(26)-C(27) 1.384(9)
C(9A)-C(10A) 1.454(9) C(26)-H(26A) 0.95
C(9A)-H(9AA) 0.99 C(26A)-C(27A) 1.371(8)
C(9A)-H(9AB) 0.99 C(26A)-H(26B) 0.95
C(10)-C(12) 1.30(2) C(27)-C(28) 1.377(9)
C(10)-C(11) 1.605(13) C(27)-H(27A) 0.95
C(10)-H(10A) 1 C(27A)-C(28A) 1.377(8)
C(10A)-C(12A) 1.242(10) C(27A)-H(27B) 0.95
C(10A)-C(11A) 1.573(11) C(28)-H(28A) 0.95
C(10A)-H(10B) 1 C(28A)-H(28B) 0.95
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Table D.4. Bond angles (°) for trimer 24.

Atoms

Bond angle

Atoms

Bond angle

C(8)-N(1)}-C(1)
C(8)-N(1)-H(1A)
C(1)-N(1)-H(1A)
C(8A)-N(1A)-C(1A)
C(8A)-N(1A)-H(1AA)
C(1A)-N(1A)-H(1AA)
C(8)-N(2)-C(13)
C(8)-N(2)-C(9)
C(13)-N(2)-C(9)
C(13A)-N(2A)-C(8A)
C(13A)-N(2A)-C(9A)
C(8A)-N(2A)-C(9A)
C(13)-N(3)-N(4)
C(13A)-N(3A)-N(4A)
C(16)-N(4)-N(3)
C(16A)-N(4A)-N(3A)
C(16)-N(5)-C(21)
C(16)-N(5)-C(17)
C(21)-N(5)-C(17)
C(16A)-N(5A)-C(21A)
C(16A)-N(5A)-C(17A)
C(21A)-N(5A)-C(17A)
C(21)-N(6)-C(22)
C(21)-N(6)-H(6A)
C(22)-N(6)-H(6A)
C(21A)-N(6A)-C(22A)
C(21A)-N(BA)-H(BAA)
C(22A)-N(6A)-H(BAA)
C(7)-C(1)-N(1)
C(7)-C(1)-C(2)
N(1)-C(1)-C(2)
C(7A)-C(1A)-C(2A)
C(7A)-C(1A)-N(1A)
C(2A)-C(1A)-N(1A)
C(4)-C(2)-C(1)
C(4)-C(2)-C(3)
C(1)-C(2)-C(3)
C(4A)-C(2A)-C(1A)
C(4A)-C(2A)-C(3A)
C(1A)-C(2A)-C(3A)
C(2)-C(3)-H(3B)
C(2)-C(3)-H(3C)
H(3B)-C(3)-H(3C)
C(2)-C(3)-H(3D)

124.5(9)
117.8
117.8
127.2(5)
116.4
116.4
127.1(7)
114.5(8)
118.5(7)
126.4(5)
118.5(4)
115.1(5)
121.1(6)
120.0(4)
120.5(6)
120.7(5)
127.0(5)
119.7(6)
113.2(6)
127.1(4)
117.4(5)
115.3(5)
121.9(6)
119.1
119.1
127.1(5)
116.5
1165
124.8(10)
120.2(9)
115.1(8)
119.9(5)
124.0(5)
116.2(5)
118.1(9)
120.4(10)
121.5(8)
118.2(6)
120.4(6)
121.4(5)
109.5
109.5
109.5
109.5

C(5)-C(6)-C(7)
C(5)-C(6)-H(6B)
C(7)-C(6)-H(6B)
C(5A)-C(BA)-C(7A)
C(5A)-C(6A)-H(BAB)
C(7A)-C(6A)-H(BAB)
C(6)-C(7)-C(1)
C(6)-C(7)-H(7A)
C(1)-C(7)-H(7A)
C(6A)-C(7A)-C(1A)
C(6A)-C(TA)-H(TAA)
C(1A)-C(TA)-H(7AA)
O(1)-C(8)-N(1)
O(1)-C(8)-N(2)
N(1)-C(8)-N(2)
O(1A)-C(8A)-N(1A)
O(1A)-C(8A)-N(2A)
N(1A)-C(8A)-N(2A)
N(2)-C(9)-C(10)
N(2)-C(9)-H(9A)
C(10)-C(9)-H(9A)
N(2)-C(9)-H(9B)
C(10)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(10A)-C(9A)-N(2A)
C(10A)-C(9A)-H(9AA)
N(2A)-C(9A)-H(9AA)
C(10A)-C(9A)-H(9AB)
N(2A)-C(9A)-H(9AB)
H(9AA)-C(9A)-H(9AB)
C(12)-C(10)-C(9)
C(12)-C(10)-C(11)
C(9)-C(10)-C(11)
C(12)-C(10)-H(10A)
C(9)-C(10)-H(10A)
C(11)-C(10)-H(10A)
C(12A)-C(10A)-C(9A)
C(12A)-C(10A)-C(11A)
C(9A)-C(10A)-C(11A)
C(12A)-C(10A)-H(10B)
C(9A)-C(10A)-H(10B)
C(11A)-C(10A)-H(10B)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)

