University of Windsor

Scholarship at UWindsor

Electronic Theses and Dissertations Theses, Dissertations, and Major Papers

Winter 2014

Synthesis and Characterization of Bis-bispidine-based
Tetraazamacrocycles and Their Coordination Studies

Md. Jahirul Islam
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation

Islam, Md. Jahirul, "Synthesis and Characterization of Bis-bispidine-based Tetraazamacrocycles and Their
Coordination Studies" (2014). Electronic Theses and Dissertations. 5011.
https://scholar.uwindsor.ca/etd/5011

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.


https://scholar.uwindsor.ca/
https://scholar.uwindsor.ca/etd
https://scholar.uwindsor.ca/theses-dissertations-major-papers
https://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F5011&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.uwindsor.ca/etd/5011?utm_source=scholar.uwindsor.ca%2Fetd%2F5011&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@uwindsor.ca

Synthesisand Characterization of Bis-bispidine-based Tetraazamacrocycles and Their

Coordination Studies

By

Md. Jahirul IsSlam

A Thesis
Submitted to the Faculty of Graduate Studies
through the Department @hemistry and Biochemistry
in Partial Fulfillment of the Requirements for
the Degree oM aster of Science
at the University of Windsor

Windsor, Ontario, Canada

2013

© 2013 Md. Jahirul Islam



Synthesis and Characterization of Bis-bispidine-based Tetraazamacrocycles and Their

Coordination Studies

by

Md Jahirul Islam

APPROVED BY:

J. Gagnon
Earth & Environmental Sciences

H. Eichhorn
Department of Chemistry & Biochemistry

Z. Wang, Advisor
Department of Chemistry & Biochemistry

October 10, 2013



Declaration of Co-Authorship / Previous Publications

|. Co-Authorship Declaration

| hereby declare that this thesis incorporates nahtiatis the result of joint research as

follows:

This thesis incorporates the outcome of joint redeandertaken in collaboration with
Erin J. Miller, Jacob S. Gordner and Deep Patekuttte supervision of Dr. Zhuo Wang.
The collaboration with Erin J. Miller, Jacob S. Goer and Deep Patel is covered in
Chapter 2, sectio2.2.3.1 (Synthesis and characterization 6f9) of this thesis. The

collaboration with Erin J. Miller and Jacob S. Gued is covered in Chapter 2, section
2.24.1 (Synthesis 0f10) of this thesis. My supervisor Dr. Zhuo Wang pregathe

manuscript for publication iffetrahedron Letters, 2013, 54, 2133. and | have compiled

the data for the supporting information.

Single crystal X-ray data of compourd® and12 (Chapter 2) an& (Chapter 3) were
collected and refined by Nicholas Vukotic (gradustiedent of Dr. Loeb’s Group). Prof.
C. L. B. Macdonald collected and refined the X-daya for compoun@ (Chapter 2). Dr.
Kelong Zhu collected raw X-ray data for compou(Chapter 2) and | refined the data.
Dr. Paul D. Boyle (UWO) collected and refined X-rdgta for compound (Chapter 3).

All the single crystal X-ray data included in thiresis are unpublished.

| am aware of the University of Windsor Senate &obn Authorship and | certify that |
have properly acknowledged the contribution of otlesearchers to my thesis, and have
obtained written permission from each of the cdiar(s) to include the above

material(s) in my thesis.

| certify that, with the above qualification, thisesis, and the research to which it refers,

is the product of my own work.



I1. Declaration of Previous Publication

This thesis includeg1] original paper that has been previously publishedpeer
reviewed journals, as follows:

Thesis Publication titleffull citation Publication
Chapter status

Chapter 2 | Effective Synthesis of Bis-Bispidinone and FacilePublished
Difunctionalization of Highly Rigid Macrocyclic
Tetramines.Isam, M. J.; Miller, E. J.; Gordner, J. Si;
Patel, D.; Wang, Z.Tetrahedron Lett. 2013, 54, 2133
2136.

| certify that | have obtained written permissioarh the copyright owner to include the
above published material in my thesis. | certifgttthe above material describes work

completed during my registration as graduate stualetme University of Windsor.

| declare that, to the best of my knowledge, mysitheloes not infringe upon anyone’s
copyright nor violate any proprietary rights andtthny ideas, techniques, quotations, or
any other material from the work of other peopleluded in my thesis, published or
otherwise, are fully acknowledged in accordancé whe standard referencing practices.
Furthermore, to the extent that | have includedydghted material that surpasses the
bounds of fair dealing within the meaning of then@da Copyright Act, | certify that |
have obtained written permission from the copyrigivher to include such material in
my thesis.

| declare that this is a true copy of my thesis]uding any final revisions, as approved
by my thesis committee and the Graduate Studieéseofind that this thesis has not been

submitted for a higher degree to any other Unitgisi Institution.



Abstract

Bis-bispidine based tetraazamacrocycles can betasattcapsulate metal ions selectively
to form highly stable complexes which may have regéng optical and electronic
properties. This thesis discusses an effectivehgjiat pathway which has been used to
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the macrocycles utilizeN-Boc-N'-allylbispidinone4 as the starting material which was
subsequently converted to diketal bis(chloroacedah@ and diketal bis(iodoacetamide)
9. Cyclization of diketal bispidine hydrochlorideand bis(iodoacetamidé)followed by
reduction afforded diketal bis-bispidine tetraazeroeycle 12. Cleavage of the ketal
groups afforded a versatile bis-bispidinone subest@ which was further functionalized
to diesterl6 and bis-bispidinel7. The desired bis-bispidine tetraazamacrocydlevas
also obtained through another synthetic pathwayhvis discussed in Chapter 2. All the
new compounds have been characterizedHhy*C NMR, IR, mass spectrometry and
some by single crystal X-ray diffraction technique.

Bis-bispidine-based tetraazamacrocycles have bsed for coordination studies with

metal ions under different reaction conditions #nid is discussed in Chapter 3.
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Chapter 1: Introduction

1.1 Macrocycles

A ‘macrocycle’ is a large cyclic molecule comprgia ring of at least nine atoms that
includes a minimum of three potential donor atdmBigure 1.1 illustrates three different
examples of representative macrocycles. The dotmnsaof a macrocyclic ligand are
oriented in such way that they can coordinate ® dlectron deficient metal ions by

donating pairs of electrons.

NH HN

() :
i o ot

) —
cyclam cryptand porphyrin
1 2 3

Figure 1.1 Example of representative macrocycles.

1.2 Importance of macrocyclic ligands

In the early 1960s, the development of macrocy@nds started with the discovery of
the nickel-mediated condensation of tris-ethyleasuine nickel(ll) perchlorate and
acetone by Buscand Curtis** The early impetus in the synthesis of macrocylii@nds
and their complexes was focused on mimicking néyucecurring macrocycles such as
metalloproteins, porphyrins, corrins and cobalamifeSimple synthetic macrocycles
can be considered as the structural models foogichl molecules. For example, the
synthesis and study of porphyrins and their dekreatwould provide insights of heme

proteins which are responsible in dioxygen-actovatand electron-transfer processes.



Therefore, a study of the synthetic model compouwndgld give a better understanding
of the naturally occurring biomoleculésThe growing attention in this exciting and

interesting field can be attributed to the follogiaspects in chemistry and biology.

1.2.1 Chemical aspects

Metal complexes of macrocyclic ligands are highigbte both thermodynamically and
kinetically in comparison to their open chain amalb’ Due to the structural resemblance
and high stability, some of these complexes coeldiged in the construction of models
for metalloprotein$. For instance, cyclodextrins and their derivaticas bind various

molecular substrates which could serve as modelsaftous enzymatic processes.

One of the most important applications of macracytiands is to extract metal ions
selectively. Therefore, conventional ‘pyrometallirg/hich involves a high temperature
process that emits green-house gases, can be adplac environmentally friendly

hydrometallurgy. The latter technique involves dmsolution of metal ions from the ores
in an aqueous solution and extraction of the meta of interest using macrocycles in

an organic solvent. Recovery of metal ions can teaalire metal ions of interest.

In addition, macrocyclic ligands and their trarmiti metal complexes have
pharmacological properties and are currently beisgd as therapeutic and diagnostic
agents in the biomedical arena. For example, pusliyoethal metal-overload disorders
such as Wilson’s disease and thalassaemia, wenéfidé as copper and iron overload,
respectively. A successful treatment of these dmwr can be achieved by using
macrocyclic agent® Due to the chelation property, macrocyclic compisusuch as

enterobactin and [15]pyyNcan bind iron and copper ions accumulated in éssu



respectively, and reduce their quantity signifitafht™® In addition, paramagnetic
complexes of GH, Tb*, EU* and Mrif" with macrocyclic ligands such as
tetrakis(carboxymethyl)-1,4,7,10-tetraazacyclo-daie (DOTA) 4 and 1,4,10,13-
tetraoxa-7,16-diaza-cyclooctadecane-7,16-diacettt @DDA) 5 are being used widely

as magnetic resonance imaging (MRI) contrast ad€igsre 1.2)-1%31°

CO,H
HO,.C— /—\ /\
N N O O
HOOC ( _>
() S
N N H
( N\—CO,H &o oj coo
CO,H \__/
Ph-NO,
4 5

Figure 1.2 Macrocycles capable of binding with radioactivel @aramagnetic metal

ions11®

Furthermore, macrocyclic ligands can be used ifeiht microelectronic devices and
sensors for the selective detection, amplificatiang recognition of metal iorls. For
example, macrocycle6 and 7 can be used as sensor materials to deteét iGns
efficiently whereas macrocyc&has been used for the selective detection 6f iBms in
living systems (Figure 1.3§*8

Ph cl o

I
N
Ph Ph \[ :k K/TJ O

X
o

3X a
Cl OH
Ph
6 7 8

Figure 1.3 Example of macrocyclic sensor materials.



1.2.2 Biological aspect

Macrocyclic ligands and their complexes are ubmustin biological systems. In living
systems, electron deficient metal ions, such as, imagnesium and cobalt, can bind
electron-rich bio-molecules to form metallobiomalkxs which play an important role in
biological system$® For instance, haemoglobin, also known as the inetalloprotein,
can be considered as the ‘molecular shuttle’ fectebn transport, dioxygen transport and
storage’. Besides, oxygen-based nonactin ligands are indolve alkali metal

transportation as well as in ionic balances withia cell*

1.3 Typesof macrocyclic ligands

A majority of ligands consist of oxygen, nitroggrhosphorous or sulfur donor atoms.
Depending on the nature and type of the donor afmersent, they can be classified into
three major categories: oxygen-based macrocyclésgan-based macrocycles, and

macrocycles with donor atoms other than nitrogehatygen atoms.

1.3.1 Oxygen-based macrocycles

Cyclic polyethers are oxygen-based macromolectilasdre well-known as the ‘crown
ethers’. These are a large family of ligands wilfifiecent ring sizes and varying number
of the repeating ethyleneoxy (-@EH,0O-) unit! Macrocycles9-11 are three different
crown ethers of different ring sizes (Figure 1.€rown ethers are the accidental
discovery by Charles Pedersen who was working &dot in 1967 and noticed the
stronger affinity of crown ethers toward the alkatid alkaline earth metal iof%** The
complexation properties of crown ethers have béadied extensively and found to have
had a large contribution towards the development sopramolecular host-guest

chemistry.



12-crown-4 18-crown-6 dibenzo-18-crown-6
9 10 1

Figure 1.4 Crown ethers of different ring sizes.

Crown ethers with different ring sizes provide ahte cavity sizes. For instance, the
cavity sizes of [12]crown-4, [15]crown-5, and [1&]wn-6 are 1.21.4 A, 1.72.2 A and
2.6-3.2 A, respectively. The different cavity sizes allow the crown etheerdind metal
ions with varying ionic radii to form stable compés. Crown ethers can be used as
scavengers to remove radioactive elements frometivronment as well as extraction
reagents to remove undesired elements in orgafierss?> They also have potential

applications in organic synthesis such as phassfeacatalysis and drug deliver?

1.3.2 Nitrogen-based macrocycles

1.3.2.1 Polyamineor imine macrocycles

The nitrogen atoms in a macrocyclic ring systemrdioate with metal ions in a similar
fashion as their open-chain analogliesin terms of stability, however, they differ
significantly. In general, a metal complex from alyplentate ligand is more stable in
comparison to that from a monodendate ligand aml ghenomenon is known as the
chelate effect.**?® Because of the effect, the stability of the caempk vary. Below is a

series of copper(ll) complexes that have diffestability constant& (Figure 1.57*



CuL?*

Cu?* + L

K = [CuL2*})/[L][Cu?"]

log K = 28.0 23.9 20.1 16.1 10.7
Y /—\ /\
NH HN NH HN NH HN NH  NH, NH, NH;
- [ j [N Nj (N Nj [N NH N NH
NH HN 3

Figure 1.5 Variation of the stability of copper(ll) complexegth different tetramines.

Construction of stable metal-ligand complexes ddparn the complementarity between
a metal ion and a ligand which includes the mawghwi their size, geometry and
electronic environmerff Furthermore, by introducing topological constrsiimt a ligand,

the affinity to a metal ion can be enhanced sevetal®

Nitrogen-based macrocyclic ligands with a varyingnier of donor atoms, ring sizes
and structural topologies have been synthesizedongnmthem, tetraazamacrocycles,

commonly known as cyclams, are extensively studied.

The synthesis of topologically constrained tetrazerocycles can be classified into two
synthetic routes: direct organic synthesis and kubitacted template synthesidn the
direct organic synthetic approach, the tetraazamegctic compounds of interest are
obtained through organic transformations from semabbrganic units. For example,
Wainwright et al. synthesized bridged cycldghand cyclenl3 through alkylation ofL

with 1,2-dibromoethane (Scheme 1213



P
T
T
z

- :

P
T
T
z

- 3
]

Scheme 1.1 Synthesis of bridged cyclaf®? and cycleri3.

Although macrocyclic compounds can be synthesizeditect organic transformations,
the instability of a reactant or the conformationbhnges required during macrocyclic
ring closures can be a potential problem and, imes@ases, can lead to undesired
products-?* In order to circumvent these problems, metalai@e template approach is
used. In this approach, a metal ion is attachdédeaoordination sites of a ligand, which

can pre-organize and facilitate ring closures (Fégu6)*

7 ) ] =g ]

Figure 1.6 Schematic diagram of metal-directed template ®gis)

For example, nickel(lIN,S, complex14, can be easily synthesized by the template
method but cannot be prepared using the directadadbe to the instability of the metal-

freeN,S reactant (Scheme 1.2).
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Scheme 1.2 Template synthesis of macrocyclic-nickel(Il) compig.

Although template synthesis has advantages suchoaformational control on the
desired products, the removal of metal ions fromlifghly stable metal complex can be

a potential probler?

1.3.2.2 Porphyrinsand phthalocyanines

Porphyrin 15 is a biologically important nitrogen-containinggdind because of its
involvement in living systems (Figure 1.7n terms of structure, phthalocyanit@is an
analog of porphyrin. Porphyrins have the abilityféom complexes with iron(ll) which
are involved in dioxygen binding, transportationdametabolisnt. Prophyrin- and
phthalocyanine-based compounds are also of intémedyes and pigments, molecular

electronics, solar cells and supramolecular cheymfi$t*

N HN
7 \
N N
7 NH N=
= N/ Y/

15 16

porphyrin phthalocyanine

Figure 1.7 Structure of porphyrid5 and phtholocyaning6.



