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Abstract of the Thesis
Macrocyclic host-guest framework for polymerization of diiodobutadiyne
by
Xianzhi Liu
Master of Science
in
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Stony Brook University

2013

Conjugated organic polymers have optical and electronic properties that make them
candidates for applications in organic field effect transistors (OFETSs) and light emitting
materials. Polydiacetylenes (PDAs) are an important branch of conjugated polymers with
alternating poly(ene-yne) structure. The all-carbon polymer without any side groups is carbyne,
which has only alternating single and triple carbon-carbon bonds. Carbyne provides a good
opportunity to investigate the inherent properties of conjugated polymers. Polydiiododiacetylene
(PIDA), a simple PDA with only iodine atom substituents, can be successfully obtained by the
topochemical polymerization of the monomer diiodobutadiyne. This polymerization is achieved
through the use of bis(nitrile) or bis(pyridyl) hosts, which hold the monomer in the correct
orientation for polymerization by a halogen bond between the Lewis-basic nitrogen and the
Lewis-acidic iodine. With the goal of forming carbyne, PIDA has been partially dehalogenated
by Lewis bases such as pyrollidine, however, inter-and intramolecular aggregation prevented full

dehalogenation.



In this project, an innovative macrocyclic host-guest framework was designed and evaluated
for the preparation of PIDA. The macrocyclic host has the function of keeping individual PIDA
strands separate and elongated so that Lewis bases can access all the iodine. The macrocyclic
host should be able to self-assemble into a tubular framework with enough inner space to
accommodate the monomer, diiodobutadiyne. This host should also possess a nitrogen group that
can weakly interact with the monomer to hold it in place. Finally, the host should have solubility
commensurate with the monomer, since co-crystallization is carried out by slow evaporation.
Several possible designs were proposed and computational modeling was performed to analyze
the relation between conformation and ring size, as well as whether or not there is a need for a
rigidity-increasing segment and a solubility-increasing segment. Based on the evaluation, the
target molecule was selected for synthesis. Several steps have been optimized in the synthesis of
the macrocyclic host, including hydroxylation and PEG-tosylation of 2,6-dibromopyridine,
followed by a Sonogashira coupling with an alkyne-functionalized phthalimide group.
Hydrazinolysis was attempted on a model compound and the host precursor to convert the
phthalimide group into the amine. Several other detour routes were considered, including Boc

protection on the amine before Sonogashira coupling.
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Chapter 1. Introduction

1.1 Conjugated Organic Polymers and Its Important Branch:

Polydiacetylenes

When you are reading this report on your computer, billions of calculations are performed in
a tiny silicon-based CPU so that billions of electrons are transported every second. The invention
and application of silicon semiconductors have brought this world into a wonderful era, since
more and more research is carried out by computers, it is urgent that a faster CPU is developed to
assist the work such as calculation and modeling. Eversince scientists have found that the
electron flow rate in a graphene transistor is 10 times faster than in silicon, graphene has been a

target for transistors ins the future.’

After Cgo (buckminsterfullerene) was discovered in 1985 by Curl, Kroto and coworkers,?
numerous carbon allotropes, like carbon nanotubes and fullerenes.® These carbon-rich materials
have demonstrated fascinating electronic and optical properties which could potentially be
applied to field-effect transistors,* organic light-emitting diodes (OLEDs),® photovoltaic cells,®

chemical and biological sensors, and the next generation CPU-carbon chip.

Among carbon-rich materials, conjugated polymers are important for their conducting
properties. The large scale z-electron delocalization through the whole conjugated backbone makes
the conjugated organic polymer aconducting tube for electrons on a molecular level. Figure 1.1
shows representative conjugated polymers. Since the need for energy source is the major concern in
the 21% century, conjugated polymers have stimulated huge research interests for their superb

electronic and optical properties.



R
R

polyacetylene-PA polydiacetylene- poly(p-phenylene vinylene)-
PDA PPV
H
N S H
n N
f < > - W W —+
poly(p-phenylene) po'ygg;o'e' polythiophene polyaniline-PAn

Figure 1.1 Representative conjugated polymers

Polyynes are a branch of conjugated materials with linear structure and alternating carbon-
carbon single and triple bonds. The longest polyyne, synthesized by Rik R. Tykwinski and
Wesley Chalifoux in 2010, has 22 acetylenic units end-capped with triisopropylsilyl groups.” The
polyyne with infinite repeating units is called carbyne, which has not been synthesized to date

despite numerous efforts.® Figure 1.2 shows the structure of polyyne and carbyne.

Figure 1.2 Polyyne and carbyne
Two of the most famous all-carbon materials are diamond and graphite, diamond consists of
sp3-hybridized carbon which is bonded with other neighboring carbons in 3 dimensional space,
while graphite is composed of sp?-hybridized carbon planarly bonded in 2 dimensional space.
Carbon exists in three valence states of hybridization: sp®, sp? and sp. As a result it is logical to
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speculate an all-carbon material that consiste of only sp-hybridized carbon atoms linearly bonded
in 1-dimensional space. This would be carbyne. Carbyne has triggered a great number of
researchers to attempt its synthesis. The electrical and optical properties of conducting materials
are heavily dependent on the way that carbon bonds:sp®-hybridized diamond with only single
bonds is an insulator, sp2-hybridized graphite with single and double bonds is a semiconductor,
so we are eager to know how sp-hybridized carbyne with alternating single and triple bonds

behaves.

There are multiple methods to obtain polyynes® such as oxidative dehydropolycondensation of
acetylene, polycondensation of carbon suboxide with bis(bromomagnesium) acetylide,
dehydrogenation of polyacetylene, plasma synthesis, laser-induced sublimation of carbon, etc.
These methods can be roughly classified into two strategies: the homo- or hetero-coupling of
preformed acetylenic precursors, and the elimination of side groups of preformed polymer. One
of the most convenient ways is dehydrohalogenation of polymers, shown in Figure 1.3. The
successful synthesis is largely dependent on full dehydrohalogenation with retention of the linear
structure. Polyacetylenes with halogen substituents are potentially good precursors for carbyne
synthesis through dehydrohalogenation. What is more polydiacetylene has higher carbon:
heteroatom ratio so it is also a good model for inherent properties investigation. As a result the

research of polydiacetylene and its dehalogenation is meaningful.

Figure 1.3 Dehydrohalogenation of polymers



1.2 Topochemical Polymerization

Since PDAs are valued targets for the investigation of conjugated systems, great efforts are
devoted to their synthesis. Diynes, like diiodobutadiyne, have 4 sp-hybridized carbons for chain
propagation, which makes polymerization a very complicated transformation. Among all
possible polymerization routes however, only 1, 4-polymerization can present the desired
polydiacetylene. Traditional synthetic methods have low degrees of polymerization to prepare
PDAs. For example in 1986 Wudl and Bitler!? used palladium and nickel catalysts, but the
degree of polymerization was only 7 (characterized by IR, *H and *C NMR and elemental
analysis). However they showed that the functions of diynes’ end groups do not just affect the

synthetic procedures, but also the properties of the oligomers’.

