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This dissertation covers two different topics within the area of diaza-containing

aromatic five-membered rings: biimidazoles and pyrazoles.    With the exception that

both these subject matters are explored in the context of developing new anion binding

agents, the background and research associated with these two topics are vastly different

and will be treated as such.  Chapter two, dealing with biimidazoles, focuses solely on

expanded porphyrins, while chapter three discusses pyrazoles as potential macrocyclic

building blocks and as diamidic-functionalized anion binders.

The first chapter covers several different topics in order to put into perspective the

diverse subject matter presented in this dissertation.  It begins with an overview of some

well-known expanded porphyrins.  The synthesis, classical applications, and newer

studies of the biimidazole synthetic efforts are then described.  The third part of the

introductory chapter covers the synthesis and applications of pyrazoles.
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The use of heterocycles with more than one heteroatom in the construction of

expanded porphyrins is just beginning to be explored, and is the focus of chapter two.

The synthesis of a novel expanded porphyrin is described and its applications are

investigated.  More specifically, chapter two covers the synthesis of several biimidazole

dialdehydes and their condensation with three 3,3’,4,4’-functionalized bis-α-free

bipyrroles to form a series of novel macrocycles.  The characterization of these new

compounds has been investigated and is discussed in detail.  Also presented are

preliminary studies of their anion binding properties.

Pyrazoles, the subject of chapter three, are another overlooked class of potential

building blocks in the area of expanded porphyrins and molecular recognition chemistry.

Pyrazoles have rarely been reported in the literature as being part of a larger molecular

framework.  Until this work, their anion binding potential had remained unexplored.

Thus, the attempted incorporation of a pyrazole fragment into an expanded porphyrin

framework is described.  Second, and more significantly, the design, synthesis, and anion

binding properties of a new series of diamidic pyrazoles are reported.
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Chapter 1:  Introduction

 1.1 BACKGROUND

Anions play an essential role in our everyday lives.  Anions are primarily

responsible for illnesses such as cystic fibrosis,1 Dent’s disease,2 and Pendred’s

syndrome.3  Biologically, the are involved in many fundamental processes such as

genetic information storage and chemical energy manipulation.4  Environmentally they

are the source of contaminants in materials such as phosphate and nitrate-containing

fertilizers,5 which cause the eutrophication of rivers.  Undeniably, understanding the

process of anion recognition and transport is fundamental to improving both human

health and the environment.

To understand better anion recognition processes, researchers have designed and

studied synthetic receptor molecules.  The first example of a synthetic anion receptor was

described almost forty years ago.  Simmons and Park6 reported the synthesis of a

diazabicyclo-hydrocarbon compound, which displayed an affinity towards chloride in

aqueous media.  Since the accomplishments of Simmons and Park, there has been a

continued interest in the design of strong and selective anion binding receptors.  The

progress of this field has been described in several excellent reviews7 and one book.8 The

design of receptors utilizing hydrogen bonding interactions commonly include the

following functional groups for anion sensing: protonated amines; amides; ureas;

imidazolium, and guanidinium.  The hydrogen bonding interactions for each of these

functional groups is portrayed in simplified representative molecules 1.1-1.5, which show

interactions with anion A-.  These examples merely serve to highlight some of the
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different modes of hydrogen bonding interactions between a host molecule and an

anionic guest molecule.

R N

O

R'

H

A-

N
R'

H

N

O

R

H

A-

R
N

R'

H

A-

NRRN

NH

H H

A-

+

1.1 1.2 1.3 1.4

RN NR

H

+

A-

1.5

Not until 1990 was the concept of molecular recognition introduced into the area

of expanded porphyrin chemistry, a well-established subfield of porphyrin chemistry.

Sessler and Ibers9 reported on the crystal structure of sapphyrin fluoride anion complex

1.6.  This structure revealed that the five NH protons of the diprotonated sapphyrin

coordinate with fluoride via hydrogen bonding interactions.  This finding opened the

doors to an entirely new application within the expanded porphyrin chemistry field,

namely anion binding in molecular recognition.

N

N

N N

N

H

H
H

H

H
F-

1.6

The focus of this introduction is to familiarize the reader with several different

aspects of heterocyclic chemistry.  This dissertation covers the syntheses of both a novel

expanded porphyrin as well as small molecule anion receptors.  Consequently, a short
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review of expanded porphyrin chemistry will be presented, including a brief discussion of

their potential use as molecular recognition hosts where relevant.  Following this

overview, a review of the synthesis, traditional applications, and recent advances of

biimidazole chemistry will be presented.  Next, pyrazoles are introduced in terms of their

synthesis, traditional applications, and recent advances.  Finally, the potential outcome of

building on these different areas of heterocyclic chemistry to design new anion receptors

will be presented.
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1.2  PORPHYRINS

[18]Porphyrin-(1.1.1.1) (1.7) is a macrocyclic compound composed of four

pyrrole units bridged together by four meso carbon atoms.  Its special properties, such as

its color (porphyrin comes from the Greek word for purple) and ability to bind a wide

variety of metals, arise in part from the fact that it contains 18 π-electrons in its shortest

conjugated pathway (highlighted in bold), that define the system as aromatic by the

generalized Hückel theory for aromaticity.  The most recognizable biological examples of

porphyrin and porphyrin-like compounds observed in nature are heme (1.8), chlorophyll

(1.9) and vitamin B12 (1.10).  Heme contains a porphyrin core coordinated to iron(II)

within its cavity, which binds and transports oxygen in the blood.  Likewise, chlorophyll

contains a chlorin core coordinated to magnesium within its cavity, which captures

energy in the form of light for photosynthesis.  Furthermore vitamin B12 contains a corrin

core, a porphyrin-like skeleton, in which two pyrroles are directly linked.  This results in

a non-fully conjugated system having three meso bridging carbon atoms.  The corrin core

coordinates to cobalt(III), which is axially coordinated to a benzimidazole bridging unit.

Vitamin B12 is essential to human biological processes, and is used in the treatment of

anemia.

N

N

N

N

H H

O
OC20H39

O
CO2MeH

Mg

N

N

N

N Fe

O
HO

O
OH

N

NH N

HN

1.7 1.8 1.9
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Scientists have made significant advances over the years in designing motifs

mimicking the aforementioned natural systems.  Perhaps of all the porphyrin chemistry

reported over the years, one of the most unique and elegant examples are the N-confused

systems recently reported by Furuta.10 N-Confused porphyrin (1.11) is a synthetic isomer

of porphyrin in which one pyrrole ring is α,β-linked such that the nitrogen points outside

the macrocycle and a carbon occupies the inner coordination site.  Such a design allows

metal coordination and anion recognition at both the inner nitrogen coordination sites and

the outer nitrogen coordination site.  Bis-Rh(I) N-confused tetraphenylporphyrin complex

(1.12) is the first example of an ‘exocyclic’ mode of metal coordination among porphyrin

derivatives.  Although no known examples of anion recognition have been reported to

date, in the future N-confused porphyrins may provide interesting molecular recognition

host sites for anionic guests.

NH N

N

N
Ph Ph

PhPh

M

M'

M : RH(CO)2
M': RH(CO)2Cl

         1.12

NH HN

N

N

M

M'

1.11

A second example of a porphyrin analog displaying unique metallation chemistry

is porphyrazine.  Porphyrazine (1.13) is a synthetic isomer of porphyrin in which the

bridging meso carbon atoms are replaced with nitrogen atoms.  The groups of Hoffman

and Barrett have capitalized on sulfur-derivatized porphyrazines so as to achieve metal

coordination outside the porphyrin cavity.  Porphyrazines 1.14 and 1.15 are two such
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examples of bimetallic species, where the nitrogen atoms within the core are bound to

nickel(II), while the nitrogen and sulfur atoms act as a tridentate and bidentate ligand

towards tin.11,12  Porphyrazines are excellent examples of porphyrin analogs with many

other known examples of novel porphyrin derivatization (such discussion is beyond the

scope of this introduction, the reader is referred to a review for further interest).13

NN N

N

NNN

N

SS

S

S

SS

S

S

1.141.13

H
NN N

N

NN
H

N

N

SntBu2Sn

SntBu2Sn

Ni

tBu2

tBu2

1.15

NN N

N

NNN

N

SS

S

S

SS

S

S
Ni

SntBu2F2
2-

SntBu2F22-

Sn SntBu2F
2

2-
tBu2

2-
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1.3  EXPANDED PORPHYRINS

Expanded porphyrins are synthetic porphyrin analogs composed of four or more

pyrroles and four or more bridging carbon atoms, having an extended conjugated

π–electron network.  The expanded porphyrin field began with the chance discovery of

sapphyrin (1.16) in the 1960s.  Woodward et al.14 were interested in the synthesis of

vitamin B12, when instead a deep blue solid that is intense green in solution, was

produced.  Hence sapphyrin, otherwise known as [22]pentaphyrin-(1.1.1.1.0), was named

according to its unique blue color.  This system has been studied extensively during the

past two decades.  The reader is directed to the literature for further developments in

methodology and applications.15-18  The most practical method for synthesizing

sapphyrins was implemented by Woodward19 in 1983 and further optimized in 1991 by

Sessler and coworkers18.  In this methodology, also referred to as the “3 + 2” approach

(with respect to the number of pyrroles in the precursors), sapphyrin is formed by the

condensation of bipyrrole dialdehyde 1.17a with diacid tripyrrane 1.18 in the presence of

an acid catalyst (Scheme 1.1).  As previously described, the diprotonated form of

sapphyrin displays remarkable coordination with anions.  To date, protonated sapphyrin

remains the best characterized anion binding agent in the expanded porphyrin family.17
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H
N

HNNH

CO2HCO2H

H
N

NN

N
H

N
H

+

OO
N
H

N
H

H+
[O]

1.17a 1.18 1.16

Scheme 1.1 Synthesis of all-methyl sapphyrin 1.16 as reported by several different
research groups.18,20

Not surprisingly, the obvious novelty of sapphyrin, with its unusual arrangement

of five pyrroles, provided an inspiration for researchers to design and study other

expanded porphyrins, including initially those comprised of six pyrroles.  The such first

system, [26]hexaphyrin-(1.1.1.1.1.1) 1.19, was reported by Gossauer et al.21 in 1983.

This synthesis relies on a “3 + 3” approach (with respect to the number of pyrroles in the

precursors as shown in Scheme 1.2), in which diformyl tripyrrane 1.20 and bis-α-free

tripyrrane 1.21 are condensed in the presence of catalytic hydrobromic acid.  In 1991,

Sessler et al.22 reported the synthesis of [26]hexaphyrin-(1.1.0.1.1.0), to which they

assigned the trivial name rubyrin owing to its orange-red color in solution.  The synthesis

of rubyrin (1.22) involves the acid catalyzed condensation of diformyl bipyrrole 1.17b

with diacid tetrapyrrane 1.23 via a “4 + 2” approach (Scheme 1.3).  Preliminary studies

by Sessler indicated this system showed affinities towards both fluoride and phosphate

anions.23
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H
N

HNNH+

1.20 1.21 1.19

H
N

HNNH

CHOCHO
HBr

NH

N

N

HN

N

N

Scheme 1.2 Synthesis of [26]hexaphyrin-(1.1.1.1.1.1) 1.19 as reported by Gossauer.21

OO
N
H

N
H

1.17b

+ H
N

H
N

HNNH

CO2HCO2H

1.23

H+

H
N

H
N

NN

N
H

N
H

1.22

Scheme 1.3 Synthesis of [26]hexaphyrin-(1.1.0.1.1.0) 1.22 as reported by Sessler, et
al.24

In addition to the molecular recognition findings displayed by rubyrin, the

underlying “4 + 2” condensation realized by Sessler is attractive because it allows for the

synthesis of a series of rubyrin analogs by replacing the bipyrrole building block with a

number of other bi-heterocyclic units.  Such designs were carried out in 2000 by

Chandrashekar and coworkers,25 who synthesized and studied rubyrins 1.24-1.27.  Here,

the bipyrroles are substituted with the heterocycles furan, thiophene, or selenophene.  In

their protonated forms, these rubyrins showed affinities towards fluoride, nitrate, and
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carboxylate anions. The rubyrins synthesized by Sessler and Chandrashekar serve to

highlight an important second example of expanded porphyrin-based anion recognition.

Y Y

NN

XX

1.24 X = S, Y = O
1.25 X = Y = S
1.26 X = Se, Y = O
1.27 X = Y = Se

The next noteworthy expanded porphyrin chronologically to be reported in the

literature, [40]decaphyrin-(0.0.1.0.1.0.0.1.0.1)26 1.28, was by far the largest such system

to be described at the time.  This macrocycle is commonly termed turcasarin, owing to its

dynamic (from deep purple to blue to green) color range in solution.  The ten pyrrole

units are covalently linked with four meso positions as the result of an acid catalyzed “2 +

2” cycloaddition of diformyl bipyrrole 1.17b with bis-α-free terpyrrole 1.29 (where

“2+2” refers to the precursor equivalents used in the formation of the specific decaphyrin

shown in Scheme 1.4).  In addition to solid-state x-ray single crystal data, variable

temperature 1H NMR studies confirmed that this structure adopts a figure eight-like

conformation both in solution and in the solid state.  Although the anion binding potential

of turcasarin remains unknown, this molecule stands out as the first example of a fully

conjugated expanded porphyrin macrocycle that does not have a flat or near-flat

conformation.   Subsequently, a number of other topographically nonplanar expanded

porphyrins were reported by Vögel, Setsune, and Osuka, among others.27
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Scheme 1.4 Synthesis of [40]decaphyrin-(0.0.1.0.1.0.0.1.0.1) 1.28 reported by Sessler
et al.26

Among the systems referred to above, Vögel’s28, 29 octaphyrins warrant special

mention.  These eight pyrrole membered rings were unexpectedly discovered as a “2 + 2”

cycloaddition side-product of an intended “1 + 1” condensation.  [34]Octaphyrin-

(1.1.1.0.1.1.1.0) 1.29 is formed by acid catalyzed condensation of two equivalents of

diacid dipyrrylmethane 1.30 with two equivalents of diformyl bipyrrole 1.17c (Scheme

1.5), followed by dehydrogenation upon heating.  Although their metalation chemistry

has been described, the anion binding ability of these macrocycles, if any, have thus far

not been described in the literature.  Octaphyrin derivative 1.29 is arguably the most

interesting derivative within this particular series due to its unusual spectroscopic

properties.  Despite being formally aromatic, this macrocycle not only adopts a figure-

eight conformation in solution and in the solid-state, it also exhibits meso proton signals

in the 1H NMR spectrum typically diagnostic of nonaromatic species (6.60 ppm as

opposed to aromatic signals at ~10 ppm). These latter findings, consistent with the

observed nature of non-aromatic turcasarin, serve to demonstrate that as the frontier of
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expanded porphyrin chemistry is approached, new discoveries can be anticipated that fall

outside the limits of classical definitions.

N

N

N

N

H
N

H
N

N
H

N
H

H
N

H
NOHC CHO

+

1.17c 1.30

NH HN
HO2C CO2H

1.29

H+

Scheme 1.5 Synthesis of [34]octaphyrin-(1.1.1.0.1.1.1.0) 1.29 as reported by Vögel.28

Calixpyrrole is the first literature example in which the anion binding affinities of

a macrocycle were measured by fluorescence emission titration techniques.  Although

calixpyrrole is a porphyrinogen, a non-conjugated four pyrrole membered ring, and not a

porphyrin, this work is nonetheless significant because it represented a step forward in

pyrrole-based anion binding chemistry.  Unlike porphyrin and its analogues, calixpyrroles

are macrocycles composed of four pyrrole units linked together by four sp3 meso carbon

atoms.  As might be anticipated given their lack of an extended π-electron conjugated

pathway, simple calixpyrroles are not detectable by UV/Vis or fluorescence

spectroscopic methods.  Thus, early on the anion binding affinities of these macrocycles

were generally determined via 1H NMR spectroscopy titration techniques.  However, in

1999 Sessler et al.30 reported the synthesis of the anthracene tagged calixpyrroles 1.31-

1.33.  Their affinities towards a series of anions (in the form of their tetrabutylammonium
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salts) could be monitored by following the changes in the fluorescence emission intensity

of the host.  As anion was titrated into the solution, a quenching of the emission intensity

was observed, and the overall binding processes could be quantitatively defined using a

Scott’s plot analysis.31 This example serves to highlight the introduction of fluorescence

emission titration techniques as a tool for studying oligopyrrole macrocycles.

NH

N
H

H
N

HN N
H

O
NH

N
H

H
N

HN NH

N
H

H
N

HN

H
N

O

H
N

O

1.31 1.32 1.33

While expanded porphyrins are traditionally composed of pyrrolic building

blocks, efforts have been made to include other heterocycles, such as furan, thiophene,

and selenophene.16 More recently, efforts towards including diaza-heterocycles as

building blocks, such as biimidazoles and pyrazoles, have been reported.  In addition to

describing such advances, the following sections serve to highlight the properties of these

heterocycles.
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1.4  BIIMIDAZOLES

2,2'-Biimidazole (1.33) is a planar, 12 π-electron aromatic molecule composed of

two covalently bonded imidazole rings, where the atoms are numbered with priority

given to the amine nitrogen atoms (Scheme 1.6).  Although there are no naturally

occurring examples of biimidazole, imidazole is found in a number of naturally occurring

compounds.  These biological examples most notably include the amino acids histidine

(1.34), and its decarboxylated complement histamine (1.35).  Histamine triggers or

regulates multiple biological actions, including digestion, inflammation, and allergic

reactions.

The imine and amine nitrogen atoms of biimidazole may undergo protonation and

deprotonation, respectively.  This property of biimidazole is an important characteristic

that could be exploited in the design of novel receptor systems (Scheme 1.7).  Imidazole

1.37 is considered to be π-rich, with six electrons distributed over five atoms.32

H
N

N N

H
N
1

2

3
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5

1'

5'

4'
3'

2'

1.34 1.35 1.36

N

H
N

NH2
HO2C

H

N

H
N

NH2

Scheme 1.6 The numbering scheme of 2,2’biimidazole 1.34, naturally occurring
amino acid histidine 1.35, and histamine 1.36.
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Scheme 1.7 Proton transfer equilibria of underivitazed imidazole 1.37 (top) and
biimidazole 1.34 (bottom).

In addition to their presumed electron-rich nature, 2,2'-biimidazoles are

characterized by a variety of interesting physical properties.  For example, 2,2'-

biimidazoles undergo self-assembly in the solid-state as the result of hydrogen bonding

interactions involving the imine and amine nitrogen atoms.33  Until recently, assembly

studies had been limited to two-dimensional arrays (Figure 1.1) because synthetic

methodologies were not available for the 4,4'- and 5,5'-functionalized derivatives.

Functionalizing the amine nitrogen atoms, previously the only synthetic option for

increased solubility to study the nature of these compounds, disrupts the natural

aggregation.  However, in 2000, Sessler et al.34 reported the self-assembly of 2,2'-

biimidazole derivatives in which right-handed helices in the solid state were observed

(Figure 1.1), paralleling the behavior of biological systems such as DNA.  Such findings

not only provided further insight into the hydrogen bonding capabilities of biimidazoles,
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they also contributed to the limited number of known synthetic methodologies for

preparation of NH-2,2'-biimidazole derivatives.

Figure 1.1 Self-assembly of 2,2'-biimidazoles in the solid state where the biheterocycle
is underivatized (left image) and derivatized at the 4,4',5,5' sites (right
image).
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1.4.1  Synthetic Methodologies

Despite the abundance of literature describing the synthesis of imidazoles,35, 36

there are still few known procedures for the preparation of 2,2'-biimidazoles.  N-

unprotected imidazoles can be readily and selectively derivatized at the 2,4, and 5

positions.  N,N'-unprotected-2,2'-biimidazoles, however, are limited to derivatization at

the 4 and 5 positions.  The two general approaches towards 4,4',5,5'-functionalized

sytems are divergent-type syntheses, which require derivatization of biimidazole 1.34,

and convergent-type syntheses, which involve the coupling of two imidazole units.  The

divergent synthetic approach requires formation of the underivatized parent biimidazole

(1.34).  The divergent synthetic methodologies are described first, followed by the

convergent synthetic methodologies.  These summaries serve to highlight, to the best of

our knowledge, all the known methods for the preparation of N,N'-unprotected-2,2'-

biimidazoles.

The preparation of 2,2'-biimidazole was first reported in 1858.  Debus37 reported

the formation of 1.34 in 3% yield from the addition of 40% glyoxal 1.38 in water to 28%

ammonium 1.39 in water with (Scheme 1.8).  Although other researchers38 have since

increased the yield (>30%) by slightly varying the starting materials, Debus’ method is

arguably the most convenient and inexpensive method.

N

H
N

N

H
N

O

O

H
H

1.38 1.341.39

NH3

Scheme 1.8 Synthesis of 1.34 as reported by Debus.37
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The first example of a divergent derivatized 2,2'-biimidazole was reported over

thirty years ago.  Melloni and co-workers39 were interested in the design of small

molecules for medicinal applications.  They synthesized mono- and di-nitrated

biimidazoles 1.40a,b by subjecting the parent compound 1.34 to nitric acid in the

presence of acetic acid and acetic anhydride (Scheme 1.9).    Eighteen years later, this

preparative procedure was modified by Cromer and Storm40 leading to tetra-nitrated

biimidazole 1.40c.

N

H
N

N

H
N

1.34

( i )

1.40

N

H
N

N

H
N Y

Z

X

Z

a X = NO3, Y = Z = H
b X = Y = NO3, Z = H
c X = Y = Z = NO3

Scheme 1.9 Synthesis of nitrated biimidazoles 1.40a-c.  Reagents: (i) HNO3,
CH3CO2H, (CH3CO2)2CH2.

Initial protection of the 2,2'-biimidazoles amine nitrogen atoms, followed by

derivatization, and subsequent deprotection alleviates the synthetic limitations of 2,2'-

biimidazoles.  This synthetic methodology is noted in the 2,2'-biimidazole derivatives

reported in 1987 by Matthews and coworkers.41  In particular, when 1.34 is N-protected

with the [2-(trimethylsilyl)ethoxy]methyl group (SEM), the degree of functionalization

could be controlled, resulting in either the mono-, or di-halogenated product (Scheme

1.10).  Recently Nonell et al.42 reported the synthesis of the tetra-brominated species

1.42f using similar conditions.  The derivitization chemistry of these species remains

vastly under explored,43, 44 and it is thus proposed that compounds 1.41 and 1.42a-f will
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see value in the years to come; indeed, these species are viewed as intermediates that

could lead to significant application in many branches of chemistry.

N

N

N

N

SEMSEM

1.41

N

N

N

N

SEMSEM

1.34 ( i ) ( ii )

a X = Y = Br, Z = H
b X = Y = Cl, Z = H
c X = Br, Y = Cl, Z = H
d X = Br, Y = Z = H
e X = Cl, Y = Z = H
f X = Y = Z = Br

Y

Z

X

Z

1.42

Scheme 1.10 Synthesis of SEM-N-protected biimidazoles 1.42a-f.  Reagents: (i) NaH,
SEM-Cl, DMF; (ii) NBS or NCS, CCl4.