1.3.2.3 Bis-bispidine-based tetraazamacr ocycles

Bis-bispidine-based tetraazamacrocycles are neastgpmacrocycles with four nitrogen

donor atoms in the structure (Figure 1.8). Thegankds are highly rigid and pre-

organized with no configurational flexibilif?>® In addition, the four tertiary amino

groups provide increased nucleophilicity in comgami to the secondary amino groups of
cyclam®® This, together with the steric hindrance around tavity, is expected to

facilitate metal-ion encapsulation to form highlyalde complexes with interesting

electronic properties such as charge transfer eshoixrpropertie$?3433

AN S
N N
R - R
(17, R = Ph)

(18, R = Me)
(19, R = H)

Figure 1.8 Example of bis-bispidine tetraazamacrocycles.

Although these macrocycles are interesting botteims of structure and property, they
have not been studied extensively because of symttteallenges®**>>*Miyahara et al.

synthesized the first tetraphenylbis-bispidite(R = Ph) and found them to have very
low solubility in organic solvents, which was a @uatial problem for further study of the
compound®® Comba and coworkers prepared tetramethylbis-iispil8 (R = Me) and

its Cu(ll) complex which exhibited interesting agti properties, however, the
characterization of the complex was minirfiallo date, this is the only bis-bispidine-

metal complex that has been reported. Miyaharal.ealso constructed bis-bispidine



tetraazamacrocycl# (R = H) which was found to be readily soluble iwige range of

solvents from nonpolar hexane to polar aqueous umedl]

As part of the research interest in our group t&emaolytetraazamacrocycles, a modular
synthetic protocol has been developed to give fanatized bis-bispidine

tetraazamacrocyclic compoun2 and21 (Figure 1.9)°

HO N N H
H ON NG —OR
__/

20 (R = H)
21 (R=TBS)

Figure 1.9 Functionalized bis-bispidine-based tetraazamactesf0 and?21.

In this synthetic protocol, double Mannich reactioh N-Boc-4-piperidone22 with
paraformaldehyde and allylamine gadeBoc-N'-allylbispidinone 23 (Scheme 1.3).
Reaction of triethyl phosphonoacetate with a strbage followed by the nucleophilic
addition of the carbanion to bispidino28 yielded bispidine este24 under Horner-
Wadsworth-Emmons conditio$Removal of the allyl group 024 in the presence of 1-
chloroethyl chloroformate and the cleavage of #milting carbamate group and the Boc

protective group afforded bispidine hydrochlorizte

The acetylation reaction of bispidine hydrochlorizie with chloroacetyl chloride was
carried out to obtain bis(chloroacetamid?§ which can be further transformed into
bis(iodoacetamideP7 upon treatment with sodium iodide. Cyclization lugpidine

hydrochloride 25 and bis(iodoacetamide7 afforded macrocyclic bisamid@8 at

10



ambient temperature. DIBALH reduction of bisamifein toluene was achieved to give

functionalized bis-bispidine tetraazamacrocyifle

o (CHxO), HC=CHCH,NH,, O (Et0),POCH,CO,Et, H{COE
CH3CO,H NaH.
ﬁjj EtOH, 65-70°C THF, 0°C, thenrt _
N 54% yield N/ N 89% yield N/ N
Boc ﬁ Boc H I|300
22 23 24
H.__CO,Et S
o ¢l 2 CICCH,CI H-COE
1) CICOCHCH3 (i-Pr),NEt
CICH,CH,CI, 50 °C
2~72 - N\ -2HCl CHZCl G
2) HCIEt,0, EtOH, 50 °C N N 77% from 24 N N
H H o o
25
cl o]
26

H. _COEt
Nal 25, (i-Pr),NEt EtO.C
MeCN MeCN 2
95%yield N 68% yield
) )
I I
27

28

DIBALH
Toluene

69% yield

HO o N N H
H >SN N/ T
/

Scheme 1.3 Synthesis of dihydroxy bis-bispidine tetraazameycte 20.



In order to make bis-bispidine tetraazamacrocgélevith different functional groups on
each end of the macrocyclic framework, the funalagroups were incorporated before
the macrocycle formation. DIBALH reduction of bidpie ester24 followed by TBS
protection of the —OH group afforded silyl ett2 (Scheme 1.4). Removal of the allyl,
Boc and TBS groups i89 through reaction with 1-chloroethyl chloroformdt#iowed
by treatment with HCI provided hydroxybispidin€0. Macrocyclization of
bis(iodoacetamideP7 and hydroxybispidine30 generated bisamid81 which upon

DIBAL reduction afforded bis-bispidine tetraazangicle21.

H. _CO,Et H OTBS
1) DIBALH, Toluene, 0 °C o Cl
2) TBSCI, Et;N, DMAP 1) CICOCHCH;
/ CH2C|2 - / C|CHQCHQC|, 50 °C o
N N N N 2) HCI/Et,0, MeOH, 50 °C
ﬁ Boc ﬁ Boc 70% yield from 24
24 29
H , 0
OH 1) 27, (i-Pr),NEt, MeCN %

2) TBSCI, Et;N, DMAP 1 NN y
CH,Cl, - < D

N/ *2HCI 62% yield H N N —OTBS

H

H o
31

30
DIBALH/Toluene
Et,O
77% yield

/ N\

HO N N H

H SN NS — OTBS

___/

21

Scheme 1.4 Synthesis of hydroxy bis-bispidine tetraazamacorka3/1.
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The modular approach was a good starting pointotaio functionalized bis-bispidine-
based macrocycles, especially for the independedrporation of different functional
groups to each end of the macrocyclic frameworksweéler, this protocol was not
applicable when identical labile functionalitiesich as ester group, were desired on the
macrocyclic framework. Therefore, in our pursuitstady the coordination chemistry of
this type of compounds, a synthetic approach waslew which would allow the facile
and concurrent incorporation of labile functionabuyps onto the bis-bispidine-based

tetraazamacrocyclic framework. This is discussed in detail in Chapter 2 of thissis.

1.3.3 Macrocycles containing donor atoms other than nitrogen and oxygen

Macrocycles containing donor atoms other than géroand oxygen are also known.
Macrocyclic ligands32, 33 and34 are examples of sulfur-, phosphorus- and selenium-
based macrocycles, respectively (Figure 1*1Gliman et al. studied the structure and
complexation properties of macrocycles consisting pmosphorous and sulfé?.
However, the cumbersome syntheses of these ligasidg toxic reagents limited their

study in comparison to their nitrogen and oxygeal@gues.

S
[P Pj S;%Se
PH V\Ph

33 34

Figure 1.10 Example of sulfur-, phosphorous- and selenium-ioitig macrocycles.
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1.4 Metal-ligand coordination

1.4.1 Metal ion dependence

Whether a metal ion can form a stable complex dépem criteria such as the ionic
radius and charge density of the metal ions ofréstd Complexation between a
positively charged metal ion and an anionic or rautigand is an electrostatic
interaction’ For a particular ligand, the stability of its metamplexes vary with the
charges on the metal cations. For example, whén Mig*, Y*" and TH* form

complexes with OH the stability constant ldgare 0.3, 2.1, 7.0 and 10, respectively.

M™ (aq) + OH" (aq) = M(OH)™™* ()

M = Li*, Mg2*, Y3, Th#*

Surface charge density also affects the stabifity complex. Surface charge density can
be defined as “the ratio between the charge onfacsuand the surface aréaWhen the
ionic radius of the metal ion increases with adixaarge on it, the effective attractive
force of the metal ion for a ligand decreases. Thislead to a low stability constant of a
complex. For instances, when divalent metal catiBes, Mg?*, C&* and B&" form
complexes with OHin the above equation, the Kgvalues are 7.0, 2.1, 1.5 and 0.6

respectively.

1.4.2 Holesize of ligands and its consequences
The hole-size or cavity of a macrocyclic ligand daen defined as “the void which is
occupied by a metal ion in a complex or is avadabl be occupied by a metal ion in the

case of a free ligand™ The size of a cavity depends on several factosh 8s the ring

14



size of the ligand, type and nature of the donomat number of binding atoms, as well

as conformational changes within the ligahd.

The effective radius of cavity(H) can be determined from the distance between two
diagonal donor atoms using molecular or computeegged models or solid state X-ray
crystallographic datiln simple tetraazamacrocycles and crown etheis cilculated by
subtracting the Pauling covalent radii of the doatwm r(D) from the half distance

between two diagonally located donor atom@igure 1.11f*

6y (Q .~~~ ~donor atom (D)
O
S o R
Q cavity
r=di2
r(H) = r-r(D)

d = distance between the centre of two donor atoms
r = distance between the centre of the cavity
and the center of the donor atom
r(H) = effective radius of the cavity
r(D) = covalent radius of donor atom

Figure 1.11 Determination of available cavity siZ.

The fit between the effective radius of a ligangigaand the ionic radius of a metal ion
determines the formation, stability and shape efdbmplex. The closer the fit, the more
stable is the compleX.A perfect matching of the size of metal ion and ligand cavity

can lead to the most stable complex, like a keylacki*?

A slightly larger metal ion compared to the avdiatavity of the ligand can lead to a 1:1

complex where the metal ion occupies a positioghtlly above the mean plane of the

15



cavity** For example, in the pentagonal pyramid com@@x\a' ion is larger than the
cavity size of the crown ether benzo-15-crown-5 sitgl0.75 A above the mean plane of

the cavity (Figure 1.12)*

35

Figure 1.12 Structure of [Na(benzo-15-crown-5){@)]I 35.3

A cation too large to fit in a cavity can form d Zandwich complex where the metal ion
sits in between the two ligand&s.For instance, in structu@$, Na' is coordinated to two

molecules of 12-crown-4 (Figure 1.13%

Figure 1.13 Structure of [Na(12-crown-4][(ClOJ)] 36.%°

In contrast, metal ions with an ionic radius snratlean the cavity of a ligand could
induce a folding of the ligand. Formation of diresl complexes is also possiBié® An
example is structur87, where the Naion induces the folding of 18-crown-6 (Figure

1.14)%

16
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Figure 1.14 Structure of [Na(18-crown-6)B7.%°

1.4.3 Metal-bis-bispidine complexes

Due to their structural rigidity and the steric dhiance around the cavity, bis-bispidine-
based tetraazamacrocycles are expected to enciapsudal ions selectively and form
highly stable complexes. Comba et al. synthesizthrhethylbis-bispidine88 from
diazaadamantane derivatives and studied its ccatidim with copper(ll) ions (Figure

1.15)3® However, no crystal structures of the com@&xad been obtained.

Loy Ky

38 39
Figure 1.15 Tetramethylbis-bispidind8 and its copper(ll) comple39.*

The UV-Visible spectra of the proposed copper(dinplex39 showed a\max 0f 390 nm

in nitromethane and 430 nm in water, which indidateat38 had the highest ligand field
strength for a tetraamine donor (Figure 16§ Comba et al. stated that “In comparison
with the parent [Cu(cyclanf)] compound there is a shift of the maximum by 110 nm
(5740 cnt, 68 kJmol) to lower wavelengths. This is the result of tmeréased

nucleophilicity of the amines, a significant shartey of the CuN bonds, and the

17



shielding of the axial coordination sited* These results suggest that bis-bispidine-based
metal complexes may have interesting optical aadtednic properties worthy of further

investigation.

400 600 800
Alnm-—

Figure 1.16 Electronic spectra &9 in CH;NO, (a) and in HO .33

1.5 Scope of thisthesis

This thesis illustrates the synthesis and coordinastudy of bis-bispidinine-based
tetraazamacrocycles. Chapter 2 includes the systhesd characterization of bis-

bispidine-based tetraazamacrocyel®gFigure 1.17¥>

N N
Y Y
%N Ny
__/

40

(Y = O, [OEt],, Hp, CHCO,EY)

Figure 1.17 Functionalized bis-bispidine-based tetraazamacites$0.”

In Chapter 3, attempts to obtain the metal complexd# bis-bispidine-based
tetraazamacrocycles are discussed. Chapter 4 po@dummary of the research in this

thesis and outlines suggested future work.
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Chapter 2. Synthesis of Bis-bispidine-based Tetraamacrocycles

2.1 Experimental

2.1.1 Materials and methods

All reagents and anhydrous solvents were used @svesl from the Aldrich Company
unless otherwise indicated. Tetrahydrofuran, todyedichloromethane, hexane and
diethyl ether were further purified on a MBraunwasit purification system through
double column filtration of the anhydrous solve(89.8%). 1,2-Dichloroethane (ACS
grade) was distilled from calcium hydride and sticoer 4 A molecular sievebl-Boc-
N"-allylbispidinone 4 was synthesized according to the literature proced All
manipulations of air-sensitive materials were peried under a nitrogen atmosphere
either in a MBraun glovebox or by standard Schidime techniques. Thin layer
chromatography (TLC) was performed using silica @&hatman 250 um-thick 60 A
F2s4) plates with aluminum backing and followed undéf light and/or by staining with
phosphomolybdic acid (PMA) solution in ethanol. @oh chromatography was carried
out using silica gel (SiliCycle, 60 A, 40 — @&, 230 — 400 mesh), reversed-phase silica
gel (C18, Carbon 17%, 60 A, 40 — @), or alumina (activated, basic, Brockmann 1).
'H, ¥c, CcOSY and HSQC NMR spectra were recorded on 30® 300 MHz
spectrometers and referenced to residual protorsdkent tH) or deuterated solvent
(**C) unless otherwise specified. High-resolution mapsctra were recorded on a
Micromass Electrospray lonization Time of Flight 48aSpectrometer operating in
positive mode. Infrared (IR) spectra were obtainegsing a Bruker Alpha FT-IR

spectrometer with a Platinum ATR module (singldeafon diamond crystal). Melting
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points were measured using an automated meltingt @pparatus (OptiMelt, Stanford
Research Systems) and are uncorrected. As pahisoM. Sc. research, synthesis and
characterization of the compounds10, 12-13 16 and 17 (Method 1) had been

published in the literature in 2048nd are reprinted below.

2.1.2 Synthesis and characterization

Synthesis ofN-Boc-N'-ethoxylcarbonylbispidinone (5)

To a clear solution oN-Boc-N"-allylbispidinone4 (200 mg, 0.713 mmol) in anhydrous
dichloroethane (3.5 mL) underMtmosphere was added DMAP (18.0 mg, 0.143 mmol)
followed by ethyl chloroformate (0.10 mL, 1.07 mmadifter stirring overnight at room
temperature, the resulting clear reaction mixtues uenched with 15% NaOH (2mL).
The organic layer was separated and the aqueous lems re-extracted with
dichloromethane (3 x 3 mL). The combined organyeta were washed with brine, dried
over sodium sulfate, filtered, concentrated undsstuced pressure, and purified by
column chromatography (silica gel, hexares25% EtOAc/hexanes) to givé-Boc-N'-
ethoxylcarbonylbispidinong as a colourless solidH NMR (500 MHz, CDCY): & 4.65

(m, 2H), 4.57 (d,J = 13.0 Hz, 1H), 4.50 (d] = 12.5 Hz, 1H), 4.17 (m, 1H), 4.07 @=

7.5 Hz, 1H), 3.36- 3.23 (m, 4H), 2.41 (s, br, 1H), 1.45 (s, 9H), 1(26 = 7.0 Hz, 3H);
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13C NMR (125 MHz, CDGJ): § 212.0, 155.4, 154.3, 80.6, 61.8, 50.4, 50.3, 50926,

46.9, 28.1, 14.5.

Synthesis of 9,9-Diethoxy-3,7-diazabicyclo[3.3.1]nane hydrochloride (7)

~_0-_0._~
% *2HCI
N N
H H
7

To a solution ofN-Boc- N'™-allylbispidinone 4 (5.00 g, 17.8 mmol) in dry 1,2-
dichloroethane (40 mL) was added 1-chloroethyl ftormate (2.91 mL, 26.8 mmol) at
ambient temperature undep.N he pale yellow reaction mixture was allowedtioa 50
°C overnight. Upon solvent removal, the crude masidvas dissolved in anhydrous
ethanol (40 mL). To this solution was added HCIL.Q4®L of a 2.0 M solution in diethyl
ether, 90.0 mmol) at ambient temperature and thetie mixture was stirred at 50 °C
for 1 h. Removal of ethanol under high vacuum (OT@sr) at 50 °C afforded the title
product?7 as a pale yellow solid residue which was broughhe next step without any

purification.