Compared to all other synthetic strategies for making PDAs, topochemical polymerization is
a good route. In 1969 Wegner'! first observed diacetylene topochemical polymerization of 2,4-
hexadiyn-1,6-diol derivatives in the solid state. Soon after Baughman'? described the ideal diyne
spacing geometry, the repeat distance between monomers should be equal to the repeat length in
the polymer; for diynes this value is around 4.9 A. The C1 to C4’ distance in which the reaction
occurs, should be brought within van der Waals contact range (around 3.5 A), and there should
be a 45<tilt angle between the axis of the monomer array and the monomer rod. These three
spatial parameters facilitate the maintenance of the crystal structure in polymerization. However,
this geometry does not work for all diyne polymerizations. There may be numerous reasons that
could make the polymerization fail, for instance if the monomers can not crystallize on their own

into a suitable spatial array, polymerization can not be triggered.
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Figure 1.4 Geometry for 1,4 polymerization of diacetylene

Some representative features of topochemical polymerization are shown in a simplified
Figure 1.4:the monomer rotation at a specific angle is the key step to triggering the 1,4-
polymerization with the neighboring monomer. The diacetylene topochemical polymerization is
asingle phase process. As a result of this single phase transformation, the polymers have
exceptionally high purity and stereochemical regularity so that PDA crystals prepared by this
method are suitable for the investigation of their inherent optical and electronic properties.*®

Figure 1.5 shows the spatial movement of monomers in topochemical polymerization.

v

177
Figure 1.5 Spatial movement illustration of topochemical polymerization: a monomer

single crystal transforms into the polymer single crystal. Figure 1.5 is based on Figure 1in
Reference 13




1.3 Host-Guest Strategy

Since in many cases crystallization of monomers can not provide suitable crystal structure
for topochemical polymerization, scientists began to develop strategies to control crystal
structure based on the ideal geometry parameters. In order to control the structure, there must be
some available forces that can be utilized to manipulate monomers, like covalent forces, non-
covalent forces, static forces (ionic interaction), hydrogen bonds, van der Waals forces and n—=
stacking. Hydrogen bonds are used in nature to organize molecules in the solid state specifically
for molecular crystals and biopolymers including ice, cellulose and DNA. As a result, it is quite
logical that scientists could utilize this persistent intermolecular force to design highly organized

crystals in the solid state.

The first report of host-guest complexes was in 1967, when Pedersen studied alkali metal
ions that bind to crown ethers and form a highly structured complex.** Expanded by Cram and
coworkers®® afterwards, host-guest chemistry has been developed into a broad field and is a good

example of simulation from the interaction between substrate and enzyme.
1.3.1 The Self-Assembling of Host

There are several parameters that need to be considered in host-guest chemistry:

The first is the strength of the interaction between the host and the guest, but not strong enough
to restrict movement during polymerization.® The second requirement for the host-guest

chemistry is the packing geometry. Among all the geometric parameters, the monomer repeat



distance is the key parameter. This distance is governed by the repeat distance of the self-

assembled host array.

Figure 1.6 shows the repeat distances of different hosts. For diacetylene packing geometry,
ureas and oxalamides are considered good candidates because the repeat distance of their self-
assembled network is around 4.9 A, and it is possible to add side groups on both sides of the urea

or oxalyl segment.
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Figure 1.6 Host that self-assembled into hydrogen bonding networks.*’ Figure 1.6 is based on Figure 2
in Reference 17.
Ureas have two hydrogen donors and one carbonyl acceptor, where the carbonyl acceptor
can accept two hydrogen bonds at its lone pair position.*® The oxamides are diamides of oxalic
acid. Disubstituted oxamides with the same substituents on both sides can form an a-network, in

which each carbonyl oxygen receives one hydrogen bond®®.

With the aid of the selected host, the monomer packing geometry can be predicted to a
higher extent to increase the likelihood of successful reaction. This strategy uses synthetic
chemistry, structural chemistry and crystal engineering to design a suitable host to interact with

the monomers.



1.3.2 Host Guest Interactions

The interaction between the host and the guest should be strong enough for them to bind to
each other. Figure 1.7 indicates some acid-base interaction. For example the carboxylic acid can
form a hydrogen bond with pyridine because pyridine is Lewis basic. Alkynes are weakly acidic,
the pKa of alkynyl protons is around 25, far more acidic than alkenes (50) and alkanes (40).

Though the interaction of pyridine with a terminal alkyne is weak, it is still not negligible.

Figure 1.7 Diverse acid-base intermolecular interactions of pyridines

Besides the conventional hydrogen-bonding interaction, there is another kind of weak
interaction which has been used for arranging molecules: the halogen bond. Halogen bonding is
a non-covalent interaction similar to hydrogen bonding. The role of halogen bonding is
analogous to the hydrogen of hydrogen bonding, in which the halogen is Lewis acidic and

interacts with Lewis a base like oxygen or nitrogen. 2°

In halogen bonding, the increasing electronegativity of both the donor and especially the
accepter strengthens the bond. The strength order of halogen bonding is Cl < Br < | because of
the increasing polarizability and decreasing electronegativity of the halogen. The hybridization
of the carbon bonded to the halogen also affects the halogen bonding strength with the general

trend C(sp)-X > C(sp?)-X > C(sp®)-X. Therefore haloalkynes are good halogen bonding donors.

20



Another character of halogen bonding is the bond direction, which adds a new function of
crystal engineering control to manipulate the geometry. The angle of noncovalent interactions of
halogen atoms depends on the accepter’s electronegativity. For electrophiles like metal ions, a
smaller bond angle of 90-120% observed. For nucleophiles like oxygen and nitrogen this angle
is generally 160-180<2°This rule only works for CI, Br and I. The definition of halogen bonding

comes from the latter interaction: a near-linear bond angle with nucleophiles.

The question of whether or not there is a competition bwtween halogen and hydrogen
bonding has investigated by Sandorfy and coworks®!: Monitored by IR, they studied a series of
organic base solutions that showed that the IR peak related to the solute-solute intermolecular
hydrogen bond decreases upon the introduction of another solute which can primarily form
halogen bonding. The order of increasing hydrogen bonding breaking potency is F < ClI<Br <.
Though they tested this rule and proved the existence of competition, for the halogen bond that
forms with other halogen bonding donor the strength of this competition still depends. But their
work gives us a good hint: the selection of appropriate halogen bonding donor acceptor pair is

important to keep the integrity of hydrogen bonding network for host self-assembly.

1.3.3 Polydiiododiacetylene

An excellent example of the utilization of both halogen bonding and topochemical
polymerization is the polymerization of diiodobutadiyne. Goroff and coworkers®? used
diiodobutadiyne as the guest monomer and different Kkinds of bisnitrile or bispyridyl oxalamides

as the hosts to prepare cocrystals, followed by polymerization of monomer at room temperature.



The monomer, host and polymer are shown in Figure 1.8. The polymer they formed was

polydiiodobutadiyne (PIDA), which has the simplest side grop of any polydiacetylene.

O
H N
N\/
|————] /\)ﬁN)‘\’( n
N H
O] —

n=4~6

Diiododiacetylene Bisnitrile oxalamides PIDA

Figure 1.8 The monomer, host and polymer

lodine has high polarizability and low electronegativity, it is a good candidate for forming
halogen bonds. What is more, if iodine is bonded to an sp-hybridized carbon, the increased
electronegativity of carbon (compared to sp? and sp* hybridized carbon) will enhance the
polarization to draw the C-X bond more towards carbon, resulting in a partially positive iodine, a

suitable condition to form a halogen bond with Lewis bases.

- 0
S0 AN
o & g
=y e
N NJSfNH |
:H o =N,
_ 0 i .
N"A‘NJSTNH S
Host = s
Guest

Fiaure 1.9 Cocrvstal of host
The preparation of co-crystals began with the solution of both host and guest in methanol in
a 1:2 host-guest ratio. Slow solvent evaporation presented shining, metallic- looking cocrystal,
Figure 1.9 shows its structure . With the interaction of the self~assembled host, the monomers are

prearranged into the optimal alignment for topochemical polymerization: 4.9 A repeat distance,

10



3.4A C1-C4’ distance, 45<tilt angle between the axis of monomer array and monomer rod,

shown in Figure 1.10.%3

Figure 1.10 Optimal geometry for diiodobutadiyne polymerization

During storage at room temperature the cocrystal appearance undergoes a transition from
opaque blue to highly reflective copper color directly, simultaneously accompanied
transformation to PIDA cocrystals. Multiple methods of characterization have been used to

confirm PIDA formation and 50% conversion percentage from monomer to polymer.?