A convergent synthesis of 2,2'-biimidazole has been reported via the coupling of

both homo45-47 and hetero47, 48 imidazole units.  The first example of hetero-coupling,

reported by Rasmussen et al.,48 produced 4,4',5,5'-tetracycano-2,2'-biimidazole 1.43 at 45

°C.  This biimidazole is formed via the reaction of 4,5-dicyanoimidazole 1.44 with 2-

diazo-4,5-cyanimidazole 1.45 upon heating (Scheme 1.11).   Shortly thereafter, Matthews

reported a series of mono- and di-functionalized biimidazoles formed from the coupling

reaction of a 5-substituted imidazole (1.46) with either itself or the unfunctionalized

imidazole 1.47 (Scheme 1.12).44 The 5-(trifluoromethyl) moiety of compounds 1.47a and

1.47c was then converted to the cyano group to give compounds 1.47b and 1.47d, by

treatment with ammonium hydroxide.
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Scheme 1.11 Synthesis of tetracyano biimidazole 1.45.  Reagents: (i) CCl4, 45 °C.
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(ii)

(ii)

Scheme 1.12 Synthesis of mono- and di-functionalized biimidazoles 1.48a-d.
Reagents: (i) CCl4, heat; (ii) NH4OH.49

Sessler and Allen,45,46 reported an alternative convergent synthesis of

biimidazoles.  Their method involves the homo-coupling of 2-iodo-imidazoles 1.50a-g

effected by heating with N,N-diisopropylethylamine in the presence of a catalytic

quantity of palladium(0) tetrakis(triphenylphosphene) in toluene (Scheme 1.13).  The

versatility of this methodology stems not only from the diverse iodo-imidazoyl precursors

1.49a-i, but also from the fact that the biimidazole targets may by subjected to further

transformations,50 opening the door to different synthetic designs and applications.   
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g R = CO2CH2CH3, R' = Propyl
h R = CO2CH2CH3, R' = Hexyl
i R = CO2CH2C6H5,R' = Methyl

Scheme 1.13 Synthesis of 2,2'-biimidazoles 1.49a-i.  Reagents: (i) Pd(PPh3)4, DIPEA,
toluene, heat.
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1.4.2 Metal Complexes and Applications

Classically, 2,2'-biimidazoles are known for their ability to act as bidentate,

tridentate, and tetradentate ligands capable of stabilizing both homonuclear and

heteronuclear metal complexes.  The general motivating force behind these designs is the

development of efficient organometallic catalysts.51 While the intention is not to present

the reader with an in-depth review of biimidazole inorganic complexes, each of the

aforementioned binding motifs will be exemplified in order to demonstrate the unique

and versatile chelation aspects of 1.34.

There are many examples of bidentate biimidazole ligand 1.34 reported in the

literature, with the ability to coordinate metal cations such as rhenium(III),52 silver(I),53

iridium(III) and rhodium(III) being particularly well demonstrated.54  It is important to

point out that biimidazole is unique in that it can act as either an exo-bidentate ligand or

endo-bidentate ligand in either a neutral or diprotonated state.  As eloquently described

by Trofimenko,55 exo-bidentate refers to the ability of a ligand to coordinate to two

separate metals or metalloids in a monodentate fashion, while endo-bidentate refers to

metal chelation.
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An example of biimidazole coordinating in a tetradentate fashion is illustrated by

the work of García and coworkers,56 who used biimidazole to bind two different metals,
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rhodium(III) and ruthenium(III), resulting in the formation of the

[H(CO)(PPh3)2Ru(bim)Rh(cod)] complex, 1.51.  The catalytic activity of this complex

was determined by comparing its reduction of cylohexene with molecular hydrogen to the

mononuclear rhodium(III) and ruthenium(III) species.  The binuclear complex proved to

be a significantly more active catalyst as compared to its mononuclear counterparts.  It

was theorized that this enhanced activity resulted from the added stability and electronic

communication of the two metal centers through the biimidazole ligand.

An example of a heteronuclear tridentate system is the [(PPh3)2Au2(µ-

bbzim)Rh(cod)]+ complex, 1.52, reported by Cabeza et al. in 1983.57 One side of the

biimidazole ring acts as a bidentate ligand towards rhodium(III), while on the other side

the nitrogen atoms individually coordinate to gold(I) in a one-to-one fashion.  Compound

1.52 demonstrates how biimidazole, primarily known as a bidentate ligand, can bind

metals in a monodentate fashion.  Later in that same year, this group reported an example

of a tetradentate organometallic dimer-like complex.58   In complex 1 . 5 3 , two

biimidazoles are coordinated to four boron atoms where the same bidentate and

monodentate coordination noted for 1.52 is seen with one important difference: two of

the boron atoms are coordinated by an oxygen bridging atom in 1.53, resulting in a

symmetric compound.

Developments from the Siebert group within the past decade have taken

imidazole and biimidazole research in new directions without compromising their

traditional inorganic properties, specifically metal complexation.  Most notably they have

designed and synthesized macrocylic imidazolyl boranes, such as oligomeric macrocycle

1.54.   Although this complex is composed of imidazoles and not biimidazoles, and is

inorganic in design, this work provides a segue for incorporating imidazoles and

biimidazoles into macrocycles.
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1.4.3  New Directions

The incorporation of imidazoles and 2,2'-biimidazoles into larger systems has

begun to attract increasing attention over the past fifteen years.  Ranging from carbon-

nitrogen bonded imidazolic and biimidazolic molecules to the synthetically more

challenging task of incorporating carbon-carbon covalently linked biimidazoles into

larger frameworks, this work defines an important direction for future research, as the

following examples are designed to highlight.

Beginning with the earliest and perhaps most elegant research to date on

biimidazole-incorporated macrocycles, Lehn59 reported on the biimidazolic cryptand

compound 1.55.  This cyrptand is composed of two bipyridyl units and one biimidazole

unit, all carbon-carbon covalently linked to two amine arms.  Because the biimidazole is

derivatized through the 4,4' positions, the amine and imine nitrogen atoms are free to

coordinate to metals in one of the aforementioned binding modes (cf. Section 1.3.2).  As

cryptand 1.55 displayed coordination to the lanthanide metal europium(III) in this study,

this work marks the first time researchers were able to incorporate biimidazole into a

larger framework without compromising the nitrogen chelating sites.
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Following the Lehn cryptand, researchers became more interested in the design of

2,2'-biimidazole containing complex ligands for metallation studies.  For example, in an
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all together different system, Street60 was working to prepare a series of imidazole-

containing macrocycles, such as complex 1.56a, when complex 1.56b was also

discovered.  The 2,4-linked imidazolic and 2,2'-linked-4,5'-biimidazolic coronands were

formed from alkali metal ion promoted reactions, where the size of the cation controlled

the product geometries.  For example, the small lithium and sodium cations promoted

formation of the external N-alkylated isomer 1.56a, while the larger cations potassium,

rubidium, and cesium directed the synthesis toward the internal N-alkylated isomer

1.56b.  These templation studies demonstrate how the coordination properties of

imidazoles and biimidazoles can directly influence the geometry of product formation.

Most recently, researchers have begun designing imidazole-incorporated

macrocycles for molecular recognition.  Kim and Yoon have made significant

contributions to this developing area with the design and synthesis of a wide variety of

imidazolium-based receptors, including compounds 1 . 5 7  and 1 . 5 8.

Calix[4]imidazolium[2]pyridine 1.57 was shown to interact strongly with fluoride by 1H

NMR spectroscopy titration methods,61 and the 1,8-bis(imidazolylmethyl)anthracene

dimer 1.58 was shown to interact strongly with both fluoride and bromide, as determined

by fluorescence emission spectroscopy titration methods.62 These studies are particularly

unique in that the putative host-guest complex is the result of carbon-hydrogen

interactions as opposed to nitrogen-hydrogen interactions.  These two examples serve to

highlight the anion binding capabilities of imidazole-based macrocyclic receptors, which

has in turn set the stage for the design of biimidazole-incorporated macrocycles for anion

binding.
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In the past few years, efforts have also been directed towards incorporating

imidazoles and biimidazoles into expanded porphyrins such as porphyrinoids (porphyrin

analogs).  In tandem with the design of bis-N-heterocyclic carbene ‘porphyrinoid type’

ligands, Youngs et al.63 have expanded the porphyrinoid field by reporting on the

synthesis of cyclophane complexes 1.59 and 1.60.  The skeletal framework of these two

macrocycles involves either two pyrrole units (1.59), or one pyrrole unit and one pyridine

unit (1.60), covalently bonded through the meso  positions with two 1,3-linked

imidazoles.  With current efforts directed towards metalation studies, macrocycles 1.59

and 1.60 show great potential as mono- and binucleating ligands.
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1.5  PYRAZOLES

Pyrazole (1.61) is a planar 6 π-electron aromatic diaza heterocycle.  As in the case

of imidazole, the atoms are numbered with priority given to the amine nitrogen atom.

Although not naturally occurring, there are a number of biologically active synthetic

pyrazole systems, including: the herbicide difenzoquat (1.62); analgesic, anti-

inflammatory and antipyretic difenamizole (1.63); and celecoxib (1.64), a COX-2

inhibitor that additionally displays analgesic and anti-arthritic effects.
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Like imidazole, the imine and amine nitrogen atoms of pyrazole are capable of

protonation and deprotonation, respectively (Scheme 1.14).  Although at biological pH

only one species is present in solution, the nitrogen atoms lead it to be a good choice for

biological mimicking and for construction of novel receptor systems.  These rings are

considered to be π-excessive, with six electrons distributed over five atoms.32

Nucleophilic attack by the pyrazole ring occurs at the 3- or 5-position, and electrophilic

substitution of the pyrazole ring occurs preferentially at the 4-position.
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 Scheme 1.14 Proton transfer equilibria of pyrazole (1.61).

Another property of pyrazoles is their unique ability to undergo photochemical

isomerizations.  The mechanism for rearrangement varies with the particular pyrazole

derivative being examined.64 Scheme 1.15 depicts an N-2-C-3 transposition pathway,

where N-2 and C-3 refer to the particular atoms undergoing rearrangement.  In this three-

step isomerization process, the irradiation of pyrazole 1.65 results first in ring closure

(1.66), followed by nitrogen migration (1.67), and subsequent ring expansion to give

resulting imidazole 1.68. Although imidazoles undergo the same mechanistic ring-

closure-heteroatom migration pathway when subjected to radiation with certain

wavelengths, the result is imidazole-to-imidazole interconversions and not pyrazole

formation.
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Scheme 1.15 Light induced rearrangement of pyrazole (1.65) to imidazole (1.68).
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1.5.1  Synthesis

There are a number of book chapters32,36 and literature reviews65 dedicated to the

synthesis of pyrazoles and condensed pyrazoles.  The two most common routes are

presented here for the benefit of the reader.   These versatile and widely applicable

methods permit for the design of 3,5-functionalized pyrazoles, in which the branches

consist of groups that can readily be converted into different functional groups.  Although

the other methods for pyrazole formation are not deemed any less significant, they are not

particularly germane to the research described in this dissertation, and are thus not

presented.

The first general method for pyrazole synthesis involves the cyclocondensation of

hydrazine, or hydrazine derivatives, with 1,3-dicarbonyl compounds.  A representative

example is the formation of 3,5-dimethylpyrazole 1.71 from the reaction of pentane-2,4-

dione 1.69 with hydrazine 1.70 (cf. Scheme 1.16 Method A).  Unfortunately, with this

methodology, unsymmetrical 1,3-diketones result in a mixture of structural isomers.

Alternatively, N-unsubstituted symmetric pyrazoles can be formed from the reaction of

hydrazides with α-halo ketones.  A representative reaction is the formation of pyrazoles

1.74 from hydrazides 1.73 and α-halo ketones 1.72 (cf. Scheme 1.16 Method B).  The

reaction mechanisms for both these methods vary with both the pH of the reaction

mixture and on the nature of the substituent R groups.
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1.741.72 1.73
NHN
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S
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Scheme 1.16 Two general methods for the formation of pyrazoles from hydrazine and
hydrazine derivatives.  Method A displays the more common reaction.
Method B represents a slight variation of Method A.  For Method B, X =
SR or SR2; R, R’, R2, R2 = alkyl group.

Alternatively, N-unsubstituted pyrazoles can be formed from the 1,3-dipolar

cycloaddition of diazoalkanes.  For example, the parent pyrazole 1.61 (Scheme 1.17) may

be obtained using this method, namely via the reaction of diazomethane (1.75) with

acetlyene (1.76) in a concerted [3+2] cycloaddition; this gives 3H-pyrazole, which then

isomerizes to pyazole.

1.611.75 1.76

+
NHNC N N:

_ +

Scheme 1.17 Pyrazole (1.61) formation via [3+2] cycloadditions carried out  in ether.
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1.5.2  Applications

Pyrazoles are most commonly used as metal ligands.  There is a continued interest

in the design of pyrazole metal complexes for uses in catalysis,66 biomedical

applications,67 and metal extraction.68 Pyrazoles can coordinate in a monodentate or

bidentate mode with a wide variety of metals.69 Although it is not realistic to perform an

in-depth review of pyrazole metal complexes, these binding modes will be addressed

through selected examples taken from the literature.

Pyrazoles may act as monodentate ligands towards metals.  This is exemplified

through work of Trofimenko,70 in which the first pyrazolyl-borates are described.

Tetrakis(1-pyrazolyl)borate 1.77 is the first reported example of a boron pyrazole

complex, where the ligands are bound to the metal in a dimer-like complex.  Another

example has been reported by Rettig and coworkers.71 In this molybdenum inorganic

dimer complex, the pyrazolyl ligands were found to form intramolecular hydrogen bonds

with the bridging hydroxyl groups, at least in the crystal the solid state as determined via

single crystal x-ray diffraction analysis.

N
NN

N

Mo(CO)2(OC)2Mo

H
O

O
H C4H7C4H7

H HN N

NN
BH2H2B

1.77 1.78

The deprotonated form of pyrazole permits both nitrogen atoms of the heterocycle

to bind to metals in an exo-bidentate fashion.55 A recently reported example of pyrazole

acting as an exo-bidentate ligand is provided by Thompson and co-workers.72 In this

work, a series of iridium(III) pyrazolyl-borate complexes of generalized structure 1.79

were described, wherein the iridium cations are coordinated to either two para-tolyl-
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pyridyl units or two difluorophenyl-pyridyl units, and a pyrazolyl-borate unit bound to

the metal in an octahedral geometry.  These compounds exhibited strong emissive

properties at room temperature and were have been studied as potential dopants in blue

phosphorescent organic light emitting devices (OLEDs).
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N N N N
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The medicinal use of pyrazoles73 mark a significant application of these small

molecules that is very different from that associated with their use as inorganic ligands.

Among the leaders in this field is Navarro, who has made immense contributions towards

the design and synthesis of novel pyrazolic compounds over the last two decades.

Navarro et al.73 began studying small heterocyclic compounds as theraputic drug agents

in the 1980s.  Specifically, molecules 1.80 and 1.81 were synthesized and studied as

potential cytostatic agents.  These pyrazole derivatives showed activities that were

theorized to result from their ability to covalently bind and thus suppress cancer-

producing enzymes.  From the original small molecules to the more recent macrocycles,

this noteworthy work inspired one of the projects of this dissertation.
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The incorporation of pyrazoles into larger systems has gained attention due to the

accomplishments of Navarro and coworkers.   In their latest publication,74 a series of

pyrazole based macrocyclic receptors are described.  Complex 1.82 is an example of one

of the compounds reported.  Since this and other lik species are water soluble, it proved

possible to study the two-to-six protonation steps observed when these molecules are

treated with acid.  Furthermore, the pyrazole moieties were found to act as monodentate

ligands towards copper(II) and zinc(II).  This research, in particular its diversity, is thus

setting the stage for the design of additional molecular recognition pyrazolic host

compounds.
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1.6  DISSERTATION RESEARCH PROJECTS

The investigations reported in the ensuing chapters combine the different topics

presented over the course of this introduction.  The areas of anion sensing, expanded

porphyrins, 2,2'-biimidazoles, and pyrazoles all come together in the design of two

unique research projects.  These two different projects, covering diaza-heterocycles

biimidazole and pyrazole, are accordingly divided into separate chapters.  The first topic

treated centers around the design and synthesis of a novel series of expanded porphyrins

incorporating biimidazoles.  The second subject is divided into two parts, namely, the

attempted synthesis of a pyrazole containing expanded porphyrin and the design and

synthesis of pyrazole-based anion receptor hosts.
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Chapter 2:  Octapyridazole

2.1 BACKGROUND

A new discipline of chemistry began with the discovery of sapphyrin (2.1) by

Woodward and co-workers in the mid 1960s.15  In the decades since that time, the field of

expanded porphyrin chemistry has grown into a large and vibrant subfield of macrocyclic

chemistry.17 Many expanded porphyrins have been explored as synthetic targets.  They

have also been studied in the context of molecular recognition chemistry with anionic,

cationic, and neutral substrates.  Part of what is driving this research is the promise these

systems show in practical applications such as cancer treatment, as well as the transport,

separation, and sensing of anions.17, 76 However, work in this area is also being driven by

issues such as synthetic challenge and aesthetic appeal.  While a considerable amount of

synthetic progress has been accomplished in recent years, this area of chemical research

is still in its developmental stages.  In fact, most known expanded porphyrins, with the

exception of Schiff-base macrocycles, have been constructed from a limited set of

“building blocks”, namely pyrrole, furan, thiophene, and selenophene.  Recently,

however, some efforts have been made to expand this limited set of heterocycles to

include imidazoles and biimidazoles.
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In 2003, two separate research groups, namely those of Allen4 and Nonell,5

reported the first biimidazole-based porphyrin analog, imidacene (2.4).  In both cases the

work was inspired by porphycene (2.2), a well known isomer of porphyrin.  However, the

approaches pursued differed.   In the case of 2,7,12,17-tetrapropylimidacene 2.4a,

reported  by Allen, n-propyl resiudes serve to functionalize the imidacene periphery.  By

contrast, the 2,7,12,17-tetra(p-butylphenyl)-3,6,13,16-tetraazaporphycene 2.4b, reported

by Nonell uses aromatic residues to achieve what was considered to be the requisite

solublization.  These separate research groups reported comparable spectroscopic

characterization data and comparable physical properties.  In particular, they

independently concluded that breaking up the aromaticity of three of the four constituent

imidazole rings resulted in low chemical stability of the target species.  Although a stable

oxidized form of imidacene was not attained, these two examples nonetheless provided

the inspiration for the new synthetic studies described in this chapter.
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Significant advances have been made towards incorporating imidazoles into

larger cyclic frameworks.6  This chapter focuses on the incorporation of biimidazole into

a novel series of expanded porphyrins where the imidazolic amine nitrogen atoms are

unsubstituted and hence free to interact potentially with guest molecules in anion binding

events.  Section 2.3 describes the design, synthesis, and characterization of this new class

of macrocycles, while section 2.4 summarizes various anion binding studies carried out

with these new systems.
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2.2  RESEARCH GOAL

The aim of this project is the synthesis of a new class of expanded porphyrins

composed of bipyrroles and biimidazoles.  The generalized molecule 2.5, trivially named

octapyridazole, depicts the skeletal framework of the macrocycle targeted for synthesis.

In principle, it could be formed from a one-pot acid catalyzed condensation of

biimidazole dialdehyde with a bis-α-free bipyrrole (Scheme 2.1).  An attractive feature of

this proposal is that several biimidazole and bipyrrole derivative precursors have

previously been reported, meaning they could be tested as viable building blocks.
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Scheme 2.1 Proposed synthesis of expanded porphyrin 2.5.

There is another key aspect of this strategy that separates it from previous efforts

seeking to cyclize biimidazole or imidazole derivatives with other building blocks,

namely that in this case the building blocks are condensed via carbon-carbon covalent

bonds at the meso positions, as opposed to cyclization via carbon-nitrogen covalent bonds

that necessarily serve to “tie up” the amine nitrogen atoms of the constituent biimidazoles

(cf. Section 1.3.3).  As described in Chapter 1, it is considered likely that systems

containing an increased number of NH or N+H donor atoms within their core may allow
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for host-guest interactions with anions previously showing little if any affinity for

pyrrole-based macrocycles.  Furthermore, sp2 hybridized nitrogen atoms on the periphery

of the ring may allow the kind of “outside” metal chelation that has been so elegantly

developed by Furuta7 and Hoffman8 in the case of N-confused porphyrins and star

porphyrazines, respectively (cf. Section 1.2).
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2.3  SYNTHESIS

The first synthetic objective en route to the target macrocycle was considered to

be dialdehyde 2.6 (Scheme 2.2).4  Towards this end, the active malonate-like position of

commercially available ethyl butyrylacetate (2.8) was chlorinated to form ethyl-2-chloro-

3-oxo-hexanoate (2 . 9 ).  Cyclization of 2 . 9 with formamide yielded the

imidazolecarboxylate 2.10.  Subsequent halogenation of 2.10 with N-iodosuccinimide

(NIS) produced ethyl 2-iodo-4-propyl-5-imidazolecarboxylate (2.11).  It is possible that

imidazoles 2.10 and 2.11 exist as tautomers in which the carbon atoms alpha to the imine

nitrogen atoms are bonded to the aliphatic moieties.  The isomer shown on the right side

of the equilibrium in Scheme 2.3 is thought to be more stable because of the expected

hydrogen bonding interactions between the amine protons and the carbonyl oxygen

atoms.  Coupling of the iodinated imidazole 2.11 was performed in a sealed thick-wall

pressure flask with catalytic tetrakis(triphenyl-phosphine)palladium(0).  This produced

diester 2.12, which was reduced with lithium aluminum hydride (LAH) to give 5,5'-

bis(hydroxymethyl)-4,4' dipropyl-2,2'-biimidazole (2.13).  Oxidation of dihydroxymethyl

biimidazole 2.13 to the corresponding dialdehyde 2.6a was achieved using 2,3-dichloro-

5,6-dicyanobenzoquinone (DDQ).
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Scheme 2.2 Synthesis of biimidazole dialdehyde 2.6a.  Reagents: (i) SO2Cl2, CHCl3;
(ii) HCONH2, H2O, reflux; (iii) NIS, THF, dark, reflux; (iv) TEA,
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Scheme 2.3 The proposed equilibrium for imidazole tautomers 2.10 and 2.11.

The other key precursor is a bis-α-free bipyrrole, such as 2.7.  Scheme 2.4 depicts

the synthesis starting from a readily accessible pyrrole.9   First, pyrrole 2.14  was

iodinated at the alpha position to yield 2.15.  Protection of the amine functionality with

di-tert-butyl dicarbonate (DIBOC) produced the protected pyrrole 2.16.  The reaction of

2.16 with Cu(0) in an Ullman-type coupling yielded the bipyrrole 2.17.  Saponification
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and decarboxylation of 2.17 provided the desired product, the bis-α-free bipyrrole 2.7.