Synthesis of 3,7-Bis(chloroacetyl)-9,9-diethoxy-3diazabicyclo[3.3.1]Jnonane (8)
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To a suspension of bispidine diethyl kefabbtained in the previous step in anhydrous
dichloromethane (90.0 mL) at 0 °C under\Was added chloroacetyl chloride (3.55 mL,
44.6 mmol) dropwise followed b, N-diisopropylethylamine (13.9 mL, 80.0 mmaol).
The resulting solution was stirred for 15 min at®© before it was quenched with
saturated aqueous NEI solution. The dichloromethane layer was sepdrated the
aqueous layer was re-extracted with dichloromett§ane50 mL). The combined organic
layers were washed with brine, dried over sodiutfage) filtered, concentrated under
reduced pressure, and purified by column chromapdgr (silica gel, hexanes 50%
EtOAc/hexanes) to give bis(chloroacetami@es a white solid (4.18 g, 11.4 mmol, 64%
yield from N-Boc-N'-allylbispidinone 4). mp: 184186 °C. *H NMR (500 MHz, CDC}):

§ 4.64 (d,J = 13.5 Hz, 2 H), 4.21 (d| = 13.0 Hz, 2H), 3.95 (d] = 13.0 Hz, 2H), 3.79 (d,
J = 13.0 Hz, 2H), 3.67 (d] = 13.5 Hz, 2H), 3.49 (q] = 7.0 Hz, 4H), 3.14 (d] = 14.0
Hz, 2H), 2.12 (s, 2H), 1.23 (8 = 7.0 Hz, 6H);*3C NMR (125 MHz, CDCJ): & 166.3,
97.0, 55.0, 48.1, 43.6, 41.2, 34.8, 1519;NMR (500 MHz, GDg): & 4.42 (d,J = 13.5
Hz, 2H), 4.06 (d,J = 13.0 Hz, 2H), 3.97 (dl = 12.5 Hz, 2H), 3.19 (q] = 13.5 Hz, 4H),
3.00 (m, 4H), 2.69 (d) = 13.5 Hz, 2H), 1.32 (s, br, 2H), 0.95 Jt= 7.0 Hz, 6H);*C
NMR (125 MHz, GDg): 6 166.1, 97.4, 54.7, 47.9, 43.2, 41.8, 34.9, 1R(:sblid): 3001,
2975, 2887, 1642, 1443, 1115, 1056, 1027, 789%:ctdRMS (ESI) calcd for
C15H24N204CloHT [M+H™] 367.1191, found 367.1177. Colourless, plate-stiapgstals
suitable for X-ray diffraction were grown by slowaporation of a mixture of

ethylacetate and hexanes solution.
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Synthesis of 3,7-Bis(iodoacetyl)-9,9-diethoxy-3, dakabicyclo[3.3.1]nonane (9)
OO~
o:g Z:o
| |
9
To a solution of bis(chloroacetamid&}4.62 g, 12.6 mmol) in anhydrous acetonitrile (40
mL) at ambient temperature was added a solutissodium iodide (5.65 g, 37.7 mmol)
in anhydrous acetonitrile (30 mL). After overnigdtirring at ambient temperature, the
reaction mixture was concentrated under reduceskpre, dissolved in dichloromethane
and filtered. The filtrate was washed with 30 mLvedter, separated, and the agueous
layer was re-extracted with dichloromethane (3 x0. The combined organic layers
were dried over sodium sulfate, filtered, conceerttaunder reduced pressure and
purified by column chromatography (silica gel, hees— 50% EtOAc/hexanes) to give
bis(iodoacetamided as a white solid (6.35 g, 11.5 mmol, 92% yieldp: h85-187°C.
H NMR (500 MHz, CDCY): § 4.62 (d,J = 14.0 Hz, 2H), 3.90 (d = 10.0 Hz, 2H), 3.74
(d, J=13.0 Hz, 2H), 3.60 (d] = 10.5 Hz, 2H), 3.55 (dnd, = 13.5 Hz, 2H), 3.50 (2¢) =
7.0 Hz, 4H), 3.09 (dJ = 14.0 Hz, 2H), 2.13 (s, br, 2H), 1.24 Jt= 7.0 Hz, 6H);°C
NMR (75 MHz, CDC}): § 167.3, 96.8, 55.0, 49.2, 43.7, 34.7, 15.0, -3DNMR (500
MHz, CsDe): & 4.44 (d,J = 14.0 Hz, 2H), 3.76 (d] = 10.5 Hz, 2H), 3.61 (d} = 10.5 Hz,
2H), 3.19 (d,J = 13.0 Hz, 2H), 3.12 (d] = 13.0 Hz, 2H), 3.00 (gl = 7.0 Hz, 4H), 2.68
(d, J = 13.5 Hz, 2H), 1.32 (s, br, 2H), 0.94 Jt= 7.0 Hz, 6H);**C NMR (125 MHz,
CsDs): 6 166.9, 97.3, 54.7, 49.0, 43.4, 34.9, 15.1, -1R/;(dolid): 3007, 2966, 2878,
1625, 1437, 1053 ¢ HRMS (ESI) calcd for @HzaN,04l,H" [M+H*] 550.9904, found
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550.9920. Colourless, plate-shaped crystals seitfaol X-ray diffraction were grown by

slow evaporation of a mixture of ethylacetate aexiames solution.

Synthesis of 9,9,18,18-Tetraethoxy-3,6,12,15 tetrmpentacyclo-

[13.3.1.£17.1%%° 13"4docosane-4,14-dione (10)

10

Bispidine diethyl ketal7 was prepared fronN-Boc-N"-allylbispidinone4 (2.29 g, 8.18
mmol) according to the aforementioned procedureaTsuspension of in anhydrous
dichloromethane (50 mL) at ambient temperature \wdded a clear solutiomf
bis(iodoacetamidep (3.00 g, 5.46 mmol) in anhydrous dichlorometha@83( mL)
followed by N,N-diisopropylethylamine (7.55 mL, 43.3 mmol). Aftevernight stirring,
the clear reaction mixture was washed with satdraigueous NaHC£ (30 mL) and
separated. The aqueous layer was re-extracteddveitioromethane (3 x 50 mL) and the
combined organic layers were washed with brineeddover sodium sulfate, filtered,
concentrated under reduced pressure and purifiedolynn chromatography (basic
alumina, hexanes> 50% THF/hexanes) to give bisamitie@ as a pale yellow solid (1.59
g, 3.12 mmol, 57 % yield). mp: 241-243. 'H NMR (500 MHz, CDC}): § 4.04 (d,J =
13.5 Hz, 2H)3.88 (d,J = 11.5 Hz, 2H), 3.55 (dd] = 11.0, 4.0 Hz, 2H), 3.52 — 3.39 (m,
8H), 3.35 (dJ = 12.5 Hz, 2H), 3.24 (dd,= 13.5, 4.0 Hz, 2H), 3.05 (dd= 10.0, 2.0 Hz,

2H), 2.89 (dJ = 10.5 Hz, 2H), 2.85 (d] = 10.0 Hz, 2H), 2.62 (dd},= 10.5, 2.5 Hz, 2H),
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2.54 (d,J = 12.5 Hz, 2H), 2.27 (s, br, 1H), 2.15 (s, br, 1HB6L(m, br, 1H), 1.91 (m, br,
1H), 1.20 (t,J = 7.0 Hz, 6H), 1.18 (tJ = 7.0 Hz, 6H);**C NMR (125 MHz, CDGJ): &
172.0, 97.797.1, 59.5, 56.4, 54.9, 54.2, 54.1, 48.7, 45.13,335.6, 34.3, 33.7, 15.10,
15.07.2H NMR (500 MHz, GD): & 4.33 (d,J = 13.5 Hz, 2H), 3.44 (dl = 11.0 Hz, 2H),
3.27 =3.16 (m, 14H), 3.03 (dl = 12.5 Hz, 2H), 2.98 (dd} = 10.0, 2.5 Hz, 2H), 2.73 (dd,
J=10.5, 2.5 Hz, 2H), 2.69 (d,= 12.5 Hz, 2H), 2.44 (d] = 9.0 Hz, 2H), 1.77 — 1.72 (m,
2H), 1.68 — 1.63 (m, 2H), 1.084 (= 7.0 Hz, 6H), 1.076 () = 7.0 Hz, 6H);**C NMR
(125 MHz, GDg): 6 171.0, 98.1, 97.9, 59.9, 56.6, 54.9, 54.6, 54817,445.5, 37.7, 36.0,
34.8, 34.1, 15.32, 15.28; IR (solid): 2970, 291872, 2812, 1637, 1431, 1115, 10560

1 HRMS (ESI) calcd for GH4N4OsH* [M+H] 509.3339, found 509.3339. Colourless
block shaped crystals suitable for X-ray diffrantere grown by slow evaporation of a

mixture of dichloromethane and hexanes solution.

Synthesis of protonated diketal bisamid€11)

v e (

aokte

0
11

To a suspension of bispidine diethyl kefabrepared fronN-Boc-N'-allylbispidinone4
(0.77 g, 0.27 mmol) according to the aforementiopextedure, imnhydrous acetonitrile
(3 mL) at ambient temperature was added a cleatisolof diketal bis(iodoacetamid®)
(0.1200 g, 0.182 mmol) in anhydrous acetonitrile (BL) followed by N,N-
diisopropylethylamine (0.25 mL, 1.45 mmol). Aftadding all the reagents, the initial
clear solution became a white suspention in 15 wiiich was stirred overnight. Ater
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overnight stirring at ambient temperature, the e/pitecipate was separated, washed with
anhydrous acetonitrile (3 x 3 mL) and evaporatedrimess to give protonated bisamide
11 as a white solid*H NMR (500 MHz, CDCJ): § 13.04 (br, 1H), 5.04 (d] = 10.5 Hz,
2H), 4.79 (d,d = 12.5 Hz, 2H), 4.16 (M) = 12.5 Hz, 4H), 3.65 (dd] = 12.5, 2.5 Hz,
4H), 3.52- 3.41 (m, 8H), 3.23 (dd} = 13.5, 3.5 Hz, 4H), 3.11 (d,= 11.5 Hz, 2H), 2.83
(dd,J = 12.5, 5.5 Hz, 2H), 2.65 (br, 1H), 2.45 (= 2.0 Hz, 1H), 2.29 (br, 1H), 2.24 (d,
J=2.0 Hz, 1H), 1.22 (t) = 7.0 Hz, 6H), 1.18 (t) = 7.0 Hz, 6H):**C NMR (125 MHz,
CDCl): 6 165.9, 96.4, 94.8, 57.0, 55.7, 55.5, 55.2, 4%%,434.9, 34.0, 33.8, 33.7, 15.0,
14.9; IR (solid): 3012, 2973, 2925, 2875, 2847, 865640, 1437, 1253, 1129, 1093,

1068, 1041 cnl.

Synthesis of 9,9,18,18-Tetraethoxy-3,6,12,15 tetmapentacyclo[13.3.1.%3".1°1°1%13

docosane (12)

To a suspension of bisamid® (0.300 g, 0.590 mmol) in anhydrous diethyl ethetr.§1

mL) at ambient temperature undes Was added DIBALH (3.54 mL of a 1.0 M solution
in toluene, 3.54 mmol) dropwise. The resulting clealution was stirred for 2.5 h before
it was quenched with methanol (8 drops) followedlb$o aqueous NaOH (3 mL). After
15 min of stirring, the organic solvent was evagestaunder a stream of air and the
agueous layer was extracted with benzene (3 x 3 il combined organic layers were

washed with brine, dried over sodium sulfate, fdte concentrated under reduced
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pressure, and purified by recrystallization in hees to afford12 as a colourless
crystalline product (0.124 g, 0.258 mmol, 44% yjelBublimation of the crude product
(0.041 g) at 150 °C under high vacuum (0.05 Tolsp afforded12 as a white solid
(0.023 g, 0.048 mmol, 56 % vyield from the crudedoict). mp: 183185 °C. 'H NMR
(500 MHz, CROD): & 3.50 (g,J = 7.0 Hz, 8H), 3.09 (dJ = 11.0 Hz, 8 H), 2.81 (d] =
11.0 Hz, 8H), 2.66 (s, 8H), 2.20 (s, 4H), 1.21)( 7.0 Hz, 12 H)**C NMR (125 MHz,
CD;OD): § 98.3, 55.7, 55.6, 53.6, 37.0, 15'Bf NMR (500 MHz, GDq): & 3.45 (q,J =
7.0 Hz, 8H), 2.81 (dJ = 9.5 Hz, 8H), 2.71 (d] = 8.0 Hz, 8H), 2.42 (s, br, 8H), 1.97 (s,
br, 4H), 1.17 (tJ = 7.0 Hz, 12H)**C NMR (125 MHz, GDs): 5 99.5, 54.7, 54.13, 54.08,
37.2, 15.5; IR (solid): 2943, 2749, 1445, 1354,0,3267, 1115, 1088, 1051, 974, 904,
812 cm; HRMS (ESI) calcd for @HigN4O4H [M+H™] 481.3754, found 481.3741.
Colourless block shaped crystals suitable for X-déffraction were grown by slow

evaporation of a mixture of hexanes solution.

Synthesis of 3,6,12,15-Tetraazapentacyclo[13.3.3'11°%° 183 docosane-9,18-dione

(13)

A solution of ketall2 (0.362 g, 0.753 mmol) in 10% aqueous HCI (9.40 mvh} stirred
at 60 °C overnight. The solvent was evaporated uadgream of air, and to the solid
residue was added NaOH (120 mg, 3.01 mmol) andrW@teaL). After 3 h of stirring at
ambient temperature, the reaction mixture was duigder a stream of air overnight and

the solid residue was extracted with dichlorome¢h&h x 4 mL). Filtration of the
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dichloromethane extractions through Celite follovilgdsolvent removal affordet3 as a
slightly pale yellow solid (0.179 g, 0.538 mmol % Yield). The product could be further
purified by sublimation at 170 °C under high vacu(@05 Torr). mp:168171 °C. *H
NMR (500 MHz, CDCJ): 6 3.45 (d,J = 10.5 Hz, 8H), 2.73 (dd] = 10.5, 4.0 Hz, 8H),
2.52 (s, 8H), 2.46 (s, br, 4HC NMR (125 MHz, CDGJ): & 216.3, 58.7, 52.9, 48.7H
NMR (500 MHz, GDg): § 2.85 (d,J = 10.5 Hz, 8H), 2.36 (dd,= 10.5, 4.0 Hz, 8H), 2.29
(m, br, 4H), 2.04 (s, 8H)**C NMR (125 MHz, GD¢): & 213.3, 58.4, 52.9, 48.8; IR
(solid): 2930, 2739, 1728, 1359, 1146, 989'cHRMS (ESI) calcd for GHogN4OH*

[M+H"] 333.2291, found 333.2278.