11



1.3.4 Dehalogenationof PIDA

After the successful preparation of PIDA, Luo and coworkers?* tried to remove the iodine
from PIDA. PIDA was first isolated from the cocrystal, and then dispersed PIDA nanofibers in
organic solvents like tetrahydrofuran or methanol with sonication to present a blue suspension.
After the addition of Lewis bases such as pyrrolidine, pyridine or triethylamine, the blue color
disappeared. Stronger base causes a faster color change. Treatment with Na,S,0O3 onthe resulting
supernatant solution of the reaction between PIDA and neat pyridine indicated that molecular
iodine was formed during the reaction. In methanol, the reaction between PIDA and excess
pyrrolidine produces iodide, confirmed by the generation of yellow precipitate with the addition
of AgNOs. Figure 1.11 shows the optical microscope and TEM image of pyrrolidine-treated

PIDA.

Figure 1.11 (A) Optical microscope image of bulk pyrrolidine-treated PIDA. Scale bars: 1 mm.
(B) TEM image of pyrrolidine-treated PIDA dispersed in methanol. Scale bar: 500 nm.?*
Reprinted (Figure 1.11) with permission from Reference 24. Copyright (2011) American

Chemical Society.

Elemental analysis of base-treated PIDA showed that the carbon/iodine ratio increased to
7:1, compared to 2:1 of PIDA. Further dehalogenation is hindered because the interiors of
insoluble PIDA aggregates are not accessible to base, meaning that iodine on PIDA is not

exposed to base treatment, also as the dehalogenation progresses, the polymer chains may

12



contract or fold to make some iodine blocked from the outside. Additionally, cross-linking
reactions between strands could also be occurring. Due to the fact that bulk PIDA can not be

fully dehalogenated, a new strategy needed to be developed.

13



Chapter 2. Discussion and Results

2.1 Host Design

The preparation of carbyne is hindered by partial dehalogenation, chains aggregation, and
cross-linking reactions. Partial dehalogenation is a key problem and the reason is that not all
iodine is accessible to base. Therefore, several problems need to be solved: (1) During the
dispersion of PIDA in solvent, each PIDA strand should be kept extended to make all iodine
accessible to base, rather than self-entangled to hide iodine inside; (2) During the dispersion of
PIDA in solvent, each PIDA strand should be kept separated from the neighboring chains to
prevent aggregation which may bury the iodine inside the aggregation. Itis the intermolecular
iodine crowding; (3) During the dehalogenation process, the previously isolated strands should
still be separated to avoid aggregation. More importantly, the strand separation during
dehalogenation can also avoid chemical interaction between strands (i.e. cross-liking), not only

physical aggregation.

Such requirements can be met by using a hollow tubular framework structure to contain the
PIDA strand inside. The monomer diiodobutadiyne should be able to polymerize inside. The
most suitable method to prepare PIDA is to use topochemical polymerization based on the host-
guest strategy, therefore all requirements of this method should be fulfilled: The tubular
framework can be prepared either by self-assembling or other intermolecular interaction like 7-
stacking. Second, the inner space of the tubular framework should be big enough to
accommodate the monomer inside. Last, the monomer should be aligned into a specific spatial
arrangement. What is more, there must be a binding site on the framework to interact with

monomers for alignment. Last, there must be a way for the tubular framework to interact with the

14



monomer. In this case, solvent is a good medium for the interaction. Hence, the tubular

framework and the monomer need have good solubility in the same solvent.

Topochemical

I
7
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7 o_ym-erl-z: ion
Y
v
7
Vi

I
~

 l 0

Scheme 2.1 Proposed for carbyne preparation
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2.1.1 Design for Self-assembling Function

The repeat distance of the self-assembled host primarily determines the monomer repeat
distance. Among all host candidates, the repeat distance of the host with oxalyl segment is near
4.9A and it is the close to the geometry requirement of PDA topochemical polymerization.
Multiple successful cases have been reported to use topochemical polymerization to prepare
different polydiacetylenes using oxalyl bearing host (shown in Figure 2.1). What is more, both
sides of the oxalyl group could be connected to different segments therefore oxalyl can be used

to prepare versatile hosts with different functions. 22

) o _N

H _N H | 0 ﬂ
N = H |
N H | H ! H

Figure 2.1 Different oxalyl bearing hosts used for successful
diacetylene topochemical polymerization

2.1.2 Design for Host-guest Interaction

In order to have desirable host-guest interaction, the most important problem is to select
suitable halogen bonding donor accepter pair. First the atom bonded on either hydrogen bonding
donor or halogen bonding donor should be able to form reliable either hydrogen bond of halogen
bond, it requires that this atom could be easily polarized so that it can be partially positive.
Second the hydrogen bond / halogen bond accepter should be basic enough to provide electron
pair. Fowler, Lauher and coworkers® found that if the pKa difference between H/X and accepter
is too large, it will induce proton transfer which will cause the formation of ionic interaction

rather than non-covalent bond even in solid state (proton transfer is easier in solution).
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Goroff and coworkers?® have used pyridines and nitriles to prepare host-guest complexes
with diiodobutadiyne with successful polymerization afterwards. Figure 2.2 shows the 2,3,4,5,
and 6 positions of pyridine can be used to connect versatile segments to prepare cyclic structures.
Thus, the iodine-substituted diyne and pyridine make a good halogen bonding donor/accepter

pair for host-guest interaction.

4

3 5
X
=

2 N 6

Figure 2.2 Positions on pyridine for attachment

2.1.3 Adjustment for Solubility and Ring Flexibility

Base on the experiences of Shimizu and coworkers?®, macrocyclic structures usually suffer
low solubility. As mentioned above, in order to have the interaction of host and guest, there must
be a medium for them to interact and it is usually a suitable solvent. Shimizu and coworkers®®
demonstrated that polyethylene glycol (PEG) segments can increase the solubility of organic
compounds. An example trend is shown in Figure 2.3. The flexible structure is the reason why
the self-assembled complexes will not form a neat packed column, but will instead form

complicated complexes with zigzag and/or staggered shape.

As aresult, a rigid segment may be helpful to limit the conformations of the macrocycle.
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Figure 2.3 Increased solubility of bis-urea macrocycle with PEG segment?®

2.1.4 Geometry Calculation

Calculations were performed to determine parameters for packing of diiodobutadiyne inside
a macrocyclic host. Shown in Figure 2.4, the length of diiodobutadiyne is 7.9 A (measured on
Spartan), the gap between the nitrogen of the pyridyl and the iodine of the monomer is 3.2 A
Based on the packing geometry of diiodobutadiyne, the distance between two on opposite sides
in one macrocyclic host should be larger than (3.2>2) + 5.6 =12 A Even though modeling does

not precisely predict the real situation, it is still good reference for our designing.

\
/ \

79A X

45°

N,N distance

Figure 2.4 Schematic drawing showing the arrangement of macrocyclic host with diiodobutadiyne
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After considering all problems above, the first prototype of the macrocyclic host is shown in
Figure 2.5. It has oxalamide segments for self-assembling, pyridine segments for host-guest

interaction, and PEG for solubility increase. The next question to decide is the ring size.

N
H

Figure 2.5 Prototype of macrocycle host
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2.2 Computational Simulation of Conformation
2.2.1 General Introduction of Computational Modeling®

Computational modeling provides a convenient method to predict many different properties
of chemical compounds before the synthesis in the laboratory. The conformation of the
macrocyclic host is the key parameter because of the need to accommodate the guest molecule
dilodobutadiyne into the internal tubular space of the self-assembled framework. The size of the

host that needs to be considered is shown in Figure 2.6.

R W N
0
\—»’NJHFHVH/
n oy
o)

<— N-N Distance —>

Figure 2.6 lllustration of N-N distance on the macrocyclic host
As mentioned before, both size and “interior structure” of the tubular framework will
directly affect whether or not the tubular framework can accommodate the guest, and also the
geometry of the host-guest interaction. It can be predicted in solution or solid state the
macrocyclic host will not exist in a flattened form, because it has multiple flexible single bonds
which can adopt various conformations. Therefore, both the outer and the inner structure of the

self-assembled tubular framework can not be predicted and described base on the flattened form.

