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All-carbon materials have been widely investigated because of their potential thermal,
electrical and physical properties. Carbyne, which would have all sp hybridized carbons, has
received considerable attention. Polydiiododiacetylene (PIDA), which has a carbon backbone
and iodine atom substituents, serves as a potential precursor to carbyne. We propose that carbyne
could result from complete deiodination of PIDA in the presence of Lewis bases such as triethyl
amine, pyridine and pyrrolidine. To avoid aggregation of PIDA or carbyne strands during this
process, we aim to prepare PIDA as a polyrotaxane through topochemical polymerization, using
a macrocyclic cocrystallizing agent, or “host”, containing pyridine segments. In this work, the
structure and synthesis of macrocyclic host have been thoroughly investigated. The conformation
of the macrocyclic host was optimized through equilibrium conformer using the AM1 semi-
empirical modeling and multiple possible conformations were proposed to predict the

macrocyclic rings’ sizes. A route was chosen to synthesize the target macrocyclic host, which



has four main segments; glycol ether group, pyridyl, alkynyl and oxalyl group. This route
includes Sonogashira coupling with 4-pentyn-1-ol, tosylation of hydroxyl, substitution of tosyl
group, Staudinger reaction and coupling with ethyl oxalyl chloride. This synthetic route has been

pursued and all intermediates were successfully synthesized.
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Chapter 1. Introduction

All-carbon materials have received considerable attention in the past. Carbyne, a new
allotrope of carbon, is still under controversy on its synthesis and properties. The goal of this
project is to prepare the polymer PIDA (polydiiododiacetylene) as a polyrotaxane complex,
encapsulated in a column of macrocyclic hosts. The polyrotaxane structure will prevent
aggregation of the PIDA strands, allowing for the complete dehalogenation of the polymer to
make carbyne. The proposed route is shown in Scheme 1.1. PIDA, a precursor of carbyne, can
be made from diiodobutadiyne via topochemical polymerization and host-guest strategy with
macrocyclic hosts, in which the macrocyclic hosts will self-assemble into a columnar structure

and diiodobutadiynes will form halogen bonds with the hosts.

N N H N
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N’ Dehalogenation /’/ ~.
N %
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" " N I N

Scheme 1.1 A new route of carbyne

1.1 All-carbon materials

All-carbon materials have been widely investigated because of their potential properties, such
as their electrical conductivity, thermal conductivity and hardness. They exist in different forms
with various properties, such as diamond, graphite, carbon nanotube, graphene, fullerene and

carbyne (Figure 1.1).
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Figure 1.1 Allotropes of carbon

Diamond, consisting of all sp® hybridized carbons, has many unusual properties, such as
extreme hardness, high optical transmittance and wide band gap etc.' Because of these properties,
the synthesis of diamond is of great interest. It can be synthesized through chemical vapor
deposition.’® Graphite is made of sp? hybridized carbon. The structure is layered and it behaves
as a good conductor.? Fullerenes exist in different sizes, such as Cgp, C70 and Cgy. The Ceo
fullerene was first discovered through laser irradiation of graphite by Kroto and coworkers.? It is
an all-carbon cage-like molecule with each atom sp? hybridized and directly bonded to three
neighbors.® Graphene can be used in composite material, electric batteries and in hydrogen
storage.* Carbon nanotubes usually have different sizes, which depends on length and diameter.

Because of their special electrical, electrochemical and optical properties, carbon nanotubes have



been widely investigated in electronics, biological and energy applications.” Carbyne, having all-

sp-hybridized carbon, is highly reactive. It will be discussed in section 1.2.
1.2 Attempts to make carbyne

Carbyne, an sp hybridized all-carbon chain, is a new allotrope of carbon and has attracted
considerable interest. Because of its instability, it is less well known than the other carbon
allotropes. The investigation of carbyne or carbyne-like structures is still underway and the
results are often unclear. Researchers have tried to synthesize carbyne or carbyne-like materials
in several ways, such as chemical dehydrohalogenation and electrochemical synthesis. Evsyukov
et al. studied dehydrohalogenation of poly (ethylene-alt-chlorotrifluoroethylene)(PE-a-CTFE)to
make carbyne.® PE-a-CTFE was treated with potassium tert-butoxide in tetrahydrofuran to form

a halogen-substituted polyenyne structure. The theoretical synthesis is showed below.

"F[H H_CliF]H:! 41 2 347 4 1 2 34 1
Tttt -nHCI -3nHF
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[ LU T R I | 2nHF [ S S O R I A n
F*H H F F°™H FHHF FnH
CP(E-a-CTFE) Polyyne form of carbyne

Scheme 1.2 Chemical dehydrohalogenation®

However, elimination of hydrogen halides was incomplete, which the authors hypothesized
might result from “insufficient strength of the base, sterical hindrances caused by its bulkiness as
well as by alternation defects in the original copolymer”.® Wang and coworkers claimed to form
carbyne-like material via electrochemical methods.” 1, 1, 2-Trichloroethane was
dehydrochlorinated on a Ni cathode in dimethylsulfoxide electrolyte solution under anaerobic

conditions.’ However, this method was not effective because of the electrochemical carbon,



which caused oxidation with O, and cross-linking of polyyne-like chains. In the above reports,

no evidence of formation of carbyne was observed and the properties of carbyne remain elusive.

Recently, polyynes, analogues of carbyne, have been widely investigated to predict the
properties of carbyne. Polyynes are one-dimensional chains with alternating single and triple
bonds. Walton and coworkers first reported to synthesize polyyne chains through Hay coupling

(Scheme 1.3).% The length of polyyne chain varied from four to sixteen triple bonds.

CuCI-TMEDA
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Scheme 1.3 Walton’s method®

Tykwinski and coworkers also synthesized several polyynes with a variety of end groups, in
which bulky end groups would increase the stability and solubility of polyynes. In 2010,
Tykwinski reported the synthesis of polyynes with as manys as 44 sp-carbons.® They used bulky

tris(3,5-di-t-butylphenyl)methyl (Tr) as end groups to stabilize the chain. The synthesis method

is shown in Scheme 1.4.
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Scheme 1.4 Tykwinski’s method®



When the polyynes become larger, the effect on stability by the end groups becomes
insufficient. In order to overcome this issue, some researchers have encapsulated polyynes into

macrocycles to form rotaxanes or polyrotaxanes.
1.3 Rotaxane and polyrotaxane

A rotaxane consists of a linear molecule with end-groups, which is threaded through a
macrocyclic molecule. The macrocyclic molecule should have large enough cavities to thread the
linear species, and the end-groups will prevent dethreading.’® There are four main approaches to
obtain rotaxane: clipping, threading, slipping and active-metal templating.*! Tykwinski and
coworkers synthesized polyyne rotaxanes with 4, 6 and 10 triple bonds in length through active
copper-templated coupling, which is showed in Figure 1.2.* This can help to stabilize the

polyyne chain.

THF, 60 °C

t-Bu t-Bu
t-Bu
I\ y O I |
sl i~
t-Bu
t-Bu t-Bu t-Bu
(0] 1a(n=4) 34%
0 1b (n=6) 32%
1¢ (n=10) 15%

Figure 1.2 Synthsis of rotaxanes via active copper-templated coupling. Reprinted with
permission from reference 12. Copyright (2012) American Chemical Society.
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Large numbers of rotaxanes are obtained with cyclodextrins through hydrophilic interaction
of hydroxyl groups and hydrophobic interaction of the hydrocarbon and ether groups. Hydroxyl
groups in cyclodextrin make the molecule hydrophilic outside while the hydrocarbon and ether
groups result in a hydrophobic inside. In 1981, Ogino first reported the synthesis of a rotaxane
with cyclodextrin in relatively high yield, in which the ring was a- or - cyclodextrin and the
chain was a dimeric cobalt (111) complex.™ Sugiyama and coworkers also prepared pseudo-
rotaxanes and rotaxanes with cyclodextrins to stabilize and to solubilize the polyyne chains.**
The polyyne chains with a-cyclodextrin demonstrated considerable stabilization effect at
ambient temperature in time-course UV/Vis absorption spectra while those without a-
cyclodextrin were unstable.* Another method to form rotaxanes is hydrogen bonding
interactions; Stoddart’s group synthesized two different rotaxanes through hydrogen bonding of
an ammonium ion with different macrocycles.' The two different rotaxanes are showed in
Figure 1.3. The top rotaxane shows hydrogen bonding result from dibenzo-24-crown-8
(DB24C8) and the ammonium ion. However, the bottom rotaxane shows that a nitrogen atom in
the macrocycle can also form a hydrogen bond with hydrogen atoms in the ammonium ion,

which makes dipyrido-24-crown-8 (DP24C8) a better receptor.