Synthesis of 2,2(3,6,12,15-Tetraazapentacyclo[13.3.£1.1°°134docosane-9,18-

diylidene)bis(ethyl acetate) (16)

EtO,C N N H
H \N N/ CO,Et
/
16

To a suspension of sodium hydride (0.018 g, 0.7%Hm anhydrous THF (1 mL) at O
°C under N was added triethyl phosphonoacetate (0.15 L5 mmol) dropwise. The
resulting clear colourless solution was stirred5anin at 0 °Cand added via a syringe to
a slightly cloudy solution of bis-bispidinorie (0.050 g, 0.15mmol) in anhydrous THF
(4 mL) at 0 °C under N The clear reaction mixture waflowed to stir for 15 min at 0
°C and then 1.5 h at ambient temperature. Theiosaatasquenched with 15% NaOH
(0.5 mL) and stirred overnight. THF was evaporaded theresulting mixture was

extracted with anhydrous dichloromethane (4 x 2.nihecombined organic layers were
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dried over sodium sulfate, filtered, concentratedarreduced pressure, and purified by
column chromatography (reversed-phase silica djehloromethane) to afford6 as a
slightly pale yellow solid (0.059 g, 0.12 mmol, 83%ld). *H NMR (500 MHz, CDC}):

8 5.67 (s, 2H), 4.14 (gl = 7.0 Hz, 4H), 4.03 (m, beH), 3.23-3.15 (m, 8 H), 2.45-2.34
(m, 18 H), 1.28 (tJ = 7.0 Hz, 6H):*C NMR (125MHz, CDCk): & 167.6, 166.7, 110.1,
59.5, 59.1, 59.0, 58.4, 58.3, 53.0, 43.3, 35.83.1R (solid): 2921, 2853, 2762, 2740,
1705, 1651, 1227, 1147, 1034 4mHRMS (ESI) calcd for GeHaoNsO4H' [M+H?]

473.3128, found 473.3116.

Synthesis ofN-Boc-N"-allylbispidine (18)

To a reaction flask containifig-Boc-N"-allylbispidinone4 (10.0 g, 35.7 mmol) and KOH
(6.06 g 108 mmol) was added 71.0 mL of diethyleheaj followed by hydrazine
monohydrate (4.32 mL, 89.2 mmol). The reaction omxtwas stirred at 170 °C for 1 h.
After cooling to ambient temperature, the resulBoution was washed with 15% NaOH
aqueous solution (30 mL) followed by extractionhwitichloromethane (100 mL). The
dichloromethane layer was separated, and the aquiyer was reextracted with
dichloromethane (3 x 125 mL). The combined orgdenyers were washed with brine (50
mL), dried over sodium sulfate, filtered, concetdgdh under reduced pressure, and
purified by column chromatography (silica gel, hees— 10% EtOAc/hexanes) to

afford N-Boc-N"-allylbispidine 18 as a colourless oil (6.09 g, 22.9 mmol, 64% yielH).
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NMR (500 MHz, CDCY): § 5.69 (ddtJ = 17.0, 10.5, 6.5 Hz, 1H), 5.01 (dihz 17.5 Hz,
1H), 4.93 (dm,J = 10.5 Hz, 1H), 4.12 (ddl = 13.0, 1.0 Hz, 1H), 3.99 (dd,= 13.0, 1.0
Hz, 1H), 2.94 (dmy = 13.0 Hz, 1H), 2.89 (dl = 11.0 Hz, 1H), 2.86 2.81 (m, 2H), 2.77
(dd,J = 13.5, 5.5 Hz, 1H), 2.63 (dd= 13.5, 6.5 Hz, 1H), 2.08 (d,= 11.0 Hz, 1H), 1.99
(d,J = 11.0 Hz, 1H), 1.68 (br, 1H), 1.64 (br, 1H), 1(86n,J = 12.5 Hz, 1H), 1.48 (dn,

= 12.5 Hz, 1H), 1.35 (s, 9H}°C NMR (125 MHz, CDGJ): § 155.4, 136.6, 116.5, 78.6,
62.5, 58.9, 58.4, 49.0, 47.9, 32.1, 29.5, 29.48;2®& (liquid): 3075, 3006, 2974, 2906,
2856, 2767, 1687, 1473, 1456, 1421, 1389, 13633,18266, 1236, 1173, 1133, 1126,
1056, 999, 946, 901, 872, 835, 756, 623, 53%;dHRMS (ESI) calcd for GHsN,0.H

[M+H™] 267.2072, found 267.2073.

Synthesis of bispidine hydrochloride (19)

% «2HCI
N N

H H
19

To a clear colourless solution bfBoc-N"-allylbispidine18 (7.16 g, 26.9 mmol) in dry
1,2-dichloroethane (53.0 mL) was added 1-chlordetijoroformate (4.40 mL, 40.3
mmol) at ambient temperature under nitrogen atm@gphThe reaction mixture was
stirred at 50°C overnight. Upon completion, the solvent was reatbunder high vacuum
(0.05 Torr) at 50C. The crude brown residue was dissolved in melh@&3o0 mL). To

this solution was added HCI (67.2 mL of a 2.0 Musioh in diethyl ether, 134 mmol) at
ambient temperature. The reaction mixture wasestimt 50°C for 1 h. Removal of

methanol under high vacuum (0.05 Torr) at’8B0resulted a pale brown solid residue
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which was washed with diethyl ether (3 x 50 mL).eTiesidue was dried under high
vacuum to affordl9 as a pale yellow solid (5.11 g, 25.7 mmol, 94%dyfeom N-Boc-
N"-allylbispidine 18). *H NMR (500 MHz, CROD): § 3.54 (d,J = 13.5 Hz, 4H), 3.41(dd,
J=13.5, 4.5 Hz, 4H), 2.42 (br, 2H), 2.02 (br, 2HE NMR (125 MHz, CROD): 5 46.2,
26.3, 25.5;IR (solid): 2954, 2902, 2785, 2689, 2582, 2566, 43449, 2395, 1634,
1591, 1457, 1428, 1313, 1285, 1028, 1007, 958, B&3, 485; HRMS (ESI) calcd for

Ci4H20N4CIH™ [M2+HCI+H'] 289.2159, found 289.2170.

Synthesis of bis(chloroacetamide) (20)

N

N N

o) Z:o
cl cl
20

To a suspension of bispidine hydrochlorid® (8.23 g, 41.5 mmol) in anhydrous
dichloromethane (154 mL) at O °C under\Was addedN,N-diisopropylethylamine (23.7
mL, 136 mmol) followed by chloroacetyl chloride 38.mL, 103 mmol) at 6C under N

atmosphere. The resulting slight orange clear moluvas stirred for 15 min at 0 °C
before it was quenched with saturated agueougQONidolution. The dichloromethane
layer was separated and the aqueous layer wadrestex]i with dichloromethane (3 x
100 mL). The combined organic layers were washeith Wwrine, dried over sodium
sulfate, filtered, concentrated under reduced pressand purified by column
chromatography (silica gel, hexanes» 75% EtOAc/hexanes) to give

bis(chloroacetamide20 as a white solid (8.67 g, 31.1 mmol, 75% vyieldp: rA0+202
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°C. ™ NMR (500 MHz, CDGJ): § 4.76 (d,J = 13.5 Hz, 2H), 4.22 (d] = 13.0 Hz, 2H),
3.95 (d,J = 12.5 Hz, 2H), 3.94 (d] = 14.0 Hz, 2H), 3.47 (d} = 13.5 Hz, 2H), 2.92 (d]

= 14.0 Hz, 2H), 2.03 (br, 2H), 1.96 (br, 2 NMR (125 MHz, CDCJ): & 166.5, 51.2,
46.5, 41.4, 31.9, 28.2H NMR (500 MHz, GDg): & 4.38 (d,J = 14.0 Hz, 2H), 4.01 (dl

= 12.5 Hz, 2H), 3.89 (d] = 13.0 Hz, 2H), 3.19 (d} = 13.5 Hz, 2H), 2.55 (d} = 13.5 Hz,
2H), 2.08 (dJ = 14.0 Hz, 2H), 0.94 (br, 2H), 0.83 (br, 2HC NMR (125 MHz, GD¢):

§ 166.0, 50.6, 45.7, 41.7, 31.6, 28.0; IR (solid)33, 2956, 2909, 2857, 1647, 1631,
1443, 1415, 1348, 1308, 1296, 1247, 1224, 12120,11802, 990, 824, 783, 732, 594,

560, 467; HRMS (ESI) calcd fori@1N,0,ClLH* [M+H*] 279.0667, found 279.0674.

Synthesis of bis(iodoacetamide) (21)

A

N N
o:g Z:o

| |
21
To a clear colourless solution of bis(chloroacete)20 (5.68 g, 20.3 mmol) in acetone
(300 mL) at ambient temperature was added a salwfoNal (12.2 g, 81.3 mmol) in
acetone (100 mL). After stirring overnight at anmieemperature, the reaction mixture
was concentratednder reduced pressure, dissolved in dichlorometi{db0 mL) and
filtered. The filtrate was washed with water (30 rdnd the aqueous layer was re-
extracted with dichloromethane (4 x 150 mL). Thenbaed organic layers were dried
over sodium sulfate, filtered, concentrated undesluced pressure and purified by
column chromatography (silica gel, hexanes 75% EtOAc/hexanes) to give

bis(iodoacetamide?1 as a white solid (8.52 g, 18.4 mmol, 91% vyieldp: h66-162 °C.
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'H NMR (500 MHz, CDGJ): & 4.73 (d,J = 13.5 Hz, 2H), 3.89 (dl = 10.5 Hz, 2H), 3.87
(d, J = 13.5 Hz, 2H), 3.60 (d] = 10.5 Hz, 2H), 3.34 (d] = 13.5 Hz, 2H), 2.86 (d] =
14.0 Hz, 2H), 2.04 (br, 2H), 1.92 (br, 2HJC NMR (125 MHz, CDGJ): 6 167.5, 52.2,
46.7, 31.6, 28.2, -2.8H NMR (500 MHz, GDe): 5 4.40 (d,J = 14.0 Hz, 2H), 3.67 (d]

= 10.5 Hz, 2H), 3.53 (d] = 10.5 Hz, 2H), 3.15 (d} = 13.5 Hz, 2H), 2.50 (d} = 13.0 Hz,
2H), 2.08 (dJ = 13.5 Hz, 2H), 0.94 (br, 2H), 0.87 (br, 2HC NMR (125 MHz, GDq):

5 166.8, 51.6, 45.9, 31.4, 28.1, -1.7; IR (solid)43, 2992, 2917, 2866, 1621, 1459,
1443, 1404, 1343, 1251, 1233, 1161, 1084, 1064, 394, 513, 472, 454; HRMS (ESI)

calcd for GiH16N,OzlH™ [M+H™] 462.9380, found 462.9377.

Synthesis of bisamide (22)

22
To a suspension of bispidine hydrochlorit®(2.26 g, 11.4 mmol) in dichloromethane
(100 mL) at ambient temperature was addigd-diisopropylethylamine (9.90 mL, 56.8
mmol). A clear solution of bis(iodoacetamid&dl (3.28 g, 7.09 mmol) in
dichloromethane (260 mL) was added to the readtmsk. After stirring overnight at
ambient temperature, the reaction mixture was washt 10% NaCO; (150 mL). The
dichloromethane layer was separated and the aqukxyes was re-extracted with
dichloromethane (4 x 125 mL). The combined orgéeyers were washed with brine and
dried over sodium sulfate, filtered and removaltloé solvent afforde®2 as a pale

yellow solid (3.30 g, 9.92 mmol, 96% yield)The crude product (1.467 g) could be
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further purified by column chromatography (basicunaiha, hexanes 75%
THF/hexanes) to giv@2 as a very pale yellow solid (1.095 g, 3.29 mmd&%r7yield
from the crude productfH NMR (500 MHz, CDCJ): § 4.14 (d,J = 14.0 Hz, 2H), 3.99
(d,J=11.5 Hz, 2H), 3.32 (dd,= 11.5, 4.5 Hz, 2H), 3.31 (d,= 12.5 Hz, 2H), 3.032.97
(m, 6H), 2.73 (ddJ = 10.0, 2.5 Hz, 2H), 2.51 (d,= 13.0 Hz, 2H), 2.32 (dd,= 11.0, 3.0
Hz, 2H), 2.18 (br, 1H), 2.06 (br, 1H), 1.83 (br,)1#.80 (br, 2H), 1.78 (br, 1H), 1.53 (br,
2H); *C NMR (125 MHz, CDGJ): & 172.4, 60.4, 59.5, 57.5, 50.6, 46.9, 32.1, 319462
28.5, 27.9, 27.2*H NMR (500 MHz, GDs) & 4.31 (d,J = 13.5 Hz, 2H), 3.39 (dl = 11.5
Hz, 2H), 3.26 (dJ = 11.5 Hz, 2H), 2.91 (d] = 12.5 Hz, 2H), 2.70 (dd}, = 14.0, 4.5 Hz,
2H), 2.58 (dJ = 12.5 Hz, 2H), 2.54 (dd,= 11.5, 4.5 Hz, 2H), 2.42 (d,= 10.5 Hz, 2H),
2.33 (dd,J = 10.5, 2.5 Hz, 2H), 2.19 (dd,= 11.0, 3.0 Hz, 2H), 1.42 (br, 1H), 1.36-1.32
(m, 3H), 1.18 (br, 3H), 1.12 (br, 2H)*C NMR (125 MHz, GDg): 5 171.1, 60.5, 59.4,
57.7, 50.3, 47.0, 32.4, 31.7, 29.9, 28.7, 28.14;2IR (solid): 2928, 2897, 2845, 2821,
2705, 1626, 1421, 1256, 1143, 1129, 1108, 10740,1984, 978, 847, 775, 738, 672,
619, 576, 529, 484, 473; HRMS (ESI) calcd faetGsN.O,H* [M+H"] 333.2291, found

333.2291.

Synthesis of 3,6,12,15-Tetraazapentacyclo[13.3.3*11°%1%'4 docosane (17)

N N
</<:N Ny
—/

17

Method 1: To a reaction flask containing bis-bispidinobh (0.050 g, 0.15 mmol) and

KOH (0.051 g 0.91 mmol) was added 1.0 mL of diethg glycol followed by hydrazine
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monohydrate (3L, 0.75 mmol). The reaction mixture was allowedtio at 170 °C for

1 h. After cooling down to ambient temperature, HCO mL of a 2.0 M solution in
diethyl ether, 2.0 mmol) was added, followed by T@B mL) under stirring. The solid
precipitate was isolated, dissolved in 0.1 — 0.3ohlwater, and precipitated in THF (15
mL). This process was repeated two more timesh&adsidue was added 15% aqueous
NaOH (1.0 mL) and THF (3.0 mL). The resulting mipgwvas stirred for 1.5 h before it
was separated. The aqueous layer was re-extradfedishloromethane (3 x 2 mL). The
combined organic layers were dried over sodiumaselffiltered, concentrated under
reduced pressure, and purified by sublimation a+8®20 °C under high vacuum (0.05
Torr) to afford17 as a white solid (0.019 g, 0.062 mmol, 42% vyielde structure ol7

was confirmed by comparing its NMR data with thegiarted in the literatute

Method 2: To a pale brown suspension of bisami22 (300 mg, 0.902 mmol) in
anhydrous diethyl ether (24 mL) at ambient tempeeatinder nitrogen atmosphere was
added diisobutylaluminum hydride (DIBALH) (9.0 mlf a 1.0 M solution in toluene,
9.00 mmol) dropwise. The pale yellow cloudy solntiwas stirred for 2 h under nitrogen
atmosphere before it was quenched with 15% aq. N&O&HmML). The organic solvent
was evaporated under a stream of air and the iggulixture was extracted with GAl,

(5 mL). The aqueous layer was re-extracted with@H(3 x 4.5 mL). The combined
organic layers were dried over sodium sulfate foh,lfiltered, concentrated under
reduced pressure, evaporated under high vaccumigiaeand purified by sublimation at
80 — 150 °C under high vacuum (0.05 Torr) to affbrchs a white solid (125 mg, 0.411

mmol, 46% yield).
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2.1.3 X-ray crystallography

2.1.3.1 General data collection and refinement

The X-ray crystal structure of compouB6€10 and 12 were obtained at -123 °C, where
the crystals were covered in Paratone or Nujol@aded rapidly into the cold Jétream
of the Kryo-Flex low-temperature device. The datsveollected using the SMART
software on a Bruker APEX CCD diffractometer usagraphite monochromator with
Mo Ka radiation A\ = 0.71073 A). A hemisphere of data was collectédgua counting
time of 10 s per frame. Data reductions were peréat using the SAINTsoftware, and
the absorption corrections of the raw data werefopmed using SADABS The
structures were solved by direct methods using SHEAnd refined by full-matrix least-
squares orF? with anisotropic displacement parameters for tlo@-H atoms using
SHELX-97 and the WinGX software package, and thermal ellipsoid plots were

evaluated by ORTEP3%.