What is more, the preparation of host-guest complex will be conducted in a solvent, and the

inter- and intra-molecular interactions of host-guest complex depend on the type of solvent.
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If some estimation of the macrocyclic host’s conformation can be extracted from
computational modeling, the interaction between the host and guest can be partially predicted.
As a result, the computational modeling can not only predict the likelihood of the interaction, but
also the interaction way host-guest complex may adopt. Though the modeling is not completely

accurate, compare to the real condition, it could provide information to predict possible results.

2.2.2 Basic Level Molecular Mechanics Calculation

The force field, in terms of molecular modeling, is a set of parameters and forms of
mathematical functions used to describe the potential energy of particles (typically molecules
and atoms). The parameters include equilibrium bond lengths, bond angles, partial charge values,
force constants, van der Waals etc. Different force fields use different mathematical expressions
and parameters to describe potential energies of a certain systems. Most force fields were

developed either from experimental data and/or higher level quantum mechanical calculations.?®

Selecting the right force field will not only present good result but also it will save time.
Under the molecular mechanics model, the simplest are SYBYL (Tripos, Inc.) and MMFF
(Merck Molecular Force Field). When applying molecular mechanics models, both are suitable
for determining equilibrium geometries and conformations. SYBYL can be applied throughout
the entire periodic table. MMFF, developed by Merck Research Laboratories originally for drug
design, is one of the most recently published force fields and has been proved suitable for the
simulation of low-energy conformers and the diverse conformers libraries construction.
(MMFFaq includes aqueous energy corrections). The molecular mechanics model combines

simple algebraic equation for the energy of a compound described as “bonded atoms”. These
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basic algebraic equations describe various important parameters of a molecule. This model is
fundamentally different compared to quantum chemical models which take no reference from
chemical bonding. The assumption of molecular mechanics is based on the transferability of
parameters from one molecule to another. As a result, this method enables a very simple
calculation which can be utilized for complex molecular systems.?® MMFF was chosen for
modeling the macrocyclic host because it is very suitable for simple organic molecule (compare
to complex biomolecule) for basic calculation.?? MMFF also takes lot less time than higher level
guantum mechanical calculation.

What is more, the calculation procedures recommended by most computational chemists
(also recommended by Spartan operation manuals)?® is to start with MMFF to obtain a list of low
energy conformers, and then submit this list to desired higher level computational methods to

perform the simulation with higher accuracy.
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2.2.3 Equilibrium Conformers Using MMFF

Based on Spartan, the simulation could begin with a “quick view” function - <Equilibrium
Conformer >, it is typically used to obtain a good guess of conformer with lowest energy because

different force fields could be tested with simple but time-efficient calculation.

Figure 2.7 The macrocyclic host

For the convenience of the discussion below, the C1-C2bond is drawn as triple bond and

three quarters of this host is semitransparent.

First, the relation of N-N distance and “n” number was analyzed from n=2 to n=4, while C1-
C2 was set a single bond (Figure 2.7). Theoretically as n increases, N-N distance increases if the
ring is flattened, however the ring size in the real case is not corresponding to n because the ring
consists of multiple flexible single bonds, and therefore does not adopt a flattened conformation.
Because the tubular framework can be formed only if the macrocyclic host adopts a relatively
flattened shape, a C1-C2 triple bond was introduced. Surprisingly, the triple bond did not

efficiently flatten the ring.

The PEG segment does not affect N-N distance in most cases (except n=4 with C1-C2 triple

bond). (Table 2.1)
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Table 2.1 N-N distance of different hosts (Equilibrium Conformer)

C1-C2 single C1-C2 single C1-C2 triple C1-C2 triple
bond bond PEG bond bond PEG
n=2 10.119 10.189 4.827 4.731
n=3 6.303 7.006 5.643 5.748
n=4 9.010 10.143 10.693 7.752

Even though < Equilibrium Conformer > can enable us to view the conformer with the

lowest energy with short calculation time, there is still a series of low energy conformers. Thus,

it is necessary to perform a calculation to obtain a relatively long list of low-energy conformers,

and arange of NN distances. Therefore, besides the < Equilibrium Conformer >, the

<conformation distribution> is essential. 2

Figure 2.8 shows the conformation difference with and without the introduction of the triple

bond. This difference is especially obvious when n=2. When C1-C2 s single bond the

macrocycle is more flattened than the macrocycle with C1-C2 as a triple bond.

Figure 2.8 Conformers of the macrocycle of n=2 with PEG.
(left: C1-C2 is a single bond; right: C1-C4 is a triple bond)
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In Figure 2.9, the macrocycles with n=3 are less flattened compared to the macrocycle of
n=2. What is more, the N-N distance of the macrocycles with C1-C2 as a single bond is slightly

longer than the macrocycle with C1-C2 as a triple bond.

Figure 2.9 Conformers of the macrocycle of n=3 with PEG. (left: C1-C2 is a
single bond; right: C1-C4 is a triple bond )

2.2.4 Higher Level Quantum Chemical Calculation

After the majority of high energy conformers was sifted out by molecular mechanics model,

the short list of low energy conformers was submitted to quantum chemical calculations.

One of the most common quantum chemical calculations is Hartree-Fock (HF) model (it is
also called self-consistent field method-SCF), in which the primary approximation is central field
approximation. This approximation for many-electron atoms considers the combined electric
fields of the nucleus, and all the electrons which acting on any electrons are radial and identical
to all other electrons in the atom. In this model the potential energy of the electrons is only a

function of distance from the nucleus.
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Table 2.2 N-N distance of different macrocyclic host

n N-N Distance
2 6.8-9.5A
3 7.8-10.9 A
4 9.2-10.2 A

Based on the character of aforementioned models, HF was selected with 3-21G basis set
(good balance between quality and CPU time). Since the macrocyclic host has not been
synthesized, its solubility is unknown, so this calculation was conducted in (vacuum). The
measured N-N distances are shown in Table 2.2. The conformer with the lowest energy is
showed in Figure 2.10. As we can see from the picture, the macrocyclic host is not as flattened as

we expected.

Figure 2.10 Conformer with lowest energy (based on molecular
mechanics and HF)

Base on the calculation data, the host which n=3 has N-N distance range from 7.8-10.9 A,
close to the desirable distance to accommodate the monomer. Therefore it was selected to begin

the synthesis.

26



2.3 Synthesis

The macrocyclic host consists of four segments: PEG, pyridyl, alkynyl and oxalyl. The final
product is symmetrical so the last step can be a ring-closure that combines two semicurclar
components (15 to 22). The addition of an oxalyl segment to an alkynyl segment can be achieved
using the reaction between an amino group and ethyl oxalyl chloride. Under low temperatures
the amino group will only react with the chlorine side of ethyl oxalyl chloride (9 to 15),*° at
higher temperatures it can also react with the ethoxy side. The amino group on the alkynyl chain
can be obtained through a Gabriel synthesis. The alkynyl chain can be attached to phthalimide
via a Mitsunobu reaction (6 to 7).22 In order to connect the alkynyl group to the pyridyl group,
the Sonogashira coupling can be used to couple the hydrogen on the alkynyl group and the
halogen on the aromatic ring (5 & 7 to 8).33* Before the addition of PEG to the pyridyl segment,
the functionalization on 4 position of pyridyl can be reached by direct hydroxylation (1 to 2).2°
After the tosylation of diethylene glycol monomethyl ether (3 to 4),%° the PEG and the hydroxyl

group on the pyridyl group can be connected under basic conditions (2 & 4 to 5).%*

To sum up, the whole synthesis can start from the functionalization of 2,6 dibromopyridine,

diethylene glycol monomethyl ether and 4-pentyne-1-ol. (Scheme 2.2)
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2.3.1 Functionalization on para Site of 2,6-Dibromopyridine

The synthesis begins with commercially available 2,6-dibromopyridine 1.2° The two
bromines on the pyridine ring will be used for coupling with alkynyl chains, however there is no

reactive site for connecting the PEG chain, so a new reactive site must be introduced.