Figure 1.3 Two different rotaxanes. Reprinted with permission from reference 15a.
Copyright(1999) American Chemical Society. Reprinted with permission from reference 15b.
Copyright (2000) American Chemical Society.

A polyrotaxane, just as its name implies, consists of large numbers of rotaxane segments
incorporated in the polymer. In 2003, in order to solubilize poly(azomethine) (compound 1 in
Figure 1.4) in common organic solvents, the Geckeler group designed fullerene-terminated
soluble poly(azomethine) rotaxane.™® In the polyrotaxane, fullerene was end-capped with an

amino group and the macrocycle of B-CD was used to modify the benzene ring.
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Figure 1.4 Synthesis of the poly(azomethine) rotaxane with fullerene as the end-capping
agent. Reprinted with permission from reference 16. Copyright (2003) American Chemical
Society.

In my project, the polyrotaxane structure is made from self-assembly of macrocyclic hosts
and halogen bond between host and guest diiodobutadiyne. This polyrotaxane structure will
prevent aggregation of the PIDA strands, allowing for the complete dehalogenation of the
polymer to make carbyne. Also, we think this polyrotaxane structure can help to stabilize the

polymer.
1.4 Self-assembly of macrocycles

Supramolecular chemistry is a rapidly growing field, emphasizing assembly of discrete
molecules. Traditional chemistry deals with covalent interaction while supramolecular chemistry
focuses more on noncovalent interactions, such as hydrogen bonding®’, van der Waals forces®
and aromatic-aromatic interaction (n-m interactions)*®. Self-assembly, a main process involved in
supramolecular chemistry, will take advantage of these noncovalent interactions to organize
discrete molecules into high-order structures. Here I will introduce the self-assembly of

macrocycles through hydrogen bonding and =-7 interactions.



Aromatic-aromatic interactions, well known as n-n interactions, play important roles in self-
assembly of macrocycles. Aromatic rings can be arranged in following conformations; face-to-
face, edge-to-face and slipped stack. Hill and coworkers synthesized amphiphilic hexa-peri-
hexabenzocoronene, self-assembling via n-n stacking to form a discrete nanotubular object.?’
The object has a uniform and 14-nanometer-wide hollow space. Lauher and coworkers also took
advantage of n-7t stacking to design a tubular macrocyclic polymer, from which the monomer
structure and route to a tubular polymer are shown in Figure 1.5.%* The diacetylene-based
macrocycles self-assemble into slipped 7-n stack and polymerize via slow annealing. The
macrocycle has two different crystalline forms, which are monoclinic and triclinic form,
respectively. After slow annealing at 40 °C, the triclinic form appears to undergo single-crystal-

to-single-crystal polymerization.?*

2D Y

- -~

AN
4

49A

( ) - .
W Q=R
d -— -~

34A

heat to

tack
kO OJ — L//‘m) polymerize L//— 3
% 4 p C1
k_/m Q_~

monomer

Figure 1.5 Aromatic-aromatic interactions. Reprinted with permission from reference 21.
Copyright (2012) American Chemical Society.

Hydrogen bonding is an attractive force that involves a hydrogen and a strong
electronegative atom, such as oxygen, nitrogen and fluorine. The electronegative atoms behave

as hydrogen bond acceptor and the hydrogen is hydrogen bond donor.?> Macrocyclic peptides



and ureas can form high order tubular structures via hydrogen bonds. Ghadiri and coworkers
used cyclo[-(L-GIn-D-Ala-L-Glu-D-Ala),-] to self-assemble into hollow tubes via amide
hydrogen bonds.?® Shimizu and coworkers also took advantage of amide hydrogen bond to
organize diacetylene macrocycles for topochemical polymerization.* In addition, Shimizu and
coworkers used macrocyclic bis-ureas to self-assemble into columnar structures through urea
hydrogen bonds.? In the structure of macrocyclic bis-ureas, two hydrogen atoms in NH group
are hydrogen bond donors and the carbonyl groups are hydrogen bond acceptors. The structures
of the macrocyclic ureas are shown in Figure 1.6. In 2001, they used bis-urea macrocycles with
m-xylene to form the self-assembed tubular structures.®* The m-xylene keeps the macrocycle
rigid. However, this macrocycle forms intramolecular hydrogen bonds. Another bis-urea
macrocycle containing m-phenyl ether avoids forming intramolecular hydrogen bonds and
organizes into tubular structures with ordered acetic acid dimer filling inside as guest.®® The

columns are stabilized by hydrogen bonding as well as n-x staking interactions of phenyl ether.

NN
:<< T >>:
8 4
o) Sy
bis-ureas with m-xylene H [

A e T e
Q8 =¥

bis-ureas with m-phenylene

Figure 1.6 Hydrogen bonding networks.? Right: Reproduced from reference 25a with
permission of Royal Society of Chemistry. Copyright (2001).
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Like ureas, oxalamides are also used to form hydrogen bonding networks (Figure 1.7). The
repeat distances are 4.6 A and 5.0 A, respectively.?® Inspired by the above work, we design a
macrocycle with pyridine, alkyne and oxalamide segments. Pyridine and alkyne segments
provide beneficial rigidity, helping the macrocycles cocrystalize with diiodobutadiyne through

halogen bonds. oxalamide segments are used for forming hydrogen bonding networks.

______ O |
J
~ )J\ ~ T \NHN\
A NN 50A !
XN H l Ho 0
\ // | |
‘ _____ \\/ _____ CI) ||T|
\NJ\N/ \NHN\
H H H O
ureas oxalamides

Figure 1.7 Repeat distances of hydrogen bonding networks

1.5 Topochemical polymerization and host-guest strategy

Polydiacetylenes (PDASs), conjugated polymers with alternating double and triple bonds in
the backbone, are prepared via topochemical polymerization of aligned diynes. In 1969, the
synthesis of PDA was first described by Wegner, introducing the 1, 4-polymization of
monomers.?” In addition, Baughman demonstrated how 1, 4-polymerization of diynes works and
reported necessary parameters for the 1, 4-polymerization.?® The monomers are held in
alignment. The distance between adjacent monomers is near 5 A. The intermolecular distance of
reacting carbons (C4 and C1°) is close to 3.5 A, which is close to the van der Waals radius of
carbon. The tilt angle between monomer diyne and the vertical translation axis should be 45°.%

Ideal 1, 4-polymerization of diynes is showed below.

11



1,4-polymerization Yy

|

Scheme 1.5 Ideal 1, 4-polymerization of diynes.?

In order for topochemical polymerization to occur, the monomers should be aligned to meet
the geometric requirements. However, some monomers cannot form the appropriate geometry to
polymerize. The host-guest strategy is applied to align the monomers to meet the requirements
reported by Baughman. Hydrogen bonding and halogen bonding play important role in host-
guest strategy for topochemical polymerization. Recently, Fowler and Lauher developed
different kinds of diyne monomers to undergo 1, 4-polymerization using the host-guest
strategy.® In this way, the diyne monomers play the role of guests, which then form hydrogen
bonds with host molecules. The host molecules possessing oxalamides and ureas self-assemble
via hydrogen bonding. Because of hydrogen bonding interactions, the diyne monomers are
aligned in proper geometry for 1, 4-polymerization. The following is an example of the host-gust
strategy for one diyne. In the cocrystals, the oxalamide host molecule is organized through
hydrogen bonding with a repeat distance of 4.97 A and the nicotinyl ester groups of the diyne

guest monomers form strong pyridine-carboxylic acid hydrogen bonds to the host molecules.®

12
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Figure 1.8 Host-gust strategy for diyne. Reprinted with permission from reference 30. Copyright
(2008) American Chemical Society.