This material proved moderately unstable and was thus stored in the freezer under a

blanket of argon prior to being used in the attempted cyclization reactions.
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Scheme 2.4 Synthesis of bis-α-free bipyrrole derivatives 2.7a,b.  Reagents: (i) I2,
NaI, C2H4Cl2, NaHCO3, H2O; (ii) DMAP, CH2Cl2, DIBOC; (iii) Cu0,
DMF, reflux; (iv) NaOH, ethylene glycol, reflux (180 °C).

The synthesis of a bis-α-free bipyrrole (2.19) bearing ester-functionality was

accomplished by subjecting the diacid 2.18 to decarboxylation (Scheme 2.5).10  Precursor

2.18 was kindly provided by fellow graduate student Jeong Tae Lee.
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Scheme 2.5 Synthesis of the bis-α-free bipyrrole 2.19.  Reagents: (i) TFA, 0 °C →
rt.
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With both precursors in hand, an attempt was made to prepare the target

compound 2.5 via acid catalyzed condensation procedures (Scheme 2.6).  In this context,

several different Lewis and Bronsted acids were tested, including: boron trifluoride

diethyl etherate (BF3•OEt2); hydrochloric acid; sulfuric acid; ferric chloride; and Cr(VI)

(in the form of Cr2O7•H2O).  Unfortunately, none of these catalysts resulted in product

formation.  Although BF3•OEt2 showed evidence of possible product formation as judged

from mass spectrometry, attempts at purification (e.g. column chromatography over silica

gel) failed to provide the product.
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Scheme 2.6 Unsuccessful synthesis of target 2.5 from the acid catalyzed
condensation reaction of biimidazole 2.6a with bipyrroles 2.7a,b.

It was considered useful to understand why the cyclization chemistry was not

proceeding and whether it was worth continuing to pursue the proposed marocyclic

targets.  The formation of a trace amount of product, as inferred from the mass spectrum

provided a “hint” that a small percentage of the starting material may have reacted, but

not in significant quantities.  It was thus considered that if another derivatized

biimidazole were used in the condensation, then the reaction, to the extent it was an

equilibrium process, might shift towards product formation.  As discussed in Section 2.1,
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Nonell et al.5 reported the synthesis of an imidacene compound with p-butylphenyl

functionalized biimidazoles.  There are two perceived advantages to the use of the Nonell

dialdehyde.  Firstly, the propyl functionalized biimidazole 2.6a may aggregate in

solution, whereas that process would likely be precluded in the aryl-substituted case due

to steric bulk.  Restated, the self-assembly of 2.6a may slow the condensation reaction

rate to the point that the electron rich bipyrrole precursor decomposes prior to completion

of the cyclization process.  The other possibility is that the solubility of 2.6a is so low,

that any ‘1+1’ product formed precipitates out of solution, preventing cyclization.  Thus,

it was thought that the Nonell biimidazole building block, being more soluble, might act

to enhance cyclization.  Given these considerations, efforts were made to prepare and test

the Nonell-type biimidazole precursor 2.6b,c.

The synthesis of p-butylphenyl biimidazoles 2.6b,c was accomplished in a seven

step synthesis (Scheme 2.7).  The first step, formation of parent biimidazole 2.21, was

attained by reacting 40% glyoxal in water with 28% ammonia in water.11 Protection of

the amine nitrogen atoms with 2-trimethylsilylethoxymethyl chloride (SEM-Cl) produced

2.22.  Bromination was performed using a slight modification of the literature

procedure.12 Specifically, addition of catalytic ferric bromide to the protected biimidazole

in carbon tetrachloride prior to addition of N -bromosuccinimide led to the

tetrabrominated compound 2.23.  Formylation to give target 2.24 was effected via the

addition of n-butyllithium to a solution of tetrabromobiimidazole 2.23, followed by

dimethylformamide.  p-Butylphenyl boronic acid, p-methylphenyl boronic acid, and p-

methoxyphenyl boronic acid were reacted with diformyl biimidazole 2.24 under Suzuki

reaction conditions to yield the biimidazole 2.25.  The p-methoxyphenyl boronic acid

coupling reaction failed.  Only decomposition of the starting materials was observed.
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However, in the case of the p-butyl- and p-methylphenyl systems, the reaction proceeded

smoothly and 2.6 was obtained after deprotection.
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Scheme 2.7 Synthesis of macrocyclic biimidazole precursors 2.6b and 2.6c.
Reagents: (i) NH4OH, 0 °C; (ii) NaH, SEM-Cl, DMF; (iii) NBS, FeBr3,
CCl4; (iv) a) BuLi, THF, -78 °C, b) DMF, reflux; (v) p-n-butylphenyl
boronic acid or p-tolyl boronic acid, Pd(PPh3)4, Na2CO3, toluene, EtOH;
(vi) EtOH, HCl, reflux.

In addition to diformyl target 2.6, the bis-α-free biimidazole 2.27 was also sought

as a precursor for use in condensation studies (Scheme 2.8).  In this case, 2.22 was

subject to dibromination using two equivalents of NBS in accord with a literature

procedure.12 Suzuki coupling of 2.23b to 2.26, and deprotection of the amine groups to
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yield precursor target 2.27, were performed as previously described.  Self-condensation

of 2.27 to yield a cyclized system was attempted using a number of acid catalysts, but

only Cr(VI) (in the form of Cr2O7•H2O) gave results other than recovered starting

material.  In this instance, high resolution mass spectrometry indicated a “1 + 1” species.

However, this material was never isolated due to the fact that the putative product was

only formed in trace amounts.
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Scheme 2.8 Synthesis of bis-α-free biimidazole 2.27 .  Reagents: (i) NBS, FeBr3,
CCl4; (ii) p-butylphenyl boronic acid, Pd(PPh3)4, Na2CO3, toluene,
EtOH; (vi) EtOH, HCl, reflux.

The previous condensation efforts to convert 2.6a into 2 . 5 involved using

BF3•OEt2 as the acid catalyst.  Other acids were thus tested, with TFA giving the best

results.  The optimized reaction conditions entail dissolving the biimidazole into a 2:1

solution of dry methanol: THF containing a catalytic quantity of TFA (Scheme 2.9).  The

bipyrrole, dissolved in the same solvent mixture, was then added to the biimidazole

solution drop-wise using an addition funnel.  After three hours, additional TFA was

added and the solution was allowed to continue stirring overnight.  Column
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chromatography (silica gel, 0-2% methanol in methylene chloride eluent) was performed

twice and the resulting material was then washed with 5% aqueous NaHCO3 to neutralize

any acid traces derived from interaction with the silica gel.  The product was then

triturated with distilled pentane to remove any remaining grease, leaving the product as a

lustrous blue-black solid.  The resulting products are aqua blue in most organic solvents

but appear purple in THF.  They also fluoresce red.  The compounds were stored in the

freezer under a blanket of argon.
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2.5a-e. Reagents: (i) TFA, MeOH, THF.
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2.4  CHARACTERIZATION

The characterization of targets 2.5a-e includes UV/Vis and fluorescence

spectroscopy, XPS analysis, HRMS, 1H NMR and 13C NMR spectroscopy.  High

performance liquid chromatography (HPLC) and two-dimensional NMR spectroscopic

studies were performed on these derivatives that are consistent with the proposed

structure.  Extensive efforts to ionize the sample for analysis by mass spectrometry

generally proved unsuccessful, except for the derivative 2.5c.  Variable temperature

NMR spectroscopic studies were explored in an effort to ascertain the protonation state of

the imidazole nitrogen atoms, as these protons exchange with the solvent too quickly to

be observed on the NMR time scale at room temperature.  NMR spectroscopic methods

were also used in an effort to elucidate the potential symmetry of these expanded

porphyrins.  Unfortunately, all attempts to obtain a satisfactory combustion analysis

failed.  However, in the ensuing discussion, comparison of XPS data and the elemental

analysis data show that this failure is attributed to the presence of a small amount of

silicon impurity retained during purification procedures.

The UV/Vis absorption spectrum of 2.5a is characterized by a Soret-type band at

296 nm and a Q-type band at 631 nm (Figure 2.2), the latter of which is associated with

extended conjugated systems.13 For the fluorescence emission experiments, excitation

was performed at 578 nm (an isosbestic point observed throughout the UV/Vis titration

studies described in Section 2.5), while the emission maximum was monitored at 660 nm.



56

Figure 2.1 Absorption and emission spectra of compound 2.5a in methylene chloride.
The fluorescence scale is adjusted (Fadj) to fit the UV/Vis scale (λmax
excitation at = 578 nm).

Purity of macrocycle 2.5 was determined using HPLC analysis.  As demonstrated

with compound 2.5a in Figure 2.2, the sample contains one asymmetric peak when

eluting with methylene chloride and 1% methanol for four minutes, and subsequently

applying a 2% methanol in methylene chloride gradient.  Only one compound is observed

by the photo diode array detector for the injected sample.  All five derivatives of

macrocycle 2.5 were analyzed by HPLC and revealed one peak in their respective traces

(elution times slightly varied with the different derivatives).
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Figure 2.2 HPLC trace of macrocycle 2.5a.  The sample was run on a normal-phase
silica column.  Elution method: 1% CH3OH in CH2Cl2 from t = 0 min to 4
min; gradient to 2% CH3OH in CH2Cl2 from t = 4 min to t = 20 min.

Elemental analysis was pursued as a means of characterization.  The analyzed

samples repeatedly resulted in a carbon, hydrogen, and nitrogen count of 95-96%.

Analysis for chlorine or fluorine (possibly remaining from residual solvent in the sample

due to incomplete drying, and trapped anion from the reaction catalyst within the

macrocycle cavity, respectively) revealed insignificant percentages of these elements.  If,

however, the carbon, hydrogen, and nitrogen percentage total is normalized to 100%, the

experimental percentages fall within the acceptable error (0.4%) for each element.  XPS

analysis revealed the presence of silicon and oxygen in the sample.  It is proposed that, as

the material is purified via column chromatography, the small percentage of methanol

required for elution dissolves trace quantities of the silica gel producing a siloxane, which

in turn become concentrated and contained within the product samples as the result of

this latter being isolated by direct evaporation of the eluents.  Efforts to remove the

impurity included recrystallization, trituration and extraction, but unfortunately all proved
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unsuccessful.  As a ‘control’ for the proposed siloxane impurity theory, the same elution

technique was performed on silica gel containing no compound.  A reference sample was

then doped with the residual greasy impurity and tested by XPS analysis.  The results

indicated that the sample doped with the impurity contained a high percentage of silicon

and oxygen relative to the control sample.  This impurity is observed in the 1H NMR

spectrum as a singlet at 0.086 ppm.  Table 2.1 summarizes a comparison of the XPS and

combustion analysis data.  The experimental percentage of silicon (3.14%) obtained from

XPS analysis was used to calculate the stoichiometric ratio of the siloxane impurty

(presumed to be dimethyl siloxane) relative to the octapyridazole 2.5b.  Comparison of

the resulting theoretical molecular formula with the experimental carbon, hydrogen, and

nitrogen ratios obtained from the elemental analysis strongly supports the proposed

compound was synthesized.  Although the sample was not sufficiently purified to remove

the silicon impurities, these means of characterization have allowed for an understanding

as to why the sample did not fit the theoretical elemental composition.

2.5B•1.4SiO2(CH3)2
XPS: Si Calculated X Calculated C (Elemental) Elemental C Delta

3.14% 1.40 74.72% 74.71% 0.01
Calculated H (Elemental)

7.20% 7.09% 0.11
Calculated N (Elemental)

12.05% 12.22% 0.17

Table 3.1 Comparison of the XPS and combustion analysis data obtained for
octapyridazole 2.5b.

As an aside, two other impurities were observed in the 1H NMR spectrum and

successfully removed upon identification.  One impurity appeared as a singlet at 1.25
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ppm.  This peak resulted from impurities present in the solvent used for column

chromatography.  Large quantities of methylene chloride are required to purify a small

amount of 2.5 (typically 4-6 L of solvent for ~40 mg of compound).  Thus, purification of

the samples designed for analysis involved distillation of the methylene chloride prior to

its use as column chromatography eluent.  The second impurity appeared, in what are

referred to as “paws” (little clusters of sharp peaks), surfacing above the two most

downfield peaks.  This impurity was identified as plasticizer present in vacuum Tygon

tubing.  This latter contaminant was successfully removed by avoiding the use of Tygon

(e.g. using glass joints only when using the manifold).  These two impurities were

identified using two-dimensional NMR analysis and are thus observed in the spectra

considered in the ensuing discussion.  However, these impurities did not affect any of the

observed correlations nor the correlations regarding the properties of the system.

The one-dimensional 1H NMR spectrum of 2.5b is depicted in Figure 2.3. For

simplification, all of the peaks are labeled according to the proton assignments depicted

in Scheme 2.10.  The depicted illustration is a topological representation of the proposed

macrocycle (it is not intended to imply a specific conformation of the macrocycle).  The

pyrrole amine protons have been arbitrarily assigned (these assignments are addressed in

the ensuing molecular modeling studies).  There are several aspects of this spectrum to

consider.  First, many of the peaks overlap.  Two-dimensional NMR spectroscopy is

required to confirm that the assignments of the peaks are correct.  Second, in the aromatic

region multiple peaks are assigned to the same proton.  In addition to derivative 2.5b, this

behavior is consistently observed in the 1H NMR spectrum of each derivative of

macrocycle 2.5 within integration error (only ester-derivitized 2.5e was not observed to

have a minor set of peaks).  Additional 1H NMR studies were performed to determine

possible symmetry by protonation via the addition of trace acid into the solution.  The
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overlapping peaks separate and sharpen upon addition of acid.  However, the number of

peaks assigned in the aromatic region does not change from three to one, indicating that a

fully symmetric species is not present in the solution, regardless of the protonation state

of the molecule.  The two most likely explanations are: 1) 2.5 exists as three symmetric

isomers, or 2) 2.5 exists as two isomers, where one conformer is symmetric and the other

conformer is asymmetric.  It is speculated that the latter possibility better defines the

system because the relative intensities of the three sets of peaks are different: two are

stronger and one is weaker.  The asymmetric conformer is ascribed to the two sets of

peaks having very similar intensity, and the symmetric conformer is ascribed to the

weaker single set of peaks.  Analysis of the two-dimensional NMR spectral data as

presented below provides support this latter somewhat speculative conclusion.  A series

of conformations of octapyridazole 2.5b are proposed and examined via molecular

modelling.
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Scheme 2.10 Topological illustration of the labeling scheme applied to 2.5b for the
analysis of the 2D NMR spectra.  The extended π–electron conjugation
pathway has been removed for clarity.  Pyrrole amine protons have been
arbitrarily placed.
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Figure 2.3 1H NMR spectrum of octapyridazole 2.5b taken in CD2Cl2 at room
temperature.

Two-dimensional NMR spectroscopic studies were performed on each derivative

of target 2.5 using nuclear Overhauser effect (NOESY), homonuclear correlation

(COSY), and heteronuclear correlation through single quantum coherence (HSQC)

spectroscopy techniques.  These studies can help determine whether the initial

assignment of molecule 2.5 (obtained from the one-dimensional spectrum) is correct.

Additionally, rotating frame NOESY (ROESY) spectroscopy was performed to elucidate

the structural conformation of macrocycle 2.5.  All the aforementioned studies are useful
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for interpreting spectra displaying overlapping peaks.  Representative spectra (of each of

these means of NMR spectroscopy) are provided in Figures 2.4-2.10 for derivative 2.5b.

The COSY and HSQC spectra are first presented to support the proposed assignment of

peaks in the one-dimensional spectrum (Figure 2.3).  The ROESY spectrum is then

presented to gain insight into the possible conformations of octapyridazole.

The through bond proton-proton correlations are depicted in Figure 2.4 for the

alkyl region of the spectrum, and in Figure 2.5 for the aromatic region of the spectrum.

There are several instances of overlapping signals in the alkyl region of the spectrum that

are resolved by the cross-peaks.  For example, it is unclear whether the β-Bu peak, as

viewed in the one-dimensional NMR spectrum, represents one broad peak or two or more

overlapping peaks.  Likewise, the overlapping α-Bu peaks may arise from two or more

overlapping peaks.  The correlation of these peaks displays three cross-peaks.  Thus, the

β-Bu and α-Bu peaks are the result of three overlapping peaks.  In another example, it

was initially determined that the pyrrole alkyl beta protons were ascribed only to two

peaks (β-Et).  However, instead of observing two cross-peaks from a correlation with the

pyrrole alpha protons (α-Et), there are actually three cross-peaks in the spectrum.  The

third cross-peak defines a correlation with another series of overlapping peaks (δ-Bu, α-

Et).  Initially, upon characterization of 2.5b via one-dimensional NMR and NOESY

studies, these overlapping peaks were only ascribed to the δ-Bu protons.  Thus, the

COSY spectrum clarified that these overlapping peaks are ascribed to both the α-Et

protons and the δ-Bu protons.
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Figure 2.4 1H COSY NMR spectrum (500 MHz, CD2Cl2, room temperature) of
macrocycle 2.5b showing an expanded view of the alkyl-alkyl region.
Positive cross-peaks (multiple contours) correspond to NOE proton-proton
correlations.
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The aromatic region of the COSY spectrum (Figure 2.5) depicts three proton-

proton correlations.  Here, three observed aromatic AB systems are observed, two of

which have strong correlations.  The third expected correlation is not observed (due to the

sensitivity limits of COSY experiments, broad proton signal correlations are not generally

detected).  The third unexpected cross-peak corresponds to two signals associated with

plasticizer present in the sample (this 2D analysis was performed prior to identification

and removal of the aforementioned impurities).
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Figure 2.5 1H COSY NMR spectrum (500 MHz, CD2Cl2, room temperature) for
macrocycle 2.5b showing an expansion of the aromatic-aromatic region.
Positive cross-peaks (multiple contours) correspond to NOE proton-proton
correlations.

Figure 2.6 depicts the HSQC hydrogen-carbon correlations for the aromatic region

of the spectrum and Figure 2.7 depicts the HSQC of the alkyl region of the spectrum.  In

the aromatic region of the spectrum, multiple proton peaks correlate to overlapping

carbon peaks (Figure 2.6).  The three meta proton peaks correlate with overlapping
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carbon peaks (B).  The two ortho proton peaks correlate with overlapping carbon peaks

(A).  The third ortho proton peak correlated with overlapping peaks (C).  In the alkyl

region of the spectrum, multiple peaks are also assigned to overlapping carbon peaks

(Figure 2.8).  For example, two peaks (α-Bu) correlate with overlapping carbon peaks.

Thus, all of the spectral data herein presented and described support the proposed

assignment of protons.
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Figure 2.6 1H-13C HSQC NMR spectrum (500 MHz, CD2Cl2, room temperature) for
macrocycle 2.5b showing an expansion of the aromatic-aromatic region.
Cross-peaks denote one-bond 1H-13C correlations.  Positive cross-peaks
(multiple contours) correspond to CH3 and CH groups, negative cross-peaks
(single contours) correspont to CH2 groups.
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Figure 2.7 1H-13C HSQC NMR spectrum (500 MHz, CD2Cl2, room temperature) for
macrocycle 2.5b showing an expansion of the alkyl-alkyl region.  Cross-
peaks denote one-bond 1H-13C correlations.  Positive cross-peaks (multiple
contours) correspond to CH3 and CH groups, negative cross-peaks (single
contours) correspond to CH2 groups.

An inherent drawback of the NOESY experiment is the sign dependence of the

observed NOE’s on the rotational correlation time.14 Specifically, for small molecules in

non-viscous solvents the NOE’s are negative (relative to the diagonal), whereas for

macromolecules the NOE’s become positive.  For molecules of intermediate weight, of

which 2.5 is an example, the NOE’s can have either sign, or can be zero.  To avoid this
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complication, the ROESY technique (rotating-frame NOE) can be used instead.  In the

ROESY spectra the NOE’s are always negative, regardless of the molecular weight.  This

helps discriminate between NOE and chemical exchange, the latter of which always

yields positive peaks (relative to the diagonal).  For convenience, in the ROESY spectral

data shown in this manner, the diagonal is phased to be negative, which yields positive

NOE cross-peaks.

The full ROESY spectrum (Figure 2.8) of macrocycle 2.5b depicts cross peaks in

the aromatic-aromatic, aromatic-alkyl, and alkyl-alkyl regions.  There are no peaks in the

spectrum phased with the diagonal peaks; each cross peak therefore results from an NOE

exchange.  Because there are no noted self-exchange peaks, the species in solution must

be locked into a certain conformation.  In addition to the expected cross-peaks in the

spectrum (previously discussed in the discussion of the COSY spectrum), there are four

unexpected cross-peaks that collectively can be used to elucidate the conformation and

asymmetry of macrocycle 2.5b.
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Figure 2.8 1H ROESY spectrum (500 MHz, CD2Cl2, room temperature) for macrocycle
2.5b.  Positive cross-peaks (multiple contours) correspond to NOE proton-
proton correlations.

Figure 2.9 depicts the aromatic-aromatic portion of the spectrum, with two specific

correlations labeled A and B.  Correlation A is the NOE between the peak corresponding

to the phenyl ring proton (ortho) and the peak corresponding to the meso position proton
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(meso).  Correlation B is the NOE between the peak corresponding to the NH proton and

the peak corresponding to the phenyl ring proton (ortho).  Scheme 2.11 illustrates the

fragments that must be present in the conformation adopted by 2.5b to which the

observed proton-proton interactions are attributed (for simplification, the extended π-

electron conjugation is not depicted).  These two correlations require different pyrrole-

imidazole orientations.  Subunit 1 contains the pyrrole nitrogen oriented trans to the

imidazole phenyl ring, while subunit 2 contains the pyrrole nitrogen oriented cis to the

imidazole phenyl ring.  These two different arrangements result from what may be

termed kinks within the cyclic framework.  As suggested by the directionality of the

closed-ring, the kinks result from the biimidazole subunits, not the bipyrrole subunits.

There are no noted NOE exchanges that suggest the bipyrrole entails pyrroles oriented

trans relative to each other.  These proposed arrangements are further supported by the

aromatic-alkyl region of the ROESY spectrum (Figure 2.10).  Correlation C is the NOE

between the peak corresponding to the meso position proton (meso) and the peak

corresponding to the pyrrolyl alkyl proton (β–Et).  Correlation D is the NOE between the

peak corresponding to the other meso proton (meso) and the peak corresponding to a

different pyrrolyl alkyl proton (β–Et).  These correlations are depicted for in the

illustrations of the proposed subunit structures (Scheme 2.11).  Subunit 1 accounts for the

fact that both correlations A and C involve the same peak corresponding to the meso

proton.  The conformation of subunit 2 is supported by correlation D, in which the other

meso proton does not correlate with the ortho proton.
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Scheme 2.11 Illustration of the two subunit structures of 2.5b, as determined from an
interpretation of the ROESY spectrum.
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Figure 2.9 1H ROESY spectrum (500 MHz, CD2Cl2, room temperature) for macrocycle
2.5b showing an expansion of the aromatic-aromatic region.  Positive cross-
peaks (multiple contours) correspond to NOE proton-proton correlations.
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Figure 2.10 1H ROESY spectrum (500 MHz, CD2Cl2, room temperature) for macrocycle
2.5b showing an expansion of the alkyl-aromatic region.  Positive cross-
peaks (multiple contours) correspond to NOE proton-proton correlations.