1.pinacolborane
{IrCl(cod)},

| N 130 °C, 4 hrs

Br N Br 2 Potassium
peroxomonosulfate

K,COs o™~0-"0
65% - | X
Acetone z
2:1% 16?\IT(S)|CE|| reflux, 24hrs Br N Br
eq Na
HO N O — Ts0™~O~"0” >
3 THF 4 95%
0°C
2 hrs 90%

Scheme 2.3 Functionalization on para site of 2,6-dibromopyridine?®: 3031

According to Masahiko Inouye’s work?®, the 2,6-dibromopyridine-4-ol 2 was synthesized by
direct iridium-catalyzed borylation of 2,6-dibromopyridine 1, followed by oxidation with Oxone
(potassium peroxymonosulfate). Eight-years-old catalyst was used for the first attempt and it
only gave low yield, approximately 25%. Doubling the catalyst amount or longer reaction time
(even up to 24 hrs, 4 hrs for literature data) was not helpful to increase the yield. After using a
brand new catalyst, the yield increased to 65%. The older catalyst had most likely partially

decomposed.

The tosylation of diethylene glycol monomethyl ether 3 was straightforward according to

literature report.® With the aid of NaOH, the reaction was driven towards the product with up to
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90% yield in a short time. After extraction, and washing with water and brine, the product was

pure enough for the next step even without column chromatography purification.

The tosyl group is a very good leaving group, so under basic conditions the nucleophile aryl
oxide anion (the pyridinol deprotonated by carbonate) attacks the tosylate. Refluxe in acetone for

24 hours afforded dibromopyridine-PEG 5 as a pale yellow sticky oil.3! (Scheme 2.3)
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2.3.2 Functionalization on 4-Pentyne-1-ol and the Coupling with Pyridyl

DIAD
PPhj O
phthalimide
HO— N — — 5 N—/;=
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Scheme 2.4 Functionalization of 4-pentyne-1-ol and Sonogashira coupling®? 3334

The two bromines on the pyridine ring and the ethynyl hydrogen of 4-pentyne-1-ol are used
for Sonogashira coupling. ** In the preparation of pentynyl-phthalimido 7, according to the
literature conditions for preparing similar compounds, different solvents and conditions were
tested including anhydrous THF, 1:2 toluene:ethanol, and toluene. The use of THF and the
toluene/ethanol mixture was not successful. For the conditions in toluene, the reaction was
successful and the crude product was easy to purify. The product is colorless and crystalline at

room temperature.
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Because the molecular weight of pentynyl-phthalimido 7 is much higher than pentynyl-ol 6
and the percentage of pentynyl-phthalimido 7 in the crude product is usually as low as 30%, the
purification had to be conducted on a large scale and was time-consuming. Recrystallization
conditions were attempted. The solubility of pure pentynyl-phthalimido 7 in hexane was found to
be very low, so hexane was used to dissolve the crude product. The insoluble solid and filtrate

were separated by filtering and analyzed.

The crude product, a mixture of 1.5 g solid and oil was used for recrystallization. Based on
the aforementioned impurity of the crude product, this amount contained about 450 mg pentynyl-
phthalimido 7. 20 mL Hexanes was used to dissolve the crude product, about 1 g solid residue
was collected by filtering. TLC indicated that in the solid residue, one byproduct spot
disappeared while the others remained; the filtrate had all byproduct and product spots. Since the
TLC analysis with UV lamp is very sensitive to even trace amounts, the filtrate was purified by
column chromatography to separate each component and calculate the percentage: From about
0.5 g material (among 1.5 g crude product) that dissolved in filtrate, the product was 97 mg taken
about 20% weight percent, it also indicated that approximately another 300 mg was still
contained in solid residue. The purity of the solid residue and filtrate were not enough to
continue to the next step Sonogashira coupling, so that recrystallization was not applicable. Thus,
traditional silica-gel column chromatography was still chosen for purification. Conclustion: the

product was not pure by recrystallization so a column still had to be run.

Bis(pentynylphthalimido) 7 was used for Sonogashira coupling with dibromopyridine-PEG
5.33 An excessive of bis(pentynylphthalimido) 7 (2.3 equivalents) was used to guarantee the two
bromine positions of dibromopyridine-PEG 5 would be coupled by bis(pentynylphthalimido) 7,

with 2.25 equivalents EtsN as base. However only 30% of dibromopyridine-PEG 5 (based on the
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starting amount of dibromopyridine-PEG 5) was disubstituted, another 30% of dibromopyridine-
PEG 5 was monosubstituted. Further literature searching suggested that in some cases a higher
ratio of terminal alkyne to aromatic halide is used (even up to 6:1 for disubstitution case) with
more base.®* Thus, 4 equivalents alkynyl component was added, using EtzN as both base and
solvent. Since the mixture in neat EtsN was aggregatred, a cosolvent anhydrous THF was added
at EtsN/THF=1/1. Under the higher alkynyl:aromatic halide ratio of 4:1, almost quantitative yield

of di-phthalimido-pyridine 8 was obtained. (Scheme 2.4)

2.3.3 The Preparation of 2,6-Di-2-(pent-4-ynyl)-1-amino-4-[2-(2-

hydroxyethyloxy) ethyloxy]pyridine

\O/\/O\/\O \O/\/O\/\O
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Scheme 2.5 Conversion of the phthalimido group to the amine*

Hydrazine is a commonly used reagent to convert phthalimido into amino groups.
Compound 8 (100 mg) was subjected to hydrazinolysis for first trial (Scheme 2.5). The resulting
compound only showed two peaks in 3C NMR spectrum in aromatic region: 128.56, 132.14.
Surprisingly, the two peaks were the same as the portion that came after the product in column
chromatography of the Sonogashira coupling product mixture. The portion the came after the

product was yellow, no response observed under UV.
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The 3C NMR spectrum was compared to two possible byproducts shown in Figure 2.6: 2,3-
dihydro-1,4-phthalazinedione (left)*® and phthalic diamide (right)*®. Neither of them corresponds

to the product obtained. (Figure 2.11)

o o
NH NH,
NH NH,
o

o
13C NMR

125.12 128.07
127.19 129.66
132.52 136.65
154.67 170.65

Figure 2.11 **C NMR spectrum of 1,4-phthalazinedione and phthalic diamide3®

Because this conversion was not successful on disubstituted pyridyl compound 8, a trial on a

smaller and simpler compound may provide important reference for this step.

Thus, pentynyl-phthalimido 7 was tested Gabriel synthesis for in order to choose suitable
reaction conditions. Following the procedures of Guan (Scheme 2.6)°’, the alkynyl amine was
obtained as expected, using EtOH as solvent. Because the amine is very temperature sensitive, in
the first trial the temperature of oil bath was set at 100 °C, and the NMR spectrum had multiple
peaks which did not belong to the product. The temperature of the oil bath may make a
difference, because the solvent boiled when oil bath temperature is higher than its boiling point,
the temperature of RBF wall may still very close to oil bath. As a result if the oil bath
temperature is too high, it would bring negative effect on amine. Then the oil bath temperature

was carefully adjusted to 70°C, and under these conditions very pure pentynyl-amine 10 was

obtained. (Scheme 2.6)
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Scheme 2.6 Model reaction using pentynyl-phthalimide 73’

The amount of solvent was also an issue. If the solvent was added according to the literature
procedures, 10 minutes after the addition of hydrazine, a large amount of white precipitate
formed and the magnetic stir bar could not disperse the mixture, so that extra solvent was added
and a sonicator was used to disperse the aggregate. Learning from this experience, the solvent
amount was tripled in the next trial which diluted the concentration of pentynyl-phthalimido 7.
The white precipitate still appeared about one hour later. The reaction was heated at reflux for 2

hours longer than before, but the yield decreased to 50%, lower than 70%.