2.1.3.2 Crystallographic data

Table 2.1 Crystallographic data for compound 8

Formula C15H24Cl2N204

Formula weightg/mo) 367.26

Crystal dimensionsnfm) 0.2 x0.2x0.05

Crystal colour and habit Colourless, plate

Crystal system Triclinic

Space group P-1

Temperature, K 150

Unit cell dimensions a=8.2504(11) A o =100.467(1) °

b=9.6655(13) A B=91.120(1) °
c=11.6169(15) A y = 107.542(1) °
v, A3 865.9(2)
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Number of reflections to determine final unit
cell

Min and max B for cell determination, °
Z

F(000)

p (g/cm)

A, A, (MoKa)

W, (mnit)

Diffractometer type

Scan types

Max 20 for data collection, °

Measured fraction of data

Number of reflections measured
Unique reflections measured

Rmerge

Number of reflections included in refinement
Cut off threshold expression

Structure refined using

Weighting scheme

Number of parameters in least-squares

R1

WR;

R; (all data)

WR; (all data)

Goodness-of-fit"Son F?

Maximum shift/error

Min & max peak heights on findlF map €/A)

5652

4.6, 56.8
2
388
1.409
0.71073
0.40
Bruker APEX CCD
w andge scans
56.8
0.924
10253
4007
0.0331
4007
I > 2sigma(l)
Full-matrix least-squane§o
w = 1/[o%(F2) + (0.03%P)% + 0.413P]
whereP = (F,? + 2FA)/3
299
0.0331
0.0820
0.0377
0.0860
1.055
0.088
-0.45, 0.47
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Table 2.2 Crystallographic data for compound 9

Formula GsH24I2N2 Oy

Formula weightg/mo) 550.16

Crystal dimensionsiim) 0.20 x 0.20 x 0.05

Crystal colour and habit Colourless, plate

Crystal system Triclinic

Space group P-1

Temperature, K 150

Unit cell dimensions a=8.1367(11) A o =101.7470(10) °

b=9.9235(13) A B =91.2460(10) °
c=12.2971(16) A y = 108.1750(10) °

Vv, A3 919.7(2)

Number of reflections to determine final unit 3975

cell

Min and max B for cell determination, ° 5.0, 55.6

Z 2

F(000) 532

p (9/cm 1.987

A, A, (MoKa) 0.71073

W, (mmnit) 3.439

Diffractometer type Bruker APEX CCD

Scan types w ande scans

Max 20 for data collection, ° 55.0

Measured fraction of data 0.974

Number of reflections measured 10572

Unique reflections measured 4112

Rmerge 0.0261

Number of reflections included in refinement 3529

Cut off threshold expression I > 2sigma(l)

Structure refined using Full-matrix least-squane$o
Weighting scheme w = 1/[0%(Fo?) + (0.029P)? + 0.41F]

whereP = (F,2 + 2F3)/3
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Number of parameters in least-squares 210

R1 0.0323

WR; 0.0651

R;: (all data) 0.0404

WR; (all data) 0.0688
Goodness-of-fit"Son F? 1.071
Maximum shift/error 0.001

Mir,]&& max peak heights on fin&F map -0.538, 1.053
(e7R)

Table 2.3 Crystallographic data for compound 10<CHCI,

Formula Ca6H44N4Og * CH,CI,

Formula weightg/mo) 593.58

Crystal dimensionsnim) 0.26 x 0.18 x 0.08

Crystal colour and habit Colourless, plate

Crystal system Triclinic

Space group P-1

Temperature, K 150

Unit cell dimensions a=8.4658(12) A o =75.041(2)°

b=12.7598(18) A B =89.508(2) °
c=146192) A  y=87.310(2)°

v, A° 1523.9(4)
Number of reflections to determine final unit 5169

cell

Min and max B for cell determination, ° 4.8,49.4

z 2

F(000) 636

p (g/cm 1.294

A, A, (MoKa) 0.71073

W, (mmi) 0.26
Diffractometer type Bruker APEX CCD
Scan types w andge scans
Max 20 for data collection, ° 49.4
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Measured fraction of data 0.997

Number of reflections measured 14398

Unique reflections measured 5169

Rmerge 0.050

Number of reflections included in refinement 3580

Cut off threshold expression I > 2sigma(l)

Structure refined using Full-matrix least-squane§o

Weighting scheme w = 1/[0%(F2)+(0.059P)%*+0.666 P
whereP = (F,? + 2FA)/3

Number of parameters in least-squares 352

Ry 0.0553

WR; 0.1235

R; (all data) 0.0862

WR; (all data) 0.1386

Goodness-of-fit"Son F? 1.018

Maximum shift/error 0.001

Min & max peak heights on fin&lF map €/A) -0.55, 0.47

Table 2.4 Crystallographic data for compound 12

Formula C26H4gN4O4

Formula weightg/mo) 480.68

Crystal dimensiongiim) 0.26 x 0.18 x 0.08

Crystal colour and habit Colourless, block

Crystal system Triclinic

Space group P-1

Temperature, K 150

Unit cell dimensions a=7.6273(8) A o =68.658(1) °

b=9.0779(10) A B =78.584(1y
c=10.6919(12) A y=283.150(1)°

v, A3 674.99(13)
Number of reflections to determine final unit 5217
cell
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Min and max P for cell determination,

o

4.8,56.4

Z 1

F(000) 264

p (9/cm 1.183

A, A, (MoKa) 0.71073

W, (mnit) 0.08
Diffractometer type Bruker APEX CCD
Scan types w andg scans
Max 20 for data collection, ° 56.4

Measured fraction of data 0.996
Number of reflections measured 6459
Unique reflections measured 2363

Rmerge 0.018

Number of reflections included in refinement 2143

Cut off threshold expression I > 2sigma(l)

Structure refined using
Weighting scheme

Full-matrix least-squane§o

w = 1/[o%(F5?) + (0.06F) + 0.238%]
whereP = (F,? + 2FA)/3

Number of parameters in least-squares 154
Ri 0.0397
WR; 0.1075
R;: (all data) 0.0431
WR; (all data) 0.1118
Goodness-of-fit’Son F* 0.984
Maximum shift/error 0.001

Min & max peak heights on findiF map ¢/A) -0.21, 0.27

RL(F) = {Z(|Fo| - Fel)/Z|Fo|} for reflections withF, > 4(0(Fo)). WR2(F?) = {Zw(|Fof -
IFPH=w(Fo)% Y2 where ' denotes the weight given each reflection.
S = [EW(|Fof - F)?(n-p)*? hence, ‘n’ is the number of reflections and ‘p’ the

number of parameters used.
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2.2 Results and discussion

Due to the high rigidity of their macrocyclic framerk and the steric hindrance around
the cavity, semi-cage like bis-bispidine-based astamacrocycles can be used to
encapsulate transiton metal ions selectively tomfostable complexes:*? Bis-
bispidinonel (Y = O) has a pair of carbonyl groups at each ehthe macrocyclic
framework and could be used as a versatile substoatfacile difunctionalization to
prepare diestet (Y = CHCQELt) and bis-bispidind (Y = Hy) (Figure 2.1). The former
could be utilized in polymer synthesis through camghtion reaction with different types
of diols. The latter is the simplest tetraazamagehc structure without any extra

functional groups and could be used as an ideahtigor metal-coordination studies.

N N
Y Y
%N Ngﬁ
__/
1 (Y = O, [OEt],, Hy, CHCO,EY)

Figure 2.1 Bis-bispidine-based tetraazamacrocycles.

2.2.1 Retrosynthetic plan for bis-bispidinone 1

The target bis-bispidinonewould be prepared by the cyclization of bispidie@rand its
derivative3 (Scheme 2.1). Both building blockRsand3 could be derived froml-Boc-N'-
allylbispidinone 4 which can be synthesized froM-Boc-4-piperidone via double

Mannich reaction by following the literature procee!**
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Scheme 2.1Retrosynthetic plan.

2.2.2 Synthesis of bis-bispidine hydrochloride 6

N-Boc-N"-allylbispidinone4 was synthesized according to the literature proefhom
N-Boc-4-piperidone via a double Mannich reactionh@ue 2.2}. It had been observed
that the subsequent deprotection of the allyl gromg with 1-chloroethyl chloroformate
did not go to completiof® This was probably due to the presence of a traweuat of
acid present either in the solvent or in 1-chldngketchloroformate?® To remove any
protonated 4 in the reaction medium which might interfere ine ttsubsequent
transformations,N-Boc-N'-ethoxylcarbonylbispidinoné& was synthesized using ethyl
chloroformate in the presence of catalytic amour®.2 ( equiv) of 4-
dimethylaminopyridine (DMAP) (Scheme 2.2). The tésg ethyl carbamate could be
purified by column chromatography using silica gelcomparison, although the removal

of allyl group can be achieved by using 1-chlorgetbhloroformate’* due to the
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instability of 1-chloroethyl carbamate group, tlesulting product cannot be purified by

column chromatography to remove protonated

© 0

O (CH50),,, H,C=CHCH,NH,, C|E':OCHCH3
Eﬁ CH3CO.H N 2 DMAP .
\ EtOH, 65-70 °C N N CICH,CH,CI
Boc H Boc
4
O o)
A 10 % HCI, THF
/ > / «2HCI
N N N N
O:< Boc H H
0

(s 6

Scheme 2.25ynthesis oN-Boc-N'-ethoxylcarbonylbispidinons.

The formation o6 was confirmed byH and**C NMR. The'H NMR of 5 in deuterated
chloroform shows the disappearance of vinyl prot@n83-5.76 ppm) id. The'H NMR
also indicates the incorporation of the ethyl forengroup which shows a quartet at 4.07
ppm and a triplet at 1.26 ppm corresponding toetmxy group. In addition, thEC
NMR indicates the disappearance of the allyl casb@n134.9 and 117.5 ppm 4h and
the appearance of the newly formed amide group avithrbon resonance at 155.4 ppm,

indicating that compoun8l was formed successfully.

The transformation o6 to bispidinone6 was carried out under mild acidic conditions
using 10% HCI in THF. Although the Boc protectiveogp was cleaved cleanly, the

removal of ethyl carbamate was not successful uthagcondition.
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2.2.3 Synthesis and characterization of bis(iodoatamide) 9

2.2.3.1 Synthesis and Characterizatidfi

In a separate study by Erin Miller in our groupwias found that bispidinoné was
unstable in the presence of a base suchNasdiisopropylethylamine. However,
bispidine diethyl ketalr was stable when treated wibhN-diisopropylethylamine and
could be successfully converted to bis(iodoacetajrd* Therefore, compounds — 9
were synthesized according to the newly establigitededures (Scheme 2% The
allyl group in4 was removed upon treatment with 1-chloroethyl farmate at 50C.
proceduré:*>*®The resulting 1-chloroethyl carbamate was treaiitld HCI in anhydrous
ethanol to afford bispidine diethyl ket@l Bis(chloroacetamide§ was synthesized via
acetylation of7 in the presence of chloroacetyl chloride in 64%rall yield fromN-
Boc-N"allylbispidinone4.>** Further transformation & to bis(iodoacetamided was
achieved in high yield in a reaction with sodiundide. The formation 08 and9 was
confirmed by'H and**C NMR*** HSQC, IR, mass spectrometry and single crystal X-

ray analysis have also been used to further valitiheg structure & and9.

i © ? 0.__0O CI(I(IZDCH Cl
1) CICOCHCH; ~~ ~ . 2
/ C|CH2CH2C|, 50°C . / (/-Pr)2NEt, CH2C|2 N
N N 2) HCI/Et,0O N N «2HCI 64% yield
H Boc  EtOH, 50 °C H H from 4
| 4 ~ O O~ ! ~ O O~
% Nal, MeCN %
/ oo /
N N 92% vyield N N
NI e
I I

CI8 Cl 9

Scheme 2.3ynthesis of bis(iodoacetamid)
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2.2.3.2 Crystallographic data analysis of 8

Bis(chloroacetamided was analyzed by single crystal X-ray diffractiaomdahe ORTEP
plot is shown in Figure 2.2. The crystal structwfe8 indicates that the bispidine
backbone consists of a chair-chair conformatiogfé 2.2). The nonbonding N4---N8
distance was 2.84 A, similar to the distances oleser(2.85— 3.07 A) for neutral

bispidine compound¥:*®

Figure 2.2 Crystallographic structure of bis(chloroacetami@e)Ellipsoids are at the
50% probability level and hydrogen atoms were aditfor clarity. Selected bond
distances (A) and a nonbonding distance (A): €l1 = 1.7715(15), C1XI2 =
1.7761(14), C1801 = 1.2248(17), CHD2 = 1.2306(14), G104 = 1.4163(19), G103

= 1.4128(18), N1---N2 = 2.84.
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2.2.3.3 Crystallographic data analysis of 9

Bis(iodoacetamide® was analyzed by single crystal X-ray diffractiomdahe ORTEP
plot is shown in Figure 2.3. The structure showshair-chair bispidine conformation
similar to that in8, with an N4---N8 distance of 2.84 A. However, ttirsional angles of
[2-C13-C12-02 (8.5) and IFC11-C10-O1 (13.4) in 9 are significantly larger than
the ClI2-C13-C12-02 and CI+C11-C10-0O1 torsional angles of 1.69 and 6.2 8,
respectively. This can be attributed to the largjee of iodine atoms in comparison to

chlorine atoms, leading to a higher degree of oryigeline repulsiort?

\_ . L
&

I
Figure 2.3 Crystallographic structure of bis(iodoacetamiéleEllipsoids are at the 50%
probability level and hydrogen atoms were omitted dlarity. Selected bond distances
(A); nonbonding distance (A); and torsion angl&s C11-11 = 2.1300(14), C132 =
2.1209(37), C1202 = 1.2234(46), CHD1 = 1.2288(37), GI03 = 1.4162(53), Gi04
=1.4100(48); N4---N8 = 2.84.
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2.2.4 Synthesis and characterization of diketal btbispidine 12
2.2.4.1 Synthesis and characterization
Diketal bisamide 10 was successfully synthesized by the cyclization of

bis(iodoacetamided andbispidine diethyl ketaV at ambient temperature in satisfactory

yield (Scheme 2.4)?

O></<\N N3><O
H

7, (i-Pr),NEt N SN

o, O (i-Pr)2 o] N 0

MeCN

Ojlg 2:0 7, (i-Pr),NEt > O>—\ (

' CH,Cl, N N 0
57% yield N O
10

DIBALH/Toluene
Et,O
40 - 55% yield

%3%

12

Z

@)

Scheme 2.45ynthesis of diketal bis-bispidine tetraazamacortecy2.

Interestingly, this cyclization reaction seemedb® influenced by the solvent and the
concentration of the reactants in the reaction unext When acetonitrile was used as a

solvent and the reactant concentration was highan t0.013 mol/L, a white solid
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precipitated from the reaction mixtué! The reaction, however, went smoothly to give
10 in the same solvent with concentration below 0.81@/L. When dichloromethane
was used as the solvent, the reaction proceedeadieaffy even if the reactant
concentration was 0.02 mol/L. Treatmentl@fwith 2.0 M HCI in ether gave the same
compound as the white precipitate in the acetdmitegaction medium and was confirmed

as11, the protonated product @6, by*H NMR in deuterated chloroform.