Taking into consideration the previously described NOE’s in the ROESY

spectrum, Scheme 2.12 depicts the four most likely arrangements of octapyridazole 2.5.

For simplification, both the π–electron extended conjugation and the alkyl chains have

been removed in these illustrations.  These four arrangements are the only feasible
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conformations that account for the unexpected NOE exchanges.  Interestingly, the two-

dimensional data displays no cross peaks resulting from kinks within the bipyrrole units

(i.e. the pyrroles are not oriented trans with respect to each other).  Theoretically, if this

system were an open chain structure incorrectly interpreted as a closed ring structure, no

preference should exist for such a bias.  Such an interpretation of the data leads to the

following hypothesis: During the condensation reaction, the ring formation is proceeding

in a specific manner.  The biimidazole and bipyrrole units require a particular positioning

for cyclization.  This line of reasoning is supported by the consistency of the two-

dimensional analaysis of different samples of 2.5b, but also by the consistent results

observed in each derivative of octapyridazole 2.5.  The probability of a random

cyclization process repeating the same results is highly improbable.  These arrangements

were subjected to molecular modeling studies to determine whether one particular

conformation is energetically more or less favorable than the other proposed

conformations.
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Scheme 2.12 Proposed conformers of octapyridazole 2.5.  The alkylphenyl and alkyl
moieties have been removed for simpification.   The π-electron
conjugation has been removed for simplification.  Bonds highlighted in
bold indicate atoms are coming out of the average macrocycle plane.
Bonds appearing at 90% size indicate atoms that are behind this same
plane.

1H NMR temperature and solvent studies were performed to help detect the

imidazolic amine proton signals expected for macrocycles 2.5a-e.  Figure 2.11 depicts the

spectra of macrocycle 2.5a in DMSO-d6 at both room temperature and at 130 °C.  The

signal at 11 ppm in the former spectrum, which disappears at the higher temperature,

provides strong support for the existence of the expected imidazolic amine groups within

the octapyridazole.  The signals at 11 ppm and 10 ppm both integrate to two protons.

The amine protons of imidazoles and biimidazoles often exchange too quickly to be
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observed on the NMR timescale except for in DMSO-d6 at room temperature.  Moreover,

cooling a solution can sometimes slow the proton exchange process sufficiently to

observe the exchanging species.  However, the variable temperature studies performed in

CD2Cl2 and toluene-d8 proved inconclusive.  The proton signals were excessively broad,

which precludes a reasonable analysis.  Such broadness may be attributed to a number of

phenomena including aggregation, interaction with the solvent, or even the population of

additional conformations.

Figure 2.11 The aromatic region of 1H NMR (400 MHz, DMSO-d6) studies of 2.5a at a)
room temperature and b) 130 °C.

Molecular modeling studies were performed in an effort to obtain insights into the

conformational behavior of octapyridazole.  Semi-empirical calculations at the PM3

level, using HyperChem V7.1 were carried out.  Initial ab initio studies were performed

using the same computational chemistry package but due to the time required to achieve

convergence (>80 days), they were abandoned in favor of density functional theory

(DFT) calculations using the “PRIRODA” program, developed by Dmitri Laikov.15 Here,

the PBE function that includes the electron density gradient was used.  The TZ2p_atomic

basis sets of grouped Gaussian functions were used to solve the Kohn-Sham equations.

The criterion for convergence was a difference in energy gradient between two sequential
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structures below 0.01 kcal/mol/Å.  For the PRIRODA calculations, octapyridazole 2.5

was simplified by removing the alkyl substituents on the biimidazole phenyl chains, and

assigning methyl moieties to the 3,4 position of the pyrrole groups.  These calculations

led to the series of conformations depicted in Figures 2.12 and 2.13, in addition to a non-

twisted conformation (conformation E).  All these models represent a 32 π-electron

system.  All these simulations involve conjugation pathways having two imidazole amine

nitrogen atoms and two pyrrole amine nitrogen atoms.  Not pictured is a non-twisted

conformation in which the conjugation pathway with one imidazole amine nitrogen atom

and three pyrrole amine nitrogen atoms.  This latter conformation is not considered viable

because it is not consistent with the integration of the one-dimensional 1H NMR

spectrum.  Although conformation E has the lowest energy relative to the four proposed

conformations, its structure is inconsistent with the two-dimensional ROESY

spectroscopy data.  This conformation merely serves to highlight the energy difference

between planar and twised arrangements.  The interesting finding from these modeling

studies is that the minimum energy values were very similar for two of the depicted

conformations.  In other words, these different conformations, energetically speaking, are

more or less equally favorable.  However, the experimental data, especially the two-

dimensional NMR studies described above, lead us to propose that conformation B

represents the most accurate depiction of the system as would be expected to exist in

solution.  The steric interactions of the phenyl moieties of conformation D make it

unfavorable relative to conformation B.  However, this combination of experiment and

theory does not allow a determination of whether conformation B is definitively more or

less favorable than conformation D.
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Figure 2.12 Molecular modeling-generated conformations of octapyridazole 2.5.  To
simplify these calculations, the alkyl chains were removed.
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Figure 2.13  Molecular modeling-generated conformations of octapyridazole 2.5.  To
simplify these calculations the alkyl chains were removed.
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2.5 ANION BINDING STUDIES

As mentioned in Section 2.2, one of the primary reasons for designing a

biimidazole-incorporated macrocycle was to explore how and to what degree the

additional nitrogen atoms might effect the host-guest binding characteristics relative to

analogous purely pyrrole-based expanded porphyrins.  Although the parent analog of

octapyridazoles 2.5 was not investigated for molecular recognition applications,16 there

are many examples of pyrrole-based macrocycles that have been pursued as molecular

recognition hosts.  Many of these exhibit strong anion binding affinities.17  Derivative

2.5a was used throughout the titration studies for consistency of results.  For the purposes

of studying this system as an anion receptor, the silica gel impurity will not be factored

into the discussion until the concluding remarks.

The first step in these molecular recognition experiments was to determine which

anions interacted with the synthetic octapyridazole receptor.  Surprisingly, there was a

dynamic qualitative range of sensitivity in which the addition of specific anions to a

solution containing 2.5a effected a change in the solution color from blue to pink over a

broad concentration range (4.53 nM - 18.6 µM).  The next goal was then set both to

define this recognition, and determine whether it displayed selectivity based on anion size

and/or shape.  As will be described in more detail shortly, there was no apparent

relationship between the observed binding and the size or shape of the anion titrated.

Additionally, these putative binding events were found to be extremely complicated,

precluding the derivation of mathematical expressions that could properly define the

observed phenomena.  Given this, a discussion of how well the data fit the nonlinear least

squares analysis, as well as various statistical limitations associated with efforts to study

this system, are presented only in the context of presenting the experimental findings,
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rather than, e.g. to support a derived affinity constant, as is often the case in studies of

this type.

The host-guest binding activities of macrocycle 2.5a with a series of tetrabutyl

ammonium (TBA) salts were first analyzed qualitativly using UV/Vis titration

techniques.  Compared to NMR spectroscopy techniques, UV/Vis has the advantage that

it permits faster collection and is generally characterized by greater sensitivity.  The

direct relationship between signal intensity under ideal (e.g. Beer’s Law) conditions, can

also facilitate data analysis.  Table 2.2 summarizes the specific interactions of 2.5a with a

series of test anion (as TBA salts).  Here, the stoichiometric host:guest ratios were

determined by Job plots.  Although not included in the table, each titration resulted in at

least one isosbestic point.  Figure 2.15 illustrates these concepts, where host 2.5a is

titrated with cyanide.  There are three λ maxima peaks associated with the spectrum of

2.5a (Figure 2.14), all of which shift over the course of the titration.  The peak with λmax =

534 nm increases in intensity upon the addition of an anion, whereas the peak with λmax =

631 nm is quenched.  The peat at λmax = 296 nm is not included in Table 3.1 because it

does not change in a consistent way as the anion is varied.
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Anion Color
change

Stoichiometry

Acetate Yes 1 : 1
Benzoate No 1 : 2
Bromide Yes 1 : 3
Chloride No -
Cyanide Yes 1 : 1
Dihydrogen
phosphate

Yes 1 : 3

Flouride* Yes 1 : 2
Hydrogen Sulfate No -
Hydroxide* Yes ND
Hypochlorate No -
Iodide No -
Nitrate Yes 1 : 3
Nitrite No -

Table 2.2 Summary of 2.5a interactions with various anions (as TBA salts).  * The
flouride source was TBAF trihydrate; the hydroxide source was
TBAOH•(H2O)30. ND indicates not determined (an appropriate anion source
was not available at the time of the attempted UV/Vis quantitative analysis);
a ‘-‘ indicates no observed interaction.



84

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

230 330 430 530 630 730 830 930 1030

Wavelength (nm)

A
b
so

rp
ti
o
n
 I

n
te

n
si

ty 0

0.21

0.31

0.41

0.51

0.61

0.71

0.80

1.18

1.53

2.19

2.79

Equiv. Guest

Figure 2.14 UV/Vis spectra of 18.9 µM 2.5a titrated with TBA cyanide in acetonitrile.

Several different mathematical methods were employed in an attempt to define

quantitatively the observed binding.  As depicted in Figure 2.15, neither a 1:1 nor a 1:2

mathematical nonlinear least squares analysis fit the binding isotherm. Furthermore,

when comparing the data obtained for the same host-guest experiment performed at 6.41

µM and 3.14 µM host, the shape of the binding curve subtly changes, displaying a more

s-like curvature at lower concentrations (Figure 2.16).  This observation is considered to

reflect a potential competition between host self-aggregation and host-guest activities in

solution over these concentration ranges.
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Figure 2.15 Unsuccessful attempts to fit the data from a titration of 18.9 µM 2.5a with
cyanide to a nonlinear-least squares analysis.  The data were fit to a 1:2
binding profile (left graph) and 1:1 binding profile (right graph).  For the 1:2
equilibrium expression, m1 = B1, m2 = B2, m3 = K1, and m4 = K2, where
K1 and K2 represent the putative first and second binding constants.  For the
1:1 equilibrium expression, m1 = b, m2 = K, the presumed binding constant.
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Figure 2.16 Unsuccessful attempts to fit the data from a titration of 6.41 µM 2.5a (left
graph) and 3.14 µM 2.5a (right graph) with cyanide to a nonlinear-least
squares analysis.  Both titrations were fit to a 1:1 binding profile.  For the
1:1 equilibrium expression, m1 = b, m2 = K.
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Dilution experiments were performed in an effort to observe whether self-

aggregation of macrocycle 2.5a was occurring over the concentration ranges studied

using UV/Vis spectroscopy (Figure 2.17).  The absorption intensities were measured over

the initial host concentration range of 18.6 µM to 31.2 nM; the latter concentration

represents the lower concentration detection limits of the instrument for this specific

compound.  For concentrations greater than 5 µM host, the absorption intensities subtly

deviate from linearity.  However a linear fit is observed when the concentration range is

lowered to between 1.2 µM and 31.2 nM.  Unfortunately, the sensitivity limits of the

UV/Vis instrument at these lower concentrations results in minimal peak shifting in the

spectra, which could not be properly analyzed.  Since UV/Vis spectroscopy methods

preclude anion recognition studies due to concentration limitations, 1H NMR

spectroscopy and isothermal calorimetry (ITC) cannot be employed.  These latter

methods require higher concentrations of host, at least to give reliable binding data.

Figure 2.17 Beer’s plot analysis of 2.5a using UV/ Vis spectroscopy methods.  The left
graph depicts the analysis of 2.5a over the entire concentrations studied, and
the right graph focuses in on the 31.2 nM to 1.2 µM range.
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A Lambert-Beer’s analysis was performed for host 2.5a via fluorescence emission

method (this study was performed simultaneously with the UV/Vis dilution study) to

measure a proper concentration range for anion binding studies.  Figure 2.18 displays the

results of these dilution studies.  A significant deviation from linearity is noted at

concentrations greater than 2 µM 2.5a.  Focusing at the range of 4.53 nM-2.32 µM host,

a noted deviation is seen to begin at concentrations greater than 1.2 µM 2.5a (as judged

from fits of the data to a linear regression analysis).  Thus, all fluorescence emission

titration studies were pursued at host concentrations that were at or below 1.2 µM.

Figure 2.18 Beer’s plot analysis of 2.5a using fluorescence spectroscopy methods.  The
left graph depicts the analysis of 2.5a over the entire concentrations studied,
and the right graph focuses in on the 31.2 nM – 1.2µM range.

Fluorescence titration experiments were performed on all the anions for which

2.5a displayed evidence of interaction as judged from the preliminary UV/Vis studies.

Table 3.2 summarizes the host-guest interactions, the concentrations at which they were

studied, the stoichiometric ratio of the putative host:guest complex as determined by Job
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plots, and, additionally, the type of observed binding behavior.  In comparison with the

UV/Vis experiments, all the anions displayed similar interactions with the host but in

different stoichiometric ratios.  Presumably, these more readily interpretable findings

reflect the lack of host self-assembly at these lower concentrations.  The last column in

Table 2.3 is designated ‘Binding Behavior’ with numbers in a column under the heading

“Type”, followed by equivalence values.  This heading and the numbers listed with no

units refer to the three different types of observed binding behaviors noted in the binding

isotherm.  The first equivalence number refers to the specific point in the titration where a

change of direction in the emission intensities is observed upon addition of anion.  The

second equivalence number represents the guest equivalence point at which the emission

intensities level off (those conditions designated with one number only indicate no

observed endpoint).  Interestingly, regardless of the aforementioned type of binding

activity inferred, all of the titrations exhibited an isosbestic point in the 610-630 nm

region of the spectra.  Unfortunately, the data did not fit any of the equilibrium

expressions normally applied towards anion binding experiments.  Additionally, when

examining different sections of the overall binding curve, with the aim of finding an

equivalence range for which the data could be mathematically defined and understood, no

region fit any of the equilibrium expressions.   Each of the three different types of

binding behaviors will be examined prior to reflecting on this lack of curve-fitting, and

what this may indicate about the quantitative binding features of macrocycle 2.5a.
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Binding Behavior
Eqv. max Eqv. level offTBA anion Stoichiometry Type 0.5 µM 1.0 µM 0.5 µM 1.0

µM

Fluoride tri-hydrate 1 : 2 3 2.77 1.44 - -

Hydroxide 30-hydrate 1 : 1 3 3.72 2.07 - -

Bromide 1 : 1 1 2.53 5.99 2.71 5.74

Cyanide 1 : 1 1 1.61 4.22 1.87 4.37

Acetate 1 : 1 2 4.03 - - -

Benzoate 1 : 1 1 3.34 5.87 1.51 4.05

Dihydrogen Phosphate 1 : 1 1 3.95 6.48 2.00 4.79

Nitrate 1 : 1 1 2.15 4.79 3.26 5.73

Table 2.3 Summary of the fluorescence emission studies for 2.5a titrated with TBA
anions.  All experiments were performed at room temperature in
acetonitrile.  Excitation λmax = 578 nm; slit width = 4 nm.  The binding
behavior ‘Type’ equivalence numbers (equiv.) are described in the text.  A
‘-‘ indicates not available (see description in the text).

The first type of binding behavior is encountered for the majority of the host:guest

interactions between 2.5a and the studied anions.  Figure 2.19 shows a representative

titration for this prototype in which 1.0 µM host is titrated with TBA bromide.  The top

image represents the overall titration, while the bottom two graphs separate this evolution

into two processes.  Initially, the emission intensity is enhanced by bromide addition.

The maximum intensity occurs near 2.7 equivalents of bromide, and subsequently levels
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off near six equivalents of this anion.  Each of the titrated anions expressing this pattern,

did vary somewhat relative to the number of guest equivalents associated with maximum

emission and endpoint emission (Table 2.3).  Figure 2.20 depicts the resulting titration

curve for 1.0 µM 2.5a titrated with bromide.  Although quantitatively undefinable by a

nonlinear least squares analysis, unusual binding curves of a similar nature have been

observed in the literature.  In 1994, Anslyn18 reported on the synthesis and study of three

poly-aza receptors designed for complexation with phosphate.  The 1H NMR titration

data reported by Anslyn and coworkers of one such receptor with dibenzyl hydrogen

phosphate resulted in a binding curve analogous in shape to 1.0 µM 2.5a titrated with

bromide (Figure 2.20).  The behavior was attributed to two equilibrium processes: host-

guest formation up to 0.5 equivalents of guest; and guest-host-guest formation thereafter.

In the second literature example, Hamilton19 observed unusual changes in the 1H NMR

spectrum upon addition of iodide to a macrocyclic host.  The binding phenomena were

attributed to two separate binding events: host-guest-host complex formation up to 0.5

equivalents of guest; and host-guest complex formation thereafter.  The two binding

events were separately fit to curve-fitting models, resulting in association constant values

with reasonable errors.  These two reports serve to demonstrate how quantitative

information can sometimes be extrapolated from complex binding data.  Unfortunately,

the data described herein, when considered as two separate equilibrium events, failed to

fit curve-fitting models that describe 1:1, 1:2, or 2:1 host:guest interactions within

reasonable (+/- 10%) error.
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Figure 2.19 Representative emission spectra of 1.0 µM 2.5a titrated with bromide in
acetonitrile.  The top spectra depict the entire process; the middle spectra
represent the first binding event; the bottom spectra shows the second
binding event.
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Figure 2.20 Fluorescence emission binding curve of 1.0 µM 2.5a titrated with bromide
in acetonitrile.

The second type of binding observed in these experiments was noted with acetate

anion.  As depicted in Figure 2.21, 0.5 the µM host titration initially behaves somewhat

similar to the previously described binding events.  The emission intensity increases upon

the addition of acetate, and reaches an emission intensity maximum near four equivalents

of guest.  Furthermore, subsequent addition of acetate resulted in emission intensity

quenching.  However, the emission intensity does not level off.  After the addition of

twelve equivalents of guest, the emission intensity is close to the initial host emission

intensity, whereas, with the 1.0 µM host titration, the emission intensity decreases

throughout the course of the experiment.  Figure 2.23 depicts the resulting titration curves

for both 0.5µM and 1.0 µM 2.5a titrated with acetate.  The latter titration curve contrasts

the behavior of the former titration curve; more specifically, only emission quenching

was observed in the 1.0µM 2.5a titration.  Both of these titrations display a single

isosbestic point: 610 nm for the study carried out using 0.5 µM 2.5a; 625 nm for the one
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with 1.0 µM 2.5a.  Because both of these titrations resulted in a dynamic color change

from blue to pink, these findings cannot be interpreted to indicate that no binding event

transpired.  Unfortunately, it is not understood why, with all other variables held

constant, 2.5a interacts with acetate in two distinct and different manners at two different

initial host concentrations.
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Figure 2.21Fluorescence emissions binding curves of 2 . 5 a  titrated with
tetrabutylammonium acetate in acetonitrile.  The left graph displays the 0.5
µM host study, and the right graph displays the 1.0µM host study.
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Figure 2.22 Representative emission spectra of 0.5 µM and 1.0 µM samples of 2.5a in
acetonitrile seen upon titration with tetrabutylammonium acetate.  The top
spectra depicts the first binding event for the 0.5 µM sample, while the
middle spectra depicts the second binding event for this same titration.  The
bottom spectra illustrate the single 1.0 µM 2.5a titration binding event.
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The third type of binding noted in these studies was observed in the case of

titrations performed using hydroxide and fluoride.  Figure 2.23 shows a representative

titration for this prototype in which 0.5 µM host is titrated with TBA hydroxide.  The

titration curve behaviors depicted in Figure 2.25 represent 2.5a titrated with hydroxide

and are analogous to those described for 0.5 µM 2.5a titrated with acetate, with one

important difference.  The equivalence point for maximum emission for both fluoride and

hydroxide titrated with 0.5 µM host is twice the number of equivalents noted for

maximum emission for their respective titrations carried out at 1.0 µM host (none of

these four studies demonstrated endpoints).  If only an observed quenching of the

emission intensity during these titrations was noted, then this behavior might be

interpreted as deprotonation of the macrocycle via anion addition.  However, this

speculation cannot account for what was observed over the course of the entire titration,

as there is an initial increase in emission intensity as the first few equivalents of guest are

added.
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Figure 2.23 Fluorescence emission binding data curves of 2.5a titrated with hydroxide in
acetonitrile.  The left graph displays the 0.5 µM host study, and the right
graphs displays the 1.0 µM host study.
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Figure 2.24 Representative emission spectra of a 0.5 µM sample of 2.5a titrated with
hydroxide in acetonitrile.  The top spectra shows the entire process; the
middle spectra depicts the first binding event; the bottom spectra shows the
second binding event.
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So what can be concluded about the anion binding potential of octapyridazole

2.5?  Because interactions with the anions listed in Table 3.2 resulted in a color change

from blue to pink over a broad concentration range, octapyridazole is a naked-eye sensor.

The next question to be addressed is why did the system not fit the mathematical

equilibrium expressions for any of the aforementioned analytical experiments?  Nonlinear

least squares analysis is intended to define one specific dynamic process.  Thus, if there

are more events occurring in solution than those defined by the equilibrium expression,

the data will not fit the binding isotherm.  Every titration performed exhibited one

isosbestic point in the fluorescence emission studies, and three or more isosbestic points

in the UV/Vis studies.  One might interpret the presence of isosbestic points to indicate

that a single overall dynamic process is occurring in solution.  However, even with this

assumption made, it is very difficult to determine how many different events are

occurring in solution, and to what degree each individual process may contribute to the

overall observed equilibrium.   This is clearly a very complex system.