In addition to Fowler and Lauher’s work, the Goroff group also showed that halogen bonding
interaction could be applied for 1, 4-polymerization with the host-guest strategy.*! Both sp? and
sp hybridized carbons are more electronegative than iodine. lodoalkynes behave as Lewis acids
and form halogen bonds with Lewis bases, such as pyridine and nitriles. The following is an
example of the host-gust strategy for diiodobutadiyne (Figure 1.9).% In this case,
diiodobutadiyne plays the role of guest. The hosts with the oxalamide groups are also organized
through hydrogen bonds and designed to align diiodobutadiyne in the appropriate geometry for

1, 4-topochemcal polymerization. The repeat distance of diyne monomers is 5.11 A. The tilt

angle is 51°.%°
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Figure 1.9 Host-gust strategy for diiodobutadiyne?®
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1.6 Halogen bonding interaction and iodoalkynes

The halogen bond (XB) is a non-covalent interaction between a halogen atom and other
neutral atom or anions. The general structure of halogen bonds is shown in Figure 1.10.% In this
structure, X is a halogen atom, which accepts electron density. It can be Lewis acid and halogen
bond donor. D atom can donate electron density, behaving as a Lewis base and halogen bond

acceptor. Y is a carbon, nitrogen, or halogen atom.

Y X D

D=N, 0O, S, Br, CI
X= halogen atom
Y=C, N, halogen, etc.

Figure 1.10 Formation of halogen bond*?

The investigation of XB has been continuing for near 200 years. In 1863, the first report on
the ability of halogen atoms to form well-defined adducts with electron donor species was
described by Frederick Guthrie.* In his experiment, I, was added to saturated ammonium salt
(nitrate or carbonate) and a diiodine/ ammonia system NHs- I, formed. After exposed to air, it
decomposes spontaneously into ammonia and iodine.>* After that, halogen bonds became widely
investigated. H. A. Benesi and J. H. Hildebrand identified the iodine-benzene complexe through
UV-vis spectra in 1948.3* In 1954, Hassel’s group used X-ray to show the structure of bromine
1, 4-dioxanate.®® The experiment showed there was a short intermolecular interaction between
the oxygen atoms of dioxane and bromine atoms. The interaction was halogen bonding. The
distance of O—Br bond was just 2.71 A, which indicated a strong interaction between the

bromine and oxygen atoms.*®

14



Pierangleo Metrangolo and Guiseppe Resnati, whose research focuses on halogen bonds,
have summarized the characteristics of halogen bonds and their interaction.* * Polarizability
increases when moving down the periodic table from fluorine atom to the iodine atom. Among
the four halogen atoms, the order for forming strong halogen bonding is | >Br > CI >F.*** When
the halogen atom is attached to an electron withdrawing atom, the more electron withdrawing an
atom is, the stronger the halogen bonds. As to halocarbons, the strength order for halogen
bonding is C-X (sp)>C-X (sp%)> C-X (sp*).*® In addition, investigation of halogen bonds
examples in the Cambridge Structure Database is also shown in Figure 1.11, which showing the
angles of D - - X — Y was near 180°.%%* Goroff and coworkers used diiodobutadiyne and
bis(pyridyl)oxalamides to make cocrystals, which were based on halogen bonds between
nitrogen atom and iodine.®” Polymerization of cocrystal was induced under 3.5 GPa pressure.
Although the N----1—C angle changed after polymerization, both angles were still near 180°.

They were 169.7° and 161.4°. %

15
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Figure 1.11 Scatterplots derived from the CSD (298,097 crystal structures; only error-free
and nonpolymeric structures containing single-bonded iodine atoms and showing no disorder
with R < 0.06 are considered) reporting Ne+I-C angle (deg) vs NeseI distance (A) (top) and
Os++1-C angle (deg) vs O+l distance (A) (bottom) data for crystal structures containing
intermolecular NeeeI and Oee*I contacts, respectively. Red circles correspond to crystals of
iodofluorocarbons. Reprinted with permission from reference 36a. Copyright (2005)
American Chemical Society.

lodoalkynes, in which the C is sp hybridized, behave as Lewis acids and can form halogen
bonds with some Lewis bases.*® Diiodoacetylene, one of the families of iodoalkynes, has been
extensively investigated to form halogen bonds with various Lewis bases and halide anions. It
was used by Yamamoto and coworkers to form halogen bonds with halide anions, which
impacted donor’s packing geometry.*® Goroff and coworkers also explored experimental studies
of the 3C NMR of 1-iodo-1-hexyne and diiodoetyne in Lewis-basic solvents.*’ They
demonstrated acid-base interaction played important role in the a-carbon shift other than solvent
polarity. Recently, Brammer and coworkers reported a new route to synthesize diiodoacetylene
and its adducts with dimethylformamide(DMF), pyrazine(pyz) and 1, 4-
diazabicyclooctane(dabco), in which all halogen-bond chains were connected via N----1—C and

O----1—C halogen bonding interaction(Figure 1.12).** They also concluded that N----1—C
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halogen bonds were shorted than those with other halogen bond acceptor group after normalized

by van der Waals radii.
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Figure 1.12 Halogen-bonded assemblies: (a) C.l, with pyz. (b) C.l, with dabco. (c) C.l, with
DMF. (2). N:--:-1—C and O----I—C halogen bonds are shown as dashed lines. Reproduced from
reference 41 with permission of Royal Society of Chemistry. Copyright (2012).

Diiodobutadiyne, an analogue of diiodoacetylene, is also a good Lewis acid. The Goroff
group used diiodobutadiyne as a guest to cocrystallize with bis(pyridyl)oxalamides and
bis(nitrile)oxalamides. They formed strong halogen bonds between the alkynyl iodine and
pyridine (nitrile) nitrogen. In those cocrystals, the oxalamide hosts self-assembled into hydrogen-

bonded networks, which aligned the diiodobutadiyne for topochemical polymerization.
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Chapter 2 Previous work from the Goroff group

2.1 Preparation and characterization of PIDA

PIDA, which has a carbon backbone and iodine atom substituents, has been broadly
investigated by the Goroff group. PIDA is made from diiodobutadiyne (C4ly) through
topochemical polymerization. Bis(nitrile)oxalamides and bis(pyridyl)oxalamides are used as
hosts to form cocrystals with the guest monomer diiodobutadiyne. The structures of hosts, guest
and PIDA are shown in Figure 2.1. The cocrystals are characterized by X-ray diffraction (XRD),

UV spectroscopy, solid-state NMR and Raman spectroscopy.
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Figure 2.1 Structures of hosts and guest
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In 2006, Sun and coworkers first reported the synthesis of PIDA via host-guest strategy,
in which guest 1 and host 5 were used for forming cocrystals and the cocrystals underwent
spontaneous topochemical polymerization.*? The hosts are organized through hydrogen bonds
between oxalamide groups, while the guest forms halogen bonds between nitriles and Cyl,.
Attempts to synthesize PIDA with hosts 3 and 4 turned out to be unsuccessful because of steric
hindrance around the iodine. Host 5 could form cocrystals with Cyl, but the cocrystals do not
undergo single-crystal-to-single-crystal polymerization. The XRD analysis of cocrystal of 2 and
6 is shown below. The result demonstrated that oxygen atoms in oxalamide groups are in close

contact to iodine atoms.*?