The crude pale yellow solid bisamid® was purified by column chromatography using
silica gel or basic alumina. In this case, puriima of the crude product on basic alumina
was found to be more effective, which afforded &dveyield (57%) in comparison to
silica gel (30%). The compound was studied by NMfRcsroscopy, such a#, °C
NMR, HSQC, and COSY, as well as by single crystab¥ diffraction analysis. Th&H
NMR spectrum of10 in deuterated chloroform shows that the relativelgad singlet
peaks at 2.27, 2.15, 1.96 and 1.91 ppm are th@aeses of the four bridgehead protons.
The *C NMR exhibited four bridgehead carbon resonant&y 8, 35.6, 34.3 and 33.7
ppm along with two quaternary ketal carbons at @h@ 97.1 ppm. Th&C NMR in
CsDs also exhibited four bridgehead carbons at 37.7,3%.8 and 34.0 ppm as well as
the two quaternary ketal carbons at two ends ofntiaerocyclic bisamide. The high
rigidity of 10 imposed by both the bispidine units and the arhichetional groups can
restrict the bond rotation in the macrocycle, whigely results in the complex proton
NMR spectra in which each of the bridgehead protmmsarbons exhibits a distinctive

chemical shift.

The’H NMR of 11 in CDCk shows a broad peak € 13.0 ppm) which can be assigned
as the proton in the macrocyclic cavity. In addifithe'H NMR in CDCk indicates a
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downfield shift of bridgehead protons from 2.271%.1.96 and 1.91 ihOto 2.65, 2.45,
2.29 and 2.24 ppm, respectivelfC NMR also indicates the downfield shift of the
resonances corresponding to the bridgehead caftmms37.3, 35.5, 34.3 and 33.7 ppm

in 10to 34.9, 34.0, 33.8 and 33.7 ppmilih respectively, due to the protonation.

Reduction of the amide groups in bisamit®was carried out in diethyl eti8rwith
DIBAL in toluene!? This afforded diketal bis-bispidine tetraazamagate 12 (Scheme
2.4). The'H and™®*C NMR indicated the conversion was complete untierreaction
condition. As expected, tetraazamacrocyt®epossesses a highly basic tetramine core
which could bind to normal-phase silica gel, anelvent the product from being purified
effectively on the column. Purification by columhromatography using basic alumina
was also found to be unsuccessful because the yhigdsic tetramine core could
potentially bind to the polar Al-OH groups as wadl the unsaturated aluminum ions on
the column. However, purification of the crude prodcould be achieved by sublimation
at 150 °C under high vacuum (0.05 Torr) or recrystallizatim hexanes at ambient
temperature. The NMR spectra indicate the cruddymiowas pure which was routinely

brought to the next step without any further paafion.

2.2.4.2 Crystallographic data analysis of 10

The structure of diketal bisamid® was determined by single crystal X-ray diffraction
Its ORTEP plot indicates the presence of a dicim@thhane solvent molecule along with
10 (Figure 2.4). The structure shows two bispidinésuof chair-chair conformations

which are connected by two ethylene bridges.
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C11

Figure 2.4 Crystallographic structure of macrocyclic bisamideCH,Cl,. Ellipsoids are
at the 50% probability level and hydrogen atomsenamnitted for clarity. Selected bond
distances and nonbonding distances (A): €22 = 1.2303(32), CHO2 = 1.2337(37),
C21-05 = 1.4082(35), C2106 = 1.4164(28), C183 = 1.4122(29), C184 =

1.4177(33); N1---N2 = 3.09, N3---N4 = 2.84.

2.2.4.3 Crystallographic data analysis of 12
The compound diketal bis-bispidine tetraazamacihecy®? was analyzed by single
crystal X-ray diffraction and the ORTEP plot is slmin Figure 2.5. The solid state

structure of12 indicates the nonbonding N1---N2 distance is A83n each of the
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bispidine units ofL2, which is in good agreement with other bispidiresdd compounds

(2.85-3.07 A)’

Figure 2.5 Crystallographic structure of diketal tetraazameygete 12. Ellipsoids are at
the 50% probability level and hydrogen atoms waretted for clarity. Selected bond
distances (A); nonbonding distances (A) and andte@5-01 = 1.4184(14), G502 =

1.4215(14); N1---N2 = 2.87 and €05-02 = 110.16(9).

The distances between the two diagonal nitrogemstm the bis-bispidine core are
4.009 A (N1---N1) and 4.075 A (N2---N2). Using ®auling covalent radius for
nitrogen atoms (0.72 A), the radius of the cavil) can be calculated as 1.285 and
1.318 A, respectively. It should be noted thatdheity size ofl2 is comparable to that of

cyclam derivatives (1.18.38 A)?*

In addition, the crystal packing a2 exhibited channels of the tetramine cores (Figure

2.6).
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Figure 2.6 Molecular view of bis-bispidine tetraazamacrocyt®showing channels of
the tetraamine coreg&llipsoids are at the 50% probability level and togen atoms are

omitted for clarity.

2.2.5 Synthesis and characterization of bis-bispidone 132

Synthesis of bis-bispidinonel3 was achieved by the hydrolysis of diketal
tetraazamacrocycl&2 using 10% aqueous HCI at 8C (Scheme 2.5). Both tHél and
13C NMR spectra of the crude product (in deuteratethanol) indicated that the ethyl
groups of the diketal macrocycle were cleaved cleanly. However, thi€ NMR did
not exhibit any carbonyl carbon resonancel ®fin the 206220 ppm region. Instead, a
distinctive peak at 90-100 ppm was observed whigyasts the existence of a ketal or
ketone hydrate carbon. Although the protons intéfi@mine cavity could be removed by

an aqueous sodium hydroxide solution, extractiothefaqueous solution with different
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solvents, such as dichloromethane, benzene and @k not provide the desired
compound13. Analysis of the aqueous layer B3 NMR indicated the presence of a
characteristic ketal or ketone hydrate carbon Ea®0-100 ppm. Again, there was no

carbonyl peak.

> S\ ( 10% HCI
0] N N @) 60 OOC

d XN N o T1%yield

) =

12 13

Scheme 2.55ynthesis of bis-bispidinoris.

In order to have more insights on the bispidinoregbaonyl group, N-Boc-N'-
ethoxylcarbonylbispidinong was studied by’C NMR in deuterated methanol (Scheme
2.6). When the solution was freshly prepared, thepound was found to exist as a
mixture of both dimethyl ketal4 and ketoné& with the carbon resonances in the 90-100
ppm and 200-220 ppm regions, respectively (Figuréa®). However, keton®& was
completely converted to keta#t after the NMR sample was kept overnight in detisela
methanol (Figure 2.7(b)). Interestingly, when thetmanol solvent was completely
evaporated to dryness followed by dissolution & thsidue in deuterated chloroform,

only ketone5 was detected in thH€C NMR (Figure 2.7(c)).
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These observations suggested that the bispidinar®ieyl group exhibited an unusual
reactivity toward the methanol solvent. Dimethytdtel 4, unlike diethyl ketaB and9,
was found to be labile and converted easily to iketoin the absence of methanol. It
should be noted that as ketdhi@vas not miscible with water, it could be extracteth

dichloromethane or ether during an aqueous workup.

Based on the results obtained from compobind could be reasoned that in contrast to
typical ketones, bis-bispidinonE3 preferred to exist as ketone hydrdte rather than
ketone13 in an aqueous medium (Figure 2285 Moreover, the dissolution df3 in
agueous media was enhanced further by the hydiopé&itamine cavity. Therefore, the

extraction of bis-bispidinon&3 from an agueous solution was tremendously difficul

HO N N OH
HOO \>Nn N2/~ OH
__/

15

Figure 2.8 Formation of ketone hydrafés in aqueous medium.

In order to isolate the desired product, it wasessary to first convert ketone hydrate

to ketonel32 This was achieved by removing water from the agsenixture. Repeated
extraction of the solid residue with dichlorometbaafforded the desired product. The
non-aqueous isolation process thus developed wasdfdo be very effective and

practical for the isolation of bis-bispidino@8.

It should be mentioned that crude bis-bispidind3ecan be purified by sublimation
under high vacuum (0.05 Torr). However, a signiitcamount of the crude product did

not sublime even after overnight heating at 10 This was probably due to the strong
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intermolecular dipole—dipole interaction betweee tarbonyl groups. As thél and**C
NMR indicated, the crude product obtained througl &forementioned non-agueous
extraction method was pure, and it was routinelgdusy other reactions without any

further purification.

2.2.6 Synthesis and characterization of diester Jhd bis-bispidine 17
Bis-bispidinon€el3 can serve as a viable substrate from which vatigpess of functional
groups could be introduced onto the bis-bispideteaazamacrocyclic framework. For
instance, diestel6 can be synthesized by the installation of est@ugs onto bis-
bispidinone 13, and could be further employed in polymer synthesisough
condensation with different diols (Scheme 2.7). @e other hand, the simplest
tetraazamacrocycle, bis-bispidit@ can be prepared by the reduction of bis-bispidenon

13 and is an ideal substrate for metal-coordinattadiss.

Derivatization of bis-bispidinonel3 was carried out to preparg6 under Horner—
Wadsworth—-Emmons reaction conditiéfis®® through the generation of triethyl
phosphonoacetate carbanion in the presence obagsbase followed by nucleophilic
addition of the carbanion to bis-bispidinob& It should be noted that under the reaction
conditions, the tetraazamacrocyclic framework wasnél to remain intact. After the
incorporation ofua,-unsaturated ester groups b8 the resulting diestet6 was isolated
by conventional aqueous workup and extraction usimganic solvents, such as
dichloromethane or THF. Purification of the crudeduct was achieved by column
chromatography using reversed-phase silica gelwdiifordedl16 in 83% yield. Both the

'H and'*C NMR spectra indicated that the resulting diesehad formed successfully.
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Scheme 2. 8Bynthesis of bis-bispidine diestes and bis-bispidind.7.

Bis-bispidinonel3 was subjected to the Wolff—Kishner—Huang—Minloduetion in the
presence of hydrazine monohydrate and potassiurmokigig at 170°C to afford bis-
bispidine17 in a satisfactory yiel&?"?® It should be mentioned that under these harsh
reaction conditions, the tetraazamacrocyclic fraoréwemained intact and the reaction
went to completion after 1 h. The purification dketcrude product was achieved by
sublimation at 80—-120C under high vacuum (0.05 Torr). The synthesis rilesd herein
was found to be efficient in terms of shortenedctiea time, straightforward workup
procedure as well as lowered reagent toxicity imgarison to the previous literature

procedures!?°

2.2.7 Synthesis and characterization of bispidinkeydrochloride 19
To obtain bis-bispidine tetraazamacrocytl2in a more efficient pathway\-Boc-N"-
allylbispidinone4 can be reduced to its bispidine derivati& before the macrocycle

formation.
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Thus,reduction ofN-Boc-N"-allylbispidinone4 under the Wolff—Kishner—Huang—Minlon
conditions in the presence of hydrazine monohydzaté potassium hydroxide at 170

for 1 h affordedN-Boc-N"-allylbispidine18 (Scheme 2.8)"?® The crude product could be
isolated by aqueous workup and further purifiedccbljumn chromatography using silica

gel (64% yield). The synthetic protocol could bepémged both for large and small scale

reactions.
o O Cl
i) C|)J\O)\
£ HNNH,*H,0, KOH (% CICH,CH,CI, 50°C
N N (HOCH,CH,),0, 170 °C N/ N iy HClether H N «2HCI
| o
Boc 64.% Boc CH30H, 50 °C, H
| | 94%
4 18 19

Scheme 2.8&ynthesis obispidine hydrochloridd.9.

The *H and **C NMR spectra indicate that the desired prodi@twas synthesized
successfully. ThéH NMR spectrum ofl8in deuterated chloroform displayed resonances
at 1.56 and 1.48 ppm which were assigned to thdylegte protons generated by the
reduction of the carbonyl group. In addition, thield shift of bridgehead protons from
2.31 and 2.28 ppm ito 1.68 and 1.64 ppm it8, respectively, was due to the reduction
of the carbonyl group.Comparison of thé’C NMR spectra oft and 18 indicated the
resonance of the carbonyl carbondimt 213.6 ppm was not presentli@ but the newly
generated methylene carbon was detected at 32.1impénThe bridgehead carbons also

shifted upfield from 48.0 and 47.9 ppmdrto 29.5 and 29.4 ppm {8, respectively.

The removal of the allyl group it8 was straightforward as described previously for

4% Together with the Boc protective group, the 1-obéthyl carbamate group in the
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resulting intermediate was cleaved with HCl in raetbl to afford bispidine
hydrochloride19 as a pale yellow residue (Scheme 2.8). The cred&lue could be

further purified by washing with diethyl ether tivg a pale yellow solid9in 94% yield.

'H and **C NMR displayed straightforward and well resolveeiaks confirming the

successful formation 0f9. The 'H NMR of 19 in deuterated methanol exhibited the
resonances of the methylene protons between tligdireads at 2.02 ppm and the
bridgehead protons at 2.42 ppm. In addition, thee &muatorial protons on the methylene
carbons next to the nitrogen atoms exhibited resmegmat 3.54 ppm, whereas the four
axial protons appeared at 3.41 ppm. Tf@ NMR was also straightforward with the
resonances of the carbons adjacent to the nitragems at 46.2 ppm, the bridgehead

carbons at 26.3 ppm, and the methylene carbon.atasn.

2.2.8 Synthesis and characterization of bis(iodoatamide) 21

Conversion of bispidine hydrochlorid&9 to bis(chloroacetamide20 was achieved
through acetylation of19 using chloroacetyl chloride in the presence NN-
diisopropylethylamine. Further reaction 20 with sodium iodide in acetone resulted in

bis(iodoacetamide)1in excellent yield (Scheme 2.9).

O

vaC'  (-Pr);NEt (% Nal (%
N N «2HCI CHoCl N N Acetone N N
H H 75% o:g 2:0 91% o:g 2:0
cl C | |
21

19 l
20

Scheme 2.Bynthesis of bis(chloroacetamid¥) and bis(iodoacetamid@)l.
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Both the'H and™*C NMR spectra suggested that bis(chloroacetaniéehad formed
successfully. ThéH NMR of 20 indicated that the protons on thecarbon next to the
carbonyl group appeared at 4.22 ppm and 3.95 ppspectively. In addition, the
bridgehead protons and the methylene protons batwke bridgeheads exhibited
resonances at 2.03 and 1.96 ppm, respectively**thBIMR displayed the characteristic
amide carbonyl peak at 166.5 ppm and dhearbon next to the carbonyl group at 41.4
ppm. The peak at 31.9 ppm indicated the bridgelsadabns, while the peak at 28.2 ppm

corresponded to the methylene carbon between itigebread carbons.

The formation of bis(iodoacetamid®l was confirmed by'H and **C NMR. A
comparison of théH NMR spectra 020 and21 in deuterated chloroform indicated the
doublets at 4.22 and 3.95 ppm28 which corresponds to the protons on thearbons
next to the carbonyl group, shifted upfield to 388W 3.60 ppm ir21, respectively. The
upfield shift could be due to the substitution dfetchlorine atom by the less
electronegative iodine atom. TA& NMR displayed the characteristic amide carbonyl
carbon peak at 167.5 ppm, while thecarbon next to the carbonyl group exhibited a

resonance at -2.8 ppm.

2.2.9 Synthesis and characterization of bisamid&znd bis-bispidine 17
Macrocyclization of bis(iodoacetamided1l and bispidine hydrochloridd9 in the
presence ofN,N-diisopropylethylamine at ambient temperature ichttiromethane

resulted in macrocyclic bisami@?2 in high yield (Scheme 2.10).
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Scheme 2.10Synthesis of macrocyclic bisami@2 and bis-bispidind 7.