It is possible that events are occuring in solution beyond the anticipated binding

activities.  The first possibility, previously mentioned, is that deprotonation may in fact

be competing with binding.  Gale and co-workers20 noted similar behavior in their studies

upon addition of fluoride to their particular host, and attributed the observed experimental

findings to a combination of three events.  In this specific case, the first event was

ascribed to host-fluoride recognition; the second event resulted from deprotonation of the

host-fluoride complex; and the third event resulted from deprotonated host-fluoride-

fluoride recognition.  For the octapyridazole system, it is speculated that two

simultaneous processes may occur, specifically, recognition and deprotonation.  Initially,

the host-guest binding process is the predominant event, but after the addition of several

equivalents of anion, all host molecules are bound to anion molecules; deprotonation
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becomes the sole, or at least the dominant, contributor to the observed fluorescence

emission changes.  However, bromide and nitrate are examples of very weak bases, thus

the deprotonation explanation is difficult to accept as a rationalization.  A second

possibility is that as the host and guest interact, the host-guest complex is significantly

different in shape than that of the initial solvated host conformations.  The host molecule

may fold or unfold upon addition of anion in such a way that could change its electronic

properties.  This could result in fluorescence intensity changes beyond those of mere

host-guest complex formation.  Yet a third possibility is that anion addition induces host

self-assembly.  A dilution study was performed, and the Beer-Lambert plot revealed

linearity throughout the concentration ranges applied during the aforementioned anion

binding titration experiments.  Thus, induced host self-assembly via anion addition is not

contributing the observed isotherms.  A last possibility is that the host itself exists in a

dynamic state of multiple equilibria.  Thus, the titration represents the average of multiple

binding events.  This last speculation is not so radical when reviewing all the

characterization data in Section 2.4 is considered.  If a sample is composed of a pure

species existing in several different states and hence conformations, its interactions with

an anion will likely not fit a nonlinear regression curve intended to quantify a single

dynamic process.  The overall observed binding process would, therefore, represent the

average of multiple different host-guest events.

Finally, the affect of the silica gel impurity upon these titrations merits

consideration.  If there is a siloxane coordinated within the cavity, then competition arises

between the siloxane and the introduced TBA anion.  In this scenario, it is plausible that

anions showing no binding interaction with the host, such as chloride, might have

otherwise been bound.  However, it is also possible that the siloxane is coordinated to the

macrocycle somewhere other than within the cavity.  To the extent this assumption is
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correct, the siloxane would likely not affect the binding activities of the host with the

titrated guests.   As the true nature of the siloxane octapyridazole 2.5 interaction remains

unclear, it cannot be concluded to what degree, if any, the impurity may be affecting the

interactions between octapyrdazole 2.5 and various guests.  However, because many

anions did display behavior consistent binding, the impurity cannot be impeding the host-

guest interactions completely.
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2.6  CONCLUSIONS AND FUTURE DIRECTIONS

The design and synthesis of a novel expanded porphyrin was described.  The

series of octapyridazoles 2.5a-e were formed from the condensation of bis-α-free

bipyrroles 2.6a-c with biimidazoles dialdehydes 2.7b,c.  This system was characterized

by variable temperature and two-dimensional NMR spectroscopy in addition to standard

characterization methods.  Unfortunately, attempts at crystallisation of the macrocycle

proved unsuccessful.  Using derivative 2.5a as a representative system, octapyridazole

was studied as a potential anion receptor.  As detected by the naked eye, the system is a

colorimetric sensor in that it changes in color from blue to pink upon addition of specific

anions.  Unfortunately, these binding phenomena proved too complex to define

quantitatively.

The next logical step in the octapyridazole studies is exploring metallation

chemistry.  Expanded porphyrins have been characterized as ligands in coordination

complexes in addition to the role as anion receptors.2 Initial efforts towards metal

complexation included coordination studies with rhodium(I), copper(II), zinc(II),

uranium(IV), and europium(IV).  Preliminary results include reaction, as evidence by

color changes, UV/Vis spectral peak shifts, and low resolution mass spectrometry

characterization.  Crystallization efforts thus far have proved unsuccessful, but continuing

efforts are underway.  More generally, this is defined as a useful area for further

experimental work since the cations tested may not be the most appropriate for this

particular putative ligand system.

Although great success has been achieved in the synthesis of new expanded

porphyrins, there is still a need for novel neutral expanded porphyrin systems exhibiting

strong and selective anion recognition.17 This want of neutral expanded porphyrin

receptors is the driving force behind the design of the following expanded porphyrin
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analogs (Figure 2.25): ozaphyrin 2.28; thiaozaphyrin 2.29; sapphyrin 2.30; rubyrin 2.31;

and orangarin 2.33.  Synthesis of these systems would involve the same methodology of

the parent systems,21 where the bipyrrole precursor is replaced by biimidazole precursors

2.5b and 2.5c.  These smaller macrocyclic analogs should not only prove more

straightforward in their anion binding analyses relative to octapyridazole 2.5, but should

also provide very useful information about the affect of incorporating biimidazoles into

cyclic motifs.  For example, sapphyrin is a well-studied expanded porphyrin that has been

shown to display excellent anion binding affinity,22 but only in its protonated form.

Sapphyrin analog 2.30 could prove to be an ideal neutral anion binder.  The presence of

the amine groups would provide the hydrogen-bonding donors necessary for anion

recognition.  Rubyrin is an example of an expanded porphyrin that has shown promise

towards anion recognition, but has not been fully explored.  The hydrogen-bonding

donating biimidazole moieties in analog 2.31 may result in enhanced binding properties.
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Figure 2.25 Representative biimidazole-incorporated macrocyclic analogs derived from
several well-known expanded porphyrins.
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Chapter 3:  Pyrazoles

Inspired in part by the ubiquity of anions in nature, the field of molecular

recognition chemistry continues to be widely investigated.  To date, an impressive array

of heterocyclic anion receptors has been reported in the literature.  These include systems

running the gamut from simple linear monomeric pyrroles to open chain polypyrroles, as

well as cyclic pyrrole structures.1  As a general rule, most of these systems display strong

anion binding affinities.  Thus, the utility of pyrrole for anion recognition is well

established.  Less attention, however, has been directed towards incorporating neutral

heterocycles containing more than a single heteroatom, such as imidazoles, biimidazoles,

and pyrazoles, into anion receptors.   This dissertation does not touch on the use of simple

imidazole-based systems.  Nor, is there an extensive literature on the subject.  However,

recently, imidazolium-based anion receptors have been reported (cf. Section1.3.3).
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 Figure 3.1 Diamido-functionalized biimidazoles as reported by Allen et al.2

In the interest of exploring the utility of such heterocycles, an important proof of

concept was recently reported by Allen et al.,2  described a series of biimidazole-based

anion receptors that allowed anion binding to be detected via fluorescence emission.

Figure 3.1 depicts the actual derivatized biimidazoles involved (3.1a-f).  These systems

exhibited strong affinities for dihydrogen phosphate and chloride anions (titration
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experiments performed in methylene chloride using the tetrabutylammonium salts). 3,5-

Difluorophenyl biimidazole 3.1f exhibited the strongest binding affinities (KCl
_ = 1.4 x

105 M-1; KH2PO4
_ = 6.8 x 104 M-1), while the pyrrolidine-functionalized host, 3.1d, exhibited

the weakest anion binding affinities (KCl
_ = 4.0 x 103 M-1; KH2PO4

_ = 2.0 x 104 M-1).  In

work that represents a “control” for Allen’s system, Sessler et al.3 reported the synthesis

of the bis-terpyrrolylmethene 3.2.  This oligopyrrole showed weak affinity for chloride

(Ka = 11.6 M-1) and no apparent tendency to bind dihydrogen phosphate (as determined

by UV/Vis titration experiments performed in methylene chloride).  This comparison

serves to highlight the fact that smaller oligomers, if appropriately designed, can exhibit

comparable, if not stronger, anion binding interactions when compared with larger

molecules.

NH

NH
NH N

HN

HN

EtO2CCO2Et

3.2

One of the first examples of a pyrazole-incorporated “inverted” expanded

porphyrin is octaazatetrahydro[1.5.1.5]platyrin 3.3, which exists in four inseparable

isomeric conformations (Figure 3.2).4  Deprotection of the benzoyl groups on the

pyrazole nitrogen atoms was not possible, precluding potential molecular recognition

studies.  However, this early work served to illustrate the potential for incorporating

aromatic heterocycles into molecular receptor systems that go beyond the more

commonly studied pyrrole, thiophene, and furan subunits.
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Figure 3.2 Octaazatetrahydro[1.5.1.5]platyrin isomers 3.3 as reported by LeGoff and
Lind.4

In this chapter, the first examples of diamido-functionalized pyrazole receptors

for anion binding are reported.   The facile synthesis of these compounds is described in

Section 3.2 and their ability to act as anion receptors, tested by 1H NMR spectroscopic

and ITC titration techniques, are described in Section 3.3.  As part of this work, nuclear

Overhauser (NOESY) NMR spectroscopic studies of the N-methylated and free host

species have been carried out.  Such studies were designed to provide a rational basis for

interpreting the binding behavior of these new systems.

This project originated from initial endeavors designed to incorporate pyrazoles

into expanded porphyrins.  The attempted synthesis of a pyrazole-containing macrocycle

is thus briefly described prior to the main body of the diamido-pyrazole discussion.
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3.2 RESEARCH GOAL

The first aim of this project was to incorporate pyrazole motifs into macrocycles.

The primary target pursued was the doubly-N-confused hexaphyrin analog 3.4.  We

proposed to synthesize this target via the condensation of the bis-α-free bipyrrole 3.5

with pyrazole dialdehyde5,6 3 . 6 as shown in Figure 3.3.  The hypothesized fully

conjugated species would contain a 24 π-electron perimeter and contain two amine

nitrogen atoms and six imine nitrogen atoms.  It might thus display interesting anion

binding and/or metalation properties.
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Figure 3.3 Proposed condensation of bipyrrole 3.6 with pyrazole-dialdehyde 3.5 to
yield the doubly-N-confused hexaphyrin analog 3.4.

The second aim of this project was to synthesize a series of diamido-

functionalized pyrazoles and then test how strongly they interact with anions.  To the best

of our knowledge at the outset of this work, pyrazoles had yet to be studied as the active

construct of a molecular recognition host.  Furthermore, the results of this work might, it

was thought, shed interesting light on whether synthetically challenging and structurally



108

complex receptors are more effective at binding anions than simpler, synthetically more

accessible molecular hosts.

The two different synthetic methodologies proposed for the target compounds are

depicted in Scheme 3.1.  Reaction Scheme 3.1A involves a one step transformation

leading to product formation through aminolysis via sodium cyanide catalysis.  Although

target 3.7a has been previously reported in the literature as a component in an inorganic

complex,7 the synthetic details are unavailable.  Scheme 3.1B depicts a synthesis, in

which the product is formed in two tandem reactions.  Here, it was proposed that the di-

acid chloride would be formed according to literature methods8 and then react in situ with

various amines to yield the target compounds.
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Scheme 3.1 Proposed synthetic approaches to various for target compounds.
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3.3  ATTEMPTED SYNTHESIS OF PYRAZOLE FUNCTIONALIZED EXPANDED
PORPHYRINS

Efforts directed towards the first matter of interest, namely the synthesis of a

doubly-N-confused system, such as 3.4, began with the preparation of the pyrazole

dialdehyde 3.6.  There are two different strategies5,6 reported in the literature that are

reported to give this pyrazole.  However, both approaches proceed via the same

dihydroxymethylpyrazole 3.12 (Scheme 3.2).  This compound was attained by reduction

of commercially available pyrazole diester 3.8 using diisobutyl aluminum hydride

(DIBAL).  Oxidation of dialcohol 3.12 to yield dialdehyde 3.6 was first attempted using

Swern oxidation conditions.  The resulting material was purified via column

chromatography, and through 1H NMR spectroscopy analysis, it was determined that this

product was dimethylsulfide N-protected pyrazole dialdehyde 3.16.  It is hypothesized

that, prior to oxidation of the alcohols to the corresponding aldehydes, alkylation took

place via the proposed methylmethylenesulfonium cation intermediate 3.13.

N NH

OO

OO N NH
OHHO

3.8 3.12

N NH
HH

OO

3.6

(i) (ii)

Scheme 3.2 Synthesis of pyrazole dialdehyde precursor 3.6.  Reagents: (i) a) DIBAL,
toluene, -78 °C; b) MeOH, CO2, 0 °C; (ii) Method 1: C2O2Cl2, DMSO,
TEA, CH2Cl2, -60 °C; Method 2: MnO2, 1,2-dimethoxyethane, reflux.

As depicted in Figure 3.4, the alkylation proceeded when base was present in the

solution to deprotonate a carbon alpha to the positively charged sulfur (E2 elimination),

rather than SN2 substitution by the alcohol.  The generated dimethylsulfide cation 3.13 (a

known intermediate in the Pummerer rearrangement9) was attacked by the pyrazole imine
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nitrogen acting as a nucleophile.  The amine hydrogen of the resulting cationic pyrazole

intermediate, compound 3.14, was then deprotonated by base present in the solution,

giving dimethylsulfide functionalized pyrazole 3.15.  The hydroxymethyl groups of 3.15

were then oxidized, resulting in dimethylsulfide-functionalized pyrazole 3.12.

Subsequent attempts at deprotecting 3.13 were performed using acidic conditions.

Unfortunately, only recovered protected pyrazole was detected.  Attempted condensation

of this pyrazole dialdehyde with bipyrrole proved unsuccessful.
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Figure 3.4 Schematic depiction of Pummerer intermediate (3.13) and its generation, as
well as proposed mechanism of pyrazole imine nitrogen alkylation, leading
to isolated product 3.15.

The second approach at effecting oxidation shown in Scheme 3.2 was also

pursued.  This particular reaction is highly dependent on both the quality of the Mn(IV)

reagent and the length of the reaction time at reflux.  If the reaction was run for fewer

than two hours, the product could be purified and separated from trace quantities of
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starting material and mono-oxidized product by column chromatography over neutral

alumina gel and elution with methylene chloride.  If, however, the reaction was heated

for more than three hours, complete decomposition of the compound was often observed.

The best results were attained by monitoring the reaction by thin layer chromatography

(TLC) every ten minutes under conditions of continued heating for 90-150 minutes.

Purification was effected by the aforementioned methods if the reaction did not go to

completion.

With both precursors in hand (the synthesis of bipyrrole 3.5 was described in

Section 2.3), test condensation reactions were carried out with a view towards attaining

target 3.4 (Scheme 3.3).  Unfortunately, no product was noted in any of the attempted

reactions summarized in Table 3.1.  Aluminum(III) chloride and trifluoroacetic acid

(TFA) led to decomposition of starting materials, while catalytic hydrobromic acid and

boron trifluoride diethyl etherate (BF3•OEt2) provided some “hint” of activation as

inferred from UV/Vis spectroscopy.  However, no isolable quantities of material could be

obtained.  It is speculated that even if some condensation between the bipyrrole and

pyrazole building blocks may have occurred (as judged by TLC analysis), the equilibrium

for the overall reaction lies almost completely to the side of the starting materials.
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Scheme 3.3 Attempted synthesis of macrocycle 3.4.

Acid Solvent Initial Temperature (ºC) Running Temperature (ºC)
UV/Vis λmax (nm)

of final reaction
mixture

BF3.OEt2 CH3OH/THF -10 Room temperature, reflux 361, 469, 1050

AlCl3 CHCl3 RT Room temperature, reflux None

TFA CH2Cl2 RT Reflux None

HBr CH3OH/CH2C2 Reflux Reflux 476,499,678,1052

Table 3.1 List of conditions attempted in an effort to obtain macrocycle target 3.4.

In light of these difficulties, the synthetic pyrazole building block design was

redirected towards a different electrophile strategy involving the acetate and tosylate

functionalized pyrazole derivatives 3.19a,b.  Toward that end, commercially available

pyrazole 3.8 was protected at the pyrazole amine nitrogen with 3,4-dihydro-2H-pyran

(DHP) in methylene chloride in the presence of catalytic TFA to obtain compound 3.17.

Subsequent reduction of the esters to the corresponding alcohols was carried out using

lithium aluminum hydride (LAH) (Scheme 3.4).6 The acetate leaving groups were added

by reacting dimethoxypyrazole 3.18 in acetonitrile with acetic anhydride in the presence

of catalytic dimethylaminopyridine (DMAP).  Standard approaches for tosylation were

pursued,10 but the reaction only proceeded when tosyl chloride in t-butyl methyl ether in

the presence of excess 1,4-diazabicyclo[2.2.2]octane (DABCO) was used.11
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3.19b

Scheme 3.4 Synthesis of tosylate and acetate THP-protected pyrazole building
blocks.  Reagents: (i) TFA, DHP, CH2Cl2; (ii) a) LAH, diethyl ether,
THF, H2O, b) CH3OH, CO2, reflux; (iii) TsCl, DABCO, t-butyl methyl
ether, 0 °C / 1h, 20 °C / 48h; (iv) acetic anhydride, DMAP, CH3CN.

The same approach towards cyclization that was attempted using the pyrazole

dialdehyde was tested using the acetate and tosylate functionalized pyrazoles 3.19a and

3.19b (Scheme 3.5).  Unfortunately, no reactivity other than decomposition of starting

materials was observed in the presence of catalytic quantities of TFA, aluminum(III)

chloride, and hydrobromic acid over a variety of concentration and temperature ranges.

BF3•OEt2 catalysis resulted in the formation of a purple solution for both the acetate and

tosylate pyrazole reaction mixtures. It is interesting to note that the red-shifted peak for

these spectra (the relevant λmax are listed in Table 3.2) corresponds to the same λmax noted

in Table 3.1 for the dialdehyde pyrazole (and a similar Rf value for a new spot on the

TLC plate).   But again, if these spectra are interpreted to imply either cyclization or
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some other type of consistent reaction taking place, one reaches the conclusion that the

reaction endpoint lies almost completely to the side of the starting materials.  Such an

interpretation provides a rationalization for the fact that little overall production

formation is observed.

N
H

N
H N

H
N

N
NN

N
N
H

N

+
N NTHP

ORRO

3.19a,b

Table 3.2

3.5

3.4

Scheme 3.5   Attempted condensations performed in an effort to obtain macrocycle 3.4.

Acid Solvent Initial Temperature (ºC) Running Temperature (ºC) UV/Vis λmax (nm) of
final reaction mixture

BF3.OEt2 CH3OH/THF Room Temperature Room Temperature, Reflux 360, 1047 (3.19a)

454, 1047 (3.19b)

AlCl3 CHCl3 Room Temperature Room Temperature, Reflux None

TFA CH2Cl2 Room Temperature Reflux None

HBr CH3OH/CH2C2 Reflux Reflux None

Table 3.2 List of conditions attempted in an effort to obtain macrocyclic target 3.4.

Although the completion of this cyclization proved unsuccessful, interest in these

heterocyclic systems remained.  We were thus eager to design and synthesize a new

series of open-chain pyrazole-based compounds.  What follows now is a description of
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efforts directed towards the design of smaller and structurally simpler pyrazole-

containing anion receptors.
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3.3  SYNTHESIS OF DIAMIDOPYRAZOLES

Two different methodologies were applied to the synthesis of targets 3.7a and

3.7b and 3.9a-c (Schemes 3.6 and 3.7, respectively).  First, commercially available

pyrazole 3.8a was alkylated according to a literature procedure.12 Pyrazoles 3.7a and 3.7b

were then formed upon the addition of a catalytic quantity of sodium cyanide to either

3.8a or 3.8b in the presence of butylamine in methanol.

3.8b

3.7a,b

N NR
N
H

N
H

OO

( i )

N NR
OO

OO

N NR
OO

OO

3.8a

( ii )

R = CH3R = H

3.8a,b

a R = H
b R = CH3

Scheme 3.6 Synthesis of diamidopyrazole targets 3.7a and 3.7b.  Reagents: (i) CH3I,
Na2CO3, acetone, reflux; (ii) NaCN, butylamine, CH3OH, reflux.

The synthesis of the remaining targets is depicted in Scheme 3.7.  Formation of

acid chloride 3.11 was carried out by first subjecting the pyrazole dicarboxylic acid 3.10

to thionyl chloride under refluxing conditions.8 This acid chloride was then reacted in situ

in methylene chloride with the amine (refer to R groups c-e in Scheme 3.7) and a

polymer-bound pyridine resin (to quench the hydrochloric acid formed in the reaction).

This gave the desired diamidopyrazoles 3.9a-c.  Initially, standard methods for amide

formation were pursued, in which the reaction was carried out in the presence of

triethylamine (TEA) and pyridine.  Unfortunately, purification proved challenging.  For
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instance, standard aqueous-organic extractions were precluded due to the solubility

limitations of the products.  Thus, the triethylammonium chloride formed in the reaction

proved difficult to remove.  Fortunately, it was determined that the presence of TEA was

not necessary for the reaction to proceed; the pyrazole ring imine nitrogen acted as a mild

base catalyst for formation of the product.  Additionally, distilled pyridine was replaced

by pyridine-bound resin because solubility issues precluded purification by aqueous

washings.  Fortunately, the resin could be removed easily by simple filtration through

celite.  The use of this polymer-bound resin proved to be a useful alternative to pyridine.

N-methylation of pyrazole 3.9b to 3.20 was carried out with methyl iodide and mild base.

N NH

O

ClCl

O

N NH

O

RR

O

a) R  =   NH(CH2)9CH3                                         b) R = HN c) R = N

3.9a-c3.11

( i ) ( ii )

N NH

O

OHHO

O

3.10

N NH

O

N
H

N
H

O

3.9b

( iii )
N N

O

N
H

N
H

O

3.20

Scheme 3.7 Synthesis of diamidopyrazole targets 3.9a-c and 3.20.  Reagents: (i)
SO2Cl2, heat; (ii) RH, CH2Cl2, 2,6–di–tert–butylpyridine, polymer-bound
200-400 mesh, cross-linked with 1% divinylbenzene; (iii) CH3I, Na2CO3,
acetone, reflux.
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3.4  CHARACTERIZATION

All of the aforementioned compounds were characterized by 1H and 13C NMR

spectroscopy, and high resolution mass spectrometry (HRMS).  Additionally, compounds

3.7a, 3.7b, 3.9b, and 3.9c were characterized by X-ray diffraction analysis, and

compounds 3.7a and 3.9b were characterized by combustion analysis.

Diffraction grade crystals of 3.7a were obtained by slow evaporation from

acetonitrile.  As depicted in Figure 3.5, the 3,5-pyrazole butyl chains orient in an alternate

conformation.  Molecular conformations one and two are both found in the unit lattice.

Figure 3.6, showing the crystal packing view, highlights the hydrogen bonding network.

The nitrogen-to-nitrogen distances are between 2.968 and 2.996 Å, and the nitrogen-

hydrogen-nitrogen bond angles are in the range of 152.49-159.39°.  Additionally, there is

a noteworthy carbon-hydrogen-oxygen hydrogen bonding interaction where the carbon-

to-oxygen distances are 3.275 Å, and the carbon-hydrogen-oxygen angles are 148.02°.
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Figure 3.5 Views of the single crystal X-ray structure of 3.7a.  The top Image shows a
view of molecule 1 of 3.7a, showing the atom labeling scheme.
Displacement ellipsoids are scaled to the 50% probability level.  The
hydrogen atoms have been drawn to an arbitrary size.  The bottom image
shows the view of molecule 2 of 3.7a showing the atom labeling scheme.
Displacement ellipsoids are scaled to the 50% probability level.
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Figure 3.6 Unit cell packing diagram for 3.7a.  The view is approximately down the b
axis. Molecules 2 are shown in wireframe form, while molecules 1 are
shown in ball-and-stick fashion.  Dashed lines are indicative of H-bonding
interactions.
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Two sets of diffraction grade crystals of pyrazole 3.7b were grown by slow

evaporation in methanol and by slow evaporation in methylene chloride, respectively.