Figure 2.2 Co-crystal of PIDA 2 and host 6. A: a single polymer chain and hosts. B: the top
view in ball-and-stick representation. C: the side view in space filling representation. Reprinted
with permission from reference 42. Copyright (2006) the American Association for the
Advancement of Science.

In 2008, Wilhelm and coworkers used hosts 3 and 4 to form cocrystals with C4l,, which
then underwent partial polymerization under external pressure.® However, the mosaicity

increases when the pressure is high, limiting the further studies on PIDA. In order to certify the
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formation of PIDA, XRD analysis and solid state **C NMR and Raman spectroscopy were
conducted. All showed clear signs of polymer. XRD analysis showed the alignment of cocrystals
and monomer still existed. Raman spectroscopy showed the formation of PIDA with three high
intensity peaks, which are carbon-carbon single bond, double bond and triple bond, respectively.
Solid state **C NMR showed the crystals with host 3 and 4 had near 90% and 55% polymer after

pressing, respectively.?® The solid-state **C NMR for host 3 and 4 are shown in Figure 2.3.

1 j\j
1

180 160 140 120 100 80 60 40 20 180 160 140 120 100 80 &0 40 20

Figure 2.3 *C MAS NMR spectra of the co-crystals: (A) 3+1 before pressing; (B) 3¢1 after
pressing to >6 GPa; (C) 41 before pressing; (D) 4¢1 after pressing to >6 GPa. Blue arrows
indicate peaks corresponding to 1; red arrows indicate peaks corresponding to PIDA. Reprinted
with permission from reference 29. Copyright (2008) American Chemical Society.

Luo and coworkers also made PIDA with host 6 and 8, while polymerization with host 7
was disfavored.*® Full characterization of the polymer was conducted through XRD analysis and
solid state *C NMR, Raman and electron absorption spectroscopy. Raman showed the gradual

change of topochemical polymerization of cocrystals of 6 and 1.
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Figure 2.4 Raman spectra of monomer (blue), partially polymerized (green), and polymer (red)
cocrystals made by host 5. Reprinted with permission from reference 43. Copyright (2008)
American Chemical Society.

2.2 Dehalogenation of PIDA

PIDA, which has a carbon backbone and iodine atom substituents, behaves as a potential

precursor to carbyne. This all-carbon material could result from complete deiodination of PIDA,

as shown in Scheme 2.1.%

\
\
i

| | linear carbyne

Scheme 2.1 Deiodination of PIDA

Luo and cowaorkers showed that the elimination of iodine can be induced with Lewis-base

triethylamine as well as pyridine or pyrrolidine under mild conditions.* In the experiment, PIDA
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aggregates were isolated from cocrystal via sonication and the blue color changed to yellowish-
brown after treated with triethylamine. UV spectroscopy was used to characterize the change,
shown in Figure 2.5. After the base is added in the blue solution, the absorption shoulder at 750
nm starts to decrease. The major absorption peak remains longer, but Amax Shifts to shorter
wavelength. Although the elimination occurred, the elimination of iodine was incomplete, with
60% iodine eliminated.* The isolated PIDA strands aggregate after sonication, leading to cross-

linking product. In addition, the internal PIDA strands could not react with Lewis base.
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Figure 2.5 Left: Isolated PIDA suspension in methanol turns dark yellow from blue after
addition of triethylamine. Right: UV-vis spectroscopy as the color changed from blue to dark
yellow. Adapted with permission from reference 45. Copyright (2011) American Chemical
Society.

In order to overcome incomplete elimination caused by isolated PIDA aggregates, PIDA
cocrystals, which were obtained from diiodobutadiyne and host 8, were used by Resch to

investigate elimination of iodine with different conditions, as shown in Scheme 2.2.%
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Conditions

> Product
Condition:
A: 5000eq pyrrolidine, ((((, H,O, 24h E: 500eq TBABr, 500eq Na,S,03, MeOH-H,0=1:1
B: 663eq pyrrolidine, MeCN, 48h F: 500eq KiI, ((((, MeCN, 24h
C: 500eq TBAI, MeNO, G: 250eq PPhs, MeCN-H,0=10:1, ((((, 24h
D: 500eq TBAI, EtOH-H,0=1:1 H: 250eq thiourea, MeCN, ((((, 48h

Scheme 2.2 Reactions of PIDA cocrystals with different reagents*

Although multiple sets of conditions were tried, no promising results indicated complete
deiodination. Under conditions A, the product of the pyrrolidine-induced deiodination was
characterized by Raman spectroscopy, UV-vis spectroscopy and SEM/EDS. Raman and
SEM/EDS only showed the product was a heterogeneous mixture and still contained iodine. UV
spectroscopy did not show any identifiable peaks. Using polar aprotic solvent (conditions B) did
not work either. In addition, iodide and bromide anions were chosen to react with PIDA
cocrystals (conditions C-F). No matter which conditions were used, each reaction showed
similar result. If reaction has sulfur reducing agent, the product would contain sulfur element. If
without reducing agent, reaction would result in product with iodine. Some other reagents were
also used to study deiodination of PIDA (conditions G and H). Both methods showed the

product was amorphous graphite-like carbon and contained other elements from the reagents.

Obviously, deiodination of PIDA is still exploratory, and future efforts need focus on the

complete deiodination of PIDA as well as avoiding formation of cross-linking product.
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Chapter 3 Result and discussion

3.1 Host design

n=3,4
R=H, O(CH,CH,0),CHs
Figure 3.1 Designed host

The host macrocycles are designed to interact with diioiobutadiyne to form cocrystals.
The macrocycles can be divided into four main segments: R group, pyridyl, alkynyl and oxalyl
group. The purpose of adding R group is to increase the macrocyclic ring’s solubility in solvents.
Gulur Srinivas and coworkers had used glycol ethers to improve organic compounds’ solubility
in solvent.*” The pyridyl and alkynyl groups are designed to provide beneficial rigidity, forcing
the macrocyclic ring to meet geometric requirement to cocrystallize with diiodobutadiyne. In
addition, halogen bonds are formed between nitrogen atoms in the pyridyl groups and the iodine
atoms. An oxalyl group is incorporated into the macrocyclic hosts, due to its ability to form
hydrogen bonding networks. The macrocyclic hosts will stack through hydrogen bonding with

appropriate repeat distances.

A chemical compound’s conformation can be predicted by computational modeling.

Since the guest has to fit in the macrocyclic host, the conformation of macrocyclic host needs to
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be optimized before synthesis. Xianzhi Liu, a previous group member, had focusd on obtaining
conformations of only the macrocyclic hosts, which neglected the halogen bonding interactions
between host and guest.*® First, the macrocycles, having different methylene segments and R
groups, were optimized through MMFF molecular mechanics model, from which N-N distances
were calculated. Since macrocycles without carbon-carbon triple bonds were more flattened than
those with triple bonds, Hartree-Fock model with basis set 3-21G was used to further optimize
macrocycles with triple bonds, from which different N-N distances were also calculated.
However, comformers from both computational methods were flattened, which made parameters
of N-N distances meaningless to predict macrocyclic rings’ sizes. Halogen bonding interactions
of macrocyclic host and guest will affact macrocyclic ring’s packing geometry. The
computational method should optimize the conformation of macrocyclic hosts with the guest

diiodobutadiyne.

In my research, the conformation of the macrocyclic host and guest is calculated through
the program Spartan. First, the molecular mechanics model was used for optimizing the
conformation of two pyridines and diiodobutadiyne. Later, semi-empirical model was also
applied to optimize the conformation. Two pyridines with diiodobutadiyne were optimized via
equilibrium geometry using MMFF molecular mechanics model and AM1 semi-empirical model,
respectively. The optimized conformations were shown in Figure 3.2. After optimization via
MMFF molecular mechanics model, the pyridines did not align appropriately near
diiodobutadiyne; nitrogen atoms were not in close contact to iodine atoms. However, they did
locate at diiodobutadiyne’s both sides after optimization via AM1 semi-empirical model, which

showed the halogen bonding interaction between macrocyclic hosts and diiodobutadiyne. The
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distance of N-1 atoms was 3.256 A, which was shorter than the sum of van der waal radius of

nitrogen and iodine atoms (3.53 A).