The cyclization reaction went smoothly to completio dichloromethane, with a reactant
concentration of 0.02 mol/L. After the aqueous wmrkthe desired pale yellow solb
was obtained in 96% yield. Although the crude pratdeould be further purified by
column chromatography using basic alumina (75%dyjeit was routinely used in

subsequent transformations without the need ofantlyer purification.

The structure 022 was confirmed byH and**C NMR analysis. ThéH NMR spectrum

in CDCl; exhibited broad singlet peaks at 2.18, 2.06, &ar&81.78 ppm corresponding to
the four bridgehead protons. In addition, the rasges of the methylene protons on each
end of the bisamid22 were displayed at 1.80 and 1.53 ppm, corresponiirigose on
the amide and amine side of the macrocycle, reispéet The*C NMR also indicated
well-resolved resonances for all bridgehead carlzonsthe methylene carbons on each
end. This suggested tha@P had a rigid structure due to the presence of thale

functional groups and the bispidine units which wzstrict bond rotations.

Reduction of bisamid&2 with DIBAL in diethyl ethef’ afforded tetraazamacrocycl&
(Scheme 2.10). Purification of the crude products vechieved by sublimation as

described before (Scheme 2.8). Bthand™*C NMR data indicated that the conversion
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of bisamide22 to bis-bispidinel7 was complete under the reaction conditions. The
structure ofl7 was confirmed by comparing itsl and**C NMR data with that reported

in the literaturée’.

2.3 Conclusion

The bis-bispidine-based tetraazamacrocyclic comgeurhave been synthesized
effectively and characterized by, °C, and IR spectroscopy, as well as by high
resolution mass spectrometry. Some of the compobads also been characterized by
single crystal X-ray analysis. Effective synthesisl isolation of bis-bispidinonE3 has
been achieved and further functionalizations prexdesterl6 and bis-bispidind 7. Bis-
bispidine-based tetraazamacrocycl@sand 17 have been used for coordination studies

which are discussed in Chapter 3.
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Chapter 3: Coordination Studies of Bis-bispidine-based

Tetraazamacrocycles

3.1 Experimental

3.1.1 Materials and methods

All reagents and anhydrous solvents were usedasves from the Aldrich Company
unless otherwise indicated. All manipulations ofs@nsitive materials were performed
under a nitrogen atmosphere either in an MBraumailox or by standard Schlenk line
techniqgues. NMR spectra were recorded on 300 art@l MBiz spectrometers and
referenced to residual protonated solvett)(or deuterated solvent*C) unless

otherwise specified.

3.1.2 Synthesisand characterization

3.1.2.1 Synthesisof diketal bis-bispidine-copper(I1) complexes (Table 3.3)

Reaction of diketal bis-bispidineand copper(I1) triflate (Entry 1-1)

To a clear colourless refluxing solution &f (50 mg, 0.10 mmol) in anhydrous
THF/CHCN (3 mL, 4:1, v/v) was added a pale blue cleautsmh of Cu(CESGs), (60
mg, 0.17 mmol) in THF/CECN (1.1 mL, 4:1, v/v) under Natmosphere. After 24 h of
reflux, the resulting blueish-green reaction migtbecame a pale pink suspension which
was completely evaporated to dryness under a stogain. To the greenish residue, hot
distilled water was added and stirred for 1h. la thsulting mixture, the clear purple
supernatant was pipetted out and the orange ptecipas dried completely. To the
orange precipitate, methanol was added and stovednight. The resulting pale yellow

clear solution was filtered through a celite padlo@rless, block-shaped crystals suitable
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for X-ray diffraction were grown by the slow evaptbon of methanol solution at room
temperature. The crystals were characterized1l3d J(CFsSGs), (5) by single crystal X-

ray analysis.

Reaction of diketal bis-bispidine and copper (1) chloride dihydate (Entry 1-2)

To a clear very pale yellow solution »f(5.0 mg, 0.01 mmol) in 1 mL of methanol was
added a clear very pale green solution of GULO (2.0 mg, 0.011 mmol) in 1 mL of

methanol. The reaction mixture became a dark puleler solution immediately, which

was stirred at ambient temperature overnigHt.NMR analysis of the crude reaction

mixture after overnight stirring indicated the cdetp conversion of to protonated.

Reaction of diketal bis-bispidine and copper (I1) acetate (Entry 1-3)

To a very pale yellow clear solution (15 mg, 0.031 mmol) in 2 mL of methanol was
added a cloudy dark blue suspension of Cu(@A€tp mg, 0.034 mmol) in 1.5 mL of

methanol at ambient temperature. After overnigHtxe the reaction mixture remained

blue cloudy.*H NMR analysis of the crude reaction mixture intéchthe presence df

and no other product.

3.1.2.2 Synthesisof diketal bis-bispidine-nickel(l1) complex

Reaction of diketal bis-bispidine and nickel(l1) acetate (Entry 1-4)

To a clear colourless solution {50.0 mg, 0.104 mmol) in 2 mL of MeOH was added a
pale greenish clear solution of Ni(OA&}H,O (29.0 mg, 0.114 mmol) in 1.5 mL of
MeOH. The resulting clear pale greenish solutiors wefluxed overnight and cooled to

room temperaturéH NMR analysis of the clear solution indicated piiesence o5.
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3.1.2.3 Synthesisof diketal bis-bispidine-cobalt(l1) complex

Reaction of diketal bis-bispidine and cobalt(l1) nitrate (Entry 1-5)

To a pale pink clear solution of Co(N@6HO (13 mg, 0.046 mmol) in 1 mL of
THF/CH;CN (4:1, v/v) was added a clear colourless solutioh(20 mg, 0.042 mmol) in
1 mL of THF/CHCN (4:1, v/v). The reaction mixture became a palewn cloudy
suspension and was stirred at ambient temperatuZdays. The crude reaction mixture
was then analyzed b¥H NMR, which indicated the complete conversionlofo the

protonatecb.

3.1.2.4 Synthesisof bis-bispidine-copper complex (Table 3.4)

Reaction of bis-bispidine and copper (1) acetate (Entry 2-1)

To a clear pale greenish-blue solution of Cu(QA@B1 mg, 0.17 mmol) in 14 mL
anhydrous ethanol was added a very pale yellow sl@ation of2 (47 mg, 0.15 mmol)
in 2.0 mL of anhydrous ethanol at room temprattlite green clear reaction mixture was
refluxed for 1h and the resulting dark green ckdution was evaporated completely to
dryness under a stream of air. To the green resiciseadded 8 mL of 0.22 M NaCGJO
and the mixture was stirred for 2 h at room temjoeea The brownish-red clear solution
was separated, filtered through a celite pad amgh@ated slowly at room temperature
and yellow prism crystals were obtained. The cigstgere characterized &sby single

crystal X-ray analysis.

Reaction of bis-bispidine and copper(11) triflate (Entry 2-2)
To a clear colourless solution & (50 mg, 0.16 mmol) in 4.0 mL of anhydrous
THF/CH;CN (4:1, v/v) was added a pale blue clear solubib@u(CRSG0;), (95 mg, 0.26

mmol) in 2.0 mL THF/CHCN (4:1, v/v) under B atmosphere at ambient temperature.
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The cloudy green solution was refluxed for 24 he Tésulting pale green suspension was
completely evaporated to dryness under a streaair defore hot distilled water (6 mL)
was added. After 2 h of stirring, the clear palekphqueous layer was separated, filtered
through a celite pad and evaporated slowly at reemperature until colourless block
shaped crystals formetd NMR analysis of the reaction mixture indicated fresence

of 2and7 (2.7 = 1: 8).

Reaction of bis-bispidine and copper (1) perchlorate hexahydrate (Entry 2-3)

To a white suspension @f(30 mg, 0.099 mmol) in 4 mL of anhydrous acetolaitwas
added a clear pale blue solution of Cu(¥®HO (44 mg, 0.12 mmol) in 2 mL of
anhydrous acetonitrile at ambient temperature. rAtigernight stirring at ambient
temperature, the dark purple cloudy reaction metwas evaporated completely to
dryness under a stream of air. To the residue,rwateL) was added, stirred for 1h and
the resulting clear purple solution was separated analyzed by'H NMR, which

indicated the complete conversionlab 7.

Reaction of bis-bispidine and copper(11) chloride dihydate (Entry 2-4)

To a very pale yellow clear solution 2f(30 mg, 0.099 mmol) in 1.5 mL of methanol
was added a clear dark green solution of G®ELO (18.5 mg, 0.108 mmol) in 1.5 mL
of methanol. The slightly cloudy reaction mixtureasvstirred for 2 h at ambient
temperature, let settle, and the pale blue clepermatant was separatetd NMR

analysis of the supernatant indicated the preseh2Zand protonated (2:7 = 1:6).
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Reaction of bis-bispidine and copper (1) acetatein DM SO (Entry 2-5)

To a clear pale greenish-blue solution of Cu(QA@B1 mg, 0.17 mmol) in 14 mL
anhydrous ethanol was added a very pale yellow sl@ation of2 (47 mg, 0.15 mmol)
in 2.0 mL of anhydrous ethanol at room tempratlite green clear reaction mixture was
refluxed for 1h and the resulting dark green ckaution was evaporated completly to
dryness under a stream of air. To the green resiciseadded 8 mL of 0.22 M NaCGJO
and the mixture was stirred for 2 h at room temijpeea The brownish-red clear solution
was separated, filtered through a celite pad, aagpparated slowly at room temperature
and yellow prism crystals were obtained. The cigstere characterized &sby single

crystal X-ray analysis.

3.1.2.5 Synthesisof bis-bispidine-nickel(I1) complex

Reaction of bis-bispidine and nickel(11) acetate (Entry 2-6)

To a hot clear colourless solution2{50 mg, 0.16 mmol) in 3 mL of MeOH was added
a pale greenish clear solution of Ni(OA@HO (45 mg, 0.18 mmol) in 8 mL of MeOH.
The resulting pale yellow clear solution was reéidXor 48 h and then cooled to ambient
temperature. The clear pale yellow solution wadyaed by'H NMR, which indicated

the presence ¢&f and protonated (2:7 = 9:1).

Reaction of bis-bispidine and nickel(11) acetatein DM SO (Entry 2-7)

To a suspension ¢f (20 mg, 0.066 mmol) in 2 mL of anhydrous DMSO wdsled a
pale green clear solution of Ni(OAe#HO (18 mg, 0.0.072 mmol) in 0.5 mL anhydrous
DMSO. After stirring for 10 min, the suspension &ee a clear solution and was heated
at 80°C overnight’H NMR analysis of the pale brown clear solutionitaded that there
was no2 left in the reaction medium.
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Reaction of bis-bispidine, nickel(l1) acetate and DBU in DM SO (Entry 2-8)

To anhydrous DMSO (2 mL) was added DBU and stifogd30 min followed by2 (20
mg, 0.066 mmol). To the resulting cloudy suspensi@s added solid Ni(OAg¥4H,O
(18 mg, 0.0.072 mmol). After 2 days of stirringrabm temperature, the clear pale green
solution was analyzed b{H NMR which indicated the presence ®fand DBUH.
Gradual increase of heating from 50 to “€Dfor 4 days indicated presence of DBUH

and2, but no desired nickel complex.

3.1.2.6 Synthesisof bis-bispidine-cobalt(I1) complexes

Reaction of bis-bispidine and cobalt(l1) nitrate (Entry 2-9)

To a dark pink clear solution of Co(N)@ 6HO (29 mg, 0.099 mmol) in 1 mL of MeOD
was added a clear colourless solutio2 ¢10 mg, 0.033 mmol) in 1 mL of MeOD. After
2 h of stirring at ambient temperature, the cloydye brown reaction mixture was
settled, filtered through filter paper, and anatyby 'H NMR. *H NMR analysis of the

supernatant indicated the presenc2 ahd protonated (2:7 = 1:14).

3.1.3 X-ray crystallography

3.1.3.1 Data collection and refinement of compound 5

The X-ray crystal structure of compouBdvasobtained at -123 °C, where the crystals
were covered in Paratone or Nujol and placed rgpdd the cold Nstream of the Kryo-
Flex low-temperature device. The data was collecisidg the SMART software on a
Bruker APEX CCD diffractometer using a graphite momomator with Mo Kr
radiation (\ = 0.71073 A). A hemisphere of data was collectédgua counting time of
10 s per frame. Data reductions were performedgutiie SAINT software, and the

absorption correction of the raw data were perfarmasing SADABS. The structures
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were solved by direct methods using SHEI2Xd refined by full-matrix least-squares on
F2 with anisotropic displacement parameters for the-H atoms using SHELX-§&nd
the WinGX software package, and thermal ellipsoid plots wessluated by

ORTEP3.2.

3.1.3.2 Data collection and refinement for compound 7

The X-ray crystal structure of compountd was mounted on a Mitegen polyimide
micromount with a small amount of Paratone N oil. ray measurements were made
on a Bruker Kappa Axis Apex diffractometer at a penature of -163 °C. The unit cell
dimensions were determined from a symmetry comstdafit of 9945 reflections with
4.88° < B < 75.42°. The data collection strategy was a nurobe) and¢ scans, which
collected data up to 79.19°QR The frame integration was performed using SAMNT.
The resulting raw data were scaled and absorptoected using a multi-scan averaging
of symmetry equivalent data using SADABSThe structure was solved by direct
methods using the SIR2011 prograhAll non-hydrogen atoms were obtained from the
initial solution. The hydrogen atoms were introdilice idealized positions and were
allowed to ride on the parent atom. The structumabtlel was fit to the data using full
matrix least-squares based M The calculated structure factors included coiestfor
anomalous dispersion from the usual tabulation. Jtnecture was refined using the

SHELXL-2013 progrant.Graphic plots were produced using the NRCVAX paogt*
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3.1.3.3 Crystallographic data

Table3.1. Crystallographic data for compound 5

Formula CoeHscN4O4 » (CRSOs),

Formula weightg/mo) 780.84

Crystal dimensionsnim) 0.26 x 0.18 x 0.08

Crystal colour and habit Colourless, block

Crystal system Triclinic

Space group P-1

Temperature, K 150

Unit cell dimensions a=8.126(3) A 0 =104.734(4)°

b=8.167(3)A  B=95.430(4)°
c=13517(4) A  y=91.032(4)°

Vv, A3 862.8(5)

Number of reflections to determine final unit 3187

cell

Min and Max 3 for cell determination, ° 5.2,56.2

z 1

F(000) 412

p (g/cm) 1.503

A, A, (MoKa) 0.71073

W, (mnit) 0.25

Diffractometer type Bruker APEX CCD

Scan types w ande scans

Max 20 for data collection, ° 57.0

Measured fraction of data 0.993

Number of reflections measured 3975

Unique reflections measured 3974

Rmerge 0.0576

Number of reflections included in refinement 3247

Cut off threshold expression I > 2sigma(l)

Structure refined using Full-matrix least-squane$o
Weighting scheme w = 1/[0°(Fo?) + (0.101P)*+0.121P]
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whereP = (F,? + 2FA)/3

Number of parameters in least-squares 326
Ry 0.0576
WR; 0.1486
R; (all data) 0.0725
WR; (all data) 0.1674
Goodness-of-fit’Son F* 1.095
Maximum shift/error 0.039

Min & max peak heights on fin&iF map €/A) -0.65, 1.01

Table 3.2. Crystallographic data for compound 7

Formula GgH34N4* (ClOs)2

Formula weightg/mo) 505.39

Crystal dimensionsnim) 0.342 x 0.175 x 0.124
Crystal colour and habit Yellow prism

Crystal system Monoclinic

Space group P&

Temperature, K 110

Unit cell dimensions a=7.6275(17)A a=90°

b=14.438(4) A B =110.363(7) °
c=10.889(4) A y=90°

v, A3 1124.2(5)
Number of reflections to determine final 9945
unit cell

Min and max B for cell determination, °© 4.88, 75.42

z 2

F(000) 536

p (9/cm 1.493

A, A, (MoKa) 0.71073

W, (cmt) 0.342

Diffractometer type Bruker Kappa Axis Apex2
Scan types w ande scans
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Max 20 for data collection, ° 79.19

Measured fraction of data 0.998

Number of reflections measured 69262

Unique reflections measured 6771

Rmerge 0.0353

Number of reflections included in 6771

refinement

Cut off threshold expression I > 2sigma(l)

Structure refined using Full matrix least-squarsiag F

Weighting scheme w=1/[ 0 4(Fo?)+(0.0622P}+0.5029P]
where P=(F&+2Fc)/3

Number of parameters in least-squares 256

R: 0.0497

WR> 0.1247

R;: (all data) 0.0792

WR; (all data) 0.1414

Goodness-of-fit’Son F? 1.035

Maximum shift/error 0.000

Mir}&& max peak heights on findiF map -0.822, 1.281

(e7A)

*R1(F) = {Z(|Fo| - F¢))/Z|Fo|} for reflections withF, > 4(a(Fo)).