Crystals grown from methanol (Figure 3.7), compound 3.7b is seen to exist as hydrogen-

bound dimers in the unit lattice with the 3,5-pyrazole chains oriented in alternate

conformations.  On the other hand, the crystals grown from methylene chloride (Figure

3.8), reveal that 3.7b exists as an extended hydrogen-bonding array.  The hydrogen-

bonding network for the crystals grown from methanol involves the carbonyl oxygen

(O15) and the amide hydrogen (on nitrogen N9). The nitrogen-to-oxygen distances range

between 2.886 and 2.889 Å, while the nitrogen-hydrogen-oxygen bond angles vary

between 163.85-166.59° (only).  The three hydrogen-bonding interactions for the crystals

grown from methylene chloride involve the carbonyl oxygen atoms (O8 and O15) and the

amidic hydrogen atoms (on nitrogen atoms N16 and N9, respectively).  The nitrogen-to-

oxygen distances range between 2.867 and 2.886 Å, while the nitrogen-hydrogen-oxygen

bond angles vary between 147.29-166.59° (only).  While not germane to the problem of

receptor design, the direct comparison of crystal packing from two different types of

hydrogen-bonding interactions is interesting.  The crystals grown from methanol pack in

highly ordered linear stacks of dimers.  The crystals grown from methylene chloride pack

in a more intricate fashion.
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Figure 3.7 The top image shows a view of heterocycle 3.7b grown from methanol and
includes the atom labeling scheme.  The bottom image shows a view
illustrating the H-bound dimer formed in 3.7b.  Displacement ellipsoids are
scaled to the 50% probability level. Dashed lines are indicative of a
presumed hydrogen-bonding interaction.
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Figure 3.8 A view of the dimer of 3.7b seen in the solid state for crystals grown from
methylene chloride.  This view illustrates a portion of the extended H-
bonding array found in 3.7b.  The molecules shown in ball-and-stick form
and wire-frame-form, respectively, are related by crystallographic inversion
centers.  The two pairs are joined by H-bonds in a continuous column along
c. Dashed lines are indicative of H-bonding interactions.  Displacement
ellipsoids are scaled to the 50% probability level.
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Figure 3.9 Unit cell packing diagram for 3.7b as seen in the solid state for crystals
grown from methanol.  The view is approximately down the a axis.
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Figure 3.10 Unit cell packing diagram for 3.7b as seen in the solid state for crystals
grown from methylene chloride.  The view is approximately down the b
axis.  The disordered methylene chloride molecules are shown where the
atom labeling scheme is: ⊗ = Cl;  = O;  = C; and  = N.
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Diffraction grade crystals of pyrazole 3.9b were obtained from slow evaporation

in methanol.  The two phenyl amide branches are oriented in alternate directions relative

to the central pyrazole (Figure 3.11).  In spite of this, or perhaps as a consequence,

compound 3.9b is found to be dimerized in the solid state as the result of hydrogen

bonding interactions involving the imine nitrogen of one pyrazole and the carbonyl

oxygen of another pyrazole.  Π–stacking of the benzene rings also likely contributes to

dimerization (Figure 3.12).  Packing within the unit cell produces linear stacks of these

dimers.

Figure 3.11 View of pyrazole 3.9b showing the atom labeling scheme.  Displacement
ellipsoids are scaled to the 50% probability level.
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Figure 3.12 The top view illustrates the H-bonding interactions between molecules of
3.9b. This hydrogen bonding array extends parallel to c.  Dashed lines are indicative of
hydrogen bonding interactions.  The bottom image depicts the unit cell packing diagram
for 3.9b.  The view is approximately down the c axis.
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Diffraction grade crystals of pyrazole 3.9c were obtained from slow evaporation

in acetonitrile.  The pyrrolidine substituents are oriented in alternate directions within the

molecule. The hydrogen bonding network involves the carbonyl oxygen (O2) and the

ring amine hydrogen (on nitrogen N2).  The nitrogen-to-oxygen distance is 2.745 Å, and

the nitrogen-hydrogen-oxygen bond angle is 153.484°.  Additionally, carbon-hydrogen-

oxygen hydrogen bonding interactions are present between the carbon atoms (C4 and C7)

and the oxygen (O1) (but not pictured) where the carbon-to-oxygen distances are between

3.240 and 3.429 Å, and the carbon-hydrogen-oxygen angles are in the range of

152.05–152.46°.

Figure 3.13View of the dimer formed from 3.9c in the solid state showing the
hydrogen-bonding interactions between two molecules of 3.9c.
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3.6 ANION BINDING STUDIES

With the targets readily available in substantial quantities, anion binding

experiments were explored to determine whether this group of molecules had an affinity

towards anions (in the form of their respective TBA salts).  Initially, we were interested

in determining which anions interacted with the pyrazole hosts, and whether anion size

and/or shape might affect the binding strength.  In spite of the trans-like structures seen

in the solid state (vide supra), it was speculated that if a strong receptor-anion interaction

were present in solution, the amide moieties would orient in a cis-fashion in order to

maximize intermolecular hydrogen bonding.  Of the anions tested with this pyrazole

series, the most effective anions were dihydrogen phosphate and hydrogen sulfate.

Additionally, pyrazole 3.7a displays a weak interaction with chloride.  Furthermore, in

order to determine stoichiometry, host-guest interactions were examined using methyl

orange as described further below.  No other anions resulted in notable interactions with

the pyrazole hosts.

The anion binding abilities of targets 3.7a,b and 3.9a-c were examined using 1H

NMR spectroscopy, UV/Vis spectroscopy, and ITC methods.  Although these molecules

do not absorb light in the ultraviolet and visible regions, UV/Vis spectroscopy studies

could be performed by observing the absorbance intensity changes of methyl orange upon

addition of the pyrazole.  As discussed in Section 3.4, these pyrazoles display poor

solubility in organic media, thus titration methods were limited to studies performed in

polar solvents, namely dimethyl sulfoxide (DMSO) and methanol.  Although these

molecules are soluble in methanol-d4, the amide hydrogen atoms were not observed on

the NMR time scale due to rapid exchange.

The anion recognition experiments carried out in DMSO were first performed by

standard 1H NMR spectroscopy methods.  Depicted in Figure 3.14 is a representative set
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of spectra that illustrate the changes in proton signals that were observed over the course

of a typical anion binding titration.  The peak highlighted on the left represents the amide

hydrogen peak; this atom shifts from its initial position at 7.786 ppm to 8.456 ppm upon

the addition of dihydrogen phosphate.  In Figure 3.15 the fit of this change in chemical

shift to a non-linear least squares curve fitting analysis corresponding to a 2:1 binding

profile is shown.  As indicated by the correlation coefficient and the error values, the data

fit the curve nicely.  On the other hand, as the host concentration was lowered, substantial

increases in the calculated Ka values were obtained, a finding that we interpret in terms of

possible host self-assembly.  A Beer’s law analysis was thus carried out in an effort to

ascertain whether a deviation from linearity was observable over the studied host

concentration ranges.  Unfortunately, as illustrated in Figure 3.16, the sensitivity limits of

NMR spectroscopy preclude a complete analysis.  Although pyrazoles 3.7a, 3.7b, 3.9a,

3.9b expressed affinities towards dihydrogen phosphate, and pyrazole 3.7a additionally

expressed an affinity towards chloride and hydrogen sulfate, these observed interactions

may have resulted from deaggregation effects.  Thus, these host-guest interactions could

not be quantified by NMR spectroscopy techniques.
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Figure 3.14 A set of 1H NMR spectra taken in DMSO-d6 of pyrazole 3.7a titrated with
TBAH2PO4.  The molar equivalents of the latter corresponding to each
addition are listed on the right side of this figure.  The shifts in the amide
hydrogen signal seen over the course of this titration are highlighted on the
left.
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Figure 3.15 Nonlinear least squares analysis of pyrazole 3.7a titrated with dihydrogen
phosphate.  The NH signal was monitored over the course of the titration.
The data were fit to a 2:1 binding profile.
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Figure 3.16 Changes in the chemical shift of the NH proton seen as receptor 3.7a is
subject to dilution (in DMSO-d6).  Deviation from linearity seen over the
course of the studied concentration range, a finding that is consistent with an
aggregation-deaggregation process.
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Despite the aforementioned quantitative sensitivity limits of 1H NMR

spectroscopy, considerable qualitative insight can be inferred from the spectra about the

orientations of the host and the putative host-guest complex in solution.  In the ensuing

discussions, pre-guest and guest orientations of the pyrazole receptors are proposed.

Because of the aforementioned observed host aggregation, the stoichiometry remains

unclear.  Hence, for simplification, the illustrations depict 1:1 host guest interactions, in

which the guest is portrayed as spherical anion ‘A-’.

The first surprising qualitative observation is that in DMSO-d6, the host solution

of decyl-functionalized pyrazole 3.9a gives rise to a spectrum that is consistent with an

asymmetric, or a time-averaged asymmetric, molecule.  More specifically, in the absence

of an anion, two amide signals in the host spectrum are present, and are separated by

0.310 ppm (Figure 3.17).  However, upon addition of a small amount of anion (0.5

equivalents) into this solution, the spectrum reveals only a single amide NH peak, as

would be expected for a symmetric, or a time-averaged symmetric, molecule.  For this

particular host, it is hypothesized that the carbon chains are oriented in a trans fashion

prior to the addition of an anion, but upon addition of guest, the host rearranges such that

one arm rotates around in order to maximize hydrogen bonding via the host amide

hydrogen atoms as represented in Scheme 3.8.  Less clear from the spectra themselves is

whether the amide hydrogen atoms are oriented cis (orientation A) or trans (orientation

B) relative to the nitrogen atoms of the heterocycle.  It is proposed that orientation A is

favored.  Orientation B likely involves unfavorable steric interactions resulting from the

close proximity of the three hydrogen atoms.
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Scheme 3.8 Proposed orientations that are expected to be favored in the absence and
presence of an anionic guest for the decyl pyrazole 3.9a in DMSO-d6.
Two limiting orientations, labeled A and B, are expected to be possible
after anion binding.  As detailed in the text, orientation A is likely to be
favored.

Figure 3.17 The aromatic region of the 1H NMR spectra, taken in d6-DMSO, of pyrazole
3.9c in the presence (top spectrum) and absence (bottom spectrum) of
dihydrogen phosphate.
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Two-dimensional nuclear Overhauser effect (NOESY) NMR spectroscopy studies

were carried out for pyrazole 3.7a in order to elucidate the nature of the host-guest

interactions.  These experiments were performed on both the host solution and the host-

guest solution in an effort to ascertain if and how the conformation of pyrazole receptor

3.7a changes upon anion binding.  The basis of the NOE experiment is that any atom,

either through bond or space interactions, within ca. 5 Å distance from an irradiated

proton will display an interaction, a cross-peak in the two dimensional spectrum.  This

type of experiment will allow for the determination of the neighboring atoms of a certain

proton within a molecule or supramolecular structure.  This through-space

communication between the hydrogen atoms may determine whether the “arms” of the

pyrazole molecule undergo rearrangement upon the addition of a guest. Both in the

absence and presence of the guest (Figure 3.18), the 2D spectra depict through-space

interactions between the amide hydrogen and the hydrogen atoms of C2 and C3 (cf.

numbering scheme in Figure 3.17).  They also reveal analogous interactions with the

hydrogen atom of C1.  If one amide hydrogen participates in the binding event, while the

second hydrogen does not, then theoretically two amide hydrogen signals should be

observed in the spectrum.  Because the noted symmetry, or time-averaged symmetry, of

the host system has not changed, it is inferred that both arms of the pyrazole host are

oriented cis relative to each other (Scheme 3.9).  Again, as above, it is less clear whether

the amide hydrogen atoms are oriented in a cis (orientation A) or trans (orientation B)

fashion relative to the nitrogen atoms of the heterocycle. As with the speculated steric

interactions described with the decyl-functionalized pyrazole 3.9a, it is proposed that

orientation A provides a better model for the dominant species present in solution for

3.7a.
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Figure 3.18 Two-dimensional NOE NMR spectra, taken in d6-DMSO, of pyrazole 3.7a
both in the absence (left spectrum) and presence (right spectrum) of
dihydrogen phosphate (studied as its TBA salt).
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Scheme 3.9 Proposed orientations that are expected to be favored in the absence and
presence of an anion for the butyl pyrazole 3.7a in d6-DMSO.  Two
limiting orientations, labeled A and B, are expected to be possible after
anion binding.  As detailed in the text, orientation A is likely to be
favored.

NOESY NMR spectroscopy experiments were also carried out in the case of the

alkylated pyrazole host 3.7b in an attempt to elucidate further the host-guest binding

activities.  In Figure 3.19, two spectra are shown that depict the aromatic region of the

spectrum for host 3.7b.  Here, the left image is the spectrum seen in the absence of anion,

while the right image depicts what is seen in the presence of anion.  All three signals shift

downfield in the presence of this anion.  The carbon hydrogen shifts from 7.209 ppm to
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7.290 ppm (Δδ = 0.081 ppm); one amide hydrogen signal shifts from 8.136 ppm to 8.272

ppm (Δδ = 0.136 ppm); while the second amide hydrogen signal shifts from 8.513 ppm to

8.676 ppm (Δδ = 0.163 ppm).  An important conclusion to be drawn from this figure is

that the more downfield amide proton (with a signal at 8.513 ppm in the host solution) is

more affected when the carbon hydrogen is irradiated with energy than is the more

upfield amide proton (with a signal at 8.272 ppm in the host solution). This noted

difference in signal shifting is interpreted as follows: the hydrogen with the more

downfield signal (resonating at 8.513 ppm in the host solution) is oriented closer to the

carbon hydrogen (in space) than the other hydrogen.  Hence, 3.7b adapts a trans

conformation upon addition of the guest into the solution.  Therefore, it is proposed that

orientation B provides a better model for the dominant species present in solution.

Support for this notion comes from the fact that the spectral features compare to the cis

conformation (where the conformation of the amide moieties are cis); this, in turn, lends

credence to the conclusion that conformation A is dominant for 3.9a.  Specifically,

pyrazole 3.7b has the opportunity to adopt the cis conformation (conformation B in

Scheme 3.8) on the C-H face, but instead remains in the form of the trans conformer.

This experiment also demonstrates that if the conformation is trans, the guest is able to

interact with both a hydrogen-bonding donor and an acceptor, providing a possible

rational for why the interaction is significantly stronger with anions containing at least

one hydrogen bonding donor, specifically dihydrogen phosphate and hydrogen sulfate.
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Figure 3.19 Two-dimensional NOE NMR spectra, recorded in d6-DMSO, of pyrazole
3.7b both in the absence (left spectrum) and presence (right spectrum) of
dihydrogen phosphate.  In both images, it is the hydrogen of the pyrazole
carbon that is being irradiated.
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Scheme 3.10 Proposed orientations that are expected to be favored in the absence and
presence of an anion for the methyl-N-protected butyl pyrazole 3.7b in
d6-DMSO.  Two limiting orientations, labeled A and B, are expected to
be possible after anion binding.  As detailed in the text, orientation B is
considered favored.
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Figure 3.20 depicts a set of full spectra for 3.7b observed in the presence of

dihydrogen phosphate when the amide hydrogen atoms are irradiated.  The top spectrum

shows the effects of irradiating the more-distant amide hydrogen (8.272 ppm), while the

bottom spectrum illustrates the effects of irradiating the amide hydrogen (8.676 ppm) that

is considered closer to the carbon hydrogen.  In both spectra, there is a broad peak at 4

ppm, which was not present prior to the addition of the guest.  This signal most likely

depicts the average exchange process between water and the hydrogen atoms of TBA

dihydrogen phosphate.  As seen in the lower trace, this presumed water-dihydrogen

posphate exchange signal is affected by irradiation at the hydrogen frequency, while such

an effect is not seen in the top image.  The difference between these spectra leads to the

inference that the two amide hydrogen atoms are interacting differently with the

adventitious water.  In light of such a hypothesis, and taking the previous spatial

orientation proposals into account, it is suggested that one amide hydrogen atom,

resonating at 8.676 ppm, participates in guest recognition (with possible water solvation),

while the other amide hydrogen does not.   This proposal is illustrated in Scheme 3.10,

where the arms of host 3.7b are oriented trans relative to each other, both in the absence

and presence of an added anion (cf. Orientations A and B).
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Figure 3.20 NOESY NMR spectra, recorded in DMSO-d6, of pyrazole 3.7b in the
presence of dihydrogen phosphate.  In the top image, the amide hydrogen
resonating at 8.272 ppm is irradiated, while in the bottom image, it is the
signal at 8.676 ppm that is being irradiated.
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Quantitative studies of the host-guest binding activities were attempted using

isothermal titration calorimetry (ITC) titration methods.  ITC methods are advantageous

in that they permit the use of lower sample concentrations which translates into a greater

dynamic range and, generally, higher accuracy than 1H NMR methods.  Only pyrazole

3.7a was detected to interact with anions, and only with dihydrogen phosphate and

hydrogen sulfate among the species studied.  The calculated binding constant is

noticeably larger when determined using ITC titration methods than via NMR titrations.

It is believed that this difference is largely due to the reduced competition between self-

assembly and anion recognition at the lower concentrations used for the ITC

measurements.

The titration of 3.7a with dihydrogen phosphate is shown in Figure 3.21.  This

shows a typical data set in the top part of the image, and its corresponding non-linear

least squares fit to a 1:1 binding profile is shown in the bottom part.  Each peak in the top

image represents the measured change in heat released upon addition of anion.  This

relative change in heat is then plotted against the molar ratio of guest to obtain the

individual datum points appearing in the lower trace.
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Figure 3.21 Titration of host 3.7a with dihydrogen phosphate in DMSO as followed by
ITC (top trace).  The bottom image shows the relative heat produced upon
addition (solid points) plotted against molar ratio.  The fit is to a 1:1 binding
isotherm.

Standard UV/Vis spectroscopy titration techniques were next pursued to

determine the pyrazole:guest stoichiometry.  As discussed above, 1H NMR spectroscopic
titration techniques could not be used to define accurately the host-guest activities due to

host self-aggregation.  Another important consideration is that although ITC is an
excellent means of measuring the strength of the interactions between a host and a guest,

it alone, unfortunately, cannot be used to determine stoichiometry without making
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inherent assumptions.13 UV/Vis spectroscopy is similar to ITC in that it involves lower

sample concentrations, and is further advantageous in that it can be used to perform Job
plot or mole ratio plot analyses to determine host:guest stoichiometric ratios.  The one

limiting factor with this latter method is that it requires the compound of interest to
absorb light in the ultraviolet or visible regions of the spectrum.  The pyrazoles herein

presented do not absorb light in these regions.  After some consideration, it was

determined that, instead of observing the absorption changes of the host upon addition of
the guest, the process may be reversed.  The binding strengths and stoichiometries may

also be measured by observing absorption changes of the guest upon addition of the host.
Such an experiment requires that the guest interact with the pyrazoles of interest.  Taking

into account the NMR and ITC experiments, it was determined that the ‘guest’ compound

should ideally have either a sulfate or phosphate moiety (in the form of a sodium or
potassium salt).  Furthermore, dyes with functional groups such as amine or hydroxy

moieties should be avoided to preclude adverse pyrazole-dye interactions.  After

reviewing the Aldrich Companion for Indicators and Dyes,14 methyl orange was selected
as the best candidate.  The results of titrating the pyrazole ‘guests’ of interest into a

methyl orange ‘host’ solution are described in detail below.
Positive control experiments were performed with the ‘guest’

octafluorocalixpyrrole, a compound known for its anion binding abilities. 15  Binding

events were noted, supporting the validity of this technique.  As an aside, this approach is
somewhat analogous to the indicator displacement assays (IDAs) reported by Anslyn and

others (for further interest, the reader is referred to a review of different types of
chemosensors). 16  The interaction of octafluorocalixpyrrole with methyl orange was

qualitatively measured by 1H NMR spectroscopic titration methods to ensure the amine

hydrogen was participating in the binding event (the NH signal broadened and
disappeared, precluding a quantitative measurement).  The following UV/Vis titrations

were performed in DMSO.  In order to determine whether these observed host-guest
binding affinities were predominantly due to hydrogen bonding interactions or π-stacking

interactions, additional titrations were performed with 5%, 10%, and 20% water in
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DMSO.  As the water percentage was increased, the binding constant markedly decreased

(at 20% water, there was no observed change in the absorbance of methyl orange).  These
results support the proposal that the host-guest binding event interaction is largely a result

of hydrogen bonding.
Depicted in Figure 3.22 is a representative set of spectra that illustrate the changes

in absorption intensities of methyl orange that were observed upon the addition of

pyrazole 3.7a over the course of a titration experiment.  The absorption intensity of
methyl orange decreases upon the addition of 3.7a throughout the study.  The maximum

absorption for methyl orange occurs at λmax= 428 nm.  Two isosbestic points are observed

at λ = 380 nm and λ = 510 nm.  Figure 3.23 depicts the corresponding fit of the changes

in absorption intensities to a non-linear least squares curve fitting analysis for a 1:1

binding profile.  The titration curve gives an association constant of Ka = 48651 +/- 3884
M-1.  The data fits the curve nicely and has a reasonable error value.  The titration study

was repeated over several different concentration ranges, all giving similar binding
constant values and errors.  Additionally, a Beer’s law analysis of methyl orange in

DMSO was carried out and showed no deviation from linearity over the studied

concentration ranges.
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Figure 3.22 UV/Vis absorption spectra of 21.0 µM methyl orange titrated with 3.7a in
DMSO.
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Figure 3.23 UV/Vis absorption binding curve of 21 µM methyl orange titrated with 3.7a
in DMSO.

The stoichiometric ratio of host:guest was determined by Job plot analysis (Figure

3.24).  The Job plot analysis shows the change in absorbance, factoring in the

concentration of methyl orange, plotted against the molar equivalence of pyrazole 3.9a.

The maximum does not occur exactly at 0.5 equivalents of pyrazole, but the maximum

occurs at a position (0.54 eqv.) that is more fully consistent with a 1:1 interaction than a

1:2 interaction.  This Job’s analysis was performed at several different concentrations and

gave concordant results.
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Figure 3.24 Job plot analysis of 60 µM methyl orange titrated with 3.7a measured by
UV/Vis in DMSO.  The graph indicates a 1:1 ratio of 3.7a/methyl orange.