121.4(13)
119.3
119.3
120.9(6)
119.5
1195
119.2(12)
120.4
120.4
120.1(6)
120

120
126.5(10)
117.9(11)
115.6(9)
124.3(5)
119.8(5)
116.0(5)
110.9(6)
109.5
109.5
109.5
109.5
108.1
114.3(5)
108.7
108.7
108.7
108.7
107.6
116.0(14)
122.2(12)
104.0(8)
104.2
104.2
104.2
133.1(10)
113.7(7)
108.8(6)
96.9

96.9

96.9
109.5
109.5
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(Continued)

Atoms

Bond angle

Atoms

Bond angle

H(3B)-C(3)-H(3D)
H(3C)-C(3)-H(3D)
C(2A)-C(3A)-H(3AB)
C(2A)-C(3A)-H(3AC)
H(3AB)-C(3A)-H(3AC)
C(2A)-C(3A)-H(3AD)
H(3AB)-C(3A)-H(3AD)
H(3AC)-C(3A)-H(3AD)
C(2)-C(4)-C(5)
C(2)-C(4)-H(4B)
C(5)-C(4)-H(4B)
C(5A)-C(4A)-C(2A)
C(5A)-C(4A)-H(4AB)
C(2A)-C(4A)-H(4AB)
C(6)-C(5)-C(4)
C(8)-C(5)-H(5A)
C(4)-C(5)-H(5A)
C(6A)-C(5A)-C(4A)
C(6A)-C(5A)-H(5AA)
C(4A)-C(5A)-H(5AA)
H(12D)-C(12A)-H(12F)
H(12E)-C(12A)-H(12F)
N(3)-C(13)-C(14)
N(3)-C(13)-N(2)
C(14)-C(13)-N(2)
N(3A)-C(13A)-C(14A)
N(3A)-C(13A)-N(2A)
C(14A)-C(13A)-N(2A)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14A)
C(13)-C(14)-H(14A)
C(15A)-C(14A)-C(13A)
C(15A)-C(14A)-H(14B)
C(13A)-C(14A)-H(14B)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15A)
C(16)-C(15)-H(15A)
C(14A)-C(15A)-C(16A)
C(14A)-C(15A)-H(15B)
C(16A)-C(15A)-H(15B)
N(4)-C(16)-N(5)
N(4)-C(16)-C(15)
N(5)-C(16)-C(15)

109.5
109.5
109.5
109.5

©109.5

109.5
109.5
109.5
120.8(11)
119.6
119.6
121.9(6)
119

119
120.2(12)
119.9
119.9
119.0(6)
120.5
120.5
109.5
109.5
120.6(8)
118.2(6)
121.2(7)
121.6(5)
117.8(5)
120.6(5)
119.5(8)
120.3
120.3
118.5(5)
120.8
120.8
118.7(7)
120.6
120.6
118.5(5)
120.8
120.8
117.5(6)
119.4(8)
123.0(7)

H(11A)-C(11)-H(11B)
C(10)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(10A)-C(11A)-H(11D)
C(10A)-C(11A)-H(11E)
H(11D)-C(11A)-H(11E)
C(10A)-C(11A)-H(11F)
H(11D)-C(11A)-H(11F)
H(11E)-C(11A)-H(11F)
C(10)-C(12)-H(12A)
C(10)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(10)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
C(10A)-C(12A)-H(12D)
C(10A)-C(12A)-H(12E)
H(12D)-C(12A)-H(12E)
C(10A)-C(12A)-H(12F)
H(20A)-C(20)-H(20B)
C(18)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(18A)-C(20A)-H(20D)
C(18A)-C(20A)-H(20E)
H(20D)-C(20A)-H(20E)
C(18A)-C(20A)-H(20F)
H(20D)-C(20A)-H(20F)
H(20E)-C(20A)-H(20F)
0(2)-C(21)-N(6)
0(2)-C(21)-N(5)
N(6)-C(21)-N(5)
O(2A)-C(21A)-N(6A)
O(2A)-C(21A)-N(5A)
N(6A)-C(21A)-N(5A)
C(23)-C(22)-C(28)
C(23)-C(22)-N(6)
C(28)-C(22)-N(6)
C(28A)-C(22A)-C(23A)
C(28A)-C(22A)-N(6A)
C(23A)-C(22A)-N(6A)
C(22)-C(23)-C(25)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
123.7(7)
119.9(6)
116.4(6)
124.6(6)
118.7(5)
116.7(5)
120.7(6)
118.3(6)
120.9(5)
119.5(5)
123.7(5)
116.7(5)
117.7(7)
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(Continued)