\o/\’o‘/\o \O/\/O«\O
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°© flux
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Scheme 2.7 Conversion of the phthalimido group into amine on compound 8%’

Now that the conditions were optimized on pentynyl-phthalimido 7, they were tested on di-

phthalimido-pyridine 8 (Scheme 2.7). Dark orange 8 (316 mg, 0.5 mmol) was placed in 20 mL
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EtOH, but the solubility was low, though the solvent did turn orange. After workup, a dark
orange oil was obtained. The *3C NMR spectrum showed that the reaction was not successful:
only 2 peaks of the PEG segment were found at 70.6 and 71.7; the peaks of the pyridine ring
were not identified. Sonication was applied to disperse the bulk but was unsuccessful. After
purging with argon, the round bottom flask was immersed in a 70 °C oil bath, and 2 equivalents
of hydrazine monohydrate were added. The solution became turbid at first, and precipitate was
formed later. After 2 hours, the resulting mixture was an orange suspension. After it was cooled
to room temperature, 10 mL water was added, and 5M HCI was used to acidify the solution in

order to protonate the amine and make it water soluble. Followed by filtering, the acidic aqueous
solution was clear dark orange. It was cooled down and keptat 0°C in ice bath , basified with
NaOH (aq) to pH=14, extracted with CH,Cl, 30 mL X 5 times, dried over MgSO4 and filtered.
The organic layer was dark orange. (Note: The aqueous solution was still yellow even though the

CH,Cl, layer of last extraction was visually colorless.) Upon removal of solvent in vacuo, a

sticky dark orange oil was obtained.

The purification of amines is difficult since some are unstable and their high polarity makes
them hard to purify by silica chromatography. Additionally, since di-amine-pyridine 9 contains a

pyridine ring and a PEG chain, it may still exist in the aqueous layer even pH14.

In the conversion from pentynyl-phthalimido 8 to pentynyl-amine 9, the same purification
method for purifying the crude product di-amine-pyridine 10 was used to purify the crude
product of pentynyl-amine 9, the resulting product was characterized on NMR. The *H NMR
spectrum shows four peaks at 63.2, 3.4, 3.5, 3.7 with same peak area, it clearly showed the PEG

segment. The peaks at 67.3, 7.5 may correspond to byproduct with aromatic ring (either 1,4-
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phthalazinedione or phthalic diamide). The peak at & 5.15 may correspond to proton of pyridine
ring (the peak at d 6.70 is the pyridine proton of tosyl-PEG 4). Though the peaks of alkyl protons
in the range from 61-2.5 were shown, however their peak areas ratio is not in an appropriate
proportion. For 13C NMR spectrum, the peaks at & 66, 69, 70, 71 may correspond to PEG carbon
(6 69, 70, 71, 73 are PEG carbon peaks for tosyl-PEG 4). Either 3 53 or & 58 may correspond to
the methyl carbon of PEG. Several low height peaks within 6 17~38 may correspond to the alkyl

segments, but their height ratio is also not in appropriate ratio.

Though purification procedures could purify the crude product of pentynyl-amine 10,
however when it was applied to crude product of di-amine-pyridine 9, the NMR spectrum did not

show clear evidence for the product.

Even though hydrazinolysis of pentynyl-phthalimido 7 was successful, when applied to di-
phthalimido-pyridine 8, the NMR did not show sufficient evidence of product formation.
Furthermore, the no-water purification was also successful with pentynyl-phthalimido 7 but
formation of pentynyl-amine 9 was still not detected. As a result, a detouring route had to be

developed.
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2.3.4 Model Test for the Reaction of Pentynyl-amine 10 and Ethyl Oxalyl

Chloride

Since pentynyl-amine 10 can be obtained with high purity in 70% vyield, it can be used to
react with ethyl oxalyl chloride. This reaction can be considered as a model test, also it may be a
good way to use ethyl oxalyl chloride to protect the unstable and sensitive amino group first,

pure 10 was used for this reaction and was ran very smoothly with high yield. (Scheme 2.8)
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Scheme 2.8 The synthesis of compound 1239

2.3.5 Model Testfor the Crude Product of Pentynyl-amine 10

The purification method for 10 does not purify the crude product of di-amine-pyridine 9.
One possible reason is the compound pentynyl-amine 9 may still exist in aqueous layer and it is
hard to extract from water. Therefore during the purification, water should be avoided. The
model test for the crude product of pentynyl-amine 10 using no-water purification method can
provide very useful reference for the conversion from di-amine-pyridine 9 to di-oxalyl-ethoxy-

pyridine 15.
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Since the conditions for hydrazinolysis of pentynyl-phthalimido 7 were optimized, the no-
water purification of pentynyl-amine 10 was used as a model. The crude product of pentynyl-
amine 10 was filtered first, then the filtrate was collected and dried in vacuum. The resulting
mixture contained white solids and oil, which was dissolved in CH,Chkunder sonication to better
disperse. The mixture was filtered, the filtrate was collected and the solvent was removed under
vacuum to afford a pale yellow sticky oil as pentynyl-amine 10. This product was reacted with

ethyl oxalyl chloride to afford ethyl-oxalyl-chloride 13 as an yellow oil with 96% vyield.
2.3.6 Model Testfor Crude Di-amine-pyridine 9

The crude product of the reaction for making pentynyl-amine 10 (Scheme 2.6) was purified
by no-water purification and the resulting mixture was used for the latter reaction (Scheme 2.8)
to successfully afford pentynyl-ethoxy oxalimide 12. As a result, the crude product of the
reaction to make di-amine-pyridine 9 was purified using the same no-water purification
procedures, the NMR spectra did not show clear evidence for di-amine-pyridine 9. However this
resulting mixture was still used to react with ethyl oxalyl chloride to make di-oxalyl-ethoxy-
pyridine 15 under the same conditions for preparing pentynyl-ethoxy oxalimide 12 (Scheme 2.8).

However neither TLC nor NMR showed any evidence for product.
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2.3.7 Alternative Route

Since pentynyl-ethoxy oxalimide 12 was prepared with high yield, it is a good choice to test

the coupling of dibromopyridine-PEG 5 and pentynyl-ethoxy oxalimide 12 using Sonogashira

coupling. (Scheme 2.9)
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Scheme 2.9 Sonogashira coupling of compound 5 and 15

After the reaction of di-phthalimido-pyridine 8 to di-amine-pyridine 9 was found very
complicated, an alternative synthetic route was suggested: to use a Boc group to protect the
amine first, and then use the Sonogashira reaction to couple to dibromopyridine-PEG 5, because

the Boc protection and deprotection are very reliable.
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Scheme 2.10 Alternative route by Boc protection®

Pentynyl-amine 10 was dissolved in CH,Cl, after 2 hours, the starting material spot on the TLC
was still visible. Other literature reports indicated that organic bases such as DMAP and EtsN are
used often for this kind of reaction, usually one equivalent DMAP was introduced to add two
Boc groups on an amine. Based on this information, 0.1 equivalent of DMAP was added to the
reaction mixture, and after 1 hour the starting material spot on the TLC was much weaker. To
make sure the reaction went to completion, this reaction was conducted overnight. However the
crude product was not as clean as expected and column chromatography was still needed to
purify it.

1.1eq (Boc),0
/\ 0.1eq DMAP A H
= NHy, — = N—2Boc

10 DCM
24 hrs 13

Scheme 2.11 Boc protection on 1-aminopent-4-yne®
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The same conditions of di-phthalimido-pyridine 8 preparation were applied to the
Sonogashira coupling of pentynyl-amino-boc 13 with dibromopyridine-PEG 5 (Scheme 2.10).

However the result of TLC and silica gel purification indicated that no product was formed.

PPh3 /\,O\/\ s
Cul Q O
o~0r~p~ EtsN A
9y N (PPhy),PdCl, |
=—/I¥N—Boc - | ------------- > N
Br” NT Br THF \
rt, 24 hrs
13 5
# Ny
Boc Boc
14

Scheme 2.12 Sonogashira coupling of 11 and 5

Safety notes of pentynyl-amino-boc 13: The MSDS indicates that compound 13 is extremely
destructive to the tissue of the mucous membranes and upper respiratory tract. Special caution

must be taken.