-l 4

Figure 3.2 Conformation of two pyridines with diiodobutadiyne. Left: conformation was
optimized via MMFF molecular mechanics model. Right: conformation was optimized via AM1
semi-empirical model.

Since AM1 semi-empirical model could identify halogen bonding interaction, it was
applied to obtain following model structures through equilibrium geometry (Figure 3.3). They
represent locally optimized geometries. From the following structures, we can see the

macrocyclic hosts can form columnar structures through hydrogen bonds and form halogen

bonds with iodine atoms.
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Figure 3.3 Conformation of macrocycles. Top left: top view for macrocycle with n=4 and R=H;
Top right: side view for macrocycle with n=4 and R= H; Bottom left: top view for macrocycle
with n= 3 and R= H; Bottom right: side view for macrocycle with n=3 and R=H.
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3.2 Host synthesis

Xianzhi Liu attempted to synthesize the target macrocyclic host with glycol ether
group.*® Some main steps are shown in Scheme 3.1. In first route, he tried to reduce phthalimide
group to amino group through Gabriel synthesis, while it was not successful. Proton and **C
NMR only showed glycol ether group and some peaks belonging to aromatic ring, but didn’t
show existence of desired product. Liu also attempted to couple tert-butyl pent-4-ynyl carbamate
on modified 2, 6-dibromopyridine ring. In this method, the amino group was protected by Boc
group and attached to pyridine all at once. According to Liu’s description, the desired compound
was not demonstrated by TLC and silica gel purification. Compound 6 is volatile and harmful for
membrane tissue and respiratory tract.*®* Meanwhile, both routes had difficulties in purification of

compounds with amino groups due to their high polarity and instability.
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Scheme 3.1 Two main routes involved in synthesis of target host*®

Based on the above results, a new synthetic route was developed which involves coupling
ethyl oxalyl moiety on amino group. It is showed in Scheme 3.2. In order to save reagents and
time, | did not modify 2, 6-dibromopyridine with ethyl glycol ether moiety at the beginning. In
this route, Gabriel synthesis was used to make an amino group. Ethyl oxalyl chloride was chosen
to react with the amine. The resulting segment could prevent forming polymer when compound
11 reacted with compound 12. Unfortunately, compound 5 was not verified to be synthesized.

According to Guan’s work, hydrazine monohydrate was added in RBF to react with 1-
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phthalimide-4-pentyne in ethanol, followed by acidification and basification after a white
precipitate formed.*® Since compound 5 is soluble in water and byproduct is hard to remove
completely, the isolation of pure product is difficult. The NMRs of crude product are not
consistent and some peaks could not be assigned. | also tried to use the crude product to react

with ethyl oxalyl chloride. The result showed the reaction was not successful.
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Scheme 3.2 Planned synthetic route of designed host with R=H

Since Gabriel synthesis from a phthalimido group to an amino group did not work well, a
new route (Scheme 3.3) is proposed to make compound 5, in which hydroxyl is substituted with
—OTs group. It will further be converted to an azide and reduced to an amino group through
Staudinger reaction. A difficulty was experienced during synthesizing the product compound 15.

As described by Saito et. al,> sodium azide was added in DMF to react with compound 14 at 70
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°C, followed by extraction with diethyl ether. Later | found compound 15 had a low boiling point,
which was not described by any resource. The yield was just 35% percent. DMF has a high
boiling point and usually is removed by extraction, which leads to loss of product. On the other
hand, we found that the desired product 15 had a low boiling point after | observed crude product
was pumped out by oil pump. In consideration of these two disadvantages, compound 9 is used

to couple with 2, 6-dibromopyridine first.

1.5TsCl
__ _~_OH 15NEt; __ _~_OTs 4eqNaN; Ny PhsP. HO —  NH,
— - = - N Y - -
DCM DMF, 70°C THF
0°Crt
9 14 15 5

Scheme 3.3 Alternate synthetic route of 1-amino-4-pentyne

The following route (Scheme 3.4) includes Sonogashira coupling with 4-pentyn-1-ol,
tosylation of hydroxyl, substitution of tosyl group, Staudinger reaction and coupling with ethyl
oxalyl chloride. This synthetic route has been pursued and all intermediates were successfully

synthesized.
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Scheme 3.4 Alternate synthetic route of designed host with R=H

One of the complicated steps in Scheme 3.4 was coupling compound 9 with 2, 6-
dibromopyridine through traditional Sonogashira coupling condition. The reaction was
monitored via TLC and stopped after fifteen hours. Comparing with starting material and triethyl
amine, there were four clear spots. They were compound 9, homocoupling product of compound
9, product 17 and triethyl amine which located at base line. Column chromatography was used to
purify the crude product after vacuum filtration. The purification of crude product was a
difficulty. 80% ethyl acetate with 20% hexane was used to get rid of byproduct and 100% ethyl
acetate was used for obtaining pure product. However, the product came out very slowly after
multiple solvents were used. This perhaps was because pyridine ring was protonated and the

length of column was too long. In order to overcome this, the length of silicon column could be
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reduced and triethyl amine or ammonium hydroxide could be applied to basify the silicon gel.
Later | found, 5% methanol with 95% ethyl acetate could purify the product, which saved time

and solvent.

Another complicated step in Scheme 3.4 was the reduction of compound 19. In order to
produce compound 12 quickly, four equivalents of triphenylphosphine were used to push
compound 19 to be reduced. TLC showed compound 19 was totally reduced and
triphenylphosphine oxide formed. However, compound 12 is very polar and partially soluble in
water, which made acidification and basification unsuccessful to obtain pure product. Compound
12 also could not be purified by column chromatography, because it could be stuck in silicon gel.
Since starting material was totally reacted and the byproduct was triphenylphosphine, the crude

compound 12 was characterized by NMR and MS without further purification.

After Staudinger reaction, the crude compound 12 reacted with ethyl oxalyl chloride in
DCM at 0°C and was allowed to warm to room temperature. Surprisingly, the mixture turned to
dark purple after ten minutes. After nineteen hours, TLC showed triphenylphosphine was gone
and four clear spots formed with other fuzzy spots. An unexpected byproduct formed during the
reaction, whose structure (Figure 3.4) was confirmed by NMR and MS. In addition, the eluent of
67% hexane with 23% ethyl acetate was chosen to purify compound 11. However, the desired
product could not come out with the appropriate eluent, even with ethyl acetate. Pure methanol
was used to collect the remaining compound, which turned out to be compound 11. It might be

because the pyridine ring was protonated and desired product was kept in the column.
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16

Figure 3.4 Unexpected byproduct

The last step in Scheme 3.4 was the cyclization of compound 11 with compound 12.
Compound 11 reacted with one equivalent of crude compound 12 in 100 mL THF. After
concentrating, the resulting mixtures were a little yellow liquid and white solid. The white solid
was partially soluble in DCM and methanol while soluble in DMSO. In order to check the
possibility of forming the designed macrocycle, the resulting mixtures were characterized by
proton and *C NMR in deuteriumed DMSO. The messy spectrum could not verify the designed
macrocycle. This step was only explored once and it needs further investigation. In the future,
the yellow liquid and white solid should be collected respectively and characterized.

Concentration of starting material may also affect the reaction, which needs further investigated.