Atoms

Bond angle

Atoms

Bond angle

N(4A)-C(16A)-N(5A)

118.8(5)

C(22)-C(23)-C(24)

121.2(6)

N(4A)-C(16A)-C(15A)
N(5A)-C(16A)-C(15A)
N(5)-C(17)-C(18)
N(5)-C(17)-H(17A)
C(18)-C(17)-H(17A)
N(5)-C(17)-H(17B)
C(18)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
N(5A)-C(17A)-C(18A)
N(5A)-C(17A)-H(17C)
C(18A)-C(17A)-H(17C)
N(5A)-C(17A)-H(17D)
C(18A)-C(17A)-H(17D)
H(17C)-C(17A)-H(17D)
C(17)-C(18)-C(19)
C(17)-C(18)-C(20)
C(19)-C(18)-C(20)
C(17)-C(18)-H(18A)
C(19)-C(18)-H(18A)
C(20)-C(18)-H(18A)
C(20A)-C(18A)-C(19A)
C(20A)-C(18A)-C(17A)
C(19A)-C(18A)-C(17A)
C(20A)-C(18A)-H(18B)
C(19A)-C(18A)-H(18B)
C(17A)-C(18A)-H(18B)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(198B)
C(18)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(18A)-C(19A)-H(19D)
C(18A)-C(19A)-H(19E)
H(19D)-C(19A)-H(19E)
C(18A)-C(19A)-H(19F)
H(19D)-C(19A)-H(19F)
H(19E)-C(19A)-H(19F)
C(18)-C(20)-H(20A)
C(18)-C(20)-H(20B)

120.7(5)
120.5(5)
112.4(5)
109.1
109.1
109.1
109.1
107.9
116.2(5)
108.2
108.2
108.2
108.2
107.4
113.9(9)
110.0(7)
108.6(8)
108

108

108
110.2(6)
108.8(5)
113.4(6)
108.1
108.1
108.1
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

C(25)-C(23)-C(24)
C(25A)-C(23A)-C(22A)
C(25A)-C(23A)-C(24A)
C(22A)-C(23A)-C(24A)
C(23)-C(24)-H(24A)
C(23)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
C(23)-C(24)-H(24C)
H(24A)-C(24)-H(24C)
H(24B)-C(24)-H(24C)
C(23A)-C(24A)-H(24D)
C(23A)-C(24A)-H(24E)
H(24D)-C(24A)-H(24E)
C(23A)-C(24A)-H(24F)
H(24D)-C(24A)-H(24F)
H(24E)-C(24A)-H(24F)
C(26)-C(25)-C(23)
C(26)-C(25)-H(25A)
C(23)-C(25)-H(25A)
C(23A)-C(25A)-C(26A)
C(23A)-C(25A)-H(25B)
C(26A)-C(25A)-H(25B)
C(25)-C(26)-C(27)
C(25)-C(26)-H(26A)
C(27)-C(26)-H(26A)
C(27A)-C(26A)-C(25A)
C(27A)-C(26A)-H(26B)
C(25A)-C(26A)-H(26B)
C(28)-C(27)-C(26)
C(28)-C(27)-H(27A)
C(26)-C(27)-H(27A)
C(26A)-C(27A)-C(28A)
C(26A)-C(27A)-H(27B)
C(28A)-C(27A)-H(27B)
C(27)-C(28)-C(22)
C(27)-C(28)-H(28A)
C(22)-C(28)-H(28A)
C(27A)-C(28A)-C(22A)
C(27A)-C(28A)-H(28B)
C(22A)-C(28A)-H(28B)

121.1(6)
118.8(5)
120.1(5)
121.0(5)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
1095
109.5
109.5
121.9(6)
119

119
121.5(6)
119.3
119.3
120.0(7)
120

120
118.7(6)
120.6
120.6
119.5(7)
120.3
120.3
121.2(6)
119.4
119.4
120.1(6)
119.9
119.9
120.3(6)
119.8
119.8
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Table D.5. Anisotropic displacement parameters (A x 10%) for trimer 24.
The anisotropic displacement factor exponent takes the form:
2pif[h*a** Ull+...+2hka*b*Ul2]