A new route for clean reaction was also suggested (Scheme 2.13):
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Scheme 2.13 Future alternative route

Daniel Resch has used a copper-free formula to conduct the Sonogashira reaction below,

and the purification was simple so it is very convenient and efficient. (Scheme 2.14)

PdCl,(PPhs),
PPh
N Br K3PO34 SN OH
| + =—""oH >
N 1:1 i-PrOH:H,0 N
80°C,4hrs
19 20 21

Scheme 2.14 Copper-free Sonogashira formula
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2.4 Conclusion

In our project, the geometry of monomer packing is critical to trigger topochemical
polymerization. Selecting a suitable host and guest is critical to control the spatial arrangement

for topochemical polymerization.

In order to achieve full dehalogenation, it is necessary to develop a new strategy to prevent
intermolecular and intramolecular interactions which will cause on-chain iodine crowding, and

iodine crowding is the culprit to partial dehalogenation.

For synthesis, the main obstacle lies in the purification of di-amine-pyridine 9. A new route
needs to be proposed to prepare pure di-amine-pyridine 9, afterwards the reaction with ethyl-

oxalyl-chloride 13 may be reliable and clean.
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Chapter 3. Experimental
3.1 Conformation Searching Algorithms®

The conformer searching algorithms of conformation need to be selected: systematic search
or monte-carlo search. Both algorithms consist of the rotation or movement of one or more bonds

of certain molecule and energy minimization will be performed afterwards.
Systematic Search (Grid Search)

It systematically varies each torsion angles to investigate the conformations of the molecule.
For example, if one bond can be divided into M different angles and there are N bonds to be
examined, the number of calculation is M"N.*° The search of acyclic molecules is to simply rotate
each bond by a specified angle (usually 120 degrees). Hence, this method can effectively span
the space to find all possible conformations of a small molecule. For cyclic molecules the
identical method used is to bend the rings within the molecule successively. Nevertheless the
ring conformations are not eventually defined and it may not present a desirable search.
Additionally this method is very time consuming for large molecules because the conformation
number increases exponentially. As a result, a systematic method should be exclusively applied
for small, acyclic molecules. Itis still useful big molecules with multiple flexible bonds, but it is

used regionally to obtain an energy map of a few significant torsion angles. >’

Monte-carlo Search®®

It uses a method to obtain preferential (minimum energy) conformation by stochastic bond
rotations and ring bending within the molecule. For the same computation time, monte-carlo has
a better chance of finding low energy conformers than the systematic search. At the beginning
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of the calculation it can be imagined that the so-far best conformer is still in a high energy state
because it has enough energy so it can be flexible enough to adopt a high energy conformation.
This is the advantage of Monte-carlo for that very often the global minimum configuration of a
molecule may be quite different from the initial conformation. As the search keeps progressing,
the energy decreases, indicating the molecule is more likely to adopt a low energy conformation,
also it will have a better chance to obtain a low energy conformer which is closer to other

minima in the nearby vicinity.

Monte-carlo was selected after the properties, mechanisms and optimum implementation of

the two algorithms above were evaluated.
3.2 Method for Molecular Mechanics and Quantum Chemical Calculation®®

Based on all requirements of molecular mechanics modeling, the function <conformation
distribution> was selected to calculate the conformation. The simulation model <molecular
mechanics> at <ground state> with <MMFF> force field, used monte-carlo search algorithm,

were set. examined 10,000 possible conformers and kept 100 with lowest energy.

HF was selected for quantum chemical calculation with base set 3-21G at ground state in

vacuum. These settings balance the calculation quality and time consumption.
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3.3 Synthesis

General Information

Materials: The diethylene glycol monomethyl ether was purchased from GFS chemicals. The
2,6-Dibromopyridine was purchased from Matrix Scientific. The other chemicals and solvents
were purchased from Aldrich, BDH, Alfa Aesar, Fisher Scientific, or Acros Co. and used without
purification unless otherwise stated. Flash chromatography was carried out on silica gel 60

(Sorbent Technologies, 230/400 mesh).

NMR - *H spectra were recorded on Inova-400 NMR (400 MHz) spectrometer and are reported in
ppm. Data are reported as: [0 shift]([s= singlet, d=doublet, t=triplet, g=quartet, p=pentet or quintet,
m=multiplet, b=broad], [integration], and [J=coupling constant in Hz]). *3C spectra were recorded on

Inova-400 NMR (100 MHz) spectrometer and are reported in ppm.

Purification of Cul*': K1 (1.82 g) was dissolved in 3.2 mL water. Cul (0.135 g) was dissolved in
K1 solution. After 1 hour Cul-KI solution was yellow. Charcoal (0.13 g) was added to the
solution. The solution color changed from yellow to gray. The solution was stirred for 20
minutes with heating. After stirring, the solution was settled to room temperature and filtered.
Cold water 30 mL was added to the orange solution. The orange solution formed a precipitate

and it was settled for about 45 minutes, filtered, and dried under vacuum as a white solid
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2,6-dibromopy ridine-4-ol (2)%°

2,6-dibromopyridine 1 (2.52 g, 10.7 mmol), 1,2-bis (diphenylphosphino) ethane (97.4 mg,
0.24mmol) and {IrCl(cod)}» (cod=1,5-cyclooctadiene) (142.8 mg, 0.21mmol) were added to a
RBF, purged with Ar, and then pinacolborane (5.04 g, 39.4 mmol) was added by syringe. The

mixture was stirred under Ar at 130°C for 4 hours. The resulting mixture was cooled to room

temperature, diluted with 40 mL THF, and added into aqueous Oxone solution (61.2g in 306 mL)
slowly. The mixture was stirred for 7 min at room temperature becoming a dark green
suspension. Followed by quenching with aqueous NaHSO3 the mixture turned brown and
released large amount of heat, and the organic layer was formed above the aqueous layer. The
mixture was extracted with 20 mL diethyl ether three times. The combined ethereal layers were
washed with water and brine, dried over MgSOg4, evaporated in vacuo to present a yellow solid.
The solid was purified by silica-gel column chromatography (eluent: EtOAc/Hexane 1/5). 1.8
mg, 7.0 mmol (65%) to afford colorless solid. *H NMR (400 MHz, CDCL): & 7.06 (s, 1H). 13C

NMR (100 MHz, CDCh): & (ppm) 166.7, 140.5, 114.9.%°
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2-(2-Methoxy-ethoxy)-ethyl-p-toluene sulfonate (4) *°

The solution of NaOH (0.4 g, 10 mmol), and compound 3 (0.84 g, 5 mmol) in 8 mL THF was
mixed and cooled down to 0 °C by ice bath. TsCl (1.22 g, 6.15 mmol) was dissolved in 2 mL
THF first and the solution was added dropwise into the mixture, and then the mixture was stirred
for 2 hours at 0 “C. When the reaction finished, the mixture was poured into cold water (10 mL),
extracted with CH,Ck twice, the combined organic layer was washed two times with water and
once with brine, dried over MgSQOy, filtered and evaporated in vacuo. The product was a
colorless sticky oil (1.27g, 90%). *H NMR (400 MHz, CDCk): & 7.76 (d, 2H, J=8.3 Hz), 7.31 (d,
2H, J=8.1 Hz), 4.13 (t, 2H, J=4.9 Hz), 3.7 (t, 2H, J=4.9 Hz), 3.53 (t, 2H, J=3.5 Hz), 3.45 (t, 2H,
J=3.5 Hz), 3.31 (s, 3H), 2.44 (s, 3H). 3C NMR (100 MHz, CDClk): 5 (ppm) 144.8, 132.9, 129.8,

128.0, 71.8, 70.6, 69.2, 68.7, 59.0, 21.6. °°
o'\,OwO*

Br N Br

2,6-dibromo-4-[2-(2-hydroxyethyloxy)ethyloxy]pyridine (5)

Dibromopyridine-4-ol 2 (50 mg, 0.198 mmol), tosyFPEG 4 (61.9 g, 0.218 mmol), and K,CO3
(0.2 g, 1.45 mmol) were added to an RBF. The mixture was refluxed in acetone for 24 hours.
The resulting mixture was filtered through Celite and evaporated in vacuo, affording an orange
oil with quantitative yield. *H NMR (400 MHz, CDCh): & 6.96 (s, 2H), 4.14 (t, 2H, J=4.3 H2),

3.79 (t, 2H, J=4.3 H2), 3.63 (t, 2H, J=4.4 Hz), 3.51 (d, 2H, J=4.4 Hz), 3.32 (s, 3H). *C NMR
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(100 MHz, CDClh): & (ppm) 166.9, 141.0, 113.9, 71.9, 70.8, 69.0, 68.4, 50.1.