In addition, another two reactions were performed to reduce azide (Scheme 3.5).
According to Morin’s work, azide could be reduced to an amino group via tin (I1) chloride in

methanol.>*

The advantage of this method was that crude product could be purified via extraction
with diethyl ether. However, tin(Il) chloride is very poisonous. Hydrogenation was also a good
way to reduce azide and alkyne, in which Pd/C can be easily removed via filtration. Neither
reactions used too many reagents or byproducts. However, both NMRs were messy and certain

peaks were unidentifiable. Both crude products were hard to purify due to the amino group’s

large polarity and instability.
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Scheme 3.5 Two unsuccessful reactions

The glycol ether group is employed to modify pyridyl, which is on the 4 position of
pyridyl. There is little literature describing the functionalization on the 4 position of 2, 6-halogen
substituted pyridyl. However, Smith et al reported a hydroxyl can be attached to the 4 position on
the aromatic ring through borylation and oxidation.>? To synthesize 4-hydroxyl-2, 6-halogen
substituted pyridyl, efficient iridium catalyst, 1, 2-bis (diphenylphosphino)-ethane (dppe) and
special solvent cyclohexane were used. Under basic conditions, OTs is a good leaving group.
The glycol ether group and hydroxyl on the pyridyl can be connected after the tosylation of
diethylene glycol monomethyl ether. Based on Masahiko Inouye’s work, the 2, 6-
dibromopyridine-4-ol was first obtained by direct iridium-catalyzed borylation of 2, 6-
dibromopyridin and oxidation with oxone.” However, the yield was only 15% so I doubled the
amount of catalyst and expanded the reaction time. Most starting material did not react, which
was confirmed through thin layer chromatography and proton NMR. According to the Smith
group’s work,’” cyclohexane was used as solvent and the reaction temperature was adjusted to

100 °C. When I adjusted the reaction to these conditions, the yield increased to 51%, which is
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consistent with the literature. Compound 1 could not dissolve in triethylamine, which might lead
to incomplete reaction. In order to overcome this, THF was added to dissolve compound 1. In

this route (Scheme 3.6), the conditions were similar to those in Scheme 3.4.
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Scheme 3.6 Synthetic route of designed host with R= O(CH,CH,0),CH3
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Chapter 4 Future work

In order to induce topochemical polymerization, monomers should be aligned to meet the
geometric requirements. Appropriate host and guest are critical to control the geometric
arrangement. Based on simple semi-empirical calculation, compound 13 and 27 were chosen as
the target macrocyclic hosts. Single crystals of compound 13 and 27 will be developed, from
which packing geometry of hosts will be determined and the sizes of macrocyclic hosts will be

accurately predicted.

Since the reaction routes in Schemes 3.4 and 3.6 are straightforward, future work will
focus on synthesizing the designed macrocyclic hosts and preparing cocrystals from the hosts
and diiodobutadiyne and characterize the product. The last step of Scheme 3.4 needs further
investigation. According to Liu’s work,>* concentration of solution affected the self-cyclization.
When the solution was too concentrated or too diluted, more side products were generated. In the
future, appropriate concentration and solvents will be explored. A pure compound 6 can help to
reduce complexity of self-cyclization. On the other hand, an alternate route for self-cyclization is

worth trying (Scheme 4.1).
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Scheme 4.1 Alternate route for self-cyclization

. To achieve full dehalogenation, the strategy proposed in Section 2.2 should be tried to

prevent cross-linking of PIDA strands.
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Chapter 5 Experimental section
5.1 Computation

All structures have been optimized in Spartan program via the molecular mechanics model
and the semi-empirical model. In both models, equilibrium geometry was selected to calculate
the local conformation at the ground state. MMFF force field was used in molecular mechanics

model and AM1 method was used in semi-empirical model.
5.2 Synthesis

General methods: All reagents and solvents were purchased from GFS chemicals, Strem
chemical, Aldrich, Fisher, Oakwood chemical, VWR or BDH. They were used without further
purification. *H and **C NMR spectra were recorded with Bruker-300, Bruker-400, and Bruker-
500 instruments. In the NMR data, chemical shifts were recorded as ppm. Coupling constants
were recorded in hertz (Hz).[singlet (s), doublet (d), doublet of doublet (dd), triplet (t), quartet

(9), quintet (gt) or multiplet (m)]. IR spectra were obtained by Thermo Nicolet iS-10 FT-IR.
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N-(4-Pentynyl)phthalimide (2)
4-Pentyn-1-ol (1.05 g, 12.5 mmol), PPh3(3.93 g, 15.0 mmol), phthalimide (2.0 g, 13.5 mmol)
were added to a RBF with 15 mL toluene. The mixture was cooled to 0 °C and the solution of

DIAD (3.16 g, 15.6 mmol) with 3mL was dropwise added into the mixture. When the addition

was finished, the reaction was warmed up to room temperature and stirred for 5 hours. And then
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16 mL MeOH was added, the reaction was stirred for another 3 hours. The solution was
concentrated to give a crude product, which was purified by silica-gel column chromatography
(EA/hexane= 1/5) to give compound 2 as white solid (1.71 g, 80%, m.p. 87-88 °C). 'H NMR
(500 MHz, CDCls): & 7.80 (m, 2H), 7.67 (m, 2H), 3.75 (t, J = 7.1 Hz, 2H), 2.22 (t, J = 2.6 Hz,
2H), 1.90 (m, 3H). *C NMR (500 MHz, CDCls): & (ppm) 168.4, 134.0, 132.2, 123.3, 83.1, 69.1,

37.2,27.3,16.3.8

- ~_ OTs
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Pent-4-yne-1-tosylate (14)

To a solution of 4-pentyn-1-ol (759 mg, 9 mmol) in dichloromethane (DCM), triethylamine (1.98
mL, 14 mmol) was added. The reaction was kept at 0°C. A solution of tosyl chloride (2.65 g,
14.2 mmol) in DCM was added dropwise into the mixture. After the addition was finished, the
reaction was warmed to room temperature and stirred for one day. The reaction mixture was
extracted with water. The organic layer was separated and dried over Mg,SQO,, concentrated to
give a crude product, which was purified by column chromatography (Hexane/ EA=10/1 then
3/1) to give a colorless oil (1.64 g, 70%). ESI MS m/z 239.1 [M+H]", 261.1 [M+Na]*. *H NMR
(500 MHz, CDCls): § 7.75 (m, 2H), 7.31 (m, 2H), 4.11 (t, J = 1.4 Hz, 2H), 2.42 (s, 3H), 2.22 (m,
3H), 1.86(s, 1H), 1.83(m, 2H). **C NMR (500 MHz, CDCls): 5 (ppm) 144.9, 132.9,129.9, 128.0,

82.2,69.5, 68.8, 60.4, 27.7, 21.7, 14.7.%°
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Pent-4-yne-1-azide (15)

Pent-4-yne-1-tosylate (500 mg, 2.1 mmol) was added into a solution of sodium azide (34 mg, 5.2
mmol) and dry DMF(20 mL),. The reaction was stirred overnight at 70°C under argon. The
reaction mixture was poured into water (20 mL) and extracted with diethyl ether (20 mL) three
times. The combined organic layers were washed with water(15 mL) seven times and dried over
Mg,SO4, concentrated in vacuu to give a pale yellow liquid (80.21 mg, 35%). *H NMR (300
MHz, CDCly): & 3.43 (t, J = 6.7 Hz, 2H), 2.28 (m, 2H), 1.97 (t, J= 2.7 Hz, 1H), 1.78 (m, 2H). **C

NMR (300 MHz, CDCls): & (ppm) 82.7, 69.4, 50.1, 27.7, 15.8.%°

Cul purification®

To a solution of potassium iodide (9.1 g, 0.055 mol) in 20 mL H20, Cul (0.625 g, 0.033 mol)
was added. Under argon for 1 h, charcoal (0.635 g, 0.053 mol) was added and the reaction was
stirred at 35 °C for 30 min. The mixture was cooled to room temperature and filtered
immediately. H20 (15 mL) was added and the solution was put in ice bath for 45 min with the
flask sealed. The white precipitate that formed was isolated via vacuum filtration. The white

solid was dried overnight in the vacuum oven (~50°C).
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5, 5°-(pyridine-2, 6-diyl)bis(pent-4-yn-1-ol) (17)

To a stirred solution of 2, 6-dibromopyridine (1.42 g, 6 mmol) in 35 mL triethylamine (TEA),
(Ph3P),PdCl; (0.42 g, 0.6 mmol), Cul (0.11 g, 0.6 mmol) and 4-pentyn-1-ol (3.5 mL, 30 mmol)
were added. This mixture was stirred at room temperature for 15 h and isolated by vacuum
filtration. TEA was removed in vacuo. The crude product was purified by column
chromatography (EA/ MeOH=19/1, 1% TEA) to give yellow oil (1.08 g, 74%). ESI MS: m/z
244.2 [M+H]*. *H NMR (300 MHz, CDCl3): & (ppm) 7.45 (t, J = 7.7 Hz, 1H), 7.18 (d, J = 7.8
Hz, 2H), 4.06 (s, 2H), 3.73 (t, J = 6.1 Hz, 4H), 2.49 (t, J = 9.3 Hz, 4H), 1.79 (m, 4H). *C NMR
(300 MHz, CDCls): 6 (ppm) 143.4, 136.5, 125.4,91.1, 79.9, 60.6, 30.7, 15.7.