Atom u11 u22 u33 u23 u13 u12
N(1) 81(5) 38(3) 86(5) 11(3) 31(4) -13(3)
N(1A) 39(3) 37(3) 38(3) 4(2) 7(2) -9(2)
N(2) 87(5) 69(4) 40(3) 24(3) 3(3) -33(4)
N(2A) 41(3) 31(2) 34(2) 0(2) 11(2) -6(2)
N(3) 68(4) 35(3) 47(3) 0(2) 26(3) -13(3)
N(3A) 46(3) 32(3) 32(2) 102) 15(2) -3(2)
N(4) 69(4) 29(3) 44(3) -2(2) 33(3) -1(3)
N(4A) 43(3) 30(2) 39(3) 0(2) 21(2) -4(2)
N(5) 96(5) 33(3) 47(3) 7(3) 27(3) 12(3)
N(5A) 53(3) 26(2) 38(3) -1(2) 26(2) 2(2)
N(6) 75(4) 30(3) 33(3) -3(2) 9(3) 6(3)
N(6A) 52(3) 28(2) 42(3) 3(2) 20(2) 6(2)
0(1) 79(5) 65(4) 146(6)  34(4) 12(4) -21(3)
O(1A) 43(3) 44(2) 55(3) 1(2) 3(2) -10(2)
o) 97(4) 42(3) 50(3) 7(2) 23(3) 23(3)
O(2A) 67(3) 45(3) 65(3) 9(2) 38(3) 22(2)
cH) 93(7) 44(4) 109(7)  25(5) 57(6) 0(4)
C(1A) 49(4) 40(3) 31(3) -1(3) 12(3) -15(3)
C(2) 95(7) 63(5) 89(6) 42(5) 62(6) 17(5)
C(2A) 42(4) 49(4) 40(3) 7(3) 6(3) -11(3)
C(3) 102(7)  84(6) 48(4) 13(4) 35(4) 17(5)
C(3A) 51(5) 60(5) 78(5) 33(4) -3(4) -11(4)
C(4) 122(9)  88(6) 100(7)  50(5) 77(7) 29(6)
C(4A) 64(5) 48(4) 54(4) 10(3) 16(4) -15(4)
C(5) 144(12)  68(7) 151(11)  58(7) 115(10)  25(7)
C(5A) 55(5) 45(4) 63(4) -4(3) 21(4) -21(3)
C(6) 125(11)  53(6) 253(17)  31(8) 133(13)  -2(6)
C(6A) 47(4) 43(4) 77(5) -5(4) 15(4) -12(3)
C(7) 70(6) 43(5) 183(10)  24(6) 51(7) -8(4)
C(7A) 50(4) 36(3) 64(4) -2(3) 11(3) -12(3)
C(8) 93(8) 41(5) 133(9)  24(5) 49(7) -14(5)
C(8A) 37(4) 40(3) 28(3) -5(3) 6(3) 7(3)
C(9) 115(7)  88(6) 51(4) 17(4) -10(4) -66(6)
C(9A) 48(4) 31(3) 31(3) 1(2) 7(3) -3(3)
C(10) 297(18)  216(14)  31(5) 21(6) -41(7) -190(14)
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(Continued)