WR(F?) = {SW(Fof? -IFPZEW(Fo)? Y2 where ' denotes the weight given each
reflection.

S = GOF = EwW(JFof - Fc)?/(n-p)*%, hence, ‘n’ is the number of reflections and ‘g’ i

the number of parameters used.
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3.2 Resultsand discussion

Bis-bispidine-based tetraazamacrocydesnd? (R = H) are anticipated to be effective
ligands which can bind metal ions such ag*CNi?* and C8* selectively and form stable
complexes (Figure 3.1f.Comba et al. studied the coordination reactio® R = Me)
with Cu(CRSOs), at reflux in CHCN/THF for 24 h under an argon atmosph&réhe
complex was characterized by UV-Visible spectrogcapd elemental analysis. The
electronic spectra showed th&thad the highest ligand field strength for a tetrie
donor. This is the only instance where a metalbgpidine complex has been reported.

To date, no crystal structure has been obtained fhe complex.

The calculated available cavitgH) of 1 is 1.29-1.32 A and the ionic radii of €uNi**

and CG" are 0.75 A, 0.69 A and 0.75 A, respectively. Thif Histancer between the
two diagonal donor nitrogen atomsliris 2.00-2.04 A, comparable to the-@udistance
of ca. 1.98 A in the calculated structure of theper(1)-3 complex® It is expected that
CW*, Ni** and CG&" ions would fit well into the cavity of bis-bispit-based

tetraazamacrocycldsand2 and form stable complexes.

1 2(R=H)
3 (R=Me)

Figure 3.1 Bis-bispidine tetraazamacrocycles3
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3.2.1 Synthesistowards metal-diketal bis-bispidine complexes

3.21.1 Attempted synthesisof 4

The reaction of diketal bis-bispidine tetraazamegcte 1 and copper(ll) triflate was
carried out by refluxing a mixture dfand copper(ll) triflate in anhydrous THF/@EN
under nitrogen atmosphere for 3 h according toditee procedures used by Comba et
al. (Scheme 3.1 This afforded a cloudy green suspension and theysis of the
reaction mixture byH NMR in deuterated methanol indicated the peaksesponding to
the bridgehead protons and the ethylene bridgeopsoshifted from 2.20 ppm and 2.66
ppm inlto 2.52 and 3.10 ppm, respectively. The equatandl axial methylene protons
adjacent to the nitrogen atoms shifted downfiel8.&0 and 3.21 ppm from 3.09 and 2.81
ppm in1, respectively. By comparing tHel NMR spectrum of the reaction mixture and
the spectrum obtained from the protonated was confirmed that protonation of ligand

1 had occurred during the coordination reaction.

D NI

>y o~/

0o N N 0 cuoTh THF/CH,CN , © N\c _N 0o
+ Cu 2 > Lu

S SN N o reflux. 7 5 SN OSNZS 0

) ) X

Scheme 3.1 Coordination reaction df with copper(ll) triflate.

Further refluxing of the reaction mixture underitmagen atmosphere for a total of 24 h
resulted in a pale pink suspension without any gham the'H NMR spectrum.
Evaporation of the solvents followed by washing treen residue with hot distilled

water gave an orange solid. The NMR of the orange solid in deuterated methanol
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showed a resonance at 9.6 ppm which was chardicterighe protons in the tetramine

core. Slow evaporation of the NMR solution at ambiéemperature resulted in

colourless block-shaped crystals.

3.21.2 Crystallographic data analysisof 5

Single crystal X-ray diffraction analysis of the lmarless block-shaped crystals

confirmed the formation of protonated diketal bispidine tetraazamacrocycke with

triflate as the counter ions (Figure 3.2).

0 N <o
O></<: N\j ’-\+l ;>\><O
) < 20Tf
5

S

e

A7
~o

Figure 3.3 Crystallographic ORTEP plot of protonated dikédiglbispidines. Ellipsoids

are at the 50% probability level.
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The ORTEP plot 0b is shown in Figure 3.3. It is observed that thebanding N1---N2
distance between the two nitrogen atoms on the sieeof a bispidine unit is reduced
from 2.87 A'in1to 2.71 A in5. The shortening of the N1---N2 distance coulduetd
the minimization of the repulsion between the Igaérs of electrons on the nitrogen
atoms as a result of the protonation. It shouldrantioned that this phenomenon is
common for protonated bispidine compounds as welltteir metal-complexé$:*®
Moreover, the bonding and nonbonding distancestNand N1---H were observed as
0.87 and 2.11A, respectively, which are in goodeagrent with the reported values for
protonated bis-bispidin€. Although anhydrous acetonitrile and THF were ufedthe
reaction under a nitrogen atmosphere, the protomatil may be due to the presence of

trace amounts of acids, either in the solvents a@opper(ll) triflate.

3.2.1.3 Coordination of 1 with Cu®, Ni* and Co* ions

Different reaction conditions have been tested nna#tempt to achieve the desired
complex (Table 3.3). The reaction df and Cud)-2H,0 in methanol at ambient
temperature resulted in a clear dark purple salutidter overnight stirring, the solution
was analysed byH NMR in deuterated methanol, which indicated themplete
conversion ofl to its protonated speci®gEntry 1-2). When the reaction was carried out
using1 and Cu(OAc) in methanol under overnight reflux, thid NMR in deuterated
methanol showed the presence of chignd no other product (Entry 1-3). Attempts had
also been made to coordinate diketal bis-bispidimgth other metal ions, such as o
and NF*, because their ionic radii are close to that ef@f* ion (CG* = 0.75 A, Nf* =

0.69 A, Cu**=0.75A).
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The reaction of Ni(OAg)4H,0O andl in methanol upon overnight reflux resultedlin
and no other product (Entry 1-4), whereas the r@aadf 1 with Co(NG;),-6HO in

THF/CH;CN under reflux for 48 h gave no desired producti§E1-5).

Table 3.3 Reaction conditions df with metal ions

Entry Metal salt Solvent TemE)Ce:rature Reaction timg  Outcome
1-1 | Cu(CRSOs;), | THFICHCN| reflux 24 h 5
1-2 CuC}-2H0 MeOH rt overnight 5
1-3 Cu(OAc) MeOH reflux overnight No reaction
1-4 | Ni(OAc)-4H,0 MeOH reflux overnight No reaction
1-5 | Co(NQ)2:6H0 | THF/CH;CN rt 48 h No reaction

"Results are based 0 NMR

3.2.2 Synthesistowards metal-bis-bispidine complexes
3.2.2.1 Attempted synthesisof 6
Bis-bispidine tetraazamacrocycle 2 was used ircttoedination reaction with copper(ll)

acetate in anhydrous ethanol (Scheme 3.2).

/\ 1. Anhy. EtOH /N
N N reflux, Th N\C N
+
ON NG Cu(OAc), — ag. NaClo, " SN u\N/ 2104
__/ __/

Y

Scheme 3.2 Coordination reaction & with copper(ll) acetate.
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After 1 h of reflux, the clear green reaction mietuvas analysed byH NMR in
deuterated chloroform and displayed an inconcluspectrum with broad peaks.
Although the'H NMR in deuterated methanol did not show any neaks besides the
proton resonances @f it was thought that the desired copper compleghtiot show in
the NMR spectrum due to the paramagnetic propeftthe copper(ll) specie. The
green reaction mixture was evaporated. Additio9.82 M NaClQ aqueous solution to
the green residue gave a clear pale orange-yeltutien. Slow evaporation of the
solution at ambient temperature yielded yellow mprisrystals, which were analysed by
single crystal X-ray diffraction. The structure wésat of protonated bis-bispidine

tetraazamacrocyclé (Figure 3.4).
+/ \
N N
San Y 2CI0;
__/
7

Figure 3.4 Protonated bis-bispidine tetraazamacrocycle

3.2.2.2 Crystallographic data analysis of 7

The crystal structure of is disordered (Figure 3.5). The normalized occuopdor the
major disorder fraction in the diprotonated catwas refined to a value of 0.80 (Figure
3.6). It exhibits a N1---N2 distance of 2.72 A.STisi consistent with that & (Figure 3.2
and Figure 3.3) and (D»2:-(CI),-4CHCE which had been reported previously.
Although the N2H distance of 1.00 A is slightly longer than théues in 5 (0.87 A) and
(D"),2-(CI)2-4CHCE (0.86 A), it is comparable tothe value obtained from DFT

calculations for diprotonated bis-bispidine tetamacrocycle (1.04A%
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Figure 3.5. ORTEP diagram of protonated cation of Ellipsoids are at the 50%
probability level and hydrogen atoms are omitted @arity. Major and minor

components are depicted with solid and open bardpgectively.

Figure 3.6 ORTEP drawing for the cation @f(major component). Ellipsoids are at the

50% probability level.

In addition, the perchlorate anion also exhibitisordered structure with CL1, O1, and
02 maintaining their positions, while O3 and O4 daecondary positions at O3' and O4'
(Figure 3.7). The normalized occupancy for the mdjsorder component in the anion

was refined to a value of 0.59.
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(a) (b)

Figure 3.7 ORTEP diagram ofa) disordered perchlorate aniongfmajor and minor
component are depicted with solid and open bomdpectively(b) major component of

perchlorate anion. In both cases, ellipsoids atkeab0% probability level.

3.2.2.3 Coordination of 2 with Cu®*, Ni** and Co* ions

The coordination o2 with different metal ions is summarized in Tabld.Reaction of
bis-bispidine2 with Cu(CRESGs), in anhydrous acetonitrile/methanol at reflux for 24
resulted in a pale green suspensibAnalysis of the reaction mixture By NMR in
MeOD indicated the conversion @&fto its protonated speci&swith a 2:7 ratio of 1:8
(Entry 2-2). The reaction was also carried out inhyalrous acetonitrile with
Cu(ClOy),- 6H,0 at room temperaturéd NMR analysis of the reaction mixture indicates

the conversion 02 to its protonated species(Entry 2-3).

The reaction o2 with Co(NGs),- 6HO in methanol at room temperature yielded a cloudy
pale brown suspensioiH NMR analysis of the reaction mixture showed tBahad

converted to the protonated spedid&ntry 2-9).

Based on the above results, it was thought thaptbenation of ligan@ in the reaction
medium might be due to the presence of a trace atafuprotons in either the protic
solvents or the metal ion reagents. Therefore,tepandydrous DMSO was chosen as a

solvent for the coordination reaction. Heating CA¢R in anhydrous DMSO for 66 h
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resulted in broad peaks in the NMR spectrum which showed no starting mateziabr
protonated compound (Entry 2-5). Reaction o with Ni(OAc),-4H,0O in DMSO

indicated the conversion @fto 7 (Entry 2-7).

Table 3.4 Reaction conditions d with metal ions

Temperature Reaction .
Entry | Metal ion source Solvent °C time Outcome
2-1 Cu(OAc) EtOH reflux 1h 7
22 | CuCRSO) | o, FA/EK on | reflux 24h 2 and7
2-3 | Cu(ClQ),-6H,0 | Anhy. CHCN rt 12h 7
2-4 CuCj-2H,0 MeOH rt 2h 2 and7
2-5 Cu(OAc) Anhy. DMSO | rt to 100°C 66 h No2 or7
2-6 | Ni(OAck:4H,0 MeOH reflux 48 h 2 and7
2-7 | Ni(OAc):-4H,0 | Anhy. DMSO | rtto 80°C 4d 7

Anhy. DMSO
2-8 | Ni(OAc)-4H,0 rt to 80°C 4d inconclusive
+ DBU

2-9 | Co(NQ), 6H0 MeOH rt 2 h 7

Results are based o NMR

The reaction mixture in Entry 2-1 was analyzed B{\Wsible spectroscopy in $#D and

in CH3NO, and no absorption peak was detected. To underst@nceaction better, bis-
bispidine macrocycl@ in dry DMSO was heated at 8C overnight. It was observed that
some of2 were converted to its protonated spede®rolonged heating at 8€ for 2
days resulted in the complete conversio td its protonated species. This indicated that

the bis-bispidine macrocyccould be protonated even in anhydrous DMSO.
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It was thought that addition of a strong base, sashDBU, could abstract the trace
amount of protons in DMSO arflwould undergo coordination with metal ions without
being protonated. However, reaction 2fand Ni(OAc)-6H,0O in dry DMSO in the
presence of excess DBU at ambient temperature an gave2 and DBU-H but no
desired product. Gradual heating of the reactioxtune from 50 to 80C again gave

and DBU-H but no desired metal complex (Entry 2-7).

3.3 Conclusion

Attempts to obtain metal complexes using bis-bisigchased tetraazamacrocycles and
different metal ions such as €uNi?* and C8* were unsuccessful. No desired complex
was formed under the reaction conditions, includimgse reported by Comba et al. To
accomplish the desired metal-bis-bispidine comm@exéherefore, requires more

systematic study. A possible method can be templatthesis.
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Chapter 4. Conclusion and Future Work

4.1 Conclusion

Bis-bispidine-based tetraazamacrocycles with varidunctional groups have been
synthesized (Chapter 2). The macrocyclic bisamifle was prepared through the
cyclization reaction of an wunusually stable bispadi diethyl ketal 7 and
bis(iodoacetamided. Both 7 and9 were constructed frorN-Boc-N"-allylbispidinone4.
Successful reduction of bisamid® followed by the cleavage of ethyl groups afforded
bis-bispidinonel3. This versatile bis-bispidinone substrdf® was used to obtain bis-
bispidine-based tetraazamacrocyclésand 17. Chapter 2 also includes an alternative

pathway to obtain bis-bispidine tetrazamacrocyéle

Attempts have been taken to achieve th&" Qui** and C&* complexes of bis-bispidine-
based tetraazamacrocycl&é® and 17 (Chapter 3). No desired metal complexes of bis-

bispidine-based tetraazamacrocycles have beemeltai
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4.2 FutureWork

To achieve the desired metal complexes of bis-thispibased tetraazamacrocycles,
more systematic study using various transition meias under different reaction
conditions is required. Once formed, the optical aglectronic properties of the
complexes will be studied. Furthermore, as parthefresearch interest in our group to
prepare polymetallomacrocycles, bis-bispidine steanacrocycld can be incorporated
into a polymer backbone through step-growth polyma¢ion with different diols which
have aliphatic or aromatic carbon spacers (Schefje Bhese types of polymers could
be used to incorporate metal ions to form polynhete@hcrocycles3 which are expected

to have interesting optical and electronic propstti

EtO,C
+  HO—»—OH
CO,Et

D = carbon spacer

6
.. Y
\_/ " n
.2
': M (M = metal ion)
.. VanY
AN O
\ /M %
X n
3

Scheme 4.1 Proposed synthesis of polymacrocy2land polymetallomacrocycl
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