ANION H2PO4
-

(method)

HSO4
-

(method)

Methyl Orange

(method)

N NH
O

HN

O

NH

3.7a

N.A. (UV)

5.76*105    (ITC)

N.A. (UV)

2.94*105  (ITC)

4.87*104    (UV)

N.D. (ITC)

Table 3.3 Summary of binding titration experiments for pyrazole 3.7a.  Here, UV
indicates UV/Vis titration, while ITC indicates ITC titration.  N.D. indicates
no binding detected, while N.A. indicates that a reliable Ka value could not
be determined.  The numbers in this table are association constants, for
which the units are M-1 for both UV/Vis and ITC.  All experiments were
performed in DMSO.  UV/Vis experiments were performed at room
temperature, while ITC experiments were performed at 30 °C.
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Table 3.3 summarizes the Ka values inferred from both UV/Vis and ITC titration

methods for pyrazole host 3.7a.  There are several noteworthy features of this table.

First, quantifiable anion recognition is only observed with pyrazole 3.7a.  Second, this

table underscores how well this particular host interacts with H2PO4
- and HSO4

-.  It is

speculated that these two tetrahedral anions are sufficiently large to associate with both

the amide hydrogen atoms and the pyrazole nitrogen atoms of the receptor, while smaller

anions, such as chloride, are not able to avail themselves of these potentially cooperative

interactions.  Futhermore, these former anions entail both hydrogen-bonding donor and

acceptor sites, which can interact in a cooperative fashion with the hydrogen-bonding

donor and acceptor sites of the receptor.  The pyrazole hosts displayed no affinity

towards various other anions tested (e.g. benzoate, perchlorate, cyanide, bromide); these

species are thus not included in the table.

Scheme 3.11 depicts the hypothesized host-guest binding modes for pyrazole

receptors 3.7a and 3.7b interacting with dihydrogen phosphate as the model anion.

While the interactions of pyrazoles 3.7b and 3.9a,b with TBA dihydrogenphosphate

could not be quantified, the qualitative 1H NMR spectroscopy studies indicate some

interaction does take place, hence the binding motif is herein considered.  These binding

modes are depicted with the possible optimized hydrogen-bonding donor acceptor

interactions between the host and the guest.  Interaction A illustrates how the host

molecule can hydrogen bond with the guest via three H-donating NHs and the H-

accepting imine nitrogen.  Interaction B shows a 1:1 binding interaction for the N-

methylated receptor 3.7b.  In this case, the pyrazole interacts with the guest via one H-

donating NH and one H-accepting oxygen atom.  Interaction C shows an alternative 1:1

binding interaction for the N-methylated receptor 3.7b.  Here, the pyrazole interacts with

the guest via one H-donating NH and one H-accepting nitrogen atom.  Despite the lack of
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a crystal structure, which would further elucidate the binding interactions, at least in the

solid state, the binding constant values determined for receptor 3.7a substantiate the

notion that small molecule receptors can exhibit strong anion binding interactions.  As

noted in the introduction to this dissertation, providing support for this hypothesis was

one of the author’s stated research goals.
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Scheme 3.11 Hypothesized host-guest binding modes for pyrazole host 3.7b and hosts
3.7a and 3.9a-c using receptor 3.7a for the sake of illustration.  The
proposed interactions are illustrated using dihydrogen phosphate as the
model anion.
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3.7  CONCLUSIONS AND FUTURE DIRECTION

Two different approaches towards incorporating pyrazoles into molecular

recognition hosts were pursued.  The first strategy entailed the design of pyrazole-based

expanded porphyrins, specifically doubly-N-confused hexaphyrin 3.4.  Although the

condensations attempted with pyrazole dialdehyde 3.6 and pyrazoles tosylates and

acetates 3.19a and 3.19b proved unsuccessful, an alternative synthetic approach can be

conceived that may facilitate condensation.

 Schiff-base chemistry provides a means of incorporating pyrazoles into larger

frameworks.  As opposed to the aforementioned pyrazole dialdehyde electrophile 3.6,

here the pyrazole precursor will instead act as the nucleophile.  By changing the activity

of the pyrazole species in this way, it is proposed that it may prove possible to force the

condensation equilibrium towards the product side. The bridges connecting the

heterocycles would then entail nitrogen-bridging atoms.  A specific example is the

texaphyrin analog 3.21 depicted in Scheme 3.12.  In this case, the synthesis of

dimethylaminopyrazole 3.24 has been performed as described in the literature, 17 while

tripyrrane dialdehyde 3.25 is known.18  Unfortunately, the diamine 3.24 is unstable and

was attained in very low yields.  Thus, optimization of the deprotection reaction of

compound 3.23, as well as tandem condensation reactions, are required.  Initial attempts

at condensation have been made and the reaction appears promising with initial

characterizations by 1H NMR and UV/Vis spectroscopy, as well as positive mode ESI

mass spectrometry.  This particular Schiff-base macrocycle may prove quite interesting

as a ligand since it contains two additional nitrogen atoms as compared to texaphyrin.
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Scheme 3.12 Synthetic strategy towards texaphyrin analog 3.21.  Reagents (i) SOCl2,
reflux; (ii) potassium phthalimide, DMF, reflux; (iii) a) hydrazine
hydrate, CH3CH2OH, reflux b) HCl, reflux.

Although it was concluded that the electron-poor nature of the pyrazole ring

precluded successful cyclization reactions with bis-α-free bipyrrole 3.5 via precursors 3.6

and 3.19a and 3.19b, a second means of incorporating pyrazoles into molecular

recognition hosts was approached, namely the design of small-molecule receptors.  A

series of diamido-functionalized pyrazole molecules were synthesized and their anion

binding affinities were measured.  A new methodology was established for amide

formation using pyridine-bound resin, resulting in simplified work-up and purification

procedures.  It was determined that the n-butyl derivative 3.7a exhibited strong selectivity

towards anions dihydrogen phosphate and hydrogen sulfate.  Additionally, an N-

methylated receptor was synthesized to compare binding affinity and help determine

possible host-guest orientations.  Overall this series of molecules displays poor solubility
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in organic media, but does prove that small molecules can express very strong binding

toward anions.  Samples of pyrazole dervivative 3.7a have been sent to the Oakridge

National Laboratory for testing as a possible sulfate-extracting agent.

N NH

O

OH

O

HO
N NH

H
N

H
N

O

NHR

O

RHN

3.273.10

N NH

NCOOCN

3.26

( i ) ( ii )

Scheme 3.13 Proposed synthesis of receptor 3.27.  Reagents: (i) TEA, DPPA, toluene,
reflux; (ii) RH2, reflux.

Making use of the methods developed to prepare the open chain pyrazole-based

hosts described in this chapter, one can envision extensions to a number of other small

molecule receptors.  In the context of this general approach, the design of receptor 3.27

depicted in Scheme 3.13 is appealing.  Here, an attractive feature is that the target varies

depending upon the choice of reaction partner.  This could be achieved by first

converting the dicarboxylic acid 3.10 into the intermediate isocyanate 3.26 using

diphenylphosphoryl azide (DPPA).  In the presence of amine, the isocyanate can then

convert to the urea pyrazole target 3.27 as reported in the literature. 19

These suggested future directions only touch a small number of possibilities.

Although attaining these proposed targets will require new chemistry, such as increasing

the solubility of the small molecule receptors proposed for study (perhaps by using

substituents such as polyethyleneglycol chains), there is much that can be done and it will

be exciting to watch as the synthetic story unfolds over the years.
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Chapter 4:  Experimental

GENERAL INFORMATION

Proton and 13C NMR spectra were recorded on a Varian Unity 400 MHz or 500

MHz spectrometer.  Low resolution CI mass spectra were recorded on a Finningan MAT

TSQ 70 mass spectrometer.  High resolution FAB mass spectra were recorded on a

Micromass AutoSpec-Ultima mass spectrometer.  High resolution CI mass spectra were

obtained on a VG ZAB2-E mass spectrometer.  UV/VIS spectra were recorded on a

Beckman 640B spectrophotometer.  HPLC spectra were collected on a Beckman Sytem

Gold spectrophotomer.  Fluorescence emission spectra were recorded on a Photon

Technology International Fluorimeter (LPS-220B, MD-5020, PMI-814).

Microcalorimetric titration studies were performed using an Isothermal Titration

Calorimeter (ITC) purchased from Microcal Inc., MA.  Melting points were measured on

a Mel-Temp II apparatus and are not corrected.  Elemental analysis was performed by

Atlantic Microlabs, Inc., GA.

Chemical shifts are reported in parts per million (ppm, δ) and are referenced to

the residual solvent.  Coupling constants are reported in Hertz (Hz).  Spectral splitting

patterns are appropriately assigned s: singlet, d: doublet, t: triplet, q: quartet, m: multiplet

(chemically equivalent H’s), comp: complex multiplet (chemically nonequivalent H’s),

br: broad, dd: doublet of doublets, dt: doublet of triplets, meso: proton of a bridging

carbon atom in a macrocycle.
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METHODS

All reagents and solvents were purchased from Aldrich, Fischer Scientific, or

Fluka and used without further purification with the following exceptions.

Dichloromethane was dried by distillation under argon over calcium hydride.  Pentane

was dried by distillation under argon over calcium hydride. Methanol was dried by

passage through two columns of molecular sieves.  Dimethyl formamide (DMF) was

dried by passage through two columns of molecular sieves.  Tetrahydrofuran (THF) was

dried by passage through two columns of activated alumina. Toluene was dried by

passage through two columns of activated alumina.  Acetonitrile was dried by passage

through two columns of molecular sieves.  Triethylamine (TEA) was dried by distillation

under argon over calcium hydride.  Tert-butylmethyl ether was dried by passage through

an alumina column.  For UV/Vis and fluorescence titrations, HPLC grade (0.002% water)

acetonitrile was purchased and used as received.  For ITC titrations, certified ACS grade

DMSO (0.03% water) was purchased and used as received.  N-bromosuccinimide was

recrystallized from boiling water.  N-iodosuccinimide was recrystallized from a

dioxane/carbon tetrachloride mixture.  Thionyl chloride was purified by distillation from

10% (w/w) triphenyl-phosphite.  1,4-Diazabicyclo[2.2.2]octane (DABCO) was dried

overnight on the vacuum line over calcium chloride.  For column chromatography, silica

gel (Scientific Adsorbents Inc.; particle size 32-63 µm) as the immobile phase was used

unless otherwise specified.
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General procedure for octapyridazole (2.5) condensation reactions

Biimidazole dialdehyde 2.6  (0.184 mmol) was dissolved in 200 mL of dry 2:1

methanol:THF containing 1 mL TFA.  Bipyrrole 2.7 (0.184 mmol) was separately

dissolved in 40 mL of the same solvent ratio and placed in an addition funnel.  The

bipyrrole solution was added drop-wise to the biimidazole solution over 30 minutes, and

after several hours of stirring at room temperature, an additional 1 mL TFA was added to

the reaction.  Stirring was continued overnight with the reaction left open to the

atmosphere.  After 12 hrs, the deep blue-black solution was concentrated in vacuo to give

a deep purple oil, which is taken to dryness on the vacuum line to remove any residual

trifluoroacetic acid.  Column chromatography is performed twice over silica gel eluting

initially with methylene chloride and the polarity of the eluent was slowly increased to

3% methanol in methylene chloride.  The desired fractions were combined and

concentrated in vacuo to give a lustrous blue-black solid.  The material was then

redissolved in methylene chloride, washed with 5% aqueous sodium bicarbonate, dried

over sodium sulfate, filtered, concentrated in vacuo to a blue-black solid, and dried under

vacuum.  The solid is triturated with distilled pentane to remove any remaining grease.

The desired octapyridazole is attained as a blue-black lustrous solid.
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2,7,20,25-Tetra-p-butylphenyl-11,12,15,16,29,30,33,34-octaethyl–[32]-

octapyridazole- (1.0.1.0.1.0.1.0) 2.5a. 69% yield. 1H NMR (500 MHz, CD2Cl2, δ )

0.95–1.09 (comp, 24H, CH2CH3, CH2CH2CH2CH3), 1.13–1.21 (comp, 8H, CH2CH3),

1.39-1.49 (comp, 8H, CH2CH2CH2CH3), 1.61-1.75 (comp, 8H, CH2CH2CH2CH3), 2.34

(m, 8H, CH2CH3), 2.65-2.77 (comp, 12H, CH2CH3 & CH2CH2CH2CH3), 2.97 (m, 4H,

CH2CH2CH2CH3), 6.94 (s, 2H, meso-H), 7.080 (s, 2H, meso-H), 7.27 (d, J = 8.0 Hz, 4H),

7.38 (d, J = 8.5 Hz, 4H), 7.53 (d, J = 8.0 Hz, 4H), 7.82 (d, J = 8.0 Hz, 4H), 9.98 (s, 2H,

NH), 11.70 (br, NH). 13C NMR (500 MHz, CD2Cl2, δ) 12.95, 13.095, 13.18, 15.12, 16.33,

17.11, 17.21, 18.19, 21.44, 21.59, 32.26, 32.43, 34.59, 34.64, 117.92, 123.68, 126.87,

127.59, 128.09, 128.45, 134.20, 134.86, 136.08, 137.16, 139.27, 141.34, 144.15, 144.29,

148.18, 150.13, 158.59.  UV-Vis (CH3CN): λmax [nm] (ε mol-1) 296 (85 800), 534 (41

100), 631 (94 300).
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2,7,20,25-Tetra-p-butylphenyl-11,16,29,34-tetraethyl-12,15,30,33-tetramethyl–[32]-

octapyridazole-(1.0.1.0.1.0.1.0) 2.5b. 54% yield. 1H NMR (500 MHz, CD2Cl2, δ) 0.93-

1.04 (comp, 18H, CH2CH3, CH2CH2CH2CH3), 1.16-1.21 (m, 6H, CH2CH3), 1.36-1.47 (m,

8H, CH2CH2CH2CH3), 1.59-1.69 (comp, 8H, CH2CH2CH2CH3), 2.00 (s, 6H, CH3), 2.39-

2.47 (comp, 14H, CH3 & CH2CH2CH2CH3), 2.61-2.72 (comp, 8H, CH2CH2CH2CH3), 6.87

(br, 2H, meso-H), 6.95 (s, 1H, meso-H), 7.04 (br, 1H, meso-H), 7.19 (m, 2H), 7.25 (m,

2H), 7.46 (br, 4H), 7.49 (m, 2H), 7.59 (br, 2H), 7.72 (br, 4H), 9.87 (br, 2H). 13C NMR

(500 MHz, CD2Cl2, δ) 10.95, 11.67, 14.11, 14.38, 15.64, 18.16, 18.69, 22.81, 33.98,

35.84, 119.71, 121.37, 126.50, 128.68, 129.10, 129.14, 129.42, 137.88, 143.97, 144.85,

147.48, 159.16.  UV-Vis (CH3CN): λmax [nm] (ε mol-1) 299 (139 000), 536 (68 500), 633

(142 000).
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2,7,20,25-Tetra-p-methylphenyl-11,12,15,16,29,30,33,34-octaethyl–[32]-

octapyridazole-(1.0.1.0.1.0.1.0) 2.5c. 62% yield. 1H NMR (400 MHz,CD2Cl2, δ) 0.90-

1.25 (comp, 24H, CH2CH3), 2.36-2.99 (comp, 28H, CH3, CH2CH3), 6.89 (s, 1H, meso-H),

6.99 (s, 2H, meso-H), 7.06 (s, 1H, meso-H), 7.22-7.31 (comp, 4H), 7.39 (d, J = 7.6 Hz,

2H), 7.54 (m, 4H), 7.72 (d, J = 8.4 Hz, 2H), 7.84 (d, J = 7.6 Hz, 4H), 10.02 (s, 2H). 13C

NMR (500 MHz, CD2Cl2, δ ) 14.81, 15.22, 15.30, 16.86, 18.17, 18.61, 19.18, 19.54,

21.50, 127.81, 128.92, 129.73, 135.12, 138.73, 147.10, 148.25.  UV-Vis (CH3CN): λmax

[nm] (ε  mol-1) 299 (78 400), 540 (40 900), 634 (92 400).  HR-MS (FAB+) m/z (M + H+)

calcd. for C76H77N12: 1157.6394, found: 1157.6383.

N
H
N

NN
H

NN

NHNN N

N NH

2,7,20,25-Tetra-p-methylphenyl-11,16,29,34-tetraethyl-12,15,30,33-tetramethyl–[32]-

octapyridazole-(1.0.1.0.1.0.1.0) 2.5d. 59% yield. 1H NMR (500 MHz, CD2Cl2, δ) 1.02 (t,

J = 7.5 Hz, 6H), 1.18 (m, 6H), 1.97 (s, 6H), 2.38-2.45 (comp, 6H, CH3, CH2CH3), 6.80 (s,

2H), 7.02 (s, 2H), 7.23 (m, 4H), 7.33 (br, 4H), 7.56 (m, 4H), 7.27 (br, 4H), 9.85 (br, 2H).
13C NMR (500 MHz, CD2Cl2, δ) 10.87, 11.55, 14.18, 15.63, 18.17, 18.66, 21.44, 119.89,

121.28, 123.17, 124.99, 126.40, 128.69, 129.44, 129.74, 131.69, 137.54, 138.09, 138.83,
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139.80, 147.35, 148.89, 150.94.  UV-Vis (CH3CN): λmax [nm] (ε mol-1) 296 (253 000),

531 (140 000), 633 (326 000).

N
H
N

NN
H

NN

NHNN N

N NH

OOO O

OOO O

2,7,20,25-Tetra-p-butylphenyl-11,16,29,34-tetramethyl-12,15,30,33-

tetracarboxylate–[32]-octapyridazole-(1.0.1.0.1.0.1.0) 2.5e. 26% yield. 1H NMR (400

MHz, CD2Cl2, δ) 0.98 (m, 12H, CH2CH2CH2CH3), 1.44 (m, 8H, CH2CH2CH2CH3), 1.67

(m, 8H, CH2CH2CH2CH3), 2.05 (s, 12H, CH3), 2.45 (t, J = 7.4 Hz, 4H, CH2CH2), 2.62-

2.77 (comp, 12H, CH2CH2), 3.02 (t, J = 7.6 Hz, CH2CH2CH2CH3), 3.21 (t, J = 7.2 Hz,

4H, CH2CH2CH2CH3), 3.30 (s, 6H, CO2CH3), 3.56 (s, 6H, CO2CH3), 7.00 (s, 2H, meso-

H), 7.13 (s, 2H, meso-H), 7.30 (d, J = 7.6 Hz, 4H), 7.41 (d, J = 8.0 Hz, 4H), 7.62 (d, J = 8

Hz, 4H), 7.82 (d, J = 8 Hz, 4H), 10.02 (s, 2H, NH).  UV-Vis (CH3CN): λmax [nm] (ε mol-

1) 275 (34 300), 609 (4790).

NN

N N

O

O

SEM

SEM
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1-((2-(Trimethylsilyl)ethoxy)methyl)-2-(1-((2-(trimethylsilyl)ethoxy)methyl)-5-
formyl-4-p-tolyl-1H-imidazol-2-yl)-4-p-tolyl-1H-imidazole-5-carbaldehyde  2.25b.

Compound 2.24 (1.68 mmol) and p-methylphenyl boronic acid (3.36 mmol) were de-

gassed for 20 minutes in 9.2 mL of 2M sodium carbonate and 4 mL of ethanol by purging

the solution with argon.  Palladium tetrakistriphenylphosphine (10% mol) was added and

the reaction was heated to reflux for 7 hrs using an oil bath.  The reaction flask was

removed from the oild bath, cooled, and the mixture was diluted with ethyl acetate, dried

with sodium sulfate, filtered, and concentrated in vacuo to give an oil.  Column

chromatography was performed using silica gel as the solid support eluting initially with

hexanes and slowly increasing the polarity to 20% ethyl acetate in hexanes.  Desired

fractions were combined, concentrated in vacuo, and dried to give an off-white solid in

89% yield.  1H NMR (400 MHz, CDCl3, δ) -0.13 (m, 9H), -0.08 (m, 9H), 2.02 (s, 3H),

2.42 (s, 3H), 3.58 (m, 4H), 4.10 (m, 4H), 6.31 (s, 2H), 6.37 (s, 2H), 7.30 (d, J = 8.0 Hz,

4H), 7.61 (d, J = 7.6 Hz, 4H), 9.88 (s, 1H), 9.96 (s, 1H).   13C NMR δ 14.17, 17.86, 21.35,

60.39, 66.41, 127.14, 127.55, 128.75, 128.95, 129.29, 120.49, 129.525, 139.71, 141.16,

154.49, 171.17, 181.00. HR-MS (CI+) m/z (M + H+) calcd. for C22H18N4O2: 371.1508,

found: 371.1521.

NN
H

N H
N

O

O

2-(5-Formyl-4-p-tolyl-1H-imidazol-2-yl)-4-p-tolyl-1H-imidazole-5-carbaldehyde
2.6c.
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Compound 2.24b (0.457 mmol) was dissolved in 10 mL ethanol.  10 mL of 10% HCl was

added and the reaction was heated to reflux for 1 hr using an oild bath.  The flask was

removed from the oil bath, cooled, and the solution was carefully neutralized with 10%

aq. sodium carbonate.  At this juncture,  a solid precipitated out of solution.  It was

filtered and washed with ice cold water, and dried under vacuum to give compound 2.6c

in the form of a white solid in 78% yield.  M.p. 160-180°C. 1H NMR (400 MHz, DMSO-

d6, δ) 2.37 (s, 6H), 7.33 (d, J = 7.6 Hz, 4H), 7.79 (d, J = 8.4 Hz, 4H), 9.88 (s, 2H). 13C

NMR (500 MHz, DMSO-d6, δ) 21.00, 125.30, 126.81, 128.73, 128.97, 129.30, 129.58,

129.72, 133.12, 139.25, 140.01, 182.60.  HR-MS (CI+) m/z  (M + H+) calcd. for

C22H18N4O2: 371.1508, found: 371.1521.

NN

N N

SEM

SEM

1-((2-(Trimethylsilyl)ethoxy)methyl)-2-(1-((2-(trimethylsilyl)ethoxy)methyl)-2-(4-p-

tolyl-1H-imidazol-2-yl)-4-p-tolyl-1H-imidazole  2.26.

Compound 2.22b (4.216 mmol) and p-(n-butyl)phenyl boronic acid (8.432 mmol) in a

solution of 23 mL sodium carbonate and 10 mL of ethanol were degassed for 20 minutes

by flowing argon through the reaction mixture.  Palladium tetrakistriphenylphosphine

(10% mmol) was added and the reaction was heated to reflux for 8 hrs using an oil bath.

The reaction flask was removed from the heating bath, cooled, and the solution was

diluted with 10 mL ethyl acetate, dried over sodium sulfate, filtered, and concentrated in

vacuo to give a red oil.  Column chromatography was performed using silica gel as the

solid support eluting initially with hexanes and slowly increasing the polarity to 20%
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ethyl acetate in hexanes.  The desired fractions were combined, concentrated in vacuo,

and dried to give a colorless oil, from which the material crystallized in 54% yield.  1H

NMR (400 MHz, CDCl3, δ) -0.07 (s, 18H), 0.94 (m, 6H), 1.38 (q, J = 10.4 Hz, 4H), 1.62

(m, 4H), 2.64 (t, J = 10.4 Hz, 4H), 3.67 (m, 4H), 6.12 (s, 4H), 7.21 (d, J = 10.8 Hz, 4H),

7.46 (s, 2H), 7.75 (d, J = 10.4 Hz, 4H). LR-MS (CI+) m/z  (M + H+) calcd. for

C38H58N4O2Si2: 658, found: 659.