Atom u11 u22 u33 u23 u13 u12
C(10A)  410(20)  50(5) 37(4) -29(4) -74(8) 99(9)
C(11) 264(17)  83(8) 131(10)  25(7) -88(10)  -18(9)
C(11A)  480(30) 53(6) 64(6) -26(5) -97(10)  107(10)
C(12) 500(30) 510(30)  60(6) -133(12)  146(12)  -490(30)
C(12A)  248(13)  44(4) 40(4) 1(4) 16(6) -6(6)
C(13) 97(6) 45(4) 29(3) 0(3) 24(4) 17(4)
C(13A)  44(4) 26(3) 29(3) -4(2) 9(3) -103)
C(14) 121(8)  95(7) 37(4) -24(4) 3(5) -2(6)
C(14A)  53(4) 32(3) 30(3) 4(2) 15(3) -5(3)
C(15) 161(10)  53(5) 53(5) -33(4) 30(6) -4(6)
C(15A)  58(4) 29(3) 37(3) 0(3) 23(3) -8(3)
C(16) 91(6) 43(4) 39(4) -11(3) 34(4) -5(4)
C(16A)  52(4) 19(3) 38(3) -7(2) 19(3) -6(3)
c(17) 136(8)  32(4) 66(5) -7(3) 46(5) 19(4)
C17A)  62(4) 28(3) 48(3) -4(3) 35(3) -1(3)
C(18) 158(10)  32(4) 90(6) -7(4) 66(7) 14(5)
C(18A)  59(4) 27(3) 70(4) -2(3) 41(4) -5(3)
C(19) 192(12)  59(6) 97(7) -4(5) 73(8) -5(7)
C(19A)  107(7)  68(5) 72(5) -19(4) 44(5) -37(5)
C(20) 245(14)  38(5) 1228)  7(5) 79(9) 42(7)
C(20A)  65(5) 55(4) 66(4) 2(4) 35(4) -9(4)
C(21) 92(6) 34(3) 35(3) 0(3) 27(4) 9(4)
C(21A)  55(4) 21(3) 46(3) -4(3) 26(3) 0(3)
C(22) 78(5) 32(3) 28(3) 1(3) 5(3) 7(3)
C(22A)  57(4) 20(3) 41(3) -2(2) 17(3) 1(3)
C(23) 70(5) 38(3) 32(3) 8(3) 11(3) 15(3)
C(23A)  46(4) 19(3) 41(3) -1(2) 14(3) -2(2)
C(24) 70(5) 42(4) 33(3) -6(3) 5(3) 20(3)
C(24A)  52(4) 34(3) 44(3) 3(3) 19(3) 1(3)
C(25) 71(5) 35(3) 39(3) -1(3) 2(3) 8(3)
C(@25A)  61(4) 25(3) 41(3) 0(3) 16(3) -7(3)
C(26) 73(5) 50(4) 36(3) 3(3) 0(3) -1(4)
C(26A)  65(5) 27(3) 44(4) 2(3) 11(3) -2(3)
C(27) 76(5) 50(4) 39(4) 13(3) 13(3) 4(4)
C(27A)  50(4) 27(3) 54(4) 0(3) 11(3) 2(3)
C(28) 81(5) 46(4) 34(3) 7(3) 20(3) 11(4)
C(28A)  54(4) 30(3) 52(4) 0(3) 20(3) 4(3)
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Table D.6. Hydrogen coordinates (x 10*) and isotropic displacement parameters (A% x
10°) for trimer 24.

Atom X y z U(eq)
H(1A) 532 10317 3918 80
H(1AA) 2864 4420 2834 46
H(6A) 2194 9537 4617 56
H(6AA) 4558 4040 3682 47
H(3B) 932 10973 4634 113
H(3C) 940 10979 5497 113
H(3D) 981 12191 5077 113
H(3AB) 3097 1857 3752 100
H(3AC) 3149 3259 3801 100
H(3AD) 3157 2596 3045 100
H(4B) 178 12398 5762 113
H(4AB) 2248 1150 3655 66
H(5A) -737 12640 5446 129
H(5AA) 1332 1282 3273 64
H(6B) -1235 11902 4357 154
H(6AB) 948 2894 2583 67
H(7A) -847 10886 35643 114
H(7AA) 1469 4409 2304 61
H(9A) -309 8809 1870 108
H(9B) 221 8092 1884 108
H(9AA) 2827 7584 1456 45
H(9AB) 2272 7482 1668 45
H(10A) 149 10582 1668 234
H(10B) 3194 8427 2403 226
H(11A) -137 10269 344 275
H(11B) -548 9764 779 275
H(11C) -163 8885 490 275
H(11D) 2776 10269 2328 342
H(11E) 2275 9655 1789 342
H(11F) 2831 9671 1571 342
H(12A) 937 10026 2014 515
H(12B) 802 10566 1195 515
H(12C) 864 9173 1312 515
H(12D) 2971 7712 3308 170
H(12E) 2539 8738 3191 170
H(12F) 3149 9057 3286 170
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(Continued)

Atom X y z U(eq)
H(14A) 693 7106 2614 105
H(14B) 3489 6856 1420 45
H(15A) 1476 6306 3295 106
H(15B) 4342 6138 1573 47
H(17A) 2746 6103 4355 89
H(17B) 2171 5812 3848 89
H(17C) 4805 4593 1466 51
H(17D) 5326 3996 1962 51
H(18A) 2384 5882 5421 105
H(18B) 5138 6472 1848 58
H(19A) 1481 5979 4836 164
H(19B) 1618 4784 5299 164
H(19C) 1524 4768 4416 164
H(19D) 6014 6740 2524 118
H(19E) 6089 5348 2632 118
H(19F) 5694 6038 3018 118
H(20A) 2907 4391 5069 193
H(20B) 2388 3801 4558 193
H(20C) 2471 3830 5439 193
H(20D) 5306 5644 772 88
H(20E) 5850 5105 1249 88
H(20F) 5779 6501 1162 88
H(24A) 1996 10351 5469 75
H(24B) 2055 11743 5590 75
H(24C) 2215 10873 6286 75
H(24D) 4118 3864 5230 63
H(24E) 4063 3376 4408 63
H(24F) 4248 4703 4607 63
H(25A) 3059 12276 6351 60
H(25B) 4864 3212 6096 50
H(26A) 3899 12271 6157 66
H(26B) 5748 2601 6454 55
H(27A) 4119 10932 5326 66
H(27B) 6239 2514 5571 53
H(28A) 3499 9545 4740 63
H(28B) 5868 3032 4349 52
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Table D.7. Anisotropic displacement parameters (A? x 10%) for macrocycle 22.
The anisotropic displacement factor exponent takes the form:
2pf[ha**Ull+..+2hka*b*Ul2]