N
|
N
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Pyridine-2, 6-diylbis(pent-4-yne-5,1-diyl) bis(4-methylbenzenesulfonate) (18)

To a solution of 5, 5’-(pyridine-2, 6-diyl)bis(pent-4-yn-1-ol) (1.08 g, 4.45 mmol) in DCM (15
mL), triethylamine (1.55 mL, 11.12 mmol) was added. The reaction was kept at 0°C. A solution
of tosyl chloride (2.08 g, 11.12 mmol) in DCM (15 mL) was added dropwise into the mixture.
After the addition was completed, the reaction was warmed to room temperature and stirred for
one day. The reaction mixture was concentrated and purified by column chromatography
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(Hexane/EA= 1/1 then 1/3) to give yellow oil (1.89 g, 77%). ESI MS m/z 552.3 [M+H]". 'H
NMR (300 MHz, CDCls): & (ppm) 7.68 (d, J = 8.0 Hz, 4H), 7.45 (t, J = 7.8 Hz, 1H), 7.21 (d, J =
8.0 Hz, 4H), 7.10 (d, J = 7.8 Hz, 2H), 4.08 (t, J = 5.9 Hz, 4H), 2.40 (t, J = 6.8 Hz, 4H), 2.27(s,
6H), 1.84(m, 4H). *C NMR (500 MHz, CDCls): & (ppm) 144.6, 143.1, 136.0, 132.4, 129.6,

127.5,125.4, 88.3, 80.6, 68.6, 27.2, 21.2, 15.2.

N3 N3
19

2, 6-bis(5-azidopent-1-yn-1-yl)pyridine (19)

To a solution of sodium azide (0.89 g, 3.4 mmol) in 20 mL dry DMF, pyridine-2, 6-diylbis(pent-
4-yne-5,1-diyl) bis(4-methylbenzenesulfonate) (1.89 g, 13.6 mmol) was added. The reaction was
stirred overnight at 70°C under argon. The reaction mixture was poured into water (20 mL) and
extracted with diethyl ether (40 mL) three times. The combined organic layers were washed with
water(20 mL) seven times and dried over Mg,SO., concentrated in vacuu to give pale yellow
liquid(0.58 g, 58%). ESI MS m/z 294.2 [M+H]*. *H NMR (300 MHz, CDCls): & (ppm) 7.49 (t, J
= 7.8 Hz, 1H), 7.20 (d, J = 7.8 Hz, 2H), 3.39 (t, J = 6.6 Hz, 4H), 2.46 (t, J = 6.9 Hz, 4H), 1.80

(m, 4H). 3C NMR (300 MHz, CDCl5): § (ppm) 143.4, 136.2, 125.5, 89.0, 80.7, 50.0, 27.3, 16.4.
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5, 5'-(pyridine-2, 6-diyl)bis(pent-4-yn-1-amine) (12)

To a solution of 2, 6-bis(5-azidopent-1-yn-1-yl)pyridine (0.293 g, 1 mmol) in 15 mL of THF was
added triphenylphosphine (1.05 g, 4 mmol) and water (0.14 mL, 8 mmol). The reaction was
stirred under argon for twenty four hours with a vent needle plugged in rubber septum. The
crude mixture was dried over MgSQO, and concentrated by rotary evaporation. Without further
purification, the crude mixture was used for next step to make compound 12. ESI MS m/z 121.6

[(M+2H")/2], 242.1 [M+H"], 263.0[M+Na'], 279.0 [M+K'].

e e

EtO OEt
1

Diethyl-2, 2'-((pyridine-2, 6-diylbis(pent-4-yne-5, 1-diyl))bis(azanediyl))bis(2-oxoacetate)
(11)

To the solution of crude mixture of 5, 5'-(pyridine-2, 6-diyl)bis(pent-4-yn-1-amine) in DCM (10
mL), triethylamine (0.55 mL, 4 mmol) was added. The reaction was kept at 0 °C. Ethyl oxalyl
chloride (0.45 mL, 4 mmol) was dropwise added in the mixture. After the addition was

completed, the reaction was warmed to room temperature and stirred for nineteen hours. The
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reaction mixture was extracted with saturated sodium bicarbonate solution and saturated sodium
chloride solution. The organic layer was dried over Mg,SQO,, concentrated to give a crude
product, which was purified by column chromatography (EA: Hexane= 2:1, EA then MeOH) to
give yellow oil (0.16 g, 36%). ESI MS m/z 442.3 [M+H]", 464.3 [M+Na]*. *H NMR (400 MHz,
CDCls): & (ppm) 7.56 (t, J = 7.8 Hz, 1H), 7.29 (d, J = 7.8 Hz, 2H), 4.32 (q, J = 7.1 Hz, 4H), 3.52
(m, 4H), 2.50 (t, J = 7.1 Hz, 4H), 1.89 (m, 4H), 1.36 (t, J = 7.2 Hz, 6H). *C NMR (400 MHz,

CDCls): & (ppm) 160.6, 156.8, 143.5, 136.4, 125.7, 89.3, 81.00, 63.2, 39.0, 27.4, 16.9, 13.9.

O

ERN

16

Ethyl-2-(diethylamino)-2-oxoacetate(16)

Ethyl-2-(diethylamino)-2-oxoacetate was obtained from the procedure of making diethyl-2, 2'-
((pyridine-2, 6-diylbis(pent-4-yne-5, 1-diyl))bis(azanediyl))bis(2-oxoacetate). After the crude
product was purified by column chromatography (EA: Hexane= 2:1), ethyl-2-(diethylamino)-2-
oxoacetate was obtained as yellow oil (0.023 g). ESI MS m/z 174.1 [M+H]*. *H NMR (500
MHz, CDCls): & (ppm) 4.29 (q, J = 7.2 Hz, 2H), 3.38 (q, J = 7.2 Hz, 2H), 3.25 (q, J = 7.1 Hz,
2H), 1.32 (t, J = 7.1 Hz, 3H), 1.19 (t, J = 7.1 Hz, 3H), 1.15 (t, J = 7.1 Hz, 3H). *C NMR (500

MHz, CDCls): & (ppm) 163.2, 161.4, 61.8, 42.4, 38.9, 14.1, 13.9, 12.4.>"
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2, 6-Dibromopyridine-4-ol (21)

2, 6-Dibromopyridine (710.67 mg, 3 mmol), 1, 2-bis (diphenylphosphino) ethane (47.8 mg,
0.12mmol) and (IrCl(cod)), (cod=1, 5-cyclooctadiene) (40 mg, 0.06 mmol) were dissolved in 10
mL cyclohexane in a RBF, and pinacolborane (1.74 mL, 12 mmol) was added. The reaction was
stirred under Ar and refluxed for 8 hours. The resulting mixture was cooled to room temperature,
concentrated in vacuum, diluted with 5 mL THF, slowly added into aqueous oxone solution
(2.03 g in 10 mL H20). The mixture was stirred for 10 min at room temperature, followed by
quenching with aqueous NaHSO3 and extracted with diethyl ether (15 mL) three times. The
combined organic layers were washed with water and saturated sodium chloride, dried over
MgSO4, concentrated, purified by silica-gel column chromatography (EA/Hexane = 1/5) to give
white solid(386 mg, 54%, 217-218 °C). *H NMR (500 MHz, acetone-Dg): & 7.04 (s, 2H). 3C