NN
H

N
H
N

2-(4-p-Tolyl-1H-imidazol-2-yl)-4-p-tolyl-1H-imidazole  2.27.

Compound 2.25 (0.457 mmol) was dissolved in 10 mL ethanol.  Aqueous 10% HCl (10

mL) was added and the reaction was heated to reflux for 1 hr on an oild bath.  The flask

was removed from the heat source, cooled, and carefully neutralized with 10% aq.

sodium carbonate, at which point a solid precipitated out of solution.  This solid was

collected by filtration and washed with ice cold water and dried under vacuum to give

compound 2.27 as a white solid in 85% yield.  M.P. 184-200°C. 1H NMR (400 MHz,

CD3OD, δ)  0.94 (m, 6H), 1.38 (m, 4H), 1.61 (m, 4H), 2.64 (m, 4H), 7.24 (m, 4H), 7.51

(s, 2H), 7.67 (m, 4H). 13C NMR (500 MHz, CD3OD, δ) 14.25, 23.32, 34.79, 36.36,

111.17, 116.60, 117.65, 120.28, 126.31, 130.13, 144.62, 144.94.  HR-MS (CI+) m/z (M +

H+) calcd. for C26H31N4: 399.2549, found: 399.2550.
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N NH

N
H

N
H

OO

N3, N5-Dibutyl-1H-pyrazole-3,5-dicarboxamide 3.7a.

Sodium cyanide (0.24 mmol) was added to a solution of butylamine (240 mmol) and

ester 3.8a (2.4 mmol) dissolved in 20 mL of dry methanol under argon.  The reaction was

heated at reflux for 2 days using an oild bath.  The reaction was removed from the heat

source and concentrated in vacuo to give an off-white solid.  Trituration with ethyl

acetate gave 3.7a in 94% yield as a white solid.  M.p. 202-205°C.  1H NMR (400 MHz,

DMSO-d6, δ) 0.88 (t, J = 7.2 Hz, 6H), 1.30 (comp, 4H), 1.46 (comp, 4H), 3.19 (q, J =

7.2Hz, 4H), 6.88 (s, 1H), 7.91 (t, J = 5.6Hz, 2H).  13C NMR δ 13.99, 19.91, 32.02, 38.02,

104.35, 146.87, 164.18.  HR-MS (CI+) m/z (M + H+) calcd. for C13H22N4O2: 267.1821,

found: 267.1830.

N N

N
H

N
H

OO

N3, N5-dibutyl-1-methyl-1H-pyrazole-3,5-dicarboxamide 3.7b.

Sodium cyanide (0.0449 mmol) was added to a solution of butylamine (44.2 mmol) and

methyl ester 3.8b (0.442 mmol) in 10 mL dry methanol under argon.  The reaction was

heated at reflux for 2 days in an oild bath, then removed from the heat source and

concentrated in vacuo to give an off-white solid.  Column chromatography was

performed eluting initially with methylene chloride and slowly increasing the polarity to

5% methanol in methylene chloride.  Fractions with Rf ~ 0.2 by TLC (95% methylene
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chloride 5% methanol) were combined, concentrated in vacuo, and dried under vacuum

to yield product 3.7b as a white solid in 92% yield.  M.p. 114-116°C.  1H NMR (400

MHz, CD3OD, δ) 0.972 (t, J = 9.6Hz, 6H), 1.42 (m, J = 2.0 Hz, 4H), 1.60 (q, J = 9.6Hz,

4H), 3.339 (q, J = 10.0 Hz, 4H), 4.15 (s, 3H), 7.14 (s, 1H). 13C NMR δ 14.11, 21.10,

32.50, 39.93, 40.24, 108.27, 138.67, 145.69, 161.35, 163.77. HR-MS (CI+) m/z (M + H+)

calcd for C14H25N4O2: 281.1977, found: 281.1978.  Anal. Calcd. for C14H24N4O2: C, 59.98;

H, 8.63; N, 19.98; O, 11.41.  Found: C, 60.35; H, 8.94; N, 19.70; O, 11.23.

N NH

O

NH(CH2)9CH3H3C(H2C)9HN

O

N3, N5-Didecyl-1H-pyrazole-3,5-dicarboxamide 3.9a.

Compound 3.11 (2.6 mmol), prepared in situ, was mixed with 50 mL dry methylene

chloride under argon to give a white suspension.  2,6-Di-tert-butyl-pyridine resin (5%

mmol) and decyl amine (5.7 mmol) were added to the reaction vessel and the mixture

was stirred overnight at room temperature.  After 12 hrs, no starting material remained, as

inferred from TLC analysis (Rf of new dominant spot ~ 0.4; 95% CH2Cl2, 5% CH3OH),.

The reaction mixture was filtered through celite, washed with excess methanol,

concentrated in vacuo, and dried under high vacuum to give an off-white solid.  Column

chromatography was performed on silica gel was then performed eluting initially with

methylene chloride and slowly increasing to 2% methanol in methylene chloride.  The

presumed product fractions were combined, concentrated in vacuo, and dried to give

compound 3.9a as a white solid in 11.2% yield.  M.p. 135-158 °C.  1H NMR (400 MHz,

CD3OD, δ) 0.84 (m, 6H), 1.24 (s, 18H), 1.57 (m, 6H), 2.73 (t, J = 8.0 Hz, 8H), 3.12 (q, J
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= 6.5Hz, 4H), 7.120 (s, 1H), 7.89 (br, 1H), 8.33 (br, 1H). 13C NMR (500 MHz, DMSO-d6,

δ) 13.92, 22.04, 25.77, 26.36, 26.98, 28.48, 28.64, 28.70, 28.79, 28.84, 28.91, 28.94,

29.02, 31.24, 38.46, 38.77, 105.00.  HR-MS (CI+) m/z (M + H+) calcd. for C25H47N4O2:

435.3699, found: 435.3695.

N NH

O

N
H

N
H

O

N3, N5-Diphenyl-1H-pyrazole-3,5-dicarboxamide 3.9b.

Compound 3.11 (0.518 mmol) was prepared and mixed with 10 mL dry methylene

chloride under argon to give a white suspension.  2,6-Di-tert-butyl-pyridine resin (5%

mmol) and decyl aniline (1.14 mmol) were added to the reaction and the mixture was

stirred for 2 days under argon at room temperature until no starting 3.11 remained, as

inferred from TLC analysis.  The reaction mixture was filtered through celite, washed

with excess methanol, and concentrated in vacuo to give an off-white solid.  Column

chromatography was performed using silica gel as the solid support eluting initially with

methylene chloride and slowly increasing the polarity to 3% methanol in methylene

chloride.  Desired product fractions were combined, concentrated under reduced pressure,

and dried to give compound 3.9b as a white solid in 57% yield.  M.p. 273-280 °C.  1H

NMR (400 MHz, DMSO-d6, δ) 7.10 (t, J = 1.8Hz, 2H), 7.35 (t, J = 7.6Hz, 4H), 7.67 (s,

1H), 7.80 (d, J = 8.0 Hz, 4H), 10.28 (s, 2H).  13C NMR (500 MHz, DMSO-d6, δ) 106.73,

120.31, 123.70, 128.62, 138.49. HR-MS (CI+) m/z (M + H+) calcd. for C17H14N4O2:

307.1195, found: 307.1191.
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N NH

O

NN

O

N3, N5-Dipyrrolyl-1H-pyrazole-3,5-dicarboxamide 3.9c.

Compound 3.11 (0.518 mmol) was prepared and mixed with 10 mL dry methylene

chloride under argon to give a white suspension.  2,6-di-tert-butyl-pyridine resin (5%

mmol) and pyrrolidine (1.14 mmol) were added to the reaction and the mixture was

stirred at room temperature for 2 days under argon until no 3.11 remained, as inferred

from TLC analysis.  Reaction mixture filtered through celite, washed with excess

methanol, and concentrated under reduced pressure to give an off-white solid.  Column

chromatography was performed on silica gel eluting initially with methylene chloride and

slowly increasing the polarity to 3% methanol in methylene chloride.  Desired fractions

were combined, concentrated under reduced pressure, and dried to give compound 3.9b

as a white solid in 57% yield.  M.p. 196-200 °C.  1H NMR (400 MHz, DMSO-d6, δ) 1.82

(br, 4H), 1.90 (br, 4H), 3.47 (t, J = 6.4 Hz, 4H), 3.68 (br, 2H), 3.81 (br, 2H), 6.99 (d, J =

1.6 Hz, 1H).  13C NMR (500 MHz, DMSO-d6, δ) 23.38, 26.00, 45.68, 46.53, 47.59, 48.29,

108.22, 136.78, 148.20, 157.68, 160.69.  HR-MS (CI+) m/z  (M + H+) calcd. for

C13H19N4O2: 263.1508, found: 263.1517.

N NTHP

O

OO

O

N3, N5-Diphenyl-1-methyl-1H-pyrazole-3,5-dicarboxamide 3.17.

Compound 3.9b (0.588 mmol) and sodium carbonate (1.32 mmol) were dissolved in

acetone under argon.  The reaction was heated to reflux in an oild bath and methyl iodide



168

(1.47 mmol) was added and the resulting mixture was kept at reflux overnight.  After 12

hrs, the reaction flask was removed from the heat source and cooled. The resulting

solution was filtered through celite, washed with methanol, concentrated in vacuo and

dried to give an off-white solid.  Column chromatography was performed on silica gel,

eluting with methylene chloride.  Desired fractions were combined, concentrated under

reduced pressure, and dried to give compound 3.9b as a white solid in 80% yield.  1H

NMR (400 MHz, CD3OD, δ) 4.26 (s, 3H), 7.15 (m, 2H), 7.36 (m, 4H), 7.45 (s, 1H), 7.70

(m, 4H).  HR-MS (CI+) m/z (M + H+) calcd. for C18H17N4O2: 321.1352, found: 321.1349.

N NTHP
OTsTsO

1-(Tetrahydropyran-2-yl)-1-H-pyrazole-3,5-di-p-toluenesulfonate 3.19a.

Compound 3.15 (0.66 mmol) and DABCO (1.71 mmol) were dissolved in (10 mL) tert-

butylmethyl ether to give a suspension under argon in a 50 mL round bottom flask

connected to a calcium chloride drying tube.  The solution was cooled to 0°C, and the

tosyl chloride (1.52 mmol) was added.  Stirring was continued for 1 hr with the reaction

vessel maintained at 0°C at which juncture, the cooling bath was removed and the

reaction was allowed to stir overnight.  After 24 hrs, TLC indicated the starting material

remained; the reaction was thus left to stir for an additional 24 hrs, filtered through celite,

washed with ether, concentrated under reduced pressure, and dried to give compound

3.19a as a white solid in 37% yield.  1H NMR (400 MHz, CD3OD, δ) 1.57 (m, 2H), 1.85

(m, 2H), 2.30 (m, 2H). 2.47 (s, 6H), 3.69 (m, 1H), 4.00 (m, 1H), 4.55 (s, 2H), 4.65 (s,

2H), 5.49 (dd, J = 13.6 Hz, 3.2 Hz, 1H), 6.32 (s, 1H), 7.49 (dd, J = 3.6 Hz, 2.8 Hz, 4H),

7.84 (dd, J = 14.4 Hz, 2.8 Hz, 4H). 13C NMR δ 21.73, 23.70, 26.03, 31.06, 55.44, 69.13,
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86.30, 105.92, 128.06, 129.04, 131.05, 131.54, 142.84, 146.47, 148.74, 153.10.  HR-MS

(CI+) m/z (M + H+) calcd. for C24H29N2O7S2: 521.1416, found: 521.1425.

N NTHP
OAcAcO

1-(Tetrahydropyran-2-yl)-1-H-pyrazole-3,5-diacetate 3.19b.

Compound 3.15 (0.471mmol) was dissolved in 30 mL of dry acetonitrile under argon.

Acetic anhydride (1.978 mmol) and a catalytic quantity of DMAP (2.5 mol %) were

added to the mixture, was was then allowed to stir overnight.  After 12 hrs, TLC

indicated no remaining 3.15 so the mixture was diluted with methylene chloride, washed

with water (2 x 50 mL) and brine (2 x 50 mL), dried over sodium sulfate, filtered,

concentrated under reduced pressure and dried in vacuo to give a clear and pale yellow

oil.  The oil was dissolved in methylene chloride and run through a neutral alumina plug

to give product 3.19b in the form of a clear, colorless oil (93% yield).  1H NMR (400

MHz, CDCl3, δ) 1.358 (t, J = 7.2 Hz, 6H), 1.69 (m, 2H), 1.94 (m, 2H), 2.51 (m, 2H), 3.70

(m, 1H), 4.02 (m, 1H), 4.35 (m, 4H), 6.30 (dd, J = 10.0 Hz, 2.8 Hz, 1H), 7.34 (s, 1H).
13C NMR δ 20.80, 20.94, 22.50, 24.80, 29.55, 55.74, 60.11, 67.80, 85.30, 108.35, 138.59,

146.99, 170.40, 170.85.  HR-MS (CI+) m/z (M + H+) calcd. for C14H21N2O5: 297.1450,

found: 297.1443.
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Appendix A: Non Linear Curve Fitting Equations Used for Derivation
of Anion Binding Constants

Connors 1:1 Binding Equation1:

€ 

ΔA
l

=
[H]t KaΔε[G]t
1+Ka[G]t

where  A= absorbance, ε = absorption coefficient, ∆A = A – Ao, ∆ε  = εHG - εH - εG, [H]t is

the total concentration of host, [G]t is the total concentration of guest, l is path length of

solution, and Ka is the association contant.

ITC Binding Equation2:
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where Q  is the total heat content, V 0 is the active cell volume, [H]t is the total

concentration of host, [G]t is the total concentration of guest, and Ka is the association

contant.

  Equation References

1. Connors, K. A., Binding Constants, The Measurement of Molecular Complex Stability;
Wiley: New York, 1987.

2. ITC-Data Analysis in Origin - Tutorial Guide; MicroCal: Northampton, 1998.
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Appendix B: X-ray Experimental and Crystallographic Data

All crystals for X-ray crystallographic analysis described in this appendix were

grown by the author.  X-ray diffraction structures were solved by Dr. Vincent Lynch of

this department.  The following paragraphs, provided by Dr. Lynch, provide general

summaries of the experimental methods used for obtaining these structures, along with

specific details corresponding to each individual structure.

The data were collected on a Nonius Kappa CCD diffractometer using a graphite

monochromator with MoKα radiation (λ = 0.71073Å).  The data were collected at 153 K

using an Oxford Cryostream low temperature device.  Data reduction were performed

using DENZO-SMN.1  The structure was solved by direct methods using SIR972 and

refined by full-matrix least-squares on F2 with anisotropic displacement parameters for

the non-H atoms using SHELXL-97.3  The hydrogen atoms on carbon were calculated in

ideal positions with isotropic displacement parameters set to 1.2xUeq of the attached

atom (1.5xUeq for methyl hydrogen atoms).  The hydrogen atoms on the amide nitrogen

atoms were observed in a ΔF map and refined with isotropic displacement parameters.

The data were corrected for secondary extinction effect.  Neutral atom scattering factors

and values used to calculate the linear absorption coefficient are from the International

Tables for X-ray Crystallography (1992).4   All figures were generated using

SHELXTL/PC.5
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Experimental References

1) Otwinowski, Z.; Minor, W. In DENZO-SMN., Methods in Enzymology,
276: Macromolecular Crystallography, part A, 307 – 326, C. Carter, W.;
Sweets, R.M., Eds, Academic Press 1997.

 
2) Altomare, A.; Burla, M.C.; Camalli, M. Cascarano, G.L.; Giacovazzo, C.;

Guagliardi, A.; Moliterni, A.G.G.; Polidori, G.; Spagna, R. J. Appl. Cryst.
1993, 32, 115-119.

 
3) Sheldrick, G. M. SHELXL97.  Program for the Refinement of Crystal

Structures. 1994; University of Gottingen, Germany.
 
4) International Tables for X-ray Crystallography Vol. C, Tables 4.2.6.8 and

6.1.1.4, Wilson, A. J. C. Eds, Boston: Kluwer Academic Press, 1992.

5) Sheldrick, G. M. SHELXTL/PC (Version 5.03).  Siemens Analytical X-
ray Instruments, Inc., Madison, Wisconsin, USA.
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Table of crystal data and structure refinement for 3.7a.
Empirical formula C26 H44 N8 O4
Formula weight 532.69
Temperature 153(2) K
Wavelength 0.71069 Å
Crystal system Monoclinic
Space group P21/c
Unit cell dimensions a = 20.752(5) Å α = 90.00°.

b = 9.030(5) Å β = 108.983°.
c = 16.955(5) Å γ = 90.00°.

Volume 3004(2) Å3

Z 4
Density (calculated) 1.178 mg/m3

Absorption coefficient 0.082 mm-1

F(000) 1152
Crystal size 0.20 x 0.20 x 0.20 mm3

Theta range for data collection 2.94 to 25.58°.
Index ranges -24<=h<=27, -11<=k<=11, -22<=l<=22
Reflections collected 19582
Independent reflections 6925 [R(int) = 0.1444]
Completeness to theta = 27.38° 99.6 %
Absorption correction None
Max. and min. transmission 0.9839 and 0.9839
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6925 / 0 / 520
Goodness-of-fit on F2 1.034
Final R indices [I>2sigma(I)] R1 = 0.0817, wR2 = 0.01628
R indices (all data) R1 = 0.2201, wR2 = 0.2135
Extinction coefficient 0.0061(12)
Largest diff. peak and hole 0.373 and -0.334 e.Å-3
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Table of crystal data and structure refinement for 3.7b.
Empirical formula C14 H24 N4 O2
Formula weight 280.37
Temperature 153(2) K
Wavelength 0.71073 Å
Crystal system Triclinic
Space group P-1
Unit cell dimensions a = 4.8959(3) Å α = 103.883°.

b = 10.6111(6) Å β = 96.697°.
c = 15.9522(10) Å γ = 99.552°.

Volume 782.70(8) Å3

Z 2
Density (calculated) 1.190 mg/m3

Absorption coefficient 0.082 mm-1

F(000) 304
Crystal size 0.55 x 0.11 x 0.05 mm
Theta range for data collection 3.75 to 27.50°.
Index ranges -5<=h<=6, -13<=k<=12, -20<=l<=20
Reflections collected 5273
Independent reflections 3439 [R(int) = 0.0571]
Completeness to theta = 27.50° 95.4 %
Absorption correction None
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3439 / 0 / 190
Goodness-of-fit on F2 0.975
Final R indices [I>2sigma(I)] R1 = 0.0585, wR2 = 0.1044
R indices (all data) R1 = 0.1707, wR2 = 0.1355
Extinction coefficient 1.7(3)x10-5

Largest diff. peak and hole 0.165 and -0.214 e.Å-3
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Table of crystal data and structure refinement for 3.7b.
Empirical formula C14 H24  N4 O2
Formula weight 301.60
Temperature 153(2) K
Wavelength 0.71073 Å
Crystal system Monoclinic
Space group P21/c
Unit cell dimensions a = 10.6630(6) Å α = 90°.

b = 9.3049(6) Å β = 105.389°.
c = 17.0967(12) Å γ = 90°.

Volume 1635.48(18) Å3

Z 4
Density (calculated) 1.225 mg/m3

Absorption coefficient 0.162 mm-1

F(000) 650
Crystal size 0.42 x 0.10 x 0.08 mm
Theta range for data collection 2.95 to 24.90°.
Index ranges -12<=h<=12, -10<=k<=11, -18<=l<=20
Reflections collected 7789
Independent reflections 2812 [R(int) = 0.1157]
Completeness to theta = 24.90° 98.9 %
Absorption correction None
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2812 / 6 / 195
Goodness-of-fit on F2 0.997
Final R indices [I>2sigma(I)] R1 = 0.0581, wR2 = 0.1049
R indices (all data) R1 = 0.1802, wR2 = 0.1325
Extinction coefficient 6.1(13)x10-6

Largest diff. peak and hole 0.258 and -0.240 e.Å-3
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Table of crystal data and structure refinement for 3.9b.
Empirical formula C17 H16 N4 O3
Formula weight 324.34
Temperature 153(2) K
Wavelength 0.71073 Å
Crystal system Triclinic
Space group P-1
Unit cell dimensions a = 4.554(1) Å α = 78.100°.

b = 12.421(2) Å β = 86.730°.
c = 28.252(5) Å γ = 81.530°.

Volume 1546.1(5) Å3

Z 4
Density (calculated) 1.393 mg/m3

Absorption coefficient 0.099 mm-1

F(000) 680
Theta range for data collection 3.04 to 22.50°.
Index ranges 0<=h<=4, -12<=k<=13, -29<=l<=30
Reflections collected 3420
Independent reflections 3420
Completeness to theta = 22.50° 85.0 %
Absorption correction None
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3420 / 288 / 434
Goodness-of-fit on F2 1.305
Final R indices [I>2sigma(I)] R1 = 0.1202, wR2 = 0.1792
R indices (all data) R1 = 0.3188, wR2 = 0.2479
Extinction coefficient 5.7(12)x10-6

Largest diff. peak and hole 0.306 and -0.404 e.Å-3



177

Table of crystal data and structure refinement for 3.9c.
Identification code pbca
Empirical formula C13 H18 N4 O2
Formula weight 262.31
Temperature 153(2) K
Wavelength 0.71069 Å
Crystal system Monoclinic
Space group P21/c
Unit cell dimensions a = 7.799(5) Å α  = 90.000°.

b = 12.284(5) Å β = 90.000°.
c = 27.001(5) Å γ = 90.000°.

Volume 2587(2) Å3

Z 8
Density (calculated) 1.347 mg/m3

Absorption coefficient 0.094 mm-1

F(000) 1120
Crystal size 0.20 x 0.20 x 0.20 mm3

Theta range for data collection 3.18 to 27.38°.
Index ranges -9<=h<=9, -15<=k<=12, -34<=l<=30
Reflections collected 16859
Independent reflections 2899 [R(int) = 0.2171]
Completeness to theta = 27.38° 98.8 %
Absorption correction None
Max. and min. transmission 0.9814 and 0.9814
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2899 / 0 / 245
Goodness-of-fit on F2 1.061
Final R indices [I>2sigma(I)] R1 = 0.0580, wR2 = 0.0945
R indices (all data) R1 = 0.1945, wR2 = 0.1192
Extinction coefficient 0.0029(3)
Largest diff. peak and hole 0.208 and -0.294 e.Å-3
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