Atom Ul1 U22 U33 U23 U13 U12
o(1) 39(2) 135(5) 188(6) 138(5) 71(3) 56(3)
0(2) 18(1) 32(2) 29(2) 9(1) 6(1) 1(1)
0(3) 28(2) 33(2) 37(2) (1) 14(1) 14(1)
0(4) 25(2) 33(2) 15(1) 0(1) 4(1) 1(1)
N(1) 28(2) 72(3) 93(4) 65(3) 31(2) 27(2)
NQ) 18(2) 28(2) 24(2) 9(2) 5(1) 4(2)
N@G3) 16(2) 22(2) 18(2) 3(1) 4(1) o(1)
N(4) 18(2) 21(2) 20(2) 5(1) 6(1) 2(1)
NG) 17(2) 22(2) 19(2) 4(1) 5(1) 3(1)
N(6) 192) 19(2) 22(2) 0(1) 5(1) 4(1)
N(7) 15(2) 18(2) 27(2) 2(1) -1(1) 3(1)
N() 16(2) 25(2) 22(2) 0(1) 2(1) 2(1)
N(9) 18(2) 28(2) 19(2) 1(1) 2(1) 2(1)
N(10) 26(2) 32(2) 14(2) 2(1) 0(1) 7(2)
N(11) 20(2) 24(2) 14(2) 2(1) 1(1) 2(1)
N(12) 18(2) 23(2) 24(2) 7(1) 3(1) 5(1)
c(5) 33(3) 59(4) 74(4) 49(3) 25(3) 20(3)
C(6) 20(2) 19(2) 17(2) 3(2) 3(2) 3(2)
c(7) 14(2) 32(2) 21(2) -1(2) 2(2) 0(2)
C(8) 17(2) 30(2) 22(2) 0(2) 4(2) -7(2)
C(9) 23(2) 24(2) 17(2) 2(2) 5(2) -3(2)
C(10) 18(2) 22(2) 12(2) -5(2) -1(1) 0(2)
c(11) 14(2) 19(2) 16(2) -4(2) 4(1) 4(2)
C(12) 23(2) 18(2) 18(2) 1(2) 3(2) 3(2)
C(13) 43(3) 55(3) 13(2) 4(2) 12) 26(2)
C(14) 35(3) 145(7) 39(3) -44(4) 17(2) 35(4)
C(15) 55(4) 119(7) 67(5) -17(4) 5(3) -49(4)
C(16) 193(10)  155(9) 50(4) -56(5) -68(5) 133(8)
c(17) 25(2) 27(2) 17(2) -3(2) -12) 5(2)
C(18) 49(3) 41(3) 17(2) 3(2) -1(2) 22(2)
C(19) 39(3) 36(3) 21(2) 0(2) -5(2) 19(2)
C(20) 16(2) 20(2) 21(2) 3(2) 4(2) 0(2)
c(21) 17(2) 21(2) 30(2) 3(2) 3(2) 5(2)
C(22) 29(2) 20(2) 31(2) 12) 1(2) 1(2)
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(Continued)