NMR (500 MHz, acetone-Dg): & (ppm) 167.6, 141.4, 115.8.%8

TsO™~O~"0"

22
2-(2-Methoxy-ethoxy)-ethyl-p-toluene sulfonate (22)
To a solution of glycol ether (1.68g, 10 mmol) in 10 mL THF was added aqueous solution of
NaOH (0.8 g, 20 mmol in 2 mL H,0). An ice bath was used to cool the mixture to 0 C. A
solution of TsCl (2.44 g, 13mmol) in 4 mL THF was dropwisely added into the mixture. The
mixture was stirred for 2 hours at 0 °C. When the reaction completed, the mixture was poured
into cold water (10 mL) and extracted with DCM. The combined organic layers was washed with
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water and saturated sodium chloride, dried over MgSQO,, filtered, concentrated to give colorless
oil (1.60 g, 69%). ESI MS m/z 275.2 [M+H]", 297.1 [M+Na]".

'H NMR (500 MHz, CDCl5): & 7.75 (m, 2H), 7.31 (m, 2H), 4.13 (m, 2H), 3.65 (m, 2H), 3.53 (m,
2H), 3.44 (m, 2H), 3.30 (t, J = 3.1 Hz, 3H), 2.40 (t, J = 2.8 Hz, 3H). *C NMR (500 MHz,
CDClIs): 6 (ppm) 144.9, 132.9, 129.9, 128.0, 71.8, 70.7, 69.3, 68.7, 59.1, 21.7.8

O\O/O'
)
Br” "N”"Br

1

2, 6-Dibromo-4-[2-(2-hydroxyethyloxy)ethyloxy|pyridine (1)

2, 6-Dibromopyridine-4-ol (689.5 mg, 2.73 mmol) and 2-(2-methoxy-ethoxy)-ethyl-p-toluene
sulfonate (774.6 mg, 2.73 mmol), K,COj3 (752.8 mg, 5.45 mmol) were added to a RBF, the
mixture was refluxed in acetone for 24 hours at 90 °C. After cooling to room temperature, the
resulting mixture was filtered through Celite, concentrated in vacuo, purified by column
chromatography (EA/Hexane = 1/2) to give white solid(0.78 g, 80%, m.p. 63-63 °C). ESI MS
m/z 356.0 [M+H]", 378.0 [M+Na]*. *H NMR (500 MHz, CDCls): § 6.98 (s, 2H), 4.16 (m, 2H),
3.82 (m, 2H), 3.66 (m, 2H), 3.53 (m, 2H), 3.36 (s, 3H). *C NMR (500 MHz, CDCls): § (ppm)

166.9, 141.1, 114.0, 71.9, 70.9, 69.1, 68.5, 59.2.%8

46



HO OH
23

5, 5°-(4-(2-(2-Methoxyethoxy)ethoxy)pyridine-2,6-diyl)bis(pent-4-yn-1-ol) (23)

To the stirred solution of 2, 6-dibromo-4-[2-(2-hydroxyethyloxy)ethyloxy]pyridine (354.8 mg, 1
mmol) in 10 mL solvent (TEA: THF=1:1), (PhsP),PdClI; (70.18 mg, 0.1 mmol), Cul (18.75 mg,
0.1 mmol) and 4-pentyn-1-ol (0.558 mL, 6 mmol) was added under argon. This mixture was
stirred at room temperature for 15 h and isolated by vacuum filtration. TEA and THF were
removed in vacuo. The crude product was purified by column chromatography (EA/ MeOH=
19:1, 1% TEA\) to give a yellow oil (0.24g, 67%). ESI MS m/z 362.3 [M+H]". *H NMR (500
MHz, CDCls): § (ppm) 6.72 (s, 2H), 4.05 (t, J = 4.7 Hz, 2H), 3.74 (t, = 4.6 Hz, 2H), 3.68 (t, J =
6.1 Hz, 4H), 3.59 (m, 2H), 3.46 (m, 2H), 3.28 (s, 3H), 2.44 (t, J = 7.0 Hz, 4H), 1.74 (m, 4H).
3¢ NMR (500 MHz, CDCls): & (ppm) 165.0, 144.3, 112.2, 90.6, 79.8, 71.6, 70.5, 68.9, 67.4,

60.4, 58.8, 30.6, 15.5.

47



o~0-—0p°

TsO OTs
24

(4-(2-(2-Methoxyethoxy)ethoxy)pyridine-2,6-diyl)bis(pent-4-yne-5,1-diyl) bis(4-

methylbenzenesulfonate) (24)

To the solution of 5, 5’-(4-(2-(2-methoxyethoxy)ethoxy)pyridine-2,6-diyl)bis(pent-4-yn-1-ol)
(242.4 mg, 0.673 mmol) in DCM (10 mL), triethylamine (0.234 mL, 1.68 mmol) was added. The
reaction was kept at 0°C. A solution of tosyl chloride (314.5 mg, 1.68 mmol) in DCM (10 mL)
was added dropwise into the mixture. After the addition was completed, the reaction was
warmed to room temperature and stirred for one day. The reaction mixture was concentrated and
purified by column chromatography (Hexane/EA= 1/2 then 1/3) to give a yellow oil (270.2 mg,
60%). ESI MS m/z 670.3 [M+H]*, 692.3 [M+Na]". *H NMR (500 MHz, CDCl5): & (ppm) 7.76
(d, J = 8.3 Hz, 4H), 7.29 (d, J = 8.0 Hz, 4H), 6.76 (s, 2H), 4.14 (m, 6H), 3.82 (t, J = 4.6 Hz, 2H),
3.67 (m, 2H), 3.53 (m, 2H), 3.35 (s, 3H), 2.45 (t, J = 6.9 Hz, 4H), 2.36 (s, 6H), 1.90 (m, 4H). **C
NMR (500 MHz, CDCls): 6 (ppm) 164.7, 144.7, 144.2, 132.5, 129.7, 127.7, 112.5, 87.9, 80.8,

71.7,70.6, 69.0, 68.7, 67.5, 58.9, 27.3, 21.4, 15.4.
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2,6-Bis (5-azidopent-1-yn-1-yl)-4-(2-(2-methoxyethoxy)ethoxy)pyridine (25)

To the solution of sodium azide (104.9 mg, 1.6 mmol) in 7 mL dry DMF, (4-(2-(2-
methoxyethoxy)ethoxy)pyridine-2,6-diyl)bis(pent-4-yne-5,1-diyl) bis(4-
methylbenzenesulfonate) (270.2 mg, 0.4 mmol) was added. The reaction was stirred at 70°C
under argon for overnight. The reaction mixture was poured into water (10 mL) and extracted
with diethyl ether (20 mL) three times. The combined organic layers were washed by water(10
mL) seven times and dried over Mg,SO,, evaporated to give a pale yellow liquid(96.6 mg, 58%).
ESI MS m/z 412.3 [M+H]", 434.3 [M+Na]*. *H NMR (300 MHz, CDCls): & (ppm) 6.81 (s, 2H),
412 (t, J = 7.7 Hz, 2H), 3.80 (t, J = 7.7 Hz, 2H), 3.65 (m, 2H), 3.52 (m, 2H), 3.41 (t, J = 6.6 Hz,
4H), 3.34 (s, 3H), 2.48 (t, J = 6.9 Hz, 4H), 1.82 (m, 4H). **C NMR (300 MHz, CDCly): &

(ppm) 164.8, 144.5, 112.6, 88.5, 80.8, 71.7, 70.7, 69.0, 67.5, 58.9, 50.1, 27.3, 16.4.
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