@jw;:

O
7

N-(4-Pentynyl)phthalimide (7)

Pentynyl-ol 6 (525 mg, 6.25 mmol), PPhs (1.965 g, 7.49 mmol), phthalimide (1.00 g, 6.80 mmol)
and DIAD (4.135 g, 20.45 mmol) were dissolved in 4 vials with 10 mL toluene separately. The
solutions of pentynyl-ol 6, PPhs and phthalimide were mixed and cooled to 0 °C, following by the
addition of DIAD (1.5890 g, 7.86 mmol), the mixture was kept at 0 °C. When the addition was
finished, the resulting mixture was warmed up to r.t. and stirred for 4 hours. Then 10.5 mL
MeOH was added, and the mixture was stirred for another 2 hours. The resulting mixture was
evaporated in vacuum to afford the crude product as a yellow sticky oil. The crude product was
purified by silica-gel column chromatography (eluent: EtOAc/hexane 1/5) to afford n-(4-
pentynyl)phthalimide 7 (1.2 g, 90%) as colorless crystals. *H NMR (400 MHz, CDCl):  7.84
(d, 2H, J=2.8 Hz), 7.71 (d, 2H, J=2.8 Hz), 3.79 (t, 2H, J=7.0 Hz), 2.25-2.29 (m, 2H), 1.90-1.97
(m, 3H). 13C NMR (100 MHz, CDCL): & (ppm) 168.5, 134.1, 132.3, 123.4, 83.2, 69.2, 37.3,

27.5,16.5. %
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2,6-di-2-(pent-4-ynyl)1H-isoindole-1,3(2H)-dione-4-[2-(2- hy droxyethyloxy)

ethyloxy]pyridine (8)

Sonogashira coupling: dibromopyridine-PEG 5 (386.4 mg, 1.09 mmol), PPhs (28.5 mg, 2.5
mol%), (PPhs),PdCl, (152.63 mg, 5 mol%) were added into an RBF and purged with Argon.
Pentynyl-phthalimido 7 (878.976 mg, 4.12 mmol) was dissolved in the mixture of 5 mL dry THF
and 5 mL EtsN. The solution was added to the RBF by syringe. The mixture was stirred for 15
min under argon and then Cul was added. The whole mixture was stirred for 24 hours. When the
reaction was completed, the THF was removed in vacuo. The resulting mixture was diluted with
acetone, dried over MgSQy, dried in vacuum to afford the crude product as a yellow solid. The
yellow solid was purified with silica-gel column chromatography with eluent: EtOAc/hexane 1/1
to afford 630 mg, 1.02 mmol, 95% vield 8 as dark orange oil. *H NMR (400 MHz, CDCl): &
7.77 (t, 4H, J=2.5 Hz), 7.65 (t, 4H, J=2.5 Hz), 6.70 (5, 2H), 4.11 (t, 2H, J=4.3 Hz), 3.79, 3.78 (t,
4H, J=6.8Hz), 3.67 (t, 2H, J=3.4 Hz ), 3.53 (t, 2H, J=4.3 Hz), 3.35 (s, 3H), 2.44 (t, 4H, J=7.0
Hz),1.97 (t, 4H, J=7.1 Hz). 13C NMR (100 MHz, D-acetone): & (ppm) 169.4, 166.2, 146.0, 135.4,

133.7,124.2,113.7,90.1, 82.1, 73.2, 71.8, 70.4, 69.3, 59.4, 38.4, 28.3, 18.0.
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10

1-aminopent-4-yne (10) **

Pentynyl-phthalimido 7 (800 mg, 3.756 mmol) was dissolved in 10 mL EtOH in an RBF, the
solution was purged with Ar. Hydrazine monohydrate (2 equivalents, 375.6 mg, 7.512 mmol)
was added to the RBF, and then the mixture was refluxed at 70 °C for two hours. The resulting
mixture was cooled to room temperature, HCI was added until pH=3, white solid was
precipitated. The mixture was filtered and the filtrate was basified to pH=14, following by
extraction with CH,Cb, dried over Na;SOy, filtered, and the solvent was removed in vacuo. The
product was pale green oil, 221.5mg, 2.67 mmol, 70% vield, no further purification needed. ‘H
NMR (400 MHz, CDCh): & 2.81 (t, 2H, J=5.5 Hz), 2.21-2.25 (m, 2H), 1.93 (s, 1H), 1.67 (t, 2H,

J=5.6 Hz). 3C NMR (100 MHz, CDCl): & (ppm) 83.7, 68.6, 40.7, 31.6, 15.7.

H
N = Boc

13

Tert-butyl pent-4-ynyl carbamate (11)%

Pentynyl-phthalimido 7 (210.0 mg, 2.53 mmol) was dissolved in CH,Cl, at 0°C, (Boc) 20 (551.5

mg, 2.53 mmol) was added dropwise. DMAP (32.6 mg, 0.27 mmol) was added. After the
addition was finished, the solution was stirred at r.t. overnight. The resulting mixture was dried

in vacuo to afford a yellow oil. The oil was purified with silica-gel column chromatography with
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eluent: EtOAc/hexane 1/10 to afford the product as a yellow oil (372.0 mg, 80%). *H NMR (400
MHz, CDCh): 6 4.82 (s, 1H), 3.15 (d, 2H, J=6.3 Hz), 2.15-2.19 (m, 2H), 1.91 (t, 1H, J= 2.56
Hz), 1.64 (t, 2H, J= 6.9 Hz), 1.33 (s, 9H). *C NMR (100 MHz, CDCk): & (ppm) 156.0, 83.6,

79.2,69.0, 39.5 28.7, 28.6, 15.9.

Safety notes: this compound is extremely destructive to the tissue of the mucous membranes and

upper respiratory tract. Special caution must be taken.*?

pent-4-ynyl-1-amine-oxalylethoxy (14)

1-aminopent-4-yne 10 (137.3 mg, 1.65mmol), EtsN (1.1 equivalents, 183 mg) were dissolved in
an RBF with 10 mL CH,Clk. The mixture was purged with Arand cooled in an ice bath, and then
ethyl oxalyl chloride (1 equivalent, 225.8 mg) was dropwise added into the RBF. The mixture
was warmed up to room temperature when the addition was finished and stirred for 24 hours.

The resulting mixture was purified by silica-gel column chromatography (eluent: EtOAc/hexane
1/1) to afford 3 (302.7, 96% yield) as yellow oil; *H NMR (400 MHz, CDCh), 8(ppm)= 4.32 (q,
2H, J= 7.2 Hz), 3.45(q, 2H, J= 6.6 Hz), 2.24-2.28 (m, 2H), 2.00 (s, 1H), 1.76 -1.83(m, 2H), 1.36
(t, 3H, J= 7.1 Hz), 1.24 (d, 1H, J= 6.3 Hz) , 1*C NMR (100 MHz, CDClk): §(ppm)= 160.9, 156.9,

83.1, 69.8, 63.4, 39.2, 22.2, 16.3, 14.2.
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1H NMR spectrum (400 MHz, CDCls) of compound 5
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H NMR spectrum (400 MHz, CDCls) of compound 8
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IH NMR spectrum (400 MHz, CDCls) of compound 12
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13C NMR spectrum (100 MHz, CDClz) of compound 12
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