Atom U1l U22 U33 U23 U13 U12
C(23) 86(4) 33(3) 43(3) 3(2) -9(3) -24(3)
C(24) 61(4) 22(3) 72(4) 12(3) 2(3) 3(2)
C(25) 13(2) 18(2) 28(2) 2(2) 1(2) 2(2)
C(26) 16(2) 20(2) 21(2) 3(2) 2(2) 3(2)
C(27) 25(2) 23(2) 26(2) -6(2) 7(2) 3(2)
C(28) 33(2) 31(2) 23(2) -5(2) 10(2) 6(2)
C(29) 34(2) 30(2) 17(2) -1(2) 42) 4(2)
C(30) 16(2) 20(2) 20(2) -4(2) 12) -1(2)
C(31) 14(2) 18(2) 19(2) -5(2) 3(1) -1(2)
C(32) 18(2) 26(2) 14(2) 1(2) -2(1) 0(2)
C(33) 22(2) 20(2) 21(2) 6(2) 5(2) 12)
C(34) 20(2) 25(2) 20(2) 5(2) 5(2) 2(2)
C(35) 35(2) 24(2) 24(2) 2(2) 3(2) 12)
C(36) 21(2) 29(2) 22(2) 10(2) 5(2) 3(2)
C(37) 18(2) 22(2) 16(2) 1(2) 2(1) -1(2)
C(38) 31(2) 21(2) 30(2) 11(2) 11(2) 8(2)
C(39) 29(2) 35(3) 39(3) 19(2) 14(2) 16(2)
C(40) 24(2) 42(3) 36(3) 18(2) 13(2) 9(2)
CI(3) 41(1) 45(1) 21(1) -3(1) (1) -5(1)
Cl2) 38(1) 73(1) 30(1) 8(1) (1) -17(1)
CI(1) 80(1) 51(1) 52(1) -18(1) 14(1) 3(1)
C(41) 35(3) 44(3) 23(2) -6(2) 72) -12(2)
C(50) 19(2) 17(2) 19(2) 3(2) 1(2) 4(2)
c(51) 2000(70)  2000(70)  2000(70)  0(2) 173(7) 0(2)
C(52) 550(60)  550(60)  550(60)  0(2) 43(6) 0(2)
C(53) 59(5) 60(5) 64(5) 3(2) 3(2) 5(2)
C(50" 64(4) 59(4) 59(4) -1(2) 8(2) -4(2)
c(51Y) 120(4) 122(4) 121(4) 1(2) 12(2) 0(2)
C(52") 85(4) 86(4) 84(4) 1(2) 8(2) -1(2)
C(53") 65(6) 65(6) 69(6) 3(2) 3(2) 5(2)
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Table D.8. Hydrogen coordinates (x 10*) and isotropic displacement parameters (A2x
10°) for macrocycle 23.

Atom X y z U(eq)
H(5A) 7574 1454 3050 23
H(6A) 8778 -366 4810 24
H(7A) 3092 1062 5147 27
H(8B) 3034 214 6222 28
H(9B) 4351 274 6911 25
H(11B) 5846 912 5395 19
H(13A) 7397 -991 8835 47
H(13B) 6720 -358 8984 47
H(14A) 8616 217 8759 89
H(15A) 7825 746 8139 122
H(15B) 8421 989 : 9000 122
H(15C) 7349 875 9017 122
H(16A) 8748 182 10198 206
H(16B) 8354 -597 10152 206
H(16C) 7686 49 10264 206
H(18A) 8328 -1383 8070 43
H(19A) 9374 -1778 7136 39
H(21A) 10248 -2031 6330 27
H(21B) 10456 2113 5336 27
H(22A) 8820 2604 6011 32
H(23A) 8518 -3165 4648 82
H(23B) 9423 2837 4316 82
H(23C) 8593 2339 4508 82
H(24A) 10106 -3259 6557 78
H(24B) 10365 -3406 5590 78
H(24C) 9458 -3735 5917 78
H(27A) 10045 777 3017 29
H(28A) 9938 -115 1748 34
H(29A) 9096 903 1623 32
H(31A) 8342 594 4049 20
H(33A) 8503 3134 1580 24
H(33B) 7672 3590 1868 24
H(34A) 6663 3020 808 26
H(35A) 7236 2275 233 41
H(35B) 7422 1940 714 41
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(Continued)

Atom X y z U(eq)
H(35C) 8230 2316 266 41
H(36A) 7235 3570 -410 35
H(36B) 8208 3650 123 35
H(36C) 7349 4066 426 35
H(38A) 6348 3538 2072 32
H(39A) 4951 3523 2647 40
H(41A) 4952 582 11025 40
H(50A) 3782 3321 2908 22
H(50B) 4008 3497 3890 22
H(51A) 2923 3867 3826 2400
H(52A) 2091 3251 4696 832
H(52B) 1415 3102 3851 832
H(52C) 1641 3889 4145 832
H(53A) 2917 3783 2324 92
H(53B) 2272 4288 2821 92
H(53C) 1879 3572 2407 92
H(51B) 3670 3894 3067 145
H(52D) 3788 3507 4506 127
H(52E) 2841 3097 4371 127
H(52F) 2851 3932 4409 127
H(53D) 2459 3589 2042 100
H(53E) 1981 3995 2784 100
H(53F) 1956 3160 2749 100
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Figure E.1. FTIR spectrum of macrocycle 6 in KBr. The signals denoted with asterisks at 3460
cm™ and 2306-2395 cm™ are due to water and carbon dioxide, respectively.

In the FTIR spectrum (Figure E.1), there are two N-H stretching bands from
macrocycle 6 at 3140 and 3210 cm™ that can be assigned to the intra- and inter-molecular
hydrogen bonded N-H’s, respectively.! The absorptions on the shoulder of the

intramolecular hydrogen bonded N-H signal may be caused by other minor macrocycles.

! (@) M. C. Etter, Accounts of Chemical Research 1990, 23, 120-126; (b) E. P. Kyba, S.-S. P. Chou, Journal
of Organic Chemistry 1981, 46, 860-863; (c) D. L. Pavia, G. M. Lampman, G. S. Krniz, Introduction to
spectroscopy, 3rd ed., John Vondeling, Fort Worth, 2001, pS79.
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The signal appearing at 1720 cm™ belongs to the stretching vibration of carbonyl groups

involved in hydrogen bonding interactions.’

? () M. C. Etter, Z. Urbanczyk-Lipkowska, M. Zia-Ebrahimi, T. W. Panunto, Journal of the American
Chemical Society 1990, 112, 8415-8426; (b) F. H. Beijer, R. P. Sijbesma, H. Kooijman, A. L. Spek, E. W.
Meijer, Journal of the American Chemical Society 1998, 120, 6761-6769; (c) Y. Ge, L. Miller, T. Ouimet,
D. K. Smith, Journal of Organic Chemistry 2000, 65, 8831-8838; (d) X.-Z. Wang, X.-Q. Li, X.-B. Shao, X.
Zhao, P. Deng, X.-K. Jiang, Z.-T. Li, Y.-Q. Chen, Chemistry--A European Journal 2003, 9, 2904-2913; ()
C.-H. Chien, M.-k. Leung, J.-K. Su, G.-H. Li, Y.-H. Lin, Y. Wang, Journal of Organic Chemistry 2004, 69,
1866-1871; () X.-Q. Li, X.-K. Jiang, X.-Z. Wang, Z.-T. Li, Tetrahedron 2004, 60, 2063-2069.
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Figure E.2. IR spectrum of macrocycle 7 in KBr.

In the infrared spectrum of macrocycle 7 (Figure E.2), the C=N double bond
stretching occurs at 1654 cm™, which fall in the normal range for these types of
vibrations (ca.1580-1660 cm™).’> The N-H bending vibration appeared as a strong sharp
absorption at 1594 cm™, and the stretching appeared at 3375 cm™ overlapping with the
broad O-H stretching vibration (3412 cm™) caused by water trapped in the sample.

Absorption at 3202 cm™ was assigned to the formal C-H stretching vibration.

3 S. Patai, The Chemistry of Amidines and Imidates, John Wiley & Sons, London, 1975, p677.
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Figure E.3. IR spectrum of macrocycle 22 in KBr.

Normally, the amide N-H stretching vibration appears at around 3300 ¢cm™.P!
However, in macrocycles 20-23 the N-H vibration appears below 3000 cm™. This lower
frequency is consistent with the formation of hydrogen bonds with heterocyclic nitrogen
lone pairs.”*! Compared to 20 (2923 cm™) (Figure E.4) and 21 (2925 cm™) (Figure E.5),
22 (2960 cm™) (Figure E.3) and 23 (2962 cm™) (Figure E.6) have absorption signals at
higher frequencies. The difference could be due to intermolecular interactions. A
common feature of macrocycles 21, 22and 23 is that the urea nitrogens are connected
directly to the methylene groups. In the solid state structure of macrocycle 22
intermolecular hydrogen bonds form between this methylene group and the carbonyl
oxygen (Section 3.3.2.2). This may explain the lower frequencies for the C=0 stretch in

21, 22, and 23 as compared to 20, where the urea nitrogen is connected to a phenyl group

and this type of hydrogen bonding is not present.
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Figure E.4. IR spectra of macrocycle 20 in KBr.
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Figure E.S. IR spectrum of macrocycle 21 in KBr.
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Figure E.6. IR spectrum of macrocycle 23 in KBr.
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Figure E.7. IR spectrum of trimer 24 in KBr.

The decreased frequency for the N-H stretching vibration at 2960 cm™ in the IR
spectrum (Figure E.7) is characteristic of hydrogen-bonded N-H absorptions that were
also observed in the corresponding macrocycles. The absorption at 1676 cm™ belongs to

the C=0 stretching vibration.
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